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The frequency of catastrophic geological disasters has been increasing significantly, causing tremendous losses of life and property. The study of landslide motion remains incomplete. The variables H/L (ratio of landslide height to length) are often used to describe landslide motion; however, they may also be affected by the height of the landslide itself. To better understand landslide dynamics, this paper aimed to 1) identify the process of landslide motion in relation to height; 2) understand the range of influence of sliding bodies according to height; and 3) construct a formula of landslide disaster range based on the travel distance of the slide center and changes in the center and shape of the sliding body. In this paper, medium-fine quartz sand was used in experiments to observe the movement patterns and sliding body barycenter variations occurring during landslides. We describe the changes that occur during landslides and their deposits’ morphological characteristics and barycenter variations with height. Based on these observations, a landslide model is derived. This paper proposes a new method of estimating the effects of landslides, which can help to mitigate the effects of disasters.
Keywords: landslide, falling height, runout distance, sliding body, experiment
INTRODUCTION
Due to human activities and global climate change, the frequency of catastrophic geological hazards has increased significantly, causing tragic losses of life and property (Berger, McArdell, and Schlunegger 2011; Zhou, Cui, and Yang 2013; Opiso et al., 2016; Aaron et al., 2017; Duan, Yan, et al., 2021; Yan, Duan, and Sun 2021). A variety of geological hazards are related to the rapid diffusion of particulate matter across complex terrain and basement strata, such as landslides, rock collapses, pyroclastic collapses, debris flows, ice and snow collapses, and pyroclastic flows (Dufresne 2012). There have been many studies on landslide runout distance in recent years. For example, Okura et al. used real-scale outdoor rockfall experiments and associated numerical simulations to illustrate the mechanism by which the amount of rockfall affects its runout distance (Yoichi Okura et al., 2000). They also developed a computer simulation model for the dry and non-viscous flow of granular materials and used this to perform response analysis to quantitatively determine the physical properties of the particles and the effect of slope inclination on the distance traveled (Y Okura, Kitahara, and Sammori 2000). More recently, Zou et al. determined the effects of volume, topography, materials, and triggering factor on landslide mobility from 55 catastrophic historical landslides (Zou et al., 2017). Xu et al. presented a data-driven framework for estimating the potential landslide runout distance (Xu et al., 2019).
In landslide dynamics research, the landslide H-to-L ratio can be used to describe the movement capacity of geological hazards. The smaller the H/L ratio, the stronger a landslide’s movement ability. There are some differences in the names and formulas used to describe this ratio (Scheidegger 1973; Staron 2008; Lucas, Mangeney, and Ampuero 2014; Crosta et al., 2015). It has been referred to as the “Fahrboschung" (Evans and Clague 1994; Geertsema et al., 2006; Hungr 2006), “reach angle" (Scheidegger 1973; Corominas 1996) “effective friction coefficient” (Staron 2008), and “apparent friction coefficient” (Scheidegger 1973; Bouchut et al., 2015; Duan et al., 2020; H. Q.; Yang et al., 2018; Staron 2008; Magnarini et al., 2019; G.; Wang, Sassa, and Fukuoka 2003; Q.; Yang et al., 2011; Legros 2002). By associating H/L with the mass of the sliding body, it has been found that a larger sliding mass body results in a lower H/L and stronger landslide movement ability. However, the influences of H on the H/L ratio and on landslide movement ability have not been systematically studied under the condition that the landslide mass remains unchanged.
Experiments can help to understand the movement mechanism involved in particle flows and have been widely used in research on the movement of geological hazards in recent years. They can also evaluate relevant physical parameters to improve slip distance predictions and verify numerical models (Duan et al., 2020; Iverson, George, and Logan 2016; Ng et al., 2017; H. Q. Yang et al., 2018; Y.-F. Wang et al., 2016). Some experimental studies have focused on the geometry of geohazard deposits in complex geological conditions (Kim et al., 2020; Crosta et al., 2017; Ng et al., 2017; Crosta et al., 2015). For example, Crosta et al. (Crosta et al., 2015; 2017) focused on a landslide collapsing onto an erodible layer or shallow water. Ng et al. (Ng et al., 2017) established a discrete element model to explore the interaction between dry granular flow and rigid barrier deflectors. Pudasaini and Jaboyedoff presented a general analytical model for superelevation in landslide (Pudasaini and Jaboyedoff 2020). Many experimental studies considered the relationship between runout distance and the volume of sliding body. There are still few studies on the variation process of length, width and height of the sliding body.
This article aims to experimentally investigating the displacement and deformation of sliding body during the whole motion. To better understand landslide dynamics, this paper focuses on the following research objectives: 1) to reveal the evolution of length, width and height of sliding bodies at different landslide heights; and 2) to construct a landslide length prediction formula.
METHODS AND MATERIALS
Slip Sand Experiment
In this paper, changes in the sliding body’s motion pattern and center of gravity during a landslide were studied via a slip sand experiment. As shown in Figure 1, the experimental apparatus consisted of a sandbox, slanted plate, horizontal plate, high-speed camera, and three-dimensional scanner. The sandbox, slanted plate, and horizontal plate were made of Plexiglas. The slanted and horizontal plates had the same dimensions of 1.5 m length and 1.2 m width. The slanted plate could be connected to the horizontal plate at any angle using a bracket. There were two grooves on the slanted plate for fixing the sandbox at any position via screws. The sandbox’s inner dimensions were 300 mm in length, 150 mm in width, and 120 mm in height. The sandbox was filled from the top with sand and sealed with a breathable cover plate. The bottom of the sandbox featured a swing door with a switch set at the front of the sandbox. When the spring door switch was triggered, the door opened within 0.25 s and the sand in the box would slide out freely without boundary constraint. The millimeter-level 3D dynamic scanner recorded images at 120 frames/s, extracted key point coordinates at eight frames/s, and collected digital elevation model data and positional and morphological data during movement of the sliding body.
[image: Figure 1]FIGURE 1 | Experimental apparatus.
Landslide distance is a very complex problem due to the influence of many factors. In order to better clarify the influence of landslide height on landslide runout distance, this paper unified the variables like angle of the landslide and mechanical strength of the soil, simplified the sliding surface, the geomorphology, and ignored the influence of factors like rainfall (water content changes), and earthquake (dynamic loading). This highlighted the effect of landslide height changes on the evolution of the sliding body’s length, width, height and barycenter. Most of the landslide angles ranged from 20° to 60°. Smaller landslide angles can lead to a lack of differentiation in landslide heights. In this paper, a larger landslide angle is selected in order to better demonstrate the difference in height. Therefore, the angle of the slanted plate used in this experiment was set to 60°. The volume of the sand body was 5.4 × 103 cm3. The initial heights of the trailing edge of the sandbox (H) were 65, 70, 75, 80, 85, 90, 95, 100, 105, and 110 cm. The experiment was carried out according to the following steps: 1) Fill the sandbox with 5.4 × 103 cm3 of sand; 2) turn on the high-speed camera and 3D dynamic scanner; 3) trigger the sandbox swing door and let the sand slide down freely; and 4) analyze the motion pattern of the sliding body.
Properties of Sand Samples
Medium-to-fine quartz sand was used as the sliding material because its flow characteristics are similar to those of natural flowslides. This type of sand is widely used in indoor landslide simulation experiments (Viroulet et al., 2013; Crosta et al., 2015), (Figure 2A). Its dry density was 1.5 g/cm3, its non-uniformity coefficient Cu was 2.39, and its curvature coefficient Cc was 1.19. The average diameter of sand particles was 0.2 mm and the specific surface area was 0.02 m2kg−4. The cumulative particle size percentage was 87.71% in the range of 0.075–0.5 mm. The internal friction angle φ was 33.86° and the cohesion C was 13.56. Particle size curves are shown in Figure 2B.
[image: Figure 2]FIGURE 2 | (A) Experimental material and (B) particle-size distribution and accumulation curves.
In this experiment, the friction coefficient between the sand and the slanted plate was tested by an improved direct shear test. This test is modified from the direct shear test by replacing the soil that would normally under the shear surface with Plexiglas. It is necessary to ensure frictional movement of the sand along the surface of the Plexiglas during shear. After graded pressurized shearing, the friction coefficient between the sand body and Plexiglas was measured to be 0.474.
Typical Movement Process
The whole landslide process was recorded by a high-speed camera and 3D scanner. Reverse modeling was carried out to restore the whole landslide process from the 3D scanner data. In the experiment, the landslide movement process was similar and the morphological changes in the sliding body were similar at different heights. Taking H = 110 cm as an example, the whole sliding process can be divided into two stages, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Sliding process diagram.
The first stage is the movement of the sliding body from the initial position to the point where the tip of the sliding body is in contact with the horizontal plate, a process that lasts about 500 ms. (Figure 3A–E). The slide exited the sandbox and moved along the slanted plate (A, B), during which time the slide unfolded first in the moving direction and thus formed an overall elongated shape with a wide front and narrow back (C-E). This may be the result of the unfolding occurring first in the sliding body directly adjacent to the slanted plate part and then gradually transferring to the area away from the slanted plate. The upper sliding body largely maintained its original form and remained in the rear position of the whole sliding body (this part eventually became the peak of the deposit).
The second stage was from the time when the tip of the slide contacted the horizontal plate to the time the end of the slide completely fell, and lasted about 500 ms (Figure 3F–I). When the tip of the sliding body contacted the horizontal plate, its spreading speed decreased significantly. Meanwhile, the sliding body at the slanted plate was still in the process of expansion; therefore, the overall length of the sliding body was in a state of slow elongation (F, G). At the same time, the part that maintained its original shape in the slanted plate stage also began to move towards the front of the sliding body and gradually expanded. When this part of the slide reached the plate, there was only a thin layer of residual slide (H) on the slanted plate. When this thin layer completely slid off, the whole slide stopped and the sliding process was complete (I).
The lower the landslide height H, the shorter the whole sliding process and the smaller the impact range of the whole landslide. The differences in landslide length, width, height, and center of gravity from different drop heights will be discussed in detail later. For the convenience of discussion, a diagram of the landslide process’s variables is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Diagram of the variables involved in the landslide process (A) Profile (B) Planform.
RESULTS
Length of Sliding Body
Figure 5 shows the variation in sliding body length with drop height.
[image: Figure 5]FIGURE 5 | (A) Variation in sliding body length during the landslide process and (B) lengths of deposits.
The curves of sliding body length with drop height are generally similar (Figure 5A). According to the two stages defined in Typical movement process, the length of the sliding body increases rapidly in the first stage, then grows slowly and shrinking rapidly in the second stage. The variations in sliding body length between different initial landslide heights are not significant in the first stage. In the second stage, differences in sliding body length began to appear; the length peaked after a slow increase, then narrowed as it rapidly shortened.
By carefully observing the changes in the morphology of the sliding body throughout the landslide process, it was found that the reason for the change in sliding body length is that the tip of the slide advances rapidly in the first stage. Meanwhile, the trailing end of the slide advances slowly due to the unfolding of the bottom of the sliding body. When the landslide process enters the second stage, the tip of the sliding body impacts the bottom plate and slows down the landslide’s advance due to energy loss, but it still advances slightly faster than the trailing end of the sliding body. The length of the sliding body, therefore, increases slowly. When most of the slide reaches the flat plate, the sliding body remaining on the sloping plate is thin. At this time, the back end of the sliding body falls rapidly, the length of the sliding body therefore rapid shortening.
Figure 5B shows that the higher the initial height, the longer the final sliding body length. The final length of the sliding body can be expressed as:
[image: image]
According to Eq. 1, the final length of the sliding body changes with the initial length, which is a linear increasing function starting from the initial length [image: image]. Since only a slope of [image: image] was considered in this study, the coefficient in Eq. 1 may vary with [image: image].
Width of Sliding Body
Figure 6A shows the variation in sliding body width with drop height.
[image: Figure 6]FIGURE 6 | (A) Variation in sliding body width during the landslide process and (B) widths of deposits.
The curves of the variations in sliding body width are generally similar. In the first stage of sliding, the sliding body width increases linearly and rapidly, and is relatively unaffected by the initial height. The sliding body width tends to maintain a constant value in the second stage and shows some variation with initial height.
The final sliding body widths at different initial heights are shown in Figure 6B and :
[image: image]
Equation 2 is a piecewise function with significantly different values before and after the cut-off point [image: image]. When the drop height is low, the width of the sliding body follows a linearly increasing function starting from the initial width. When the height of the landslide is greater than 2.7 times the initial width, the final width of the sliding body is basically stable at 3.2 times the initial width. Since this study only considers a slope of[image: image], the coefficient in the equation may change with [image: image].
Height of Sliding Body
The variations in sliding body height over time from different initial heights are shown in Figure 7.
[image: Figure 7]FIGURE 7 | (A) Variation in sliding body height during the landslide process and (B) height of deposits.
Figure 7A compares the variations in sliding body height during the process of landslides from different initial heights. The curves have similar shapes. As with the change in length of the sliding body, the height increases rapidly in the first stage, decreases slowly, and then decreases rapidly in the second stage. The sliding body height variation with initial height was not significant in the first stage. However, variation starts to appear in the second stage, reaches a maximum after some slow growth. The final height of the shortened sliding body is significantly less than the initial height of the sliding body.
As shown in Figure 7B, The equation for the final height of the sliding body is:
[image: image]
Barycenter of Sliding Body
The barycenter of a landslide varies mainly in the sliding direction and little in the lateral direction. So, only changes in the center of gravity in the sliding direction are discussed. The aspect ratio [image: image] is often used to describe the initial morphological characteristics of a slide and affects the final morphology of the slide (Crosta, Imposimato, and Roddeman; Phillips et al., 2006;2009; Lucas et al., 2011)This ratio can also be used as a factor to describe the position of the sliding body barycenter: [image: image]. The change in the sliding body barycenter position is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Plot of position of the sliding body barycenter [image: image] versus aspect ratio.[image: image]
As shown in Figure 8, [image: image] and [image: image] presents an obvious linear relationship that follows:
[image: image]
The growth in [image: image] in this experiment was linear. However, it is obvious that the value of [image: image] cannot exceed 1. Therefore, the growth trend of η will probably slow down or even decline instead of consistently increasing linearly. Since the maximum value of [image: image] in this experiment was about 6.15, further research is needed to determine the value of[image: image] under the circumstances[image: image].
DISCUSSION
Variation of Sliding Body
It can be seen from Figures 5–7 that the sliding body undergoes a process of growth followed by decrease in the length and height directions, which is due to the change in the force state of the sliding body when it contacts the horizontal board. As a result of the change in the direction of support and frictional resistance, the sliding body is more impeded in the direction of falling and forward direction. The sliding body consequently starts to shorten in length and height from a stretched state and gradually stops the motion. The magnitude of the friction coefficient in this process and its effects on the landslide height to length ratio will be discussed in the next section.
Unlike the variation in the length and height of the sliding body, the width gradually remains stable after an apparent increase. The sliding body is not subjected to external forces in the width direction during the whole process. The reason for its growth in the width direction is due to the shear stresses generated by the compression when gravity and support forces act on the sliding body. Meanwhile, because the sliding body is not subjected to external forces in the width direction throughout, the sliding body does not show significant shortening in this direction. Despite the fact that the changing regularity of the sliding body in width differs from that in length and height, the time point at which it tends to flatten out is consistent with the time point at which the length and height of the sliding body shorten.
Effective Friction Coefficient μ
In order to analyze the effective friction coefficient μ on the sliding surface, force analysis was carried out on the sliding body. The force analysis diagram is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Force analysis of the experimental landslide.
In the sliding stage, the sand body always moves along the direction of the slanted plate, so the resultant force it receives in the vertical direction of the slanted plate is zero, then:
[image: image]
The combined force along the slanted plate is the component force of gravity in that direction and the friction between the slanted plate and the sliding body. So, in the direction of the slanted plate, there is:
[image: image]
The value of the frictional force is equal to the product of the friction coefficient [image: image] and the support force N, i.e.:
[image: image]
Since the size of the friction force is only related to the roughness of the contact surface and not to the contact area, and since the total gravity of the sliding body and the force between the sliding body and plate do not change during the landslide process, the total friction force between the sliding body and Plexiglas plate does not change during the landslide process.
By substituting Eqs 5, 7 into Eq. 6, we can obtain:
[image: image]
When the sliding body reaches the bottom and slides horizontally, the resultant force on the sand body in the vertical direction of the plate is zero and the force on the plate is the friction force [image: image] between the plate and the sand body. Then:
[image: image]
[image: image]
[image: image]
Combining Eqs 9–11, we can obtain:
[image: image]
When the sliding body reaches the plate, according to the law of conservation of energy:
[image: image]
At the moment when the sliding body hits the plate, it satisfies the momentum theorem in the vertical direction. The instantaneous impulse transfer process involves the energy loss as the sliding body hits the plate. The energy lost in the process is:
[image: image]
Substituting Eq. 13 into Eq. 14, we can obtain:
[image: image]
At the moment when the sliding body impacts the plate, in addition to the impact energy loss, there is also some energy loss due to an increase in horizontal friction due to increased impact pressure. Although the impact force is usually large, this part of the energy is very small compared with the energy loss of vertical impact because this time period is less than 0.02 s, and the sliding distance of the sliding body is also limited. Therefore, this component of energy loss is ignored.
According to the conservation of energy during the whole landslide process:
[image: image]
Combining Eqs 8, 12, 15–17 can be obtained after simplification:
[image: image]
In this study, the volume of the sliding body, the initial shape of the sliding body, and the morphological characteristics of the sliding surface were all the same, therefore the errors caused by these factors were eliminated in the experiment. Therefore, the H/L, Hg/Lg and μ values were more stable than those obtained from real landslides. Figure 10 shows the H/L, Hg/Lg, and μ curves calculated from Eq. 18 for different values of H.
[image: Figure 10]FIGURE 10 | Variations in H/L, Hg/Lg, and μ with H.
As can be seen from Figure 10, the value of H/L increases slowly with H. In contrast, Hg/Lg decreases slowly with increases in H. Only μ is relatively stable in relation to H. According to the direct shear test described in Properties of sand samples, the friction coefficient between the sliding body and slanted plate was 0.474, which is also closer to [image: image] in Figure 10, while differing from the values of H/L and Hg/Lg.
Range of Landslide
The range of a landslide in the length direction is usually described in terms of the overall landslide length [image: image], which we also use. Combined with the changes in the length of the sliding body discussed above and the position of the barycenter, it is reasonable to express the overall length of the landslide by 
[image: image]
In Eq. 18, the first term is the projection of the slope of the landslide, the second term is the movement distance of the barycenter in the horizontal stage, and the third term is the distance between the barycenter and the toe of the sliding body.
The displacement equation of the center of gravity at the plate stage can be derived from Eq. 17:
[image: image]
In Eq. 18, [image: image] and [image: image] can be calculated from Eqs 1, 4, respectively. When we know the displacement of the landslide barycenter, the position of the barycenter in the sliding body, and the possible expansion of the landslide body after the landslide, we can calculate the overall length of the landslide [image: image] and predict its possible range of impact. Before the occurrence of a landslide, the shape of the sliding body and position of the sliding surface can often be obtained via analysis, while the values of [image: image] and [image: image] in Eq. 19 can be obtained via modeling analysis. Variable μ is the friction coefficient at the sliding surface, and [image: image] and [image: image] are functions of [image: image] and [image: image]. These variables can be obtained before the occurrence of a landslide if the initial shape of the sliding body is known, so as to calculate [image: image], [image: image], and [image: image] to predict the landslide length [image: image] according to Eq. 18.
The landslide’s range of influence in the width direction is equivalent to the final width of the landslide body, as described by Eq. 2. It is meaningful to study the change in width of the landslide body, because width and length changes are both important parts of the impact range. In some areas threatened by geological hazards such as landslides and collapses, residents need to be relocated. The width of the landslide is an important factor determining the number of residents to be relocated.
The range of the landslide in the height direction is shown by Eq. 3. Because the scope of a landslide hazard is usually only determined by the length and width while the height has little influence, there are few studies on this aspect.
Although the volume of the sliding body [image: image] is not reflected in Eqs 2, 3, 18, the influence of sliding body volume on the movement ability of a landslide is contained in the form of [image: image], [image: image], and [image: image]. It is obvious that even if the volumes of landslides are the same, different shapes can lead to different movement capacities and ranges. Therefore, an equation containing [image: image], and [image: image] parameters may be a better way to express the landslide movement ability than one only based on the volume of the sliding body [image: image]. Further research on the movement ability of landslides with different initial shapes will be the next research focus, which will help to further improve the sliding distance equation determined in this study.
Comparison With Previous Studies
Many studies have included a variety of experimental as well as real landslide statistics. However, because the formulae in this research require many parameters that have received less attention, the statistics in many of the relevant papers are difficult to compare with the results in this paper. For example, Johnson (Johnson and Campbell 2017) focused on the relationship between slide volume and H/L in his paper, while the initial shape of the sliding body and the slide angle were not described in detail. Lucas (Lucas et al., 2011; Lucas, Mangeney, and Ampuero 2014) provided a summary of geomorphic data for large Martian landslides, but the values of the landslide slope in his research are mostly situated between 5 and 30°, which deviates significantly from the 60° in this paper. After screening the data from multiple papers, the actual landslide data from Duan’s research (Duan, Cheng, et al., 2021) and the experimental data from Crosta’s research (Crosta et al., 2017) are finally selected to compare with the results from this paper, as shown in Table 1.
TABLE 1 | Summary of properties for the landslides from reality and experiments.
[image: Table 1]It should be noted that only data for landslides with slope angles between 40 and 80° are presented, because excessive angle differences can make the comparison meaningless. To make the data applicable to Eq. 18, the value of μ are approximately use the value of H/L, and the values of and S1 in Duan’s article (Duan, Cheng, et al., 2021) was calculated by the following approximate equations:
[image: image]
[image: image]
Since Crosta et al.'s data H, [image: image], S1 and Li were obtained from the experimental apparatus and experimental design. Because a slope of less than 30° was insufficient for flowage in their experiment and only the experimental data with slope angle greater than 40° were presented, the friction angle is therefore assumed to be 35° and the friction coefficient is accordingly 0.7. By comparison, we can find that the results of Eq. 18 are closer to those of Crosta and Duan. However, the comparative data provided in this paper contain some estimates in the calculations as well as are still quantitatively insufficient. The authors will refine the equation further by performing more precise statistics and calculations based on future landslide data.
CONCLUSION
Through a series of experiments, this paper studied the movement of landslides of different heights, deformation of the sliding bodyand the movement distance of the barycenter. We proposed an equation describing the landslide range, which are helpful to understand the movement of some landslides. Based on the experimental observations, results, and analysis, the main conclusions are as follows:
1) In the experiment, the movement processes of landslides with different initial heights were found to be similar, as were the morphological changes in the landslide body. The whole landslide process took about 1,000 ms. The lower the landslide height, the shorter the duration of the whole sliding process and the smaller the landslide impact area. During the process of landslide, the length of the sliding body increases linearly from its initial length; the width of the sliding body is gradually maintained after growth; the height of the sliding body decreases with increases in landslide height.
2) The barycenter of the sliding body pushes toward the front of the slide as the height of the slide increases; however, determination of the barycenter’s location in the final sliding body needs further study for cases of [image: image]. Displacement of the barycenter can be determined by the energy conservation theorem, if the friction coefficient μ could be obtained experimentally.
3) The length of a landslide can be estimated by Eq. 18 in this paper. The landslide length prediction equation proposed in this paper is closer to the actual landslide distance at about 60°, but the validation data that the authors found are still insufficient, and more cases are necessary to support the formula in the future.
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