

  sustainability-16-03646




sustainability-16-03646







Sustainability 2024, 16(9), 3646; doi:10.3390/su16093646




Article



Distribution and Stabilization Mechanisms of Stable Landslide Dams



Liang Song, Yunsheng Wang *, Yuchao Zhao, Zhuolin Xiao, Zhuo Feng, Shicheng Liu and Tao Tang





College of Environmental and Civil Engineering, Chengdu University of Technology, Chengdu 610059, China









*



Correspondence: wangys60@163.com







Citation: Song, L.; Wang, Y.; Zhao, Y.; Xiao, Z.; Feng, Z.; Liu, S.; Tang, T. Distribution and Stabilization Mechanisms of Stable Landslide Dams. Sustainability 2024, 16, 3646. https://doi.org/10.3390/su16093646



Academic Editor: Maurizio Lazzari



Received: 23 February 2024 / Revised: 22 April 2024 / Accepted: 22 April 2024 / Published: 26 April 2024



Abstract

:

Landslide dams, especially stable landslide dams, have been recognised as important contributors to regional geomorphological evolution. The eastern edge of the Tibetan Plateau provides good conditions for the formation of stable landslide dams. To identify stable landslide dams on the eastern margin of the Tibetan Plateau, the Google Earth Engine (GEE) was first used to map water surfaces in the study area. Then, stable landslide dams were identified using high-precision remote sensing images provided by Google Earth. A field investigation and a sampling of typical stable landslide dams were also adopted to characterise the landslide dams. The results show that 101 stable landslide dams are present in the study area, covering an area of 27.75 × 104 km2. There are four types of stable landslide dams, as follows: (1) landslides, (2) rock avalanches, (3) moraines, and (4) debris flows. The morphological parameters of a dam, which include dam height, dam width, dam volume, and catchment area, can be fitted with different relationship curves, with respect to the number of landslide dams. The source areas of landslide dams are generally located in the upper-middle and upper sections of adjacent mountains. The stability of a landslide dam is mainly controlled by the structure of the dam and the relationship between the dam volume and catchment area. Structurally, large rocks with large particle sizes are difficult to activate using river water and the large gaps between the rocks provide sufficient channels for the flow of river water. In regard to the relationship between the dam volume and catchment area, a river with a small catchment area in the study area is commonly blocked by a large dam volume. This study provides a unique opportunity to study the spatial distribution and clarify the factors influencing the stability of stable landslide dams.
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1. Introduction


Since the middle Pleistocene, the Tibetan Plateau has experienced rapid upwards movement, due to the collision between the Indian Plate and the Eurasian Plate [1,2]. This has resulted in the Tibetan Plateau becoming the highest plateau in the world and mountains have also been rapidly uplifting in this area. With the rapid uplift of mountains, slopes have deformed, the integrity of the rock has gradually deteriorated, and deep gorges have formed through river incision. These processes have created good conditions for the formation of landslide dams [3,4,5,6]. A large amount of fractured rock can collapse, forming landslides, debris flows, and other types of mass movement in response to earthquakes, rainfall, and glaciation. Such mass movements can easily block deep gorges and form landslide dams on the margin of the Tibetan Plateau.



Landslide dams, as a natural hazard, are ubiquitous worldwide and often cause great harm to the properties and lives of people over relatively large areas and extended periods, by inundating upstream areas and flooding downstream areas [7,8,9,10,11,12,13,14,15,16]. Many catastrophic landslide dam breach events have occurred on the eastern margin of the Qinghai–Tibet Plateau. For example, the Mogangling landslide dam was formed by the 1786 Ms 7.75 Moxi earthquake and it blocked the Dadu River and, ultimately, caused more than 100,000 deaths after ten days [17,18]. This may be the most disastrous landslide dam breach event in the world. The 1933 Ms 7.5 Diexi earthquake caused three landslide dams to block the Minjiang River and the flood resulted in at least 2500 deaths when the dam was overtopped 45 days later [19,20]. One recent catastrophic landslide dam is the Baige landslide dam, which repeatedly dammed the Jinsha River and numerous roads, bridges, and residential houses on the banks of the lower reaches of the river were destroyed, causing significant economic losses [21,22,23]. In addition, the longevity of landslide dams is very short and approximately 85% of landslide dams are breached within one year [8]. Other scholars have reached similar conclusions from different landslide dam databases [24,25,26]. However, some landslide dams have existed for decades on the eastern margin of the Qinghai–Tibet Plateau; such dams do not cause disasters and also provide many benefits to fluvial geomorphology, the ecological environment, the landscape, and hydropower resource development. For example, the Mahu landslide dam blocked the Huanglang River in Leibo County and has existed for at least 4200 years [27]. The existence of the Mahu landslide dam has influenced the local climate, increasing the yield of vegetables and fruits [28]. A cascading landslide dam also existed long ago in Jiuzhaigou and is now a famous tourist attraction, attracting tens of thousands of tourists every year. Due to three landslide dams that have existed for at least one thousand years in Shenxi Gully, which is located on the Yingxiu–Beichuan fault, the upstream slope has not been continuously eroded by the river. Therefore, when the Ms 8.0 Wenchuan earthquake occurred, although almost all other mountains were stripped bare by landslides and avalanches, the mountains in the Shenxi Gully area were still green, because no landslides or avalanches occurred [29].



This study used the eastern margin of the Qinghai–Tibet Plateau, which is famous for its concentration of landslide dams [30,31,32,33], as the study area. The landslide dams that formed in the study area include both stable and unstable landslide dams. Previous studies on the study area have concentrated on catastrophic landslide dams [34,35]. However, little work has focused on stable landslide dams that benefit the environment, in this study area [36]. The deep canyons on the eastern margin of the Tibetan Plateau provide favourable conditions for the formation and long-term existence of landslide dams. Certain questions about stable landslide dams in this area remain unclear, as follows: what is the distribution of stable landslide dams in this region and why have these landslide dams remained stable? In addition, for the identification of stable landslide dams, traditional remote sensing interpretation methods have been used [37,38,39]. For such a large study area on the eastern edge of the Tibetan Plateau, the workload of the traditional remote sensing interpretation method is large. Hence, to reduce the workload of identifying stable landslide dams in the study area, a method of mapping surface water was adopted in this paper. Field investigations and geotechnical tests were used to clarify the factors influencing the stability of stable landslide dams on the eastern margin of the Tibetan Plateau.




2. Regional Geological Background


2.1. Regional Tectonic Background


The study area is located in Sichuan Province, Southwest China. This region is also located on the eastern margin of the Tibetan Plateau (Figure 1) and is an ideal area for studying stable landslide dams. According to the regional tectonic structure division, the study area mainly includes three blocks separated by active fault zones, the Bayan Har fault block, the Chuan–Dian fault block, and the eastern boundary zone, which are famous for intense tectonic activity and frequent earthquake events (Figure 1). The study area lies in one of the areas with the most active tectonism in China (Figure 1).



Regional global positioning system (GPS) data show that the motion of more than 10 mm/y in the Chuan–Dian fault block and Bayan Har fault block decreases to less than 6 mm/y in the eastern boundary zone (Figure 1). The dramatic changes in the GPS data indicate that a large amount of energy is accumulating in the crust in the study area.



In response to the intense tectonic activity produced by the movement of blocks, numerous faults have developed in the study area. The main faults in the study area are shown in Figure 2. Several faults with intense activity have produced earthquakes that have formed a series of dammed lakes. For example, the 1786 Ms 7.75 Moxi earthquake on the Xianshuihe fault formed a catastrophic dammed lake [17,18]; the 1933 Ms 7.5 Diexi earthquake on the Minjiang fault formed nine dammed lakes that still exist [30,36]; the Ms 8.0 Wenchuan earthquake on the Longmenshan fault zone (including the Wenchuan–Maoxian fault, Yingxiu–Beichuan fault, and Guanxian–Anxian fault) formed at least 828 dammed lakes [37]; and earthquakes triggered by activity along the Longmenshan fault zone and Xianshuihe fault formed dammed lakes in 2022 [3,42].




2.2. Lithological and Geomorphic Features


Due to intense tectonism, the strata cropping out in the study area are complex and are mainly composed of Sinian, Cambrian, Silurian, and Triassic strata (Figure 2). The strata exhibit certain distribution patterns. The Sinian strata are mainly concentrated in the eastern part of the study area, especially along the Longmenshan fault zone and Xianshuihe fault. The Cambrian strata are mainly concentrated to the east of the Sinian strata and exhibit a NE–SW banded distribution. The Silurian strata are mainly concentrated to the west of the Sinian strata and also exhibit a NE–SW banded distribution. The distribution of Triassic strata is the broadest in the study area, with the highest concentration in the western portion of the study area.



Numerous rivers, including the Jialing River, Tuojiang River, Minjiang River, and Jinsha River, flow through the study area (Figure 3A). The Jinsha River is the upstream portion of the Yangtze River, while the Tuojiang River, Minjiang River, and Jinsha River are secondary tributaries of the Yangtze River. All of these rivers in the study area flow from NW to SE (Figure 3A). Additionally, the water system is extremely well developed in the study area (Figure 3A). Geomorphically, deeply cut gorges are a typical feature in the study area and the elevations of the study area in the west and south are greater than those in the east and north (Figure 3). In addition, the elevation of the study area is generally greater than 3500 m, reflecting a high mountain geomorphology (Figure 3B). The lowest elevation, less than 1000 m, is located in the eastern part of the study area. The topographic relief is greater than 2500 m. The well-developed water system, deeply cut gorge geomorphology, and large topographic relief provide favourable conditions for the formation of dammed lakes in the study area.





3. Methods


This paper defined a dam with a water surface for more than 10 years as a stable landslide dam. First, surface water in the study area was mapped to identify possible dammed lakes. The mapping of the surface water in the study area utilised the research results of Pekel et al. [43], who provided a dataset including high-resolution global surface water mapping results using three million Landsat satellite images. The dataset recorded changes in global surface water over the past 32 years at a 30-metre resolution and can be accessed through the Google Earth Engine (GEE). The GEE is a cloud-based platform commonly used for water mapping [44,45,46]. To determine when a lake formed, surfaces of different colours were set to cover the water surface. Specifically, the water surfaces that existed in 2010 and 2020 were masked with red and yellow surfaces (Figure 4), respectively. Water surfaces that existed for more than 10 years from 2010 to 2020 were masked with a blue surface (Figure 4). However, not all blue surfaces are dammed lakes. Most of them are ponds and common lakes. Hence, to determine whether the blue surfaces correspond to dammed lakes, high-precision remote sensing images from Google Earth were examined. If a dammed lake was covered by a blue surface, a high-precision remote sensing image from Google Earth was used to determine whether the lake was formed by a dam. If a lake is a dammed lake, then the dam body must have a source region that can be identified using high-precision remote sensing images from Google Earth. If a lake was determined to be a dammed lake, then the corresponding dam body was defined as a stable landslide dam in this paper.



Second, the morphological characteristics of stable landslide dams, including dam height, dam width, dam volume, and the catchment area of the landslide dam, were obtained from Google Earth. Google Earth can provide high-precision remote sensing images to accurately measure and collect the morphological parameters of landslide dams.



Third, a field investigation of typical landslide dams was carried out to evaluate the accuracy of this surface water mapping method (Figure 5). To reveal the typical characteristics of landslide dams, the lithology, material, composition, structure, and boundary of a typical landslide dam body were obtained via field investigation. In addition, the particle size distribution of a typical landslide dam was obtained using the research method used in (Figure 5A,B) [9]. Specifically, an area was selected in a representative profile of a landslide dam to measure particle sizes larger than 100 mm (Figure 5C). For particles less than 100 mm in size, a typical profile was sampled and sieves with diameters of 60 mm, 40 mm, 20 mm, 10 mm, 5 mm, 0.25 mm, and 0.075 mm were used to determine the particle size in the laboratory (Figure 5D). The particle size distributions of the rock avalanche-type landslide dams were obtained via the same methods. Two measurement areas with side lengths of 10 m were selected to determine the distribution of particle sizes larger than 100 mm.




4. Results


4.1. The Characteristics of Stable Landslide Dams


4.1.1. Basic Characteristics


The results of the stable landslide dam inventory show that 101 stable landslide dams are located in the 27.75 × 104 km2 study area (Figure 6). Based on the distribution of stable landslide dams in the river basin, there are differences in the distribution of stable landslide dams in different river basins. Specifically, the number of stable landslide dams distributed in the Minjiang River Basin is the highest, at 19. There are 18 and 15 stable landslide dams distributed in the Yalong River and Jinsha River Basins, respectively. The Bailong River, Dadu River, Fujiang River, Xianshuihe River, Tuojiang River, Litang River, Zagunao River, and Heishui River Basins contain 13, 13, 6, 5, 4, 4, 2, and 2 stable landslide dams, respectively (Figure 6A). In addition, stable landslide dams are distributed in clusters along large faults (Figure 6B). The large faults include the Tazang Fault, Minjiang Fault, Longmenshan Fault Zone, Xianshuihe Fault, Yunongxi Fault, Ganzi–Yushu–Fenghuoshan Fault Zone, and Boke–Muli Fault. The highest landslide dam concentration along a large fault reaches 0.02/km2.




4.1.2. Types of Landslide Dams


A landslide dam is a result of the runout of a landslide and interaction with local topography [11]. Based on the field investigation and remote sensing data, four types of landslide dams were identified in the study area (Figure 7), as follows: (1) landslides, in which the rockslides disintegrate rapidly during long-distance movement and flow extremely rapidly on a steep slope (Figure 7A); (2) rock avalanches, in which the integrity of the rock is destroyed by discontinuity joints and the fragmented rock starts to move in response to gravity or earthquakes (Figure 7B); (3) moraines, in which the deposits are formed by glaciation (Figure 7C); and (4) debris flows, in which water and material derived from a saturated debris flow move extremely rapidly in steep channels, induced by rainfall (Figure 7D).




4.1.3. Morphological Characteristics


A sketch of the morphological parameters of a landslide dam is shown in Figure 8. The specific morphological parameters of a landslide dam include dam height, dam width, dam volume, and catchment area (Figure 8A). To determine the morphological characteristics of the stable landslide dams in the study area, the dam length, dam height, dam volume, and catchment area of the stable landslide dams were statistically analysed.



The statistics of the dam height results are shown in Figure 9A. As the height of the dam increases, the number of landslide dams first increases and then decreases. The dam height is concentrated within 100 m. Dams with heights of less than 100 m accounted for 87% of the dam. The fitting function for the relationship between dam height and the number of landslide dams is as follows (where y is the number of landslide dams and x is the dam height):


  y = 0.5126 + 12.3356 ×  e  −     x − 46.7283    2  / ( 2 ×   29.2839  2  )    



(1)







The statistics of dam width indicate that most landslide dam widths are less than 1000 m, accounting for 86% of all landslide dams (Figure 9B). As the width increases, the number of landslide dams first increases and then decreases. The number of dams with widths in an interval of [400, 500] is the greatest, reaching 20. The widest width of a stable dam exceeds 3000 m (the Mahu landslide dam). The fitting function for the relationship between dam width and the number of landslide dams is as follows (where y is the number of landslide dams and x is the dam width):


  y = 0.5598 + 15.7300 ×  e  −     x − 480.7510    2  / ( 2 ×   208.5406  2  )    



(2)







The actual landslide dam volume in this inventory is difficult to obtain and a classical empirical equation that considers landslide material characteristics through a volume–area (V–A) scaling parameter can be used to estimate the volume; the general relationship is expressed as follows:


V = 0.146A1.332



(3)




where V is the volume of the landslide dam and A is the area of the dam. This equation was also applied to estimate the volume of the landslide dam produced by the 2008 Wenchuan earthquake [38]. Landslide dams can be divided into large landslide dams (volume: 100–1000 × 104 m3), super-large landslide dams (volume: 1000–10,000 × 104 m3), and giant landslide dams (volume greater than 10,000 × 104 m3), according to previously published classification criteria [47]. According to the statistics of the dam volume results, most landslide dams are large landslide dams, accounting for 55% of all landslide dams. Moreover, the volume of the largest landslide dam (the Mahu landslide dam) exceeds 10,000 × 104 m3, indicating that it is a giant landslide dam. With increasing dam volume, the number of landslide dams decreases and follows the following function (where y is the number of landslide dams and x is the dam volume) (Figure 9C):


y = 0.8006 + 44.616 × e−0.0052x



(4)







As shown in Figure 9D, the catchment area of 98% of landslide dams is less than 1000 km2 and only two landslide dam catchment areas exceed 1000 km2. The catchment areas of the Dahaizi and Xiaohaizi landslide dams exceed 1000 km2 and are located on the trunk stream of the Minjiang River. Among dams with catchment areas of less than 1000 km2, stable landslide dams with catchment areas of less than 100 km2 represent the majority, accounting for 82% of all landslide dams. With increasing catchment area, the number of landslide dams decreases according to the following function (where x is the catchment area and y is the number of landslide dams):


y = 1.4049 + 38.9846 × e−0.0588x



(5)









4.2. Spatial Distribution of Stable Landslide Dams


4.2.1. Spatial Location


To determine the source location of stable landslide dams on the corresponding mountain, the following three methods were adopted: (1) the location of a landslide dam is controlled by two influencing factors (elevation and distance to the river) (Figure 10); (2) the landslide dam distribution at different mountain positions is qualitatively reflected by the normalised position (normalised distance to the river and ridge line) (Figure 11); and (3) the landslide dam distribution in different mountain sections is quantitatively reflected by the relative position (the ratio of the distance to the valley bottom (L) to the distance from the ridge line to the valley bottom (S)) (Figure 12 and Figure 13).



	(1)

	
Profile position







According to the statistics of elevation and the distance to the river for the landslide dams in this inventory, landslide dams are most common at elevations ranging from 1500 m to 5000 m and distances to the river ranging from 300 m to 3000 m (Figure 10). Specifically, the source regions of landslide dams are concentrated at elevations ranging from 4150 m to 4750 m and at distances to the river ranging from 300 m to 1500 m.



	(2)

	
Normalised position







The distance of the landslide dam to the river or ridge line was normalised using Formula 6. The method of normalisation can map the distance of a landslide dam to a river or ridge line to an interval of [0, 1] and can also transform the data into a unified dimensionless scalar


   X =     x − min ( x )    max  x  −  min ( x )     



(6)




where X is the normalised result, x is the distance from the landslide dam to the river or ridge line, min(x) is the minimum distance from the landslide dam to the river or ridge line, and max(x) is the maximum distance from the landslide dam to the river or ridge line. The results of the position normalisation process are shown in Figure 11. The results show that the highest concentration of normalised positions is located in the lower left area close to the Y axis (distance to river), which means that the sources of landslide dams are located close to the ridge line and far from the river (Figure 12).



	(3)

	
Relative position







Compared to the above methods, which only qualitatively analyse the landslide dam position, the relative position method can quantitatively determine position information for landslide dams. The value of the relative position (r) is defined by the ratio of the distance to the valley bottom (L) to the distance from the ridge line to the valley bottom (S) (Formula (7) and Figure 12A). Different r values represent different positions on the mountain and the specific definitions of different r values are shown in Figure 12B.


r = L/S



(7)







The results of the relative position of the source region of the landslide dams are shown in Figure 13. The r values are mainly concentrated in an interval of [0.7, 0.9], which means that the source areas of the landslide dams mainly correspond to the upper-middle section and upper section of the mountain. The results also confirm the accuracy of the normalised position method.




4.2.2. Other Influencing Factors


	(1)

	
Slope and PGA







The statistical results of the slope and peak ground acceleration (PGA) in the study area are shown in Figure 14. The slopes of the source regions of more than 90% of all the landslide dams range from 25° to 55° (Figure 14a1,a2). In particular, the proportion of slopes from 35° to 45° is the highest, accounting for more than 40% of all landslide dams. The PGA values of the landslide dams are concentrated between 0.15 g and 0.2 g (Figure 14b1,b2).



	(2)

	
Rock







According to the rock hardness statistics of the strata that produced the landslide dams in the study area, the rocks were divided into the following two types: I—hard rocks and II—interbedded soft–hard rocks. The hard rocks include dolomite, sandstone, granite, limestone, basalt, and other hard rocks. The interbedded soft–hard rocks include sandstone interbedded with slate, limestone interbedded with phyllite, and siliceous rocks interbedded with slate. The only soft rock present is phyllite (Figure 14c1). Granite and limestone landslide dams are the most common, totalling 18 and 22 dams, respectively. Sandstone–slate dams are the most common form of interbedded soft–hard rock dam, representing 24 dams. The proportions of hard rocks and interbedded soft–hard rocks are 65% and 35%, respectively (Figure 14c2).





4.3. The Characteristics of a Typical Stable Landslide Dam


4.3.1. Characteristics of Landslide-Type Landslide Dams


	(1)

	
Basic characteristics







The Cuona landslide dam is located in the Lieyi township, Batang County, Garze Tibetan Autonomous Prefecture, Sichuan Province, with coordinates of 99°31′56.6″ E and 30°11′54.6″ N, as shown in Figure 15A. The Cuona landslide dam was sourced from the slope on the left and right banks of the river, composed of upper Yanshan granite, which underwent damage and high-speed movement under the influence of an earthquake, ultimately resulting in loose rocks collapsing and forming the dammed lake. Due to the high-speed movement of the loose rocks, the dam structure exhibits inverse grading (Figure 15B). Specifically, the upper part of the dam is composed of coarse particles, while the lower part of the dam is composed of fine particles. Scattered boulders are present everywhere on the surface of the landslide dam and the diameter of the largest boulder reaches 6 m (Figure 15C). Many boulders can also be observed inside the spillway and a step–pool system has also developed inside the spillway (Figure 15D).



	(2)

	
Structural characteristics of the landslide dam







To quantitatively analyse the structural characteristics of the landslide dam, the particle size distribution of the Cuona landslide dam was determined (Figure 16). According to the results of the particle size distribution, the grading curves of the particles in the first layer (upper layer) and the second layer (lower layer) show significant offset characteristics from left to right. This quantitatively indicates that the landslide dam has obvious sorting in the vertical direction. Namely, the higher the profile position is, the larger the particle size inside it.



Specifically, the first layer of the landslide dam is mainly composed of boulders (d > 200 mm) with a content of 80%. The contents of gravel (2 mm < d < 60 mm) and sand are both 10%. In the second layer of the landslide dam, the contents of boulder and gravel (d > 60 mm) are significantly lower, reaching 47%. The boulder content accounts for 25% and particles with d > 500 mm are absent. The contents of gravel and sand are 33% and 20%, respectively.




4.3.2. Characteristics of a Rock Avalanche-Type Landslide Dam


	(1)

	
Basic characteristics







The Mugecuo landslide dam is located in Kangding city, Garze Tibetan Autonomous Prefecture, Sichuan Province, with coordinates of 101°51′52.7″ E and 30°9′12.1″ N; it is shown in Figure 17A. The Mugecuo landslide dam was sourced from the slopes on both banks of the river, which are composed of upper Yanshan granite. A rock avalanche was triggered by an earthquake (Figure 17A). Due to the formation mechanism of the rock avalanche, the entire landslide dam is composed of boulders (Figure 17B). Boulders with diameters exceeding 1.75 m are distributed inside the spillway (Figure 17C).



	(2)

	
The structural characteristics of this rock avalanche-type landslide dam







To quantitatively analyse the structural characteristics of this rock avalanche-type landslide dam, the particle size distribution of the Mugecuo landslide dam was obtained. The results are shown in Figure 18.



The results of Window 1 represent the original structure of the rock avalanche-type landslide dam, which has not been disturbed by the river. The results show that the boulder diameter in Window 1 is mainly 0.2~2 m. Approximately 64% of the total boulders have a diameter of 0.2~1 m. The results of Window 2 represent the structure of the rock avalanche-type landslide dam that has been disturbed by the river. The results show that the boulder diameter in Window 2 is also 0.2~2 m. However, the number of boulders with a diameter of 0.2~1 m decreased to 55% of the total number of boulders. Notably, the content of boulders with a particle size greater than 1 m remains unchanged between Window 1 and Window 2.






5. Discussion


According to a field investigation and a comprehensive analysis of typical landslide dams, the stability of a landslide dam is mainly controlled by the structure of the landslide dam and the relationship between the dam volume and catchment area.



5.1. The Structure Influences the Stability of the Landslide Dam


Landslide-type and rock avalanche-type landslide dam structures have different impacts on the stability of landslide dams. According to the field investigation, landslide-type landslide dams always have an inverse grading structure. This means that the upper and lower parts of the landslide-type dam are composed of coarse and fine particles, respectively. Due to the strong erosion resistance of the coarse particles in the upper part of the landslide dam, the fine particles in the lower parts of the landslide dam are protected from erosion by the river. This is the reason why the river flows through the landslide dams by runoff and the dams are not destroyed. In particular, the dead storage capacity of a dammed lake is protected from leakage by the impermeability of fine particles during the dry season (Figure 19A). With the upstream river influx in the wet season, the water in the dammed lake flows downstream between the coarse particles, which protects the fine particles from being eroded by the river (Figure 19B). In addition, a step–pool system commonly develops inside spillways. The step–pool system has been widely proven to have extremely strong river resistance in mountainous rivers; such systems can maximise the consumption of river energy and protect the riverbed inside the spillway from erosion [29,48]. Many stable landslide dams with inverse grading sequence structures have been observed worldwide. For example, the Usoi landslide dam is the largest dam in the world and has existed for more than 100 years and the structure of the dam also shows an inverse grading sequence [16].



Rock avalanche-type landslide dams are composed of many boulders, which provide enough voids to allow the river to flow through. On the other hand, in both the disturbed and undisturbed areas of the Mugecuo landslide dam, the content of boulders with a particle size greater than 1 m is the same. This means that as long as the boulders are large enough, it is difficult for the boulders to be moved by the river. Large boulders play a crucial role in the stability of rock avalanche-type landslide dams.



To analyse the impact of the structure on the stability of the landslide dam, this study analysed the force on the surface stone particles of the dam body and used the theory of bed load motion to analyse the starting speed of the giant particle structure in the water flow. Specifically, particles located on the surface of the dam body may move under the erosion of river water. Assuming that the dam has a uniform porosity and that the particles are approximately spherical, there are a total of five forces acting on the stone particles [49], as follows: (1) the positive thrust, Fd, of the water flow; (2) the uplift pressure of the water flow, Fl; (3) the effective gravity of the particles, Fw; (4) the permeability, Fp; and (5) the frictional resistance, Fr. The specific particle forces are shown in Figure 20 and the specific calculation formula is as follows:


   F d  =  π 8   C d   ρ w   u b 2   d 2   



(8)




where Fd is the positive thrust of the water flow; Cd is the thrust coefficient; ρw is the density of water; ub is the water flow velocity acting on the particles; and d is the equivalent diameter of the particle.


   F l  =  π 8   C L   ρ w   u b 2   d 2   



(9)




where Fl is the uplift pressure of the water flow and CL is the uplift pressure coefficient.


   F w  =  π 6  (  ρ s  −  ρ w  ) g  d 3   



(10)




where Fw is the effective gravity of the particle, ρw is the particle density, and g is the gravitational acceleration.


   F p  =  π 6   ρ w  g i  d 3    1 + e    



(11)




where Fp is the seepage force and i is the hydraulic gradient.



The resistance, Fr, caused by friction in the opposite direction of motion depends on the uplift pressure, Fl, of the water flow; the effective gravity, Fw, of the particles; and the seepage force Fp, expressed as follows:


   F r  = t a n Φ    F w  c o s β −  F l  −  F p  sin   β − α      



(12)




where Fr is the frictional resistance; Φ is the internal friction angle; β is the slope of the downstream slope of the dam body; and α is the angle between the seepage force and the horizontal direction.



The downstream stone particles of the dam are prone to damage. Therefore, based on the principle of static equilibrium, a force analysis was conducted on the downstream particles of the dam. The sum of the positive thrust force on the particles, the effective gravity force on the particles, and the permeability force of the water flow is equal to the frictional force on the particles, that is:


   F d  +  F p  cos   β − α   +  F w  s i n β =  F r   



(13)







By substituting Equations (8) to (12) into Equation (13), the relationship between the starting speed of the particles and their particle size can be obtained, as follows:


   u b  =     8 g d      ρ S  −  ρ w      t a n Φ c o s β − s i n β   −  ρ w  i   1 + e     cos   β − α   + t a n Φ sin   β − α         t a n Φ 6  C L   ρ w  + 6  C d   ρ w       



(14)







Based on an analysis of Formula (14) combined with the particle initiation velocity in the theory of bed load motion, under the conditions of determining the geometric characteristics and properties of the landslide dam, whether certain block stone particles on the landslide dam are subject to river erosion depends on the flow velocity of the river water. Obviously, the coarser and more uneven the particles on the landslide dam are, the greater the speed at which the particles are washed away by the water flow. The speed required for the block stone particles to be washed and transported is greater, while the speed required for the small block stone particles to be washed and transported is lower. Therefore, when the speed of the river is less than the starting value of the coarse particles on the landslide dam, the coarse layer of coarse particles on the surface of the landslide dam will always exist, which will cause larger stones to block the river channel and the dam will remain stable for a long time.



For the role of the dam structure on the stability of the landslide dam, on the one hand, large rocks with large particle sizes are difficult to activate using river water and the large gaps between the rocks provide sufficient channels for the flow of river water. On the other hand, the deep step–pool system formed in the spillway greatly consumes the energy of the river. These factors provide favourable conditions for the long-term existence of landslide dams in the study area.




5.2. Dam Volume and Catchment Area Influence the Stability of Landslide Dams


To examine the influence of dam volume and catchment area on dam stability, the catchment area corresponding to dam volume was statistically analysed. The results are shown in Figure 21. The results show that most catchment areas of landslide dams are concentrated in an interval from 0 to 90 km2 (Figure 21A). The minimum and maximum average volumes of landslide dams in the concentrated area were 100 × 104 m3 and 1000 × 104 m3, respectively. This means that a river with a small catchment area in the study area is commonly blocked by a large dam volume. In addition, the minimum volume of a landslide dam blocking a corresponding catchment area was fitted with an envelope (Figure 21B). The fitting envelope is as follows:


y = 220481.34 + 122791 × e((x−1.75)/963) + 122791 × e((x−1.75)/1177)



(15)




where y is the stable landslide dam volume and x is the corresponding catchment area. When the volume of the landslide dam is located above the envelope, the volume of the landslide dam may contribute to its stability. The corresponding river flow provided by the catchment area makes it difficult to destroy a large landslide dam. A typical example of a stable landslide dam with a large volume and small catchment area is the Mahu landslide dam. The Mahu landslide dam is currently the largest known dam in China [24], with a volume of 23,800 × 104 m3, and its upstream catchment area is only 110 km2. Ermini and Casagli [9] and Zheng et al. [6] also indicated that dam stability increases with increasing landslide dam volume.





6. Conclusions


The eastern edge of the Tibetan Plateau provides good conditions for the formation of stable landslide dams. Previous studies on the study area have concentrated on catastrophic landslide dams. However, little work has focused on stable landslide dams that benefit the environment in the study area. Therefore, this study examined the distribution and mechanisms of stable landslide dams in the study area. The stable landslide dams were identified using the Google Earth Engine (GEE) and high-precision remote sensing images. Finally, 101 stable landslide dams were identified in the study area. Among them, the Minjiang, Minjiang River, Yalong River, and Jinsha River Basins are the top three basins in terms of the number of stable landslide dams, with 19, 18, and 15 dams, respectively. The types of stable landslide dams in the study area mainly include (1) landslides, (2) rock avalanches, (3) moraines, and (4) debris flows. In regard to the morphological characteristics, as the dam height (x) increases, the number of dams (y) first increases and then decreases and satisfies the functional relationship of   y = 0.5126 + 12.3356 ×  e  −     x − 46.7283    2  / ( 2 ×   29.2839  2  )    . As the dam width increases (x), the number of dams (y) also first increases and then decreases and satisfies the functional relationship of   y = 0.5598 + 15.7300 ×  e  −     x − 480.7510    2  / ( 2 ×   208.5406  2  )    . As the dam volume (x) increases, the number of dams (y) gradually decreases and satisfies the functional relationship of y = 0.8006 + 44.616 × e−0.0052x. As the catchment area (x) increases, the number of dams (y) also gradually decreases and satisfies the functional relationship of y = 1.4049 + 38.9846 × e−0.0588x. The source areas of the landslide dams are mainly located in the upper-middle section and upper section of adjacent mountains. The slope, PGA, and lithology could also influence the distribution of landslide dams.



The stability of a landslide dam is mainly controlled by the structure of the dam and the relationship between the dam volume and catchment area. In regard to the role of the dam structure on the stability of the landslide dam, on the one hand, large rocks with large particle sizes are difficult to activate using river water and the large gaps between the rocks provide sufficient channels for the flow of river water. On the other hand, the step–pool system formed in the spillway greatly consumes the energy of the river. These factors provide favourable conditions for the long-term existence of landslide dams in the study area. A river with a small catchment area in the study area is commonly blocked by a large dam. The minimum volume of a landslide dam blocking a corresponding catchment area was fitted with an envelope. The fitting envelope is as follows: y = 220481.34 + 122791 × e ((x−1.75)/963) + 122791 × e ((x−1.75)/1177). When the volume of the landslide dam is located above the envelope, the volume of the landslide dam may contribute to its stability.
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Figure 1. The regional geological background of the study area. The GPS velocity data are from [40], the fault block data are from [41], and the historical earthquake data are from the China Earthquake Network Center (http://www.cenc.ac.cn/, accessed on 12 December 2023). 
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Figure 2. Geological map of the study area. TZ F.—Tangzang Fault, WX F.—Wenxian Fault, PW–QC—Pingwu–Qingchuan Fault, XS F.—Xueshan Fault, HY F.—Huya Fault, MJ F.—Minjiang Fault, YX–BC F.—Yingxiu–Beichuan Fault, WC–MX—Wenchuan–Maoxian Fault, GX–AX—Guanxian–Anxian Fault, GL–ZH F.—Ganluo–Zhuhe Fault, DLS F.—Daliangshan Fault, XJH F.—Xiaojianhe Fault, JH–QH F.—Jinhe–Qinghe Fault, BK–ML Fault—Boke–Muli Fault, YNX F.—Yunongxi Fault, ML F.—Mula Fault, CZ F.—Cazhong Fault, LT–DW F.—Litang–Deiwu Fault, SDC F.—Shangdeicha Fault, GZ–LT F.—Ganzi–Litang Fault, ZK–SQ F.—Zengke–Shuoqu Fault, GZ–YS–FHS F.—Ganzi–Yushu–Fenghuoshan Fault, DG–XC F.—Dege–Xiangcheng Fault, YK F.—Yuke Fault, and MEK F.—Merkang Fault. 
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Figure 3. The water system and geomorphic features of the study area. (A)—water system features and (B)—geomorphic features. The profile position of (B) is shown in (A). 
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Figure 4. Typical water surface images of the study area produced by the Google Earth Engine. (A)—The dammed lakes are covered by blue surfaces in the Diexi area. (B)—A dammed lake is covered by a blue surface in Mahu. (C)—A dammed lake is covered by a blue surface in Tianchi. 
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Figure 5. The method of determining the particle size distribution of a typical landslide dam. (A)—A typical profile of a typical landslide dam; (B)—a sketch map of a typical landslide dam. (C)—A 1 m2 area in a typical landslide dam was selected to determine the distribution of particles larger than 100 mm. (D)—Particles less than 100 mm in size were sampled and sieved in the laboratory to determine the particle size distribution. 
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Figure 6. The results of the stable landslide dam inventory. (A)—The distribution of stable landslide dams in the study area. (B)—The corresponding concentration of stable landslide dams in the study area. (1)—Tazang Fault, (2)—Minjiang Fault, (3)—Longmenshan Fault Zone, (4)—Xianshuihe Fault, (5)—Yunongxi Fault, (6)—Ganzi–Yushu–Fenghuoshan Fault Zone, and (7)—Boke–Muli Fault. 
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Figure 7. Stable landslide dam types in the study area. (A)—landslide; (B)—rock avalanche; (C)—moraine; and (D)—debris flow (the image in Panel D is from Google Earth). 
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Figure 8. Sketch of the morphological parameters of a landslide dam. (A)—plan view of a stable landslide dam and (B)—profile of a landslide dam. 
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Figure 9. Morphological characteristics of the stable landslide dams in the inventory. (A)—The relationship between the number of stable landslide dams and dam height, (B)—the relationship between the number of stable landslide dams and dam width, (C)—the relationship between the number of stable landslide dams and dam volume, and (D)—the relationship between the number of stable landslide dams and catchment area. 
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Figure 10. The elevation and distance to the river influence the development of landslide dams. 
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Figure 11. Normalised distances to the river and ridge line, revealing the distribution of landslide dam sources at the different mountain positions. 
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Figure 12. Sketch of the relative position (r). (A)—The definition of the relative position (r) and (B)—the different mountain sections, divided based on the value of the relative position (r). The upper section, upper-middle section, middle section, lower-middle section, and lower section of the mountains are defined by relative position values of [1.0, 0.8), [0.8, 0.6), [0.6, 0.4), [0.4, 0.2), and [0.2, 0), respectively. 
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Figure 13. Relative position (r) results. 
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Figure 14. Other factors influencing the distribution of landslide dams in the study area. (a1,a2)—The influence of the slope; (b1,b2)—the influence of the PGA; (c1,c2)—the influence of the lithology; 1—dolomite; 2—sandstone; 3—granite; 4—limestone; 5—basalt; 6—other hard rocks; 7—interbedded sandstone–slate strata; 8—interbedded limestone–phyllite strata; 9—interbedded siliceous rock–slate strata; 10—phyllite; I—hard rocks; and II—interbedded soft–hard rocks. 
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Figure 15. The basic characteristics of the Cuona landslide dam. (A)—Overview of the Cuona landslide dam; (B)—the inverse grading of the landslide dam; (C)—the largest boulder on the landslide dam; and (D)—the spillway filled with many boulders. 
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Figure 16. Particle grading distribution of the Cuona landslide dam. 
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Figure 17. Basic characteristics of the Mugecuo landslide dam. (A)—Overview of the Mugecuo landslide dam; (B)—the boulders of the landslide dam; and (C)—a boulder in the spillway. 
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Figure 18. Particle size distribution of the Mugecuo landslide dam. The locations of Window 1 and Window 2 are shown in Figure 17B. 
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Figure 19. Sketch of the inverse grading structure in a landslide dam. (A)—Sketch of the landslide dam in the dry season; and (B)—sketch of the landslide dam in the wet season. 
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Figure 20. Schematic diagram of force analysis on coarse particles in landslide dam blocks. 
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Figure 21. Correlation between the catchment area and landslide dam volume. (A)—the concentrated area of the catchment area and the average volume; and (B)—the fitting curve of the catchment area and the minimum volume. 
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