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Abstract

:

Hancheng is located in the eastern part of China’s Shaanxi Province, near the west bank of the Yellow River. It is located at the junction of the active geological structure area. The rock layer is relatively fragmented, and landslide disasters are frequent. The occurrence of landslide disasters often causes a large number of casualties along with economic losses in the local area, seriously restricting local economic development. Although risk assessment and deformation mechanism analysis for single landslides have been performed for landslide disasters in the Hancheng area, this area lacks a landslide traces database. A complete landslide database comprises the basic data required for the study of landslide disasters and is an important requirement for subsequent landslide-related research. Therefore, this study used multi-temporal high-resolution optical images and human-computer interaction visual interpretation methods of the Google Earth platform to construct a landslide traces database in Hancheng County. The results showed that at least 6785 landslides had occurred in the study area. The total area of the landslides was about 95.38 km2, accounting for 5.88% of the study area. The average landslide area was 1406.04 m2, the largest landslide area was 377,841 m2, and the smallest landslide area was 202.96 m2. The results of this study provides an important basis for understanding the spatial distribution of landslides in Hancheng County, the evaluation of landslide susceptibility, and local disaster prevention and mitigation work.
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1. Introduction


The term landslide usually refers to a geological structure displacement change phenomenon in which a soil block on a slope moves downward along the fragile zone of the slope under the action of its gravity due to the influence of factors such as rainfall erosion, ground vibration, and human engineering activities. Landslides often cause serious economic losses and casualties [1,2,3]. China has one of the worst landslide records of any country in the world. Since the 1980s, given the rapid development of the social economy, the increase in human engineering activities, and the influence of natural factors, landslide disasters have been increasing year by year [4,5,6]. Therefore, research on landslides can provide an important scientific guarantee for future disaster prevention and control. In landslide research, the establishment of a landslide database is a fundamental and basic element [7,8]. A complete landslide database is of great significance for the study of landslide distribution law, susceptibility assessment, and follow-up risk assessment [9,10].



So far, scholars from all over the world have conducted extensive research on landslide disasters. For example, Harp et al. established strict requirements for cataloguing and interpreting landslides [11]. Pennington et al. established a national landslide database in the United Kingdom [12], which Taylor et al. improved [13]. Yasin Wahid Rabby et al. created a dataset of landslides in the Chittagong Hills of Bangladesh from January 2001 to March 2017, containing 730 landslides [14]. This was the first list of landslides covering the entire area of the Chittagong Hills in Bangladesh, and is of great significance for understanding the characteristics of landslides in the Chittagong Hills in the future. Alina Bejenaru created a list of landslides in the Crasna catchment area on the Romanian Moldovan plateau. The basin covers an area of 185.2 km2, and 1619 landslides have been identified [15]. This landslide inventory also contains morphologically inferred landslide-type data, revealing the topography and the control role of landslide development. Francesco Fusco et al. reconstructed a revised list of landslides in the Campania region, including 83,284 landslides, by processing several existing landslide inventories for the region [16]. This inventory provides a new geodatabase that overcomes the problem of the coexistence of multiple lists.



China’s plateau has a high altitude and many mountains, and these terrains generally have complex geological conditions and harsh climatic environments, resulting in frequent landslide disasters. After a detailed field survey of the landslide caused by the 2013 Lushan earthquake, Xu Chong et al. compiled a detailed and complete landslide catalog by interpreting remote sensing images through manual visual interpretation [17]. Pan Junwei carried out artificial visual interpretation and identification of ancient landslides in the eastern section of the Jiangnan Orogenic Belt in China (spanning the Jiangxi, Anhui, and Zhejiang provinces in China) [18], and established a database of 5047 landslides with a total area of 527 km2, of which the largest single landslide area reached 1,475,697 m2. For the 2022 Luding 6.8 magnitude earthquake, Huang et al. defined the range of intensity above VII as the study area and interpreted a total of 5007 coseismic landslides with a total area of 17.36 km2. This landslide list supported a series of subsequent research works [19]. Based on the data collected from 1300 landslide sites, Hong et al. established a landslide database management system in Gansu Province using a computer, and comprehensively analyzed the regional distribution and geological characteristics of landslides in Gansu Province based on the results of computer data processing [20]. Hancheng County in Shaanxi Province is located on the Loess Plateau in China, with complex and fragmented topography. Hancheng is an important coal development base in Shaanxi Province and has a long history of coal development, and the goaf generated during coal mining has caused many landslides [21]. Previous work in the Hancheng area has focused more on the analysis and management of the deformation mechanisms of individual landslides, but there has been no landslide survey of the entire area, and the area lacks a complete landslide database [22,23,24]. To fill this gap, this study used high-resolution remote sensing satellite images from Google Earth to visually interpret landslides in the area and establish a complete and current landslide traces database at. The results of this study provide a data-supported basis for understanding the development characteristics of landslides in Hancheng County.




2. Study Area


As shown in Figure 1, Hancheng is located in the northeast of the Guanzhong Plain in Shaanxi Province, adjacent to Heyang in the southeast, Yichuan in the north, Huanglong in the west, and Shanxi Province on the east side, separated by the Yellow River in the east of the study area, with geographical coordinates of 110°07′19″~110°37′24″ east longitude and 35°18′50″~35°52′08″ north latitude. The total area of the study area is about 1621 km2, and the overall topographic characteristics are high in the northwest and low in the southeast [25]. The topography mainly includes middle mountainous areas, low mountains and hilly areas, loess plateau areas, and river valley terrace areas. The study area contains the famous Longmen Mountain, which is located in the northeast, about 30 km away from the urban area. The highest peak reaches 892 m; the height trend is northeast to southwest, and the altitude of the other peaks is more than 600 m. Due to the unique topography of the area, coupled with the large scale and longevity of the underground excavation work in the area, many geological disasters such as landslides have been triggered. It is worth noting that many rivers traverse the land, and among these rivers, the three with the widest basin area are the Lingshui River, the Pan River, and the Chikai River, which together have a length of about 137.3 km. Each river converges in the Yellow River, which flows through the Loess Plateau with loose soils, so Hancheng has serious soil erosion problems, providing favorable conditions for landslides. There are two main types of geological structures in Hancheng: faults and folds. The most important fault is the Hancheng fault, which is inclined to the southeast, and the strike is northerly to northeastward, with a total length of hundreds of kilometers. The Hancheng fault is marked in Figure 1. According to the results of landslide interpretation, landslides are more distributed in the area around the Hancheng fault. The widely distributed rock formations in the area are mainly composed of sandstones from the Quaternary of the Cenozoic. In terms of climate type, Hancheng belongs to a warm temperate semi-arid continental monsoon climate, with mild climate conditions and sufficient sunshine conditions. The average temperature is about 13 °C. There is more rainfall in this area, but the precipitation distribution is very uneven; the high rainfall period lasts 7–9 months, and the maximum rainfall is generally distributed around August. In addition, the rainfall shows a trend of decreasing from north to south in space.




3. Data and Method


3.1. Data


The remote sensing images in this study were mainly obtained from the Google Earth platform. Google Earth is a geographic information software developed by Google, which provides satellite images, map data, 3D models of the Earth, and other functions, allowing users to explore all corners of the Earth virtually. Since its launch in June 2005, Google Earth has attracted a lot of attention from scholars due to its user interface and rich underlying graphics. In November 2016, Google Earth Timelapse was updated to allow users to see the changes in the land surface between 1984 and 2016 (32 years) through the Google Earth platform [26]. Today, the Google Earth platform can provide remote sensing imagery of the present time. The abundant satellite image sources and remote sensing images provided by the Google Earth platform over different periods have offered great convenience for landslide interpretation work [27,28]. Figure 2 shows satellite imagery from three different historical periods. The comparison of satellite images from different periods can lead to more accurate identification of landslide traces.




3.2. Method


The main methods of landslide interpretation include field surveys, human-computer interactive visual interpretation, automatic extraction, etc. [29].



A field survey is a survey in which researchers observe the morphological characteristics of the landslide at close range, and delineate the approximate range on the geological map. Since field surveys often require a lot of time and labor, especially in complex terrain or large areas, they have limited feasibility in the identification of landslides in large-scale areas as it is difficult to meet the real-time requirements. Thus, this method is only suitable for small-scale areas. Human-computer interactive visual interpretation and automatic extraction methods are currently the two mainstream methods for landslide interpretation [30,31]. Although the automatic extraction method exhibits high efficiency, some problems need to be improved on. For example, several factors may affect the accuracy of the results, including high vegetation coverage, areas with light and shadow, different types of remote sensing images, and different seasons [32,33]. This method is more suitable for the rapid assessment of sudden landslide hazards.



Hancheng is located in the Loess Plateau, where the geological conditions are fragile and complex. Furthermore, it is located at the junction of the tectonically active area. Given this context, there are many landslides in the area, and thus the field survey method is not suitable for this study. Although landslides can be automatically identified at present, the development of this methodology is not fully mature. Automatic identification technology cannot accurately identify long-distance landslides or compound landslides with large-scale development or complex formation mechanisms, so it cannot meet our requirements. Thus, the method selected for this study is human-computer interactive visual interpretation. Based on my previous research experience and my long-term work practice in landslide traces, this study lists a set of objective and effective landslide trace interpretation standards to ensure the authenticity and accuracy of landslide data. In the visual interpretation of human-computer interaction, observing the shape characteristics of landslides is a key step [34]. Landslides often have a typical arch or curved shape, and the edges may be irregular, exhibiting smooth or granular characteristics [35]. Changes in terrain are an important basis for visual interpretation. Features such as surface depressions, cracks, and sliding folds may be signs of a landslide. Differences in color between the landslide area and the surrounding area are also a key point for visual interpretation. Newly formed landslides may show a different color from the surrounding features, such as the color of exposed soil, rocks, or weeds [36,37]. The three-dimensional features of Google Earth images can be used to magnify the morphological appearance of the terrain in order to reveal subtle morphological changes, and the longitude and latitude grids provided by the platform can be added for grid-by-grid landslide interpretation. By adding vector polygons to circle the boundaries of the landslide, the zoom in and out tools can be used to adjust in situations where the full picture of the landslide cannot be recognized.



Table 1 shows typical landslide identification standards. Based on the above criteria, high-resolution satellite remote sensing interpretation technology was used to carry out the interpretation of landslides in Hancheng County, Shaanxi Province, China, and then a database of landslide traces in Hancheng County was established. The establishment of this landslide database in Hancheng provides the most important data basis for subsequent research on landslides in Hancheng County, providing context for the analysis of the spatial distribution of landslides, the assessment of regional landslide susceptibility, and landslide risk assessment.





4. Results and Analysis


4.1. Typical Landslide Display


Four typical landslides identified in the study area were selected for display. In the landslide shown in Figure 3a, the posterior wall of the landslide is missing, and the landslide body is piled up at the bottom of the landslide along the sliding direction. From Figure 3b, it can be seen that there is a certain sense of boundary between the landslide and the surrounding terrain environment. From Figure 3c, we can see that the landslide body is piled up on the back wall of the landslide, and in the landslide shown in Figure 3d, it can be seen that the landslide body caused certain scratches to the terrain in the process of sliding. From the four typical landslides shown, it can be seen that the landslide scale in the study area is relatively small. In the process of identifying landslides, we can not only understand the morphology and development scale of individual landslides, but also provide a reliable basis for future research on the distribution law of landslides and associated risk assessment.




4.2. Landslide Database


Based on the high-resolution remote sensing images provided by the Google Earth platform, we identified a total of 6785 landslides in the study area using visual interpretation, and the landslide distribution map is shown in Figure 4. It can be seen from Figure 4 that the landslide traces in Hancheng County are densely distributed on the whole, and there are relatively few landslide traces in the western area. The landslides are mainly distributed in the central area of Hancheng County. In the area near the Yellow River Basin in the east, the landslides are distributed linearly. Figure 5 shows the density distribution of landslide sites in Hancheng County. As can be seen from Figure 5, the landslide distribution density is up to 29.93 km−2, which is due to the abnormal development of landslides in this area. This abnormal development is due to the fact that the Hancheng fault passes through the central part of Hancheng County, causing surface rupture in the central part of the region. The high-density nature of this landslide area is very rare not only in Shaanxi Province, but across the whole country. The above findings provide key clues for further studies on landslide disaster risk in the region.



According to the statistics of the single landslide area in Hancheng, the cumulative landslide area is 95.38 km2, the average area is 1406.04 m2, the maximum landslide area is 377,841 m2, and the minimum landslide area is 202.96 m2. Among them, there are 248 landslides less than 103 square meters, 3631 landslides of 103–104 square meters, 2839 landslides of 104–105 square meters, and only 67 landslides of more than 105 square meters, accounting for 3.66%, 53.52%, 41.84%, and 0.98% of the total landslides, respectively. The cumulative frequency curve shows the trend of the relative frequency of the landslide area value from 0 to 100% (Figure 6). From the curve, it can be seen that the landslide area between 103 and 104 is the most prominent, which is consistent with the statistical results of the numerical values.




4.3. Landslide Analysis


According to the scale of the landslides, the overall characteristics of landslide development in the area are of a small to medium-scale. From Figure 4, it can be seen that the landslide near the Hancheng fault is relatively developed, which may be related to the fragmentation of the rock strata near the fault. Landslides form easily in this area; both sides of the tributaries of the river are also main development sites for landslide disasters in the study area. There are many river systems in this area, the land is fertile, human habitation is dense, the Quaternary alluvial formation of sand and loess is widely distributed, and the soil is loose, and made looser due to frequent human activities. According to the landslide density distribution map in Figure 5, the distribution of landslide traces in Hancheng has obvious regional characteristics, and the landslides are mainly distributed in the central area of Hancheng. The distribution of landslides also shows obvious aggregation (Figure 7). Figure 7 shows a landslide cluster at 110.460° E and 35.780° N. The landslides in this area are very concentrated, and the evolution law of landslides is relatively complex, so it is necessary to focus on further scientific research in this landslide concentration area in future.



Overall, there are a large number of landslide remnants in Hancheng County. Among them, the distribution is most concentrated in the central and eastern parts, mainly within 3 km to the west of the Hancheng fault. These detailed landslide distribution data provide important basic information for geological disaster risk assessment and geological disaster prevention and control work in the area in the future.





5. Discussion


Significant progress has been made in the research of landslides worldwide, including in the automatic identification of landslides [38,39], landslide susceptibility and risk assessment [40,41,42], and the mechanism analysis of individual landslides [43,44]. However, there is still a relative lack of work on the establishment of landslide data inventories in all parts of the world. The establishment of a landslide database is the basis for landslide-related research, and a detailed landslide database in a region can provide effective support for the prevention and control of local landslide disasters. Globally, landslides occur with a wide geographical distribution and different frequencies [45,46,47,48,49]. From the tropics to the cold zone, from the mountains to the plains, landslides are possible. However, due to differences in geological, climatic, and ecological characteristics, there are great differences in the frequency and scale of landslides in different regions. For example, the United States is a mountainous country, especially in the western region. Landslides mainly occur during the rainfall season, especially in spring and winter [50,51,52]. In addition, seismic activity is also an important factor in triggering landslides [53,54,55]. Japan is an island nation located in the Pacific Rim seismic zone, and earthquakes and rainfall are very frequent. Landslide disasters in Japan are also affected by its unique mountainous and hilly terrain [56,57]. Many parts of Italy are also threatened by landslides [58,59]. In regions such as the Alps and the Apennines, rainfall and snowmelt are the main factors contributing to landslides [60,61,62]. The Chinese city of Hancheng is located on the Loess Plateau. The Loess Plateau is located in China’s geological tectonic ecotone, with faults and folds, and other geological structures, which leads to complex geological structures and fragmented surfaces [63]. In addition, many rivers pass through the territory of Hancheng, resulting in serious soil erosion problems, which in turn leads to frequent landslides. Secondly, climatic factors also have an important effect on the development of landslides in Hancheng County. Rainfall in Hancheng County is mainly concentrated in July and August in summer, and the rainfall intensity is relatively high, which is more likely to increase the risk of landslides. Therefore, it is of great significance to study the landslide database of Hancheng County.



5.1. Comparison with Landslide Databases in Other Parts of the Loess Plateau in China


The creation of a landslide database can help to understand the distribution of landslides more clearly and promote the development of landslide evaluation. In recent years, some scholars have studied the lists of landslides located in other areas on the Loess Plateau, as shown in Table 2. Xu et al. used high-resolution satellite imagery to investigate about 80,000 landslides on the Loess Plateau [64]. Li et al. used multi-temporal high-resolution remote sensing images provided by the Google Earth platform to perform manual visual interpretation of all large-scale landslides (area > 5000 m2) in Baoji City, China [65]. A total of 3422 landslides were identified, with a total landslide area of 360.7 km2. Chen et al. used high-resolution optical satellite imagery from the Google Earth platform to map a large-scale landslide in Xianyang, Shaanxi Province, China [66]. Once mapped, a comprehensive and detailed list of 2924 large landslides was obtained. Subsequently, the spatial distribution of the landslide was analyzed based on seven influencing factors, including elevation, slope angle, aspect, curvature, lithology, distance from the river, and distance from the fault. Huang et al. carried out a detailed interpretation of paleo landslides in the middle section of the northern foothills of the Qinling Mountains south of Xi’an, China [67], and interpreted 43 paleo landslides, mainly distributed in the range of 70 km × 10 km, with a total landslide area of 16.57 km2. Zhang et al. established a landslide database in Luliang by conducting a large-scale landslide inventory in Luliang City in the eastern part of the Loess Plateau. The landslide mobility level (H/L) of 12,110 landslides in the study area was analyzed, and it was found that there was a linear relationship between landslide height and sliding distance [68].



In this study, we used optical remote sensing images and human-computer interaction visual interpretation methods to investigate landslides in Hancheng County, China and created a corresponding landslide database. The density of landslide points is the ratio of the total number of landslides in the study area to the area of the study area, and the landslide point density values in the above five areas have been listed in the table. The density of landslide points in Hancheng is 4.19, which shows that landslides in Hancheng have a high incidence, and more in-depth research on landslide disasters in Hancheng is needed to reduce the losses of life and property associated with these disasters.




5.2. Advantages and Limitations of Study Methods


In this study, the human-computer interactive visual interpretation method is used to analyze and delineate landslide boundaries based on visual observation of the color, texture, morphology, and other characteristics of the landslide on the remote sensing image by the interpreter, and combined with other auxiliary data. From the perspective of research methods, optical remote sensing can work around the clock and is not limited by cloud interference. In areas with a lot of clouds, optical remote sensing can penetrate the clouds and obtain high-resolution images of the surface. The human-computer interaction visual interpretation method can make full use of human visual perception and cognitive ability to subjectively interpret and analyze remote sensing images. This helps to extract more useful landslide information from remote sensing imagery. Second, human-computer interaction visual interpretation can reduce the possibility of human error. By working together and combining both elements for validation, the impact of personal biases and misunderstandings on the results can be reduced. However, there are some limitations to this method. This method still depends on the experience and knowledge levels of the interpreter, and cannot deliver high efficiency in the face of sudden landslide disasters and large-scale geological disasters.




5.3. Future Outlook


	(1)

	
We did not explore the reasons for the concentrated distribution of landslides (as shown in Figure 6). In the future, we can study these landslide clusters to better understand the formation and evolution of landslides in Hancheng County.




	(2)

	
In this study, we did not classify the landslide types in detail, and we used the term “landslide traces” to cover all types of mass movement, including landslides, flows, debris flows, etc. [69]. The landslides we interpreted were only landslides with signs of sliding, including all landslide types such as rainfall landslides and earthquake landslides, and the landslides can be classified based on this research result.




	(3)

	
At present, the landslide traces established in this study only include the boundary information of landslides, and we will superimpose the topographic and geological information (such as slope, aspect, etc.) of Hancheng County into each landslide attribute to analyze the spatial distribution of landslides in the region.




	(4)

	
In this study, only landslides that occurred in Hancheng County were studied, and other types of disasters were not studied. Therefore, in the future, disaster analysis in the Hancheng area should further carry out risk assessment for various disasters (collapse, landslide, debris flow, etc.), fully study and improve understanding of the characteristics of geological disasters in the Hancheng area, and lay the foundation for disaster prevention and mitigation in the area.









6. Conclusions


Based on the high-resolution remote sensing satellite images obtained by the Google Earth platform, this paper carried out human-computer interactive visual interpretation of the 1621 km2 area of Hancheng County, Shaanxi Province. A landslide distribution map containing 6785 landslides was drawn. Among them, the total area of recorded landslides was about 95.38 km2, accounting for 5.88% of the total area of the study area, the average landslide area was 1406.04 m2, the largest landslide area was 377,841 m2, and the smallest landslide area was 202.96 m2. According to the number and density of landslides, the distribution of landslide development in the study area was analyzed. The results showed that these landslide remnants were mainly concentrated in the middle of the study area, mainly within 3 km west of the Hancheng fault. Compared with previous studies, this study obtained the most complete landslide database yet for Hancheng. The human-computer interaction visual interpretation method used in this study was selected for its capability to more accurately identify some subtle features by combining the professional experience and judgment of an interpreter with the power of technology in order to improve the accuracy of landslide identification. The landslide database obtained in this study can provide an important basis for the formulation of landslide disaster prevention strategies and emergency management measures in the region. On this basis, the causal mechanisms and evolution model for landslides in Hancheng County were further studied, and the accuracy of subsequent landslide susceptibility assessments and risk assessments was improved, providing scientific support for the sustainable development of the region.
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Figure 1. Location map of Hancheng County. 
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Figure 2. Google Earth images in three different years: (a) 2018, (b) 2020, (c) 2022. 
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Figure 3. Typical landslides in the study area. 
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Figure 4. Landslide inventory map of Hancheng County. 
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Figure 5. Density distribution of landslide points in Hancheng County. 
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Figure 6. Density distribution of landslide points in Hancheng County. 
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Figure 7. Landslide cluster map in the study area. (the yellow arrows in the figure indicate the direction of the landslide). 
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Table 1. Typical signs of landslide identification.
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	Landslide Identification Signs
	Description





	morphology
	The distribution of the landslide body is irregular and staircase-like, and there are cracks in it, mainly located in the middle and the leading edge, which are important markers of landslide activity.



	color
	Newly formed landslides may show a different color from surrounding features, such as the color of exposed soil, rocks, or weeds.



	vegetation
	The vegetation texture is discontinuous, and the vegetation on the landslide body presents the pattern of saber trees and drunken forests.










 





Table 2. List of landslides in different areas of the Loess Plateau.
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	No.
	Location
	Landslide Number
	Landslide

Area (km2)
	Area of the Study Area (km2)
	Landslide Point Density (km−2)
	Source





	1
	Loess Plateau
	80,000
	\
	300,000
	0.27
	[64]



	2
	Baoji City, Shaanxi Province, China
	3422
	360.7
	18,100
	0.19
	[65]



	3
	Xianyang City, Shaanxi Province, China
	2924
	228.66
	10,196
	0.29
	[66]



	4
	The northern foothills of the Qinling Mountains in China
	43
	16.57
	700
	0.06
	[67]



	5
	Luliang City, Shanxi Province, China
	12,110
	\
	21,000
	0.58
	[68]
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