

[image: image1]
The distribution law and coupling factors of debris flows in the G318 Linzhi–Lhasa section of the Sichuan–Tibet traffic corridor
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In recent years, debris flow disasters have occurred frequently along the highway, causing river blockages and road interruptions, which seriously threaten the safety of people's lives and property. Highway G318 is an important throat project linking Sichuan and Tibet; at the same time, it is an important channel for the economic development of Sichuan and Tibet and the transportation of national defense materials. Taking the Linzhi–Lhasa Section of Highway G318 as an example, this study analyses the distribution law and characteristics of coupling factors of debris flows in the study area (under its topographical, hydrometeorological, geological, and structural conditions) using remote sensing interpretation, field surveys, and mathematical statistics. The research shows that: (1) The types and quantity of debris flows in the region show statistical laws under the factors of the slope, slope aspect, drainage area, and gradient of the gully. The vegetation coverage in the upper reaches of the Nyang River valley gradually decreases, and the average debris flow disaster density is 0.529/km, which is the most densely distributed area of debris flow. (2) The distribution density of regional debris flows in narrow valleys is greater than that in wide valleys, and those in the Nyang River basin are greater than those in the Lhasa River basin. (3) By comparing the tectonic geological map and the debris flow distribution map, it was found that the debris flow distribution is controlled by faults, and 71% of the debris flow basins have faults. (4) There is a significant positive correlation between the gradient of the material source area and the gradient of the debris flow gully, as well as a close positive correlation between the rainfall and the fault density, and a close negative correlation between the average gradient and the drainage area. Due to the unique topography and geomorphology of different regions, a difference in meteorology and hydrology occurred. This further affected the topography, geomorphology, and distribution of debris flow disasters. Based on the study of the distribution law of regional debris flow and geological environmental factors, this study provides strong support for regional debris flow prevention and related research.
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1. Introduction

The Sichuan–Tibet Highway is the most important land route from Sichuan to Tibet, passing through three major mountain ranges (the Hengduan Mountains, Nyainqentanglha Mountains, and the Himalayas) and four major water systems (the Yangtze River tributaries, Lancang River, Nujiang River, and Yarlung Zangbo River) (Lu and Cai, 2019; Yang et al., 2023a). The region is being squeezed by the Eurasian plate, with obvious mountain uplift and valley undercutting. The complicated geological tectonic movements have formed unique topography and climatic conditions, which makes the terrain gap of the Sichuan–Tibet Highway large, the regional climate difference obvious, and debris flow disasters frequently occur. Taking Peilonggou and Guxianggou as examples, the debris flow in Peilonggou was formed by ice avalanches. After blocking the Palong Zangbu River many times, the river weir dam was formed. After the dam broke, great harm was caused. As a result of massive debris flows in 1984 and 1985, the weir dam was formed and flooded 7 km upstream of the Sichuan–Tibet Highway, causing 79 vehicles to be destroyed. After the dam broke, 2 km of the downstream road and bridge were destroyed; several people died, and the economic loss was estimated at over 100 million yuan (Shang et al., 2003; Cheng and Wu, 2011; Zou et al., 2018; Emery et al., 2019; Chen et al., 2020; Liu et al., 2023; Yang et al., 2023b). The Guxianggou first broke out in 1953, with a huge viscous debris flow caused by the gully being blocked by the natural weir dam, formed by the accumulation of loose materials and landslide collapse caused by the Chayu earthquake (with a magnitude of 8.5) in 1950. Furthermore, due to the interaction between a rainstorm and high temperatures, the debris flow broke out, causing a large number of casualties and property damage. In the following years, several debris flows broke out, causing a huge loss of life and property. In 1953, a huge viscous glacial debris flow broke out in Guxianggou, causing more than 140 deaths and destroying a large number of highway subgrades, bridges, and cultivated lands (Zeng et al., 2007; Zou et al., 2018; Cui et al., 2022; Yang et al., 2023a). Large-scale viscous mud rock flows broke out in Tianmogou many times (e.g., in September 2007, July 2010, and September 2010), blocking the Palong Zangbu River many times, forming a barrier lake, and then, the G318 subgrade and bridge were destroyed after the breach (Wei et al., 2018). In September 2016, the Bitonggou, Chidan Nongbagou, and Jiaolonggou (in the Guxiang section of the Palong Zangbu basin) simultaneously broke out as a debris flow, silting up G318 and damaging the construction camp (Rappengluck, 2022).

There has been a large amount of research conducted by Chinese scholars as a result of a large number of debris flows along the Sichuan–Tibet Highway. Chen Hongkai analyzed the disaster-prone environment and formation mechanism of debris flow in the Sichuan section of the Sichuan–Tibet Highway through field investigations. The formation mechanism of a debris flow along the highway can be summarized into four categories: rainfall impact mechanism, intensity attenuation mechanism, scour cutting mechanism, and gully bed dragging mechanism (Shi et al., 2021; Zhao et al., 2023). Ye Tangjin used information entropy and FLAC numerical simulation to analyze the influencing factors of debris stability and the correlation of slope stability in the eastern part of the Sichuan–Tibet Highway. They established a debris slope stability evaluation model based on a support vector machine (Shang et al., 2003). Liu Xin studied the development environment, distribution characteristics, and laws of debris flow in the Bangda–Linzhi section of the Sichuan–Tibet Highway through field investigations and remote sensing. Previous studies revealed that topography, tectonic movement, stratigraphic lithology, and rainfall affect the scale and distribution of debris flows (Ye et al., 2022). Yuan Guangxiang, He Yiping, Jiang Zhongxin, and Zeng Qingli studied the characteristics of debris flow in the Palong Zangbo River Basin of the Sichuan–Tibet Highway. Yuan Guangxiang counted and classified the debris flow gullies along this section and analyzed the distribution law of debris flows. He Yiping believed that the debris flow source in this section is Quaternary deposits (debris flow deposits, landslide deposits, and avalanche deposits). The differential distribution law of landslides and debris flows was revealed by Jiang Zhongxin using quantitative methods, such as optimal segmentation and variance of ordered samples. Zeng Qingli thought that the geomorphological features of water systems are related to the development of debris flow groups and revealed the disaster mode of super-large debris flows (Shang et al., 2005; Kaczmarek and Popielski, 2019; Gao et al., 2021; Tang et al., 2022). Qi Yunlong put forward two kinds of action mechanisms at Jiuronggou, in the Bomi section of the Sichuan–Tibet Highway, affected by the combination of precipitation and temperature when debris flow starts (Zhou et al., 2014). Sun Yan used ETM+, Quickbird, and 30 m DEM (digital elevation model) data to interpret the geological disasters in the section of Highway G318 from Lhasa to Shigatse, by remote sensing via man–machine interaction (Xie et al., 2021).

As the main part of the Sichuan–Tibet Highway, Highway G318 is an important channel for Sichuan and Tibet's economic development and the transportation of national defense materials. The Linzhi–Lhasa section is characterized by undulating terrain, an elevation difference of about 2,000 m, and abundant rainfall; as a result, the disaster types in the study area are more diverse (Shen et al., 2019). However, there is little research on debris flow disasters in this section. Therefore, this study takes the Linzhi–Lhasa section as an example, based on detailed investigations, and uses ArcGIS and satellite images to extract statistical natural geological conditions. To explore the distribution law of debris flow under topography and geomorphology (slope of source area, slope direction, watershed area, gulf–bed ratio, and vegetation coverage rate), hydrometeorology (temperature and rainfall), and tectonic movement (fault), the correlation analysis method was used to discuss the distribution law of debris flow disasters under the coupling effect of factors such as slope, slope direction, watershed area, gully bed ratio, vegetation coverage, rainfall, and fault density and judge the main factors controlling the development of debris flow disasters. The aim is to provide a reference for disaster prevention and reduction in the operation and maintenance of this section of the highway.



2. Study area profile


2.1. Topographic and geomorphic conditions

The study area is located in the suture zone between the Eurasian plate and the Indian Ocean plate, which is surrounded by mountains: the Nyainqentanglha Mountain in the west, the eastern Himalayan Mountains in the south, and the Hengduan Mountains in the east.

The Linzhi–Lhasa section of Highway G318 starts from Linzhi Town in the east and ends in Lhasa in the west, passing through the Bayi District, Gongbujiangda County, and Mozhugongka County, with a total length of 420 km (Figure 1). The terrain is undulating, from Milla Mountain (elevated to about 5,000 m) to the Bayi District (elevation 2,900 m), passing through the source of the Nyang River and the Lhasa River. The valley in the Nyang River basin narrows from wide to narrow (upstream), while the valley in the Lhasa River basin is relatively wide (downstream). With the increase in altitude, the vegetation is less, the external forces are strong, and the rock mass is severely weathered. The loose deposits on Milla Mountain are mainly sand slopes, and some of them contain moraines. On the left-hand side of Milla is the Linzhi section, which has good vegetation and abundant rainfall. On the right-hand side is the Lhasa section, with little vegetation coverage (mainly alpine meadows) and rich material sources in ditches and bank slopes (Figure 2).


[image: Figure 1]
FIGURE 1
 Geographical location map of the study area.
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FIGURE 2
 Rendering map of topography and geomorphology and section location map.




2.2. Geological conditions

The study area is located in the Lhasa–Bomi fold belt, which is an east–west structural system; it is the east wing of the Pamir–Himalayan structure. Its structural features are a series of nearly east–west faults and folds, and the structural unit belongs to the Gangdise–Tengchong micro-land block. Under neotectonic movement, there is a strong vertical uplift and horizontal sliding of the block (Mikos, 2011; Zhang et al., 2011; He et al., 2022). Under this complex geological activity and structure, the regional seismic activity is relatively strong. The area is located in the seismic belt of central Tibet, with a peak acceleration of ground motion of 0.1~0.3 g (g = 9.8m/s2), a characteristic period of ground motion response spectrum of 0.45 s, and an upper limit of potential earthquake source magnitude of 6.9 (Figure 3).


[image: Figure 3]
FIGURE 3
 Peak acceleration and epicenter distribution of earthquakes.




2.3. Hydrometeorological conditions

The study area is located in an area of strong and uplifted neotectonic movement. The climate in the area is complicated and changeable due to the influence of the Himalayan Mountains, Nyainqentanglha Mountains, and Hengduan Mountains. The Nyang River and Lhasa River are well-developed in the area. The Nyang River originates from Milla Mountain and joins the Yarlung Zangbo River in the Bayi District. The Lhasa River originates at the southern foot of Nyainqentanglha Mountain, passes through Lhasa, and finally joins the Yarlung Zangbo River. The climate of the Linzhi section on the left-hand side of Milla is formed by the convergence of hot and humid Indian Ocean airflow along the Yarlung Zangbo River and dry and cold continental airflow, which forms the unique climatic conditions of Linzhi. It is warm and rainy in the summer. The annual rainfall in most areas ranges from about 600 mm to 1,000 mm; the snow line elevation is between 4,500 m and 4,700 m; and the annual rainfall can reach 2,500 to 3,000 mm (Zhang et al., 2011). The temperature difference is large, and the ice and snowmelt are serious (Paul, 2019; Jia et al., 2020; Zeng et al., 2023). The winter is dry and cold, and the climate is slightly different at higher elevations. The climate of the Lhasa section on the right-hand side of Milla is mainly controlled by the semi-arid monsoon climate in the temperate zone of the plateau. The annual average rainfall is about 200–510 mm, mainly concentrated from June to September (Ma et al., 2021), and the vegetation is scarce, mainly comprising alpine meadows.

According to the data statistics of the meteorological stations in the study area (Bayi Station and Mozhugongka Station in Figures 4, 5, respectively) from the last 30 years (1992–2021), the regional rainfall distribution law can be analyzed. The annual average temperature of Bayi Station is 9.2°C; the average temperature of the coldest month (January) is 1.2°C, and the average temperature of the hottest month (July) is 16.4°C. The extreme maximum temperature is 31.4°C, and the extreme minimum temperature is −13.6°C. The average annual precipitation is 690.5 mm, and the precipitation from March to October accounts for about 98.4% of the whole year; the precipitation from November to February only accounts for 1.6% of the whole year. The annual relative humidity is 66%. The annual average temperature in the urban area of Mozhugongka County is 6.7°C; the average temperature in the coldest month (January) is −2.55°C, and the average temperature in the hottest month (June) is 14.3°C; the extreme maximum temperature is 53°C; the average annual precipitation is 583.4 mm, and the precipitation from March to October accounts for about 98.5% of the whole year; the precipitation from November to February only accounts for 1.5% of the whole year.


[image: Figure 4]
FIGURE 4
 Average annual temperature and rainfall in Bayi Station from 1992 to 2021.



[image: Figure 5]
FIGURE 5
 Average annual temperature and rainfall in Mozhugongka Station from 1992 to 2021.





3. Methods and data sources

Temperature and rainfall, formation lithology, geological structure, and fault distribution in the study area were identified based on the collected meteorological, hydrological, and geological environment data. According to the characteristics of the debris flow basin, 119 debris flow gullies were identified along Highway G318 using remote sensing images. Through field investigations (supplemented and verified by the results of remote sensing), it was found that there are 164 debris flow gullies in the area, of which the distribution of debris flow along G318 is shown in Figure 6.


[image: Figure 6]
FIGURE 6
 Satellite images and debris flow distribution.


According to China's Second Glacier Catalog, the glaciers in the study area cover an area of 1560.86 km2, accounting for 6% of the study area. The glaciers are primarily distributed at the source area of high-altitude valleys in the middle and lower reaches of the Nyang River, and the largest distribution in the Zhulaqu basin is located in the middle reaches of the Nyang River (including 42 debris flow ditches created by glaciers). Glacier meltwater is one of the water source conditions (Figure 2). Remote sensing interpretation and satellite images show 36 glacial lakes in the debris flow basin. The largest area of a single glacial lake is 0.55 km2, and those smaller than 0.1 km2 are less likely to cause debris flow. The debris flow basin in the statistics area contains 11 glacial lakes with an area larger than 0.1 km2, which may trigger debris flow due to the influences of glacial lake outbursts. In the study area, the altitude is high and the terrain fluctuates greatly. The perennial glaciers and seasonal snowmelt become one of the water sources of debris flow. According to the distribution of temperature, precipitation, glaciers, and seasonal snow and ice, the debris flow is classified according to the water source conditions of the debris flow, with Milla Mountain as the boundary (Table 1).


TABLE 1 Classification of debris flow types in the study area.

[image: Table 1]

First, based on ASTER GDEM 30 m elevation data and ArcGIS spatial analysis platform, data such as boundary, gully elevation, topographic relief, slope, and slope direction of the study area are extracted. Second, the normalized index NDVI was synthesized using Landsat 8-9 OLI/TIRS C2 L2 remote sensing data. Finally, the geological map of the study area was registered, and the measured faults were vectorized to analyze the spatial distribution of debris flows under various factors. In order to explore the disaster environment of debris flow, Pearson's linear correlation and Spearman's correlation analysis are used to analyzing the correlation characteristics of gully slope degree, slope direction, basin area, gully bed ratio, vegetation coverage, rainfall, and fault density in the debris flow basin.


3.1. Distribution of debris flow along G318

As a result of a combination of internal and external forces, debris flow gullies are formed. Under the action of internal forces, plates drift, squeeze, and separate to form mountain valleys, which determine the location, elevation, distribution, and source of faults and solid loose materials in the debris flow gully. Under the action of external forces, temperature, and rainfall affect the area of the debris flow basin, the weathering degree of solid materials, and the change in topography in the area.

Located in the Himalayan tectonic region, the study area is squeezed between the Indian Ocean plate and the Eurasian plate. The climate is jointly controlled by continental cold and dry air flow and hot and humid air flow from the Indian Ocean. There are all types of debris flow disasters in the area. According to the field survey, combined with the regional characteristics, the debris flow distribution is bounded by Milla Mountain. The average disaster density along G318 in the east of Milla Mountain is 0.490/km, and the average disaster density in the west of Milla Mountain is 0.275/km.



3.2. Distribution characteristics of debris flow under topographic conditions
 
3.2.1. Gradient of debris flow source area

The gradient of the source area directly affects the scale of debris flow and the mode and quantity of solid material supply (Cui et al., 2022). ArcGIS was used to extract the gradient of the source area of 164 debris flow gullies in the study area; mathematical statistics were then used to analyze the differential distribution rule of the gradient of debris flow gullies in the source area (Figure 7A). The number of debris flow gullies with a gradient of <30° in the source area accounts for 79%, and the number of rainfall-induced, glacial meltwater, and mixed debris flow gullies (rainfall-induced, glacial meltwater, and glacial lake break-caused debris flow gullies) accounts for 91% of non-rainfall-induced debris flow gullies. This indicates that the main mode of supply for the debris flow sources in the area is landslides with a relatively gentle slope and loose solid materials accumulating in valleys. The main types of debris flow source areas with a relatively larger gradient are debris flow deposits, sand slide deposits, landslide deposits, collapse, etc. In addition, the gradient of the source areas of debris flows associated with glacial meltwater and glacial lake outbursts is generally small.


[image: Figure 7]
FIGURE 7
 Distribution characteristics of debris flow gullies under different topography conditions. (A) The relationship between debris flow initiation and slope of the source area. (B) The relationship between debris flow initiation and slope aspect of the provenance area. (C) The relationship between debris flow initiation and drainage area. (D) The relationship between debris flow initiation and gradient of debris flow gullies.




3.2.2. Slope aspect of the material source area

The slope aspect has a significant influence on the formation, distribution, and activity intensity of debris flow (Cui et al., 2022). North-facing slopes in the northern hemisphere (shady slopes) have the least sunshine hours and solar radiation intensity, which is conducive to the accumulation and storage of snow and ice. The south-facing slopes (sunny slopes) have the most sunshine hours and higher solar radiation intensity, which is conducive to creating meltwater from ice and snow glaciers and stratum weathering; they are prone to debris flows. According to the statistics of the slope aspect of 164 debris flow gullies in the formation area, the analysis shows that most of the debris flow gullies on the north slope (0.0–22.5° and 337.5–360.0°) are rainfall-induced, and the probability of glacier meltwater and ice lake outburst-caused debris flows is low, accounting for 16% of the debris flow gullies on the north slope and 12% of the non-rainfall-induced debris flows. From the east slope to the south slope (45–225°), the probability of glacier meltwater and ice lake outburst-caused debris flow is high, accounting for 53% of non-rainfall-induced debris flow (Figure 7B).



3.2.3. Drainage area

The differential distribution characteristics of debris flow gullies under different drainage areas were analyzed according to the drainage area statistics of 164 debris flow gullies in the study area (Figure 7C). The analysis shows that about 13% of the debris flow gullies have a drainage area of <2 km2, about 15% of the debris flow gullies have a drainage area of more than 100 km2, and about 72% of the debris flow gullies have a drainage area of 2–100 km2. The number of debris flow gullies increases at first but then decreases, with a gradual increase in the drainage area. About 91% of the rainfall-induced debris flows have a drainage area of <30 km2, and the glacial meltwater debris flows and glacial lake outburst debris flows have a drainage area of more than 10 km2. This indicates that the rainfall-induced debris flows mostly occur in the gullies with smaller drainage areas, while the glacial meltwater debris flows and glacial lake outburst debris flows have larger drainage areas.



3.2.4. Gradient of debris flow gullies

The gradient of a gully is the bottom-bed condition for fluid to change from potential energy to kinetic energy, and it is an important condition that affects the formation and movement of debris flow (Cui et al., 2022). The greater the gradient of a debris flow gully, the greater the potential energy conditions for the debris flow, which facilitates its initiation. The statistical analysis of the gradient of the 164 debris flow gullies in the study area established the relationship between the gradient and its distribution (Figure 7D). The analysis shows that ~9% of debris flows have ditch bed ratio drops <100‰, ~7% of debris flows have ditch bed ratio drops more than 500, and 87% of debris flows have ditch bed ratio drops between 100 and 500‰. The debris flow gully gradually increases and then decreases with increasing gradient, similar to the distribution characteristics of the debris flow gully under the drainage area. The reason for this is that the debris flow gully gradient has a linear relationship with the drainage area. Approximately 88% of glacial meltwater and glacial lake outburst-caused debris flows have gully gradients <200‰ and ~74% of rainfall-induced debris flows have gully gradients >200‰. Generally, glacial meltwater and mixed debris flows have smaller gully gradients, while rainfall-induced debris flows have larger gully gradients.



3.2.5. Vegetation coverage (NDVI: normalized difference vegetation index)

Surface vegetation coverage affects the occurrence and development of geological disasters. Trees and shrubs with high vegetation coverage and well-developed roots have strong soil and water conservation abilities, and the frequency of geological disasters caused by precipitation is extremely low (Lara and Sepulveda, 2010). The analysis shows that the valley vegetation coverage is high in the middle and lower reaches of the Nyang River in the study area (Figure 8). The top of the mountain is covered with snow and glaciers all year round, with low vegetation coverage. The average density of the debris flow is 0.426/km, and the distribution is relatively dense. The vegetation coverage of the valley in the upper reaches of the Nyang River has gradually been reduced, the weathering and erosion of rocks on the mountain slope are strong, the rocks in the valley have piled up, and the average density of debris flow is 0.529 /km, which is the most densely distributed area of debris flow. The vegetation in the Lhasa River basin is generally an alpine meadow, with gentle terrain and low distribution of debris flow.


[image: Figure 8]
FIGURE 8
 Vegetation coverage of the study area.





3.3. Distribution characteristics of debris flow under different hydrometeorological conditions

Regional topography affects regional hydrometeorology, and hydrometeorology reshapes topography. The unique topographic and geomorphological conditions in the study area make temperature and precipitation change significantly, which leads to obvious differences in surface vegetation coverage, weathering, and denudation of the rock mass, the water source, and the material source of debris flow. Both temperature and rainfall have important influences on the development and distribution of debris flows.

Mozhu Maqu, a tributary of the Lhasa River and Nyang River, originates from glacial meltwater and widens along the river valley. The rainfall in the Nyang River basin is abundant, while that in the Lhasa River basin is small. According to the change in valley topography, the study selects nodes to draw the river's geological section. The locations of the sections are shown in Figure 2. As a result of the analysis, topography complexity can be summarized as follows: 2-2 section > 1-1 section > 3-3 section > 4-4 section (Figure 9). According to the change in the valley landform and the difference in temperature and rainfall conditions, the area is divided into four parts: cross-section 1-1 to cross-section 2-2 (wide section of the Nyang River), cross-section 2-2 to Milla Mountain (narrow valley cross-section of the Nyang River), Milla to cross-section 3-3 (narrow valley section of Mozhu Maqu), and cross-section 3-3 to cross-section 4-4 (wide valley cross-section of the Lhasa River) (Figure 2). A combination of highway debris flow distribution characteristics and the disaster density indicates that the regional debris flow distribution density from section 2-2 to Milla Mountain (0.528/km) > from section 1-1 to section 2-2 (0.429/km) > from Milla Mountain to section 3-3 (0.417/km) > from section 3-3 to section 4-4 (0.136/km). This means that the regional debris flow distribution density in the narrow valley section is greater than that in the wide part, and the Nyang River basin (with large rainfall) is greater than that in the Lhasa River basin (with less rainfall).


[image: Figure 9]
FIGURE 9
 Characteristics of the cross-sections in the main river. (A) 1-1 Cross-section in the lower reaches of the Niyang River. (B) 2-2 Cross-section in the upper reaches of the Niyang River. (C) 3-3 Cross-section of Mozhu Maqu River. (D) 4-4 Cross-section of Lhasa River.




3.4. Distribution characteristics of debris flow under the influences of geological tectonic activities

Under the compression of the Indian Ocean and Eurasian plates, the Qinghai-Tibet Plateau rises as a whole, ignoring the influence of local stratum uplift and the reduced distribution of regional debris flows. In the study area, faults are mostly developed in an east–west direction. Several faults per unit area (fault density) were used to analyze debris flow distribution (Figure 10). The faults in this area are concentrated in the Nyang River basin, and the north bank has more faults than the south bank. About 71% of debris flow gullies are affected by faults, with fault strikes generally perpendicular to the debris flow gullies. The density and distribution of faults show that, in areas with strong geological tectonic action (the east side of Milla and the north bank of the middle and lower reaches of the Nyang River), the rock mass structure is easily destroyed under the action of faults, forming numerous of broken rock masses and loose accumulations, which provide abundant materials for debris flow initiation. The degree of development of debris flow in the fault region is strong, and debris flow gullies are mostly distributed in areas with high fault density.


[image: Figure 10]
FIGURE 10
 Faults and their density in the study area.





4. Discussion

The disaster-prone environment of debris flows arises from the coupling of natural and geological conditions, so analyzing the distribution of debris flows under a single factor seems very limited. The coupling effect of natural environmental factors determines debris flow development and distribution. Factors such as slope, slope aspect, drainage area, gully gradient, vegetation coverage, rainfall, and fault density in the debris flow watershed were selected. Pearson's and Spearman's correlation analysis (Chia, 1999) was used to evaluate the significance and analyze the correlation characteristics of each factor.

Pearson's correlation analysis must meet the following conditions: (a) Data are continuous variables and appear in pairs; (b) Data are normal. (c) Data are normally distributed. The slope, slope direction, drainage area, gully bed gradient, vegetation coverage, rainfall, and fault density of the study area all appear in pairs, among which rainfall and fault density are discontinuous variables. The box diagram can determine whether the sample data have outliers. If there are outliers, the mean value of the sample can be used to replace them. After analysis, the data from Nos. 21, 49, and 62 watersheds in the samples were abnormal, thus, the mean value of the data was used to replace the abnormal value in the analysis. By analyzing the gully bed gradient data, it was found that the data of Nos. 40, 42, and 70 watersheds were abnormal, and the mean value of the data was used in this study. Through the analysis of the descriptive statistics results, it can be seen that the slope direction does not obey a normal distribution. Therefore, Pearson's correlation analysis was used for slope, average gradient, vegetation coverage, and drainage area (Table 2). Spearman's correlation analysis is suitable for detecting variables with monotone relationships. The graph builder in the SPSS software is used to test the monotonicity of slope direction, rainfall, and fault density, and the test results show that the sample data have significant monotonicity, thus, slope direction, fault density, and rainfall are analyzed by Spearman's correlation analysis (Table 3). The measurement standard for correlation coefficients is shown in Table 4.


TABLE 2 Pearson's correlation of coupling factors in disaster-prone environment of debris flow.

[image: Table 2]


TABLE 3 Spearman's correlation of coupling factors in the disaster-prone environment of debris flow.

[image: Table 3]


TABLE 4 Measurement standard of the correlation coefficient.

[image: Table 4]

The study results indicate a strong positive correlation between slope and average gradient, a relatively negative correlation between slope and drainage area, and a relatively positive correlation between slope and vegetation coverage. Furthermore, there is a very strong positive correlation between rainfall and fault density. The average gradient has a close negative correlation with drainage area and an overall positive correlation with vegetation coverage. Moreover, there is a generally negative correlation between drainage area and vegetation coverage. The reason for this lies in the unique topography of the study area, which leads to regional differences in meteorology and hydrology. Regional differences in meteorology and hydrology reshape topography and geomorphology, coupling natural geological and environmental factors. As the regional terrain slope becomes more complex, the average gradient within debris flow basins increases, resulting in a smaller average gradient within the debris flow basin as the debris flow area increases. As a result of intensive geological activity and high fault density, regional elevations are raised, which blocks flow cases convection of airflow, resulting in variations in rainfall across the region. As the formation condition and excitation factor of debris flow, rainfall controls debris flow activity characteristics. Different rainfall patterns in different regions contribute to the spatial distribution differences of debris flows in the east and west of the study area and affect the development characteristics, frequency, and scale of debris flows.



5. Conclusion

In this study, field surveys, remote sensing interpretation, laboratory testing, and model calculations were used to study the distribution law and coupling factor characteristics of debris flow along Highway G318, from Linzhi to Lhasa, considering topography, meteorology, hydrology, and geological structure. The following conclusions are drawn:

(1) The main sources of debris flow in the study area are landslides with a gentle slope and loose deposits accumulated in gullies; the debris flow gullies on the north slope are mostly rainfall-induced debris flow; and the probability of glacial meltwater and glacial lake outburst debris flow is higher from the east slope to the south slope. The gradient of the debris flow gully is normally distributed. Generally, the gradient of a glacial meltwater and mixed debris flow gully is small, and the gradient of a rainfall-induced debris flow gully is large. The lower the vegetation coverage, the greater the debris flow gully density.

(2) The distribution density of debris flow in a narrow valley is greater than that in a wide valley, and the Nyang River basin (with large rainfall) is larger than the Lhasa River basin (with less rainfall).

(3) The degree of development of debris flow in the fault area is strong, and debris flow gullies are mostly distributed in areas with high fault density.

(4) The unique topography leads to regional meteorological and hydrological variations, which reshape the topography, resulting in a coupling effect between the natural and geological conditions. The regional terrain slope becomes more complex, and the average gradient of the debris flow basin becomes larger; the larger the debris flow area is, the smaller the average gradient is. A combination of intensive geological activities and relatively high fault density causes regional elevation rise, which blocks the flow and convection of airflow, leading to variations in rainfall patterns.

These research conclusions have important scientific value for the analysis of the cause of debris flow and the establishment of monitoring and warning in the later stage.
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