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Abstract

:

National Highway G559 is the first highway in Southeast Tibet into Motuo County, which has not only greatly improved the difficult situation of local roads, but also promoted the economic development of Tibet. However, rainfall-induced shallow landslides occur frequently along the Bomi–Motuo section, which seriously affects the safe operation and construction work of the highway. Therefore, it is urgent to carry out geological disaster assessment and zoning along the highway. Based on remote-sensing interpretation and field investigation, the distribution characteristics and sliding-prone rock mass of shallow landslides along the Bomi–Motuo Highway were identified. Three-dimensional stability analysis of regional landslides along the Bomi-Motuo Highway under different rainfall scenarios was carried out based on the TRIGRS and Scoops3D coupled model (T-S model). The temporal and spatial distribution of potential rainfall landslides in this area is effectively predicted, and the reliability of the predicted results is also evaluated. The results show that: (1) The slope structure along the highway is mainly composed of loose gravel soil on the upper part and a strong weathering layer of bedrock on the lower part. The sliding surface is mostly a circular and plane type, and the main failure types are creep–tensile failure and flexural–tensile failure. (2) Based on the T-S coupling model, it is predicted that the potential landslide along the Bomi–Motuo Highway in the natural state is scattered. The distribution area of extremely unstable and unstable areas accounts for 4.92% of the total area. In the case of extreme rainfall once in a hundred years, the proportion of instability area (Fs < 1) predicted by the T-S coupling model 1 h after rainfall is 7.74%, which is 1.57 times that of the natural instability area. The instability area (Fs < 1) accounted for 43.40% of the total area after 12 h of rainfall. The potential landslides were mainly distributed in the Bangxin–Zhamu section and the East Gedang section. (3) The TRIGRS and T-S coupling model is both suitable for predicting the temporal–spatial distribution of rainfall-induced shallow landslides, but the TRIGRS model has the problem of over-prediction. The instability area predicted by the T-S coupling model accounted for 43.30%, and 74% of the historical landslide disaster points in the area were correctly predicted. (4) In terms of rainfall response, the T-S coupling model shows higher sensitivity. The %LRclass (Fs < 1) index of the T-S coupling model is above 50% in different time periods, and its landslide-prediction effect (%LRclass = 78.80%) was significantly better than that of the one-dimensional TRIGRS model (%LRclass = 45.50%) under a 12 h rainfall scenario. The research results have important reference significance for risk identification and disaster reduction along the G559 Bomi–Motuo Highway.
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1. Introduction


Due to the special topographic conditions, geological structure, and climate environment of Southeast Tibet, the natural geographical conditions here have the saying of the “six most”: the highest earthquake intensity, the most complex geological conditions, the largest natural slope, the largest topographic relief, the largest rainfall, and the most geological disasters [1]. According to remote-sensing interpretation and field investigation, a large number of rainfall-induced shallow landslides developed along the G559 Bomi–Motuo Highway. The thickness of the slide mass is generally less than 10 m, the scale of the landslide is mainly small to medium, and the sensitivity of the landslide to various induced factors is strong. The occurrence and resurrection of landslides in this area are very high, and the road is often silted, resulting in the highway patency rate of only 6.5%, which seriously affects the traffic conditions. Therefore, the spatio-temporal prediction of the three-dimensional stability of a shallow landslide on the G559 Bomi–Motuo Highway is of great guiding significance for highway disaster prevention, mitigation, and quantitative risk assessment in Southeast Tibet.



The dynamic stability evaluation and the spatio-temporal probability prediction of regional rainfall-induced landslides are one of the hot issues in the field of landslide-risk research [2]. The prediction models mainly include a data-driven statistical model and a physics-based deterministic model [3], among which the physics-based deterministic model is the main research direction at present. This method is based on the mechanical principle of rainfall-induced slope failure, combined with the limit equilibrium theory to establish the mechanical model to evaluate and predict the stability of landslides under specific rainfall conditions. At present, deterministic models are gradually developing from one-dimensional and two-dimensional models to three-dimensional models. One-dimensional and two-dimensional models include the SHALSTAB model [4], the dSLAM model [5], the SINMAP model [6], the Iverson model [7], the TRIGRS model [8], HIRES model [9], and the Green–Ampt model [10]. These models comprehensively consider the response characteristics of groundwater level and pore water pressure of the slope under rainfall, so they have achieved good results in evaluating slope stability and landslide spatial prediction. However, these models ignore the sliding direction and three-dimensional geometric characteristics of landslides and oversimplify the slope failure mechanism, which difficult to reflect the mechanical mechanism of landslides and usually leads to conservative calculation results [11]. Therefore, since the 21st century, foreign scholars have been committed to the regional scale three-dimensional slope-stability analysis and spatial prediction based on the limit equilibrium method and Moore–Coulomb strength criterion. Reid et al. proposed a three-dimensional slope-stability calculation model (Scoops3D), which has been widely recognized because it can effectively avoid the disadvantage of conservative results in one-dimensional and two-dimensional calculations [12].



The Scoops3D model not only takes into account the interaction between grids when searching the slip surface but also has the advantage of setting the parameters of rock and soil mass in spatial longitudinal layers, etc. At present, the Scoops3D model has been successfully applied in landslide stability analysis and prediction [13]. Xin et al. used Scoops3D to evaluate and predict the stability of shallow loess in typical gully landforms in the Loess Plateau [14]. Zhang et al. used the Scoops3D model to predict the mass landslides in volcanic ash areas induced by the 2018 Hokkaido earthquake, with an accuracy of more than 80%. Because Scoops3D lacks an independent seepage calculation model, its application in rainfall-induced landslides is rarely studied [15]. However, a third-party rainfall seepage model can be introduced into Scoops3D to realize the stability analysis and evaluation of the seepage–stress coupling of three-dimensional slopes. Therefore, the establishment of the TRIGRS and Scoops3D coupling model (T-S model) is an effective means of solving the three-dimensional stability evaluation of rain-induced landslides [2,16,17,18,19]. The coupling of these models can not only give full play to the advantages of each single model but also effectively improve the reliability of a three-dimensional landslide stability evaluation. By using the Scoops3D and TRIGRS models, Tran et al. predicted the rainfall landslide that occurred in Umyeon, South Korea in July 2011 and achieved good results, which also proved the feasibility of this method in the stability prediction and evaluation of a rainfall landslide [20].



In this paper, the T-S coupling model is used to simulate the spatial–temporal distribution and dynamic changes of the slope three-dimensional stability under different rainfall scenarios. The prediction results of the one-dimensional TRIGRS model and the three-dimensional T-S coupling model were compared and analyzed, and the applicability and accuracy of the two methods were discussed. The research results have reference significance for risk identification and disaster reduction along the G559 Bomi–Motuo Highway.




2. Study Area and Data


Motuo County is located in the middle and lower reaches of the Yarlung Zangbo River in the southeast corner of the Qinghai–Tibet Plateau and is a part of the Eastern Himalayan structural junction (Figure 1a,b). This area is characterized by active tectonic movement and complex geological conditions. Under the action of strong tectonic uplift and rapid valley downcutting, the alpine canyon landform is well developed [21]. The surface rock and soil mass are obviously metamorphic and broken under the action of strong weathering, and a large number of loose deposits are formed after denudation. This fragile geological environment has a weak carrying capacity for continuous rainfall events, which provides favorable internal conditions for slope failure [22]. The study area is mainly located on the southern slope of the eastern end of the Himalayas and at the entrance of the water vapor channel of the Yarlung Tsangpo River Grand Canyon in Southeast Tibet. It is a subtropical humid climate area with the highest average annual precipitation on the Qinghai–Tibet Plateau [23], with an annual precipitation of about 2260 mm. Affected by the Indian Ocean monsoon, the rainfall in this area increases significantly from June to September [24], providing external dynamic conditions for slope failure.



Motuo is the last county in China to be connected by road. At present, the traffic network in Motuo County has been basically formed. The cutting slope is very common, and the height of the cutting slope ranges from 2 to 30 m. The quaternary loose deposits accumulate along the slope, which is more conducive to the formation of a sliding shear zone. The G559 Bomi–Motuo Highway and five important highways along the road developed a large number of rainfall-induced shallow landslides (Figure 1c and Figure 2a–c). The slope surface is widely distributed with quaternary slope deposits and alluvial deposits, and the underlying rock mass is strongly weathered to moderately weathered metamorphic rock mass, whose joints and cracks are relatively developed.



2.1. Geotechnical Parameters


The DEM data used in this study is High Mountain Asia 8-m DEM (National Snow and Ice Data Center (nsidc.org)). The resolution and accuracy of this DEM are the highest among the open-source DEM data at present, so it provides a data-accuracy guarantee for the 3D stability analysis of regional landslides [25,26,27]. In view of the existing regional landslide three-dimensional stability evaluation methods that do not consider the difference between longitudinal rock and soil mass conditions, combined with the characteristics and distribution of rock and soil mass in this study area, a preliminary attempt is made to divide the rock and soil mass into two layers, the soil layer and the bedrock weathering layer. Since the landslides in the study area belong to shallow landslides and the soil layer’s properties are uniform, the homogeneous option is selected, and then the cohesive force, internal friction force, and soil bulk density of the soil layer are input.



The applicability of different parameters in the study area was analyzed by means of literature research and engineering geological analogy [28,29,30,31]. Finally, the parameters of rock and soil mass in the study area were determined (Table 1). With reference to the previous research results in this area, the comprehensive permeability coefficient of the rock and soil mass is determined as ks = 5.86 × 10−5. According to the empirical relationship [32,33,34,35], the hydraulic diffusion coefficient is D0 = 200ks = 1.172 × 10−2, and the infiltration rate is Iz = 0.01ks = 5.86 × 10−7.




2.2. Spatial Distribution of Soil Thickness


Soil-layer thickness is not only affected by climate, biology, topography, and chemical and physical processes but also changes due to lithology, slope, curvature, and vegetation cover [36]. At present, a variety of calculation models have been proposed to estimate the spatial distribution of soil-layer thickness, such as the uniform model, hierarchical model, and linear model [37,38,39]. Combined with relevant research results, the calculation results of landslide stability and vulnerability predicted by various common models were compared. Finally, the linear soil-thickness estimation model was adopted in this study [40]. The model assumes a linear distribution relationship between soil thickness and slope [41,42,43,44]. Through field investigation, it is determined that the maximum slope corresponds to the minimum soil thickness (0.1 m), and the minimum slope corresponds to the maximum soil thickness (3 m). The slope of the study area ranges from 0 to 85.41°. So, the functional relationship between the thickness (y) of the upper layer and the slope (x) is determined as y = −0.034x + 3, and the lower layer is the infinite extension of the bedrock weathering layer (Figure 3).




2.3. Rainfall Information


As of 2023, there are two precipitation stations in Motuo County. The Motuo Station was set up in 2012, and the Beibeng Station was set up at the end of 2017. According to the historical rainfall records, the average rainfall and the historical maximum rainfall of Motuo Station from January 2018 to December 2023, the rainfall intensity, early rainfall amount, and critical rainfall amount of geological disasters have been verified. The maximum daily rainfall data were calculated using the “Pearson Type III frequency curve” [45], and the results are shown in Figure 4. It can be concluded that, when the recurrence period is 100 years, the maximum daily rainfall in this area is 275 mm/d, and the rainfall intensity is 3.18 × 10−6 m/s.



Combined with the actual field investigation, it is determined that the study area is a mostly shallow landslide. The upper layer is a relatively loose soil layer, and the lower layer is a slightly hard bedrock weathering layer. Under the condition of short-time heavy rainfall, the groundwater level of the shallow soil will change rapidly with the rainfall infiltration and reach saturation. The saturation infiltration method was used to simulate the transient rainfall infiltration scenario in the TRIGRS model, and the water-pressure distribution files of the slope at different periods were output and coupled with the Scoops3D model. The Scoops3D hydrological model adopted the hydrological model of the three-dimensional spatial distribution of changing saturated water pressure. Strengthening the acquisition of geotechnical parameters and slope-structure data can effectively improve the prediction accuracy of the model [46,47,48], but the model is suitable for the prediction of shallow landslide results in a large range and can provide an effective reference for geological disaster risk warning [14].





3. Methods


3.1. Transient Rainfall Infiltration and Grid-Based Regional Slope-Stability Model


TRIGRS (version 2.1) is a rainfall-induced slope-hazard assessment model based on the infinite slope theory. The model mainly consists of three modules, namely a rainfall infiltration module, a hydrological module, and a stability analysis module, which fully considers the transient pore water-pressure changes of the slope caused by rainfall infiltration. In addition, it can also analyze the dynamic changes of pore water pressure, volume water content, and slope stability at different times.



Based on Richards’ linear solution proposed by Iverson, the rainfall infiltration module can objectively reflect the changes in the seepage field of the slope under the condition of rainfall infiltration [7]. In this study, it is assumed that the deep layer is bedrock regolith (corresponding to the Scoops3D model), and the permeability coefficient is very small. So, the pressure head is calculated using the lower boundary finite depth condition (Equation (1)).
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where ψ(Z,t) is the groundwater pressure head, which is related to soil thickness and time; Z is the thickness of the soil layer in the vertical direction and is positive in the vertical direction. t is rainfall infiltration time; d is the initial groundwater level depth of rock and soil mass. N is the time series; lnZ is the infiltration rate in the NTH time period. KS is the vertical saturation permeability coefficient. m is a convergent series; H(t − tn) is the heavy side step function, which is related to the rain intensity corresponding to the NTH moment. tn is the time when the NTH rain intensity appears; dLZ is the depth of the base. ierfc(η) is the one-time integral of the Gaussian complement function over the variable η, and the expression converges rapidly in an infinite series. Among them, β and D1 are shown in Equations (2) and (3):
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where δ is the slope; IZLT is the initial surface flux; and D0 is the saturated hydraulic diffusion coefficient.



The hydrologic module assumes that the grid is conserved in each calculation time step. Therefore, the rainfall that cannot penetrate in the current period will flow to the downstream grid as surface runoff and will not disappear.



The stability analysis module is based on the limit equilibrium theory and combined with the infinite slope model to calculate the safety factor of the slope (Equation (4)):


    F   s     Z , s   =   t a n φ   t a n δ   +   c − ψ ( Z , s )   γ   W   t a n φ     γ   s a t   Z s i n δ c o s δ    
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where Fs(Z,s) is the safety factor; φ is the friction angle of the soil layer; c is the soil layer’s cohesion; γw is the bulk density of groundwater; δ is the slope; and ψ(Z,s) is the pressure head, which is a function of depth and time. In general, the smaller the values of c and φ, the higher the groundwater level. The smaller the safety factor, the more unstable the slope.




3.2. Three-Dimensional Slope-Stability Model


The Scoops3D model (version 1.3.01) can systematically and comprehensively conduct a three-dimensional search and identification of a potential sliding surface. After coupling the TRIGRS model, the influence of complex terrain, groundwater, and other conditions on the stability of potential landslides can be fully considered, which has the advantages of a wide calculation range and high identification efficiency [49].



The Scoops3D model divides the grid into three-dimensional columns based on DEM grid cells and generates several search spherical centers at a certain distance in the overall spatial range above the model. The radius is generated by using the spherical centers as the origin reference increment, and then, different spherical surfaces are generated to cut the slope body. Then, the safety factor of the slope body is calculated by the stability calculation formula. The surface marked as the intersection of a spherical surface and a three-dimensional cylinder is a potential sliding surface, and the three-dimensional cylinder included in the cutting of a spherical surface is a potential landslide (Figure 5). A landslide search will set the volume or area threshold. When the Scoops3D model reaches the maximum threshold in the search process, it will stop increasing the search radius, and use the limit equilibrium theory to calculate all three-dimensional cylinders intersecting with the spherical surface to judge their stability. Finally, the minimum safety factor recorded corresponds to the potential sliding surface with the worst stability [12]. In this study, the Bishop limit equilibrium theory was used to calculate the stability of the slope body (Equation (5)).
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where Ri,j is the radius of Scoops3D when searching; i and j are row i and column j of the three-dimensional cylinder, respectively; ei,j is the distance from the center of the search sphere to the center of mass of the three-dimensional cylinder; cij is the cohesiveness of the potential landslide; Ai,j is the area of potential landslide surface; φi,j are the internal friction angles of the potential slope body; ki,j is horizontal vibration loads; Wi,j is the gravity of the potential slope; ui,j represents the pore water pressure inside the three-dimensional housing; αi,j represents the apparent inclination angle of the potential slope; and βi,j is the true inclination of the potential slope.




3.3. Coupling Model of TRIGRS and Scoops3D Model


The Scoops3D model cannot simulate the seepage field of slopes, while the TRIGRS model has a mature theory and wide application in rainfall infiltration and slope seepage calculation. Therefore, a spatio-temporal prediction method for the three-dimensional stability of slopes coupled with the TRIGRS and Scoops3D models is proposed (Figure 6).



According to the field investigation, the upper layer of the slope in the study area is a relatively loose soil layer, and the lower layer is a relatively hard bedrock weathering layer. The longitudinal spatial stratification of the rock and soil mass is carried out in order to search and identify the potential sliding surface more realistically. In the coupling process, the seepage module of the TRIGRS one-dimensional slope-stability analysis model was used to simulate slope rainfall seepage, and two-dimensional pore water pressure were calculated and obtained at different rainfall durations. Then, the pore water pressure and the DEM of the study area were modeled using Scoops3D. Combined with the distribution of rock and soil mass, the regional three-dimensional pore water-pressure field distribution under different rainfall duration conditions was obtained by linear interpolation, and the potential sliding surface in the study area was searched and identified in three dimensions. The calculation results of potential rainfall landslide distribution of the Bomi–Motuo National Highway G559 under a natural state and in a once-in-a-century rainfall scenario were obtained.





4. Results and Discussion


4.1. Spatiotemporal Assessment of Shallow Landslides


First, based on the vertical spatial stratification model of rock and soil mass, the spatio-temporal distribution of the three-dimensional stability of slopes in the study area under natural conditions (without rainfall) is calculated by using the Scoops3D model. Then, based on the T-S coupling model, the spatial–temporal distribution of slope three-dimensional stability under different rainfall durations of once-in-a-century extreme rainfall is simulated and predicted. In order to facilitate the classification of risk levels and statistical analysis of prediction results, this paper referred to the regional scale landslide stability classification standard (Table 2) proposed by Manuel Teixeira and divided potential landslides in the study area into different stability levels according to safety factors [50] (Figure 7 and Table 3).



According to Figure 7a, the distribution areas of extremely unstable areas, unstable areas, basically stable areas, stable areas, and extremely stable areas in the natural state accounted for 0.84%, 3.08%, 13.82%, 14.86%, and 49.32% of the total study area, respectively. The number of landslides in extremely unstable areas and unstable areas accounted for 10.96% of the total number of landslides in the study area and was mainly distributed in the north of Bangxin town, Zamu town, and the east of Gedang town.



In an extremely heavy rainfall scenario with a 100-year recurrence cycle, the extremely unstable and unstable areas of landslide increase significantly compared with the natural state and are mainly distributed in the areas with large topographic height differences, such as both sides of the Bangxin–Zhamu section highway and the Gedang section. The Beibeng–Lhoba ethnic town section is relatively stable, with only sporadic potential landslides. According to Figure 7b–d, compared with the results of slope stability under natural conditions, the calculation results of the T-S model show that the unstable area increases significantly with the increase of rainfall time. According to the statistical results in Table 3, with the continuation of rainfall, the distribution range of unstable and extremely unstable areas increases significantly, and the proportion of landslide points gradually increases. After 1 h of rainfall, the predicted extremely unstable and unstable areas accounted for 7.54% of the total study area. After 4 h of rainfall, the predicted extremely unstable and unstable areas accounted for 13.97% of the total area, and there were 11 landslide points in the area, accounting for 15.07%. After 12 h of rainfall, landslide response to rainfall was obvious. The predicted extremely unstable and unstable areas accounted for 43.40% of the total study area, and 49 landslide points accounted for 67.13%. It is mainly distributed on both sides of the Bangxin–Zamu section of the highway and the Gedang section. The section of Beibeng town and Lhoba ethnic town is relatively stable, with only scattered potential landslide areas.




4.2. Evaluation of Model Accuracy


In existing studies, the percentage of the number of historical landslide points in the total area of each stability grade is often used to evaluate the model performance [19], but the evaluation index is generally general and simple. In this study, the composite index %LRclass was introduced to evaluate the performance of landslide stability prediction results [20], and the formula for calculating the %LRclass index was as follows:
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where S is the percentage of the number of landslide points in the total number of landslides in each type of Fs and A is the percentage of the predicted area corresponding to each type of Fs to the total area. The evaluation of the %LRclass index is based on the Fs < 1 and Fs ≥ 1 scales. The method takes into account the landslides predicted by the model in both the Fs < 1 and Fs ≥ 1 scales. When the safety factor is less than one, the larger the index value, the better the prediction result of the model.



It can be seen from Table 3 that, in the natural state, the value of %LRclass in the unstable areas (Fs < 1) is 55.66%. In the case of extreme rainfall once in a hundred years, after 1 h, 4 h, and 12 h of rainfall, the %LRclass index in the unstable areas is above 50%, which is 56.70%, 52.17%, and 73.11%, respectively, indicating that the calculation results of landslide instability and the instability region based on the physical mechanism are basically corresponding to the distribution of historical shallow landslides, indicating that the coupling model and parameter values adopted in this study are relatively reasonable.





5. Discussion


In order to further evaluate the accuracy of the TRIGRS and T-S three-dimensional coupling model in predicting the stability of a rainfall-induced landslide, the results of the T-S model and the TRIGRS model were analyzed and compared. In the scenario of once-in-a-century heavy rainfall, the spatial distribution of landslide stability predicted by the two models, the proportion of historical landslides in each stability area, the proportion of area, and the %LRclass index are shown in Figure 8 and Table 4.



Figure 8c,f show that 12 h after rainfall in the 100-year rainfall recurrence cycle, the proportion of extremely unstable areas calculated by the TRIGRS model and the T-S coupling model is 28.01% and 22.09%, respectively, which significantly increases compared with natural conditions, indicating that rainfall is a significant inducible factor affecting the temporal and spatial distribution of shallow landslides in this region. Figure 8a,d shows that the potential landslide instability areas predicted by the TRIGRS model are more widely distributed, and the extremely unstable areas and unstable areas are distributed around the five highways, while the T-S coupling model is concentrated only in the Bangxin–Zamu section and in Gedang Township. According to the historical landslide distribution shown in Figure 1c, it can be seen that almost no landslide occurs in Dexing town and Lhoba ethnic town. Thus, the prediction accuracy based on the T-S coupling model is higher. As shown in Figure 8b,e, the number of landslides in unstable areas predicted by the TRIGRS model and the T-S coupling model accounted for 46% and 74% respectively, and the prediction results of the T-S coupling model were significantly better than those of the TRIGRS model. Compared with the natural condition, these values increased by 42.08% and 70.08%, respectively, indicating that the T-S coupled model is more sensitive to rainfall response. Figure 8c,f show that the TRIGRS model and the T-S coupling model account for 50.57% and 43.40% of the landslide instability area, respectively, indicating that the TRIGRS model is more insecure in predicting landslide stability. This is also consistent with the existing research results [2,51,52]. In addition, Table 4 shows that the %LRclass indexes of the TRIGRS model and the T-S three-dimensional coupling model are 45.50% and 78.80%, respectively, which also indicates that the T-S coupling model is significantly superior to the TRIGRS model.



By comparing the simulation results of the two models, it is found that the TRIGRS model has a simpler calculation process and more conservative prediction results for the spatial distribution of landslide stability, and the prediction accuracy is significantly lower than that of the T-S coupling model.



Figure 7 and Figure 8 show that the potential instability region predicted by the T-S coupling model presents a patchy distribution with smoother grade boundaries, while that predicted by the TRIGRS model presents a thin-strip scattered distribution. The main reason is that the T-S coupling model uses a spherical surface to cut the slope into a number of three-dimensional columns and considers the interaction between the columns, so the simulation instability area is more concentrated. However, in the TRIGRS model, each grid was calculated separately, and the safety factor of each grid was an independent value [13]. Therefore, the integrity of the calculation instability area was poor, and the overall distribution was thin and scattered. In general, both models have certain applicability in shallow rainfall-induced landslide prediction, and the simulated spatial distribution map of landslide stability under saturated conditions can be used as an effective support for geological disaster prevention and reduction. However, the over-simplification of the TRIGRS model makes it difficult to consider the three-dimensional spatial distribution of the actual slope structure, load, and sliding surface. Based on the longitudinal spatial stratification method of rock and soil mass, the T-S 3D coupling model and the volume search of sliding are more suitable for dealing with the landslide of complex terrain and can obtain more reasonable prediction results.



From the simulation results, it can be found that there is no historical landslide in a few extremely unstable and unstable areas. This is mainly because, on the one hand, since Scoops3D is a three-dimensional slope-stability analysis based on DEM, the resolution of DEM is an important parameter affecting the model results. According to previous studies, the higher the DEM resolution, the better the simulation effect. But, there will also be over-recognition [14,53,54,55]. The DEM selected in this study is the highest resolution among the current open-source DEM, so the above situation will occur. However, from the overall results of the simulation, most of the landslides in the study area are in the dangerous area predicted by the model, indicating that the coupling model and parameter values adopted in this study are relatively reasonable. On the other hand, a few areas predicted by the model to be unstable did not exhibit evidence of landslides during observation, potentially due to previous occurrences of shallow and small-scale landslides in these locations. However, as these landslides were situated along the highway, they were promptly cleared and treated. On-site observations can only determine recent landslide developments. Hence, no traces of landslides were detected. Similar phenomena have been documented in earlier studies [14,56,57] which requires further validation of the study area on both spatial and temporal scales at a later stage.




6. Conclusions


Based on remote-sensing interpretation and field investigation, the distribution characteristics and sliding-prone rock mass of shallow landslides along the Bomi–Motuo Highway were identified. A three-dimensional stability analysis of regional landslides along the Bomi–Motuo Highway under different rainfall scenarios was carried out based on the TRIGRS and Scoops3D coupled model (T-S model). The temporal and spatial distribution of potential rainfall landslides in this area is effectively predicted, and the reliability of the predicted results is also evaluated. The research results have important reference significance for risk identification and disaster reduction along the G559 Bomi–Motuo Highway.



(1) Seventy-three shallow landslides along the Bomi–Motuo Highway were investigated and cataloged. The slope structure along the highway is mainly composed of loose gravel soil on the upper part and a strong weathering layer of bedrock on the lower part. The sliding surface is mostly of a circular and plane type, and the main failure types are creep–tensile failure and flexural–tensile failure;



(2) Based on the T-S coupling model, it is predicted that the potential landslide (Fs < 1) along the Bomi–Motuo Highway in the natural state is scattered. The distribution area of extremely unstable and unstable areas accounts for 4.92% of the total area. In the case of extreme rainfall once in a hundred years, the proportion of instability area (Fs < 1) predicted by the T-S coupling model 1 h after rainfall is 7.74%, which is 1.57 times that of the natural instability area. The instability area (Fs < 1) accounted for 43.40% of the total area after 12 h of rainfall. The potential landslides were mainly distributed in the Bangxin–Zhamu section and the East Gedang section, and the predicted results are in good agreement with the actual landslide distribution;



(3) The TRIGRS model and the T-S coupling model are both suitable for predicting the temporal–spatial distribution of rainfall-induced shallow landslides, but the TRIGRS model has the problem of over-prediction. The instability area predicted by the T-S coupling model accounted for 43.30%, and 74% of historical landslide disaster points in the area were correctly predicted, which is more in line with the distribution characteristics of historical landslide disasters;



(4) In terms of rainfall response, the T-S coupling model shows higher sensitivity. The %LRclass (Fs < 1) index of the T-S coupling model is above 50% in different time periods, and its landslide prediction effect (%LRclass = 78.80%) is significantly better than that of the one-dimensional TRIGRS model (%LRclass = 45.50%) under a 12 h rainfall scenario.
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Figure 1. Overview of the study area and the distribution of landslides. (a) The yellow area is the location of the Tibet Autonomous Region of China. (b) The yellow area is Nyingchi City and the red area is the study area. (c) Distribution of historical landslides along the highway. 
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Figure 2. Typical landslides in the study area. (a) The typical small-scale shallow landslides; (b) landslide group; (c) weathered rock mass and gravelly soil. 
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Figure 3. Spatial distribution of soil-layer thickness. 
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Figure 4. P-III frequency curve. 
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Figure 5. Scoops 3D model principles are (a) 3D columns generated by each grid; (b) 3D topography of the study area. 
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Figure 6. Schematic diagram of TRIGRS model and Scoops3D model coupling. 
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Figure 7. Calculation results of slope 3D stability under different disaster scenarios. 
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Figure 8. Comparison of prediction results between TRIGRS model and T-S model. 
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Table 1. Parameters of rock and soil mass.






Table 1. Parameters of rock and soil mass.





	Rock and Soil Mass
	Cohesion

c/kPa
	Internal Friction Angle

φ/(°)
	Unit Weight of Soil

γ/(kN/m3)
	Unit Weight of Soil

γw/(kN/m3)
	Saturated Soil Water Content

θs/%
	Residual Soil Water Content

θr/%





	Soil layer
	10
	25
	20
	9.8
	72.5
	5



	Bedrock weathering layer
	45
	40
	22
	9.8
	38
	3










 





Table 2. Stability grade.
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	Stability Classification
	Safety Factor Range
	Stability Partition





	1
	Fs < 0.75
	Extremely unstable area



	2
	0.75 ≤ Fs < 1
	Unstable area



	3
	1 ≤ Fs < 1.25
	Basically stable area



	4
	1.25 ≤ Fs < 1.5
	Stable area



	5
	1.5 ≤ Fs
	extremely stable area










 





Table 3. Statistical table of slope-stability results.
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Disaster

Scenarios

	
Safety Factor

	
Number

of Landslides

	
% of

Landslides

	
% of

Predicted Area

	
LRclass

	
%LRclass






	
Natural state

	
Fs < 0.75

	
1

	
1.37

	
0.84

	

	




	
0.75 ≤ Fs < 1

	
7

	
9.59

	
8.08

	
1.23

	
55.66




	
1 ≤ Fs < 1.25

	
17

	
23.29

	
13.82

	

	




	
1.25 ≤ Fs < 1.5

	
12

	
16.44

	
14.86

	

	




	
1.5 ≤ Fs

	
36

	
49.32

	
62.39

	
0.98

	
44.34




	
1 h rainfall

	
Fs < 0.75

	
3

	
4.11

	
3.62

	

	




	
0.75 ≤ Fs < 1

	
4

	
5.48

	
3.92

	
1.27

	
56.70




	
1 ≤ Fs < 1.25

	
31

	
42.47

	
25.42

	

	




	
1.25 ≤ Fs < 1.5

	
29

	
39.73

	
41.88

	

	




	
1.5 ≤ Fs

	
6

	
8.22

	
25.17

	
0.97

	
43.30




	
4 h rainfall

	
Fs < 0.75

	
7

	
9.59

	
5.54

	

	




	
0.75 ≤ Fs < 1

	
4

	
5.48

	
8.43

	
1.08

	
52.17




	
1 ≤ Fs < 1.25

	
28

	
38.36

	
21.73

	

	




	
1.25 ≤ Fs < 1.5

	
28

	
38.36

	
39.2

	

	




	
1.5 ≤ Fs

	
6

	
8.22

	
25.1

	
0.99

	
47.83




	
12 h rainfall

	
Fs < 0.75

	
24

	
32.88

	
22.09

	

	




	
0.75 ≤ Fs < 1

	
25

	
34.25

	
21.31

	
1.55

	
73.81




	
1 ≤ Fs < 1.25

	
13

	
17.81

	
16.96

	

	




	
1.25 ≤ Fs < 1.5

	
9

	
12.33

	
28.36

	

	




	
1.5 ≤ Fs

	
2

	
2.74

	
14.06

	
0.55

	
26.19











 





Table 4. Results of 1D and 3D coupling models in the study area.
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Safety Factor

	
Number

of Landslides

	
% of

Landslides

	
% of

Predicted Area

	
LRclass

	
%LRclass




	
3D

	
1D

	
3D

	
1D

	
3D

	
1D

	
3D

	
1D

	
3D

	
1D






	
Fs < 1

	
54

	
34

	
74

	
46

	
43.40

	
50.57

	
1.71

	
0.91

	
78.80

	
45.50




	
Fs ≥ 1

	
19

	
39

	
26

	
54

	
56.60

	
49.43

	
0.46

	
1.09

	
21.20

	
54.50
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