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Abstract

:

In 2009, Typhoon Morakot caused over 680 deaths and more than 20,000 landslides in Taiwan. From 2010 to 2015, the Central Geological Survey of the Ministry of Economic Affairs identified 1047 potential large-scale landslides in Taiwan, of which 103 may have affected human settlements. This paper presents an analytical procedure that can be applied to assess the possible impact of a landslide collapse on nearby settlements. In this paper, existing technologies, including interpretation of remote sensing images, hydrogeological investigation, and numerical analysis, are integrated to evaluate potential failure scenarios and the landslide scale of a specific case: the Xinzhuang landslide. GeoStudio and RAMMS analysis modes and hazard classification produced the following results: (1) evaluation of the failure mechanisms and the influence zones of large-scale landslides; (2) assessment of the migration and accumulation of the landslide mass after failure; and (3) a landslide hazard and evacuation map. The results of the case study show that this analytical procedure can quantitatively estimate potential threats to human settlements. Furthermore, it can be applied to other villages and used as a reference in disaster prevention and evacuation planning.
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1. Introduction


Slope-land disasters include large-scale landslides, the burial of villages, landslide dams, the destruction of roads and bridges, river scouring and aggradation, and mass transport of woody debris and sediment. In 2009, Typhoon Morakot passed over Taiwan, releasing over 2000 mm of rain in a 3-day period and triggering severe slope-land disasters in the south central and eastern parts of Taiwan. Typhoon Morakot caused over 680 deaths and more than 20,000 landslides in Taiwan. Given the danger of landslides, it is important to understand complex, large-scale landslides that have the potential to affect extensive areas in Taiwan.



The definition of a large-scale landslide often includes factors such as materials, landslide scale (depth, area, or volume), or type of movement [1,2,3,4,5]. In Taiwan, the current agreed-upon definition for a large-scale landslide is a landslide that is larger than 100,000 m3 in volume [5,6,7]. The large volume of material mobilized in a large-scale landslide can trigger accessory phenomena such as debris flows and river damming. Transportation systems can be severed, and structures buried. Therefore, large-scale landslides pose a significant hazard to villages located nearby.



The National Science and Technology Center for Disaster Reduction (NCDR) [8] described simplified methods for evaluating and inspecting the safety of communities or villages subject to landslide hazards. Their methodology adopted aerial photographs to rapidly survey landslide-prone areas and identify historical landslide locations. This information can be used to define areas that are susceptible to repeated landslides. Disaster types and the extents of large-scale landslides are also included in this evaluation and are used to assess the related hazards to which the villages and communities are subject. Additionally, through a long-term project implemented by the Central Geological Survey (CGS) [9,10], the locations of potential large-scale landslides and the villages most susceptible to the related hazards have been mapped.



Although each of the participating agencies is rapidly working to identify villages exposed to potential large-scale landslide hazards within their jurisdictions, a standardized and appropriate method for performing such an investigation has yet to be developed. Therefore, this paper presents an analytical procedure that can be applied to assess the possible impact of a landslide collapse on nearby settlements. The aims of the paper are as follows: (1) to integrate existing survey techniques and analysis models; (2) to use GeoStudio software [11] and RAMMS-avalanche modeling software [12] to estimate the failure mechanism and influence zone of a large-scale landslide, assess the migration and accumulation of failure, and draw a landslide hazard map and an evacuation map; and (3) to contribute to the literature on landslide disaster prevention and evacuation planning.




2. Methodology


The flow chart for investigating and evaluating large-scale landslides is shown in Figure 1. The applied methodology includes two phases and five steps. The purpose of the investigation phase is to understand the environmental conditions affecting the failure behavior of the landslide, the infrastructure and the people at risk, the extent of the landslide body (including information on the location, shape and number of sliding masses) and the volume (including the area and thickness). Landslide investigations often include the acquisition and interpretation of remote sensing images, as well as hydrogeological investigation and tests. The purpose of the assessment phase is to understand the current stability of the sliding mass and the effects of external forces, such as earthquakes and precipitation, on the stability of the landslide, the mobilization of the landslide and the extent of the landslide runout. The goals of the assessment are to (1) extrapolate on the results of the site investigation to create a hydrogeological conceptual model of the landslide; (2) incorporate the hydrogeological conceptual model in a slope stability analysis; and (3) evaluate the influence zone of the landslide. In the following sections, each of these steps will be addressed.



2.1. Acquisition and Interpretation of Remote Sensing Images


Remote sensing images can be interpreted to understand the landform evolution of the study area and to verify the interpretation results. Image analysis methods are described in Bichler et al. [13], Booth et al. [14], Lahousse et al. [15], Hölbling et al. [16], and Lee et al. [17]. For our methods of interpretation, the study referred to CGS [18] for the topographic characteristics of deep-seated landslides and large-scale landslides (Figure 2), such as the scarps, crown tension fractures, side fissures, break lines, erosion gullies, bulging slope toes, or sliding masses [4,19].



Remote sensing images can also be interpreted to understand environmental conditions, the locations of infrastructure and people, and temporal changes in the landscape. After the sediment-related disaster of Typhoon Morakot, the Central Geological Survey launched a project entitled “Investigation and analysis for the geologically sensitive area in national preservation domain program”, which ran from 2009 to 2015. This national program adopted the wide-range airborne LiDAR technique to generate DEMs of 1 m spatial resolution in metropolitan and mountainous areas covering the whole of Taiwan. The corresponding mean cloud density in alpine zones is at least 2 points/m2. All of the produced LiDAR derivatives, such as DEM, are separated into individual map sheets with a scale of 1:5000 for regional geohazard assessment. To clarify the extent of the failure mass, a high-accuracy digital elevation model (DEM) can be used to interpret the micro-topography of the landslide on the meter scale. High-resolution LiDAR DEMs with 1-m resolution of the entire island of Taiwan are available from the CGS. Additionally, the National Land Surveying and Mapping Center also provides 5-m resolution DEMs, digital surface models (DSMs), and ortho-corrected aerial photos. The micro-topography of landslides is generally interpreted from a DEM with the vegetative cover and man-made structures removed [4,5,19,20,21]. The extent of the possible landslide body is approximated from topographic characteristics, such as the main scarp and landslide body, found around landslides. Currently, this method is an important technique for interpreting the locations of large-scale landslides [4,5,19]. Landslide micro-topography interpretation is an approach that maps the small landform features of recent and ancient landslides on the meter scale. The classic deep-seated landslide characteristics on a hillslope can be seen in Figure 2. In this approach, corresponding slope, aspect, contour, and hillshading maps are first created from the DEM data, and then experts manually map all the landslide features (i.e., main scarp, landslide body, toe, gully, tension crack, and lateral boundary) to highlight the existing and potential hazard areas [22].



All of these topographic and movement characterizations are used to extract landslides from LiDAR products using an expert-based interpretive approach. Moreover, other topographic criteria, such as discordant vegetation observable, surface fissures, lateral flanks, oblique flows, and toe bulges in remote sensing observations of landslides, are also taken into consideration [17]. From the results of this analysis, the locations of terrain having characteristics indicative of slope instability can be used to demarcate the locations of potential sliding masses and estimate the potential hazard areas.




2.2. Hydrogeological Investigations and Tests


Remote sensing interpretation can be used to evaluate the environmental conditions affecting a landslide, the infrastructure and people located nearby, and the size of the landslide mass. However, more than one landslide mass may be present within the landslide body, and the specifics of each landslide mass must be re-evaluated through hydrogeological investigation and laboratory testing. Chung et al. [23] organized typical hydrogeological investigation methods as follows: (1) geological drilling, (2) surface geological investigation, (3) double-ring infiltration test [24], (4) geophysical prospecting method [25,26], (5) borehole televiewer and logging [27,28], (6) double packer test [28,29], (7) pressure plate test [30], and (8) laboratory tests. Each investigative technique and its application is listed in Table 1. The above-mentioned techniques and the construction of a hydrogeological conceptual model of the landslide to understand the hydrogeological characteristics of each layer in the landslide can be used to understand the size of the sliding mass and to design a proper monitoring system.




2.3. Developing the Hydrogeological Conceptual Model


The objective of developing the hydrogeological conceptual model is to incorporate field data into an efficient and representative model that simplifies actual subsurface conditions. The development process includes (1) identifying the extent of the analysis area: defining all regions of concern in the study area, including the extent of the failure mass and the area impacted by the failure; (2) identifying hydrogeological units: using the spatial distribution of the strata/beds and differences in permeability to group layers that have similar hydrogeological properties into a single hydrogeological unit; (3) selecting parameters: treating each hydrogeological unit separately and selecting parameters that define the properties of each unit. Table 1 lists the investigation and laboratory test results that are used to identify parameters; (4) setting boundaries and initial conditions: setting as boundary conditions the surface and subsurface features identified in the field, including ridge lines, valleys, rivers, and drainage structures, and using piezometric records to establish the initial conditions and define the upper boundary of the water table; and (5) calibrating the model: adjusting the parameters of the model until predictions match observations. The use of a properly calibrated model increases confidence that the analysis results are representative of actual conditions. Methods used to calibrate parameters include trial and error and automated parameter estimation.




2.4. Slope Stability Analysis


The stability of slopes is judged based on a computed safety factor [31,32,33,34,35], an assessment of slope deformation [36], or a partial safety factor [37]. Most of the computer programs used for slope stability analysis are based on the limiting equilibrium approach for a two-dimensional model [38]. The safety factor is used to evaluate how heavy precipitation affects the water table and stability of a slope and how earthquakes affect the stability of the slope. Under different specifications and conditions, the requirements for the safety factor depend on relevant government authorities. Commonly, safety factors are computed for normal, torrential rain (high water table), and earthquake conditions. Moreover, the purpose of the partial safety factor method is to include the effects of external loads and environmental factors. The variability and uncertainty of those loads are incorporated into the analysis. The results of the evaluation provide an estimate of the effects on the stability of the slope. Finally, for especially important cases, or situations where the spatial variability of the layers is extremely large, both a reliability analysis and a sensitivity analysis of the parameters are performed.



The method in this study uses GeoStudio software, produced by GEO-SLOPE International Ltd., to perform slope stability analysis of a two-dimensional model of the landslide. In the GeoStudio software, the SEEP/W module (finite element analysis module) and SLOPE/W module (limit equilibrium method module) are used. In the SEEP/W module, rainfall infiltration and groundwater flow are simulated. Based on Darcy’s law, the governing equation is given as:


   ∂  ∂ x    (   k x    ∂ H   ∂ x    )  +  ∂  ∂ y    (   k y    ∂ H   ∂ y    )  + Q =   ∂ θ   ∂ t    



(1)




where  H  is total head;    k x    is hydraulic conductivity in horizontal direction;    k y    is hydraulic conductivity in vertical direction;  Q  is applied boundary flux;  θ  is volumetric water content; and  t  is time.



SEEP/W can be used to model both saturated and unsaturated flows under steady-state and transient conditions. Flux sections are used to determine the infiltration rate in the modeled slope. The steady-state seepage analysis is based on steady state seepage flow rates and normal water tables. The transient state seepage analysis uses the rainfall hygrograph to determine the initial boundary of the infiltration and simulate the variation in water table level for each time step.



The SLOPE/W module is used for stability analysis. Since much of the modeled slope is unsaturated, the safety factor computed by SLOPE/W is based on a Mohr-Coulomb modified equation suggested by Fredlund et al. [39]. Changes in pore-water pressures and their subsequent effect on the safety factor of the slope are quantified. The SEEP/W module transient analysis results of pore-water pressure conditions at various points along the slope are input into the SLOPE/W module allowing highly irregular saturated/unsaturated conditions or transient pore-water pressure conditions to be included in the stability analysis. This in turn permits the prediction of changes in stability with time.




2.5. Delineation of the Landslide Impact Zone


The methods used to delineate the landslide impact zone include experimental, physical model, deterministic analysis, numerical analysis, statistical analysis and empirical approximation analysis methods [40,41,42,43]. As technology and numerical modeling techniques have improved, the stability of each failure type, whether it is a rock fall, debris slide or rock slide, can be evaluated using modeling software [44]. Numerical models incorporated into the modeling software effectively model topography effects on landslides and the trajectory of sliding masses. For large-scale landslides, modeling software can be used to improve the accuracy and reliability of landslide hazard zonation. Notably, although many numerical models and commercial modeling software options are currently available, most models or software are often limited to specific modeling scenarios. Therefore, the sliding mechanism and parameters derived from geologic investigation of the landslide must be used to select an appropriate modeling program.



The method in this study uses RAMMS, which is a reliable numerical simulation tool yielding runout distance, flow heights, flow velocities and impact pressure of hillslope landslides and debris flows, to simulate the movement behavior after slope failure [12]. RAMMS adopts the Voellmy-Salm continuity model as a rheology assumption [45,46]. In this model, x and y depict the plane coordinates of a moving mass along the terrain surface, and the corresponding height along the normal line of an arbitrary point is defined as z(z, y). g = (gx, gy, gz), and t represents the acceleration vector of 3-D gravity and time. RAMMS calculates flow depth (H(x, y, t)) and averaged velocity (U(x, y, t)) eigenvalues, while the moving mass is under the unsteady and non-uniform regimes. Both initial deposition depth and area of source area in the upstream reach can be derived from the manual interpretation on the GIS platform. The mass balance equation of Voellmy-Salm model is given below:


∂tH + ∂x(HUx) + ∂y(HUy) = Q(x,y,t)



(2)




where Ux and Uy are the moving velocities on the x and y axes; Q(x,y,t)[m/s] is called the entrainment rate (Q > 0) or deposition rate (Q < 0). Depth-averaged momentum balance equations for the x and y axes are defined as


∂t(HUx) + ∂x(cxHUx2 + gzka/pH2/2) + ∂y(HUxUy) = Sgx − Sfx



(3)






∂t(HUy) + ∂y(cyHUy2 + gzka/pH2/2) + ∂x(HUxUy) = Sgy − Sfy



(4)




where cx and cy are shaped factors depending on topography; ka/p is the coefficient of earth pressure; Sgx and Sgy depict the terms of gravity acceleration; and the frictional terms along the x and y axes are specified as Sfx and Sfy.





3. Case Study


3.1. Study Area


The CGS [10] concluded that a potential large-scale landslide in the Xinzhuang Village of Shanlin District, Kaohsiung City (Figure 3a), may impact the safety of adjacent infrastructure and Xinzhuang Village (ID: Kaohsiung-Shanlin-D021, herein called the Xinzhuang landslide). According to census data from March from the household registration office of Kaohsiung City, Shanlin District, Xinzhuang had a total of 724 households and 1760 people. The primary transportation routes that connect Xinzhuang with outside areas are Highway 29 and County Road 181. Highway 29 is an east-west highway that connects Jiaxian and Cishan Districts. County Road 181 connects Xinzhuang to the Meinong District in the south.



The Xinzhuang landslide is located on Shizi Mountain near Xinzhuang Village (Figure 3b). It also lies above the Neiying thrust fault of the northern section of the Chishan fault, according to the geological survey. As shown in Figure 4, the complex series of geological features in the Xinzhuang landslide-prone area are mainly composed of metamorphic and sedimentary rocks and classified into two categories: (1) upper hillslope: alternations of sandstone and shale formations (high sand content); and (2) lower hillslope: shale formations (high silt content). Furthermore, the soil material of the part region around the gully at the downslope reach reveals that it mostly consists of a weathering deposition layer. The regional attitude of the bedding plane along the study area is approximately N30° E/40° NW [47,48]. However, the orientation of the bedding plane in the downslope region exhibits a disturbance condition due to sliding behavior in the past. The area of the landslide is 10.3 ha (1.03 × 105 m2). The elevation of the landslide ranges from 210 m to 418 m, while the horizontal length of the landslide is 520 m (Figure 3c). Several residents live more than 230 m from the landslide toe (Figure 3b). The higher slopes are found near the ridge line and at the landslide toe, where the slope ranges from 35 to 70 degrees (Figure 3d). However, the average slope of the Xinzhuang landslide is 23 degrees. A large portion of the surface of the landslide has a northern aspect (17.8%, Figure 3e), and except for the west and southwest directions, the aspect is evenly distributed among the other directions.



Additionally, a scarp is located at the top of the slope. Because of the presence of the scarp (point 2 and point 3 in Figure 5; [49,50]), it was decided that an assessment of activity at the debris mass at the base of the scarp was necessary. As noted above, a large portion of the surface of the landslide has a northern aspect, and except for the west and southwest directions, the aspect is evenly distributed among the other directions. This highly complex surface morphology is evidence that the surface of the slope had been disturbed and is now reversing convex. Furthermore, there is an isolated topographic bulge caused by a build-up of mobilized material. This topographic signature was described in Soeters and van Westen [3] and resembles the hummocky relief they observed. All of this geomorphological evidence (Section 3.2) indicates that the Xinzhuang landslide moved at an earlier period of time. With regard to slope instability indicators, the location of potential sliding masses requires additional investigation.




3.2. Geomorphological Interpretation


With regard to the geohazard impact in the downslope reach, aerial photo and satellite images were further investigated using landslide micro-topography mapping by the CGS from aerial photos and DTM data. To ensure a high-detail survey and to fully grasp the potential large-scale landslide and adjacent areas of possible slope instability, the study also examined areas outside the large-scale landslide identified by the CGS, up to 230 to 1200 m from the survey area. The final extent of the study area included in our investigation is shown in Figure 5.



The landslide features used to delineate the hazard area included the main scarp (most of the steep cliffs formed by slope slumps are scarps of slope top failure. The flanks are the result of the steep slumps and can be used to gauge the strain rate of the slope failure process), the secondary scarp (minor scarp or depressed block) and any relict slumps defined by a sliding mass (the primary sliding body presents a dustpan-shaped depression with the upper section displaying subsidence), and gullies (the looseness of the soil increases permeability, which then enables micro-drainage system to develop parallel to the direction of the collapse after it rains) [50]. The average drop height of the main scarp is 6 m, and the extension length of the main scarp is 440 m. The study used these features to identify, check and re-delineate the sliding area of the Xinzhuang landslide. Based on landslide feature interpretation and field investigation results, the landslide can be divided into two potential sliding areas: Zone 1 and Zone 2. These zones are located up-slope (above point 2) and down-slope (above point 3) of the original hazard area (the area bounded by the solid green bold line) respectively. Based on the distribution of disturbed forest, the toe of the slope is more disturbed than the ridge. This finding indicates that the slope is unstable. The clearly identifiable scarp is mapped in Figure 5, but the landslide mechanism still needs to be confirmed. The large-scale landslide extent was therefore increased to include this scarp, which expanded the Xinzhuang landslide to include more of the upstream area (Zone 1) and the down slope area (Zone 2). The addition of these two areas only slightly increased the original area of the Xinzhuang landslide.



Inside the sliding areas (thick, dashed pink line), just down-slope of the main scarp (Zone 1), are currently two clear areas of accreted topography. In this study, these colluvial deposits or toe bulges (those leaning toward the scarp are associated with small-scale sliding masses, and the extrusion can result in a reduction in the cross-section of the creek; [50]) were interpreted as coming from the main scarp, having formed after a stress-caused deformation, failure and release of material. The speculated colluvial deposits located in the down slope part of the study area (Zone 2) are incised by gullies along the edges of the sliding mass. Near the upstream region of the study area, at the top of the slope on the north-eastern edge of the potential sliding mass, another obvious scarp (point 1) and an area of accreted topography are present; however, these landslide features are located beyond the scope of this study, as any movement is topographically directed away from the Xinzhuang Village infrastructure and residents. Therefore, these landslide features were not included in the study area. However, outside of the study area are other landslide features, such as obvious erosion gullies and scarps. These should also be mapped and monitored for use in understanding the topographic evolution of the area.



Within the study area, erosion gullies are well defined in the micro-topography. The gullies originated from scarp-like topography and can be traced from Xinzhuang Village to the upper reaches of the watershed. The rapidly formed and clearly defined gullies may indicate that the regolith is weathered, and the bedrock is highly fractured. This feature is the most prominent in the hilly topography within Xinzhuang Village. Outside of the study area, there are other areas of sporadic secondary scarps (step-like or steep cliff-like topography) and areas of bulges in the slope (landslide debris). All other areas are developed into fruit and tree plantations. Human activity, including the construction of the irrigation and transportation structures and subsurface closure of subsurface water sources, is also affecting the topography of the study area.




3.3. Hydrogeological Investigations and Tests


The method in this study uses surface geological investigation, geophysical prospecting (resistivity image profiling, RIP), geological drilling, and field and laboratory tests to identify the depth of, and the parameters that can be used to describe, the sliding mass. The layouts of the RIP method and geological drilling investigation in this study are shown in Figure 4. The RIP-1 survey line was located in the center of the Xinzhuang landslide, running parallel to the slope direction. RIP-1 was 450 m long and was used to understand the hydrogeological conditions along the profile. The RIP-2 survey line was established running perpendicular to the slope of the landslide. It was 200 m long and was used to understand the hydrogeological conditions along the profile. The geological drilling investigation was established along the failure direction of the landslide. From top to bottom, the bore hole identification numbers were BH-01, BH-02, BH-03, and BH-04. The total borehole depth was 200 m. The results of the borehole data were paired with geophysical observations to accurately interpret the subsurface conditions along RIP-1.



According to the surface geologic investigation and interpretation of borehole material, the hydrogeological unit at the Xinzhuang landslide was divided into the following 6 categories: colluvium [C]; fractured mudstone and sandy shale [M1]; intact mudstone and sandy shale [M2]; fractured alternations of sandstone (S.S.) and shale (Sh.) [S1]; intact alternations of S.S. and Sh. [S2]; and faulted rocks [F]. The results of the geophysics survey and borehole interpretation along RIP-1 are shown in Figure 6a.



In the image, the contact between the colluvium and the in-place bedding is very clear (white dotted line). The thicker part of the colluvium is located at 90–130 m of the profile (thickness is approximately 30 m). Comparing the geologic borehole data to the geophysics profile reveals clear contact between the Changchihkeng formation and the Ailioachiao formation, defined by a layer of highly fractured rock (black dotted line). This contact may be a slip surface (Table 2). It appears to underlie much of the study area, and in some areas, it is as deep as 48 meters below the surface. Using the results of geophysical exploration at RIP-2, a two-dimensional approximation of the subsurface conditions was created (Figure 6b) and used as a basis for another three-dimensional model of the landslide. The results of the hydrogeological investigation are summarized in a profile of the Xinzhuang landslide in Figure 7.



As indicated in Figure 7, the study area included the Changchihkeng formation and the Ailioachiao formation. These two formations consist of different materials and have different properties. BH-01 (35 m) and BH-02 (60 m) were located in the Changchihkeng formation in the upper slope. On the lower slope, BH-03 (65 m) and BH-04 (40 m) were located in the Ailioachiao formation. Based on laboratory test results, the strength of the Changchihkeng formation is higher than that of the Ailioachiao formation. The results of laboratory tests are presented in Table 3.





4. Results and Discussion


4.1. Hydrogeological Conceptual Models


The geological model was established using a 5 m × 5 m Digital Elevation Model (DEM) of Xinzhuang village. The profile analyzed from the DEM is indicated by the line AA’ in Figure 5. The cross-section begins at the top of the ridge above the landslide, intersects with boreholes BH-01, BH-02, BH-03, and BH-04 and extends to the toe of the landslide. The model constructed in GeoStudio is shown in Figure 8. The boundary conditions of the hydrogeologic conceptual model are also shown in Figure 8. To analyze infiltration and seepage flow, the left side boundary (RA) was set as a no-flux boundary because a crest line had already been established. The right side boundary (SB) was set as a constant head boundary equal to the water table at the toe of the slope and adjacent drainage. The lower boundary (AB) was set as a no-flux boundary. The surface of the slope (RS) was then set as a rainfall-infiltration boundary.



Two observation wells (BH-01 and BH-03) were set up in the Xinzhuang landslide. Based on borehole logging and monitoring results from the boreholes, the water table under normal conditions is located at the bottom of the fractured bedrock layer. Based on laboratory tests (Table 3) and monitoring results, the hydrogeologic parameters of each layer are organized in Table 4. Hydraulic parameters were calibrated by comparison with monitoring data and the results of steady-state seepage analysis. According to the steady-state seepage analysis, the value of the constant head on the left side (SB in Figure 8) is 156 m and the rainfall-infiltration boundary is 5 mm/day (unit flux).




4.2. Slope Stability Analysis


The setting of each scenario was as follows: (1) normal condition: the water table was obtained by steady-state seepage analysis, and the effect of seismic force was not considered; (2) torrential rain condition: the water table was obtained by transient seepage analysis, and the effect of seismic force was not considered. For the transient seepage analysis, the 20-year return period rainfall (1076 mm in 3 days) was adopted as the rainfall infiltration boundary; (3) earthquake condition: the water table was obtained by steady-state seepage analysis and the seismic force was considered. The peak ground acceleration (PGA) was 0.28 g [51]. The stability of each sliding mass under normal, torrential rain, and earthquake conditions was evaluated in the analysis, and the results were used as a reference for evaluating the landslide hazard.



The initial conditions for the water tables of each scenario were based on the analysis results of steady-state seepage analysis by SEEP/W. The steady-state seepage analysis was based on the boundary conditions of the hydrogeologic conceptual model (Figure 8) and the hydrogeologic parameters of the Xinzhuang landslide (Table 4) to assess the water table, shown as Figure 9a. In SEEP/W, rainfall events are simulated by inputting a unit flux value along the rainfall infiltration boundary. For the torrential rain condition, the water table obtained by transient seepage analysis is shown in Figure 9b. A comparison of Figure 9a,b shows a significant rise in the water table. The water table of the upper slope rises to nearly the bottom of the Colluvium, and it rises above the bottom of the Colluvium in the down slope. Furthermore, the safety factor of the Xinzhuang landslide was assessed for various conditions by entering the rainfall infiltration boundary or PGA into the verified model.



Based on Figure 7, this study speculates that two types of failure mechanisms may drive the landslide. The first type is a failure involving multiple sliding masses: Zone 1 and Zone 2 are two different potential sliding masses and are treated separately. The second failure mechanism is a single sliding mass where Zone 1 and Zone 2 are part of the same sliding mass, shown as Zone 3 in Figure 7. The upper area of Zone 1 is the main scarp of the landslide. The upper area of Zone 2 is the secondary scarp. The area of Zone 3 includes all of the sliding masses, so the sliding surface is deeper. The safety factor of each scenario was based on the results of the slope stability analysis by SLOPE/W. Results are shown in Table 5. The results revealed that of the three failure planes, regardless of the location of the water table or the PGA, the safety factor was lowest for Zone 3. For earthquake conditions, the safety factor dropped under 1.2. Based on these findings, the study speculates that Zone 3 could become unstable if the PGA reaches 0.28 g (Figure 10). This study suggests that landslide hazard assessment of the Xinzhuang landslide focus on evaluating the stability of Zone 3.




4.3. Landslide Impact Zone


The RAMMS avalanche modeling software, which is commonly applied software for discrete element numerical modeling, was used to assess the impact of failure on Xinzhuang Village. RAMMS allows the user to import DEM data directly as an initial topography (before landslide) with a standard format (i.e., XYZ). The 1-m resolution DEM of the Xinzhuang landslide was converted to a 2-m resolution matrix of discrete elements (Figure 11) using the RAMMS modeling software. Parameters used in calibrating the model were taken from Table 4. The parameters in Table 4 were developed from laboratory tests. Other relevant parameters used in the model are listed in Table 6.



The potential sliding mass defined by Zone 3 was used as the sediment source for the model. From image interpretation, the horizontal area of the landslide was determined to be 109,200 m2, and the slope area of the landslide was estimated at 141,000 m2. The mean depth of Zone 3 was assumed to be equal to 20 m, as shown in Figure 10. The total estimated volume of the landslide was 2,820,000 m3.



Figure 12 shows the runout extent of the Zone 3 potential sliding mass after failure. The results revealed that the thickest deposit during the failure was 88 m (located just below Zone 2). Analysis results were overlaid with the locations of households and infrastructure to determine accumulation depths. It was found that the houses would be buried 5 to 20 m deep in debris. The width of the landslide deposit was 440 m, and the total runout distance was 1250 m. The numerical simulation showed that the highest instantaneous velocity in the upper part of the failure was 62 m/s. When the landslide reached the households, the peak velocity of the debris was approximately 18 m/s. To understand the further landslide hazard, this study included the deposition height as an assessment index from RAMMS and evaluated the landslide hazard in this case (Table 7; [53]).



The building structures in residential areas in Taiwan are mostly constructed of reinforced concrete (RC), so the landslide velocity is not the primary factor in destroying the housing and public facilities, according to past landslide investigations. Those investigations indicated that the primary factor that affects the evacuation of residents is the flow height, so this study focuses on the flow height to assess the following evacuation plan. This approach defined three landslide hazard levels depending on the influence of sediment deposition on the building structure (Figure 13, i.e., low, moderate, and high level). The housing is also illustrated in the same color in the influence area, so that the competent authority can set up a corresponding regional disaster prevention and response plan.



If this failure occurs, the residents located close to the gully at the base of the large-scale landslide will be impacted first. Next, the debris will be directed over the flat topography in the northwest area of the landslide. In summary, over half of the residents in Xinzhuang Village are in the hazard area of the landslide and are at risk of being impacted by the landslide. Regarding road conditions, based on model results, the landslide will not influence Highway 29; only the agricultural road that leads towards Shizi Mountain will be covered by debris and impassable to vehicles.




4.4. Disaster Prevention and Evacuation Plan


This study collected data from the Shanlin District public office “Xinzhuang residents’ disaster prevention card” (November 2013), the Shanlin District “Emergency rescue center and disaster evacuation center manual” (March 2014), and the Kaohsiung City government’s “List of disaster evacuation centers” (June 2014). From this information, the study found that the city government and district offices had already developed plans for the Xinzhuang District activity center, Xinhe District activity center, and Daai activity center to be used as evacuation centers.



To examine the suitability of the existing disaster prevention and evacuation plans for the situation of a large-scale landslide in Xinzhuang Village, the locations of the selected evacuation centers were checked against the hazard zone of the landslide and the modeled landslide runout extent (Figure 12). The Xinzhuang District activity center is located within the influence zone of the Zone 3 landslide (the accumulation depth at the activity center is predicted to be 1.0 to 4.5 m). Most residents that are at risk of the landslide are located in the area bounded by the south-east area of Highway 29, Ln. 106 and Ln. 58. Because the Xinzhuang District activity center is located within a conservative estimate of the influence zone of the Zone 3 landslide, the activity center is not a suitable location for protecting human lives, and thus should not be used as an evacuation center.



The evacuation map of the Xinzhuang landslide drawn in this study is shown in Figure 14. Results suggest that the Xinhe District activity center and the Daai activity center can be safely used as evacuation centers for residents in the hazard zone. Moreover, evacuees can follow Highway 29 to the north for approximately 1.6 km to reach the Xinhe District activity center. That activity center has a capacity of 30 people. Evacuees can also head south on Highway 20 for 4.2 km to reach the Daai activity center. The capacity of the Daai activity center is 100 people.



If only two evacuation centers are available, only 130 people can be accommodated. The capacity of the two evacuation centers is insufficient to accommodate the 119 households or 360 people that could be affected by the large-scale landslide. Therefore, this study suggests that the district and city governments add another evacuation center and update the district disaster prevention and response plans for the area.




4.5. Discussion


This study compiled current methods for investigating and evaluating large-scale landslides. Each method has a specific purpose and application. The method should be selected based on project goals, funding, and scheduling. Before implementing the investigation and evaluation, a proper plan is needed to ensure that project goals are achieved or exceeded.



The investigation phase produced two key findings: (1) The interpretation of high-resolution DEM and landslide micro-topography is an important component of the analytical procedure. The results can be used to partition the locations and areas of potential sliding masses in the study area and serve as a basis for subsequent geological drilling and geophysical exploration configuration planning. (2) Geological drilling, geophysical prospecting, and in-situ or laboratory tests are basic and necessary tasks. For potential large-scale landslides, several factors must to be noted: (a) geological drilling must penetrate into the deepest slip surface or bedrock and should not be less than 30 m; (b) the RIP method can be used for geophysical prospecting (seismic methods are recommended for shallow landslides), the prospecting line should match the geological drilling position, and the prospecting depth must exceed the depth of the geological drilling; and (c) all hydrogeological units should obtain the physical, mechanical, and hydrological parameters.



The assessment phase produced two key findings: (1) GeoStudio and RAMMS were used to assess the potential and influence zones of a large-scale landslide. Slope stability analysis can be used to analyze the scenario conditions for possible failure through scenario simulation. It is recommended that subsequent analysis of the landslide impact zone be conducted for analysis results that do not meet the specifications. The volume of the landslide can be assessed by landslide micro-topography interpretation (area) and slope stability analysis (depth), and even three-dimensional slope stability analysis can be used. (2) The observation period of this study was only three months. If long-term observation data (such as over one year) are available, it is suggested that rainfall infiltration-groundwater seepage-slope stability analysis be considered. Such an analysis would allow further discussion of the correlations among rainfall, water table, and safety factor at different return periods.





5. Conclusions







	
This paper integrates existing survey techniques and analysis models. The purpose of the field investigation is to understand the environmental conditions contributing to slope instability, the extent and volume of the landslide, and the people and infrastructure affected by the landslide hazard. The purpose of the assessment is to understand the stability of the landslide mass, its failure mode, the failure extent and the sensitivity of the landslide to earthquakes and torrential rain.



	
Furthermore, the paper presents an analytical procedure that can be applied to assess the possible impact of the landslide collapse on nearby settlements. The GeoStudio and RAMMS analysis modes and the hazard classification can be used to estimate the following: (a) the failure mechanism and the influence zone of large-scale landslides; (b) the migration and accumulation of failure; (c) the landslide hazard map and evacuation map. The analytical procedure can be applied to other villages and used as a reference for the development of disaster prevention and evacuation plans.



	
The paper employs the Xinzhuang landslide as an example to illustrate how to perform this analytical procedure. After completing a comprehensive analysis of the Xinzhuang landslide, the landslide was divided into three potential failure masses (Zone 1, Zone 2 and Zone 3). Analytical results showed that the potential failure block (Zone 3) could become unstable under earthquake conditions. If the Zone 3 potential sliding mass does mobilize, the main area affected by the deposit is the area southeast of Highway 29, Ln. 106 and Ln. 58. People living in this area are at risk of being buried by 1 to 20 m of landslide debris (deeper than the adjacent deposit visible at the foot of Shizi Mountain).



	
The methods used to evaluate the failure scenario and landslide scale are very important. The methods proposed in this paper, landslide micro-topography and slope stability analysis, should be relatively simple methods. Furthermore, RAMMS can estimate the impact area and accumulation depth after failure, with hazard classification, and this information can be included in the landslide hazard map. The analytical results can be used to assess the extent of the landslide threat and to check the suitability of the disaster prevention and evacuation plan.
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Figure 1. Investigation and assessment flow chart for a large-scale landslide. 
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Figure 2. Active landslide geomorphic evolution and deep-seated landslide characteristics. 
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Figure 3. Location and basic environmental conditions of the Xinzhuang landslide. (a) Location of the Xinzhuang landslide in Kaohsiung, Taiwan; (b) Satellite image; (c) Contour map; (d) Slope map; (e) Aspect map. 
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Figure 4. Geophysics and geologic borehole investigation locations. 
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Figure 5. Results of micro-topography interpretation for the Xinzhuang landslide. (a) Minor scarp; (b) Main scarp; (c) Minor scarp. 
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Figure 6. Illustrations of geophysical and geologic borehole investigation results. (a) RIP-1 survey line; (b) RIP-1 and RIP-2 survey lines. 
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Figure 7. Geologic profile of the Xinzhuang landslide. 
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Figure 8. Numerical models of the Xinzhuang landslide. 
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Figure 9. Analysis results of seepage analysis under normal and torrential rain conditions. (a) Steady-state seepage analysis; (b) Transient seepage analysis. 
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Figure 10. Analysis results of slope stability analysis under earthquake condition. 
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Figure 11. Three-dimensional models of the Zone 3 potential sliding mass of the Xinzhuang landslide. (a) Satellite image; (b) Numerical models. 
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Figure 12. Influence zone and accumulation depth assuming failure of the Zone 3 potential sliding mass. 
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Figure 13. Landslide hazard map assuming failure of the Zone 3 potential sliding mass. 
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Figure 14. Evacuation map for the Xinzhuang landslide. 
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Table 1. Purposes and applications of hydrogeological investigation and tests (from Chung et al. [23]).
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Method

	
Purpose and Application






	
Geological drilling

	
1. Geological structure and mapping;




	
2. Hydrogeological properties of numerical analysis;




	
3. The potential slip surface of the landslide.




	
Surface geological investigation

	
1. Topographic and geologic features.




	
Double-ring infiltration test

	
1. Infiltration rate of colluvium;




	
2. Hydrogeological properties of numerical analysis.




	
Geophysical prospecting method

	
1. The potential slip surface of the landslide;




	
2. Aquifer characteristic and geological features.




	
Borehole televiewer and logging

	
1. Borehole image and geological features;




	
2. Strikes and dips of geologic features;




	
3. Collection and interpretation of core samples.




	
Double packer test

	
1. Hydraulic conductivity of rock mass;




	
2. Aquifer characteristic of landslide.




	
Pressure plate test

	
1. Soil-water characteristic curve of colluvium;




	
2. Hydrogeological properties of numerical analysis.




	
Laboratory tests

	
1. Hydrogeological properties of numerical analysis.
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Table 2. Potential sliding surfaces and core photos.
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Borehole ID

	
Potential Sliding Mass




	
Zone 1

	
Zone 2

	
Zone 3






	
BH-01

	
27.4–27.5 m

 [image: Sustainability 10 01491 i001]

	
-

	
27.4–27.5 m

 [image: Sustainability 10 01491 i002]




	
BH-02

	
39.4–39.5 m

 [image: Sustainability 10 01491 i003]

	
-

	
47.8–48.0 m

 [image: Sustainability 10 01491 i004]




	
BH-03

	
19.9 m

 [image: Sustainability 10 01491 i005]

	
-

	
37.3–37.7 m

 [image: Sustainability 10 01491 i006]




	
BH-04

	
-

	
20.4–20.7 m

 [image: Sustainability 10 01491 i007]

	
36.2–36.8 m
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Table 3. Laboratory test results for the Xinzhuang landslide.
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Type

	
Property

	
BH-01 and BH-02 (Changchihkeng Formation)

	
BH-03 and BH-04 (Ailioachiao Formation)






	
Colluvium

	
Specific gravity

	
2.71

	
2.70–2.71




	
Unit weight (t/m3)

	
1.69–1.81

	
1.57–1.66




	
Cohesion (kg/cm2)

	
0.15

	
0.03




	
Friction angle (degree)

	
27.4

	
31.0




	
Fractured Rock

	
Specific gravity

	
2.67

	
2.66–2.68




	
Unit weight (t/m3)

	
2.60–2.61

	
2.57–2.60




	
Cohesion (kg/cm2)

	
0.45

	
0.35




	
Friction angle (degree)

	
32.5

	
23.0








Note: Specific gravity and unit weight were obtained from soil classification test. Cohesion and friction angle were obtained from direct shear test and unconfined compression test.
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Table 4. Hydrogeologic parameters used in numerical model for the Xinzhuang landslide.
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Parameters

	
Hydrogeologic Unit

	
Data Sources




	
C

	
M1

	
M2

	
S1

	
S2

	
F






	
Unit weigh (kN/m3)

	
18.1

	
25.8

	
25.8

	
26.0

	
26.0

	
26.0

	
Soil classification test




	
Cohesion (kg/cm2)

	
0.09

	
0.35

	
3.50

	
0.45

	
4.50

	
0.00

	
Direct shear test




	
Friction angle (deg.)

	
29.0

	
23.0

	
30.0

	
32.5

	
35.0

	
32.5

	
Direct shear test, Unconfined compression test




	
Hydraulic conductivity (m/s)

	
5.78 × 10−4

	
1.39 × 10−5

	
5.56 × 10−9

	
6.94 × 10−5

	
3.06 × 10−8

	
5.78 × 10−6

	
Back analysis (compare with monitoring data)
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Table 5. Safety factor obtained by slope stability analysis for the Xinzhuang landslide.
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Scenario

	
Minimum Requirement

	
No. of Sliding Mass




	
Zone 1

	
Zone 2

	
Zone 3






	
Normal condition

	
1.50

	
1.73

	
1.99

	
1.61




	
Torrential rain condition

	
1.10

	
1.48

	
1.75

	
1.31




	
Earthquake condition

	
1.20

	
1.24

	
1.31

	
1.12








Note: Minimum requirements extracted from Technical Regulations for Soil and Water Conservation [52].
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Table 6. Parameters used in RAMMS for the Xinzhuang landslide.






Table 6. Parameters used in RAMMS for the Xinzhuang landslide.










	Parameters
	Laboratory Test
	Numerical Simulation





	Unit weight (ρ, kg/cm2)
	2.14–2.60
	2.40



	Friction angle (φ, deg.)
	23
	23



	Friction coefficient (μ)
	0.42
	0.42



	Turbulent friction coefficient (ξ, m/s2)
	-
	2000 1



	Simulation stop criteria
	
	Mmax < 3% 2







Note: 1 Suggestion value by RAMMS manual [12] (Volume > 60,000 m3; elevation < 1000 m). 2 Mmax: Maximum momentum.













[image: Table] 





Table 7. Landslide hazard classification (revised from Hürlimann et al. [53]).






Table 7. Landslide hazard classification (revised from Hürlimann et al. [53]).





	
Parameter

	
Deposition Height (h)

	
Landslide Hazard






	
Intensity

	
h < 1.0 m

	
Low




	
1.0 m < h < 2.5 m

	
Moderate




	
h > 2.5 m

	
High
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