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Abstract

:

A landslide is the movement of rocks, debris, and/or soils down a slope, which often includes falls, topples, slides, flows, and spreads. Landslides, a serious natural hazard to human and human activity, often occur in the coastal and mountainous areas in the United States. Although there are some studies that have explored the landslide probability, which is typically directly modeled by inputting potential environmental variables into statistical regression models, this study designed an alternative geospatial analysis and modeling approach. We first conducted statistical diagnostic tests to examine the significance of potential driving factors including landform, land use/land cover, landscape, and climate. In eastern Tennessee, USA, we first applied the t-test and chi-squared test to select the significant factors driving landslides, including slope, clay percentage in the soil, tree canopy density, and distance to roads, having a p-value of less than 0.05. We then incorporated the four identified significant factors as covariates into logistic regression to model the relationship between these factors and landslides. The fitted logistic model, with a high area under the ROC (AUC) score of 0.94, was then applied to predict landslides and make a regional landslide susceptibility map for eastern Tennessee. The landslide’s potential impacts on eastern Tennessee were also discussed, and implications for local governments and communities for current physical infrastructure protection and new infrastructure development were summarized.
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1. Introduction


A landslide is the movement of rocks, debris, and/or soils down a slope, including falls, topples, slides, flows, and spreads [1,2]. They most often occur naturally but can also be trigged by human activities, such as unstable human-made slopes [3], uneven degrees of weathering [4], weak rock units, overadequate precipitation [5,6,7,8,9], and earthquakes [10,11,12].



In the United States, landslides, as a major geologic hazard occur, in all fifty states and more often in coastal and mountainous areas such as along the west coast and in the eastern mountainous and hilly regions. Landslides, a serious natural hazard to human and human activity, are a significant driving factor of landforms that modify slopes, transport sediments down slopes, change the land surface, and influence ecosystem functions. Each year, landslides cause about USD 3.5 billion in damage and kill about 25 to 50 people in the USA (https://pubs.usgs.gov/fs/2004/3072/fs-2004-3072.html, accessed on 28 March 2024).



However, not many landslide susceptibility studies in the United States have been published in refereed journals; some empirical case studies are for landslide sites in Idaho [13], Washington [14,15,16], and western Colorado [17], which are mountainous areas where slope was found to be a statistically significant influencing factor. The landslide study in Ohio [18] indicated that slope angle, proximity to streams, soil erodibility, and soil type were statistically significant influencing factors. The study in Kansas [5] found that slope was the most important factor in landslide susceptibility assessment modeling, and geologic units consisting mostly of shale, siltstone, and sandstone were also found to be variables contributing to landslide susceptibility; soil type was also examined, but soil type was highly correlated to geologic unit.



Currently, both qualitative methods and quantitative modeling are used to analyze and map landslide susceptibility. Being knowledge-driven, qualitative methods often rely on experts’ knowledge and opinions about a place, which typically require field surveys of geology, geomorphology, and land use and land cover [1,18], so that experts can assess the potential contribution of these factors to landslides. On the other hand, landslides are analyzed and mapped by using quantitative approaches, which are typically data-driven methods [19,20,21,22,23,24]; sometimes, experts’ assessments are also incorporated into quantitative modeling. An example of a combined quantitative and qualitative approach is spatial multicriteria evaluation, in which an analytical hierarchical process is used in a geographic information system (GIS) environment to assign weights and build a hierarchy of variables to quantify the potential for landslides [4,25].



In this study, we designed an alternative GIS modeling approach for regional landslide susceptibility analysis and mapping (Figure 1) and then applied it to eastern Tennessee, which is located in the southern Appalachian Mountains area in the U.S. We emphasize not only the geological, landform, landscape, and climate factors but also the multivariate analysis of driving force of landslides’ environmental factors, which were first statistically tested. Then, we applied logistic regression in a GIS environment to model and map landslide susceptibility.




2. The Study Area


We chose the eastern Tennessee area, covering various subranges of the Appalachian Mountain Range, based on the past landslides before 2015 in this region recorded by the Tennessee Department of Transportation. The eastern Tennessee region, also called Region 1, includes twenty-four counties including Fentress, Cumberland, Scott, Morgan, Roane, Loudon, Monroe, Campbell, Anderson, Know, Blount, Claiborne, Grainger, Jefferson, Sevier, Hancock, Hawkins, Greene, Cocke, Sullivan, Washington, Unicoi, Carter, and Johnson.



The total area of east Tennessee is 25,314 km2, and, within the study area, the major cities are Knoxville, Chattanooga, and the Tri-Cities, which are the third, fourth, and sixth largest population centers in Tennessee. This study area hosts one of the highest concentrations of European Americans in the USA. The populations in most counties are 90% or more White, except for the counties of Hamilton and Knox; African Americans are largely aggregated in Chattanooga and Knoxville.



Fully located within the Appalachian Mountains, the landforms in east Tennessee are mainly valleys and ridges, which are the characteristic terrain of the Great Appalachian Valley and constitute the majority of the study area [26]. This study area includes three major geological divisions: the Blue Ridge Mountains are in the east; in the center is the Ridge-and-Valley Appalachians; and to the west of the Ridge-and-Valley Appalachians is the Cumberland Plateau. The average elevation in the Blue Ridge Mountains within this study area is the highest, with a mean of 1500 m. However, the elevation in the Ridge-and-Valley Appalachians is the lowest, having relatively wide river valleys. Among them are parallel ridges commonly running from southwest to northeast, and the lowest site is only about 180 m above sea level. The Cumberland Plateau has an average elevation of 610 m above sea level, and most areas in general are about 300 m higher than the Appalachian Valley.



Most of the areas in the eastern Tennessee region experience warm summers and mild winters, except for the high-elevation areas in the Cumberland and Blue Ridge Mountains, where a humid continental and cool mountain temperature climate is dominant. The average temperature is 58.4 °F. Most of the precipitation occurs in the winter and early spring. The average annual precipitation (2000–2015) for eastern Tennessee was about 1300 mm [27].




3. Data and Methods


3.1. Geospatial Data Processing


Geology, landform, landscape, and climate data were prepared and processed into different geospatial layers (Table 1). Two types of geologic data, geologic period and rock type, were processed. Landform and soil geospatial layers included elevation, slope, aspect, clay and silt percentages, and distance to roads, which can be thought of as a social factor. Landscape data included land use, land cover, and percentage of tree canopy. Distance to roads was processed based on roads using the 2010 TIGER/Line dataset. The distance to road variable was the distance between a landslide point to the nearest road. To be ready for GIS and statistical regression modeling, all the geospatial layers in Table 1 were processed and converted into a 30 m grid format. For example, the nonraster layer of distance to a road, which was a point shapefile of distance, was then converted into a raster layer with cell size of 30 m. The PRISIM climate data were resampled onto a 30 m grid. All raster layers were then projected onto Tennessee State Plane using ArcGIS 10.3.1.




3.2. The Selection of Significant Variables


According to the landslide research process that we proposed above (Figure 1), the significant driving factors were first statistically tested after the geospatial layers were processed. The t-test and chi-squared test were applied to the factors in Table 1 for numeral and categorical data, respectively.



For the observed 28 landslide sites in eastern TN, we randomly sampled the 28 sites for each geospatial layer and repeated the statistical tests 10 times to check the significance of a potential driving factor. In this way, we generated random points in this study to meet the requirements of a paired two-sample t-test or a chi-square test for categorical variables. A two-sample t-test was executed later to compare the sample means of each variable. There were only the sample means of the 28 past landslides, and a two-sample t-test could be applied for the assessment of similar means of two independent samples. To account for the second sample, random points were created within the study area. Using the Create Random Points tool in ArcGIS, we generated these randomly sampled points. This random sampling process was performed 10 times to produce a final 280 random points (10 sections of 28). These randomly sampled points were kept as 10 sections throughout this process to have the same number of sites for each statistical test performed.




3.3. Logistic Regression


Logistic regression allows a probability output from 0 to 1, and it is often applied to modeling the relationship between significant driving factors that are potentially related to a response variable of interest [28]. In this study, it was used to predict the potential landslide probability across the study area. The response variable, landslide, was hence defined as a binary variable:


   y i  =       1   p r e s e n c e   o f   l a n d s l i d e s       0   a b s e n c e   o f   l a n d s l i d e s        



(1)




where the random variable     y   i     has a Bernoulli distribution, with values 1 and 0 taking the probabilities of     π   i     and 1 −     π   i    . Then, the logistic regression could be written as


    y   i   ~   β (   n   i   ,     π   i   )  



(2)






  l o g i t       π   i       ~     x   ′   β  



(3)




where the total of 140 independent observed sites y1, y2, y3, …, yi, …y140 included the 28 observed landslide sites and 112 randomly sampled sites without landslides, and the ith landslide site was treated as the realization of the random variable yi. xi is a vector of the four significant factors as covariates, and β is the vector of the regression coefficients. Therefore, we formed this logistic regression model to analyze the relationship between the potential susceptibility to landslides and their significant driving factors [28].





4. Results


Using the statistical tests to select significant variables, we found four factors (distance to roads, percentage of tree canopy, clay percentage, and slope) that were significant driving factors of landslides. The results are listed in Table 2 below.



Other factors, including elevation, aspect, geologic period, land cover, silt, bedrock, and rainfall, were not significant in their relationship to landslides. The t-test results are summarized in Table 3. These nonsignificant factors may be significant for landslide susceptibility in other regions.



Leave-one-out cross-validation and K-fold cross-validation with K values from 5 to 15 were used to check for errors in the modeling process. Both produced similar results, with an error of about 0.11. The receiver operating characteristic (ROC) curve was applied, and the area under the ROC (AUC) was used to examine the performance of the logistic regression. An AUC value larger than 0.8 indicates the good performance of logistic regression modeling. The closer the AUC to one, the better the predictive capability of the logistic model. This logistic regression for landslide susceptibility analysis obtained an AUC of 0.94.



Among the four significant driving factors, slope positively impacted landslides. The other three factors, clay percentage, percentage of tree canopy, and distance to a road, had negative impacts on landslides. In other words, higher slopes have a higher probability of landslide, while a higher percentage of clay in this study area results in a lower probability of landslide; the same applies for a higher percentage of tree canopy and farther distances to roads (Table 4). We could interpret this result as follows: given a slope coefficient of 0.0125 and a log-odds of 1.0126, as slope increases one unit, landslide probability increases 1.26%. Likewise, as the clay percentage in the soil increases one unit, the log-odds decreases to 0.95, and the landslide probability decreases 5.37%. A one-unit increase in tree canopy and distance to road could result in decreases in landslide probability of 0.29% and 0.07%, respectively.



To better understand the potential impacts of landslides on eastern TN, USA, we classified the landslide probability into five levels considering both quantiles and natural breaks in the data. The susceptibility levels were very low (0–0.06), low (0.061–0.18), moderate (0.181–0.3), high (0.31–0.43), and very high (0.431–0.99), which are mapped in Figure 2. The high and very high susceptibility areas were mainly located in the counties of Anderson, Roane, Monroe, Knox, Hamblen, Greene, Washington, and Sullivan. Knox, Sullivan, and Washington are the most populous counties in the region, which have populations of 432,226, 122,979, and 156,823, respectively, according to the U.S. Census Bureau, 2010. Anderson, Roane, Monroe, Hamblen, and Greene counties are among the least populous counties, at 75,129, 54,106, 44,445, 62,544 and 68,831, respectively, according to the U.S. Census Bureau, 2010.




5. Discussion


This study fills the knowledge gap regarding landslides in the Appalachian Mountains, and a regional landslide susceptibility map was created for the eastern Tennessee region. Barbaccia [29] studied landslides and the damage they caused to roads including bridges on State Route 7 in Maury County, Tennessee. Loeb and King [30] focused on the effects of landslides on urban forests and the differences among species, in which slope was not a significant variable. Baird and Harden [31] focused on the meteorological conditions when a landslide occurred along I-40 from Hartford, Tennessee to Cocke County, North Carolina; Liddle and Bakaletz [32] studied a 25-acre landslide in Scott County, Tennessee, that occurred on 27 January 2005. However, they did not assess the factors driving the landslide or regional landslide susceptibility.



The driving variables of landslides may change from place to place. Slope and soil are significant factors driving landslides in the Appalachian Mountains, a finding that coincides with those of other landslide studies in mountain regions [15,33,34]. Distance to roads is a significant variable for landslide susceptibility, which was also found by [35,36,37]. We assumed that rainfall could be a significant force driving landslide susceptibility; however, the logistic regression modeling showed that it was not significant, although the t-test showed that it was significant with some but not other random samples.



Slope was the only variable significantly contributing to landslides in eastern Tennessee. Clay percentage, tree canopy density, and distance to roads were the significant variables reducing landslide probability in eastern Tennessee. Maintaining and increasing forest coverage in eastern Tennessee could reduce landslide susceptibility in the large-slope areas, and significant physical infrastructure should be developed in areas with small slopes, on soil with high clay percentages, a high density of trees, and away from roads. However, we need to understand that high percentages of clay generally result in high landslide susceptibility. Eastern Tennessee is located within the Appalachian Mountains, which receive an annual precipitation of about 1300 mm, and the clay in the topsoil is easily carried away by runoff to low-attitude areas with shallower slopes. Therefore, the clay percentage in the topsoil may not indicate high landslide susceptibility, especially in low-attitude areas with shallow slopes. It may also indicate that the current roads may be located close to or along relatively high-slope areas. In the future, new roads may be established on or close to areas with relatively gentle slopes.



Using multivariate logistic regression to determine landslide susceptibility, as in most other studies [38,39,40], we proposed a new GIS modeling approach in this study, and potential factors driving landslides were first statistically tested, and only significant variables were selected and then input into logistic regression modeling for landslide susceptibility. This approach directly achieves the optimal modeling of landslide susceptibility, removing the complicated stepwise regression and significant variable selection procedures required when many potential variables are directly input into logistic regression. Using remote sensing applications for landslide identification and risk assessment could be another type of approach to mapping landslide susceptibility [41,42,43], which was beyond the scope of this study because this study did not use any remote sensing data.



One obvious limitation of this study is the available landslide data. The landslide data were collected by the Tennessee Department of Transportation, which provided very limited information regarding landslide sites, and the area, size, depth, and consequences of the landslides were not recorded. There is much less research focusing on landslides, which may be because there was not enough funding for monitoring landslide hazards and collecting surveyed data. Therefore, this study could not conduct a comprehensive analysis focusing on landslide typology, velocity, frequency, and so on. Refs. [44,45,46,47,48] used combined GIS and machine learning approaches, in which relatively large landslide samples were used, while there were only 28 landslide sites recorded in eastern Tennessee. Additionally, rainfall is one of the typical triggers of landslides, but the statistical test did not find significant differences in rainfall between the observed 28 landslide sites and the random samples at nonlandslide sites in this study area. In other words, given the about 1300 mm precipitation and the only 28 observed landslide sites in this study area, the terrain factors and social activity factors significantly contributed to the overserved landslides. However, landslides may still be triggered by rainfall, especially rainfall intensity and rainfall period, which were not measured and considered in this study but could also be significant factors contributing to landslide susceptibility in eastern Tennessee. Additionally, coal mining, iron and metal mining, road construction, and other human activities in eastern Tennessee may also trigger landslides within this region.



The 28 historical recorded landslide sites comprise a relatively small size for statistical test and modeling, although the t-test can be applied to small sample sizes. Fortunately, the validation using leave-one-out cross-validation and k-fold cross-validation provided high-accuracy results. The results may only be applicable to eastern Tennessee. The significant variables affecting landslides identified in this study may not be significant in other regions. We did not try to apply machine learning methods. In general, machine learning methods need a large sample size, requiring several hundreds, thousands, or even much larger samples sizes [49,50,51]. Machine learning generally does not start with a predefined model but with enough data to process, train, learn a model, and then apply it for simulation or prediction. Conversely, based on some assumptions, statistical models are suitable for modeling with small sample sizes.



This study applied classic statistics including a two-sample t-test for continuous variables, a chi-square test for categorical variables, and then logistic regression for model training and prediction. There is a trend where machine learning and deep learning methods are being increasingly used to predict landslides and other types of natural hazards. However, science does not deny traditional or classic methods, as the objectives of the sciences are to find facts and the relationships or interactions among different phenomena. Machine learning or deep learning methods, in general, need large numbers of input observations and diverse attributes for the learning process, and large numbers of attributes are needed to train models to find stable relationships, which could then be used by the trained models for additional prediction or application. However, we need to understand if classic or traditional methods can solve the problems well: we may not need to try complicated deep learning approaches that are typically computation-demanding currently with results that are difficult to interpret.




6. Conclusions


This study developed a new geospatial analytics approach for regional landslide susceptibility modeling and mapping. Starting with potential geospatial data/layer processing, we first conducted statistical tests (i.e., t-test for numeral data and chi-squared test for categorical data) to identify significant relationships between each geospatial factor and landslide data. By inputting only significant factors into the logistic regression modeling of landslide susceptibility, it directly modeled landslides and the selected geospatial factors to significantly reduces efforts for selecting significant variables, and model comparisons were conducted to determine an optimal logistic regression model. Geospatial analysis in this study was used to find that landform variables (i.e., slope and clay content in the soil), tree canopy, and distance to road were significant for landslide susceptibility. In other words, given landslide triggers (e.g., rainfall, mining, and other human activities) in eastern Tennessee, the landslide-susceptible areas were mainly identified by their slope, clay content in soil, tree canopy, and distance to roads. Local governments and communities should pay attention to current physical infrastructure (e.g., buildings, power grid systems, etc.) located in steep-slope areas and close to roads, and new physical infrastructure should not be placed in areas with steep slopes and close to roads. The application of this GIS-based analytics approach to eastern TN, USA, showed that geospatial analytics is efficient for regional landslide susceptibility modeling and mapping with relatively small sample sizes.
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Figure 1. The GIS research procedure used for regional landslide susceptibility modeling and mapping. 
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Figure 2. Landslide susceptibility levels in eastern TN, USA, mapped using NAD1983 State Plane Tennessee FIPS 4100. 
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Table 1. Geospatial data sources and preprocessing.
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Factors

	
Source






	
Landform

	
National Elevation dataset, U.S. Geological Survey, 30 m grid data.




	
          Slope




	
          Aspect




	
          Elevation




	
Soil

	
gSSURGO datasets, U.S. Department of Agriculture, 30 m grid data.




	
          Clay percentage




	
          Silt percentage




	
Geology

	
Online mineral resources spatial data, U.S. Geological Survey (shapefile).




	
          Geologic period




	
          Bedrock type




	
Landscape

	
National Land Cover Database (NLCD), 2011, 30 m grid data.




	
          Land use land cover types




	
          Percentage of tree canopy




	
Distance to roads

	
TIGER, U.S. Census Bureau, 2010 (shapefile).




	
Climate: Mean annual rainfall

	
PRISM climate data, 800 m grid data.








Note: Landform data were downloaded from www.ned.usgs.gov (accessed on 21 March 2024), soil data were obtained from www.websoilsurvey.nrcs.usda.gov/ (accessed on 21 March 2024), geology data were from http://mrdata.usgs.gov (accessed on 21 March 2024), landscape data were obtained from www.mrlc.gov/nlcd2011.php (accessed on 21 March 2024), TIGER data were from www.census.gov/geo/maps-data/data/tiger-line.html (accessed on 21 March 2024), and climate data were obtained from http://prism.oregonstate.edu/ (accessed on 21 March 2024).













 





Table 2. The p-values of statistical tests between landslide and nonlandslide sites.
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	Sample Times
	Slope
	Clay Percentage
	Percentage of Tree Canopy
	Distance to Road





	1
	0.0126
	0.0067
	0.0343
	<0.0001



	2
	0.0884
	0.0403
	0.0003
	<0.0001



	3
	0.0776
	0.0413
	0.0005
	<0.0001



	4
	0.0081
	0.0101
	0.0114
	<0.0001



	5
	0.2346
	0.0063
	0.0020
	<0.0001



	6
	0.1408
	0.2301
	0.0024
	<0.0001



	7
	0.0501
	0.0119
	0.0042
	<0.0001



	8
	0.1836
	0.0101
	0.0004
	<0.0001



	9
	0.0025
	0.0455
	0.0065
	<0.0001



	10
	0.1903
	0.0574
	0.0020
	<0.0001










 





Table 3. The p-values of nonsignificant factors.
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	Sample Times
	Elevation
	Aspect
	Geologic Period
	Landcover
	Silt
	Bedrock
	Rainfall





	1
	0.2923
	0.2152
	0.5000
	0.1526
	0.0891
	0.9864
	0.1631



	2
	0.4850
	0.1448
	0.1631
	0.1542
	0.1439
	0.9964
	0.1508



	3
	0.1448
	0.1581
	0.1631
	0.1517
	0.2933
	0.9975
	0.1010



	4
	0.3559
	0.3535
	0.1631
	0.1501
	0.0945
	0.7800
	0.1597



	5
	0.1051
	0.3172
	0.1631
	0.1508
	0.0010
	0.0001
	0.1786



	6
	0.1786
	0.1272
	0.1631
	0.1512
	0.0632
	0.8930
	0.0435



	7
	0.0859
	0.2171
	0.1631
	0.1514
	0.2209
	0.9926
	0.1214



	8
	0.4568
	0.3645
	0.1631
	0.1521
	0.1368
	0.0880
	0.0153



	9
	0.3352
	0.4904
	0.1631
	0.1491
	0.2428
	0.0001
	0.0051



	10
	0.3373
	0.1786
	0.1786
	0.1511
	0.4300
	0.9998
	0.0859










 





Table 4. Understanding the factors driving landslides.
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	Coefficient
	Estimate
	p Value
	Driving Impact





	Slope
	0.0125
	0.0005
	Positive



	Clay percentage
	−0.0552
	0.0153
	Negative



	Tree canopy
	−0.002