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ARTICLE INFO ABSTRACT
Keywords: The frequency of landslides and related economic and environmental damage has increased in
Geographic information systems recent decades across the hilly areas of the world, no exception is Bangladesh. Considering the
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first step in landslide disaster management, different methods have been applied but no methods
found as best one. As a result, landslide assessment using different methods in different
geographical regions has significant importance. The research aims to prepare and evaluate
landslide susceptibility maps (LSMs) of the Chattogram district using three machine learning
algorithms of Logistic Regression (LR), Random forest (RF) and Decision and Regression Tree
(DRT). Sixteen landslide conditioning factors were determined considering topographic, hydro-
climatic, geologic and anthropogenic influence. The landslide inventory database (255 loca-
tions) was randomly divided into training (80 %) and testing (20 %) sets. The LSMs showed that
almost 9-12 % of areas of the Chattogram district are highly susceptible to landslides. The highly
susceptible zones cover the Chattogram district’s hill ranges where active morphological pro-
cesses (erosion and denudation) are dominant. The ROC values for training data were 0.943,
0.917 and 0.947 and testing data were 0.963, 0.934 and 0.905 for LR, RF and DRT models,
respectively. The accuracy is higher than the previous research in comparison to the extent of the
study area and the size of the inventory. Among the models, LR showed the highest prediction
rate and DRT showed the highest success rate. According to susceptibility zones, DRT is the more
realistic model followed by LR. The maps can be applied at the local scale for landslide hazard
management.

1. Introduction

The frequency, intensity and uncertainty of all types of natural disasters are significantly increasing across the world driven by the
adverse impact of climate. According to the EM-DAT database, of 16472 natural disaster records, 40.2 % of them occurred in Asia and
12.75 % of all disasters occurred in Southern Asia. Landslide alone comprises 5.08 % of all the natural disasters occurred worldwide.
Asia alone is affected by 53.88 % of all landslides that occur globally and the Asian landslide alone shares 2.74 % of all the natural
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disasters in the world [1]. Historically, Bangladesh experiences several natural disasters such as floods, droughts, cyclones, tidal
surges, river bank erosion, salinity intrusion and earthquake due to its complex geography and climate. Over the last thirty years,
hill-cutting problems become prominent in the hilly areas due to development activities and unplanned urbanization (including
unplanned migration). Besides, climate change-induced short-time extreme rainfall increased in Bangladesh. As a result, landslides
frequently occur in the fragile hilly landscape, causing huge casualties and significant economic loss [2,3]. From the period of
2000-2018, 204 landslides occurred in south-eastern Bangladesh resulting in 727 casualties and 1017 injuries [4]. Changes in land
cover in different forms in hilly areas, especially in the Chattogram district, resulted in severe landslides and the frequency is
continuously increasing. Hill cutting, expansion of brick kilns, hill soil collection for brick kilns, agricultural activities on hill slopes,
unplanned urbanization, and human migration to hilly areas are the major drivers of land cover change in the hilly areas of
Bangladesh. These types of land cover changes make the fragile hilly landscapes more vulnerable to landslides [2,3]. From 2000 to
2018, landslides increased at a rate of 4 % and around 19 landslides occurred each year (Sultana 2020). Though the landslide risk is
particularly evident in the city corporation areas of Chattogram due to the presence huge population and resources, other areas are also
becoming vulnerable to landslides causing serious damage to the environment, rural peoples and natural resources [5,6].

Landslide susceptibility mapping is considered the first step in landslide hazard assessment. Subsequently, it helps in landslide
management and disaster loss reduction in a region [6-8]. The assumption is that proper monitoring, scientific assessment and
detection of landslide-prone areas is the best approach to landslide risk reduction [9]. An accurate landslide susceptible map and the
relevant spatial data have a significant value in decision-making, disaster policy formulation, proper land use plan implementation at
the local scale and taking essential measures for disaster risk reduction and prevention to reduce larger loss during the disaster [10].

There are several types of landslide susceptibility mapping techniques such as physically based models, qualitative, semi-
quantitative and quantitative. Physically based models extract the internal process of landslides. Semi-quantitative techniques
combine qualitative (expert opinion) and quantitative techniques [11]. The quantitative analysis measures the bivariate, multivariate
or inherent relationship between landslide incidents and the corresponding spatial arrangement of the conditioning factors in a given
landslide zone using statistical, machine and deep learning techniques [11-13]. In a quantitative method, the numerical approxi-
mation of the likelihood of landslide occurrence in a given landslide zone is measured using a landslide inventory database. The
presumption is that the actual landslides (landslides in the inventory database) and the factors related to landslide occurrences are
homogeneously distributed over the study area. There are many quantitative methods have been popularly used in landslide sus-
ceptibility mapping such as frequency ratio, information value [14-20], logistic regression [13,21-33], random forest [19,34-40],
support vector machine [13,41-45], and regression and decision tree [15,19,23,26,46-51]. Among the quantitative methods, machine
learning models had been producing more reliable and better results compared to statistical models even in the data-scarce regions
[10,15,39,52,53,54]. Sometimes, bivariate models can produce similar [16] or better result compared to logistic regression model [54]
and logistic regression model can over perform to machine learning model [55]. Though a number of techniques have been applied to
map landslide-susceptible zones across the world, no single method is developed as a suitable one [56]. The performance of a model
changes from region to region and different methods produce different results in a given study area [7,11,57-62]. To overcome this
limitation, the error rate of different models are compared for a single study area and the model that produces the highest accuracy is
considered the best model for the given study area. This is the best and easiest strategy to choose the optimal model for landslide
hazard mapping for a study area. The hypothesis is “the best model will produce the lowest error rate and it will be considered as the
best predictive model” [56,63]. For this reason, researchers compared different computing techniques [57,60,611, spatial data sources
[591, inventory mapping [62], the combination of spatial data [59], computing software [64] etc. to get the best landslide suscep-
tibility map. Over time GIS-based techniques have become more popular among the scientific community for landslide-prone area
prediction [10,65]. GIS and remote sensing techniques have been popularly applied to carry out many studies in landslide suscepti-
bility mapping research across the world [61].

The rapid development of GIS (Geographic Information Systems) and the easy integration of other technology into the GIS envi-
ronment enable users to easy application of several landslide susceptibility mapping models [10,66,63]. Machine learning models can
be easily integrated into GIS that can simulate landslide susceptibility zones in an accurate and scientific manner. CRAN-R software, in
this case, by analysing data, enables the prediction of landslides by different machine learning models and the result can be further
integrated into GIS to predict probable landslide-susceptible zones.

Though some landslide susceptibility maps have been prepared for the Chattogram district but covering the whole district is limited
and only application of bivariate statistical models are found. Also, machine learning methods were applied to produce landslide
susceptibility maps of Chattogram Metropolitan Areas. So, the aim of the current research is to prepare landslide susceptibility maps of
Chattogram District utilizing GIS-based machine learning models. The machine learning models chosen to compare are logistic
regression, random forest and decision and regression tree which have been widely used in different study areas across the world with
higher accuracy. The landslide susceptibility map of the whole Chattogram district was not produced using the selected machine
learning models before. The landslide susceptibility map and the spatial databases will be helpful for land use planning, identifying
vulnerable areas, and sustainable hill planning in the region. The scientific community, policy-makers and stakeholders will be
beneficial from this research.

2. Methodology
2.1. Study area

Fig. 1 shows the location of the study area. The Chattogram District is situated between the latitudes 21°54’ and 22°59' North and
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the longitudes 91°17' and 92°13' East. The district is surrounded by Feni and Khagrachhari in the west, Rangamati in the north, Cox’s
Bazar in the southeast and the Bay of Bengal in the south. The proximity of the Bay of Bengal supports the region with higher moisture
and excessive rainfall. Even the tropical sunshine also supports the hilly areas with a continuous denudation process. The river systems
in Chattgogram district also support moisture and erosion, though rainfall is the main agent of the erosion process in Chattogram.
There are many anticlines and synclines found in the Chattogram Hill Tracts which are folded into a sequence of long sub-
meridional (NNW-SSE). These folded anticlines and synclines are composed of Upper Tertiary sandy-argillaceous sediments which
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Fig. 1. Location of the study area and landslide points. a) Location of Chattogram District in Bangladesh. b) Chattogram District in Chattogram Hilly
Areas. ¢) landslide training and d) testing data in the study area.
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have been folded over time. The low elevated elongated hill ranges and the intervening valleys which are visible in the surface
topography are the output of these folded anticlines and synclines. The folded structures of the topography can be demarcated by their
en-echelon orientation which becomes more intricate and intense following the east direction. Consequently, from west to east, the
folded flanks are divided into three North-South trending zones: (a) the Western Zone (highly compressed structures, merely basic box-
like folds, contiguously associated ridge-like asymmetric anticlines; (b) the Middle Zone (steep sides and gentle crests separated by
gentle synclines) and (c) the Eastern Zone (narrow anticlines are severely disrupted and have steep cutting flanks, anticlines are mostly
related to thrust faults) [67]. Unconsolidated sedimentary rocks and readily weatherable feldspar are found in the surface strata of this
area. In the surface strata, yellowish-brown to reddish-brown loams are found. Geologically, the underlain rocks of these hill ranges are
derived from the Tipam and Surma formations. The hill ranges are only a few hundred meters high, but they feature steep slopes that
are connected by gullies and rills [68-70].

2.2. Data and data sources

The landslide inventory database was prepared by conducting extensive field surveys and google earth time series image inter-
pretation. The geological map of the study area was acquired from the Geological Survey of Bangladesh (GSB) (server link: http://
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Fig. 2. Landslide site in Chattogram.
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www.gsb.gov.bd/site/view/commondoc/Geo-scientifc%20Map/-?page=3&rows=20) Both Landsat satellite images and SRTM-DEM
(Shuttle Radar Topography Mission Digital Elevation Model) were directly acquired from USGS geological survey website (https://
earthexplorer.usgs.gov/). Data of the road network of the study area was acquired from the GEOFABRIK server (Link: https://
download.geofabrik.de/).

2.3. Landslide inventory mapping

The landslide inventory database was prepared by conducting extensive field surveys during August 2022-November 2022 and by
interpreting time series google earth image interpretation [71]. Records of landslides from local newspapers, existing literature,
including theses, reports, and published and unpublished works, as well as government data and archives, were used to detect
landslide locations. Finally, an inventory database of 255 landslide locations was prepared (Fig. 1). Among the identified landslides,
the slide is the most dominant category in the study area followed by fall, flow and topples. Fig. 2(a - h) shows some photos of the field
survey in different location of the study area.

2.4. Landslide conditioning factor preparation

The spatial database of landslide conditioning factors includes sixteen factors which were selected based on field experience and
the review of previous literature (Table 1). Pixel size of the conditioning factor processed from SRTM-DEM and Landsat images are 30
m. The geology, distance to river, drainage density and distance to road are also converted into 30 m resolution for better comparison.
Some factors are deducted after the multicollinearity test. The selected landslide conditioning factors are shown in Fig. 3(a-p).

Elevation (Fig. 3a), slope (Fig. 3c), aspect (Fig. 3b), general curvature (Fig. 3d), plain curvature (Fig. 3e) profile curvature (Fig. 3f)
are derived from the arc toolbox of ArcMap 10.5 software. Geology (Fig. 3g) is used as a geological unit. Distance to road (Fig. 3n) and
distance to stream (Fig. 3m) is measured by the Euclidian distance method in ArcMap 10.5 software. Drainage density (Fig. 31) is
measured using the line density tool of ArcMap 10.5 software. To measure the distance to stream and stream density, streams of the
study area were extracted from DEM by morphometric analysis of the study area. STI (Fig. 3h), TRI (Fig. 3k), TWI (Fig. 3i) and TPI
(Fig. 3j) are calculated using equations (1)-(4).

a
TWI=In (tan ﬁ) ...................... (€D)
TRI=1/cos(tan B x 7z /180)....c.evvuriruninnnnee 2)
STI=(m+1) x (A;/22.13)m x sin(f / 0.0896)n..........oeeveunnn.e. 3)
TPI = zero/near — zero — flat or a near continuous Slope....................... (C))

Using equation (5), the NDVI (Normalized Difference Vegetation Index) (Fig. 3p) of the study area was calculated from Landsat 8
OLI image.

NDVI=(NIR — RED)/ (NIR+RED)....................... 5)

Table 1
Landslide conditioning factors selected for the research used in literatures in Bangladesh.

Conditioning Influence of the factor

Factor

Elevation It affects the geological and geomoohological process and landslides tends to occur in high elevated areas.

Aspect Slope direction indirectly affects the landslides by controlling vegetation growth, species distribution, sunlight etc.

Slope Significantly affects the slope stability.

General Curvature Generally concave slope retains more water than convex and flat slope resulted in instable slope condition
Plan Curvature

Profile Curvature

Geology
Distance to river
Drainage Density
STI

TRI

TWI

TPI
Distance to Road

LULC

NDVI

Different geological units have different impact on landslides.

Areas close to rivers are more prone to erosion as a result likelihood of landslides is higher.

Higher stream density also affects landslides positively.

STI indicates the power of overland flow to cause erosion. High STI values mean higher chance of erosion by overland flow.

It indicates the surface ratio between concave and convex upward slopes.

TWI indicates the impact of spatial scale on hydrological process. High TWI values indicates high infiltration rate of water as result areas with
high TWI values are more prone to landslides.

It is the measure of topographic slope position which is the output of difference of a target cell and its surrounding cells.

Road construction increases water infiltration and causes slope break resulted in higher landslides in close proximity to road.

Erosion and weathering process are significantly increased by anthropogenic activities such as forest removal, agricultural practice, and
house construction.

Low NDVI indicates low presence of vegetation. Theoretically low vegetated areas are more prone to landslides.
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Fig. 3. Landslide conditioning factors: a = elevation, b = aspect, ¢ = slope, d = general curvature, e = plan curvature, f = profile curvature, g =
geology, h = STIL, i = TWIL, j = TP, k = TRI, 1 = stream density, m = distance to stream, n = distance to road, o = LULC and p = NDVI).

2.5. Land use and land cover map

Land use and land cover map of the study area were classified by the machine learning classifier of Random Forest. Machine
learning classifiers are more effective in demarcating different types of land use and land cover from satellite images [72,73]. Random
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Forest classifier performs better and produces high overall accuracy compared to SVM and ANN in producing land cover classification
maps [37,38,74]. Land use and land cover map of the study area were classified using the Random Forest classifier tool of QGIS 3.25
software. The landsat image of November 19, 2021 was acquired for LULC mapping. The path and row of Landsat image is 136 and 45.
Nine land cover classes were identified and they are water body, urban built-up, rural built-up, bare land, fellow land, salt farm, mixed
large trees, hilly vegetation and herbaceous vegetation (Fig. 30). Descriptions of the selected land cover classes are given in Table 2.

2.6. Accuracy assessment of LULC map

Accuracy assessment of land use and land cover classification map from remote sensing images is very essential. The overall ac-
curacy, producer accuracy, user accuracy, and kappa coefficient of the classified map are computed following Chowdhury and Hafsa
(2022b) [75]. Table 3 shows the accuracy of the classified map measured using the input sample data of each land cover classes. The
overall accuracy of the map is 0.99 and the Kappa is 0.99 indicating a higher accuracy of the land cover classification map.

2.7. Non-landslide location sampling

All the locations free of landslide locations are considered non-landslide locations. The “Random Sampling” tool of ArcMap 10.5
software was used to create a non-landslide location database. To remove the bias, the same number (255) of non-landslide locations
was determined.

2.8. Training and testing data extraction

The inventory data was divided into training and testing using the “subset feature” tool of ArcMap 10.5 software [76]. From the
dataset, 80 % (204 landslide locations) were used for training purposes and 20 % (51 landslide locations) were used for testing
purposes [71,77,78]. The same method was also applied to non-landslide data. From the dataset, 80 % (204 non-landslide locations)
were used for training purposes and 20 % (51 non-landslide locations) were used for testing purposes. Both landslide and non-landslide
locations selected for training and testing purposes are merged together for the final application in the mathematical model.

2.9. Multicollinearity test

The presence of a strong correlation between dependent and independent variables in the dataset leads to multicollinearity. The
presence of the collinearity effect leads to inaccurate prediction of the independent variable (overestimation or underestimation). So
that before applying any multiple regression or machine learning models, testing multicollinearity is essential as these models are
highly sensitive to multicollinearity effects. Especially in landslide susceptibility mapping, testing multicollinearity between landslides
and landslide conditioning factors is mandatory [6,18,30,38,79]. Many techniques are used to quantify multicollinearity, but variance
inflation factors (VIFs) are the most popular and frequently employed [30,79-82]. In this study, multicollinearity was evaluated using
two statistical indexes of tolerance (TOL) (equation (6)) and VIFs (equation (7)).

Tolerance= 1—C2.......ccovveeeeeeeiieiiieei. 6)

where C? represents the coefficient of determination for the regression of the explanatory variable on the remaining independent
variables. VIF is demonstrated as the correspondence of tolerance and is calculated as follows:

1

VIF=——
Tolerance

................................ )

2.10. Logistic regression

The logistic regression model is a very popular method extensively used in landslide susceptibility mapping research. It is suc-
cessfully used in a number of case areas across the world [13,14,23,26,29,33,83,84]. The logistic regression model predicts the

Table 2
Description of the land cover types.
SN Land cover type Description
1 Water body River, pond, lake
2 Urban built up Densely built buildings in the urban area and related construction
3 Rural built up Built up found outside city, sparsely built houses.
4 Bare land Completely bare surface, sand cover
5 Fellow land Land to be used for cultivation but seems partly bare
6 Salt farm Salt farm along the coast
7 Mixed large trees Large trees located in the rural or urban area in the low elevated land
8 Hilly vegetation Dense vegetation over the hillslope
9 Herbaceous vegetation Sparse vegetation over medium to low hills, especially the tea garden
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Table 3
User and producer accuracy of individual land cover class.
1 2 3 4 5 6 7 8 9
PA [%] 100 100 100 100 99.99 100 99.99 100 100
UA [%] 100 100 100 99.99 100 100 100 99.99 100
Kappa 1 1 1 0.99 1 1 1 0.99 1

dependent variable by using a group of independent variables. The dependent variable is always binary or dichotomous (0 and 1) [16].
Details of the logistic regression model is found in Chau and Chan (2005) [85].

The logistic regression model is considered a benchmark model and is frequently used to assess how the other created models
function. This multivariate statistical technique is typically applied to solve binary classification (0, 1) problems. To predict binary
dependent variables it calculates the weights of each of the dependent variables which is one of the major advantages of the model
[32]. Besides, the model can handle non-normally distributed data and can use both continuous and discrete variables during
calculation [15,16,18,30,32,82]. The logistic regression model was developed by the “stats” library in CRAN-R software. The logistic
regression function can be expressed by a quantitative relationship as follows (equation (8)) [16,18,85]:

P=1/(14exp™)cceiiiiiiiiiiiiiiii, (8

where P: is the probability of landslide occurrence that estimated values vary from 0 to 1. Variable Z is landslide causal factors and
assumed as a linear combination of the causal factors X; (i = 1,2, ...n) as (equation (9)):

Z=e~Porthxthaat it PR e ()]
where f; is the optimal regression coefficient reflecting the contributions of each factor; fy is the constant coefficient; x; is the input
conditioning factors; and P is the occurrence probability of coseismic landslides.

The coefficients are calculated based on the inherent relationship between the dependent and independent variables where
landslides are the dependent variables and the conditioning factors independent variables. The corresponding values of the inde-
pendent variables are used to ascertain the probability of an independent variable (landslides). Z is an index that allows us to combine
the independent variables affecting the dependent variables. The value of Z varies between - oo to + oo [30].

2.11. Random forest

Breiman (2001) [86] first developed the Random Forest by integrating the bagging sampling approach of Breiman (1996) [87],
random split selection [88] and the random feature selection process of Ho (1995, 1998) [89,90] and Amit and Geman [91] (1997)
[39,92]. Random Forest is a tree-based ensemble classification method [86,93-95] which predicts dependent variables using the
independent variables [94]. Random Forest classifier creates many decision trees for a dataset [94] using different subsets of the data
[39]. A collection of random variables were split from the main dataset on which the tree of the Random Forest depends [94]. The RF is
a well-known method found in many literatures and it has high performance in landslide susceptibility mapping. It has a number of
benefits, including (1) Its non-parametric nature base; (2) Its ability to assess the significance of variables used; (3) the algorithm can
estimate the missing values in the dataset; and (4) It has the capability of regression, classification, and unsupervised learning [84].
Each tree in the RF is built using a subset of the predictor variables. The number of trees (ntree) and predictors (mtry) used to form each
tree might vary depending on the dataset. In the RF model, the robust error is estimated with the testing dataset. For this purpose, each
tree is built from the bootstrap sample of the training dataset as follows (equation (10)):

MSE=n"" i:(z,- ) e (10)
i=1

where t; is the average of all out-of-bag predictions, n is the number of out-of-bag observations in each tree, and MSE is the mean square
error obtained during the construction of the classification trees. The explained variable’s percentage is determined as follows
(equation (11)):

V= l——— an

where Vz denotes the response variable’s overall variation. Finally, the RF produces a single prediction that represents the average of
all aggregations. In this research, the “randomforest” library of CRAN-R software was used to build the Random Forest model.

2.12. Decision and regression tree

Decision and Regression Tree is a non-parametric supervised machine learning algorithm. It is prominently used for modelling
large data sets using classification and regression methods. The dependent variable (target variable) is then predicted by using the
independent variables (other data features). The model creates some simple decision rules using the independent variables to predict
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the target variable [26]. The underlying idea behind a decision tree is to split the provided training dataset into multiple subsets. Each
subset (split) consists of sets of more homogeneous or less homogeneous states of the dependent (target) variable. The decision tree
model evaluates all the input attributes (independent variables) to calculate the impact of each independent variable on the dependent
variable at each split in the tree. This process is recursively performed in the model and a decision tree is formed as an end result [46].
There are many types of algorithms available [15,47]. In this research “rpart” library of CRAN-R software was used to build the
Decision and Regression Tree model.

2.13. Validation of the map

The receiver operating characteristics (ROC) graph is extensively used in landslide map validation [6,58,96,97]. The ROC curve
consists of both x and y-axis in a diagonal plotting area. In the x-axis false positive rate is plotted and in the y-axis true positive rate is
plotted. The x-axis displays 1-specificity and the y-axis displays sensitivity. The specificity and sensitivity are measured using equations
(12) and (13). In the current research, the ROC curves success rate is measured using the training dataset and the ROC curves pre-
diction rate is measured using the training dataset [6,58,97,98].

TN
X= l—specificity=1— | ————= ] ceeerririiriiiiieniennns 12
specificity (TN+FP) (12)
TP
Y= 1—sensitivity=1—| ————— | cecoiiiiii i 1
Sensitivity (TP+FN> (13)

The result of the success rate is the comparison between the training data and the landslide susceptibility maps. Additionally, using
the validation data, prediction rates were determined [58,97]. The success rate reflects how well the LSM divides the landslides among
the susceptibility zones, or how well the model fits the data [21,98,99]. However, the prediction rate cannot accurately determine the
likelihood of future landslides; therefore, the prediction rate is calculated [98].

3. Results and discussions

Sixteen landslide conditioning factors were selected after the collinearity effect test to measure the relationship between landslides
and the spatial arrangement in the study area. After that, the models were applied to measure the weight of the conditioning factors to
landslide occurrences. To prepare the final map, the weights of the conditioning factors were engaged using a simple overlay method of
ArcMap 10.5 software. To engage the weights of the conditioning factors either the specific equation was followed such as for the
logistic regression model or conditional maps were combined such as for the decision and regression tree model.

3.1. Testing multicollinearity

Among many other methods, variance inflation factors (VIFs) are widely accepted to check the collinearity effects. Multi-
collinearity is tested using VIFs and tolerance (TOL) and the result is shown in Table 4. The larger the VIF value and the lower the TOL
value the higher the collinearity effect. The VIF value must be less than 10 and TOL must be more than 0.1 for the dataset to be
acceptable. In Tables 4 and VIF values of all the conditioning factors are less than 10 and TOL values are greater than 0.1 indicating the
selected conditioning factors are free of collinearity effects and any kind of bias. The result of the final analysis will be free of bias and

Table 4
Coefficients of multicollinearity test.
Unstandardized Coefficients Standardized Coefficients Collinearity Statistics
Beta t Sig. Tolerance VIF

(Constant) 0.122 0.153 0.798 0.426

DEM 0.161 0.111 0.061 1.451 0.148 0.586 1.706
Aspect 0.710 0.237 0.111 2.997 0.003 0.749 1.336
Slope 0.199 0.244 0.056 0.817 0.414 0.222 4.514
Profile curvature 0.061 0.130 0.021 0.467 0.641 0.497 2.012
Plan curvature —0.023 0.133 —0.009 -0.171 0.865 0.411 2.431
General curvature —0.057 0.156 —-0.016 —0.362 0.718 0.555 1.802
Geology 0.988 0.170 0.241 5.805 0.000 0.598 1.672
TWI 0.069 0.062 0.054 1.116 0.265 0.436 2.294
TPI —1.501 0.479 —0.116 —3.133 0.002 0.754 1.326
TRI 0.308 0.238 0.091 1.293 0.197 0.207 4.824
Distance to stream 0.066 0.066 0.034 0.994 0.321 0.863 1.159
Stream density 0.355 0.074 0.188 4.800 0.000 0.672 1.488
STI —0.332 0.192 —0.064 -1.729 0.085 0.761 1.315
LULC 0.292 0.073 0.161 4.028 0.000 0.642 1.557
Road 0.431 0.080 0.187 5.370 0.000 0.845 1.183
NDVI 0.079 0.195 0.015 0.407 0.684 0.722 1.384
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there will be no collinearity effects of conditioning factors over landslide occurrence. TRI and slope showed the highest collinearity and
the values are 4.824 and 4.514, respectively (Table 4). The lowest value of tolerance was also found for these two factors and they are
0.207 and 0.222, respectively. Distance to stream and distance to road showed the lowest VIF of 1.159 and 1.326 respectively
(Table 4).

3.2. Landslide susceptibility maps

3.2.1. Logistic regression

The confusion matrix of the LR model indicates that 171 landslide absences and 189 landslide presences were correctly predicted
(Table 5). The model incorrectly predicts 15 landslide absences and 33 landslide presences. The percentage of correctly predicted
absences is 83.82 % and the presence is 92.65 % (Table 5).

The coefficient of the logistic regression model indicates the impact of the predictors on response variables. From Table 6, the
importance and significance of the variables are found. The result showed that aspect has the largest impact on landslide occurrence
with a coefficient value of 7.6384, followed by geology (7.2108), distance to road (5.1324), Stream density (3.5885), LULC (2.9591)
and slope (2.0746). The negative value indicates a negative impact on the variables. But in the case of landslide conditioning factors,
the negative value indicates that the factor is inversely affecting landslide occurrence in an area. A negative coefficient was found for
only two conditioning factors, STI (—1.5394) and TPI (—11.0749). The final map is prepared by combining the weights of the factors
using ArcMap software (Fig. 6a).

3.2.2. Random forest model

In the random forest model, data were split into training (80 %) and testing (20 %). The prediction of the model is shown in Fig. 4
and Table 6. Fig. 4 shows the aggregate OOB predictions indicating the error rate of the model. It is understood from Fig. 4 that the
resulting model will produce a 25 % error rate for new observations. So, for a reasonably good model, 75 % of the results will be
accurate. The rows of Table 6 correspond to the actual observations of the input data and the columns demonstrate the predictions for
observation [34].

The RF model predicts 1 for 8 observations and predicts O for 19 observations. The findings of the model showed that 148 landslide
absences are predicted correctly and the percentage is 89 %. 167 landslide’s presence is predicted correctly and the percentage is 96.05
% (Table 7).

Table 8 shows the importance of the selected conditioning factors derived from the random forest model and ordered according to
the mean decrease Gini. According to Table 8, the high the value of a conditioning factor the higher the impact of that conditioning
factor on landslide occurrence. The random forest model demonstrated that geology is the most important variable (42.153 %), fol-
lowed by TRI (20.143 %), elevation (19.036 %), stream density (15.670 %) and Slope (13.212 %) (Table 8). The final map is prepared
by combining the weights of the factors using ArcMap software (Fig. 6b).

3.2.3. Decision and Regression Tree Model

The R programming language and the rpart package were used to construct the regression trees in the current study. Typically, this
leads to a complicated decision tree model. Such a tree structure needs to be "pruned" in order to extract only the most important
information (i.e., the nodes that account for the majority of deviation) required for further analysis. The confusion matrix of the DRT
model (Table 9) indicates that 194 landslide presences were correctly predicted which is 95.10 % and 181 landslide absences were
correctly predicted which is 88.72 %. The model incorrectly predicts 10 landslide absences and 23 landslide presences.

Fig. 5 shows the tree structure of the Decision and Regression Tree Models. The importance of the nodes and the percentage
corresponding to landslides are also shown there. According to Fig. 5, TRI gets the highest importance and it is the root node.

The value for landslide occurrence for a single condition is found in the terminal node of each leaf. Such as, If TRI <1.76045 and
Elevation <28.5 and Geology <0.2132355, then the likelihood of landslide occurrence will be 0.0132 and this condition reflects 37 %
of the landslide events. Root and terminal nodes and their corresponding importance derived from CRAN-R software are shown in
Fig. 5. From Fig. 5, landslide susceptibility map is prepared by following the below conditions using AcrMap 10.5 software (Fig. 6¢):

If TRI< 1.76045 and Elevation< 28.5 and Geology< 0.2132355, then assign value 0.0132; If TRI< 1.76045 and Elevation< 28.5
and Geology > 0.2132355, then assign value 0.636; If TRI< 1.76045 and Elevation > 28.5 and Distance to road > 63.541, then assign
value 0.308 etc.

3.3. Landslide susceptibility map evaluation

Landslide susceptibility maps were produced for all three models LR, RF and DRT shown in Fig. 6. These models produced pixel

Table 5
Confusion matrix of LR model.
Number Predicted recall precision accuracy
0 1 0.838 0.919 0.882
Actual 0 171 33
1 15 189
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Table 6

Coefficients of logistic regression model.
Coefficients: Estimate Std. Error z value Pr(>|z|)
(Intercept) —6.03510 1.85770 —3.24900 0.00116 o
DEM 1.53280 1.13930 1.34500 0.17847
Aspect 7.63840 2.50370 3.05100 0.00228 wox
Slope 2.07460 2.63950 0.78600 0.43186
Profile curvature 0.27480 1.45260 0.18900 0.84998
Plan curvature 0.24030 1.38940 0.17300 0.86266
General curvature 1.03450 1.63360 0.63300 0.52655
Geology 7.21080 1.63960 4.39800 0.00001 ek
TWI 0.98430 0.64800 1.51900 0.12878
TPI —11.07490 4.79200 —2.31100 0.02083 *
TRI 0.67300 2.70940 0.24800 0.80383
Distance to stream 0.25350 0.67500 0.37500 0.70729
Stream density 3.58850 0.77920 4.60500 0.00000 ok
STI —1.53940 1.75910 —0.87500 0.38153
LULC 2.95910 0.75110 3.94000 0.00008
Road 5.13240 1.02470 5.00900 0.00000 o
NDVI 1.22260 2.63000 0.46500 0.64201

Signif. codes: 0 “*** 0.001 “*** 0.01 *** 0.05 . 0.1 1

Random Foret

Error

0.10
1

0 100 200 300 400 500

trees

Fig. 4. The error rate of the overall RF model [OOB: out of bag (black line), 0: absent landslide (red line) and 1: present landslide (green line)]

Table 7
Confusion matrix of RF model.
Number Predicted recall precision accuracy
0 1 0.919 0.944 0.924
Actual 0 148 19
1 8 167
Table 8
Importance of the factors using training and testing data.
Factors MeanDecreaseGini Factors MeanDecreaseGini
Geology 42.153 TPIL 7.314
TRI 20.143 STI 5.677
Elevation 19.036 Plan curvature 5.231
Stream density 15.67 NDVI 4.435
Slope 13.212 Distance to stream 4.231
LULC 9.384 TWI 3.892
Road 7.827 General curvature 2.037
Aspect 7.516 Profile curvature 1.976
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Table 9
Confusion matrix of DRT model.
Number Predicted recall precision accuracy
0 1 0.887 0.948 0.919
Actual 0 181 23
1 10 194
TRI
|
|
TRI< 1.76
>=1.76
| [
Elewation < 29 Stream density < 627e-6
>=29 >=627e-6
Geology < 0.213 Distance to Road >5 63. Elevation 100 Geology < 0.0662
>=0.213 <63 >=100 >=0.0662
Distance to Road >= 109 Distance to Road >= 92;
<109 <920
0.0132 0.636 0.308 0.818 0.05 0.778 04 0.667
37.0% 2.7% 3.2% 2.7% 4.9% 22% 2.5% 4.4%

Fig. 5. Tree structure in DRT model.
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Fig. 6. Landslide susceptibility maps prepared by a) LR, b) RF, ¢) DRT models.

values, which were subsequently categorized using the natural break classification technique. The produced landslide susceptibility
maps using the three models met two spatial effective rules: (1) the high-susceptibility class should only include tiny areas, and (2) the
current landslide pixels should belong to that class (Bui et al., 2012; Guo et al., 2021). Fig. 6 indicates that the high-elevated areas are
prone to landslides and the low-elevated areas which are actually river basins and coastal plain (flat areas with low elevation) are free
of landslides. It can be compared from Fig. 3 a (elevation of the study area) that there are three distinct hilly zones in the study area and
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from Fig. 1 it is seen that landslides are distributed in these hills. This type of distribution of landslides makes the hilly areas vulnerable
to landslides which has been reflected in the susceptibility map.

Fig. 7 shows the percentage of area covered by each susceptible zone of each model. Results exhibited that according to the LR and
DRT model above 60 % area is covered by a very low susceptible zone which is a very large portion of the total studied area. Both
models also have a very low portion of the area covered by very high susceptible zones (LR = 9 % and DRT = 8 %). Very low to medium
susceptible zones of the RF model is homogenously classified (Very low = 23 %, Low = 28 % and High = 20) but the very high
susceptible zone covers a relatively small portion (12 %) of the total area. According to the hypothesis, LR and DRT will be the best
model for landslide susceptibility mapping over the RF model. Because these two models have demarcated a very small area of high
susceptible zone but have high accuracy. Theoretically, DRT is the best model according to success rate and LR is the best model
according to prediction rate.

3.4. Rationality of the landslide susceptibility maps

The rationality of the LSM was evaluated by comparing the landslide density in each of the susceptibility classes [100] following the
assumption of Guo et al. (2021) [101]. All the models showed a similar trend in landslide distribution in susceptibility classes, with an
increased number of landslides in the high susceptible zones (Table 10) and low areas in high susceptible areas (Fig. 7). The highest
number of landslides was distributed in the very high susceptible zone of the DRT model (207 landslides) followed by RF (182
landslides) and LR (181 landslides). There are no landslides in the very low and low susceptible class of the RF model and the very low
susceptible class of LR models. In contrast, the very low and low susceptible classless of the DRT model has 10 and 17 landslides,
respectively. Considering the very high and high susceptibility classes, the highest percentage of landslides was distributed in the RF
model (93.73 %) followed by LR (88.24 %) and DRT (86.67 %). In addition, considering the three highest susceptible classes (medium
to very high), the highest percentage of landslides was distributed in the RF model (100 %) followed by LR (95.29 %) and DRT (89.41
%) (Table 10). The assumption of landslide density infers RF as the best model followed by LR and DRT. Due to the highest number of
misclassifications of landslides into very low and low susceptible classes DRT model is determined as the lowest performing model
though in terms of susceptible areas, this model performed better than the other models [101,102].

3.5. Accuracy of the Map

The success and prediction rate of the model for landslide occurrence and non-occurrence was determined using the area under the
ROC curve (AUC of ROC) [34,103]. The cut value of AUC is 0.5 indicating a model is fit, and rising AUC values improve model quality.
Values under 0.5, however, reflect a random fit. In landslide susceptibility mapping research, model validation is commonly performed
by both success rate and prediction rate curves. The method compares the current landslide and non-landslide locations with the
prepared landslide susceptibility map to detect the acceptability of the map [24,34,104]. The training landslide pixels were employed
to prepare the success rate curve and the testing landslide pixels were employed to prepare the prediction rate curve. The success rate
can assist in evaluating how accurately the locations of existing landslides have been characterized in the generated landslide sus-
ceptibility maps. On the other hand, prediction rate describes the power of landslide susceptibility maps to predict future landslides in
the study area. The success rate shows the area under the ROC for LR, RF and DRT models are 0.943, 0.917 and 0.947, respectively
(Fig. 8a). The prediction rate shows the area under the ROC for LR, RF and DRT models are 0.963, 0.934 and 0.890, respectively
(Fig. 8b). The result is above 0.7 indicating an excellent performance of the model [105]. Though machine learning models produce
better results than other models [10,15,39,52,53,66], in this research, the LR model showed a better prediction rate compared to other
models machine learning models [55]. DRT model misclassified some landslides and the RF model classified comparatively larger
extent of very high and high susceptibility classes which ultimately affected AUC values leading to higher accuracy in the LR model.

3.6. Comparison of LSM with previous map

The findings of this study suggest that for large-scale landslide susceptibility mapping, the LR, RF, and DRT approaches provide
satisfactory results. The methods showed excellent performance in both success and prediction rates according to the AUC classifi-
cation scale [105]. There is difficulty in comparing results with previous research because most of the previous research conducted on
the Chattogram Metropolitan area [68,106,107] and Chattogram City Corporation Area [5] except for two conducted on whole
Chattogram district [6,108]. The size of these study areas is small as the size of the Chattogram Metropolitan area varies from 680 to
720 square kilometres in the papers and the size of the Chattogram City Corporation Area is 170 square kilometres. The highest and
lowest success rate obtained in previous research are 0.951 and 0.839, respectively by Ahmed et al. (2015a) [68], 99.47 % and 93.35
%, respectively by Ahmed et al. (2018) [106], 98.0 and 96.0, respectively by Rahaman et al. (2017) [107], 0.939 and 0.873,
respectively by Ahmed and Dewan (2017) [5]. Rahaman et al. (2017) obtained the highest prediction rate of 99 % and the lowest of 98
%. In the above-mentioned research, knowledge-driven or bivariate methods were used except for Rahaman et al. (2017) [107], which
used the machine learning model of support vector machine. Rahaman et al. (2017) [107] obtained a success rate of 99.47 % and a
prediction rate of 93.10 %. The models used performed excellently for a small study area in the Chattogram district. When the whole
Chattogram district was considered, the size of which is 6116.13 square kilometres, the bivariate and machine learning models
produced less accuracy compared to the accuracy of the small area. Mourin et al. (2018) [108] obtained 88.7 % accuracy using Support
Vector Machine for the Chattogram district. Chowdhury and Hafsa (2022a) [6] obtained the highest success rate of 80.43 % and the
lowest success rate of 70.11 % for the same area using bivariate statistical models. Some research [17,24,52,109,110] concluded that
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Fig. 7. Susceptible areas of landslide susceptibility maps.

Model result comparison according to landslide density.

Models Susceptibility Level Area (%) Landslides Landslides (%) Frequency Ratio
LR Very Low 61 0 0.00 0.00
Low 14 12 4.71 0.34
Medium 9 18 7.06 0.83
High 8 44 17.25 2.29
Very High 9 181 70.98 7.98
RF Very Low 23 0 0.00 0.00
Low 28 0 0.00 0.00
Medium 20 16 6.27 0.31
High 16 57 22.35 1.36
Very High 12 182 71.37 6.06
DRT Very Low 66 10 3.92 0.06
Low 11 17 6.67 0.60
Medium 11 7 2.75 0.25
High 14 5.49 1.13
Very High 8 207 81.18 10.45
(@) ROC Curve (Success Rate) (b) ROC Curve (Prediction Rate)
10 — 1.0 ———
i
0.8 0.8 -
0.6
£ ®
? 04 ? 04
Source of the Curve Source of the Curve
LR (0.943) LR (0.963)
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Reference Line Reference Line
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Fig. 8. Area under ROC curve a) success rate (training data) and b) prediction rate (testing data).
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bivariate models are better for regional scale mapping but the current research indicates the capability of machine learning is higher
than bivariate models for regional scale mapping. Additionally, it is apparent that the size of the landslide inventory database
significantly affects the models’ accuracy, especially for machine learning models. Mourin et al. (2018) [108] used 105 samples where
73 were used for training purposes and 32 were used for testing purposes. The training dataset of the current research was 204 and the
accuracy is above 0.90 for all models.

The landslide susceptibility maps of the current research somewhat resemble the maps of the previous research. Such as maps
produced by LR and FR models resemble the maps of bivariate statistical models (Chowdhury and Hafsa 2022a) [6] and the map
produced by DRT resembles the map produced by the SVM method [108]. In the Chattogram district, the river basin areas or low
elevated areas and the coastal areas are free of landslide risk but the high altitude areas are prone to landslides. Some hills located in
the southeastern part of the study area never encountered landslides according to previous records. But all methods in all the research
classified them as landslide-prone zones. This is the limitation of the mathematical models; they underestimate or overestimate
landslides in the un-sampled areas.

In landslide susceptibility mapping, results always vary from model to model both in accuracy and in the importance of condi-
tioning factors even for the different variants of the same models [15,19,26,108]. The variation in the importance of the variables from
model to model is also evident in this research. The performance of the models is also satisfactory and higher compared to the results of
other research [15,19,34]. The variation in the success rate and prediction rate of the models also resembled that of Youssef et al.
(2016) [34]. Wang et al. (2021) [60] used different datasets and found LR outperformed over RF model. Youssef & Pourghasemi
(2021) [61] found a 95.1 % success rate for the RF model in Asir Region, Saudi Arabia. Current research showed the overall highest
success and prediction rate of the selected models compared to other regions [34]. Gui et al. (2023) [66] found best-first decision tree
(BFT) outperformed against rotation forest and other ensemble models. But in this research, the success rate of DRT and prediction rate
of LR is the highest compared to the other models. Characteristics of the study area affect the result of landslide susceptibility mapping
models and in this study area, the LR model showed a better prediction rate than machine learning models which supports the result of
Luo et al. (2019) [55] where the LR model performed better than Naive Bayes (NB) model.

The current map covers the whole Chattogram district with the highest success rate of 0.947 and lowest success rate of 0.916 and
highest prediction rate of 0.963 and the lowest prediction rate of 0.905. Besides, three new machine learning algorithm has been used
to prepare landslide susceptibility maps in this district. According to the extent of the study area, this research has produced the most
accurate and reliable landslide susceptibility map for the Chattogram district.

3.7. Cause of landslide in the study area

According to the LR model, aspect, geology, road, stream density, LULC, slope and elevation are the most influential factors in
landslide susceptibility mapping. According to the RF model, geology, elevation, TRI, stream density, slope and LULC have got the
highest importance in landslide occurrence. According to the DRT model, TRI, elevation and geology account for 37 % of landslide
occurrence and TRI, stream density, geology and distance to road account for 38.7 % of landslides in the study area. In all cases,
geology gets the highest importance in landslide occurrence in the Chattogram district. Geology alone is the most crucial factor for
landslide occurrence and some topographic and hydrologic factors are also accompanied by landslide occurrence. The combined effect
of the mentioned factors is mainly responsible for the natural denudation and erosion process where human footprint in various forms
makes the process faster. All the maps account for the hilly areas highly prone to landslides which were also evident during field
observation. The river basin areas, the Halda basin, are prone to erosion, but due to low elevation and because of the destructive force
they cannot be declared as landslides. The whole area is morphologically active and the morphologic activity is driven by a combi-
nation of multiple factors. The hilly areas are at high risk to the environment and people as the landfall, flow, slide or topple from high
elevated areas can cause more damage to them.

4. Conclusion

GIS-based machine learning algorithms of logistic regression, random forest and decision and regression tree were used to prepare
landslide susceptibility maps for a highly landslide-prone area, Chattogram district of Bangladesh. These three models were introduced
for the first time to prepare landslide susceptibility maps for the Chattogram district as the previous study was mainly confined to
Chattogram City. A landslide inventory database of 261 locations and sixteen landslide conditioning factors was used to account for the
relationship between landslides and the conditioning factors. Geology alone is the most crucial factor for landslide occurrence in the
Chattogram District. Besides, some topographic (elevation, slope and aspect) and hydrologic (TRI and stream density) factors also
cause landslides accompanied by geology. Human interventions such as LULC and road construction have a minor impact compared to
other factors. The accuracy of LR, RF and DRT models were 0.943, 0.917 and 0.947 respectively for success rate and 0.963, 0.934 and
0.905, respectively for prediction rate. According to the results, DRT produces the most realistic landslide susceptibility map for
Chattogram District. According to the models, almost 9-12 % of areas of the Chattogram district are highly susceptible to landslides
mainly covering the hilly areas. Chattogram City is located in very high susceptible zones. The resources and population in the entire
hilly area are at high risk of landslides. Active morphological and denudation process is responsible for the high landslide potentiality
in the hills. The research findings will be very supportive to the land use policy makers and landslide disaster planners and to the
researchers. The machine learning models used in this research can also be replicated in other regions, but the result may affected by
the study area and the number of conditioning factors used.
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