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Abstract: Landslide susceptibility mapping is of critical importance to identify landslide-prone
areas to reduce future landslides, causalities, and infrastructural damages. This paper presents
landslide susceptibility maps at a regional scale for the Chittagong Hilly Areas (CHA), Bangladesh.
The frequency ratio (FR) was integrated with the analytical hierarchy process (AHP) (FR_AHP) and
logistic regression (LR) (FR_LR). A landslide inventory of 730 landslide locations and 13 landslide
predisposing factors including elevation, slope, aspect, plan curvature, profile curvature, topographic
wetness index (TWI), stream power index (SPI), land use/land cover, rainfall, distance from drainage
network, distance from fault lines, lithology, and normalized difference vegetation index (NDVI)
were used. Landslide locations were randomly split into training (80%) and validation (20%) sites to
support the susceptibility analysis. A safe zone was determined based on a slope threshold for logistic
regression using the exploratory data analysis. The same number of non-landslide locations were
randomly selected from the safe zone to train the model (FR_LR). Success and prediction rate curves
and statistical indices, including overall accuracy, were used to assess model performance. The success
rate curves show that FR_LR showed the highest area under the curve (AUC) (79.46%), followed by
the FR_AHP (77.15%). Statistical indices also showed that the FR_LR model gave the best performance
as the overall accuracy was 0.86 for training and 0.82 for validation datasets. The prediction rate curve
shows similar results. The correlation analysis shows that the landslide susceptibility maps produced
by FR and FR_AHP are highly correlated (0.95). In contrast, the correlation between the maps
produced by FR and FR_LR was relatively lower (0.85). It indicates that the three models are highly
convergent with each other. This study’s integrated methods would be helpful for regional-scale
landslide susceptibility mapping, and the landslide susceptibility maps produced would be useful
for regional planning and disaster management of the CHA, Bangladesh.

Keywords: Chittagong Hilly Areas; regional scale; landslide susceptibility; logistic regression;
analytical hierarchy process; frequency ratio

1. Introduction

Landslide refers to the movement of debris, rocks, and soil under the influence of gravity [1]. It is
a common phenomenon in mountainous areas [2] and accounts for 9% of the world’s disasters [3].
Landslide causes damage to infrastructure, human fatalities, and economic losses [4]. Two types of
factors, predisposing and triggering ones, affect the occurrence of landslides. Predisposing factors create
suitable conditions for landslides, whereas triggering factors initiate the landslides [5]. The predisposing
factors of landslides include slope, elevation, aspect, curvature, geology, and land use/land cover [6].
Landslides can be triggered naturally by rapid snow melting, volcanic activity, groundwater pressure,
seismic activities, wildfire, and intensive or prolonged rainfall [7-10]. Landslides can also be triggered
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by human activities, such as excavation, deforestation, hillslope cutting, road construction, traffic
vibration, and agricultural cultivation [11]. Landslide susceptibility assessment, which shows the
probability of landslides over an area, is critical to minimize the losses and deaths caused by the
landslide [12,13]. A landslide susceptibility map can answer where future landslide would occur over
an area but cannot answer when and the intensity. For landslide risk mapping, generally, both spatial
probability, time component (when), and intensity (dimension of landslides) are considered [14]

Landslide susceptibility can be investigated using quantitative and qualitative methods.
Quantitative methods determine the mathematical relationship between landslides” occurrences and
their associated predisposing factors [11]. Quantitative methods can be categorized as deterministic
and probabilistic methods. In a deterministic approach, a slope safety factor, defined as the ratio of
shear strength to shear stress, is commonly used to determine an area’s landslide susceptibility [7].
This approach is suitable for small areas due to the challenge of measuring the safety factor over a
large area [15]. Probabilistic methods use different statistical algorithms, such as logistic regression,
multiple linear regression, support vector machines, frequency ratio, and certainty factor, to determine
the relationship between the presence or absence of landslides and landslide predisposing factors.
Probabilistic methods can be either bivariate or multivariate [16]. Bivariate methods conduct a paired
comparison of landslide occurrence with each predisposing factor. These methods usually divide each
factor into a set of classes and determine the relationship between landslide occurrence and these
classes [11]. The commonly used bivariate methods include the frequency ratio, the weight of evidence,
fuzzy logic, evidential belief function, and statistical index [7,13]. Multivariate methods determine the
relationship between landslide occurrence and multiple predisposing factors. Some commonly used
multivariate methods include logistic regression, adaptive regression spline, general additive models,
and decision tree. These methods can have a better performance than bivariate methods [17].

Qualitative methods depend on expert knowledge and judgment. Qualitative methods include
field geomorphological analysis and index-based approaches, namely, the Analytical Hierarchy
Process (AHP) and Weighted Linear Combination (WLC) [17,18]. In field geomorphological analysis,
investigators carry out field investigations based on geomorphology and slope stability, and they
classify the study area into several susceptibility classes [18]. Susceptibility maps produced using this
method are not comparable since the judgment of the investigators may vary. Simultaneously, it is
applicable for a comparatively small area and it is a time-consuming process [19,20]. In index-based
approaches, investigators usually assign a weight for each predisposing factor based on their knowledge
and then sum all factors based on their weights to determine the landslide susceptibility [17-19].
Index-based approaches are subjective but are very useful with enough landslide locations and when
other data are not available. This is because quantitative methods require enough landslide locations
and good quality landslide predisposing factors for susceptibility mapping [20].

The method selection for landslide susceptibility mapping depends on the scale of analysis,
cost, the timeline of the project, and the inventory data [19]. Bivariate methods require an inventory
covering the whole area to reduce the produced susceptibility maps’ bias towards known landslide
locations [21,22]. Studies have compared different models to determine a suitable method for a specific
area [15]. Machine learning methods, such as support vector machines, random forest, and gradient
boosting give satisfactory accuracy for landslide susceptibility maps. However, geomorphic processes
such as landslides are very complex in nature, and in recent days, vast amounts of data have become
available [14]. These things bring uncertainty in the machine learning models [15]. Therefore,
in recent years, hybrid models for integrating bivariate methods with multivariate, machine learning,
and qualitative methods have been developed to increase the prediction capability [17,23-26]. The main
aim hybrid models is to integrate a couple of weak models and improve the accuracy and reduce the
uncertainty of the susceptibility map [14,15]. Some examples were shown by Althuwaynee et al. [11],
who integrated a bivariate model of evidential belief function (EBF) with AHP and logistic regression
to assess landslide susceptibility in Pohen and Gyeongju, South Korea. This integrated approach
reduced subjectivity and increased prediction capability. Xu et al. [27] compared the integrations of the
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index of entropy with the logistic regression and with a support vector machine to produce landslide
susceptibility maps of the Shaanxi Province of China. Their results indicated that the integration with
logistic regression provided a better prediction than the integration with support vector machines.
Some studies suggested that integrating bivariate and multivariate models produces better results
than the integration of bivariate and machine learning models [11]. Althuwaynee et al. [12] combined
the chi-squared automatic interaction detection with AHP and suggested that this integrated approach
outperforms the AHP method [15].

The Chittagong Hilly Areas (CHA) is situated in the hilly region of Bangladesh (Figure 1) [28].
In the last two decades, 320 people died because of landslides in this area [29-31]. A significant portion
of tribal people lives in this area, and their use of slash and burning methods to cultivate crops results
in land degradation that may trigger additional landslides [32]. A landslide susceptibility map of the
whole area would provide useful guidance for land use and regional planning in this area, specifically
in urban areas and areas where cultivation agriculture is practiced.
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Figure 1. Location of the study area (CHA) and the landslide and non-landslide locations.
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Most landslide susceptibility maps in the CHA have been produced for cities such as the Chittagong
Metropolitan Area (CMA), Cox’s Bazar, and Teknaf and Rangamati municipalities [33-36]. These
cities only cover a small portion of the area. No study has been conducted to assess the landslide
susceptibility of the whole region [30]. Existing studies have used qualitative methods, such as
AHP and WLC, bivariate methods, such as WoE, multivariate statistical methods, such as logistic
regression, and machine learning methods, such as support vector machines, to study landslide
susceptibility [37,38]. No study has applied the hybrid methods to map landslide susceptibility in
the CHA.

In this study, the frequency ratio (FR) method was integrated with the knowledge-based AHP
(FR_AHP) and with multivariate logistic regression (LR) (FR_LR) to assess landslide susceptibility for
the whole CHA. Then, the landslide susceptibility maps produced by FR, FR_AHP, and FR_LR were
compared to evaluate their performances at the regional scale.

2. Study Area

The CHA include five districts: Chittagong, Cox’s Bazar, Rangamati, Bandarban, and Khagrachari,
covering 20,957 km? (Figure 1). The western part of the region, mainly in the Chittagong and Cox’s
Bazar districts, is characterized by lower elevations (<50 m above sea level). The southeastern part,
primarily in the Bandarban, Rangamati, and Khagrachari districts, is relatively high (>500 m above sea
level) [28].

This area consists of 15 lithological formations. From these formations, the Dihing formation is
the youngest tertiary sediment of loose sandstone, alternating with siltstone and shale. The Dupi Tila
formation consists of sandstone, sandy clay, and siltstone [28,34,38,39]. The Boka Bil formation consists
of silt shale, siltstone, sandstone, sandstone, and altered siltstone. Silt shale, siltstone, sandstone,
and altered siltstone are the main components of the Boka Bil formation. Girujan Clay consists of
shale and silty shale [34]. The hilly part of the study area, mainly in the western region, consists of the
Tipam, Boka Bil, and Bhuban formations [28]. The Eastern part of the study is comparatively flat and
contains Beach and Dune Sands, Tidal Mud, Estuarine Deposits, and Marsh Clay and Peats [34].

This area can be divided into a low hill (<300 m) and high hill ranges (>300 m) [38]. The low
hill ranges consists of the Tipam, Boka Bil, and Bhuban Formations [28]. It consists of both
consolidated and unconsolidated sediments. The interbedding of shale, sandstone, and siltstone is
one of the characteristics of these ranges’ rock structure [39]. The high hill ranges contain Tipam
Sandstone, Girujan Clay, and Bhuban Formation [34]. Landslides occur in both low and high hill
ranges [27,38]. Loss of human life and infrastructural damages mainly occurred in Chittagong, Cox’s
Bazar, and Rangamati districts [30,35]. The three largest cities, Chittagong Metropolitan Area (CMA),
Cox’s Bazar, and Rangamati municipalities, are situated in these three districts. Due to the high
population density and anthropogenic activities compared to other parts of the study area, the rate of
causalities is high [30,31,35]. However, landslides also occur in the other two districts: Khagrachari
and Bandarban of the study area [35].

According to the Koppen classification, CHA’s climate is characterized by a tropical monsoon
climate with an annual rainfall from 2540-3777 mm [35,36]. About 80% of the landslides occur during the
monsoon season (June-September) due to excessive monthly rain (about 480 mm) [38]. Fifteen percent
of the rainfall occurs during the pre-monsoon (March-May) and post-monsoon (October-November)
seasons. The winter season (December—February) is the driest in the study area.

3. Materials and Methods

The landslide susceptibility map quality depends on the quality and selection of the landslide
inventory and predisposing factors [20]. The location, types, size, and causes of landslides are stored in
a landslide inventory [5]. The selection of predisposing factors depends on the scope and availability
of the data and the timeline and cost of the project [40-44]. A total of 730 landslide locations (Figure 1)



Geosciences 2020, 10, 483 5o0f 26

were used in this study, which occurred from (2000-2017), with 13 casual factors for the landslide
susceptibility assessment.

3.1. Landslide Inventory

The landslide inventory was prepared using the combination of Google Earth and field
mapping [36,43]. The detailed process to develop this inventory is given in Rabby and Li [31].
This inventory includes 230 landslide locations from 2000 to 2016 that were mapped in Google Earth
and 548 landslides mapped during fieldwork (Figure 2) in July 2017. Field mapping was used to
map landslides that occurred inaccessible areas including near the roads and settlements. In contrast,
Google Earth mapping was used to map landslides in remote areas, including forests. The overlapped
landslides mapped by these two methods were removed, reducing the number of landslides to 730
(Figure 1). In these 730 landslides (Figure 3), 304 are slides, 233 are flow,74 are fall, 31 are complex,
10 are topple, and 78 are unrecognized.

Figure 2. (a) Landslides damaged plantation agriculture in Bandarban; (b) Landslides damaged
bamboo-made house in Rangamati; (c) Field work in Rangamati; (d) Landslides along the road
in Chittagong.
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Figure 3. Types of Landslides in the study area.

3.2. Predisposing Factors

The predisposing factors used in this study include elevation, slope, Topographic Wetness Index
(TWI), Stream Power Index (SPI), aspect, plan and profile curvature, Normalized Difference Vegetation
Index (NDVI), distance from drainage networks, distance from fault lines, rainfall, lithology, and land

use/land cover (Figures 4-6).
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Figure 4. Predisposing Factors of Landslides. (a) Elevation; (b) Slope; (c) SPIL; (d) TWI; (e) Plan
Curvature; (f) Profile Curvature.
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Figure 5. Predisposing Factors of Landslides. (a) Aspect; (b) NDVI; (c) Distance from Drainage
Networks; (d) Distance from Fault Lines.

Elevation controls temperature and vegetation. Generally, the occurrences of landslides increase
with the increase of elevation before reaching a threshold elevation, where the landslide probability
reduces due to rock and soil characteristics and other geotechnical parameters [41-43]. Elevation was
obtained (Figure 4a) from the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) DEM (30 m) and divided into five classes, 0-69 m, 70-167 m, 168-309 m, 310-516 m,
and 517-1034 m, using the natural break method in ArcGIS 10.7. The slope is another important
predisposing factor. Landslides do not occur on a gentle slope, as the shear stress is low [18]. The steeper
the slope is, the higher the probability of landslides [7]. The slope raster (Figure 4b) was derived
from the ASTER DEM in ArcGIS. The slope raster was then divided into five classes, 0.4-6°, 4.7-9.7°,
9.8-15.6°,22.4-31.1°, and 31.2-68.4°, using the natural break method. The SPI represents the erosion
power of the streams over an area [13]. The SPI can be determined using Equation (1) [10]:

SPI = Axtan(a), 1
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where A is the catchment area and « is the local slope gradient corresponding to a specific cell. In our
study area, floodplains and areas with lower slopes have lower SPI values (Figure 4c), whereas steeper
slopes have high SPI values. The SPI values were divided into five classes, 1.6-4.7; 4.8-6.2; 6.3-8.1;
8.2-11.1; 11.2-21.5, using the natural break methods.
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Figure 6. Predisposing Factors of Landslides. (a) Rainfall; (b) Lithology; (c) Land use/Land cover.

TWI is an index that quantifies how topography controls the hydrological processes of an area.
It can be derived using Equation (2) [10]:

A
tan(a)

TWI = Log( ), ()
where A is the catchment area and « is the local slope gradient corresponding to a specific cell. TWI
increases with the decrease of slope and the highest TWI value is usually on floodplains [21]. The derived
TWI values were divided into five classes, 5.9-9.3, 9.4-11.1, 11.2-13.4, 13.5-16.4, and 16.5-27.6
(Figure 4d).

Curvature determines the rate of change of the slope [44]. It includes the plan curvature and
profile curvature. The plan curvature is perpendicular to the maximum slope direction, whereas the
profile curvature is parallel to the maximum slope [45]. The curvature affects the distribution and
movement of water and sediments on the land surface [11]. The plan curvature (Figure 4e) and profile
curvature (Figure 4f) were derived in ArcGIS and divided into three classes: convex, flat, and concave
slopes. The probability of landslides is higher on concave slopes because soils on this slope preserve
more water after a precipitation event [18].

The aspect is the orientation of the slope [7,8]. The disintegration and deterioration of materials on
a slope depend on the aspect because it affects rainfall and wind [2]. The aspect raster was derived in
ArcGIS and then was divide into nine classes (Figure 5a): flat (1), north (0.22.5), northeast (22.5-67.5),
east (67.5-112.5), southeast (112.5-157.5), south (157-202.5), southwest (202.5-247.5), west (247.5-292.5),
northwest (292.5-337.5), and north (337.5-360).
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The Normalized Difference Vegetation Index (NDVI) is an index widely used to represent
vegetation and plant health [46-50]. Vegetation coverage protects land from erosion and landslides
because the root system binds to soil and protects soil from wasting during rainfall [46]. The NDVI
(Figure 5b) was derived from Landsat 8 level 2 imagery of 11 October 2017 based on Equation (3):

(IR-R)

NDVI = -———2,
(IR +R)

®)
where IR is the infrared band and R is the red band. The NDVI ranges from —1 to 1; moderate to high
NDVI (0.2-0.8) indicates vegetation and forests, a negative value usually indicates water bodies, and a
low positive value (0.2 and below) represents bare land and urban areas [7,11].

Two distance-based factors were derived in ArcGIS, namely the distance from drainage (Figure 5c)
and the distance from fault lines (Figure 5d), representing the proximity of drainage and fault lines
on landslides.

The annual rainfall data from 32 weather stations of the Bangladesh Meteorological Department
(BMD) were used to produce the yearly rainfall map (Figure 6a) of the study area. Kriging tool in
ArcGIS was employed to create a rainfall prediction surface map of the study area using the data of
these weather stations.

Lithology is one of the most important predisposing factors of landslides [7,11]. The slope stability
depends on the strength of the rocks, which depends on the local lithology. A 1:100,000 lithological
map (Figure 6b) of the study area was used in this study and was provided by thelj Geological Survey
of Bangladesh (GSB). Dihing and Boka Bil formations are prone to landslides because these formations
have an alteration of sandstone, siltstone, and shale [25]. These formations are weak, and therefore,
slope stability is comparatively low [30].

Anthropogenic activities have essential impacts on the occurrence of landslides [28]. In the study
area, landslides occurred more frequently in urban areas, such as the Chittagong Hilly areas and
Rangamati Sadar, than rural areas [29,30,38]. Land use/land cover map was used to represent the
effects of anthropogenic activities. Six land use classes, water bodies, urban areas, agricultural land, hill
forest, shrubland, and bare land (Figure 6¢), were classified based on a maximum likelihood supervised
classification (overall accuracy: 88.6%) of Landsat 8 images (Date of Acquisition:1 October 2017) using
Erdas Imagine.

3.3. Landslide Susceptibility Mapping

In this study, three landslide susceptibility maps were generated. First, a susceptibility map was
produced using the frequency ratio (FR) model, then FR was integrated with AHP and LR to create
FR_AHP and FR_LR maps. FR is one of the simplest and widely used bivariate methods for landslide
susceptibility mapping [48]. FR was integrated with the knowledge-based AHP and multivariate LR
to improve the accuracy of landslide susceptibility mapping. A 3 X 3 (pixel) low pass filter (mean) was
used to filter noise and smooth the susceptibility maps. A total of 730 landslide locations were split into
training and validation datasets with an 80 to 20% ratio for model training (584: 80%) and validation
(146: 20%). Most factors in this study were derived from the 30-m ASTER DEM and Landsat imagery
(other than rainfall (1000 m) and lithology (1000 m)). Therefore, 30 m was used as the resolution for
the landslide susceptibility mapping. This resolution was also suggested by Lee et al. [51] as the best
resolution for landslide susceptibility mapping.
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3.3.1. Frequency Ratio Model (FR)

The frequency ratio quantifies the association between landslide occurrence and each predisposing
factor based on the conditional probability principle [52]. Each factor is first divided into a set of
classes, and then the FR value for each class can be calculated using Equation (4).

N; ] /N total

FR, = ———, 4)
) Aiji/ Atotal

where:

- Nj; = the number of landslide pixels within the jth subclass of factor i;
- Niptar = the total number of landslide pixels in the area;

- Ajj = the total number of pixels of the jth subclass of factor 7;

- Apptg = the total number of pixels in the study area.

The FR value ranges from 0 to co. A higher FR value represents a stronger association [44]. An FR
value <1 indicates a lower association with landslides. For the FR calculation, each of the predisposing
factors was divided into a number of classes, and Equation (4) was used to calculate the FR values for
each of these classes. Therefore, the FR model gives the class-wise contribution of the predisposing
factors to the landslides and cannot get the overall contribution of the predisposing factors [50].

After determining the FR values for all classes of each factor, a landslide susceptibility index (LSI)
can be derived by summing up the FR values of all factors using Equation (5):

LSI=FR; + FRy + FRy + ... + FRy, (5)

where:

- LSI = the landslide susceptibility index at each pixel of the study area;
- FR = the frequency ratio of the class of each factor at the pixel;
- N = the total number of factors.

In this way, the LSI for each pixel of the study area can be determined, generating a landslide
susceptibility map.

3.3.2. Integration of FR with AHP

The AHP reduces a complex decision process to a series of pairwise comparisons of influence
factors based on a 1-9 scale of relative importance [53]. This scale is primarily assigned based
on expert-based knowledge; thus, inheriting a certain degree of uncertainty and subjectivity [54].
The relative frequency (RF) of each sub-class of a factor using was calculated using Equation (6):

FR;;

(6)

where:

- RF = the relative frequency;
- FR;; = the frequency ratio of the jth subclass of factor i.

As an example listed in Table 1, the total FR for elevation is 3.96. The FR value for each elevation
class was divided by this total FR value to derive the relative RF value.
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Table 1. Staistical indices usd in this study.

Statistical Indicies Formula
Specificity or True Positive Rate (TPR) %f
Sensitivity or True Negative Rate (TNR) %
Over all Accuracy %

TP = True Positive; TN = True Negative; FN = False Negative; FP = False Positive.

The next step is to calculate the Prediction Rate (PR) for each predisposing factor using Equation (7):

(RFi,e. = RF;,,,)

PR; =
' (RFmax - RFmin)

@)

min
where:

- PR; = the prediction rate of factor i;

- RFj yqy = the maximum relative frequency of factor i;

- RF; yin = the minimum relative frequency of factor i;

- (RFax — RF i) min = the minimum difference between the maximum and minimum relative
frequency among all factors.

As an example listed in Table 1, the minimum and maximum RF values for the elevation are 0.08
and 0.28, respectively. Their difference is 0.20. This value was divided by the lowest difference between
the maximum and the minimum RF values among all factors (0.08). The PR value in Table 1 shows the
relative importance (or weight) of each factor. These PR values were used for the pairwise comparison
matrix (Table 2) to represent these factors’ relative importance. The weight for each factor was then
determined using this pairwise comparison matrix and listed in Table 3.

Table 2. Frequency ratios of landslide predisposing factors.

E:C‘t‘z:i Classes ?;f)a La“(f;f)ﬁdes FR RF  RFyin RFyax  (RFyvax—Fain) PR
Flat 1.74 0.79 045  0.05
North 6.0 5.23 0.86  0.09
Northeast 12.14 14.42 119 013
Aspect East 12.94 13.15 102 011 05 043 0.08 100
Southeast 11.49 12.36 108 011
South 11.56 12.04 104 011
Southwest  13.25 14.74 111 012
West 13.82 10.78 078  0.08
Northwest 1190 10.94 092 010
North 5.08 5.55 .09 010
0-69 54.75 61.17 112 028
Elevation  70-167 26.45 27.89 105 027 oo oo 020 i
(m) 168-309 11.28 491 044 011
310-516 513 5.3 102 026

517-1034 2.39 0.79 0.33 0.08
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Table 2. Cont.

E:C‘t‘z:l Classes ?;f)a La“(f,}:)ﬁdes FR RF  RFyvin RFyvax  (RFyvax—Famin) PR
0-4.6 35.08 9.98 028 003
Slope 4797 25.39 28.21 111 013
©) 9.8-15.6 19.39 27.89 144 017 003 030 0.27 3.30
15.7-22.3 12.04 19.02 158 0.8
22.4-31.1 6.17 9.98 162 0.19
31.2-68.4 1.93 491 255 030
1.6-4.7 21.36 11.89 056 013
SPI 4.8-6.2 36.26 43.42 1.20 0.28 0.13 0.28 0.15 228
6.3-8.1 28.88 33.91 117 028
8.2-11.1 10.90 9.67 089 021
11.2-215 2.61 111 043  0.10
Wi 59-9.3 37.21 61.65 L66 046 o 036 15
9.4-11.1 3347 25.36 076 021
11.2-13.4 17.97 8.87 049  0.14
13.5-16.4 8.60 3.17 037 0.10
Convex 2.75 0.95 0.35 0.10
rc Concave 18.38 19.81 108 o032 024 044 0.20 2.53
Flat 58.88 46.75 079 024
Convex 22.74 33.44 147 044
PR Concave 16.72 24.56 147 o043 028 043 0.20 241
Flat 60.73 48.81 080 023
Convex 22.55 26.62 118 034
Dy 008005 6.12 0.63 010 002 o oo 033 L4
0.05-0.18 13.14 14.44 110 025
0.18-0.26 26.15 39.37 151 035
0.26-0.33 33.87 30.48 090 021
0.33-0.50 20.71 15.08 073 017
DDN 0-1460 33.49 32.52 L3 019 o 120
(m) 1461-3102 26.67 29.90 089  0.16
3103-4987 18.73 21.94 085 016
49887542 16.83 12.25 137 025
7543-15509  4.29 3.40 126 023
DEL (m) 0-5301 37.70 61.46 L63 045 o 045 56
5302-11621  27.36 13.06 048  0.13
11,622-19,368  19.60 20.86 106 030

19,369-28,950 10.70 4.62 0.43 0.12
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Table 2. Cont.

13 of 26

Causal Area Landslides
Factors Classes %) (%) FR RF RFmin  RFmax  (RFmax—Fwmin) PR
28,951-51,989  4.64 0.00 000  0.00
Rainfall ~ 2211-2634 32.92 28.93 088  0.18
amta 000 030 0.30 3.70
(mm) 2635-3077 22,40 27.19 121 025
3078-3502 14.55 20.99 144 030
3521-3982 12.96 0.00 000  0.00
3983-4665 17.18 22.89 133 027
Waterbodies 0.80 0.48 0.60 0.03
Land -
use/Land ~Agricultural o 13.02 093 005 000 076 0.76 9.55
cover Land
Hill Forest 60.47 1.27 002  0.00
ShrubLand  19.73 62.22 315  0.16
Urban Areas 1.51 23.02 15.20 0.76
Bare Land 0.03 0.00 000  0.00
Undefined 2.20 0.00 000 0.0
River 230 0.00 000  0.00
Dihing and
Dupi Tila 8.50 42.10 490 050
Formation
, Boka Bil 27.20 10.30 040 0.0
Lithology = Formation 000 050 0.50 432
Bhuban 17.60 36.60 210 0.20
Formation
Tipam 13.80 0.60 0.00  0.00
Sandstone
Beach and
Do 8.80 1.30 010 0.0
Estuarine 430 400 090  0.10
Deposits
Valley
Alluvium 0.00 0.00 000  0.00
and
Colluvium
Dupi Tila 3.40 2.10 060  0.10
Formation
Tidal deltaic —, ,, 3.00 120 0.0
Deposits
Lake 3.20 0.00 000  0.00
Girjuan Clay 5.20 0.0 0.00 0.00
Dihing 0.30 0.00 000  0.00
Formation
Tidal Mud 0.60 0.00 000  0.00
Marsh Clay — 54 0.00 0.00  0.00
and Peat

PC = Plan Curvature; PR = Profile Curvature; DDN = Distance from Drainage Network (m); DFL = Distance from

Fault lines (m).
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Table 3. Pairwise wise comparison predisposing factors of landslide susceptibility.

PR 1.00 120 248 432 955 4.04 253 241 228 452 370 330 5.56
C 1 2 3 4 5 6 7 8 9 10 11 12 13

1.00 1 1.00 066 031 023 013 045 060 055 023 033 031 046 054
1.20 2 152 100 047 035 020 069 091 084 035 050 047 070 0.83
248 3 324 213 100 075 044 147 147 178 075 107 099 149 176
4.32 4 432 284 133 100 058 196 258 238 100 142 132 199 235
9.55 5 743 489 229 172 100 337 443 408 172 244 228 342 4.04
4.04 6 220 145 068 051 030 100 131 121 051 072 068 1.01 120
2.53 7 168 110 052 039 023 076 100 092 039 055 051 077 091
241 8 182 120 05 042 024 083 1.08 100 042 060 056 084 099
2.28 9 432 284 133 100 058 19 258 238 1.00 142 133 199 235

4.52 10 304 200 094 070 041 138 182 167 070 100 093 140 1.65
3.70 11 326 215 101 075 044 148 19 179 075 107 100 150 177
3.30 12 217 143 067 050 029 099 129 119 050 071 067 1.00 1.18
5.56 13 1.84 121 057 043 025 084 110 101 043 060 056 085 1.00

S 3786 2490 1167 876 510 1718 2211 20.81 876 1244 11.61 1744 20.56

1 = Aspect; 2 = Distance from Drainage Network; 3 = Elevations; 4 = Geology; 5 = Land use/Land cover; 6 = NDVI;
7 = Plan Curvature; 8 = Profile Curvature; 9 = SPI; 10 = TWI; 11 = Rainfall; 12 = Slope; 13 = Distance from the Fault
Lines; PR = Prediction Rate; C = Causal Factors; S = Sum.

The LSI value was derived based on each factor’s integer weight and relative frequency using
Equation (8) [10,54]:

n
LSI = Z RF; % IF;, 8)
i=1

where:

- RFj; = the Relative Frequency of the jth subclass of factor i;
- IF; = the Integer Weight of Factor i.

3.3.3. Integration of FR with LR (FR_LR)

LR determines the best fitting model to predict landslides’ presence or absence based on
the predisposing factors [47]. LR models have been widely used in landslide susceptibility
analysis [10,12,17,55]. The general linear equation is described as Equation (9) below:

Z = BO + lel + BzXz + ...+ BpXp, (9)
where:

- Z = the linear combination of the landslide predisposing factors (Z varies from —oo to +00);
- £ = the coefficients of landslide predisposing factors (i=1,2,3,... );

- 3y = the constant of the equation;

- Xj = the predisposing factors.

A link function, Equation (10), is used in the LR model to determine the probability of the presence

or absence of landslides in an area [56]:
1
P=—— 10
1+exp? (10

where P = the probability of landslide occurrence ranging between 0 to 1.

This link function is combined with Equation (9) to determine the probability of
landslide occurrence.
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The prediction capabilities of the LR models are affected by the selection of non-landslide
locations [44]. Mapping all landslides is time-consuming and sometimes impossible on a regional
scale. Many mapped landslides in an inventory are near roads or settlements due to the easier
accessibility [10,30,44]. It is, therefore, challenging to ensure that sampling non-landslide locations are
representative of the study area, since landslide susceptibility mapping of a large area, considering all
locations other than the landslides as non-landslides, affects the model’s reliability [21].

The common practice is to select the same number of non-landslide and landslide locations [57].
Studies indicate that choosing the same number of non-landslide locations from the areas where
landslides were not mapped may underestimate landslide susceptibility [58,59]. Some areas can be
identified as safe zones where the probability of landslides will be very low. Non-landslide locations
can be selected randomly from this safe zone [44]. Exploratory data analysis can be employed to
determine the safe zone [8]. In this study, the landslide locations were overlaid on the slope map to
select a threshold slope, below which the landslide’s probability is very low. The landslides were
ranked based on slope and it was found that 4.5° was the 10th percentile, indicating that 10% of the
730 landslides occurred in areas where the slope was <4.5°. To define the safe zone, a slope <4.5°
was used. A total of 730 non-landslide locations were selected randomly from this zone. Selecting
a safe zone based on the slope can bring bias to the FR_LR model. For example, the model will be
highly dependent on the slope. At the same time, the selection of the slope threshold should be made
cautiously. There is no rule in selecting the threshold. The sampling space will increase or decrease,
respectively, with the slope threshold’s increase or decrease. If the sampling space is very small,
most non-landslide locations will be selected from a relatively flat terrain, and the model will easily
differentiate between non-landslide and landslide locations. Therefore, the training accuracy will be
comparatively high. The model will not be able to identify new landslides of the validation dataset.
In this study, the safe zone was selected so that it balances the sampling space and the difference
between the training and validation accuracy. Since 10% of the landslide occurred in areas where
the slope was <4.5°, non-landslide locations will be selected from such areas where there is a low
probability of landslides but not a flat terrain where probability is almost zero. Moreover, we excluded
the slope as a casual factor from the FR_LR model to reduce the bias.

In this study, land use and land cover were categorical data that may bring complexities (the other
factors are continuous data), such as multicollinearity, to the LR model [17]. The categorical data
were converted into continuous data based on the FR value of each land use and land cover type
that we derived from the FR model [12,23]. In this way, FR was integrated with LR to generate the
landslide susceptibility map. The whole dataset was divided with an 80:20 ratio into training (80%)
and validation (20%) [59-62]. The multicollinearity diagnostics based on the Variance Inflation Factor
(VIF) and tolerance were used, and then, the forward stepwise LR in SPSS was used for the analysis.

3.4. Validation and Comparison

Prediction and success rate curves are generally employed for accuracy assessment and model
comparison [14,60]. Training data were used to generate the success rate curve, while validation data
were used for the prediction rate curve [10]. The area under the curves (AUC) indicates the success
rate and prediction rates. The AUC value of the success rate curve indicates the degree of fit between
the model input and output, while the AUC value of the prediction rate curve indicates how well the
models predict the unknown landslides [60]. The AUC value ranges from 0-1 and can be grouped
into four categories: 0.50 to 0.60 (fail); 0.60-0.70 (poor); 0.70-0.80 (fair); 0.80-0.90 (good); 0.90-1.00
(excellent) [56].

It is recommended to use more than one method to validate and compare landslide susceptibility
maps [41]. Therefore, in this study, three popular statistical indices: sensitivity, specificity, and overall
accuracy, were used for assessing the performance [48]. Sensitivity (Table 1) is also known as the true
positive rate (TPR), which means the number of landslide pixels classified correctly [62]. Specificity
(Table 1) is also known as the true negative rate (TNR), which represents the number of non-landslide
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pixels classified correctly by the model [46]. Simultaneously, the overall accuracy (Table 1) is the ratio of
truly classified landslide and non-landslide pixels and the total number of landslide and non-landslide
pixels [46,63].

The Band Collection Statistics tool in ArcGIS 10.7 was also used to estimate the correlations among
the landslide susceptibility mapsv [61]. These correlations indicate the level of agreement among
the models [62]. This analysis generates a pairwise correlation matrix (from —1 to 1) to show the
relationship between each par of the landslide susceptibility maps. Before estimating the correlations,
the mean standardization of each landslide susceptibility map was carried out using the Rescale
function tool in ArcGIS 10.7.

4. Results

4.1. Frequency Ratio Model

Table 1 shows FR for each of the predisposing factors. For the land use/land cover type, urban
land had the highest FR value, namely 15.20, followed by shrubland, with a value of 3.15. The landslide
occurrence increases with an increase of the slope. The slope class of 31.2-68.4° had the highest FR
value, namely 2.55. The FR value of slopes <4.6° is less than 1, indicating a low probability of landslides.

The FR value is <1 where the altitude is above 517 m above sea level, indicating that the
probability of landslides is low above this altitude in the CHA. Both the concave and convex slope
had an association with the landslides (FR>1). The FR values are >1 on the northeast, south,
southeast, and southwest-facing slopes, indicating a higher probability of landslides than other aspects.
The landslide probability generally decreases with the increasing distance from drainage networks [41].
In this study, the FR value becomes > 1, where the distance from the drainage was <1400 m. However,
the FR value becomes > 1 again in areas where the distance from drainage is >4000 m. In the NDV]I,
the FR value is >1, where the NDVI value is between 0.05-0.26, indicating a higher probability of
landslides. This range of NDVI means bare land, built-up areas, and low-density vegetation. The FR is
<1, where the NDVI value is >0.26, indicating a low probability of landslides in highly vegetated areas.
In the CHA, the probability of a landslide was low (FR < 1) where rainfall was <2634 mm. The FR
value was >1 in areas where the TWI value was 5.9-9.3. The probability of landslides increases with
the increasing SPI value up to 8.2, and then, the FR becomes < 1, where the SPI value is > 8.2. From
15 lithological formations, Dihing and Dupi Tila (FR = 4.90) and Bhuban formations (FR = 2.10) had
the highest FR values.

The landslide susceptibility index (LSI) at each pixel was produced by the sum of all FR values
from different factors associated with this pixel based on Equation (2). The produced LSI values
range from 2.7 to 59.2. These values were classified into five susceptibility classes of very low, low,
moderate, high, and very high susceptibility using the natural break method for visual interpretation
and validation analysis (Figure 5a). The very low and low susceptibility zones cover 25.60% of the
study area, whereas the moderate, high, and very high susceptibility zones cover 24.9%, 30.70%,
and 18.80% of the total area, respectively. The western part of the study area (Figure 7a) in Chittagong
and Cox’s Bazar districts falls under very low to low susceptibility zones. The southeastern part of
the study area in Bandarban falls under moderate susceptibility zones, with some pockets of low
susceptibility zones. The northeast part of the study area in the Rangamati district falls under high to
very high susceptibility zones.
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Figure 7. Landslide susceptibility maps of the CHA, Bangladesh. (a) FR; (b) FR_AHP; (c) FR_LR.

4.2. Integration of FR with AHP

FR was integrated with AHP to determine each factor’s weight in terms of landslide susceptibility
(Tables 3 and 4). Table 3 shows the results of pairwise comparisons of the PR that was obtained from
Table 2. The sum of each of the columns of Table 3 was used in Table 4 to calculate the eigenvalues.
The integer weights are shown in Table 4. The integer weights show the contribution of each of the
predisposing factors to landslides. The higher the integer weights, the higher is the importance of that
predisposing factor. Table 4 shows that land use/ land cover has the highest value (95.5), indicating that
this factor had a higher contribution or importance in creating a suitable condition for landslides in the
study area. Distance from the fault lines (55.6), TWI (145.2), and lithology (43.2) were the next three
crucial contributors to landslides. The other factors have relatively lower integer weights, indicating
low contributions to landslides in the study area.

The LSI was produced using Equation (2), and it ranges from 527.8 to 2920.4. Similar to the FR
model, the FR-AHP was classified to create a landslide susceptibility map into five susceptibility zones
using the natural break method for visual interpretation (Figure 7b). The very low and low susceptibility
zones cover 24.40% of the study area, whereas moderate, high, and very high susceptibility zones
cover 26.20%, 33.50%, and 25.90% of the total area, respectively. The western part of the study area in
Chittagong and Cox’s Bazar districts falls under very low to low susceptibility zones. The southeast
part of the area in Bandarban was classified as a moderate susceptibility zone with some very low and
low susceptibility zones.
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Table 4. Eigenvalues and integer weights of the predisposing factors of landslide susceptibility.
PR 1.00 1.20 248 4.32 9.55 4.04 2.53 241 228 4.52 3.70 3.30 5.56

C 1 2 3 4 5 6 7 8 9 10 11 12 13 S FRW IGW
100 1 002 002 002 002 0.01 005 002 0.02 002 003 002 003 00 029 0.02 10.00
120 2 0.03 003 002 002 0.01 006 003 0.02 003 003 003 003 00 034 0.03 12.00
248 3 005 005 004 005 003 012 0.06 0.05 005 006 005 006 0.0 071 0.05 24.80
432 4 009 010 0.07 0.09 005 021 0.0 008 0.09 011 009 011 00 124 0.09 43.20
955 5 020 021 015 019 011 046 022 018 020 024 021 025 01 273 020 9550
404 6 009 009 007 008 005 020 0.09 0.08 009 010 0.09 011 00 116 0.09 4040
253 7 005 006 0.04 005 003 012 006 005 0.05 006 005 007 00 072 0.05 2530
241 8 005 005 0.04 005 003 012 006 005 0.05 006 005 006 0.0 069 005 24.10
228 9 005 005 004 005 003 011 0.05 0.04 005 006 005 006 0.0 0.65 0.05 22.80
452 10 010 010 0.07 0.09 005 022 0.10 008 010 0.11 010 012 00 129 010 4520
370 11 0.08 0.08 0.06 007 0.04 018 0.09 007 0.08 009 008 010 00 106 0.08 37.00
330 12 0.07 0.07 0.05 007 004 0.16 008 0.06 0.07 0.08 0.07 009 00 094 0.07 33.00
556 13 012 012 0.09 011 0.07 027 013 010 012 0.14 012 015 01 159 012 55.60

S 100 1.03 076 093 056 228 108 088 099 118 1.02 1.22 05 1342

1 = Aspect; 2 = Drainage; 3 = Elevation; 4 = Geology; 5 = Land use Land Cover; 6 = NDVI; 7 = Plan Curvature;
8 = Profile Curvature; 9 = SPI; 10 = TWI; 11 = Rainfall; 12 = Slope; 13 = Distance from Fault lines; PR = Prediction

Rate; C = Causal Factors; S = Sum; IGW = Integer Weight.

4.3. Integration of FR with LR

pixel was derived using Equation (10) to produce the susceptibility maps.

Multicollinearity tests (tolerance and VIF) indicate (Table 5) that the maximum VIF value is
1.49, and the minimum tolerance value is 0.76. Since VIF values are <10 and tolerance is <0.3, 12
predisposing factors are independent and were used in the model [64].

Table 5. Collinearity Statistics.

Predisposing Factors VIF Tolerance
Distance from Drainage Networks 1.03 0.98
TWI 1.36 0.74
SPI 1.11 0.90
Profile Curvature 1.20 0.83
Plan Curvature 1.21 0.82
NDVI 1.08 0.93
Land use/Land cover 1.49 0.88
Distance from Fault lines 1.14 0.88
Elevation 1.05 0.95
Aspect 1.03 0.97
Rainfall 1.04 0.96
Lithology 1.31 0.77

The regression results suggest that seven predisposing factors (Table 6) were significant contributors
to the presence or absence of landslides in the study area. The probability of landslides (0-1) at each

The natural break method was used to classify the susceptibility into five visual interpretation
classes (Figure 5c¢). In this map, 45.50% of the areas were classified as very low to low susceptibility

zones, whereas moderate, high, and very high susceptibility zones covered 14.40%, 14.40%, and 25.70%
of the total area, respectively. Similar to the other two maps (Figure 7a,b), the FR_AHP model (Figure 7c)
classified the western part in Chittagong and Cox’s Bazar district as low to very low susceptibility
zones. Unlike the other two maps, it classified the southeastern part either as a high or very high
susceptibility zone. It classified the lower central part mainly in the Bandar band district as a low
susceptibility zone. The northeastern part of the Rangmati district was classified as high to very high
susceptibility zones.
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Table 6. Results of Logistic Regression.

Predisposing Factors B Standard Error Sigificance Exp(B)
TWI 0.09 0.01 0.00 1.10
SPI 0.11 0.01 0.00 1.15
Rainfall 0.12 0.02 0.00 1.16
Plan Curvature 0.03 0.01 0.01 1.06
NDVI 0.05 0.01 0.00 1.08
Land use Land Cover 0.02 0.01 0.00 1.03
Distance from Fault lines 0.05 0.01 0.00 1.07
Lithology 0.08 0.01 1.11
Constant -13.85 0.93 0.00 0.00

4.4. Validation of Landslide Susceptibility Models

FR_LR provides the best susceptibility map, with 79.46% and 79.15% AUCs (Figure 8) of the
success and prediction rate curves, respectively. FR showed the worst performance among the three
models, with 72.50% and 70.80% AUCs of success and prediction rate curves, respectively. On the
other hand, the success and prediction rate (Figure 8) of the FR_AHP model was 77.15% and 75.80%,
respectively. This means that FR-AHP increased the success rate by 6.41% and the prediction rate by
7.10%. FR_LR increased the success rate by 9.60% and the prediction rate by 11.79%.

Statistical indices (Table 7) show similar results as the success and prediction rate curves for both
training and validation datasets. FR_LR provides the best susceptibility map since the overall accuracy
of training data was 0.86, and the validation data was 0.82. Integration of FR with AHP and LR increased
the overall accuracy of the FR model. For FR_AHDP, the increase was around 8.95% (validation dataset:
Table 7) and for FR_LR the increase was around 22.38% (validation dataset: Table 7). The sensitivity of
TPR of FR and FR_AHP was high compared to the FR_LR model. However, the TNR or specificity was
relatively low. This is because FR and FR_AHP use the landslide locations only for training the model,
whereas FR_LR requires landslide and non-landslide locations. Therefore, the false positive rate is
high for both FR and FR_AHP models. This indicates that these two models overestimate the landslide
susceptibility and shows some of the landslide free areas as highly susceptible to landslides. However,
the integration of FR with FR_AHP increased both the TPR and TNR. This means that FR_AHP has
helped to improve the performance of FR.

The correlation between FR and FR_AHP was high (0.95) (Table 8). In contrast, the correlations
between FR and FR_LR and FR_AHP and FR_LR are 0.85 and 0.72 (Table 8), respectively. All these
correlations were statistically significant.
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Figure 8. (a) Success Rate Curves; (b) Prediction Rate Curves.
Table 7. Results of the statistical indices of the landslide susceptibility maps.
Training Data Set Validation Data Set
Statistical Indices Statistical Indices
Model Tr.u.e Tru‘.? Overall Tr.u N Truq? Overall
Name Positive Negative Accurac Positive Negative Accurac
Rate (TPR)  Rate (TNR) Y Rate(TPR)  Rate (TNR) y
FR 0.93 0.49 0.71 0.90 0.45 0.67
FR_AHP 0.95 0.59 0.77 0.95 0.52 0.75
FR_LR 0.87 0.86 0.86 0.85 0.80 0.82

Table 8. Overall correlation between landslide susceptibility models.

Model Name FR FR_AHP FR_LR
FR 1.00 0.95 0.85
FR_AHP 0.95 1.00 0.72

FR_LR 0.85 0.72 1.00
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From the three susceptibility maps (Figure 7), FR_LR classifies the lowest percentage of the area as
either high or very high susceptibility zones. This indicates that the FR_LR model did not overestimate
landslide susceptibility. At the same time, both FR and FR_AHP classified areas in the southeast of
the study area as moderate susceptibility zones. The same areas were classified as low susceptibility
zone by the FR_LR model. This means that both FR and FR_AHP potentially failed to differentiate
the landside free zones in the southeast of the study area. This is also evident from the TNR (Table 7).
In the FR_AHP model, high susceptibility zones spread around the faultlines. The FR model classified
these areas as moderate susceptibility zones. FR_AHP increased the success and prediction rate by
spreading the high susceptibility zones around the faultlines, and therefore, the TPR increased (Table 7).
However, this did not increase the overestimation, since TNR did not improve.

5. Discussion

The objective of this study was to produce landslide susceptibility maps of the CHA, Bangladesh.
The integration of FR with LR gave the highest prediction rate (79.15%). This study’s findings are
consistent with previous studies, suggesting that the integration of bivariate models such as FR or
evidential belief function with knowledge-based AHP and multivariate logistic regression increased
the accuracy of bivariate models [10,11].

In this research, FR values (in FR model), integer weights (in FR_AHP model), and coefficients
(in FR_LR) model) of significant predisposing factors were derived to quantify the effects of the
predisposing factors. The FR values were > 1, where the slope was above 4.6°, and it is >1.5 above
the 15.7° slope. In other studies, conducted in different regions of the world, the FR value exceeded
1.5 at around a 20° slope [51]. It indicates that other factors were responsible for the landslides at
comparatively gentle slopes (<15°). For example, urban areas have the highest FR value, and cities
and towns were formed in areas where the slope <20° [29,34]. In the study area, at high elevations
(517-1034 m), the FR value was <1 (Table 1). In these areas, the probability of a landslide is low,
and the city has similarities with other studies [18]. At higher elevations, the strength of rocks is
comparatively higher than the areas with low elevation. Moreover, at high elevations, the rate of
anthropogenic activities is low. Therefore, in these areas, the probability of a landslide is comparatively
low [7]. The probability of a landslide was high in areas where the NDVI ranged between 0.05-0.26
(Table 1). This NDVI range indicates that areas with low vegetation density, mainly urban areas and
shrublands, and areas with low vegetation are always prone to landslides [11]. Two types of land
use/land cover, urban areas (FR = 15.20) and shrubland (FR = 3.15), had comparatively higher FR values
than other land use/land cover types. This indicates that anthropogenic activities have an impact on
the occurrence of landslides. Rahman et al. [33] found a similar relationship, where the landslide rate
is higher in areas where hill-cutting occured in Chittagong Metropolitan Areas. The FR model does not
deal with the interaction of the predisposing factors and does not require non-landslide locations, as it
is based on landslide locations [50]. Therefore, the produced landslide susceptibility maps are often
biased towards known landslide locations, and the accuracy is usually lower than the multivariate
models [17]. In this study, as mentioned before, a significant number of mapped landslides were in
urban areas, near roads and settlements. The FR_AHP model uses a pairwise comparison to assign
weights for different factors, which increased accuracy [10]. It is based on landslide locations and does
not also require non-landslide locations. The FR_AHP model also shows that predisposing factors,
such as land use/land cover, TWI, NDV], lithology, and distance from the fault lines, have high impacts
on the occurrence of landslides. However, the higher integer weight of land use/land cover can be
attributed to the biases that exist in the landslide inventory. In contrast, the FR_LR model considers
the interaction of predisposing factors and trains the model using both landslide and non-landslide
locations. The maximum likelihood estimation is used to determine the best fit model. The coefficients
(Table 5) of significant predisposing factors show that some predisposing factors with very high integer
weights in the FR_AHP model, such as land use/land cover, did not have a very high coefficient.
It shows that the interaction of predisposing factors in a model can give different results than a model
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that does not consider this interaction [19]. Landslides are generally the outcome of a series of events,
such as excessive rainfall and hill cutting, that involve the interaction of different factors. Therefore,
the FR_LR model is more practical than the FR and FR_AHP models. Simultaneously, the FR_LR model
outperforms the other two models; however, the difference between the prediction rate of FR_AHP
and FR_LR is only 4.40%. All three models fall under the “fair category” [55], and FR and FR_AHP
models are more straightforward than the FR_LR model. Therefore, while these three models have
some practical values in urban planning and disaster management, FR_LR is a better model in terms of
its practicality and performance.

The FR_LR model classified the highest percentage of areas as low or very low susceptibility
zones among the three models. All three models showed the western part in the Cox’s Bazar and
Chittagong district as low or very low susceptibility zones. These areas are mainly flatland near the
coast, and therefore, it is evident that these areas will fall in lower susceptibility zones. However, some
areas in the flatlands were erroneously classified as moderate to high susceptible zones by the LR_FR
model. This type of error was reported in other studies where the logistic regression was used [32],
indicating that the logistic regression model can classify the high and very high susceptible zones
correctly, but some errors can be seen in the low susceptible zones [55]. Unlike FR and FR_AHP, FR_LR
classified the southeastern part of the study area as either low or moderate susceptibility zones. In FR
and FR_AHP models, these areas were classified as moderate susceptibility zones with some spots of
low susceptibility zones. These areas can be used for development activities.

In this study, FR and FR_AHP had very high correlations. The same number of factors (13) were
used for the FR and FR_AHP models, and the only difference is that FR was employed to determine
the weight for each factor in the FR-AHP model, whereas all factors were treated as the same weight
in the FR model. The use of different weights for factors may increase the accuracy of the landslide
susceptibility map, but they are the same in principle; therefore, they produce very similar results.
Compared to the correlation between FR and FR_AHP, the associations of FR to FR_LR and FR_AHP to
FR_LR are lower but still statistically significant. In the FR_LR model, 12 factors (slope was excluded)
were used, and the model only identified seven factors as statistically significant. In other words, only
these eight factors were used to define the presence of landslides, making the FR_LR results different
from the results of FR and FR-AHP. Integration of two methods can bring the problems of the two
methods in the integrated one or remove one model’s problem [10]. In this study, FR and FR_AHP
produced a similar type of map. However, the FR_AHP model has a higher accuracy, which it achieved
by increasing the percentage of areas under high and very high susceptibility zones. The FR model has
an overestimation problem since the TNR was comparatively low. Overestimation of the landslide
susceptibility reduces the practical applicability of the landslide susceptibility map. A practically
viable and consistent susceptibility map would classify the least percentage of area as high or very high
susceptibility zones, where most of the landslides will occur [49]. The integration of FR_LR reduced the
overestimation issues. It increased the accuracy and also gave a consistent and practically viable map.
This is because it removed the overestimation of the susceptibility to landslides in the southeastern part
of the study area. On the other hand, the integration of FR_AHP increased the TPR and therefore the
overall accuracy increased, but it failed to improve TNR and was relatively low compared to FR_LR.

This study’s main limitation is that the analysis did not use some essential predisposing factors,
such as soil permeability, soil depth, and types of soils, due to the unavailability of data. Landslides are
mainly rainfall-triggered in the study area, and the soil permeability would help explain the landslide
mechanisms. The quality of the landslide susceptibility maps depends on both the landslide inventory
and predisposing factors. In this study, fieldwork covered the accessible areas, and Google Earth
mapping covered the inaccessible areas. Most landslides in the fieldwork were mapped along the
road or near the settlement, whereas by using Google Earth mapping, we were able to map landslides
where signs of landslides can be identified in the image. Therefore, the inventory cannot be fully
representative of the whole area. To get rid of this bias, we did not use predisposing factors such as
the distance from the road network in the model. Generally, different types of landslides occur in
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various types of geology. Therefore, the preparation of separate susceptibility maps for different types
of landslides gives better prediction [57]. In this study, we similarly analyzed all types of landslides.
In the study area, slide and flow were the two dominant types of landslides, and we failed to identify
the type of around 10% of the landslides. One way was to get rid of these landslides from the model,
but this reduces its accuracy.

6. Conclusions

In this study, FR was integrated with AHP and LR to produce landslide susceptibility maps for
the CHA. These models were compared, and they showed that the integration of FR with AHP and LR
increases the prediction capability of a single model (FR). The AUC of the prediction rate curves shows
that FR_LR was the best model, but the difference between the accuracy of FR_LR and FR_AHP is only
4.10%. However, when the practical applicability is concerned, FR_LR is better than FR_AHP.

This study is the first step for the landslide susceptibility mapping of the whole CHA. This study’s
susceptibility maps are essential for the policymakers and can be used for regional development and
land use planning of the CHA. The susceptibility maps identified most of the western region of the
CHA as low susceptible zones. Some parts of the mid-west were classified as moderate susceptible
zones. These areas can be utilized for regional development. Strict land-use planning should be
implemented for the high and very high susceptible zones, where authorities and stakeholders should
take precautionary measures for any development activities such as road construction.

A more representative landslide inventory of the whole study area is necessary to improve the
landslide susceptibility mapping. In this study, it has been established that the integration of FR
with multivariate statistical models increases the prediction capability and gives a practically viable
map. The recommendation of this study is to integrate the bivariate and multivariate models for
regional-scale landslide susceptibility mapping. Machine learning and deep learning methods often
outperform classical models. Future studies can test the integration of bivariate models with machine
learning methods, such as support vector machines, and deep learning methods, such as Artificial
Neural Networks (ANN).
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