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Abstract

This study presents the landslide susceptibility assessment of the region by considering the
landslide-susceptible hazard factors such as slope, precipitation, soil, lithology, distance to
the river, land use, elevation, aspect, and distance to active faults as well as historical
landslide events and population throughout the province of Bitlis. For this purpose, a GIS-
based Analytical Hierarchy Process (AHP) was used as an effective method in multiple
decision-making methods. The results showed that approximately 25% of the study area
has moderate to high landslide susceptibility. Accordingly, the landslide susceptibility of
the study area is high, especially in the southwest and southeast parts of the study area
which have mountainous and deep river valleys, and the partially mountainous regions in
the north. Compared with previous landslide records and similar susceptibility maps in the
literature, the results were found to be quite successful in determining landslide
susceptibility of the study area. However, risk assessment wasn’t made within the scope of
the study.

Keywords: Landslide susceptibility, Analytical Hierarchy Process (AHP), GIS

Ozet

Bu ¢alisma, Bitlis ili genelinde edim, yadis, toprak, litoloji, akarsuya olan mesafe, arazi
kullanimu, yiikseklik, baki ve aktif faylara olan uzaklik gibi heyelana duyarli tehlike
faktérlerinin yansira tarihsel heyelan olaylari ve niifus yogunlugu dikkate alarak bélgenin
heyelan duyarlilik dederlendirmesini sunmaktadir. Bu amagla ¢oklu karar verme
ybéntemlerinde etkin bir yéntem olarak CBS tabanli Analitik Hiyerarsi Siireci (AHS)
kullanilmistir. Sonuglar, ¢alisma alaninin yaklasik %25'inin orta ila yiiksek heyelan
duyarliligina sahip oldugunu géstermistir. Buna gére, ¢alisma alaninin ézellikle daglik ve
derin akarsu vadilerinin bulundugu giineybati ve giineydogu kesimlerinde ve kuzeyde
kismen dadhk bélgelerde heyelan duyarlilidi yiiksektir. Literatiirdeki 6nceki heyelan
kayitlari ve benzer duyarlik haritalari ile karsilastirildiginda, sonuglarin ¢alisma alaninin
heyelan duyarliigini belirlemede oldukga basarili oldugu gériilmiistiir. Ancak g¢alisma
kapsaminda risk degerlendirmesi yapiimamistir.

Anahtar kelimeler: Heyelan duyarlilik, Analitik Hiyerarsi Stireci (AHS), CBS

1. Introduction

Landslide is one of the natural disasters that cause the most loss of life and property in the world. It poses a significant
hazard source, especially for loos, steep and mountainous terrain. It is stated that landslides can be induced by the
interactivity of several factors such as earthquakes, intense rainfall, geology, land cover, slope geometry, groundwater
saturation, vegetation cover, and human influences (Pradhan et al., 2011; Rawat and Joshi, 2012).
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Hasekiogullari and Ercanoglu (2012) aimed to investigate the parameter effects in preparing landslide susceptibility
maps with a data-driven approach and to adapt this approach to AHP. They considered a total of 13 input parameters
such as slope, aspect, plan curvature, topographical elevation, vegetation cover index, land use in the AHP assessment
methodology for the landslide susceptibility of their study area in the Western Black Sea region of Turkey.

Mansouri Daneshvar (2014) aimed to map landslide susceptibility using AHP for recognition of a hazardous zone in
northeast of Iran. Althuwaynee et al. (2016) introduced three main methods for landslide-susceptibility analysis based
on the literature as the deterministic, the qualitative/ heuristic and the probabilistic approach. Qualitative methods are
based entirely on the opinion of the expert who makes the risk assessment and therefore can be evaluated subjectively
(Aleotti and Chowdhury, 1999). One of the most effective and preferred methods in qualitative methods for
susceptibility assessment is the analytical hierarchy process (AHP). Many researchers in the literature used different
versions of AHP approach for successful landslide susceptibility analysis. Ozsahin (2015) conducted the landslide
susceptibility analysis of Ganos Mountain (Tekirdag) with the help of GIS and determined that the landslide potential in
Ganos Mountain is at a moderate level. However, he identified areas of the mountain area with very low, low, high and
very high landslide susceptibility. This study showed that GIS techniques give more effective results than AHP method
in the preparation of landslide susceptibility maps. Althuwaynee et al. (2016) used an integrated methodology
combining an automatic interaction detection model with analytic hierarchy process (AHP) to assess a medium-scale
landslide susceptibility for their study area. Chen et al. (2016) aimed to map the landslide susceptibility using the AHP
and certain factor (CF) models based geographic information system (GIS) for a region in China. They considered slope
degree, slope aspect, plan curvature, altitude, geomorphology, lithology, distance from faults, distance from rivers and
precipitation as landslide conditioning factors. Their results showed the accuracy of the AHP was approximately 78%.
Kumar and Anbalagan (2016) presented a study of AHP method in landslide susceptibility mapping (LSM) for a region of
Tehri reservoir in India. The results obtained from the study reached a reasonable accuracy of approximately 79%.
Myronidis et al. (2016) developed a landslide susceptibility model by coupling the AHP and the frequency ratio method
in a GIS environment for a landslide-prone site of Cyprus. Rahim et al. (2018) generated a landslide susceptibility map
based on twelve causative factors such as slope, aspect, elevation, drainage network, stream power index, topographic
witnesses, lithology, fault lines, rainfall, road network, land cover and soil texture using GIS-based AHP. In the study,
nine topographic, geomorphological, and climatic parameters affecting landslide susceptibility were considered.
Mokarram and Zarei (2018) applied a GIS-based fuzzy-AHP approach to determinate the landslide susceptibility mapping
in a region of Iran. They considered some input criteria for the model such as the digital elevation model, lithology,
slope, land use, river, road, fault, and precipitation. Acar (2019) analyzed the landslide susceptibility map of the Inebolu
basin in Turkey with the help of a GIS-based AHP, taking into account decision-making criteria such as slope, aspect,
elevation, curvature, land use, lithology, and distance to the river. El Jazouli et al. (2019) produced a landslide
susceptibility map using GIS-based AHP approach, considering some landslide-related factors, including land cover,
lithology, distance to road, distance to fault, distance to drainage network, elevation, aspect, and slope gradient. Nguyen
and Liu (2019) proposed a new approach for AHP combining of bivariate analysis with correlation statistics to evaluate
the importance of the pairwise comparison. Rather than scaling expert opinions, they aimed to establish a correlation
between actual landslide events and relevant criteria.

In recent years, artificial neural network techniques have been used in the determination of natural disaster
susceptibility in many areas. Ermini et al. (2005) aimed to define a method with the ability to forecast landslide
susceptibility through the application of artificial neural networks, which allows black-box models to be implemented,
similar to some other statistical approaches (Carrara et al., 1991 and 1995). Such studies encouraged systematic
approaches such as ANN-based statistical methods in landslide susceptibility and mapping. Reichenbach et al. (2018),
based on a comprehensive review, stated that the range of thematic data types used for susceptibility assessment has
not changed significantly with time. They also pointed out that the most common statistical methods for landslide
susceptibility modelling are logistic regression, neural network analysis, data-overlay, index-based and machine learning
methods with an increasing preference in the recent years. Machine learning techniques have become a method
frequently preferred by researchers in recent years. Merghadi et al. (2020) presented an overview of the most popular
machine learning techniques available for landslide susceptibility studies. They performed an extensive comparison
analysis between different machine learning techniques using a case study from Algeria, and they stated that tree-based
ensemble algorithms achieve excellent results compared to other machine learning algorithms and that the Random
Forest algorithm offers robust performance for accurate landslide susceptibility mapping with only a small number of
adjustments required before training the model (Merghadi et al., 2020). In order to determine the height ranges of
landslides, the effect of elevation on landslides was examined by reviewing the grade ranges and elevation values used
by Cellek (2020) and applied to the map sections selected from Turkey.

This brief literature review shows that the AHP is a highly capable approach in the analysis of landslide susceptibility
because it involves multi-criteria decision-making process. Some researchers such as Goksu (2017) and Ekinci (2020a)
studied the landslide susceptibility and natural disaster diversity of the same region (Bitlis), but no study has been
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carried out in this context for the region before.). This study presents a susceptibility analysis of the Bitlis province of
Turkey using GIS-based AHP and considering some hazard and susceptibility factors.

2. Study Area

The province of Bitlis, chosen as the study area, is one of the regions with the highest landslide susceptibility in Turkey
due to its topographic, geological, and climatic properties (Figure 1). Especially the southern parts of the study area are
mountainous, stems and deep valleys. The settlements and access roads in the mountainous south are generally located
in deep river valleys. The upper geological structure of the region consists of lava and ignimbrite layers originating from
the Nemrut Caldera (Ulusoy et al., 2019). In these areas, ignimbrite layers loosen due to meteorological conditions such
as snow, rain, frost, and groundwater, causing rockfall. On the other hand, alluvial loose soil layer collected in hard lava
rock beds and valleys is very sensitive to landslides. Three main tectonostratigraphic units are observed in the region,
which are located on top of each other with tectonic contact (Goncilioglu and Turhan, 1983). The uppermost part of
these units is called as Bitlis metamorphic zone. On the other hand, the study area has a very variable structure in terms
of seasonal climate change. Aydin et al. (2015) explained the reason for this as a micro-climatic feature display in which
climate transitions occur in the region. Due to the collision of the cold and humid air in the north with the hot air in the
south, sudden precipitation with significant temperature differences between seasons can trigger landslides in the
region. In addition, the study area is in the Eastern Anatolia Region, which is a very active region in terms of seismicity.
The region is mainly controlled by the northward movement of the Arabian plate and the collision of the Anatolian plate
along the deformation zone called the Bitlis zone. These seismic features cause major earthquakes in the region (lIsik,
2010; Isik et al., 2012; Isik et al., 2020; Ekinci et al., 2020b). All these situations make the study area highly susceptible
to landslides. The study area is among the provinces in Turkey where landslide/rockfall events occur the most with 412
events between 1950 and 2019.

N
', Adilcevaz Ercek Lake

O ——

o Nazik Lake AIAL \ {

VAN &

\

| BITLIS

BATMAN

Figure 1. Location map of the study area (after Saygili, 2015)

3. Methodology

The study area is a mountainous region with extreme climatic conditions, various soil, seismic and geological (such as
volcanic and tectonic) structures. Therefore, many factors can trigger the landslide event. For this reason, a multiple
decision-making method such as AHP was chosen as a very suitable method for determining the landslide susceptibility
of the study area.
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AHP, introduced by Saaty (1980), is a flexible approach that can be adapted to many different multi-criteria decision-
making problems. To manage the decision-making process, this method includes some layers such as decision stages in
which the selected criteria are scored and the stages of determining alternative values. Once the AHP schema is
established, pairwise comparison matrices are defined between the effective criteria. Each criterion is scored in
accordance with Table 1 considering the importance level of the comparison pairs.

Table 1. Importance intensities for pairwise comparison in AHP (Saaty, 1990; Wang et al., 2008)

Importance intensity

(Scores) Definition
1 Equal importance
3 Moderate importance of one over another
5 Strong importance of one over another
7 Very strong importance of one over another
9 Extreme importance of one over another

2,4,6,8 Intermediate values

Reciprocals Reciprocals for inverse comparison

Saaty (1980) presented the principal right eigenvector method to determine weight vector for AHP. The normalized
matrix is derived by dividing each element of the comparison matrix by the sum of the corresponding columns. Each
vector in the normalized matrix is averaged to obtain the weight vector. The priorities matrix is obtained by multiplying
the comparison matrix and the weight vector as;

[AW;] = [A][W;] (1)

The maximum eigenvalue (Amax) can be also formulized as below:

1 AW ;
Amax = ;Z?:lvll (2)

where, n is criteria number, A is the pairwise comparison matrix, W is the weight vector. The consistency ratio of the
pairwise comparison matrix define by CR should have an acceptable ratio (Wang et al. 2008):

_ Amax—n
CR = (n=1)RI (3)

In which, the Cl is the consistency index, Rl is the random inconsistency index taken from Table 2.

Table 2. Rl values according to numbers of criteria (n = 1 — 15) (Saaty, 1990)

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Rl 000 0.00 058 090 1.12 124 132 141 145 149 151 148 156 157 1.59

For acceptable consistency, the decision-making process should be repeated until this ratio of CR drops below 0.10.
CR =0.00 represents the best consistency for the decision-making process (Saaty, 1990; Subramanian and Ramanathan,
2012).

4. Susceptibility Analysis

The success of AHP largely depends on the correct selection of the criteria affecting the event and the accuracy in the
scoring of the decision makers. In this study, some factors that affect and are affected by the landslide event in the
study area are considered. The criteria that can trigger the landslide event can be defined as hazard, and that can be
affected can be described as vulnerability factors. The hazard factors in the study were slope, precipitation, soil,
lithology, distance to river, land use, elevation, aspect, and distance to fault. The data of all these criteria were collected
from the relevant institutions (HGM, 2021; USGS, 2021; Geofabrik, 2021; TAD, 2021; Copernicus, 2021; MTA, 2021;
MGM, 2021; Climate-Data, 2021; AFAD, 2021). For each criterion, these data sets were divided into subclasses and
mapped with the help of GIS as shown in Figure 2.
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Each zone on the maps in Figure 2 was scored according to landslide susceptibility (Figure 3). While selecting these
criteria in Figures 2 and 3, all relevant institutions' open databases were scanned in detail, and important factors that
could affect landslide susceptibility were taken into account. Thus, a multi-faceted and more sensitive study on the
landslide susceptibility of the region was aimed.
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Figure 2. Sub-classification maps of each criterion prepared according to the data obtained from the relevant
institutions: a) slope, b) precipitation, c) soil, d) lithology, e) distance to rivers, f) land use, g) elevation, h) aspect, i)
distance to active faults, j) population

In Figure 3a, landslide events that occurred in the past in the study area are shown. According to this, the landslides
are concentrated in the north, but generally spread in the southern regions. This map with past records will enhance
the final map. One of the most important factors that can affect landslide susceptibility is slope. Therefore, in the map
given in Figure 3b, zones with high slopes were scored high. Another important criterion that triggers landslides is
precipitation. Water seeping into the ground due to precipitation may trigger landslides. For this reason, the northwest
region with high precipitation was scored high as seen in Figure 3c. As the soil structure, especially barren brown soils,
chestnut-colored soils, and river oil zones were evaluated as high sensitivity.
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The landslide susceptibility of the regosols located on a relatively flat land in the middle region and the forest soils
located in the river valleys in the west and southeast were evaluated as low (Figure 3d). In terms of lithology, rocks such
as marble, granite, andesite basalt and metamorphic rocks in the southern part of the study area have low landslide
susceptibility. On the other hand, the susceptibility of alluvial, conglomerate, sandstone, etc. formations in the northern
parts are higher (Figure 3e). River valleys are zones where slopes are high.

Figure 3. Scored maps a) landslide events, b) slope, c) precipitation, d) soil, e) lithology, f) distance to rivers, g) land
use, h) elevation, i) aspect, j) distance to active faults, k) population of the criteria for landslide susceptibility

The closer to the river, the higher landslide susceptibility (Figure 3f). Figure 3g shows the scoring of land use on

landslide susceptibility. In this map, vegetation with deep root structure such as forests and wooded areas was selected
with low sensitivity.
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However, sections with relatively lower slopes such as pastures and irrigable areas were also considered to have an
average sensitivity. The areas with weak vegetation or bare lands were highly susceptible to landslides.

As can be seen in Figure 3h, the elevation is scored as a factor that increases landslide susceptibility. In the aspect
map in Figure 3i, the landslide susceptibility is higher in south-facing zones than in the north since freeze-thaw would
be more common in southern regions. Another factor that can trigger a landslide is an earthquake. The areas close to
the active fault line given in Figure 3j is more susceptible to landslides. Finally, the population density is given in Figure
3k as a factor increasing the landslide susceptibility.

Human activities such as excavation, construction and un-planting may increase the landslide susceptibility on the
ground, as well as increase the landslide vulnerability in the areas due to population density. The superiority of each
criterion of the comparison matrix over the other was scored using the scale in Table 3, and thus the pairwise
comparison matrix is obtained as in Table 3. Then, each element of this matrix is divided by the corresponding column
sum to gain the normalized matrix given in Table 4.

Table 3. The pairwise comparison matrix for landslide susceptibility of the region (a-landslide events, b-slope, c-
precipitation, d-soil, e-lithology, f-distance to rivers, g-land use, h-elevation, i-aspect, j-distance to active faults, k-

population)
A a b c d e f g h i j k
a 1 2 3 3 3 3 3 4 5 5 7
b 1/2 1 3 3 3 4 5 5 5 7 7
c 1/3 1/3 1 3 3 5 5 7 7 7 7
d 1/3 1/3 1/3 1 1 2 3 3 7 7 5
e 1/3 1/3 1/3 1 1 3 3 4 4 4 5
f 1/3 1/4 1/5 1/2 1/3 1 3 3 5 2 5
g 1/3 1/5 1/5 1/3 1/3 1/3 1 2 2 2 5
h 1/4 1/5 1/7 1/3 1/4 1/3 1/2 1 2 2 3
i 1/5 1/5 1/7 1/7 1/4 1/5 1/2 1/2 1 1 3
| 1/5 1/7 1/7 1/7 1/4 1/2 1/2 1/2 1 1 3
k 1/7 1/7 1/7 1/5 1/5 1/5 1/5 1/3 1/3 1/3 1

TOTAL 3.96 5.14 8.64 12,65 1262 1957 2470 30.33 3933 3833 51.00

Table 4. Process of the weight vector from the normalization matrix (a-landslide events, b-slope, c-precipitation, d-
soil, e-lithology, f-distance to rivers, g-land use, h-elevation, i-aspect, j-distance to active faults, k-population)

A a b c d e f g h i j k Wi
0.253 0.389 0.347 0.237 0.238 0.153 0.121 0.132 0.127 0.130 0.137 0.206

b 0.126 0.195 0.347 0.237 0.238 0.204 0.202 0.165 0.127 0.183 0.137 0.197
0.084 0.065 0.116 0.237 0.238 0.256 0.202 0.231 0.178 0.183 0.137 0.175
d 0.084 0.065 0.039 0.079 0.079 0.102 0.121 0.099 0.178 0.183 0.098 0.102

0.084 0.065 0.039 0.079 0.079 0.153 0.121 0.132 0.102 0.104 0.098 0.096

e

f 0.084 0.049 0.023 0.040 0.026 0.051 0.121 0.099 0.127 0.052 0.098 0.070
g 0.084 0.039 0.023 0.026 0.026 0.017 0.040 0.066 0.051 0.052 0.098 0.048
h 0.063 0.039 0.017 0.026 0.020 0.017 0.020 0.033 0.051 0.052 0.059 0.036

0.051 0.039 0.017 0.011 0.020 0.010 0.020 0.016 0.025 0.026 0.059 0.027
0.051 0.028 0.017 0.011 0.020 0.026 0.020 0.016 0.025 0.026 0.059  0.027

k 0.036 0.028 0.017 0.016 0.016 0.010 0.008 0.011 0.008 0.009 0.020 0.016

166



Aydin, M.C., Birincioglu, E.S., Biiyiiksarag, A. | Turkish Journal of Remote Sensing and GIS, Vol.3, Issue:2, Page: 160-171, September 2022

Result mapping and classification processes were performed with ArcGIS, a GIS software. For this, raster data was
reclassified by means of Arctoolbox -3D Analyst Tools - Raster - Reclass. After the classification process, the data was
converted into vector data via Conversion Tools — From Raster — Raster to Polygon. Then, vector data was integrated
with Data Management Tools — Generalization — Dissolve. Data Management Tools- Fields — Add Field tool is used to
enter the scoring values into the attribute table of each criterion.

The average of each row of the normalized matrix is calculated in the last column as the weights of the criteria
representing this row. According to the determined weights, the maximum eigenvalue was calculated as Amax=12 from
Eq. (2). The consistency ratio, CR, was also calculated as 0.07 from Eq. (3), and since this value is less than 0.10, it can
be said that the comparison matrix has an acceptable consistency. Consequence, the weights of the criteria on landslide
susceptibility were calculated as follows: 20.6% for landslide, 19.7% for slope, 17.5% for precipitation, 10.2% for soil,
9.6% for lithology, 7.0% for distance to rivers, 4.8% for land use, 3.6% for elevation, 2.7% for aspect, 2.7 for fault distance
and 1.6% for population. These weights were implemented to layers of the criteria maps in GIS environments to create
the result maps of landslide susceptibility.

5. Results and Discussion

The raster map layers in Figure 3 were weighted with the ratios obtained from the AHP, and the landslide susceptibility
map was obtained in the GIS environment. In the map shown in Figure 4, the landslide susceptibility is colored in five
different degrees, as very low susceptible, low susceptible, moderate susceptible, high and very high susceptible.
According to this map, approximately 8% of the study area is susceptible to landslides at very low levels, 66% at low
levels, 25% at medium and high levels, and 1% at very high levels (Table 5). Accordingly, especially the mountainous
southwestern parts of the study area are high-susceptible areas, while the central and northern parts are considered
low-susceptible areas. Steep sections with deep aquifer valleys are areas with high landslide susceptibility. A similar
situation is also valid for the river valley in the southeast of the study area. In addition, relatively mountainous areas
with a sandstone lithological structure in the northern parts are susceptible to landslides.
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Figure 4. Final landslide susceptibility map of the study area
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To test the accuracy of the map, it was also compared with some maps from the literature given in Figure 5. Figure 5a
shows the landslide susceptibility map of the study area prepared by Goksu (2017). Ekinci et al. (2020a) also showed
the historical landslides in the study area on the map in Figure 5b. Since there is no accuracy analysis or comparison
about Goksu's (2017) map, the reliability of this map is not completely known, but it is seen that especially the parts
with high landslide susceptibility overlap with the results of this study (Figures 4 and 5a). On the other hand, the
landslide susceptibility map obtained from this study is in good agreement with the observed landslide records on the
map presented by Ekinci et al. (2020a) (Figures 4 and 5b). In general, Figures 4 and 5 showed that the landslide
susceptibility is concentrated in the southeast and southwest and partially in the north. Although no comprehensive
accuracy assessment or analysis were performed, these comparisons demonstrate the validity and reasonable accuracy
of the results obtained for the study area.

Table 5. Spatial distribution of landslide susceptibility classes and ranges

Landslide Susceptibility Landslide Susceptibility Area Ratio
Classes Ranges (km?) (%)
Very Low 0-0.19 536.56 8
Low 0.20-0.39 4426.62 66
Moderate 0.40-0.59
High 0.60-0.79 1676.75 25
Very High 0.80-0.99 67.07 1
TOTAL 6707 100

B Very low

B Low
Moderate

I High O

B Very high o 40 km

| S—

Figure 5. Literature records on landslide susceptibility of the study area: a) landslide susceptibility map (Goksu, 2017),
b) past landslide records in the study area (Ekinci et al., 2020a)

6. Conclusions

In this study, landslide susceptibility maps of Bitlis province, located in the Eastern Anatolia Region of Turkey, where
relatively mountainous and landslide events are common, were obtained by applying GIS-based AHP. The important
factors in the landslide susceptibility of the region are slope, precipitation, soil structure and lithology as well as past
landslide events (inventory) and population. The results indicate that approximately 25% of the study area has moderate
to high landslide susceptibility. Accordingly, the landslide susceptibility of the study area is high, especially in the
southwest and southeast parts of the study area (Mutki, Bitlis and Hizan) due to the mountainous structures and deep
river valleys, and in the partially mountainous regions in the north (the region between Ahlat and Adilcevaz). The
landslide susceptibility in the middle parts of the region where Giroymak, Ahlat and Tatvan districts are located is low.
Although the previous landslide records and some other studies in the literature support the results of the study, this
study reflects the landslide susceptibility of the area much better. The main reason for this is that eleven different
criteria were considered with a logical filter in the used method. It is expected that the results obtained will contribute
to the disaster management of the region.
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Some limitations, advantages and disadvantages of this study can be presented as follows. First, it depends on the
accuracy of the results and the availability of sufficiency and the accuracy of the data sets. The field of study and
expertise of the decision makers and the scoring of the criteria are the most important factors on the robustness of the
results. In addition, the selection of effective criteria on the event is important. For this reason, the effective criteria on
the event should be selected and defined correctly. With this method, which offers a qualitative approach, the
deterministic and probabilistic aspects of the event are ignored. On the other hand, it is possible to get very simple,
effective, fast and accurate results thanks to AHP with accurate data set usage, multiple-decision mechanism and
flexible expert opinions. In addition, it should be noted that the accuracy of the results in this study was not tested with
any Accuracy Assessment technique, their validity was checked only by comparing them with similar studies and real
event records. For better accuracy analysis, it is recommended to test the model accuracy with the techniques such as
ROC curve in the literature.
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