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ABSTRACT

Earthquake Engineering and Seismology (IIEES), Tehran, Iran

Earthquake of November 11, 2017 (Mw=7.3) in Ezgeleh village of Sarpol-e Zahab
city in Iran, triggering numerous slope instabilities of various types of rockfalls,
rockslides, avalanches and mud flows. The existence of a very high inherent
potential and susceptibility of the region, on the one hand, and the occurrence ofa
strong earthquake as a driving factor, on the other hand, have been the main
reasons for the instabilities in the region have been the main reasons for the
instabilities in the region. The number of slope instabilities caused by this
earthquake was rare compared to earthquakes with similar magnitude and
thus requires more detailed investigations. The main objective of this study is to
make a landslide hazard zonation map in this region, using Entropy Shannon's
model, and compare the results with the landslides that triggered by the Ezgeleh
earthquake. The landslide conditioning factors such as Slope Angle, Lithology
(geology), Geological Strength Index (GSI), Slope Aspect, Distance to Faults, Pick
Ground Acceleration (PGA), Plan Curvature, Distance to Roads, Distance to
Rivers, Land Use, Normalized Difference Vegetation Index(NDVI) and Topographic
Wetness Index (TWI), were extracted from the spatial database. By using these

Keywords: factors, weights of each factor were analyzed by index of Entropy model and the
Landslide hazard map oflandslide hazard zonation were prepared, using Geographical Information
zonation; Geographical System (GIS). The results showed that more than 31.37% of the surface of the area
Information System (GIS); has a moderate to very high hazard of landslides. From 335 landslides identified,

' 235 (= 70%) locations were used for the landslide susceptibility maps, while the
Sarpol-e Zahab remaining 100 (=~ 30%) cases were used for model validation. Finally, the ROC
earthquake; Entropy (receiver operating characteristic) curve for landslide hazard zonation map was
shannon model; drawn and the areas under the curve (AUC) were calculated. The verification
ROC curve results showed that the index of Entropymodel (AUC = 84.3%) has a high accuracy

1. Introduction

Landslides are the downward and outward
movement of a slope consisting of a rock, soil or
artificial fill material under the influence of gravity,
slope, water and other external forces and are one

that is assumed as very good.

of the most important natural hazards (IAEG
Commission on Landslides, 1990). Landslides and
slope instabilities are one of the most widespread
and destructive natural hazards in highlands and
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mountainous regions. In special conditions, land-
slides can be a serious natural hazard worldwide
that cause high numbers of fatalities and damage
to properties every year (Froude & Petley, 2018).
They can be triggered by other hazards such as
carthquakes (Lee & Evangelista, 2006; Karakas,
et al.,, 2021a) and heavy rainfalls (Dikshit et al.,
2020; Kocaman et al., 2020), as well as by anthro-
pogenic activities (Sevgen et al., 2019; Yanar et al.,
2020). The impact of landslides can be far-reaching,
including loss of lives and properties, damage to
infrastructures such as water supply, electricity,
gas line, transportation, sewage system, as well as
to landscape and environment.

By investigating the occurred landslides, we
gain knowledge about the spatial occurrence of
landslides and improve our understanding of the
underlying processes causing landslides (Yanar et
al., 2020). The study of landslides reaches from
site-specific field investigations to global datasets of
landslides and from event based inspections to
long-term monitoring for several years (Alberti, et
al., 2020; Coe, 2020; Mateos et al., 2020; Svennevig
et al., 2020a). Among the different spatial and
temporal approaches of landslide studies, land-
slide inventory mapping is a common method to
investigate the spatial occurrence of landslides
(Guzzetti et al., 2012; Galli et al., 2008; Hao et al.,
2020).

The study of landslides has drawn global
attention mainly to the increasing awareness of
their socio-economic impacts as well as the in-
creasing pressure of urbanization on the mountain
en-vironments (Aleotti & Chowdhury, 1999).
Statistics from the Center for Research on the
Epidemiology of Disasters (CRED) show that
landslides are responsible for at least 17% of all
fatalities from natural hazards worldwide. This
trend is expected to continue in the future due to
the increase of the unplanned urbanization and
development, deforestation, and regional pre-
cipitation as a result of changing climatic conditions
in landslide-prone areas (Goetz et al., 2011;
Kanungo, 2006; Schuster, 1996). Landslides cause
loss of life and property, and damage to natural
resources, developmental projects, and essential
commodities. The mountainous areas of Iran are
prone to landslides, causing a lot of damage every

40

year, especially after a moderate to high magnitude
carthquakes. As an instance, during the Manjil earth-
quake in 1990, Ms 7.3, 187 people died merely by
triggered landslides (ILWP, 2007). Losses resulting
from mass movements until the end of September
2007 have been estimated at 126,893 billion
Iranian Rials using the 4900 landslide database
(ILWP, 2007). Considering the importance of
recognizing, the occurrence risk factors in land-
slide hazards zoning is necessary (ILWP, 2007).
Mountainous features, high tectonic activity, and
geological and climatological variety make the
Iranian plateau capable of the occurrence of
various types of landslides (especially in the Alborz
and Zagros active mountainous belts). One of the
ways to reduce landslide damage is landslide hazard
zonation mapping. The aim of the zonation methods
is to identify areas that are susceptible to future
landslides, based on the knowledge of past land-
slide events and terrain parameters, geological
attributes, and other possibly anthropogenic
environmental conditions that are associated with
the presence or absence of such phenomena.
During recent decades, the use of landslide suscep-
tibility and hazard maps for land use planning has
increased significantly. These maps rank different
sections of the land surface according to the
degree of actual or potential landslide hazard; thus,
planners are able to choose favorable sites for
urban and rural development (Pourghasemi et al.,
2012).

2. Data, Materials and Method
2.1. Study Area

The study area is the affected region by the
November 11, 2017 earthquake (Mw = 7.3) in
Ezgeleh village of Sarpol-e Zahab, west of
Kermanshah province (Figure 1). The area is
about 3774 km? lies between the longitudes 45°41'
to 46°16' E, and latitudes 34°4' to 34°54' N. Altitude
in the study area varies between 371 and 2559 m
a.s.l. The region is covered by various types of
lithological formations including Paleozoic
(Permian), Mesozoic and Cenozoic. Most of the
slope instabilities occurred in the Rijab syncline,
Shah-Neshin Mountain and Dalahoo Heights,
which consists of limestone of the Asmari formation
(Oligo-Miocene) and Pabdeh formation (shale,
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Figure 1. Map of the study area (is located in the area affected by the November 11, 2017 earthquake in Sarpol-e Zahab).

Figure 2. Location of Sarpol-e Zahab

limestone and clay). The difference in the hard
layers of the Asmari formation on the soft layers
Pabdeh formation along with the tectonic structures
has caused the area to be prone to the instability
(IIEES, 2017) (Figure 2).

JSEE /Vol. 24, No. 1&2, 2022

earthquake's epicenter
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(November 11, 2017) (IEES, 2017).

2.2. Datasets
2.2.1. Landslides Inventory Map

One clue to the location of future landslides is
the distribution of past movements; hence maps
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that show the location and size of landslides
(landslide inventory maps) are helpful in pre-
dicting the hazard for an area. The landslide
inventory map of the study area was identified
and manually delineated by experts through visual
interpretation of air photos, satellite images
(Google Earth) and field observations. 335 land-
slide polygons with the total coverage area about
20.4 km? are identified. The landslide inventory
map of the study area is presented in Figure (3).
The spatial distribution of slope instabilities is
caused by earthquake in a wide area of the
region, so that it covers from the north of Sarpol-e
Zahab to near Ilam (in the southeast). Such a
wide dispersion of these phenomena has been
observed less compared to other earthquakes of
similar magnitude (IIEES, 2017).
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Figure 3. Landslides inventory map of the study area.
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Satellite images and field observations showed
that most of slope instabilities are concentrated in
the Rijab syncline, Shah-Neshin Mountain and
Dalahoo Heights. These various types of slope
instability such as rockfalls, avalanches, soil slides,
rockslides and mud flow have occurred in study
area, but rock and soil slides are more abundant.
The largest landslide is "Mella Kabud-Qorchi
Bashi", the dimensions of which are about 4x4 km
(Figure 3).

The number of induced earthquake landslides
of this earthquake has been unprecedented in
recent decades in Iran. Some other types of land-
slides caused by the Sarpol-e Zahab earthquake
are rockfall zones in Baba Yadegar valley, rock
avalanche zones waterfall, the landslide of north
Dalahoo, and the Rock slide of Chenareh, which
are explained below in details (IIEES, 2017).

2.2.1.1. The Mella Kabud-Qorchi Bashi Landslide

It is the biggest earthquake-induced landslide
occurred in the study area with dimensions of
approximately 4x4 km. This landslide is located a
few kilometers north of Sarpol-e Zahab, and it is
casily visible from a faraway distance. Many wide
transverse cracks displaced mass of the main
body, some of which are more than 1 km long and
more than 40 m deep. The height of the main
scarp reaches 15 m in some parts (IIEES, 2017).
Figure (4), shows some images of this landslide

(Figure 4).

2.2.1.2. The Baba Yadegar Valley Rockfall Zones

One of the most important rockfall zones
caused by this earthquake is Baba Yadegar valley,
located in the interior western part of the Rajab
syncline. Dimensions of these rockfalls are up to
six m’ and the weight of more than 10 tons

(Figure 5).

2.2.2. Landslide Effective Factors

To study the landslide hazard zonation, the
researcher must be able to recognize the real
causal factors that might lead to instability in a
given area. Therefore, this is key information,
since it helps in achieving accurate findings upon
completion (Guzzetti et al., 2000). To make a

JSEE /Vol. 24, No. 1&2, 2022
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Figure 4. Images of the main scarp of the Mella Kabud-Qhorchi Bashi landslide and transverse cracks formed on the landslide-
displaced mass ofthe main body.

Figure 5. Images of Baba Yadegar rockfall zones.
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landslide hazard zonation map, it is necessary to
select the parameters that have the greatest effect
on the landslide event (Tajik, 2009; Rakhshandeh,
2018). In this way, according to the numerous field
observations made in the region and using the
expert and engineering by judgment method, 12
effective factors were identified and the desired
layers were prepared. The effective factors were
weighted between 0 (least effect) and 2 (greatest
effect) based on their impact on the occurrence
of landslides by judgmentexpert method (Table 1).
To make this map, first, the Digital Elevation
Model (DEM) of the region was prepared
by using topographic digital data by grid size of
4,205,215 pixels. Then the slope angle and slope
aspect maps were extracted from the DEM of
the area by ArcGIS. The slope angle map was
categorized into seven classes (<5°, 5-10°, 10-15°,

15-25°, 25-35°, 35-45° & >45°), and slope aspect
map into nine classes (Flat, North, North-East,
East, South-East, South, South-West, West & North-
West) (Figures 6 and 7). The geological map of
the study area was obtained from four geological
maps of Sarpol-e Zahab, Qasr-e Shirin, Bayangan
and Kerend (1:100,000-scale), (Figure 8 and
Table 1). The Geological Strength Index (GSI)
map is prepared during the field studies (Figure 9
and Table 1). Based on the lithological and GSI
maps, and using the RockLab software (Rocscience
Inc., 2007), the values of ¢' (cohesion) and c'
(friction angle) of the rock masses was estimated
and categorized into seven classes (Type-1 until 6).
Also, using a geological map, the effective factor
of Distances to faults map was calculated and
categorized into five classes (0-25 m, 25-50 m,
50-75 m, 75-100 m and >100 m), (Figure 10 and

Table 1. The spatial relationship between each effective factor and landslides Hazard Zonation using the index of entropy

model.
W We W Wi
Parameter Group Class {Judgment (Entropy Parameter Group Class {Judgment (Entropy
Expert) Shannon) Expert) Shannon)
1 <5 0.000 0.000 1 Rainy Land 0.100 0.000
2 10-May 0.100 0.010 2 Dense liorest Lands 0.000 0.000
Slope 3 15-Oct {1,500 0,070 3 Semi-Dense Forest Lands 1.000 0.010
A:pﬁ, 4 1523 1,000 0.140 Land 4 Lands of Sparsc Forests 0300 0.010
< 5 25-35 1.700 0.230 Use 5  Semi-Dense Pasture Lands 0,600 0.010
6 35-45 1.950 0.260 6 Non-Dense Pasture Lands 0,300 0.000
7 =45 2,000 0.270 7 Croplund 0.000 0.000
1 =200 0.400 0.010 8 Built-Up 0.000 0.000
2 200-300 1.000 0.025 1 = 100 0.000 0.000
PGA k) 300-400 1.400 0.035 Distance 3 75-100 0.100 0.005
4 400-500 1.800  0.045 to 3 50-75 0300 0.015
3 = 500 2000  0.050 fault 4 25 -50 0.600 _ 0.030
2 N 0.190  0.013 1 Type-1 0000 0.000
3 NE 0280  0.020 2 Type2 0200 0022
Slope 4 s-E' gg;g ggg? 3 Type 0600 0.066
Aspect > - I = o0 4 Type4 0.700 0.077
6 S 0.550 0.039 . _ —
Lithology 3 I'vpe-5 0.900 0.099
7 W 1.000 0.070 -
6 Type-6 1.100 0.121
8 W 0.750 0.053 — .
- ; 7 I'vpe-7 1.500 0.165
9 NW 0.320 0.022
— 8 Type-8 1.700 0.187
| Straight 0.300 0.012 = ;
Plan 2 Concave 0.600 0.024 9 Iype-9 2.000 0.220
Curvature — C - — . 1 =60 0.000 0.000
Jonvex 1.000 0040 pistance — 10260 5300 5,008
3 1 = 60 0.000 0.000 t -6 = 200
Dmll,ance 3 10-60 0,300 0012 Rivers 3 20 - 4 0.600 0.012
1 Landslide 2.000 0220 2 Rock/ Bare Soil 0.400 0.004
Sail Slopes, Very Soft . NDVI 3 Plant with Thin Cover 1.000 0.010
2 and Loose Rocks 195 0215 4 Shrub 0600 0.006
3 Loose Stones 1.95-1,7 0.187 5 Grassland 0.250 0.003
GSI 4 Relatively 1lard Stones 1.7-1 0.110 1 =8 0.000 0.000
5 Hard Stones 1-0.4 0.044 2 10-Aug 0.000 0.000
6 Very [lard Stones 0.4-0 0.022 TWI 3 12-0¢t 0,100 0,001
Flat Quaternary Loose 4 14-Dec 0.300 0.003
’ Sediments 0.000 0.000 5 =14 1.000 0.010
44 JSEE /Vol. 24, No. 1&2, 2022
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Figure 6. Effective Factor Maps; The Slope Angle map was
categorized into seven classes (<5°, 5-10°,10-15°, 15-25°, 25-
35°,35-45°and >45°).

Table 1). The Peak Ground Acceleration (PGA)
zoning map for return period of 2475 year (IIEES,
2017) was used for preparing the earthquake
factor map. This map is categorized into five
classes of 0-0.2 g, 0.2-0.3 g, 0.3-0.4 g, 0.4-0.5 g
& > 0.5 g (Figure 11 and Table 1). In the case of
the curvature, negative curvatures represent
concave, zero curvature represents straight, and
positive curvatures represent the convex surface.
The plan curvature map was prepared in GIS and
categorized into three classes (Straight, Concave
& Convex), (Figure 12 and Table 1). In addition, the
distance to roads and rivers was calculated using
the topographic database. The maps of distance
to roads and rivers categorized into four classes
(0-20 m, 20-40 m, 40-60 m and >60 m) as shown

JSEE /Vol. 24, No. 1&2, 2022
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Figure 7. Effective Factor Maps; The Slope Aspect map was
categorized into nine classes (Flat, North, North-East, East,
South-East, South, South-West, West and North-West).

in Figures (13) and (14) and Table (1). The Land
Use map was categorized into eight classes (rainy
land, dense forest lands, semi-dense forest lands,
lands of sparse forests, semi-dense pasture lands,
non-dense pasture lands, cropland and built-up) as
shown in Figure (15) and Table (1). The Nor-
malized Difference Vegetation Index (NDVI) was
created using Landsat 8 satellite images of 2017.
The final NDVI map shows values between -1.0
and +1.0, and then it was categorized into five
classes (water/snow, rock/bare soil, plant with
thin cover, shrub and grassland) (Figure 16 and
Table 1). Among other parameters affecting the
occurrence of landslides in the studied area is the
Topographic Wetness Index (TWI). Topogra-
phical changes directly affect the hydrological
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Figure 8. Effective Factor Maps; Lithological map extracted
from geological map of the study area categorized into nine
classes (Type-11t09).

conditions and consequently the soil moisture level
and the underground water level (Zinko et al., 2005;
Sorensen et al., 2006). TWI map was categorized
into five classes (<8, 8-10, 10-12, 12-14 & >14) as
shown in Figure (17) and Table (1).

2.2.3. Methodology and Modeling

Figure (18) shows the different stages of the
research method and preparing the landslide
hazard zonation map. As mentioned in the sections
2.2.1 and 2.2.2, the first step in making landslide
susceptibility maps is to prepare a distribution map
of landslides occurred in the past. This stage is
considered as the most important part and pre-
requisite for susceptibility studies and landslide
risk (Regmi, et al., 2014). For this purpose, first,
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Figure 9. Effective factor maps; The geological strength
index (GSI) categorized into seven classes (Type-1
t0 6).

the location of the landslides occurred in the
region was identified using Google Earth images
and extensive field visits, and a total of 335 land-
slides were detected in the region. In Table (1), the
effective factors used in earthquake-induced
landslides hazard zonation, as well as the sub-
groups of each of the input factors, are presented.
As shown in Table (1), 12 factors were identified
and investigated. For the current study, 12 land-
slides related effective factors were selected:
Slope Angle, Lithology (geology), Geological
Strength Index (GSI), Slope Aspect, Distance to
Faults, Pick Ground Acceleration (PGA), Plan
Curvature, Distance to Roads, Distance to Rivers,
Land Use, Normalized Difference Vegetation Index
(NDVI) and Topographic Wetness Index (TWI).
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Figure 10. Effective Factor Maps; Distance to Faults map was
calculated and categorized into five classes (0-25m, 25-50 m,
50-75m, 75-100 m and >100 m).

Shannon's entropy model was used to weight
the effective factors in the occurrence of landslides
in the study area. Shannon entropy is a model for
measuring a disordered, instability, imbalance and
uncertainty of a system. The quantity of entropy of
a system has a one-to-one relationship with the
degree of disorder; this relationship, called
the Boltzmann principle, has been used to describe
the thermodynamic status of a system (Yufeng &
Fengxiang, 2009). The principle of Boltzmann was
expanded upon by Shannon, who established an
entropy model for information theory. This way,
the information entropy method has been widely
used to determine the weight index of natural
hazards and has been used for integrated en-

JSEE /Vol. 24, No. 1&2, 2022

Figure 11. Effective Factor Maps; The PGAmap was catego-
rized into five classes of 0-0.2 g, 0.2-0.3 g, 0.3-0.49,0.4-0.5¢g
and>0.5g.

vironmental assessments of natural processes,

such as sand storms, droughts, mud and debris
flows (Li et al., 2002). Types of landslides are
complex systems for the exchange of materials

and energy with the environment, and thus a

landslide can be measured and described using

the information entropy method (Yang & Qiao,
2009). The entropy of a landslide refers to the
extent that various factors influence the develop-

ment of a landslide. Several important factors

provide additional entropy into the index system.

As a result, the entropy value can be used to cal-

culate the objective weights of the index system
(Yang et al., 2010). The weight value of each
factor is expressed separately as the entropy
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Figure 12. Effective Factor Maps; The Plan Curvature map
was categorized into three classes (Straight, Concave and
Convex).

index; as a result, by using this index, it is possible
to identify the factors that have the greatest
impact on the occurrence of landslides or any
other phenomenon. In order to determine the
weight related to each of the effective factors,
Equations 1 to 5 were used (Bednarik et al., 2010;
Pourghasemi et al., 2012; Devkota et al., 2013;
Wang et al., 2016).

_A
FR —A—d (1)
FR
p=——>
I 2)
C-l
En,,, =log, N, ,N, —number of classes 3

48

Figure 13. Effective Factor Maps; The Distance to roads map
was categorized into four classes (0-20 m, 20-40 m, 40-60 m
&>60m).

En,, —En _
I, = Fn__ c=1, ...n 4)
W, =1, *FR (5)

where A is number of landslide pixels (%); A, is
area of hazard zone category(%); FR is Fre-
quency Ratio (%); P, is the probability density; N,
is decision matrix; E, and E, max represent
entropy values; I is the information coefficient
and Wiis final weight of each factor.

3. Making and Verification of the Landslide
Hazard Zonation Maps

Based on the results of examining the importance
of each of the effective factors in the landslide
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Figure 14. Effective Factor Maps; The Distance to rivers map
was categorizedinto four classes (0-20m, 20-40 m, 40-60m &
>60m).

event using Shannon's entropy index, it was
determined that the layers of the Slope Angle,
Lithology, Geological Strength Index (GSI), Slope
Aspect, Distance to Fault, Pick Ground Acceler-
ation (PGA), Plan Curvature, Distance to Roads,
Distance to Rivers, Land Use, Normalized
Difference Vegetation Index (NDVI) and
Topographic Wetness Index (TWI) with 0.27,
0.22, 0.22, 0.07, 0.05, 0.05, 0.04, 0.04, 0.02,
0.01, 0.01, and 0.01 are from the highest to the
lowest weight.

Finally, using the results of the entropy method,
the effective factors were weighted as shown in
Table (1). The final landslide hazard zonation map
was prepared by the summation of weighted
products of the effective parametric maps

JSEE /Vol. 24, No. 1&2, 2022
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Figure 15. Effective Factor Maps; The Land Use map was
categorized into eight classes (rainy land, dense forest
lands, semi-dense forest lands, lands of sparse forests,
semi-dense pasture lands, non-dense pasture lands, cropland
and built-up).

(Figure 19). After examining the importance of
factors affecting the occurrence of landslides, the
landslide hazard zoning map was prepared based
on the relationships of the entropy model and
divided into five classes that is Very Low, Low,
Medium, High and Very High. The area corres-
ponding to each of the classes is 45.23, 23.40,
11.42, 8.27 and 11.67 percent respectively
(Figure 19). The area corresponding to each of
the hazard classes was calculated as 11.67%,
8.27%, 11.42%, 23.40% and 45.23%, respectively.
Also, the ratio of the areas involved in landslides
to the hazard classes, from 68.94% (very high),
11.10% (high), 8.72% (medium), 9.65% (low) and
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Figure 16. Effective Factor Maps; The NDVI map was
categorized into five classes (water/snow, rock/bare soil,
plant with thin cover, shrub and grassland).

Figure 17. Effective Factor Maps; The TWI map was
categorized into five classes (<8, 8-10, 10-12, 12-14 and
>14).

Table 2. Thearea corresponding to each of the hazard classes in the region.

Classes Total Landslide Area (m%) Landslide Area in Each Classes (m?)
Yery Low 1705006327.41 264523 323659.5598 % 1.59
Low EB2181352.14 %% 23.40 1967049377 Yo 9.65
Medium 430663694.00 % 11.42 1776944746 % 8.72
High 31169245518 % 8.27 2263443.634 % 11.10
Very High 440032948 93 Y% 11.67 140353050.1 Yo 68.94
Sum 3769576777.66 % 100.00 2038414741 % 100.00
59.1% (very low), it was estimated that finally, and Table 2).

the total areas involved in landslides occurred in
the very high and high category, with more than
80% showing the high accuracy of the landslide
hazard zonation map (Figure 19). The area corre-
sponding to each of the hazard classes in the
region was calculated as 11.67%, 8.27%, 11.42%,
23.40% and 45.23%, respectively (Figure 20
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From 335 landslides identified, 235 (~70%)
locations were used for the landslide susceptibility
maps, while the remaining 100 (~30%) cases
were used for model validation. Finally, the ROC
(receiver operating characteristic) curve for the
landslide hazard zonation map was drawn and the
areas under the curve (AUC) were calculated.
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Flow Chart of Earthquake Induced Landslide Hazard Zonation
of Sarpol-e-Z2ahabk Using Entropy Shannon Maodel
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Figure 18. Flowchart of methodology and different research stages.
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Figure 19. TheLandslide Hazard Zonation map of Sarpol-e Zahab using Entropy Shannon Model.
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Figure 20. Column chart of the percentage of landslides in
danger zones.
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Figure 21. The ROC curve of Landslide Hazard Zonation map of
Sarpol-e Zahab using Entropy Shannon model.

Table 3. Evaluation results (area under the curve) of Hazard
Zonation map of Sarpol-e Zahab using Entropy Shannon
model.

Asymptotic 95% Confidence

Std. Asymptotie

AUC ! Interval
Error Sig
Lower Bound  Upper Bound
0.843  0.002 0.000 (.839 0.848

The verification results showed that the index of
the Entropy model (AUC = 84.3%) has high
accuracy. The results of the ROC curve showed
the accuracy of the mentioned model for the
studied area is very good (Figure 21 and Table 3).

4. Results and Discussion

Landslides are considered one of the most
dangerous natural disasters in the world. Much
research has been done all over the world on the
subject of landslide susceptibility, hazard and risk
modeling. In this research, 12 effective factors
were recognized that include Slope Angle, Slope
Aspect, Lithology, Geological Strength Index (GSI),
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Distance to Faults, Peak Ground Acceleration
(PGA), Plane Curvature, Distance to Roads, Dis-
tance to Rivers, Land Use, Normalized Difference
Vegetation Index (NDVI) and topographic wetness
index (TWI). The results of the implementation
of Shannon's entropy model showed that the
factors of Slope Angle (0.27), Lithology (0.22) and
Geological Strength Index (0.22), are the most
effective factors in the occurrence of landslides
in the study area.

Finally, using the results of the entropy method,
the effective factors were weighted. The final
landslide hazard zonation map was prepared by the
summation of weighted products of the effective
parametric maps. After examining the importance
of factors affecting the occurrence of landslides,
the landslide hazard zoning map was prepared
based on the relationships of the entropy model
and divided into five classes as Very Low, Low,
Medium, High and Very High. The area corres-
ponding to each of the classes is 45.23, 23.40, 11.42,
8.27 and 11.67 percent, respectively. The area
corresponding to each of the hazard classes was
calculated as 11.67%, 8.27%, 11.42%, 23.40%
and 45.23%, respectively. Also, the ratio of the
areas involved in landslides to the hazard classes,
from 68.94% (very high), 11.10% (high), 8.72%
(medium), 9.65% (low) and 59.1% (very low), it
was estimated that finally, the total areas involved
in landslides occurred in the very high and high
category, with more than 80% showing the high
accuracy of the landslide hazard zonation map.
The area corresponding to each of the hazard
classes in the region was calculated as 11.67%,
8.27%, 11.42%, 23.40% and 45.23%, respectively.

Of the 335 landslides identified, 235 (~ 70%)
locations were used for the landslide susceptibility
maps, while the remaining 100 (~30%) cases
were used for model validation. Finally, the ROC
(receiver operating characteristic) curve for the
landslide hazard zonation map was drawn and the
areas under the curve (AUC) were calculated.
The verification results showed that the index of
the Entropy model (AUC =84.3%) has high
accuracy. The results of the ROC curve showed
that the accuracy of the mentioned model for the
studied area is very good. Considering the high
accuracy of the presented model, the mentioned
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landslide hazard zonation map can play a sig-
nificant role in the planning and management of
the region in order to prevent and reduce damages
caused by landslides.

The results showed that in the future, the possi-
bility of widespread slope instability will be very
high and it is necessary to revise the land use
plans of the region. Also, the possibility of this risk
should be considered in the construction projects
that are being built or will be built in the future,
and measures to stabilize or avoid the risk should be
considered in them. For example, observations
showed that rural roads or access roads to many
areas of forest and pasture lands have been built
without observing any technical rules in the
region, which in addition to increasing the risk of
slope instability, it has created a high risk for the
users of these roads. Also, some villages in the
region (Mella Kabud and Qhorchi Bashi) are ex-
posed to high risk in this regard, and appropriate
solutions should be made with more detailed studies,
such as relocation or adoption of stabilization and
risk reduction methods in the region.
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