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Abstract: In this paper, new models were investigated and developed for landslide hazards in
Muzaffarabad District, located in the Azad Jammu and Kashmir region of Pakistan. The influential
factors used in the landslide modelling were land use/landcover (LULC), elevation, slope, slope
aspect, rainfall, drainage, road, surface roughness, and topographic index. The GIS-based Analytic
Hierarchy Process (AHP) model was applied by utilizing the database of 35 active landslides and
their pixels present in classes of all influential factors. The mean landslide hazard values, obtained
from the mean landslide hazard analysis, were used as hazard weightages in the AHP model for
development of a landslide hazard zone map. The highest mean hazard values for: (i) bare soil in
LULC was 14.6%; (ii) 600-800 m in elevation was 6.89%; (iii) 30°-35° in slope was 6%; (iv) S and
SW in slope aspect was 9.01%; (v) 1350-1405 mm/yr in rainfall was 9.03%; (vi) 40-80 m in buffered
drainage was 12.83%; (vii) 40-80 m in buffered road was 12.48%; (viii) 60-138 in surface roughness
index was 10.99%; (ix) —1.74——1.25 in topographic position index was 13.07%. The percentages of
very low, low, moderate, high, and very high landslide hazard zones were 1.48%, 11.80%, 39.36%,
37.36%, and 9.57% respectively. The co-efficient of the determination (%) value of 0.96 indicated a
strong relationship between the model development and validation. Thus, landslide hazard zone
map models and methodology indicated a very high accuracy. This landslide hazard zone map could
be utilized for the landslide damages’ reduction and the planning and development of road and
building infrastructures in the study area. Additionally, this research could be replicated in other
landslide prone areas of Pakistan for the minimizing the damages of landslides.

Keywords: GIS modelling; hazard assessment; hazard modelling; landslide hazards; remote sensing

1. Introduction

Landslides are severe geological hazards common in mountainous regions [1]. They
are defined as the moving mass of earth, rock, or debris down a slope under the influence
of gravity. The occurrence of earth moving could be related to anthropogenic activities and
natural factors. Landslides are considered one of the most devastating natural hazards and
cause a significant loss of properties and human lives worldwide [2,3].

It is imperative to know the factors and processes that cause such a movement of
earth materials, to accommodate the hazards and minimize the risk factors [4]. The natural
or man-made factors controlling the landslide susceptibility are influencing factors. The
influencing factors could be environmental and triggering factors [5]. The environmental
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factors could mainly affect the occurrence of landslides continuously and stably [6,7].
These include: (i) morphological characteristics, such as elevation, slope, and curvature;
(ii) geological factors, such as lithology and faults: (iii) landcover, such as vegetation, roads,
built-up areas; and (iv) hydrological characteristics, such as rivers, lakes and seepage.

In contrast, the triggering factors could have discontinuous and sudden effects on
landslides” occurrence [5-8]. Among them, the most common factors could be rainfall,
snowfall, terrain, and earthquakes [9,10]. Snowmelt and rainfall during monsoon could
erode the soil and cause the occurrence of landslides [11]. Other factors include volcanic
activity, stream erosion, and a change in the groundwater levels. The anthropogenic factors,
such as land degradation, road construction in sloppy terrain, and deforestation, further
escalate the problem [12]. The poor planning and unsafe construction could also be the
main reasons for the activation of landslides in the mountainous regions [13]. There are
many problems which could be generated due to landslides, and these include: (i) loss of
life; (ii) destruction of houses; (iii) damage to roads; (iv) loss of trees; (v) disastrous flooding;
and (vi) changes in the topography of the earth’s surface.

Landslides are in fifth place of the many natural hazards and disasters that occur
worldwide [13]. Approximately 9% of natural disasters are associated with landslides in
the world. The landslides could be the reason for the deaths of about one thousand people
every year [14]. This disaster not only impacts the social life of people, but also affects
the economic activities of that region [15,16]. The largest landslide that ever occurred in
history was during the volcanic eruption of Mount St. Helens, located in Skamania County,
Washington, USA. One of the factors that could influence landslides is the high intensity of
rainfall [17].

Pakistan is considered to be one of the natural disaster-prone countries in South Asia,
and its northern areas are the most vulnerable to the occurrence of landslides, as compared
to other parts of the region. In 2010, the country faced the largest landslide in Attabad
village in the Gilgit-Baltistan region of Pakistan. It resulted in the deaths of 20 people, the
destruction of 40 houses, and the evacuation of 1500 people. In addition to this destruction,
100 houses developed cracks three years after the occurrence of this landslide. The Hunza
river was obstructed for five months due to this large landslide. As a result of the damming
of Hunza River, five villages were flooded, which affected the lives of 25,000 people. In the
Himalayan regions, landslides are a wide-range and re-occurring phenomenon [18].

In the Pakistani Himalayan region, the landslide occurrence, from a small scale to al-
most heavy land sliding, could be related to climate, slope, landcover, and lithology [19,20].
The damages caused by landslides vary from region to region. Such damages affect the
livelihood of people, tourism in the area, and the economy of the region. Several studies
indicated that among all of the landslide-susceptible areas, the Kashmir Himalaya is the
world’s most terrible landslide-affected region [21]. This can be well described when
an earthquake measuring a magnitude of 7.6 on the Richter scale struck Azad Jammu
and Kashmir (AJK) and Khyber Pakhtunkhwa (KPK) Province in northern Pakistan on
8 October 2005. It triggered many landslides and affected more than 30,000 km? areas,
which resulted in more than 25,000 fatalities [22]. Due to this earthquake, a landslide
occurred in the Haitian-Bala region of AJK, which destroyed three villages and many
deaths occurred. The intense rainfall and snowmelt during the spring and the monsoon are
also the communal triggers of landslides in Muzaffarabad District of AJK. The researchers
paid attention to landslide prediction and monitoring across scientific communities. The
zonation of landslide hazards is critical for predicting and analyzing landslides [22] and
managing such disasters more effectively, particularly in the mountainous regions [23].
The landslide hazard zonation divides an area into various similar portions. It ranks them,
based on the actual hazards caused by mass movement [24], and it is an essential step
before planning and disaster mitigation [25].

A significant proportion of the damages caused by landslides could be reduced by
the early detection and by enhancing the capacity of the rock fall [26]. The satellite-
based observation techniques and geo-spatial technologies, such as Global Positioning
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System (GPS), Remote Sensing, and Geographic Information System (GIS), are helpful for
identification, hazard analysis, disaster management, and successful mitigation of landslide
hazards [12]. The remote sensing technique was more effective in monitoring the landslide
hazard [27] and allowed for the coverage of large regions at a higher frequency [28]. The
application of remote sensing in landslides and its contribution could be identified in many
aspects, such as monitoring, analysis, detection, and mapping [29,30]. The applications
of GPS were also successfully applied for landslides” mapping [31]. The use of GIS in
modelling the landslide hazard by incorporating different parameters was also attempted
by many researchers [32-39].

Ref. [40] studied the landslide hazard using GIS, along with data from the climate,
population, rainfall, and geology, based on 1448 landslide inventory data. A landslide
zonation map was established, and a strong correlation was observed between rainfall
and landslide hazard. Ref. [41], used two statistical and heuristic models for landslides
in Europe with vegetation cover, soil moisture, lithology, and slope as the susceptible
parameters by considering seismicity and rainfall as landslide-triggering factors. The
results revealed that landslides” occurrence was more frequent in countries with a total and
relative area exposed to landslides.

Ref. [40] conducted a study to forecast the absence or presence of landslides by using
the dependent and the independent parameters (i.e., slope gradation, elevation, aspect,
road network). The findings of this study indicated that the road network plays a vital
role in determining the distribution and occurrence of landslides. The study area was
categorized into five classes of landslide susceptibility which were extremely low, very
low, low, medium, and high. Based on these classifications, the results were evaluated,
and maps were produced [42], conducted a study on landslide mitigation strategies for
geothermal production sustainability and provided alternative mitigation strategies. The
GIS with a weight and scoring technique was applied in this study. The results revealed that
57% of the study area was at medium risk. In another study, a landslide hazard zonation
map was developed with the help of an information value model and GIS [13]. In this
study, seven causative factors were considered, and those were: (i) land use; (ii) slope
inclination; (iii) slope aspect; (iv) elevation; (v) intensity of rainfall; (vi) distance from main
road; and (vii) distance from streams. After analyses of these factors, the results indicated
that the landslides occurred only in the moderate, high, or very high hazard zones. In
contrast, no landslides were found in the low or very low hazard zones. A study was
conducted in Muzaffarabad District, AJK to identify the factors and the most vulnerable
landslides [43]. Along with other influencing parameters (slope, geometry, and seismology),
the spatial distribution of the landslides could be controlled by land cover [42]. The data
were collected from field surveys and acquired from different agencies. The study results
revealed that seasonal variations in rain and temperature, active earthquake zones, and
weak geology were the physical factors responsible for landslides. Moreover, the human
interventions in the sloppy areas were further intensifying the problems.

The study area is situated in the Himalayan mountainous region, where catastrophic
landslides occur frequently and pose a severe threat to local living conditions. Previously,
field survey-based studies were undertaken in northern Pakistan [44,45], but no GIS-
based study, utilizing a modified AHP model, was accomplished. The current research
will provide a spatial distribution and classification of the various levels of landslide
hazard in the study area, where field-based access is difficult. The objectives of this study
were to: (i) develop new models and methodology for the landslide hazard modelling;
(ii) investigate the impact of influential factors on the landslide hazard occurrence; and
(iii) apply models and methodology for the development of a landslide hazard zone map
for Muzaffarabad District of AJK, located in Northern Pakistan.
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2. Materials and Methods
2.1. Study Area

The area selected for the present study is Muzaffarabad, the capital of Azad Jammu
and Kashmir. It is on the northern side of Pakistan, as shown in Figure la. Figure 1b
indicates the Digital Elevation Model (DEM) of the study area, with a range from 600 m
to 1600 m. It is the second largest district of AJK, with a total area of 1642 km?. The total
population of Muzaffarabad District is 650,000 according to the census of 2017 [46]. It
lies between 34.37° latitude and 73.47° longitude and is located at an elevation of 739 m
above mean sea level [46]. The city is situated at the confluence of two rivers, i.e., the
Neelum and Jhelum rivers. The Neelum District is north of Muzaffarabad, whereas the
Bagh District forms the southern boundary. The terrain was disfigured by folding and
faulting generated by orogenic stresses. The rocks found in the area include sandstone,
siltstone, claystone, and conglomerates. It consists of a convex bulging of cultivated land
close to its trace; tilting of man-made features/structures; the formation of ponds on the
footwall as the hanging wall uplifted along the Muzaffarabad thrust and blocked the flow
of streams running across its traces. Many of the associated landslides are distributed
along the path of the Muzaffarabad thrust in the study area. The monsoon is the dominant
weather, which leads to rain-induced landslides. The mean annual temperature ranges
between 3 °C to 16 °C in winters, and 23 °C to 35 °C in summers. The area’s average yearly
precipitation is 1511 mm, and the relative humidity is around 73%. Three main rivers are
flowing through Muzaffarabad, which are the Neelum, Jhelum, and Kunhar rivers. The
Neelum river merges into the Jhelum at Domail.
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Figure 1. (a) Location of study area in Pakistan; (b) DEM of study area.

Furthermore, some human-induced factors include improper drainage, the construc-
tion of roads on steep slopes, the immense increase in the built-up areas, and lack of
land-use planning. Likewise, due to the non-availability of a channel system, the primary
source of farming is dependent on rainwater. Agriculture, livestock, and non-formal em-
ployment are the primary sources of income. Almost 59% of the area is covered with forests,
which include Deodar, Fir, Chir, and Blue Pine. Besides, Walnut, Maple, Oak, Ash, Poplar,
and Willow are among the famous broad-leaved trees. The severity of the landslides varies
from one region to another in the study area based on geological formation, environmental
factors, climate, and human-induced problems. Due to this, the housing, transportation,
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and communication lines are damaged from time to time. Various organizations cater to
the landslide hazard problems, but most lack the required skills to mitigate and manage
the landslides’ disaster [46].

2.2. Development of Maps for Landslides and Influential Factors using GIS and Remote Sensing

The satellite data using Google Earth were processed and located the active landslides
in the study area. Google Earth was used for the landslide mapping as an alternative to
high-resolution satellite images [47]. A total of 54 existing landslides were identified and
mapped using Google Earth. The 35 landslides were used for model development. The
remaining 19 landslides were utilized for the model validation. High-resolution satellite
images were used from Google Earth to locate and digitize the active landslides in the
Muzaffarabad region. These landslides were verified with the help of a field survey by
using GPS (Appendix A). The date of these Google Earth satellite images was 23 March 2019.
The landslide map was then imported into GIS for further processing and enhancements.
Nine different landslide influential factors were adopted for this study. These factors were:
(i) LULG,; (ii) elevation; (iii) slope; (iv) slope aspect; (v) rainfall; (vi) drainage; (vii) roads;
(viii) surface roughness; and (ix) topographic index. The maps for these factors were
prepared in remote sensing and GIS. The LULC map was obtained from the MODIS
Land Cover-Product MCD12Q1 Version 6 data product, which was produced by the
implementation of supervised classifications of the MODIS Terra and Aqua reflectance data
from 2019. The post-processing of this product was also accomplished to enhance LULC
classes further. The data of the Digital Elevation-Shuttle Radar Topography Mission (SRTM)
1 Arc-Second (30 m) Global were obtained from the USGS EROS archive in the format
of Digital Terrain Elevation Data (DTED®). These data were imported and processed for
elevation, slope, slope aspect, surface roughness index, and topographic index extraction.
For the development of a rainfall map, the meteorological data were obtained from the
Pakistan meteorological department (PMD), Islamabad. The yearly rainfall data were
obtained from two weather stations in Balakot and the Muzaffarabad cities of Khyber
Pakhtunkhwa and the AJK provinces of Pakistan. These data were used to produce a
yearly rainfall map using the Inverse Distance Weighted interpolation technique in GIS.
The drainage and road maps were obtained from Open Street Map, located at the website
(https:/ /www.openstreetmap.org, accessed on 22 February 2022). The drainage network
indicates the major rivers and streams in the study area. Similarly, the road map indicates
all of the major and secondary roads. First, the study area drainage road files were extracted,
using the clipping tool option in ArcMap 10.5 software (ESRI, Redlands, CA, USA), then
the buffer tool in ArcMap 10.5 software was used to create a 200-m buffer for both the
drainage and road files of the study area.

2.3. Methodology for Landslide Hazard Zones

The landslide maps and their influential factors were developed, as discussed in
Section 2.2. The landslide was overlaid on all of the significant factor maps to extract
the number of landslides in all of the classes of influential factor maps. The numbers of
landslides were normalized, using Equation (1):

Landslides in class (L)

Normalized Landslide (Ly) = Total Landslides (L)

M

The focal zonal statistics were obtained using the influencing factors and landslides
to calculate the mean values of classes of influential factors and numbers of pixels for
landslides. The normalized landslide pixels were obtained for each mean value of class
using Equation (2):

L
Normalized Landslide Pixels (Pn) = ?p 2)
P

where L, = Number of pixels of landslides in mean class of influential factors.
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Hp, = Highest numbers of pixels of landslides in mean class for whole class range of
influential factors.
Landslide hazard (Ly) for all classes of nine influential factors was calculated using
Equation (3) in %:
Landslide hazard (Ly,) = [Pn * Ly * 100] (©)]

where P, is normalized landslide pixels.

L, is normalized landslide.

The landslide hazard was applied to obtain the arithmetic mean of landslide hazard,
as provided in Equation (4):

Mean Landslide hazard (M) = [2 I;]:—‘ 4)

where Ly, is the landslide hazard as given in Equation (3); n is the total number of landslides
in the study area

The mean landslide hazard values obtained, using Equation (4), were used as haz-
ard weightages in the multi-criteria decision-making method called Analytic Hierarchy
Process (AHP) model in GIS. A landslide hazard zone map was generated after applying
the AHP model [48-50]. AHP is a multi-objective multi-criterion approach to decision-
making, which allows the user to arrive at a scale instead of attaining a set of alternative
solutions [51]. It helps the decision-makers discover the best suits for their objectives and
understanding of the problem. This method is widely used in landslide susceptibility
analysis. In the current study, the weight of the influencing factors (LULC, TPI, slope,
elevation, etc.) was calculated, and then the influential factors were classified using the
geometrical interval method in Arc Map 10.5 software. The weight of the influencing factors
was ranked from 1 to 100. There were five landslide hazard zones on the landslide hazard
zone map, which were: (i) very low; (ii) low; (iii) moderate; (iv) high; and (v) very high.

2.4. Validation of Models and Methodology

The spatial data of 35 landslides were used for model development, and the data for
remaining 19 landslides were utilized for the model validation. The landslide hazard zone
map, developed based on 35 landslides, was used in this validation. The landslides used
for the model development and validation were overlaid on the landslide hazard zones
to estimate the percentage of landslides in hazard zones. These percentages were used to
determine the coefficient of determination.

3. Results
3.1. Area Coverage of Influential Factors

A total of 35 active landslides were identified, and nine different influential landslide
factors were adopted for this study, including climatic factors (Figure 2) and morphology-
related factors (Figure 3).

The LULC of the study area was classified into nine different classes which are: (i) ev-
ergreen needle leaf forest; (ii) mixed forest; (iii) woody savanna; (iv) bare soil; (v) grassland;
(vi) wetland; (vii) cropland; (viii) built-up area; and (ix) water bodies (Figure 2). In the
LULC map, 64.65% of the total area is covered by bare soil, and 3.02% is a built-up area.
The areas covered by the classes of woody savanna, grassland, cropland, and mixed forest
are 22.35%, 5.97%, 2.5%, and 0.71%, respectively. The elevation map was classified into
five classes, which are: (i) 600-800 m; (ii) 800~1000 m; (iii) 1000-1200 m; (iv) 1200-1400 m;
and (v) 1400-1600 m (Figure 3). The percentages of these classes are 8.83%, 14.36%, 18.87%,
18.97% and 38.95%, respectively. The classes of the slope are: (i) 0°-10°; (ii) 10°-20°; (iii)
20°-30°; (iv) 30°—40°; (v) 40°-50°; (vi) 50°-67.5°. The highest percentage area (30.52%) is
covered by the slope class of 30°—40°. A total of 11.22% of the area is covered by 40°-50°,
while the remaining classes, i.e., 0°~10°, 10°-20°, 20°-30°, and 50°-67.5° covered areas of
8.92%, 18.41%, 30.07%, and 0.84%, respectively. The classes of slope aspect are: (i) North (N)
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and Northeast (NE); (ii) East (E); (iii) Southeast (SE); (iv) South (S) and Southwest (SW);
and (v) West (W) and Northwest (NW). The percentages of these classes are 19.32%, 10.12%,
15.51%, 29.01% and 26.01%, respectively. The classes of surface roughness index classes
are: (i) 0-15; (ii) 15-30; (iii) 30—45; (iv) 45-60; (v) 60-138. The percentages of these classes
are 9.21%, 19.91%, 31.10%, 26.6%, and 13.02%, respectively. The classes of topographic
position index are: (i) —32.75-—5.5; (ii) —5.49-—1.79; (iii) —1.74-—1.25; (iv) 1.25-4.75;
(v) 4.75-31. The percentages of these classes are 6.55%, 22.74%, 36.98%, 25.56%, and 8.15%,
respectively. The classes of rainfall map are: (i) 1300-1400 mm/yr.; (ii) 1400-1500 mm/yr.;
(iif) 1500-1600 mm/yr.; (iv) 1600-1700 mm/yr., and (v) 1700-1773 mm/yr (Figure 3). The
percentages of these classes are 0.006%, 15.15%, 43.75%, 25.45%, and 16.21%, respectively.
The buffer tool in GIS was used for both the drainage and road to create five classes, which
are: (i) 040 m; (ii) 40-80 m; (iii) 80-120 m; (iv) 120-160 m; and (v) 160-200 m (Figure 2).
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Figure 2. Influencing factors in the study area related to climate and LULC types.
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Figure 3. Influencing factors in the study area related to morphology.

3.2. Landslide Relationship with Classes of Influential Factors and Hazards of Classes

Table 1 and Figures 2 and 3 present the: (i) presence of landslides in all of the classes
of influential factors (LS); (ii) percentages of landslides in all of the classes of influential
factors (%); (iii) Mean Landslide Hazard (MH) calculated based on the methodology
as explained in Section 2.2. The relationships of landslides for all of these aspects are
discussed below.

Table 1. Landslide (LS) relationship with different influential factors and mean hazards (MH)
obtained on the basis of new models.

Class LS Area (%) MH (%)
LULC
Bare Soil 32 91.43 14.16
Built-up 1 2.86 2.86
Woody Savanna 1 2.86 2.86
Grassland 1 2.86 2.86
EGN Forest 0 0.00 0.00
Mixed Forest 0 0.00 0.00
Wet Land 0 0.00 0.00
Crop Land 0 0.00 0.00
Water Bodies 0 0.00 0.00
Elevation (m)
600-800 3 8.57 6.89
800-1000 15 42.86 4.87
1000-1200 6 17.14 6.46
1200-1400 7 20.00 6.65
1400-1600 4 11.43 5.20
Slope (°)

20-25 3 8.57 4.82
25-30 1 2.86 2.86

30-35 13 37.14 6.00
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Table 1. Cont.

Class LS Area (%) MH (%)
35-40 14 40.00 4.57
40-50 3 8.57 4.42
Slope Aspect (°)

N and NE 6 17.14 4.59
E 3 8.57 5.40

SE 10 28.57 5.98

S and SW 11 31.43 9.01
W and NW 14.29 4.57

Rainfall (mm/yr.)
1350-1405 15 42.86 9.03
1405-1460 4 11.43 3.73
1460-1515 3 8.57 1.52
1515-1570 2 5.71 413
1570-1625 1 2.86 1.28
Buffered drainage (m)
0-40 0 0.00 0.00
40-80 8 22.86 12.83
80-120 5 14.29 5.45
120-160 7 20.00 11.54
160-200 4 11.43 8.85
Buffered road (m)
0-40 3 8.57 5.31
40-80 9 25.71 12.48
80-120 8 22.86 8.74
120-160 3 8.57 10.00
160-200 4 11.43 6.11
Surface roughness index
0-15 0 0.00 0.00
15-30 0 0.00 0.00
30-45 9 25.71 7.56
45-60 18 51.43 10.73
60-138 8 22.86 10.99
Topographic position index

—32.75-—-5.5 0 0.00 0.00
—5.49--1.79 6 17.14 10.28
—-1.74—-1.25 23 65.71 13.07
1.25-4.75 5 14.29 6.90
4.75-31 1 2.86 2.86

3.2.1. Landslide Relationship with LULC Area and Hazards of Classes

As per our findings, the LULC showed that 91.43% of the landslides occurred in bare
soil. The mean landslide hazard was also highest, i.e., 14.15%, for this class. The percentages
of landslides were 2.86%, 2.86%, and 2.86% in the built-up areas, woody savanna, and
grassland. The mean hazard for each of these classes was 2.86%. There were no landslides
in the evergreen Forest, mixed forest, wetland, cropland, and water bodies. Similarly, the
mean hazard was also zero in all of these classes of LULC.

3.2.2. Landslide Relationship with Elevation and Hazards of Classes

The elevation classes are presented in Figure 3. In the landslide relationship with
elevation, 8.57% of landslides occurred in the elevation class of 600-800 m, while 42.86%
of the landslides occurred in the elevation class of 800-1000 m. The mean hazard values
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for both classes were 6.89% and 4.87%, correspondingly. The rest of the classes, which
are 1000-1200 m, 1200-1400 m, and 1400-1600 m, showed the percentages of landslide
occurrence as 17.14%, 20.00%, and 11.43%, respectively, as shown in Table 1. Based on our
modelling technique, the mean landslide hazard values for these elevation classes were
6.46%, 6.65%, and 5.20%, respectively.

3.2.3. Landslide Relationship with Slope and Hazards of Classes

The slope classes are displayed in Figure 3. The study area shows a considerable
variation in topography, from steep to gentle slopes and flat to highland regions. Based on
the natural features, the study area was divided into six classes. The landslide occurrence
for the slope inclination was highest (i.e., 40%) for 35°—40°. The percentage of landslide
occurrence was also high (i.e., 37.14%) for 30°-35°. The mean landslide hazard was most
elevated (i.e., 6%) for 30°-35°, and it was 4.57% for 35°-40°. The percentages for 20°-25°,
25°-30°, and 40°-50° were 8.57%, 2.86%, and 8.57%, correspondingly. The mean landslide
hazards for these classes were 4.82%, 2.86%, and 4.42%, respectively.

3.2.4. Landslide Relationship with Slope Aspect and Hazards of Classes

The slope aspect classes are given in Figure 3. The landslide relationship with the
slope aspect is revealed in Table 1. The class “S and SW” exhibited the highest occurrence
of landslides, at 31.43%. The mean landslide hazard was also the highest (i.e., 9.01%) for
this class. The class “SE” also showed a higher occurrence of landslides at 28.57%, with a
mean hazard of 5.98%. The percentages for “N and NE”, “W and NW”, and “E” classes
were 17.14%, 14.29%, and 8.57%, respectively. The mean hazards for these classes were
4.59%, 4.57%, and 5.40%, correspondingly.

3.2.5. Landslide Relationship with Rainfall and Hazards of Classes

The rainfall classes are presented in Figure 3. According to our findings (Table 1),
the landslide occurrence was highest, i.e., 42.86% for the rainfall of 1350-1405 mm/year.
Similarly, this class’s mean landslide hazard value was also the highest (i.e., 9.03%).
The percentage of landslide occurrence for 1405-1460 mm/year, 1460-1515 mm/year,
1515-1570 mm/year and 1570-1625 mm /year were 11.43%, 8.57%, 5.71%, 2.86%, respec-
tively. The mean landslide hazard values for these classes were 3.73%, 1.52%, 4.13%, and
1.28%, correspondingly.

3.2.6. Landslide Relationship with Buffered Drainage and Hazards of Classes

The drainage network of Muzaffarabad District, AJK, is given in Figure 3. The per-
centage for the landslide occurrence for 40-80 m was highest, i.e., 25.71%. This class’s
mean landslide hazard value was also the highest (i.e., 12.48%). The buffered drainage
for 80-120 m also showed a high percentage (i.e., 22.86%) for landslide occurrence. The
mean landslide hazard for this class was also high (i.e., 8.74%). The rest of the two classes,
which are 120-160 m and 160-200 m, showed percentages of landslide occurrence of
8.57% and 11.43%, respectively. The mean hazard values for these classes were 10% and
6.11% individually.

3.2.7. Landslide Relationship with Buffered Road and Hazards of Classes

The percentage value for the landslide occurrence was highest (i.e., 25.71%) for the
buffered road class 40-80 m. The corresponding mean hazard for this class was 12.48%,
which was also higher than all of the other courses. The percentage of landslide occurrence
for 80-120 m was also high (i.e., 22.86%), and the mean landslide hazard value was 8.74%.
The percentages for 040 m, 120-160 m, and 160-200 m were 8.57%, 8.57%, and 11.43%, and
the mean landslide hazard values were 5.31%, 10%, and 6.11%, respectively.
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3.2.8. Landslide Relationship with Surface Roughness Index and Hazards of Classes

The surface roughness index classes are given in Figure 3. For the surface roughness
index, the percentage of landslide occurrence for the class 45-60 m was highest, i.e., 51.43%.
The mean hazard for this class was also very high (i.e., 10.73%). The percentages for classes
3045 m and 60-138 m were 25.71% and 22.86%, and the mean hazards were 7.56% and
10.99%, respectively.

3.2.9. Landslide Relationship with Topographic Index and Hazards of Classes

The topographic index was also determined in this study. The area was divided into
five main classes, as shown in Figure 3. The percentage of landslide occurrence for the
class “—1.74-—1.25 m” was the highest, i.e., 65.71%. The mean landslide hazard was also
the highest (i.e.,13.07%) for this class. The percentages of landslide occurrence for other
classes (“—32.75-—5.5", “—5.49-—1.79", 1.25-4.75, and 4.75-31) were 0%, 17.14%, 14.29%,
and 2.86%, correspondingly. The mean landslide hazard values were 0%, 10.28%, 6.90%,
and 2.86% for all of these classes.

3.3. Landslide Hazard Zone Map and Hazards of Classes

The normalized landslides (L,) were obtained using Equation (1) by utilizing the
database of the numbers of landslides for all of the classes of influential factors, as provided
in Table 1. The normalized landslide pixels (P,) were attained using Equation (2) by
applying the database of the: (i) numbers of pixels of landslides in the mean class of
influential factors (L) and (ii) highest numbers of pixels of landslides in the mean classes
for whole class range of influential factors (Hj,). The landslide hazard (Ly,) was obtained on
the basis of the product of normalized landslide pixels (Pn) and normalized landslides (Ly ),
as provided in Equation (3). The values of the mean landslide hazard (M}, ) were obtained
for all of the classes of influential factors, using Equation (4) and these are provided in
Table 1. The mean hazards for all of the influential factors are discussed in sub-sections
(i.e., Sections 3.2.1-3.2.9) under Section 3.2. These hazard values were used as weightages in
the multi-criteria decision-making method of the Analytic Hierarchy Process (AHP) model
in GIS. Finally, a landslide hazard zone map was produced by using the AHP model and it
is presented in Figure 4. The landslides” hazard zone map was segmented into five hazard
zones which are: (i) very low; (ii) low; (iii) moderate; (iv) high; and (v) very high. The
percentages of these landslide hazard zones are 1.48%, 11.80%, 39.36%, 37.36%, and 9.57%,
respectively. The moderate landslide hazard zone was the dominant hazard zone class in
this landslide hazard zone map. The percentage of the high landslide hazard zone was
also higher as compared to the percentages of the other hazard zones. The accumulated of
moderate, high, and very high landslide hazard zones are 86.29% for Muzaffarabad District.
It indicates the higher vulnerability of this study area towards landslides” hazards.

The methodology was validated by overlaying the database of 35 landslides and
19 landslides on the landslide hazard zone map. In the case of 35 landslides, the percentages
of these landslides in very low, low, moderate, high, and very high hazard zones were
0.00%, 2.86%, 17.14%, 31.43%, and 48.57%, respectively. These percentages were 0.00%,
5.26%, 15.79%, 31.58%, and 47.37%, respectively, for these hazard zones in the case of
19 landslides. The percentages for both of the cases were plotted in Figure 5, and the
coefficient of determination (r?) was 0.96, which revealed a strong relationship between the
model development and validation. This relationship also proves the highest accuracy of
the landslide hazard zone methodology and the landslide hazard zone map produced for
the study area.
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4. Discussion
4.1. Influential Factors and Highest Percentage of Landslide Occurrence

The above section presented the relationship between landslide occurrence and dif-
ferent influential factors. Among all of the elevation classes, the maximum landslide
occurrence (i.e., 42.86%) was observed for the elevations of 800-1000 m. A similar per-
centage of landslide events was found for the rainfall class of 1350-1405 mm/year. In
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the study area, the rainfall is not evenly distributed, and the precipitation occurs in the
monsoon and winter seasons. The rainfall and seasonal variation were the most influential
factors causing landslide hazards [9]. The snowmelt and rainfall during monsoon erode
the soil, triggering many landslides to continue by increasing the pore water pressure in
unconsolidated sediments [11,52].

Furthermore, the rainwater’s slow and steady movement into the soft rock, which
does not have a strong bond with the bedrock, consequently causes failure, and the chances
of landslides are increased [44]. Additionally, 91.43% of landslide occurrence was found in
the bare soil. This could be attributed to the fact that human activities, such as flattening
the land, cutting, excavating for hillside roads, and foundation construction might further
increase landslides [41].

Regarding the slope classes, landslide occurrence was highest in the slope class of
35°-40°, and it was found to be 40%. Concerning the slope aspect, the dominant class
was S and SW, with 31.43% of the landslide occurrence. For the surface roughness index,
the prevailing class was 45-60, with 51.43% of the landslide occurrence. In the case of the
topographic position index, the highest percentage of 65.71% was for class —1.74-—1.25.
The artificial excavation practices played a vital role in landslides in the study region, as
there was insufficient flat land for construction and agricultural activities. The hydrologic
conditions of the slopes could be affected because of the changes in landcover, and ulti-
mately the slopes become unstable [52]. The weak rocks and soils could be more vulnerable
to landslides, while the vegetative cover could enhance the slope stability [52]. A previous
study was conducted to obtain the relationship between landslide failures and slope classes,
and it was revealed that most of the failures were observed in the slopes ranging from 23°
to 35° [53]. This study concluded that the slope inclination of a high slope might not mean
increased chances of landslides’ occurrence.

Concerning the distance from the main road (buffered roads), 25.71% of the landslides’
occurrence was observed for the class 40-80 m. Similarly, the highest landslides’ occurrence
(i.e., 22.86%) was found for the 40-80 min case of buffered drainage. It means that, as
the distance from the drainage decreases, the risk of the landslides increases. The study
area is situated at the confluence of two rivers, the Neelum and Jhelum Rivers. The water
levels could rise in the streams and rivers due to monsoon rainfall during summer. The
flowing water could erode materials from the surrounding areas due to its high velocity,
which ultimately could increase the landslide hazard. The relationship of streams and
drains with the landslide hazard occurrence was considered in many studies [25,54,55]. The
landslide hazard was studied using GIS along the CPEC route, taking several influential
factors into account, including lithology, seismicity, rainfall intensity, faults, elevation,
slope angle, aspect, curvature, land cover, and hydrology [52]. Based on these factors, a
landslide susceptibility map was developed and concluded that active faults, slope gradient,
seismicity, and lithology could significantly influence the landslides” occurrence.

4.2. Built-Up Area Occurrence in Hazard Zones

The built-up area was overlaid onto the landslide hazard zones, and it was found that
0% lay in a very high hazard zone, 4.25% in a high hazard zone, 11.25%, 44.52%, and 39.96%
occurred in moderate hazard, low hazard, and very low hazard zones, respectively. Almost
15.5% of the total area lies inside the high and moderate hazard zones. Landslides could be
induced by artificial and natural forces, with man-made influences outweighing natural
ones in severity [56,57]. In Italy, population growth and the expansion of urban built-up
areas compelled people to build homes near landslide hazard zones [56]. The morphology
of the hillslopes could be altered by the urban development, resulting in the remobilization
of the terrain and the reactivation of historical landslides. Another study revealed that 50%
of the built-up areas lie within the high susceptibility zone [52,58]. This situation needs
adequate planning and mitigation strategies. The landslides could be triggered anytime in
such zones, and furthermore, the people living in these areas are the most vulnerable to
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landslide hazards. Government organizations and agencies should adopt strategies to cater
to the landslide hazards and provide safety to those people living in the hazard zones.

4.3. Bare Soil Occurrence in Hazard Zones

For the bare soil, 9.43% of the bare soil area lies in a very high hazard zone, 36.47%
lies in the high hazard zone, 41.25%, 12.44%, and 0.40% of the bare soil areas are in the
moderate, low, and very low hazard zones. Barren land is this type of land, with a flat
topography and less, or scarce, vegetation. In our present analysis, most of the bare soil
could occur in the very high (9.43%), high (36.47%), and moderate (41.25%) hazard zones.
This type of bare soil would not be suitable for future construction without proper planning
and mitigation measures.

5. Conclusions

In this study, a new integrated approach was utilized for landslide hazard modelling,
which included GIS modelling, GIS analysis, remote sensing-based image analysis, focal
zonal statistics, mathematical normalization modelling, mathematical hazard modelling,
and Analytic Hierarchy Process modelling with validation. On this basis, the mean hazards
for all of the classes of all of the influential factors were attained and used for producing
the final landslide hazard zone map. The results indicated that the highest mean hazards
were found in the classes of bare soil, topographic position index, buffered drainage, and
buffered road. The mean hazard was also high for the classes of slope aspect and rainfall.

The study area was found most vulnerable and susceptible to landslide occurrence.
Based on our findings, both human and physical factors could be responsible for the
landslide occurrence. The steep and irregular slopes, heavy rainfall, and barren soil were
significant physical factors. In contrast, improper drainage networks and the construction
of roads and infrastructures at steep slopes and higher elevations could be human-induced
factors. The Muzaffarabad region is located near the active Bagh—Balakot fault line, which
burst out during the 2005 earthquake and prompted many landslides. Besides this, seasonal
monsoon rainfall could be another prominent factor responsible for landslide hazards.
Moreover, improper land-use planning, with the construction of ill-planned road networks
and built-up areas, could be important for causing the loss of lives and infrastructure due
to landslide hazards. Applying the landslide hazard zone map onto the built-up area
indicated that 4.25% of this class is in a high hazard zone, and 11.25% of the sites lie in the
moderate hazard zone.

This reveals the risk to inhabitants of the constructed areas for possible future damage
due to the disaster of landslides. The presence of 45.9% of barren land in the high and
very high hazard zone could be a potential risk for infrastructure construction in the study
area. The landslide hazard zone map could be considered to be a valuable technique to
assess the most vulnerable landslide zones in such a landslide-prone area. The usefulness
and accuracy of the landslide hazard zone map could be further enhanced by considering
additional influential factors, such as earthquakes, geology, soil, climatic changes, etc.
Various government departments could utilize the landslide hazard zone map produced
in this paper in the study area, which includes District Disaster Management Authority,
Planning and Development Department, Communication and Works Department, and
Civil Defense Department. Future studies should incorporate geology, morphology, and
geomorphology for a more in-depth understanding of landslides from an epidemiological
angle in the study area.
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SN X Y Elevation
1 34.42 735 2083
2 34.44 73.51 1098
3 34.45 77.57 1146
4 344 73.51 1519
5 34.49 73.49 1530
6 34.37 73.48 1373
7 34.33 73.45 1439
8 34.39 73.45 1436
9 344 73.45 1531
10 34.47 735 1226
11 34.49 73.47 1364
12 34.44 73.57 1520
13 344 73.45 1269
14 34.33 73.44 1246
15 34.38 73.46 1710
16 34.44 73.51 1226
17 34.61 73.44 1139
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