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ABSTRACT

Landslide Hazard Zonation and Slope Instability Assessment by using Optical and
INSAR Remote Sensing: the case of Arbaminch-Gidole Road, Southern Ethiopia

Filagot Mengistu, Msc. Thesis

Addis Ababa University, May 2018.

In the present study landslide hazard zonation and slope instability assessment were carried
out in and around Gidole Town in Southern Ethiopia. The main objective of the study was to
map landslide hazard zone using Information Value Bivariat statistical model and assess the
slope instability using INSAR approach. For landslide hazard zonation of the study area six
causative factors namely; aspect, slope angle, elevation, slope material, Normalized
Deference Vegetation Index (NDVI) and land-use and land-cover were considered. The
landslide inventory mapping for the present study area was carried out through field
observations and Google Earth image interpretation. Later, Information value was calculated
based on the influence of causative factors on past landslide. The distribution of landslide
over each causative factor maps was obtained and analyzed. Weights for the class with in
these causative factor maps was obtained using information value model. Distribution of
landslide in the study area was largely governed by aspect of southwest facing, slope angel of
30-45° elevation of 1815-2150m, NDVI of 0.27-0.37, slope material of colluvial deposit
and land-use and land-cover of agricultural land. The landslide hazard zonation map shows
that 78.38km? (36.3%) area fall within very low hazard (VLH) zone, 72.85km? (34.2%) of
the area fall within low hazard (LH) zone, 12.78 km? (6.6%), 32.72 km? (15.4%) and 15.89
km? (7.5%) of the area falls into very high hazard (VHH), high hazard (HH) and moderate
hazard (MH), respectively. Further, validation of LHZ map with past landslide inventory data
shows that 92.3% of the existing landslides fall in very high hazard (VHH) and high hazard
(VHH) zone. Thus, it can safely be concluded that the hazard zones delineated in the present
study validates with the past landslide data and the potential zone depicted can reasonably be
applied for the safe planning of the area. Further, the landslide activities in the study area
were studied using Persistent Scatterer -Interferometry synthetic Aperture method. For the
analysis radar image was acquired by the Sentinel Satellite for the period 2014-2018. The
result of PS-INSAR processing indicates the average displacement located in the study area
has gradually increasing starting from 15.3mm/yr. to -19.2 mm/yr. The result of the study
area represented in terms of vertical displacement from the satellite Line of sight. Negative
displacement indicates that the land surface is moving away from the satellite line of sight
and the positive sign indicate the area is moving towards line of sight.

Key words: Landslide, Gidole, Landslide hazard zone, PS-InSAR, Persistent Scattered
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CHAPTER ONE INTRODUCTION

1.1 Background

Landslides are the major mass wasting processes and landscape building factors in
mountainous terrains. Community living within mountainous environment may be at risk due
to landslide disaster triggered by both manmade activities, such as: mining, road cutting, and
urbanization and natural causes such as: earthquake and extreme rainfall (Martha et al.,
2010). Landslide hazard is becoming serious environmental constraints for the developmental
activities in the highlands of Ethiopia. With the current infrastructure development,
urbanization, rural development, and with the present landslide management system, it is
predictable that the frequency and magnitude of landslide and losses due to such hazards
would continue to increase (Bekele Abebe et al., 2010; Kifle Woldearegay, 2013; Tilahun
Hamza and Raghuvanshi, 2017).

According to Bekele Abebe et al. (2010), the rate of landslides has been increasing in the
recent times due to rugged morphology, high relief energy and the nature of out-cropping
rocks. The triggering factors are basically related with rainfall and human interventions, such
as: the rapid step of developments in hilly regions, lack of proper engineering geological
investigation, any construction activities: especially roads can be the cause of small or huge
landslides, like in the case of the present study area, and subsequent damage to human life,

general land form and properties.

Landslide hazard assessment and susceptibility maps are a basis for strategic and regional
planning for landslide hazard mitigation work (Anbalagan, 1992; Raghuvanshiet al., 2014).
Landslide hazard maps have a greater value to development planning as they present a spatial
division of the ground in to areas of different level of potential landslide hazard zones and it
provides the essential framework for land use planning and development of proper
engineering practices (Anbalagan, 1992; Gemechis Chemindi et al., 2017).

The availability of a new generation of high resolution optical satellite imageries such as:
Worldview, SPOT-5, IKONOS, Landsat 8 OLI, Sentinel 1A and Sentinel 2A has resulted in
to a paradigm shift in the use of Earth observation data for landslide studies. The number of
such satellites is increasing year by year (Van Westen et al., 2008) which reduces the revisit

time and thus has led to their increased preference over Aerial photographs for landslide

MSc Thesis, School of Earth Sciences, AAU 1 Filagot Mengistu
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detection using visual interpretation technique. Change detection and image fusion are

example of such methods used to identify landslide automatically (Nichol and Wong, 2005).

Space-borne Interferometric Synthetic Aperture Radar (INSAR) has developed rapidly over
the past 20 years and has established to be a valuable tool for topographic mapping and
surface deformation measurements (Hanssen, 2001). Because of its dense spatial coverage
and competitive accuracy, INSAR has now become one of the most preferred geodetic
methods to study surface deformation associated with slow-moving landslides (Rottet al.,
1999).

1.2 Problem statement

Gidole is a well known landslide prone area in Southwestern Ethiopia, and because of this
both the natural environment and built-up infrastructures are frequently exposed to sever
damages. Recently in relation to the construction of the Arbaminch-Gidole road a massive
landslide has occurred that has forced to abandon the project. Besides, the local communities
living in the problematic areas were resettled to the neighboring villages. Thus, development
of infrastructures in and across this area requires detailed assessment of the surface and
subsurface conditions. So far, some geophysical and geological studies have been conducted,
nevertheless, due to the ruggedness of the topography and other logistic issues, conducting
investigation in this area by surface survey techniques is practically difficult. Therefore, such
surveys should be supported by remote sensing techniques which may provide effective

information within a short period of time and with minimum financial inputs.

Therefore, the present study has utilized an appropriate procedure and techniques to identify
landslide hazard zones, besides it has also assessed the rate of deformation by using INSAR
data. These methods are important to provide landslide specification information for the
extraction of fast and accurate results that will help in decision making and facilitates in

implementing disaster management strategies.

1.3 Objectives
1.3.1 General objective

The main objective of the present research is to identify landslide Hazard areas and to assess

ground movement by using optical and radar satellite images.

MSc Thesis, School of Earth Sciences, AAU 2 Filagot Mengistu
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1.3.2 Specific objectivesl
The specific objectives of the study were:

(i) Tocarry out landslide Inventory from satellite images.
(i)  To determine the rate of deformation by using INSAR Time-series analysis techniques.
(ili) To produce landslide hazard zonation map.

(iv) To generate surface displacement map.

1.4 Significance of the study

The rates of ground movement and the settlement of the residential area, just downstream of
the Gidole landslide are not well known. Therefore, monitoring of ground movement and
settlement is essential to assess the progressive deformation of this potentially dangerous
slope. This is necessary to mitigate any damage caused to the people and to the infrastructure
by sudden slope failure. Therefore, present research study is particularly designed to analyze
the past and current rate of slope movement due to active landslide zone by utilizing SAR
data using InSAR techniques. Because of the complicated nature of the landslide
phenomenon, information about the previous activity of the slope could help for better
understanding in recognizing effective components that are involved in probable slope
creeping. The methods applied in the present study may provide a perspective and vital
information that may be utilized by the relevant authority or department to apply the

approach for landslide monitoring and mitigation strategy.

1.5  Organization of the thesis

This thesis is organized in to seven chapters. The first chapter is the introduction which
includes the background, the research problem, objectives and significant of the study. The
second chapter covers an overview of the study area. Chapter three includes work of previous
researchers about the theoretical background for the landslide, landslide hazard zonation and
INSAR methods. Chapter four describes the methodology of the research work. Chapter five
describes the data collection, processing and analysis of the different methods of the results.
Chapter six covers the discussion of the results and the last chapter contains conclusions and

recommendations made through the present study.

*kkkik
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CHAPTER TWO AN OVERVIEW OF THE STUDY AREA

2.1 Description of the study area

The study area selected for the present research falls in SNNPR Dirashe special Woreda
Gidole Town, Southwestern Ethiopia, which is about 580 km far from Addis Ababa. It lies
close to the western margin of the main Ethiopian Rift Valley. The study area is defined by
the co-ordinates 5°32' 30"t05°43' 30" N latitude and 37°17' 30" to 37° 31' 00" E Longitude,
covering a total area of 213 km? (Fig 2.1). The elevation of the study area, in general, ranges
from 1104 to 2562m. The study area forms a part in the southern Ethiopian plateau and is

bounded by the Rift from the west.

37°21'0"E 37°25'30"E 37°30'0"E
1 1 1

Ethiopia

N

A .,

5°420"N
1
T
5°42'0"N

T

5°37'30"N
1
£ 5°37'30"N

= Arbaminich Gidole konso Ro&
o | =3
3 0051 2 3 4 — Arbaminch KonsoRoad '
& ek 9
= [ ] study area boundary 0
T T T
37°210"E 37°25'30"E 37°30'0"E

Fig.2.1 Location map ofthe study area

As the area is covered by both soft rocks and unconsolidated soil deposits and associated
hydrogeological setup, it is prone to landslide hazards. The landslide activities mainly
occurred in the area during the construction of asphalt road which is supposed to pass through
the Gidole Town. As a result of this road alignment and construction old landslides in the
area were reactivated and at the same time new landslides have also developed which has
endangered both the road and the other infrastructure and population in the areas. The main

landslide is located along the Arbaminch-Gidole-Konso road and the total length of the road
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is 32.36km, it has greatly suffered by environmental problems apparently extends to

relatively deep in to the surface, at least to more than 50m.

2.1.1 Climate condition

The study area is characterized by extreme variation in topography. The study area lies in the
humid to semiarid areas which are classified as having average annual rainfall up to 1404.9
mm during 10 years period from 2008 up to 2017 (EMA, 2017). The highest monthly average
precipitation recorded was 198.4 mm in the month of May. From March to September the
area receives high rainfall whereas from October to February it receives low rainfall (Fig.
2.2).

2000 -
® Annual Rainfall(mm)
—~ 1500 -
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E
= 1000 -
c
‘T
o
500 -
0 T T T T T T T T T 1
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Year
Fig.22 Annual rainfall of the study area

2.1.2 Population and Settlement

The Dirashe live on the mountains south of Chamo Lake in SNNPR Dirashe special Woreda.
The present administrative town is Gidole. Based on data from Central Statistical Agency in
2005, Gidole has an estimated total population of 14,799. The area has many springs, but
forests are becoming scarce. The town is named after the Gidole or Gardulla people, an
ethnic group inhabiting southern Ethiopia known as the Dirashe. The language belongs to the
lowland east Cushitic group with Konso and Oromo. Oromo and Amharic are also spoken in
the administrative center. Amharic is the language of instruction. Most of the people are
farmers, using hillside terraces for soil and water conservation. The Dirashe also cultivate the

MSc Thesis, School of Earth Sciences, AAU 5 Filagot Mengistu
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lowlands to the south and east of the mountains. The main staple food is sorghum, which is
stored in underground chambers for as many as ten years. Also, Teff, Maize, Barley, Oats,
Ensete, beans and peas, along with vegetables and fruit (banana, lime) are grown in the area.
Cattle, goats and sheep are kept for meat; beehives for honey. Donkeys are used to transport

goods (https://joshuaproject.net/people_groups/11887/ET).

2.2 Geology ofthe study area

The geology of Gidole area is characterized by lower Precambrian, basal sandstone, basaltic
volcanic and associated silicic units that have erupted in the form of sheet and central type of
volcanoes along the extensional rift structures (Davidson, 1983). According to Davidson
(1983), the Precambrian basement rocks are predominantly gneisses which are intruded by
syn tectonic and post tectonic granitoid, gabbroic and ultramafic massifs. Metamorphic grade
is mainly middle to upper amphibolitic facies, but has reached granulite facies in places and
migmatized parts are also present. The Tertiary pre-rift succession underlies the northern part
of the area in Nyalibong hills, Mago Mountain, Gazer and Gidole areas; in eastern part of
konso highlands, Teltele and Bulal plains and in the most southern part along, the Kenya
border between Fejej and Minogelti. The basalt dominates the lower part of the section,
followed by thick units of salic rocks. A total thickness of the formation varies from 2000 to
3000 m from Nyalibong hills to Gidole highlands, respectively (Jiri, 1987). The Gidole area
is covered with various type of lithological formation such as pyroclastic deposit, basal

sandstone, basalt, colluvial deposit, metamorphic rock and alluvium sand and clay (Fig 2.3).

2.2.1 Basalt

This lithology covers a large part of the study area. It is highly fractured and slightly
weathered. It is grayish and at some places this unit is intercalated with felsic rocks. The
exposure on the foot of the ridge is light grey, slightly vesicular, columnar jointed and more
or less horizontally layered. The basalt outcrop exposed at the junction of the existing and

abandoned roads is also light grey, but highly weathered (Plate 2.1).

2.2.2 Pyroclastic flow deposit

This deposit overlay the basalt unit. It is both yellowish and grey. At other overlays it also
overlay the sandstone unit. The bottom layer however is characterized by poorly sorting, poor
or no bedding, discontinuous trains of large fragments and alternating coarse- to fine-grained
layers (Plate 2.2).
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o =

Plate 2.1Weathered basalt Plate 2.2 Pyroclastic flow deposit

2.2.3 Colluvial deposits

Colluvial deposit founded in the study area is composed of gravel, boulder, block and some
sand or soil of unsorted, un-stratified and heterogeneous mixture ranging in size from pebble
to big boulders and compositionally from rhyolite to basalt transported by landslides
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(Plate2.3). The colluvial deposit found underlying the basalt unit is responsible for new and
the old landslides. Colluvial deposits that are formed from old landslides are distributed
covering most of the slope areas starting from the top to the lower parts of the Gidole
mountain. The colluvial material is characterized by scarps and ponds resulting from the
sliding of colluvial material. Rivers of the area are generally filled by debris flows of new and

old landslides.

2.2.3 Basal Sandsone

The lower most rock under the volcanic pile is the basal sandstone. The reddish material is
the basal sand stone at the eastern tip of the abandoned road and is 3 to 4 m thick, medium to
coarse grained and thickly bedded. It is reddish and texturally matured. The bottom part of

the bedding is highly weathered, reddish to brown and consists of thin layers of sand and
sandy silt (Plate 2.4).

Plate 2.4 Basal sandstone

2.3 Geological structure of the study area
2.3.1 Faults and Joints

Faults in the study area are normal faults that generally strike NE-SW and NW-SE are
common in the eastern part of Gidole highland (Fig 2.4). Fault map of the study area is
extracted from Sentinel 1A radar image. The joints observed in the study area are columnar
joints (Plate 2.5). It is highly fractured and weathered. The presence of these joints between
each block and the weakening of rock mass by penetrating water can be one factor for the

rock toppling in the study area.
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Plate 2.5 Columnar joints
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Fig. 2.4 Fault map
2.3.2 Surface crack

During field investigation different sizes of cracks have been observed at the toe of the
sliding mass, agricultural lands and residential areas. The cracks have approximately 1 to
1.5m width and up to 1m depth. (Plate2.6 A and B) shows the surface cracks which affects
coffee farm and agricultural land in the Village, respectively.
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Plate 2.6 Surface cracksin the study area
2.4 Hydrogeology of the study area

During the field investigation, it was observed that many springs and ponds appeared which
facilitated further landslide in the area which was formed after the landslide started along the
newly constructed road (Plate2.7). The water-bearing zones in the Gidole highland and the
rift escarpment are within the weathered and fractured basalt and locally in inter-bedded river
gravels and unconsolidated sedimentary deposits. Therefore, groundwater migrates to the east
following the faults as well as the contact zone between the weathered basalt and massive

trachyte dyke (Jiri, 1987) on the western tip of the collapsed road.

Plate 2.7 Pond appeared after the landslide occurred (A) and Spring (B)

2.5 Seismicity

As the study area is located near to the main escarpments of the rift, it is prone to different
magnitude of earthquakes. As it was observed during the present study, the study area in most
of the parts is covered by either colluviums or residual soil. These types of material amplify

the seismic waves than the underlying bed rock.

MSc Thesis, School of Earth Sciences, AAU 10 Filagot Mengistu



Landslide Hazard Zonation and Slope Instability Assessment by using Optical and INSAR Remote Sensing: the
case of ArbaminciGidole Road, Southern Ethiopia

CHAPTER THREE LITERATURE REVIEW

3.1 Landslides: An overview

Landslide, defined as the mass movement of rock, debris or earth down a slope, results in a
geomorphictransformationR1 WKH (DUWK TV ,\199U0)| Dandslid&slare@Hign of

slope instability which is defined as ttendencyfor a slope to undergo morphologically and
structurally disruptive landslide processes. It could be manifested in different and
combinations of various forms, including rockfalls, rockslides, debris flow, soil slips, rock
avalanches and mtftbws (Chatet al., 2004). Individual slope failures are generally not so

huge or so costly as earthquakes, major floods, hurricanes or some other natural catastrophes.
Slope failures are more widespread, and over the years they may cause more damage to
properties thanrey other geological hazards'grnes, 198yt The main triggering factors of
landslides are rugged topography, weakness of geological structure and variation in bedrock
lithology (Varnes, 1978 BekeléAbabeet al., 2010.The study of landslides has drawn
worldwide attention mainly due to increasing awareness of the-sooimomic impact of
landslides, as well as the increasing pressure of urbanization on the mountain environment
(Aleotti and Chowdhury, 1999

3.2 Types of landslides

The term "landslideiescribes a wide variety of processes that result in the downward and
outward movement of slogerming materials including rock, soil, artificial fill, or a
combination of these thematic maps(nes, 1984; Highland and Bobrowsky, 2n08he
materials maynove by falling, toppling, sliding, spreading, or flowing. The various types of

landslides can be differentiated by the kinds of material involved and the mode of movement.

3.2.1 Rock fall

Rock falls are abrupt movements of masses of large rock®uwderswhichare detached

from their parent rock. They usually fall along steep slopes or cliffs. Separation occurs along
discontinuities such as fractures, joints, and bedding planes and movement occurs by free
fall, bouncing, and rolling (Fig 3.1). Fallare usually influenced by ayity, mechanical
weathering, and the presence of interstitial water. It is common in steep slopes, or vertical
slopes also in coastal area, along rocky bank of river and streams, road cuts, and jointed,
fractured and weathatdedrock \(Vachal and Haduk, 2000
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3.2.2 Topple

Topple failure encompasses the forward spinning and movement of huge masses of rock,
debris and earth from a slopéafnes, 198}t This type of slope failure takes place around an
axis near or at the bottowf the block of rock Fig 3.2). It is usually caused loyacks or
fracture in the bedrock3he rate of movement ranges from extremely slow to extremely
rapid and it can be destructive especially when failure is sudagrnénd and Bobrowsky,

2008.

(Source:Highland and Bobrowsky, 20p8

Fig. 3.1 Rock fall Fig. 3.2Topple

3.2.3 Flow

Flows come in many types, such as debris flow, debris avalanche, mudflow, creep and Earth
flow. Debrisflow involves the rapid downhill movement of loose earthterial usually with

water (Fig 3.3(B)). Debris Avalanche is similar to debris flow but has a more rapid flow (Fig
3.3(A)). In an Earth flow, the earth material is finer and is washed away leaving a depression
bowl at the head (Fig 3.3 (C)). Mudslide® anade up of fine silt, sand and clay material
saturated with water and flowing very rapidly. Creeps are slower in nature and can be evident
when electric poles and roads bend slightly (Fig 3.3 (D)). They are commonly caused by
intense surface water flowdue to heavy precipitation eapid snowmelt, which erodes and
mobilizes loose soil or rock on steep slopes. They can move objects as large as houses in their
downslope flow or can fill structures with a rapid accumulation of sediment and organic
matter Highland and Bobrowsky, 2008

3.2.4 Slide

This is a kind of mass movement whereby the sliding material breakaways from underlying
stable material. Slides may be translational or rotatidna. translational slidéhe landslide

MSc Thesis, School of Earth Sciences, AAU 12 Filagot Mengistu



Landslide Hazard Zonation and Slope Instability Assessment by using Optical and INSAR Remote Sensing: the
case of ArbaminciGidole Road, Southern Ethiopia

mass moves alongraughly planar surface with little rotational or backward tilt{irégg 3.4

(A)). In a rotational slidea slide in which the surface of rupture is curved concavglyard

and the slide movement is roughly rotational about an axis that is parallel tootired gr
surface and transverse across the shderes, 197§(Fig 2.4 (B))They arecommon in loose
unconsolidated soils and their rate of movement ranges from extremely slow to moderately
fast and it can be damage structures but not life if the movement is lsigiand and
Bobrowsky, 2008

(Source:Highland and Bobrowsky, 20p8

Fig. 3.3Debris Avalanche (A), Debris flow(B), Earth flow(C) and Creep (D)

(Source:Highland and Bobrowsky, 2098

Fig. 3.4Rotational slide (A), Transitional slide(B)
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3.2.5 Lateral Spread

Lateral spreads are distinctive because they usually occur on very gentle slopes or flat terrain.
The dominant mode of movement is lateral extension accompanied by shear or tensile
fractures (Fig 3.5). The failure is causbky liquefaction, the process wieby saturated,

loose, cohesion less sediments (usually sands and silts) are transformed from a solid into a
liquefied state. Failure is usually triggered by rapid ground motion, such as that of
experienced during an earthquake, but can also be artifidiadluced. When coherent
material, either bedrock or soil, rests on materials that liquefy, the upper units may undergo
fracturing, extension and then subside, translate, rotate, disintegrate, or liquefy and flow off.
Lateral spreading in fingrained mateals on shallow slopes is usually progressive.Lateral
spreads typically damage pipelines, utilities, bridges, and other structures having shallow

foundations ilighland and Bobrowsky, 2008

(Source:Highland and Bobrowsky, 20p8

Fig. 3.5 Lateral Spread

3.3 Landslide Inventory

Landslide hazard and risk management begins with comprehensive landslide Inventory,
which serves as a basis to understand their spatial and temporal occurancesiét al.,

2000; Brardinoret al.,2003. Inventory of landslides includes recognition and classification

of landslide based on type of material and type of moveme&atnés, 1978 Earth
observation data are increasingly used for landslide mapping, with automatic methods being
preferable oer manual approach for obtaining quicker result over large &®do(et al.,

2006; Borghuist al.,2007).

3.4 Landslide hazard zonation approaches

Landslide hazard zonation is an important step in landslide investigation, landslide risk

management anchtastrophic loss reduction and assists in the development of guidelines for
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sustainable land use planning. Landslide hazard zonation is used to identify potential
landslidehazard aresmor other mass movements, establish a relationship between landslide
and triggering factors, ranking according to the degrees of actual or potential landslide
susceptibility, andto predict the landslide hazard in the futureTefalemAyenew and
Barbieri, 2005; TilahunHamza and Raghuvanshi, 2017

Over last three decadé$1Z has been carried out in different parts of the world. Several
approaches have been developed for LHZ such as invepdissd mapping, heuristic
approach, probabilistic assessment, deterministic approach, statistical analysis and multi
criteria decisiommaking approacliRaghuvanstt al, 2014; GemechisChimireli al, 2017;
TilahunHamza and Raghuvanshi, 2n17

3.4.1 Inventory based mapping approach

Inventory based mapping is one of the simplest qualitative approaches of LHZ mapping. In
this analysis,landslide inventory maps are produced which portray spatial and temporal
patterns of landslide distribution, type of movement, rate of movement, type of displaced
material (earth, debris or rock) etc. Landslide data are obtained through field surveygnappin
historical records, satellite images and aerial photo interpretation. Landslide inventory map
also shows a slope failure by a single event or they may show cumulative effects of many
events Cruden, 1991; Guzzedt al., 2005 Raghuvanslat al, 2019.Further, @plication of

such expert evaluation techniques are more practical, simple in application and provide much
more realistic field data well supported by experience of an expert in relatively less time
(Raghuvanslat al,, 2014.

3.4.2 Statistical gpproach

In thelast few years the approach towards LHZ has been changed from heuristic (knowledge
based) approach to data driven approach (statistical approach) to minimize subjectivity in
weightage assignment procedure and produce more objective and reproducibe result
(Kanunget al., 2009. Methods based on statistical analysis of-gewironmental factors
related to landslide occurrence are preferred. The statistical methods for LHZ can be grouped
into twoviz. bi-variate statistical analysis and multiriate statiical analysisThe statistical
methods are used to evaluate spatial landslide instability based on relationship between the
landslide activities and their causative factofzarfar@t al., 1992; TilahunHamza and
Raghuvanshi, 2037
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3.4.2.1 Bi-variate statistical approach

The btvariate statistical approach for landslide hazard zonation comparesaetmhmap
(slope, geology, LULC, aspect and elevation) to the existing landslide distribution
(Kanunget al.,2009.

Weights to the landslide causatifeetors are assigned based on landslide density. Frequency
analysis approach, Information Value Model (IVM), weights of evidence model, weighted
overlay model etc. are importantyariate statistical methods used in Landslide Hazard Zone
(LHZ) mapping.

3.4.2.2 Multi -variate statistical approach

Multi-variateechniques for landslide hazard zonation correlate all the factors among
themselves and factors with the landslide occurrence simultane@BslyhamCarter,
1994Kanunget al.,2009.

These methodsalculate percentage of landslide area for each pixel and landslide absence
presence data layer is produced followed by the application of multivariate statistical method
for reclassification of hazard for the given area. Logistic regression modaiinuinste
analysis, multiple regression models, conditional analysis, Artificial Neural Networks (ANN)
are commonly used methods for LHZ mappi(ifyenning, 2005 Kanunget al., 2009;

Varmuza and Filzomoser, 2009

3.4.3 Deterministic Approach

Deterministic approach provides landslide hazard in absolute values in the form of safety
factors, or the probabilityRaghuvanskat al, 2015; 2014;Falket al, 2006Barredet al,

2000. The deterministic analyses are quantitative areappied to small to medium size

areas at large to medium scale mapping. They also require a large amount of detailed input
data and they may lead to oversimplification if such data are only partially available
(Barredet al, 2000; Van Westest al,, 2006; Raghuvashkt al., 2014.

The majordisadvantagesf these methodsinclude the high degree of uncertainty of the input

data, the high degree of parameterization required for sensitivity analysis, and the
unsuitability for complex landslides, especially the landslides with complex hydrological

systemsThe approachcan only be successful when the failure and trigger mechanisms of

different landslide types are correctly identified and mod@l¢adge, 1988; Terlien, 1996
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3.5 Interferometric Synthetic Aperture Radar for deformation monitoring
3.5.1 Synthetic Aperture Radar Interferometry: Basics

Synthetic Aperture Radar (SAR) is a coherent active microwave remote sensing system
which permits to reconstruct complex high resolution image of the illuminated scene. A SAR
sensor, usually mounted aboard aircradtsd/or satellites, operates in a sideking
configuration and permits to measure, with high accuracy, the distance between the system
moving platform and the scene surface. The received backscattered radar signal (echo)
accounts for the physical charaisécs of the imaged scene as well as the acquisition
geometry and, after a proper processing step, it allows reconstructing high spatial resolution

ground images, independently from the sensor altitGdenfning and Wong,2005

As an active system, th@AR provides its own illumination and is not dependent on light
from the sun, thus permitting continuous day/night operation. Furthermore, neither clouds,
fog nor precipitation have a significant effect on microwaves, thus allowingeallher
imaging. Asa consequence of its flexibility, SAR technology mostly improved during the last
years and several SAR related techniques have been developed in scientific and commercial

scenariogBerardinet al, 2002).

One of the major applications of the SAR techgglois represented by the SAR
Interferometry (INSAR) technique which exploits the phase difference, often referred to as
Interferogram, between two complgglued SAR images relevant to an investigated area
acquired from slightly different orbit positionsiéh at different times in order to retrieve
geophysical parameters such as scene topography or ground defo@Gwaltistein and
Zebker, 1989). In particular, conventional mestatic INSAR configurations involve the use
of two antennas observing the invgated scene at the same time and from different
positions, spaced in the acrdsack direction (acrossack interferometry), at different times
and from the same position (aletrgck interferometry), at different times and from different
orbital positims (repeapass acrossack interferometry) Nioccia and Rufino, 2001,
Suchandt al.,2010).

The two SAR images are generally acquired from slightly different imaging geometries. The
second SLC must be precisely@gistered and resampled to the geaoynet the first Single
Look Complex (SLC) {ebker and Goldstein, 1986; Sanseisél.,2006. The interferometric

phase is then computed by multiplying the first SLC with the complex conjugate of-the co
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registered second SLC. The resulting complex vaimedje is called an interferogram (IFG).
Ignoring any time delays in the imaging hardware, the estimated interferometric phase can be
directly related to the difference in path length to a target from the imaging platform in the
line of sight (LOS) directin(Zebker and Goldstein, 1986

Differential satellite INSAR is an invaluable tool for land displacement monitoring,
particularly for the slow and very slow landslidési(gret al.,2001). Recently, the potential

of a differential synthetic aperture raggproach has been investigated to study landslides by
numerous research groupBe(ardin@t al., 2003; Hilleyet al., 2004; Strozat al., 2005;
Colesanti and Wasowski, 2006;Rott and Nagler, 2006

The interferometric phase measurements, however, areteaffdy various decorrelation
phenomena Zebker and Villasenor, 19%2 The main limiting factors are atmospheric
artifacts that can introduce a bias in the phase measure@elitefet al., 1997, and
temporal decorrelation that makes INSAR phase measutemereliable over vegetated
regions due to the change in relative position of the scatterers in a resolution el&rbe&at (
and Villasenor,199

3.5.2 Synthetic Aperture Radar Geometry

Synthetic aperture radar is an extension of classical radar techniques developed in the first
half of the 20th century. Pulse compression techniques and the synthetic aperture concept
enable spatial resolutions on the order of meters with relatively ghgdlical antennas.
Space borne SAR instruments were initially used for the investigation of planetary surfaces
with the first Earth orbiting SAR instrument not launched until 1978, aboard the NASA
SEASAT satellite.

The principle of using space borne SA&sinterferometers dates to early 197R&l{man,

1971, Zisk, 1972 DQG WKH ILUVW WHUUHVWULDO ,Q6%$5HRe3 SOLFI
and Goldstein, 1986; Goldstein and Zebker, )98lbwever, it was the launch of the ESA
satellite ERSL in 199, leading to a large amount of SAR data suitable for INSAR becoming
available that made InSAR widely applicable. SAR systems operate with -toGkiieg
geometry and illuminate the Earth with aseries of microwave pulses. As the spacecraft
moves, the illumated footprint sweeps out a swath in the direction of movement.
Interspersed with pulse transmission, the SAR detects echoes of previous pulses, scattered
from the EartfBamler and Hartl, 1998
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Airborne and space borne SAR systems typically have a f@slooking antenna that
LOOXPLQDWHY D VWULS RU VZDWK SDUDOOHO WR WK
monochromatic microwave pulseBig. 3.6). 7TKH SODWIRUPYV IOLJKW GLUH
azimuth direction and the direction of the main lobe of the transmitting antenna is called the
range direction. The antenna, when inactive between transmissions of pulses, is designed to
receive the scatterezthoes from the illuminated surface of earlier transmitted pulses. From
antenna theory, the area illuminated on the ground is inversely proportional to the physical

shape and dimensions of the anterileo(nik, 200).

The raw data collected by the SARtli®en focused to form an image. This is achieved in the
direction perpendicular to the flight direction (range) through knowledge of the time delay,
and in the flight direction (azimuth) through combination of echoes from multiple locations

to synthesize krge antenna aperture. In range direction, bandwidth is provided by the nature
of the pulse, whereas in azimuth direction, bandwidth is provided by the variation in
frequency due to the Doppler effect associated with the movement of the sensor relative to
the Earth. There are various algorithms and implementations to carry out image processing, a

review of which is provided byB@amler and Hartl, 1998

SAR A 4
Antenna -~

Antenna illumination
footprint

Fig. 3.6SAR Image Geometry
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3.6 Previous studies a landslide in Ethiopia

Several studies have been conducted by using different approaches to assess the causes an
factors that cause landslide in different parts of the country. Some of landslide studies in
Ethiopiacarried out by different approachas GemichisChimidet al, 2017; TilahunHamza

and Raghuvanshi 2017; BirhanuErngaal, 2017; Raghuvanskt al, 2015; Raghuvangi

al., 2014; ShiferawAyelet al, 2014; KifleWoldearegay, 2013; TenalemAyenew and
Barbieri, 2004; LulsegedAyalew and Yamagishi, 2004; LulsegedAyal@89¢tc. The

significant studies apresented in the following paragraphs.

GemichisChimidet al (2017conducted a studyo carry out landslide evaluation and
zonation in and around Gimbi town in western Ethiopia. This study was conducted following
GlS-based statistical method. Statistical correlations between each of the causative factors
and the past landslideswere established inGIS environment to rate the relative contribution of
individual factor classes. The results showed that 12.2% of thg ated falls in very high
hazard, 30.7% in high hazard, 24.3% in moderate hazard, 23.3% in low hazard, and the
remaining 9.5% in no hazard zon@sso, TilahunHamza and Raghuvanshi (20t@jried out

the research to develop the landslide hazard map ohrtkee around Jeldu district, central
Ethiopia using GIS based statistical and probability approBetyhuvanstat al., (2015)
conduct the research in Meta Robi district, Oromiya Ethiopia by using grid overlay and GIS
modeling approaches to prepare landsha@zard zonation map. The research showed that
GIS modeling produced better landslide hazard zonation map. Also, grid overlay method is
more tedious and time consuming approasienAragaw (2017tonducted the research by
using an integrated expert evaloatand statistical approach for landslide hazard zonation in
Alemketema Fetera route corridor, central Ethiopia. The research indicated that, in terms of
area coverage 85% area is covered by high hazard in original SSEP landslide hazard zonation
map whee as in landslide hazard zonation may by integrated approach high hazard covers
72% of the area. In terms of total high hazard both methods provided almost similar results;

original SSEP LHZ map 85% and integrated approach 82%.

According to FikireGirmeet al., (2015) they conducted the research on landslide hazard
zonation in Ada Berga district, central Ethiopia by using GIS based statistical approach. The
study used the causative factors to prepare landslide hazard zone map are curvature, slope,
lithology, aspect, elevation, soil deposit, land use/land cover and ground

waterFurtherHenokWoldegiorgist al., (2014) made landslide hazard zonation mapping in
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southern part of Abay Gorge using a landslide hazard evaluation factors (LHEF) to
characterize théandslide potential zone in the amiso,ShiferawAyelet al.,(2014)carried

out the research to delineate landslide hazard Zone by using remote sensing and GIS
approach in Abay Gorge (Gohatsibejen), central Ethiopia. Thetudy hasonsidered
geology, gound water condition, drainage, slope, structure, aspect and land use/land cover as
causative factors. The outcome of the research indicates that 67% landslide lie within the

high hazard zone.

ZerihunDawit (2016made the study on landslide hazard eatdun and zonation in the area
KindoDidayeworeda, south west Ethiopia. In this study landslide hazard zonation of the study
area was carried out by using two methods namely: Integrated slope stability susceptibility
evaluation parameter and a rater bas#drimation value model approach. The findings
shows that the deformation, cultivation and modifying the slopes by manmade activities in
addition with high rainfall and groundwater are most influential causative parameter for the

occurrence of landslide the study area.

*kkkk
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CHAPTER FOUR METHODOLOGY

4.1 General

Several approaches have been developed for LHZ such as invbasay mapping, heuristic
approach,probabilistic assessment, deterministic approach, statistical analysis and multi
criteria decision making approa¢lemechisChimindi et al, 2017; Tilahun Hamza and
Raghuvanshi, 201 Raghuvanshet al, 2014;Cruden, 1991; Guzzetti al.,20095.

4.2 Methodology adopted for landslide Hazard Zonation
4.2.1 Information value model

Information Value (IV) model is a bivariate statistical analysis method that was developed
from information theory. In this model, information values of predispdsicrsareused to
characterize the possibility of landslide occurrence. The information values are determined
for each subclass of landslide related parameter on the basis of presence of landslide in the
given mapping unit. Thé&iggeringfactor maps were combidewith landslide map in order

to get weight of each class.

The Model has the advantage of assessing landslide susceptibility in an objective way. The
method allows for the quantified prediction of susceptibility by means of a score, even on
terrain unitsnot yet affected by landslide occurrence. Each instability factor is crossed with
the landslide distribution, and weighting values based on landslide densities are calculated for
each parameter class, as it happens with all bivariate statistical metlegagive values of

IV mean that the presence of the variable is not relevant in landslide development. Positive
values of IV indicate a relevant relationship between the presence of the variable and
landslide distributionYin and Yan, 1988

According toYin and Yan (1988yeight mathematically obtained by:

:Rsk‘cpnjj_lbqjgbgvcpcgrfgld_armjp_qq (41)

Conditional probability Rsk cmd armp gwgvela

. .. Wskm@ Ibgjgbhgvecmdfcufmjagrsbwpc_
Prior prObablllty_ Wskmdgvcmgdfcufmjagrsbwpc_

(4.2)

Weight of factor classS 2 9/9mpgmpgrw (4.3)
Tpgmpm _"gjgrw

Information value = log (Weight of factor class) (4.4)
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Information values are assigned to each factor class to obtain weighted factor maps. These
factor maps are then summed up using the raster calctdatbtain a landslide susceptibility
index value for eachixel (Eq. 4.5):

LSI= 1V siope Anglet IV Elevationt IV aspect IV siope Materiart IV novi + IV LuLc(4.5)

Finally, the landslide hazard zonatiomap was classified into five ranked classes very low,
low, moderate, high and very high hazard zone.

4.3 Methodology adopted for Slope Instability Assessment
4.3.1 InSAR time series analysis

Advanced InSAR methods such as Persistent Scattered @&) énd Vicko, 20129 and

Small Baseline Subset (SBAS)ahariet al.,2007) which can overcome objects arising from
atmospheric noise and temporal and spatial baseline decorrelation, enable us to benefit from
displacement timseries analysis using a stack of SAR data. Both techniques work better in
urban areas because of thghhdensity of mammade objects, which increase the probability

of discovery coherent pixels in a stack of SAR data over time. Because of thebaon

nature of the landslide area in Gidole, it is covered moderately with forest and other
permanent vegetatn, PStechniquewas usedor surfacedisplacement timaeries analysis.

Long term deformation monitoring works with a special form of INSIARt isknown as
PersistentScattererinterferometry Synthetic Aperture Radar (PSAR). PSINSAR finds
objects n the area of the image thatoduce a constant and characteristic radar reflection
over time in a stack of many radar images. ThdrSAR method was initially developed by
Ferretti et al. (2000used to estimating the time series displacement of edelcteé PS
pixels. The StaMPS Method, developedHhyoper et al. (2007game as an improvement the
capable of finding PS pixels in urban as well as-adyan areas and also less number of
interfrograms is sufficient to map the surface displacemerIn8AR is a multitemporal
differential INSAR technique, which analyzes long temporal stack of satellite SAR Data and
provides mean velocity and time series of ground deformation on dense grids efigeint
targets, the so called PersisteBtatterers Herretti et al., 2001). PSINSAR work by
identifying image pixels in a stack of interfrograms generated with the same master that
persistently backscatter the radar signal over long time intéfhal.detail schematic flow

chart of the methodology followed in tpeesent study shown iifrig 4.1).
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4.4 Pre-field Investigation

During prefield investigation secondary data and required materials were gathered from
different organiation. Rainfall,field equipmentincludesGPS, geological mapvas taken

from Ethiopian metrological agency, Addis Ababa University, IGSSAG@dlogicalSurvey

of Ethiopian respectively.The pefield study involved the preparation of various types of
maps, such as slopeg@, aspect, slope material, elevation, laiseé and landover, NDVI

and geology maps. The already available geological map and satellite imageries were studied

to understand the geological setting of the areas.

4.5 During Field Investigation

During the field study,observatios and measurementwere madend relevant data was
collected. These includedata of slope materiallLULC, geological structurejandslide
inventory data and existing and potential landslide areas were identifléet detailed
lithological and structural maps were prepatédally, other maps prepared during greld

study were verified in the field and modified wherever necessary.

4.6 PostField Investigation

During post field investigation stage, the following activitie=re performed

¥ The thematic map of th&iggering factors map and the landslide inventory map were

prepared and verified.

¥ The thematic map of th&iggering factors map and the landslide inventory map were

transferred to raster to get pixaluesin ArcGIS.

¥ Analysis ofthe triggeringfactors map and landslide inventory maps maddo get the
relationship between the factor classes and landslide in the studysargdnformation

value model

¥ The statistical information value maps of thiggering factors were prepared and

summed to get LHZ map of the study area.
¥ LHZ mapwasverified using Landslide inventory data

¥% Sentinel 1A SLC radar image were processed to generate interferogsargsSNAP

software
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¥ Basedon StaMPS P8$nSAR appro&h the most &ble pixelswere selected for PS
processing using amplitude dispersion threskalde.

% Line of sightdisplacement map of the study ameasprepared.

¥ Line of sightdisplacementime seriesnap of the study area was prepared.

4.7 Software

The softwarethat wereused for thepresentresearchare ERDAS Imagine2015, IMPACT
Tools, eCognition Developer 9.1, ArcGIS 10.3.1, ESA SNAP Desktop 5.0, StaMPS v3.3b1,
Snaphwl1.4.2 and MATLAB R2017a

Fig. 4.1 Flow diagram showing general methodologysed in the present

*kkkk
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DATA COLLECTION,
CHAPTER FIVE PROCESSING ANDANALYSIS

5.1 Landslide inventory

For landslides zonation, the past and the presentharkeysto the future. The principle
implies that future landslide will be more likely occur under the conditions which led to past
and present instabilityGemichisChimindi et al, 2017;Tilahun Hamza and Raghuvanshi,
2017;Raghuvanshet al, 2015 Varnes 1989. Hence the understanding of the past landslide
is essential in the assessmenlamidslide hazards. Landslide inventory map of the study area
was preparedfrom the field observatios (Plate 5.1) andhe Google earth satellite image
interpretation In total 39 landslidesof different types were recorded hese landslides
occurred from 2010 to 201ahd were lateused as the dataset for informatiaiue model.

5.2 Landslide hazard zonation
5.2.1 Triggering factors

The environmental factors are a collection of data that are expected to have an effect on the
occurrence of landslide, and can be utilized as causal factors in the prediction of future
landslides Raghuvanshiet al, 2014; Van Westest al., 2008; Anbalagan, 1992 The
thematic maps ofriggering factors including slope angle, slope material, aspect, elevation,
LULC and NDVI were prepared from tHf8RTM DEM at30m resolution and other vector

data wergorepared in Arc GIS. Slope material layer of the study area was extracted from the
geological map of Ethiopia with the scale of 1:25,000 and througHidlte observations

made during the present study. Later, all veataps were transformed into rastita for

further analysis. Details of variotisggeringfactorslayers and the data source that was used

to prepare theseiggeringfactor mapsare presented in (Table 5.1).

Table 5.1 Detail of triggering layer and source

Triggering factors Data Data type Data source

Landslide inventory GoogleEarth image and Field Polygon GoogleEarth and Field
observation observation

Elevation SRTM DEM 30 m grid USGS

Slope angle SRTM DEM 30 m grid USGS

Aspect SRTM DEM 30 m grid USGS

NDVI and LULC Landsat 8 OLI 2017 Image 30 m grid USGS

Slope material Geology map 1:25,000 Polygon Geological survey of Ethiopia
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A B
C D
E F

A - Rotational slide in WolayiteKebele;
C- Rock fall damage the retaining wall;
E - Earth flow damage the agriculture land

B- Debris slide in the study area;

D - Steep slope cut during road construction;
F - Debris slide in the study area

Plate 5.1 Landslidesin the study area
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5.2.1.1 Elevation

Elevation is a significantandslide conditioning factor because it is controlled by several
geological and geomorphological procesgegsm(ewet al.,2005. The elevation is considered

to be an importantriggering factor which may possibly affect the slope material by
weathering pocess (Raghuvansht al, 2015; Ahmed, 2009Elevation layemwas obtained

from the SRTM DEM in a resolution of 30 m. As shown in Fig 5.1, the elevation of the study

area ranges from 11@d 2562m above msl.

Fig.5.1 Elevation map
5.2.1.2 Slope angle

Slope angle is one of the major factordandslidehazard.Slopeinclination has direct effect

on landslide process because the driving force of mass movement increases with increasing
slope; therefore it is frequently used in landslide zonation (Agplew and Yamagishi,

2004; Ayalew et al., 2005. As the slope angle increases, shear stress in soil or other un
consolidated material generally increases. Gentle slopes are expected to have a low frequency
of landslides because they possess lower sheasset associated with low gradients
(Raghuvanshet al, 2015; Ahmed, 2009
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Slope map wasderived from SRTM DEM in a resolution of 30, mccordingly the slope

angle in the study area ranges frotd6( (Fig 5.2)

Fig. 5.2 Slope Angle map
5.2.1.3 Aspect

Aspect is defined as the direction of maximum slope of the terrain surface with reference to

north Xuet al., 2012). The aspect of a slope can influence landslide initiation, because it

affects moisture retention and vegetation cover,iandrn soil strength and susceptibility to

landslides Raghuvanshet al,, 2015.The aspect map of the studyeawasgenerated from

the SRTM DEMat 30 m resolutiomnd the aspect was classified according to the sngb

(- 19 NRUWK ©9f NRUWKiHDVW 9, EDIVW P), SRXWKiHDVW
i 9, SRXWK %9, SRXWKiZHVW 9, WIHVW 9,

NRUWKiIiZHVW °%andNRUWK °) (Fig 5.3).

5.2.1.4 Normalized Difference Vegetation IndexNDVI)

Vegetation provides both hydrological and mechanical effects that are beneficial to the
stability of slopes, partly due to the root retaining strength and controlling of rainfall runoff

movemen{Chauharet al 2010.
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Fig. 5.3 Aspect map

The presence of dense green vegetation implies high NDVI values, due to high

concentrations of chlorophyll resulting in low reflectance in red band. Sparse vegetation, on
the other hand, implies low NDVI value due to less of no chlorophyll and leaves. NR¥I va

is calculated using (Eq. 5.1) frorhe Landsat 8 OLI image acquired in 20By¥. using data

for multispectral sensor working in the visible and NIR region of the electromagnetic

spectrum, one is able to calculate the NDVI. The NDVI uses the differénibe vegetation

VLIQDWXUH EHWZHHQ WKH 5(° i —P RDQ&G1A7)H i —P
RM2W IH
R MW I H (5.1)
7KH 1'9, UDQJHV IURP i WR DV ZDWHU KDV FRPPRQO\
LV i 7TKH 1'9, Yde(arebks (RockEsand, and snow) is less than +0.1. The NDVI

increases the vegetation density range +0.1 to ¢&ertz and Wiggenhagen, 2009 he
YDOXH RI 1'9, UDQJHV IURP i WR ZKHUH WKH YDOXHV
cover and values close to 0 or less than 0 means little of no vegetation coverlékdatsl(

et al.,2007). As shown in (Fig.4), the value of NDVIinthe ssudlpUHD UDQJHV IURP |
0.77.
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Fig. 5.4 NDVI map

5.2.1.5 Lithology

Lithology plays an essential role in the slope instability @mslcorrelatedwith the properties

of the slope forming material.he erodibilityof rock is highly influenced by the strength of

the rock. Rocks which possess high strength are relatively more resistant to erosion
(Anbalagan, 1992, Raghuvangtial, 2019. Based on the geological map at 1:25,000 scale
produces by Geological Survey Bthiopia in 2014 andlata collected from thiéeld during
present studya lithologymap waspreparedand converted in to GIS database. There are six
categories of rockand soil typesn the study aredhese arepasalt, pyroclastic deposit,

colluvial dgposit, sandstone, metamorphic rock and alluvium, sand and clay (Fig 5.5).

5.2.1.6 Land-use/land-cover

Landuse and landover is a key factor for landslide occurrence. Regions with dense
vegetation are found to be prone to landslide than spasgetation, agriculture and
urbanization(Raghuvanshet al, 2014;Kifle Woldearegay, 2013Anbalagan 1992Varnes,
1987. The landuse and lanadover of the studyarea was classified as agricultural land,

barelandforest, builtup area and shrub/bush land (Fig. 5.6).
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Fig. 5.5 Lithology map

Fig. 5.6 Land-use and landcover map
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The LULC layer in the study area was classified by supervised classification method from
Landsat 8 OLI 2017 satellite image atesolution of 30m. The accuracy assessment of the
classification was calculated based of field data and Google earth image. The overall

accuracy of the prepared LU/LC classification is 88.64% with a kappa coefficient of 0.85.

5.3 Slope Instability analyss
5.3.1 InSAR processing dataset

To monitor the slope instability around Gidole, 7 Sentinel 18&d SLC imageswere
acquiredfor the study area from 2014 to 2018 by the EO satellite from the European Space
Agencyand wereusedfor the analysisSentirel 1A image of 03 Dec 2014 is chosen as the
master image based on minimizing perpendicular baseline. SAR sataibieshe Earth at

an altitude of about 700 km and revisit every location on Earth after a specific time. The time
period between two suca@ge visits the repeat cycle is called Temporal Baseline. However,
the satellite may not be in the exact same location again during acquisition of the next radar
image due to limitation in orbit control. The distance between two acquisition spots
perpendialar to the satellite viewing direction is known as Perpendicular Bagélimeper,

2009. The dataset is presented(Table 5.2) along with the perpendicular baseline length
with respect to master image. The datere processed using the tirseries appmrach of
Persistent Scattered and finally done the isegesanalysis to derive a twdimensional
Line-of-Sight (LOS) timeseries and displacement map of surface deformation on the slope.

Table 5.2 Detail Radar image acquisition

Sentinel 1 can collect SAR images in different modes. Interfrometric-8xidkh (IW) is the
main operational mode over land, which is suitable for interfrometric application through
burst synchronization. In this mode, the data covers a swath of 250kmavégectral

resolution of 5x20rhin range and azimuth direction and offers the data products in single
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(HH( Horizontal Transmit and Horizontal receive)/VV(Vertical transmit and Vertical
receive)) or (HH+VV/ VV+VH(Vertical transmit and Horizontal receivedlarization
(Torreset al.,2012). To produce such a large coverage from a single acquisition in space, the
SAR data in IW mode is acquired using the Terrain Observation with Progressive Scan
(TOPS) operation4an and Guarnieri, 2006 A TOPS SAR image caists of three sub
swaths and each si#wath is formed from several slightly overlapping subsets called bursts.
Images for all bursts in all stdwaths of an IW SLC product are-sampled to a common

pixel spacing grid in range and azimuth. This procesalled TOPS SAR deburst. Aftero
registration of Sentinel 1 SLC image pairs, we can produce the interfromertic phase.

5.3.2 Interfrogram Generation

The interfrogram generation for RSSAR processingvasdone using a single master image
which involves ceregistration, resampling and complex multiplications of the master with all
the slave images. The master SAR image is Dec 2014. The mnaager acquisition has been
chosen based on stack coherence in BND&sktop software. The aim of the master selection
using stack coherence is to minimize the total decorrelation of all the interfrograms.
Alongside, this approach is able to maximize the total correlation of the interfrometric stack
based on the perpendiar baseline, temporal baseline and the mean Doppler centroid
frequency differenceH{ooper, 200h

The interfrometric phase which is phase difference between master and slave image is
calculated as:

03nterfrogram 033ef Gaopo 0»?Curv ﬂgatm 031oise(5-2)

: KH U H3ntdbrograniS  the interfrogram is the interfrometric phasé3eis the phase
component due to deformatiofi,3,pds associated with area topograply&.un is the phase
component due to Earth curvaturé3:m is atmospheric phase resugfifirom the different
atmospheric delay at the different acquisition times, @8diseis noise term primarily due to

the decorrelation (Zebker and Goldstein, 1986). The interfrogram phase is the sum of
contribution from several factors. In order to estenthe deformation, all other components
have to be estimated and subtracted from the interfrometric phase. DEM and precise orbit
information are used to model and remove phase contributions due to Earth curvature and

topography.
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5.3.3 StaMPS approach Persstent scattered selection

Once thenterfrogramswere generated and the topographic phassremoved using DEM

to convert the interfrograms in to differential interfrograms whigtre suitable for PS
processing, the phase stability tests applied to obtain a set of phase stable pixels. In PS
interferometry, the signal return from the dominant scattered in the resolution element.
StaMPS use amplitude Dispersion value which is the ratio of the standard deviation and the
mean of the amplitudealue to select a subset of pixels that includiesost all of the PS

pixels in the dataset. The pixels are selected on the bases of amplitude stability, in which
those pixels which have a value of the amplitude dispersion index with the threshold are
sekcted as initial PS candidatels(oper, 200). The data input for RB1ISAR processing in
StaMPS is a stack of differential interfrograms coregistered to a selected master image. In
this study, the threshold value used for amplituigpersionwas taken a€.42. The
parameter used for StaMPS based®$AR processing is shown in (Table 5.3).

Table 5.3 Parameters used for PS candidate selection

No Parameter Value
1 Amplitude Dispersion threshold 0.42
2 Number of patches in range 1

3 Number of patchem Azimuth 1

4 Overlapping pixel between patches in range 50

5 Overlapping pixels between patches in azimuth 200

The first PSINSAR observation is the double difference between mater and slave for two
nearby PSHanssen, 2004 The double difference is both a temporal and a spatial difference.
This implies that StaMPS also requires a spatial and temporal reference one acquisition time
i.e master image and one reference PersistentScattered. FIlSAFS algorithm gives a
tempord evolution of the landslide in Gidole over 4 years using multiple SAR image
acquisition. Setting the amplitude dispersion higher in the processing parameter can increase
the number of initial PS candidates. The selected PS pixels are in wrapped be@2enG &
(Fig 5.7), phasenwrapping therefore implemented in order to obtain continuous deformation
phase value. In this study, 3D phase unwrapping has been performed, two spatial and one
temporal. The temporal phase difference for each PS pixel areatattaind then unwrapped
spatially from reference PS pixels using an iterative least square method. PS pixel is also
filter using Goldstein phase filter before performunmgvrapping (Fig5.8), high-pass filtering

can be applied to the unwrapped data ineortb remove the remaining look angle,
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atmosphere and orbit errofSCLA). By subtracting SCLA errors from PS pixels, it leaves

only phase data due to deformation.

Master Image (03/12/2014) Slave image (13/02/2015)
Slave image (09/03/2015) Slave image (13/06/2015)
Slave image (14/02/2017) Slave image (21/05/2017)

Slave image(09/02/2018)

Fig.5.7 Wrapped , QWHUIURJUDPV ZLWK PDVWHU LPDJH GXULQJ
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Master Image (03/12/2014) Slave image (13/02/2015)
Slave image (09/03/2015) Slave image (13/06/2015)
Slave image (14/02/2017) Slave image (21/05/2017)

Slave image(09/02/2018)

Fig. 5.8 Unwrapped Interfrograms with Master Image
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Wrapped interfrogramBom descending orbit data acquire over Gidole landslide. The master
acquisition data is 13 Feburary 2014. Each color fringe represedis DQG & PP R
displacement in the LO&fter phase unwrapping, highass filtering is applied in order to
remove the nmaining errors. Finally, the displacement can then be estimated using the phase
values of the individual PS pixels. A Line of Sight (LOS) velocity map is generated as an
output of the StaMPS method.

*kkkk
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CHAPTER SIX RESULTS AND DISCUSSION

6.1 Landslide Inventory mapping

Landslide inventory map is essential and key starting point for studying the relationship
among landslide and conditioning factgRaghuvanshi et al., 20L30ut of total 39 number

of landslides identified and mapped in the study area(34.7%) landslides are found in the
western and southern paudf the ArbaminchGidole-Konso road project (Fig 6.1). This
clearly indicates that along the side of the main road the risk of landslide occurrence is
increaseddue toexcavaion of toe supporor the sides of the slope This has furthecaused

reactivation otheold landslids and famation of new landslides.

Fig. 6.1 Landslide Inventory map
6.2 Landslide hazard zonation
6.2.1 Triggering factors influence on landslides

At the beginning, in the present study, through field work and review of previous works, the
six factors including aspect, slope, elevatidghplogy, NDVI and LULC were recognized as
primary triggering factors for landslide occurrencéAnbalagan, 1992; &huvanshi et al.,
2014; Tilahun Hamza and Raghuvanshi, 2017
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6.2.1.1 Aspect

In this study slope aspewstasdivided at every 45°. Thus, there are nine intervals. According
to the result shown in Table 6itlcan clearly be seen thindslide occurrence in the slape
inclined towardsSouth, Southwest, North and Northeast shpve Q | R U Paligg1\R Q.09
0.19 0.08and 0.05, respectivelyurther, from the landslide inventory data it was observed
that South facing slopes coverdéde highest percentage of landstdd2.7%)followed by
north facing slopes3@.899. Relatively less number dandslides occurred in otheaspect

classes. No landslidevere observed toccurin flat aspect class.

Table 6.1 Landslide distribution according to Aspect dass

Value Class Factor PixelsLandslid Landslide Conditional Prior Weig IV

class %  ewith % Probability ~ Probability ht of

pixel factor factor

class class
1 Flat 112 0.0 0 0 0 0 0 0
2 North 19882 6.9 96 8.3 0.0048 0.0040 1.21 0.08
3 North East 50928 17.7 229 19.8 0.0045 0.0040 1.12 0.05
4 North west 22724 7.9 54 4.7 0.0024 0.0040 0.59 -0.23
5 South 34606 12.0 172 14.9 0.0050 0.0040 1.24 0.09
6 South East 46973 16.4 145 12.6 0.0031 0.0040 0.77 -0.11
7 South West 28221 9.8 175 15.2 0.0062 0.0040 1.55 0.19
8 West 25921 9.0 84 7.3 0.0032 0.0040 0.81 -0.09
9 East 57910 20.2 199 17.2 0.0034 0.0040 0.86 -0.07
6.2.1.2 Slope

The study area was classified in to fslepe classes i.e.5° (21.7% of the study area); 5

12° (41.7% of the study area), 1380° (33.3% of the study area), 3@5° (3.2% of the study

area) and >4%5(0.1% of the study area). According to (Table 6.2), 6.5%, 30.9%, 56.5%, and
6.5% of landslide occurred in-05° 5- 12°, 12- 30° and 30- 45°, respectively. Thelope
classed) - 5° 5-12°, 12- 30° and 30- 45° show uLQIRUPDWLRQ iYDO X0H18, ,9 R
0.23 and 0.28, respectively.

Further,slope angleclasse® - 5°, 5- 12° and > 48 showlow information valug(lV), this
indicate alow probability of landslide occurrenaeithin these slope classes. Howeue

slope clasass 12 - 30° and 30- 45° show highest probability of landslide occurrence with
information value(lV) 0.23 and 0.28, respectively. No landslides occurredlope ¢ass

>45°. The relation between landslide occurrence and slope angle shows that most of the

landslides were observéuslopeshaving slope angle ranging froh2° to 45° (Table 6.2)
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Table 6.2 Landslide distribution according to slope Angle class

Value Class Factor Pixels Landslide Landslide Conditional Prior Weight IV
© class % with % probability  probability of
pixel factor factor
class class

1 i 66683 21.7 79 6.5 0.0012 0.0039 0.30 -0.52
2 i 128049 41.7 374 30.9 0.0029 0.0039 0.74 -0.13
3 i 102176 33.3 684 56.5 0.0067 0.0039 1.70 0.23
4 i 9771 3.2 73 6.0 0.0075 0.0039 1.90 0.28
5 >45 428 0.1 0 0 0 0.0039 0 0

6.2.1.3 Elevation

Elevation is a factor frequently utilized landslide hazard assessmé@rtghuvanshi et al.,
2014; Tilahun Hamza and Raghuvanshi, 2Q1Atcording to theresuls shown in (Table
i P DQG i P FODVVHV RI HOHYDWLRQ KDYH
landslide occurrence artlese two elevation classes hake highest information valugV)
of 0.71 and 0.31, respectively. Fraimese figurest may be realized thahe information
value generally increase with tlrecrease in elevatiorNo landslides occurred ielevation
class i P DQG i , respectively

Table 6.3 Landslide distribution according to Elevation class

Value Class Factor Pixels Landslide Landslide Conditional prior weight IV

class % with % probability probability  of

pixel factor factor

class class

1 i 88574 288 O 0 0 0.0040 0 0
2 i 91994 30 10 0.8 0.00011 0.0040 0.03 -1.57
3 i 61364 20 500 40.5 0.00815 0.0040 2.04 0.31
4 i 35003 114 719 58.2 0.02054 0.0040 5.13 0.71
5 i 30172 9.8 0 0 0 0.0040 0 0

6.2.1.4 Normalized deference vegetation index

Vegetationin general improves thstability of the slope(Anbalagan, 1992; Raghuvanshi et
al., 2014. The NDVIvaluein general reflectsn the vegetation coverage rate ahdhealth

of the study ared he results presented Trables 6.4&learly indicateshat highelinformation
values(lV) (0.13 to 0.29)are distributedfor NDVI classes fallingoetween 0.02 to 0.37,
which generally corresponds to buip area,agricultural landand shrub/bush lands. As
NDVI becomes highe(>0.37) probability of occurrence of landslide is lower. Froimms it

can be realized thats the NDVI increaséhe Information valudlV) in generaldecrease
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The relation between landslideccurrence and NDVEklearly showed that mostof the
landslidesoccurredin the areaverethe NDVI valueswere low, particularllNDVI value less
tha0.29.

Table 6.4 Landslide distribution according to NDVI class

Value Class Factor Pixels Landslide Landslide Conditional Prior Weight IV

class % with % probability probability of factor

pixel factor class

class

1 i 9952 141 241 19.5 0.0242 0.0175 1.38 0.14
2 i 10367 14.7 246 19.9 0.0237 0.0175 1.35 0.13
3 i 9596 13.6 330 26.6 0.0344 0.0175 1.96 0.29
4 i 20879 29.5 332 26.8 0.0159 0.0175 0.91 -0.04
5 i 19875 28.1 90 7.3 0.0045 0.0175 0.26 -0.59

6.2.1.5 Lithology

Table 6.5 presents the landslide occurrence computed foxtblasses of the lithologyhe
information value(lV) as computed forcolluvial deposit, Basal sandstone and pyroclastic
depositare 0.89, 0.30 and 0.19, respectively which in gerdsadonstrates higher number of
landslides in the are®articularly, colluvial deposit which dominates in the western part of
the study area show sigiw&int slope instability problems and have highest IV value of 0.89.
Further, metammrphic rock and alluvium sand and claypdsits also demonstrate a higher

information value of 0.61 and 0.47, respectively.

Table 6.5 Landslide distribution according to lithology class

Value Class Factor Pixels Landslide Landslide Conditional Prior Weight IV

class % with % probability  probability of

pixel factor factor

class class
1 Pyroclastic Deposit 3915 7.7 134 11.9 0.0342 0.0223 1.53 0.19
2 Basal sandstone 4126 8.2 183 16.2 0.0444 0.0223 1.99 0.30
3 Basalt 27261 53.9 620 54.9 0.0227 0.0223 1.02 0.01
4 Colluvial deposit 1123 2.2 193 17.1 0.1719 0.0223 7.69 0.89
5 Metamorphic rock 1844 3.6 10 0.9 0.0054 0.0223 0.24 0.61
6 Alluvium, sand & 12310 24.3 94 8.3 0.0076 0.0223 0.34 0.47
clay

6.2.1.6 Land-use and landcover

The landuse and landcover of the study areaclessified asforest, builtup area, bar&and,

agricultural land and bush/shrub lanBerusal of results in Table 6.6 showsat in
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agricultural land which covers 36.7% of the total study ardee total area covered within
landslides i$1.92%and the information value as computed is 0.15. Thus, agricultural land in
the study area shows highest probability for landslide occurrenites istudy area. This is
followed by bare land which covers 10.7% of the total study area, the total area covered
within landslides is 13.78% and the information value as computed is 0.11. This class also
shows reasonable probability for landslide occureemdoreover, Forest, Builip area and

bush land which covers 21.41, 23.43 and 7.75% of the study area show least probability for
landslide occurrence as the information values for these classe8.3re0.2 and 0.05,

respectively.

Table 6.6 Landslide distribution according to land useland covers class

Value Class Factor Pixels Landslide Landslide Conditional Prior Weight IV

class % with % probability  probability of

pixel factor factor

class class

1 Forest 12520 21.42 119 10.86 0.0095 0.0187 051 -0.30
2 Built-up area 13698 23.43 161 14.69 0.0118 0.0187 0.63 -0.20
3 Bareland 6254 10.70 151 13.78 0.0241 0.0187 129 0.11
4 Agricultural land 21453 36.70 569 51.92 0.0265 0.0187 141 0.15
5 Bush land 4529 7.75 96 8.76 0.0212 0.0187 1.13  0.05

6.2.1.7 Prominent classes amongarious causative factorslasses

The landslide is a complex process and various causative factors contribute in its occurrence.
In the present study six causative factors were considered namely; aspect, slope, elevation
NDVI, lithology and land use/ landcover. From the past landslide data relational statistical
correlation with various causative factors was established and prominence of various
causative factor classes was worked out with the help of information Valbke 6.7 present

the highest information value in respective factor clasgerusal of Table 6.7 clearly shows

that the slopes which are trending toward Southwest having slope angle betWézd30

are more prone for landslide hazard. Similarly, sltkng within elevation class 1815 to
2150m are more susceptible for instabiligdso, landslide probability within colluvial

deposits and agricultural land is high.

6.3 Landslide hazard Evaluation and Zonation

For landslide hazard evaluation duritfte presenstudy spatial relationship between the
occurrence of landslides and each landslide causative factor classlenasd. The

distributions of landslide occurrence over each factor maps have been obtained using the
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information value model. The iafmation values are assigned to each class to obtain

weighted factor map.

Table 6.7 Highest Information value Classs

Causative Factors Class Information Value
Aspect South west 0.19
Slope angle 30 i45° 0.28
Elevation i P 0.71
NDVI i 0.29
Lithology Colluvial deposit 0.89
Land use/land cover Agricultural land 0.15

Each factor maps were summed up using raster calculator to calculate the landslide
susceptibility index for each pixel. The relation analysis is the informatare of the area
where landslides occurred to the total area, if the value is higher relative to other classes, it
shows a higher correlation; if lower, it indicates a lower correlation. Classification determines
the spatial distribution of landslide onueal area classes. Therefore, the pixels of landslide
susceptibility valus were divided in to five classes very high hazgkHH), high hazard

(HH), moderate hazardVHH), low hazard(LH) and very low hazardVLH) zone by

guintile (equal area) classification shown in (Fig 6.2).

Fig. 6.2 Landslide Hazard Zone map
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In the presentstudy main factorshat are possiglresponsible for landslideccurrenceare
lithology, elevation, slope angle, aspects, NDVI and LU/BBmbination of various factor
classes might have resulted into landslide in the area. The evaluation of these factors based on
statistical correlation witthe past landslides foredthe basis to delineatbe study area into
various landslide potential class@&se landslide hazard zonation map thus prepared (Fig 6.2,
Table 6.8) clearly indicates that the majority of the study area 7823@618%) fall within

very low hazardVLH) zone and 72.85kf(34.2%) of the area fall within low hazard.H)

zone. Perusal of results further shows that 12.78 (66%), 32.72 krh(15.4%) and 15.89

km? (7.5%) of the area falls into very high hazgHH), high hazardHH) and moderate
hazardMH), respectively.

Table 68 Probability of different landslide hazard zones

No Landslide hazard zone Value Class Pixel  Area % Area (km?)
1 Very high i 20325 6.6 12.78
2 High i 47087 15.4 32.72
3 Moderate 0.13 +0 22888 7.5 15.89
4 Low i -0.26) 104845 34.2 72.85
5 Very low - i-2.37) 111390 36.3 78.38

6.4  Model validation of Landslide hazard zone map

In order to validate the LHZ map prepared during the present study overlay analysis was
made with the past landslide inventory défeg. 6.3) The overlay analysis clearly showed

that out of 39 past landslides inventory data 23(58.97%) falls in very high hazard (VHH)
zone, 13(33.33%) falls in high hazard (HH) zone, 2(0.05%) falls in moderate hazard (MH)
zone and 1(0.02%) falls in low hazard (LEQne. This shows that 92.3% of the existing
landslides fall in very high hazard (VHH) and high hazard (VHH) zone. Thus, it can safely be
concluded that the hazard zones delineated in the present study validates with the past
landslide datand the potentlazone depicted can reasonably be applied for safe planning of
the area.

6.5 Slope instability assessment

6.5.1 Displacement map and Time series analysis

The landslide deformations in Gidolrea is analyzed by using the mean deformation
velocity of PSINSAR, these techniques can be used to observe displacement in the study area
especially the area which have very high hazard and high hazard zones in the landslide

hazard zonation mafgime series analyses have been done usingnB8R techniques. RS

MSc Thesis, School of Earth Sciences, AAU 45 Filagot Mengistu



Landslide Hazard Zonation and Slope Instability Assessment by using Optical and INSAR Remote Sensing: the
case of Arbamine-Gidole Road, Southern Ethiopia

INSAR processing using 6 single master interfrograms showed us a total of 165,263 PS
candidates are selected based on the Dispersion Amplitude index value. The displacement
located in the studwrea has gradually increasing starting from 15.3 mm/yr. ud9@®
mm/yrshownin (Fig 64). The displacement phase derived from interfrograms is a measure
IRU WKH VXUIDFH GLVSODFHPHQW LQ WKH VDWHOOLWHTV

Fig. 6.3 Validation of LHZ map with past landslide data

The results in this study are represented in terms of vertical displacement that is projection of
LOS displacement vertical to the vertical axis. Negative displacement indicates that the land
surface is moving away fromdhsatellite LOS continuously and the positive sign indicate the

area is moving toward LOS.

To better illustrate the time evolution of surface displacement, 4 points are selected and
plotted their time serie@-ig 6.5). These pointes are located westsonthern and central part

of the study area of the sliding surface. These points are selected based on landslide inventory
map. Figure 6.5 shows thiene seriegoints indicate downward movement. The magnitude

RI WKHVH PRYHPHQW U D Q Jhh\thd brali?zed pEred Wik dynamits of the
observed movement is differentiated depending on the part of the landslide area.
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During four yearsof investigation the area involved in the Gidole landslide increased. To
investigate the displacement rates veéngplotted the time series in (Fig 6.6) shaWwat the
stack of images avagering the time series for all the parsistant scaterrer in the areas where line

of sight displacements seems to be typical for landslide slope.

Fig. 6.4 Mean displacementYHORFLW\ PDS GXULQJ i

Fig. 6.5 Distribution of points in the landslide area

The present study is aimed to the fact that the process of surface displacement in the area is

still active. In additionit is observed that the change in the dil@t of movement to uplift in
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the mid of 13/02/2015 and 09/03/2015 in all points of the time series analysigplitheate
is about 819 mml/yr.in all PS points. The analyses presented in 6ig shows that the
observed signals do correlate with the average monthly precipitation. The major slope failure

in the area was reactivated in 2015 after high rainfall.

Fig. 66 LOS Displacement time series of the selected PS points (A,B,C,D) dudn i

Fig. 6.7 LOS Displacement time series of the selected PS points (A, B, C, D) with rainfall
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6.6 Discussion

Among the various natural hazards, landslides are the most widespredaha@anging hazard.
They cause loss of life and properdgmage to natural resourcgch as vegetation, land and
soil and hamper developmental projects like roads, bridges communication lines
(Gemechis Chimindi et al., 2017; Tilahun Hamza &adjhuvanshi, 2017; Raghuvanshi et
al., 2015.

The resul ofthe present studghowed that the landslides were dominant inSbethwest
facing slopes. This might beelated to the fact thahe Southwest facinglopes are more
exposed taainfall andother hydrological and hiyogeological factors are more signifi¢an
contributing for landslidesFurther, aspect of the slops plays a role in controlling some
microclimatic factors such as exposure to sunlight and wet and dry conditions, rainfall
intensity, soil moisture and weatherjngl of which control the matel properties of the

slope depositsdevik and Topal, 2003

Slope angle is considered as the important factors and the main reason of slope instability
(Haeri and Samiei, 199&®aghuvanshi et al., 20).9n the present study it was observed that
mostof the pastandslideshaveoccurred in the slope class 3@5°. The possible reason for

the dominance of past landslides in this slope class is related to the poor characteristics of
lithology within this slope class. TH&hologys which predominantlyazupy this slope class

are weathered basalt, colluvial and pyroclastic deposit. Sitbblogy are highly
disintegrated and posses poor shear strength, high porosity and permeability (Raghuvanshi et
al., 2015). Thus, gravity can interact more stronglglope instability especially on weakly
consolidated masseSi{adfaret al.,2003.

Studies hae showed thatlevation has an important influence on the occurrence of landslide.
In thepresenstudyresults has showed thisie past landslides in the area are more dominated

in elevation class 18152150m. Apart from influence of other causative factors one major
reason for dominance of landslidestlis elevation range is related to the fact that much of
the slopes in this elation range are occupied by agricultural land. The results of the present
study also showed th&ighest number of past landslides in the area was recoviileth
agricultural land. The agricultural land in the study area is generally located on gentle slopes
and is mostly occupied by colluvial material. Poor irrigation and frequent plowing makes
colluvial material loose and saturated which reduces the séteangth considerably

(Raghuvanshi et al., 2015). Thus, such material becamesprone for instability.
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The landslide hazard zonation map prepared during the present study clearly indicates that
the majority of the study area 78.38k(86.3%) fall wthin very low hazard (VLH) zone. The

VLH zones are dominated Morthern, eastern and southern parts of the study area. The LH
zones which covers 72.85kn{34.2%) of the study area are dominated in western and
southern parts with scattered distribution dentral and northern and northeastern parts.
Further, VHH zones which cover 12.78 k(6.6%) of the study area are dominated in south
western, western and central parts of the study area. HH zonesreaticaverage of 32.72

km? (15.4%) have scattered disution in western, central, northwestern and south western
portions.

According to the international landslide classificatidfarifies 198} predominant types of

the slope processes in the study area are rotational slidesfl@aghdebris flow andock-

falls. Displacements occur when the bodies of these shallow landslides suffer abrupt changes
in the pore pressure regime, which is chiefly triggered by a heavy rainfall in combination
with the high slope cut during road constructiétr¢he et al, 2000). In the present study

area most of the area near to the Arbaminch Gidole Konso road fall into very high and high
hazard classes. The massive landslide in the area is a result of unplanned slope cuttings for
the road construction. Steep slope cut dutirgroad construction and water saturation leads

to increase in slope instability.

The analyzed deformation tinseries reveal the presence of displacement from 15 i®to
mm/year in the velocity of landslide movement for the slopes. Tha®4&R resuls showed

that the process of surface displacement in the area is still active. In addition, the change in
the direction of movement to up lift in the mid of 13/02/2015 and 09/03/204lb points in

the time series. The probable factor responsible ®upward movement is associated with
high rainfall. Rainfall can rapidly and dramatically increase the soil moisture, causing
apparent ground uplift signals on interfrografdgigmanet al, 199).

In this study, PSnSAR was applied to sentinel 1A SLC data to assess the surface instability
on the Gidole landslide. Thresult indicates the current instability of the study area. The area
is sparsely populated, thus the landslides do not pose majortthreahan life and mimals
however, Kubaya andWolayite villages are partly surrounded by potentially dangerous
landslides, which can affect the infrastructure, agricultural landnaag cause primarily
material damagelhe current instability of Gidole landslide might reduttm a combined of

geology, high slope excavation during road construction, precipitation rate and high elevation
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difference. Thus, the P9nSAR and GlShased methodology for integratiasf various
topographic, geological, structural, lande/landcoverand othedatasetss quite suitable for

developing a landslide hazard zonation map and slope instability assessment.

*kkkk
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CHAPTER SEVEN CONCLUSION AND RECOMMENDATIONS

7.1 Conclusion

Landslide Hazardzonation provides fundamental information for hazard assessment and
monitoring strategies. In mountainous area like Gidole, direct ground based landslide
triggeringfactor mapping and evaluatios expensive and virtually impossible within a short
period of time. Remote sensing and GIS techniques provide powerful alternatives for
detecting, identifying and monitoring landslides and their related factors.

Based on the resuléad discussiothe following conclusions are forwarded:

x In order to delineate landslide hazard zones inptlesent study area six triggering
factors were considered namely; aspect, slope, elevation, NiftAdlogy and land
use/ landcover The thematic maps of triggerinigctors including slope angle,
lithology, aspect, elevation, LULC and NDVI were prepared from the SRTM DEM at
30m resolutiorand Landsat 8 OLI image, respectivelythology layer of the study
area was extracted from the geological map of Ethiopia with the scale of 1:25,000 and
through field d@servations made during the present study. Later, all vector maps were
transformed into raster data for further analysis.

x In order to establish relational statistical correlation of various causative factors with
past landslides in the area landslideeimtory was made through field observations
and Google earth image interpretation. In total 39 past landslides were identified in
the study ared:urther, Information Value (IV), a bivariate statistical analysis method
was applied in which information valsi®f predisposing causative factors were used

to characterize the possibility of landslide occurrence.

x The information values are determined for each subclass of landslide related
parameter on the basis of presence of landslide in the given mappinglhmit.
causative factor maps were combined with landslide map in order to get weight of
each classThus, spatial relationship between the occurrence of landslides and each
landslide causative factor class was derived.

X The relationship between pdandslides in the study area ane thiggeringfactors

that were considered revealed that these factors affect the slope instability with
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different spatial tendencies. It can be conclude that the distribution of landslide is
largely governed by a combimah of geceenvironmental conditions. Based on
information values it is concluded that Southwest facing slopes have higher
probability for instability. Similarly, slopes with inclination 3845° are more prone
for instability. Slopes falling within elevain class 1812150m have higher
probability for failure. Majority of past landslides were observed in agricultural land

and slopes which have tovial deposits arenore susceptible for failures.

X The relation analysis is the information value of the areere landslides occurred to
the total area, if the value is higher relative to other classes, it shows a higher
correlation; if lower, it indicates a lower correlation. Classification determines the
spatial distribution of landslide on equal area clasSdwrefore, the pixels of
landslide susceptibility values were divided in to five classes very high hazard
(VHH), high hazard (HH), moderate hazard (MHH), low hazard (LH) and very low

hazard (VLH) zone by quintile (equal area) classification.

x The landslide hazard zonation map thus prepared clearly indicates that the majority of
the study area 78.38Km(36.3%) fall within very low hazard (VLH) zone and
72.85kn? (34.2%) of the area fall within low hazard (LH) zone. Perusal of results
further shows that 1287kn¥ (6.6%), 32.72 krfi(15.4%) and 15.89 kfr(7.5%) of the
area falls into very high hazard (VHH), high hazard (HH) and moderate hazard (MH),
respectively. Further, validation of LHZ map with past landslide inventory data shows
that 92.3% of the existingndslides fall in very high hazard (VHH) and high hazard
(VHH) zone. Thus, it can safely be concluded that the hazard zones delineated in the
present study validates with the past landslide data and the potential zone depicted can

reasonably be appliedrfgafe planning of the area.

X Regarding lpe instability assessment, it has been demonstrate thEISAR is
applicable form mm scale surface deformation monitoring in the study area. By
analyzing dataset of Sentinel 1A SLC radar image coveringitiele landslide, the
JURXQG GLVSODFHPHQW IURP i PP \U XS WR
GLUHFWLRQ KDV EHHQ GHWHFWHG EHWZHHQ \HDUV
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7.2 Recommendations

Based on theresent research study findinge following recommendations ai@warded,;

X The constructed of ArbaminelsidoleKonso asphalt roath the areahas caused the
reactivation of old landslide and formation of new landslidé® present study revealed
that much of this road section and the surrounding areas fall withyrhigdt hazard and
high hazard zonesThe foundation material of the abandoned road has composed of
colluvial deposit and weathered and fractured bashé D U HD Ge&erdtadI$ W load
heavy structures including asphalt rodtierefore the local administrator and Ethiopian
Roads Authority shouldconsiderothereasily maintainableoad construction option such
as gravel road

X Along the road some slopes cut require immediate rehabilitation by constructing retaining

wall, usingsurface drainageegetation and slopdressing

x The area delineated as very high hazard, high hazard and moderate hazard has a
probability for future landslide and related slope instability problems. Therefore, it is
recommended that prior to any futunérastructure development and settlements in these

zones more detailed slope studies needs to be carried out.

x This landslide hazard zonation map can be used for optifamd management by
decision makerdand use planners and engineers to decreaseslogased by cuent and
also future landslides.

*kkkk
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APPENDIX

APPENDIX 1: GPS points for landslide inventory

SIN Easting Northing

1 5°40' 2" 37°22'12"
2 5°40'00" 37°21'49"
3 5°39'41" 37°21'37"
4 5°39'36" 37°21'41"
5 5°39'38" 37°21'49"
6 5°39'47" 37°21'54"
7 5°39'40" 37°21'57"
8 5°40'00" 37°22'5"

9 5°40'23" 37°22'12"
10 5°40v11" 37°22'14"
11 5°40'5" 37°22'10"
12 5°40'10" 37°22'22"
13 5°40'23" 37°21'34"
14 5°39'54" 37°21'13"
15 5°39'1" 37°22'35"
16 5°39'10" 37°22'42"
17 5°39'4" 37°22'44"
18 5°38'38" 37°22'59"
19 5°38'25" 37°23'7"

20 5°38'14" 37°23'0"

21 5°38'13" 37°23'19"
22 5°37'53" 37°23'38"
23 5°37'45" 37°23'43"
24 5°37'43" 37°24'0"

25 5°37'35" 37°23'56"
26 5°37'25" 37°23'52"
27 5°37'23" 37°23'49"
28 5°37'23" 37°23'57"
29 5°37'7" 37°23'55"
30 5°37'2" 37°23'54"
31 5°37'20" 37°22'9"

32 5°39'50" 37°21'56"
33 5°39'39" 37°21'58"
34 5°40'11" 37°22'24"
35 5°39'2" 37°22'34"
36 5°39'7" 37°22'45"
37 5°38'21" 37°23'7"

38 5°38'13" 37°23'23"
39 5°37'44" 37°23'43"
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APPENDIX 2: Landslide inventory field photo and Google earth image

Landslide Field Photographs
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Landslides +Google Earth Images
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APPENDIX 3: Rainfall data of Gidole Station

Station Year Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Name Rainfall

Gidole 2008 31.1 453 1204 178.1 2013 89.1 97.6 112.4 121 171.3 101.2 93.4 1362.2
Gidole 2009 46.3 514 1154 169.2 1941 809 91.6 108.4 112.8 160 91.8 86.4 1308.3

Gidole 2010 58.6 57.2 125.6 1735 208.6 97.6 101.8 128.9 131.8 164.7 82.6 91 1421.9
Gidole 2011 45 9.5 432 684 2704 1154 2028 2019 106.6 25.2 138.4 10.5 1196.8
Gidole 2012 1.2 48.9 241 2012 1393 89 3143 246.4 138.8 29.1 89.7 27.2 1349.2
Gidole 2013 41 10.5 316 3489 816 167.2 2618 2329 1294 795 45.6 0 1430

Gidole 2014 51 50 1294 911 2361 1349 190.7 120 178.9 160 121.2 14.9 1478.2
Gidole 2015 995 73 213.6 209.7 3322 1184 2429 1445 1535 107.2 128.3 39.1 1861.9
Gidole 2016  49.8 25.1 120.3 1679 2358 3041 2053 236.4 1852 27.6 321 29.8 1619.4
Gidole 2017 36.1 54.6 60 73 81 85.7 92.6 120 1158 176.9 91.6 33.8 1021.1

Avg 4191 4255 98.36 168.1 198.04 128.23 180.14 165.18 137.38 110.15 92.25 42.61 1404.9
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APPENDIX 4: Selected Points for displacement Time series plot

SIN Point Latitude longtiude
1 A 5.66 37.35
2 B 5.66 37.36
3 C 5.66 37.37
4 D 5.64 37.38

APPENDIX 5: Accuracy assessment for landise and landcover classification

Agricultural Built-up Forest Bare-land  Bush/Shrub Total User

land area land accuracy
Agricultural
land 61 3 0 2 4 70 87.14
Built-up 3 45 2 0 0 50 90.00
Forest 1 0 39 0 2 42 92.86
Bare-land 3 0 0 28 1 32 87.50
Bush/shrub
land 1 0 3 0 22 26 84.62
Total 69 48 44 30 29 220

Correctly classified

Producer =195
Accuracy 88.40 93.75 88.63 93.33 75.86

Overall accuracy= 88.64%

Kappa Coefficient=0.85
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