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Abstract 

Simada area is located 780Km from Addis Ababa in south Gondar Zone of the Amhara 

National Regional State in northwestern highlands of Ethiopia. The area is a part of the 

Guna Mountain, which is characterized by rugged topography with deep-cut gorges, 

weathered volcanic rocks, heavy rainfall and active surface processes. Many landslides 

have occurred in the area in August 2018 after a period of heavy rainfall and they have 

caused several types of damages to the local people. The main objective of this study 

is to characterize landslide causative factors and to generate a landslide susceptibility 

map (LSM) using frequency ratio (FR) and Weight of evidence (WoE) methods. 

Landslide inventory map was firstly developed from 576 active and passive landslide 

scarps using intensive fieldwork and Google Earth image interpretation. These 

landslide locations were randomly divided into 80% training and 20% validation 

datasets. Seven landslide causal factors were selected and combined with 80% training 

dataset using geographic information system (GIS). Then, the corresponding landslide 

factor maps and LSMs were prepared using Arc GIS software for both FR and WoE 

models. Finally, the resulted LSMs have been validated by using area under the curve 

and landslide density index methods. The result shows that, the predictive rate of FR 

and WoE models were 88.2% and 84.8% respectively. The validation showed that LSM 

produced by FR model is better in performance. Finally, LSM produced by the FR 

model had a profound geoengineering significance in terms of landslide hazard 

prevention and mitigation in the study area. 

Keywords: Frequency Ratio, Landslide Susceptibility map, Northwestern Ethiopia 

Simada, Weight of Evidence  
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Chapter 1 Introduction 
1.1 Background  

Landslides are one of the recurrent natural hazard problems that are widespread 

throughout the world, especially in mountainous areas causing a significant injury and 

loss of human life, damage in properties and infrastructures (Parise & Jibson, 2000; Dai 

et al., 2002; Crozier & Glade, 2005; Kanungo et al., 2006; Pan et al., 2008; Girma et 

al., 2015).   

The term “Landslide” is the movement of a mass of rock, debris, or earth down a slope, 

under the influence of gravity (Varnes, 1978; Hutchinson, 1988; WP/WLI, 1990; 

Cruden, 1991; Cruden and Varnes, 1996). Landslides are caused by different factors, 

including heavy or prolonged precipitation, earthquakes, rapid snow melting and a 

variety of anthropogenic activities. Landslides can involve flowing, sliding, toppling or 

falling movements and many landslides exhibit a combination of two or more types of 

movements (Crozier, 1986; Cruden and Varnes, 1996; Dikau et al., 1996). 

This natural hazard is also common in Ethiopia, which often causes significant damage 

to people and property. Almost 60% of the total population in Ethiopia live in the 

highland areas (Ayalew, 1999) which is characterized by high relief, complex geology, 

high amount of rainfall, rugged morphology, very deep valleys and gorge with active 

river incision. The rapid expansion of settlements and associated needs of plough land 

on such environment lead landslide problems after rainy seasons (Temesgen et al., 

2001; Abebe et al., 2010; Woldearegay, 2013).  

 In recent years landslide incidence is increasing in the Ethiopian highlands due to 

human-made and natural causes (Meten et al., 2015). For instance, from 1960 to 2010 

alone, Landslides have killed 388 people, injured 24 people, and affected plenty of 

agricultural lands, houses and infrastructures (Ayalew, 1999; Temesgen et al., 1999; 

Woldearegay, 2008 and Ibrahim, 2011). According to Abebe et al. (2010), the highlands 

and mountainous area of Ethiopia like the Blue Nile Gorge, the lower Wabe-Shebele 

River valley, Gilgel gibe River, Tarmaber, Kombolcha – Dessie road, Uba Dema 

village in Sawla, Wondogenet area and many other parts of Ethiopia are repeatedly 

facing problems associated with landslides. These landslides in these terrains are 

affecting human lives, infrastructures, agricultural lands and the natural environment. 

As a result of this, the study of the landslide has drawn global attention essentially to 
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increase awareness of its socioeconomic impacts and also increase the pressure of 

urbanization on the mountain situation (Kanungo et al., 2006). 

The study area falls in the northwestern Ethiopian highland, in Simada district of South 

Gondar Zone of Amhara Regional State. The present study area is a part of the 

Ethiopian highlands, which is severely affected by landslide incidences in the recent 

years and it has not been studied yet. Landslide incidences in the study area have 

occurred in August 2018 after heavy and prolonged rainfall, which has resulted in death 

of animals, destruction of houses and wide areas of cultivated and non-cultivated lands 

were also damaged. Therefore, a systematic landslide study is one of the important 

solutions to reduce the damage due to landslides on infrastructures, loss of lives, 

damages to houses and the cultivated lands. 

For proper strategic planning, it is required to evaluate and delineate landslide hazard-

prone areas using landslide susceptibility mapping techniques. Preparing a landslide 

susceptibility map of a certain area is a useful tool in landslide hazard management as 

it shows the degree of susceptibility of the area to the landslide occurrence. It is obvious 

that landslide susceptibility maps can be generated based on the assumption that future 

landslide will occur under the same condition as in the past and present (Guzzetti et al., 

1999; Pham et al. 2015).  

Interpretation of future landslide occurrence needs an understanding of conditions and 

processes controlling landslides in the study area. The different conditioning factors 

such as past history, slope morphology, hydrogeology and geology of the area are the 

initial components necessary to assess landslide susceptibility and hazard mapping. 

Therefore, landslide susceptibility can be assessed through evaluation of the spatial 

relationship between these conditioning factors with respect to the past landslides. In 

recent years, many landslide susceptibility maps have been generated by using the 

statistical approaches with the aid of GIS and these are the most popular throughout the 

world.  

There are many statistical approaches, among these frequency ratios (FR) and weight 

of evidence (WoE) models were selected for the present study, due to the fact that they 

often generate landslide susceptibility maps with the same good performance, as 

necessary for this study. In addition, they always show almost a high accuracy (Lee and 

Pradhan 2007; Akgun et al., 2007; Dahal et al., 2008; Yilmaz 2009; Pradhan et al., 
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2010; Choi et al., 2012; Park et al., 2012; Vakhshoori and Zare, 2016; Fayez et al., 

2018). These two models are particularly important in data scarce areas where 

Geotechnical data are scarce, due to highly rugged and inaccessible areas (Meten et al., 

2015; Rahmati et al., 2016)  

Several researchers have been used Frequency ratio model solely on landslide studies 

(Bahrain et al., 2014; Haoyuan Hong et al., 2015; Pham et al., 2015; Fayez et al., 2018; 

Khan et al., 2019) and in comparison with a few methods (Akgun et al., 2007; Lee and 

Pradhan, 2007; Yilmaz, 2009; Choi et al., 2012; Reis et al., 2011; Park et al., 2012; 

Meten et al., 2015; Wang, 2017). A combination of both FR and WoE models have 

been applied on landslide susceptibility mapping (Regmi et al., 2013; Rahmati et al., 

2016).   

 To prevent or mitigate any damage arising from landslide problems, it is essential to 

assess scientifically susceptible environments. As a result, this study aims to perform 

landslide susceptibility mapping by applying a FR and WoE methods through past and 

present landslide data in GIS platform. Since the study area does not have any landslide 

distribution and susceptibility map before, it is necessary to assess and map areas that 

are prone to landslides in order to reduce and mitigate any risk associated with the future 

landslide occurrences.  

1.2 Overview of the Study Area  

 1.2.1 Location 

The study area is located in the Northwestern Ethiopian highlands of the Amhara 

National Regional State, South Gondar Zone, in Simada district. The area is bounded 

in between 38011' to 38020' E longitudes and 11030' to 11041' N latitudes (Fig. 1.1).  It 

is situated 780 km north of the capital city of Addis Ababa, 215 km southeast of Bahir 

Dar and 110 km northeast of Debre Tabor. The total area of the study covers 185.7 km2. 

The study area can be accessed by the main asphalt road connecting Addis Ababa with 

Debre Markos – Bahir Dar – Debre Tabor or Estie and then it passes through gravel 

road from Debre Tabor/Estie to reach Simada District /Woreda. 
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Fig. 1.1 Location map of the Study Area 

1.2.2 Physiography 

The physiography of the study area generally belongs to the northwestern Ethiopian 

highlands centered at Guna Mountain which peak elevation 3586m and minimum 

elevation is 2067m in Bijena River above the mean sea level respectively (Fig. 1.2). 
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The presence of steep scarps, cliffs, sharp ridges, rugged slope faces, deep gorges and 

valleys generally indicate that the area is prone to active surface processes and landslide 

activities.  The area can be classified into two main physiographic regions. These are 

the plateau area and the rugged terrain.  

The plateau areas are characterized by volcanic landscapes that represent the high 

flatlands of the Kefoye – Agona - Jinjero Gedel areas. These areas form the water divide 

zones for the Abay basin to the west and to the Bashilo basin to the south. In this area, 

the slopes are horizontal on top to steeper at the plateau scarp. Even if this area is 

classified as plateau their landscape is completely dissected plateau.  

The rugged terrains are rivers and streams dissected volcanic terrains, which represents 

deep narrow valleys and gorges of the area. Slopes in these areas are steep to vertical 

and susceptible to erosional and landslide activities.  

 

Fig. 1.2 Three dimensional physiographical map of the study area 
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1.2.3 Drainage Network 

The drainage pattern of the study area is dendritic and parallel (Fig. 1.1) which belongs 

to the Abay and Bashilo basin. In the dendritic pattern, the river channel follows the 

slope of the terrain. The parallel drainage network is formed in the hill area of the study. 

The name of the main rivers in the study area includes Atkus and Kostet River. When 

these rivers join together they form Bijena River, which is the largest river in the study 

area. This river flow towards the south direction. Most of the rivers in the study area 

flows towards the southeast direction.  

1.2.4 Climate and Vegetation 

The climate of Ethiopia is mainly controlled by the seasonal migration of the Inter-

tropical Convergence Zone (ITCZ) which follows the position of the sun relative to the 

Earth and the associated atmospheric circulation, in conjunction with the complex 

topography of the country (NMSA, 2001). There are different ways of classifying the 

climatic systems of Ethiopia (Yohannes, 2003). The most commonly used classification 

system for this study is the traditional classification system, which mainly relies on 

altitude and temperature. On this basis, Ethiopia has five climatic zones (Table 1.1). 

According to the traditional climatic zones, the study area can be grouped under 

midland, highland and upper highland (Fig 1.3A). The study area dominantly falls 

under the highland climatic zone. The primary wet season extends from June to 

October. Among these July and August are the wettest months. There is great variation 

in the rainfall, with maximum rainfall occurring during the wet season, which 

commences in June and ends in September, with the heaviest rainfall during July and 

August (Fig 1.4B).  

Table 1.1 Traditional climatic zones and their physical characteristics of Ethiopia 

Zone  Altitude (m) Rainfall (mm/year) Average annual Temperature (0C) 

Wurch (upper highlands) >3200  900 – 2200 >11.5 

Dega (highlands)  2,300 – 3,200 900 – 1,200 17.5/16.0–11.5 

Weynadega (midlands)  1,500 – 2,300 800 – 1,200 20.0–17.5/16.0 

Kola (lowlands)  500 – 1,500 200 – 800 27.5 – 20.0 

Berha (desert)  Under 500 Under 200 >27.5 

Source: MoA (2000) 
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The vegetation cover in the study area can be expressed as sparsely and moderately 

vegetated (Fig.1.3B and C). Sparsely dispersed trees, scattered bushes and wild grass 

are the types of vegetation, which covers most parts of the ridges in the study area. 

Eucalyptus is the common tree species that cover both the flat land and the ridges of 

the study area. Juniper also a common tree species found mostly in Orthodox Church 

areas and in more extreme highland areas. Most of the flat land and the deeply incised 

valleys in the study area are barren lands and the farmers used intensively for 

agricultural purposes and grazing for livestock production. 

The study area is dominantly covered with agricultural crops. As can be seen in the 

field and information from the villagers, the most dominant agricultural crop products 

are Wheat, Potato, Barley and small scale production of Teff, Peas, Beans, Linseed 

(Telba) and Lentil (Misir). 

1.3 Statement of the problem 

Landslides cause deaths, economic loss, missing of people, injuries and make people 

homelessness in different parts of the country in each year. They affect settlements, 

roads and other infrastructures, which become a major natural hazard problem 

worldwide. The population growth and the expansion of settlements and lifelines over 

potentially hazardous areas are increasing the impact of landslides.  

Landslides have also occurred in Simada district, particularly in Dubdibia and 

Asfameda villages/Kebeles in August 28, 2018, due to heavy and prolonged rainfall.  

Landslide incidence in the study area resulted in the death of 14 goats, destructions of 

homes, farmland with crops, and the displacement of 486 people from their homes. 

Consequently, the people are currently living in a temporary shelter (Simada Woreda 

Government Communication Office in August 28, 2018). Therefore, the study area 

requires a detailed study to evaluate the causes, failure mechanisms of landslide and to 

generate a landslide susceptibility map. The landslide susceptibility map could be used 

by decision-makers in regional land use planning, landslide prevention, and mitigation 

measures. 
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Fig. 1.3 Climate map based on elevation (A); vegetation (B & C) of the study area 

 

Fig. 1.4 Yearly (A) and monthly (B) rainfall amount of the four stations in the study area 

(Source: Ethiopian Meteorological Agency) 
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1.4 Objectives 

1.4.1 General Objectives  

The main objective of this study is to identify and evaluate the causative factors and to 

prepare the landslide susceptibility map of the area by using GIS-based statistical 

approaches. 

  1.4.2 Specific Objectives  

 To identify and characterize landslide occurrence in the area. 

 To prepare a landslide inventory map. 

 To prepare maps of various causative factors.  

 To prepare the landslide susceptibility map of the study area and 

 To propose some remedial measures in order to mitigate landslides. 

1.5 Significance of the Study 

Population growth and expansion of settlements into potentially hazardous areas are 

increasing the impact of landslides. In addition to this, the population and the economy 

of the study area are almost totally dependent on agriculture. When the villagers are 

using the land for Agricultural practice, excessive deforestation causes an unsystematic 

change in land use and land cover pattern coupled with slope cultivation which 

indirectly initiate landslides (Schuster, 1995). Therefore, the preparation of landslide 

susceptibility map of this area has paramount importance to give public awareness for 

the local people and decision-makers.   

According to Varnes et al. (1984), Sarkar & Anbalagan (2008), a landslide 

susceptibility zonation is the division of the land into homogeneous areas or domains 

considering the degree of the potential hazard. It is an important tool for designers, field 

engineers and geologists in regional land use planning, construction site selection and 

in disaster prevention and decision-making. This gives clue for engineers to determine 

where and how to construct engineering structures to protect people from landslides 

and to develop structures for protecting buildings from landslides.  

This research work contribute towards the general understanding of the slope instability 

problem in the area. The finding of this research could help for predicting future 

probability of landslide occurrence based on past and current landslides. This will help 

to take any possible landslide mitigation and remedial measures before the anticipated 
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future landslide occurs and causes any significant impact in terms of economic loss; 

damage to the infrastructures and to human life in the study area. Understanding of 

landslide phenomenon from various viewpoints can be very useful to mitigate and 

prevent landslide hazard or to recognize the conditions of natural slope failures. 

1.6 Limitation of the study  

The scarcity/absence of historical landslide records, which could be used to predict the 

future probability of landslide occurrence, was one of the challenges to this study. Since 

the study area is characterized by highly rugged and steep hills and narrow deep valleys 

or gorges, accessibility was also another challenge to investigate the active landslide 

sites. Thus, the use of Google Earth image interpretation was mandatory to prepare the 

landslide inventory map for this research work in the case of inaccessible areas.  
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Chapter 2 Literature Review 

  2.1 The Meaning of Landside   

Landslides are one of the recurrent destructive natural hazards that cause damage to 

human life, agricultural lands, engineering structures, and other infrastructures 

throughout the world. Hence, a detailed and systematic study starting from the 

definition of the term up to mapping and giving appropriate preventive and mitigation 

measures for the type of landslide has paramount importance (Crozier and Glade, 

2005).   

Geologists, Engineers and other professionals often rely on unique and slightly 

differing definitions of landslides. This diversity in definitions reflects the complex 

nature of the many disciplines associated with studying landslide phenomena. For this 

study, a widely accepted definition for landslide was established which is defined as the 

movement of a mass of rock, soils, debris and organic materials down a slope under the 

effects of gravity (Cruden, 1991; Cruden and Varnes 1996; Goetz et al., 2011; 

Chakraborty and Pradhan, 2012; Regmi et al., 2013; Nohani et al., 2019).  

Although landslide occurrences are primarily associated with mountainous terrain they 

can also occur on any terrain where the suitable condition of soils or bedrocks, 

groundwater and the angle of slope are present. For instance; in low-relief areas, 

landslides occur as cut-and-fill failures (roadway and building excavations), river bluff 

failures, lateral spreading landslides, the collapse of mine-waste piles (especially coal) 

and a wide variety of slope failures associated with quarries and open-pit mines 

(Anbalagan, 1992). Landslides commonly occur in conjunction with other natural 

hazards such as storms, floods, earthquakes, and volcanic eruptions or tsunamis 

(McGuire et al., 2004). 

2.2 Classification of Landslide 

It is important for those professionals carrying out landslide mapping to use consistent 

terminology to classify and describe landslides. The types of landslides are usually 

differentiated by the nature of its movement and earth material involved. There are many 

classifications of landslides which are attributed to the complexity of movements 

(Hansen, 1984). However, by far the most widely used classification system is designed 

by Cruden and Varnes (1996), which has become accepted as the standard means of 
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describing the form of landslides. They classified landslides according to the types of 

movement undergone on the one hand and the types of materials involved on the other 

hand. In brief, material in a landslide mass is either rock or soil (or both); the latter is 

described as earth if mainly composed of sand-sized or finer particles and debris if 

composed of coarser fragments. The type of movement describes the actual internal 

mechanics of how the landslide mass is displaced, i.e. fall, topple, slide, spread, or flow. 

Thus, landslides are described using two terms that refer respectively to material and 

movement that is, rockfall, debris flow and so forth (Table 2.1). 

Detail description of the common types of landslide that happened throughout the world 

is elaborated in the following section.  

2.2.1 Falls 

Falls are abrupt movement of a mass of geologic materials; such as rocks, boulders or 

soils that become detached from steep slopes or cliffs when elevated masses are 

separated along joints, bedding or the weaknesses.  The detached masses go downward 

by free-falling, bouncing and rolling which can be seen in Fig. 2.1 D. The triggering 

mechanism of falls are undercutting of slopes by streams and rivers or differential 

weathering, excavation during road construction, loosened by rain, plant-root wedging, 

expanding ice and earthquake shaking (Highland et al., 2008).  

Table 2.1 Classification of landslides (Cruden and Varnes, 1996) 

Types of movement Types of materials 

 

Bedrock 

Engineering soils 

Predominantly coarse Predominantly fine 

Falls  Rockfall Debris fall Earthfall 

Topples  Rock topple  Debris topple Earth topple 

Slides  Rotational  Rockslide  Debris slide Earth slide 

Translational  

Latera spreads  Rock spread  Debris spread Earth spread 

Flows  Rock flow Debris flow Earth flow 

Complex  A combination of two or more principal types of movement 
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2.2.2 Topples  

Topples are similar to falls except that the initial movement involves a forward rotation 

of the mass. Toppling failures occur as a result of the overturning of the blocks rather 

than sliding (Fig. 2.1 E). Topples can consist of rock, debris (coarse materials), earth 

materials (fine-grained). The triggering mechanism of topples are gravity, water or ice 

occurring in cracks within the mass, vibration, undercutting, differential weathering, 

excavation or stream erosion. It occurs in columnar jointed volcanic terrain as well as 

along streams and river courses where the banks are steep. The rate of movement ranges 

from extremely slow to extremely rapid. It can be extremely destructive especially 

when failure is sudden or velocity is rapid (Cruden and Varnes, 1996).  

2.2.3 Slides 

Slides can be defined as a downslope movement of a soil or rock masses occurring on 

the surfaces of rapture or on thin zones of shear strain (Highland et al., 2008). Typically 

failure surface is either 1) curved in concave upward sense (rotational slides) or 2) 

nearly planar (translational slides). 

2.2.3.1 Rotational Slides 

Rotational slides move along a surface of rapture that is curved and concave (Fig. 2.1 

A). In the crown parts of the slide, the displaced masses move downward vertically and 

the top surface of displaced masses angles back toward on the scarp. Movement is more 

or less rotational on-axis parallel to the slope (Cruden and Varnes, 1996).  

2.2.3.2 Translational Slides  

Translational slides are types of slides where the sliding can extend downward and 

outward along a broadly planar surface, and slide out over the original surface (Cruden 

and Varnes, 1996) as depicted in Fig. 2.1 B. This type of movement typically takes 

place along structural features such as on a bedding plane or on the interface between 

resistant bedrock and weaker overlying material (Abbot, 2004). They are found globally 

in all types of environments and conditions. Translational slides generally fail along 

geologic discontinuities such as faults, joints, bedding surfaces, or in the contact 

between rock and soil. These slides typically reflect a weak layer or existing structural 

discontinuity (Cruden and Varnes, 1996). If the overlying material moves as a single, 

less-deformed mass, it is called a block slide (Fig. 2.1 C). 
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2.2.4 Debris Flow 

A debris flow is a form of a rapid mass movement in which a combination of loose soil, 

rock, organic matter, air, and water mobilizes as a slurry that flows downslope. Debris 

flows include less than 50% fine-grained mass. Debris flows are commonly caused by 

intense surface-water flow, due to heavy rainfall or rapid snowmelt that erodes and 

mobilizes loose soil or rock on steep slopes. Debris flows occur around the world and 

are prevalent in steep gullies and canyons. They can be intensified when they appear 

on slopes or in gullies that have been denuded of vegetation due to wildfires or forest 

logging. They are common in volcanic areas with weak soils (Highland et al., 2008). 

This is graphically illustrated in Fig. 2.1 F. 

2.2.5 Earth Flow  

Earth flows can occur on gentle to moderate slopes that contain fine-grained soils, 

commonly in clay and silt and in very weathered clay-bearing bedrock. The mass in an 

earth flow moves as viscous flow with strong internal deformation. Susceptible marine 

clay (quick clay) when disturbed is very vulnerable and may lose all shear strength with 

a change in its natural moisture content and suddenly liquefy, potentially destroying 

large areas and flowing for several kilometers. Earth flows occur worldwide in regions 

underlain by fine-grained soil or very weathered bedrock. Flows can range from small 

events of 100 square meters in size to large events encompassing several square 

kilometers in area. Earth flows in susceptible marine clays may runout for several 

kilometers. Depth of the failure ranges from shallow to many tens of meters (Cruden 

and Varnes, 1996).   

The common triggering mechanisms of Earth flows include saturation of soil due to 

prolonged or intense rainfall or snowmelt, sudden lowering of adjacent water surfaces 

causing rapid drawdown of the ground-water table, stream erosion at the bottom of a 

slope, excavation and construction activities, excessive loading on a slope, earthquakes, 

or human-induced vibration (Highland et al., 2008). 
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Fig. 2.1 The most common types of landslides (Highland et al., 2008) 

2.2.6 Creep 

Creep is the slowest type of the mass movement which travels a few millimeters up to 

several centimeters per year. It is characterized by an imperceptibly slow, steady 

downward movement of slope forming soil or rock. This movement is caused by 

internal shear stress sufficient to cause deformation but insufficient to cause failure. 

Creeps may produce tilting of objects such as fence posts, telephone poles, powerlines 

and retaining walls (Fig. 2.1 I). It also causes trunk in trees on creeping slopes (Cruden 

and Varnes, 1996).  

Landslides can be grouped into three types based on the state of phenomena including 

active, passive and reactivated. Active landslide is a landslide that is moving at present 
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either for the first time or reactivated. Passive landslide is that which occurred in the 

past such as prehistoric landslide but bears a potentiality to be-reactivated. Reactivated 

landslide is a landslide that is active after being inactive (Fell et al., 2008). 

2.3 Causes of Landslides 

According to Griffiths (1999) landslide, causal factors can be classified into two groups: 

preparatory factors and triggering factors. The former makes the slope susceptible to 

movement without actually initiating it while the latter initiates movement. Intrinsic 

factors can be geological, geotechnical and geomorphological causes including weak 

materials, weathered materials and adversely oriented discontinuities such as faults. 

The triggering factors are an external stimulus that produces an immediate change in 

the stress-strain relationships in the slope resulting in a certain type of movement. The 

typical triggers are heavy rainfall, earthquake shaking, volcanic eruption, erosion or 

human factors. Various researchers have considered a number of causative factors that 

may be responsible for the landslide occurrence in a certain area. These factors can be 

described in the following: 

2.3.1 Lithology 

Lithology basically deals with the composition, texture, degree of weathering as well 

as other details that influence the physicochemical and engineering behaviors such as 

permeability, porosity, shear strength of the soils and rocks. These characters, in turn, 

affect slope stability (Dikau et al., 1996; Kanungo et al., 2006). 

Structural features: In relation to landslides, the structural features include mainly the 

geological discontinuities such as bedding, joints, faults, folds, and shear zones in the 

slopes. The inter-relationship between the slope and the discontinuity play a major role 

particularly in rock slopes to understand the mechanism of failure. Further, the distance 

to lineament in a slope also influences the landslide activity to a great extent (Kanungo 

et al., 2006).   

2.3.2 Geomorphology 

An important geomorphologic characteristic of slope instability is to identify the nature 

and types of pre-existing landslides as this governs the behavior of the terrain. The 

geomorphology includes slope morphology of the area such as slope angle and aspect. 

The slope angle has a direct bearing on instability as the gravitational forces are 
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emphasized with increasing slope angle. As the slope angle increases, the susceptibility 

of failure also increases (Parise and Jibson, 2000). Aspect, which represents the 

direction of slope face, may have a local effect on slope instability (Cross, 1998; 

Alexander, 1999). 

2.3.3 Hydrologic Condition 

Water is the main triggering factor on hill slopes and along the bank of rivers and 

streams. For instance; rapid lowering of water level can trigger landslides, especially 

along rivers, coastlines, dams, and reservoirs. The undercutting action of river removes 

the toe support to the slope, thereby causing slope instability (Kanungo et al., 2006). 

Climate: The climatic pattern due to a change in geographic location may influence 

landslide activities. High rainfall in tropical and sub-tropical climatic regions may 

trigger landslides (Dikau et al., 1996; Kanungo et al., 2009). 

2.3.4 Seismicity 

It is one of the triggering factors of landslides. The earthquake shocks may be 

responsible for triggering new landslides and reactivating old landslides. The vibrations 

due to the earthquake may induce instability, particularly in loose and unconsolidated 

material on steep slopes (Muthu and Petrou, 2007). 

2.3.5 Human Activities  

Unplanned construction: The overloading of slopes or removal of lateral support by 

human interference is a prime concern for slope failures in many areas. The ill-planned 

construction activities related to hill development program such as road cutting, 

housing, quarrying, mining, etc. aggravate the problem of slope instability in hilly 

regions (Long, 2008).  

Land use and land cover change: The land-use change, such as deforestation, 

agricultural activity, exploitation of natural resources, conversion of vegetated slopes 

into built-up areas, etc. may result in landslide occurrences (Alexander, 1999; Kanungo 

et al., 2006).  

Vegetation: is an important factor in reducing the erosional activities on the slopes. A 

thickly vegetated slope reduces the effect of erosion because of natural anchorage 

provided by the tree roots whereas barren slopes are generally more prone to erosional 

activity and therefore cause slope instability (Dikau et al., 1996). 
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2.4 Landslide Preventive and Mitigation Measurements 

Suggesting of appropriate landslide prevention and mitigation techniques are one of the 

main task in landslide study program in order to reduce its impact. Due to enormous 

damages caused by landslides globally, research and government institutions have for 

a long time attempted to reduce damage caused by it (Yalcin, 2007). Correction of an 

existing landslide or the prevention of a pending landslide is a function of a reduction 

in the driving forces that caused the landslide or an increase in the resisting forces 

(Popescu, 2001). This demands a detail of knowledge of certain parameters related with 

landslide like character of the sliding slope, moving material underlying and 

surrounding geological formations and hydrological conditions. A brief list of landslide 

remedial measure is located in Appendix 4. The following landslide prevention and 

remedial measures are effective in both shallow and deep landslides. 

 Drainage is one of the principal measure and effectively applied to prevent and 

mitigate landslide because it increases the stability of the soil and reduces the weight 

of the sliding mass. Highland and Bobrowsky (2008) stated that adequate drainage is 

necessary to prevent sliding or, in the case of an existing failure, to prevent a 

reactivation of the movement. Well-designed drainage system will not only prevent 

sliding, but will also prevent reactivation of movements on already failed areas. 

Drainage can be either surface or subsurface. Surface drainage measures require 

minimal design and cost and they are recommended on any potential or existing slide. 

Surface drainages are important to prevent erosion of the surface, reducing the 

potential for surface slumping, and prevent infiltration of water from the slide area, 

thereby reducing groundwater pressure. Furthermore, all the springs originating 

within the slide area must be entrapped and diverted outside the slide by surface 

drainage techniques. For discharging surface water (rainfall) from the slide area, open 

ditches and leveling of the surface could be recommended. Subsurface drainages are 

also effective but can be relatively expensive (Popescu, 2001). 

 Modification of slope geometry is the most efficient method, particularly in deep-

seated landslides. This technique consists of removal of weight from the top/head of 

the landslide and addition of buttressing at the foot of the sliding body or combination 

of both (Abramson et al., 2002). 

 Biotechnical slope protection is the stabilization of the slope by the combined use 

of vegetation and man-made structural elements working together in an integrated 
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manner (Schuster, 1992). Biotechnical slope stabilization uses structures which made 

from natural locally available materials of soil and rock in combination with plants in 

order to prevent slope failures and soil erosion (Gray and Leiser, 1982). It is generally 

cost effective compared to the use of structural elements alone; it increases 

environmental compatibility and allows the use of local natural materials. Interstices 

of the retaining structure are planted with vegetation whose roots bind together the 

soil within and behind the structure. The stability of all types of retaining structures 

with open grid work or tiered facings benefits from such vegetation (Barker, 1991; 

Schuster, 1992). Biotechnical slope stabilizations is used to stabilize slopes and 

reduce runoff by using plant, terrace, diversion, retaining/gabion walls and check 

dams. Bioengineering is the successful use of vegetation in concert with engineering 

structure to increase slopes stability. It is very economical means to control landslide 

and soil erosion using live plants and plant parts (Gray and Sotir, 1996). 

 Public awareness and education: Individuals and communities need to know the 

nature of landslide hazard, its potential impact on them and their community, their 

option for reducing the impact, and how to carry out or perform the specific remedial 

measures. Achieving widespread public awareness of landslide hazard will enable 

societies and individuals to make informed decisions on where to live and locate their 

business areas. Local decision makers will know where to permit construction of 

residence, farmland, and critical facilities to reduce potential damage from landslide 

hazards (Highland and Bobrowsky, 2008) 

2.5 Types of Landslide Hazard Maps 

Different kinds of maps are used to predict danger from a landslide. The following types 

of maps are used to describe and depict landslide hazards: 

2.5.1 Landslide Inventory Map 

Landslide inventorying is the critical initial step to enhance hazard mapping because it 

highlights the distribution, types and patterns of past landslides (Brabb, 1991; Malamud 

et al., 2004; Burns & Madin, 2009; Guzzetti et al., 2012). Landslide inventory maps 

mainly show the locations and distributions of landslides that have moved in the past 

and current. These slope failures are related to geological, topographical and climatic 

conditions. Thus, they can often facilitate the prediction of locations and conditions of 

future landslides. Landslide inventory mapping is the systematic mapping of existing 
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landslides in a region using different techniques such as field survey, air photo/satellite 

image interpretation, and literature search for historical landslide records (Grignon et 

al., 2004).  

The main purpose of landslide inventory maps is to portray the location (spatial 

distribution), type and abundance of landslides in a region, to show the effects of major 

landslide triggering events such as heavy rainfall, earthquakes, etc., to determine the 

frequency-area statistics of landslide areas and to provide reliable information to 

produce landslide susceptibility and hazard models and consequently, to assist in 

landslide risk assessment. Inventory maps are also useful to validate such models and 

the accuracy of the resulting landslide susceptibility and hazard maps (Galli et al., 

2008). 

In GIS-based landslide inventories, map features are accompanied by attribute tables or 

external database management system datasheets (including also input masks), which 

contain relevant alphanumeric and where possible, graphical information on the 

features. Ideally, the information should minimally include a unique identification 

code, geographical and administrative location of the landslide, landslide type, their 

state of activity, occurrence or reactivation date(s), volume and/or surface extent, soil-

bedrock type involved, slope angle, triggering mechanism and surveying date. 

Unfortunately, in many instances, all this information may not be readily available (for 

instance, occurrence date, triggering mechanism and velocity) so that most inventories 

only contain a subset of the required data. Additional information on landslide 

consequences or damage incurred can be very useful (as it can help remediation 

measures), especially for input to landslide risk assessment models and in the 

production of risk maps (Herva´s and Bobrowsky, 2009). 

2.5.2 Landslide Susceptibility Map 

This map describes the relative likelihood of future landslide based upon a suitable 

selection of factors that play a dominant role in slope stability of a site. The evaluated 

input parameters reflect geological, climatic and hydrogeological conditions as well as 

topographic characteristics of the relief and actual landscape of the area. Therefore, 

landslide susceptibility is defined as quantitative assessment of the classification, 

volume, area and spatial distribution of landslides that exist or potentially may occur in 

an area (AGS, 2007).  
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2.5.3 Landslide Hazard Map  

A landslide hazard map ideally indicates the probability of landslides occurring in a 

given area at a given time or with a given frequency. A hazard map, however, may be 

as simple as a map that uses the locations of old landslides to indicate potential 

instability or as complex as a quantitative map incorporating probabilities based on 

variables such as rainfall thresholds, slope angle, soil type and levels of earthquake 

shaking. Landslide hazard maps usually divide the study area into zones according to 

different levels of hazard to slope movement. They can also be called landslide hazard 

zonation maps (Varnes et al., 1984). 

Landslides are common in regions with high rainfall and rugged terrain. The 

construction of any infrastructures and agricultural activities in these regions can 

increase the possibility of landslide occurrence (Larsen & Parks, 1997; Dai et al., 2002; 

Jaiswal et al., 2011; Penna et al., 2013; Di Martino et al., 2014). The mapping and 

identification of hazard areas and landslide scars in regions with cliff terrain is 

important for the prevention and mitigation of severe events. However, mapping and 

monitoring these events is difficult because it covers extensive areas and large 

quantities of data are required to identify the characteristics and past events. The 

geomorphological characteristics of these regions also make access difficult for in situ 

assessments (Guzzetti et al., 2012).   

Remote sensing techniques can be used as a viable alternative methodology to detect, 

monitor and classify landslides (Aksoy & Ercanoglu, 2012). Several studies have used 

the diverse data and capabilities of the available satellites and advances in digital image 

processing technologies to assist mapping and prevention of landslides (Hsieh et al., 

2014; Dong et al., 2014 and Roessner et al., 2014). The variety of factors that are related 

to landslide events include lithology, curvature, aspect, slope, drainage network, 

precipitation, vegetation cover and anthropic factors such as road networks, buildings 

and deforestation  

2.6 Landslide Susceptibility Mapping Techniques  

Using GIS, different methods have been employed in the past by several authors to 

evaluate landslide susceptibility and to map susceptibility zones in different parts of the 

world. However, no method is accepted universally for effective assessment of 

landslide hazards (Pardeshi et al., 2013). There are many different types of landslide 
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susceptibility mapping techniques that are used to predict the probability of landslide 

occurrences. Generally, they can be classified into qualitative and quantitative methods 

based on the properties they involve (Yalcin et al., 2011; Felicisimo et al., 2012; Peng 

et al., 2014; Wang and Li, 2017). These vary from experience-based analyses to 

complex mathematical, logical and computer-based systems.   

2.6.1 Qualitative Methods 

Qualitative techniques include geomorphological analyses and direct field mapping 

because they are based on judgment and are more subjective than quantitative methods. 

The main drawback of the qualitative technique is that the accuracy depends on the 

knowledge of the experts who conduct the research. The input data are usually derived 

from assessment during field visits, possibly supported by aerial photo interpretation. 

These methods are also called expert evaluation (Leroi, 1996), can be classified into 

three types include field geomorphological analysis, distribution analysis and map 

combination or overlying of the index map.  

2.6.1.1 Field Geomorphological (Heuristic) Analysis 

It is probably the simplest type of qualitative method and carried out directly in the field 

by earth scientists based on his or her experience to estimate the actual and potential 

slope failure (Aleotti and Chowdhury, 1999). The main drawbacks of this method are: 

 The subjectivity in the selection of both the data and rules that govern the ability 

of the slopes or the hazard of instability. It has a different result from different 

investigators of the same area and difficult to compare. 

 The use of implicit rather than explicit rules hinders the critical analysis of results 

and makes it difficult to update the assessment as new data is available.  

 It requires more time for fieldwork.    

2.6.1.2 Distribution (Inventory) Methods  

Distribution analysis approaches are the straight forward approach for landslide 

susceptibility zonation and also called landslide inventory. This approach shows the 

distribution of existing landslide that is mapped from field survey, aerial photograph, 

or historical data of landslide occurrences. Inventories represent existing landslide on 

the map either as the affected areas in the form of a polygon or as point event (Kanungo 

et al., 2009). Generally, landslide inventory techniques involve the collection of past 
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landslide data, the building of databases and the creation of inventory or susceptibility 

map based on those data.  

These approaches have their own advantage and disadvantage (Aleotti and Chowdhury, 

1999; Kanungo et al. 2009). The main drawbacks are: (a) Inventory Mapping does not 

reflect the relationship between the landslide and their causative factors. (b) They do 

not provide information on the temporal changes in landslide distribution. (c) They do 

not provide information on the degree of susceptibility of future landslide activity. Main 

advantage: (1) they are useful in presenting landslide densities quantitatively. (2) They 

are useful in providing firsthand information on the landslide activities of the area. 

2.6.2 Quantitative Methods 

Quantitative methods such as deterministic analyses, probabilistic approaches and 

statistical techniques closely rely on mathematical models and as a result less human 

judgment and experience are needed to produce and run such models. Further 

quantitative methods investigate the relationship between landslide and causative factor 

to predict the occurrence probabilities (Neuhäuser et al., 2011; Anbazhagan et al., 2014) 

2.6.2.1 Deterministic Methods 

Deterministic approaches are based on engineering principles of slope instability that 

provide hazard in absolute values in the form of a factor of safety. In these methods, 

various forces responsible for instability and the forces responsible for stability are 

evaluated in quantitative terms. The deterministic approach provides the quantitative 

results for landslide hazard that can be directly used in the engineering design. Because 

of the need for detailed geotechnical data from individual slopes, these techniques can 

be applied at large scales only (Barredo et al., 2000). The successful use of one method 

over the other strongly depends on many factors such as; the scale of the study area, the 

accuracy of the expected results, the availability of data and parameters considered, etc. 

(Fall et al., 2006).   

2.6.2.2 Statistical Methods 

The statistical methods are indirect techniques and they are used to evaluate spatial 

landslide instability based on the relationship between past landslide activities and 

landslide causative factors (Carrara et al., 1992). These methods have been adopted for 

landslide susceptibility mapping studies in order to minimize the subjectivity in weight 
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assignment procedures associated with qualitative approaches. GIS tools are quite 

useful in this analysis and classified as bivariate and multivariate methods. 

2.6.2.2.1 Bivariate Statistical Method 

 In the bivariate method for landslide susceptibility assessments, the weights are 

assigned to various factors based upon statistical relationships between past landslides 

and various factors. Individual factor maps are overlaid on past landslide map to 

workout relative contribution for each factor and subclass in inducing landslide. From 

this data, weights are calculated to be applied to each factor subclass so that landslide 

susceptibility can be deduced. The main drawback of bivariate statistical approaches is 

the existence of a certain degree of subjectivity, particularly in the weight assignment 

procedures for different causative factors (Van Westen, 1994).   

Various types of bivariate statistical methods such as; Information value, Frequency 

Ratio, Weight of evidence, Weighted overlay method, fuzzy logic method, certainty 

factor, statistical index method, and density area were developed for landslide 

susceptibility mapping (Aleotti and Chowdhury, 1999; Kanungo et al., 2009). 

Among the above mentioned bivariate statistical methods the weight of evidence and 

frequency ratio methods were applied in the study area in order to prepare landslide 

susceptibility map. Frequency ratios (FR) and weight of evidence (WoE) models were 

selected for the following reasons:  

 They often generate landslide susceptibility maps with the same good 

performance, as necessary for this study.  

 They always show almost a high accuracy (Lee and Pradhan 2007; Akgun et al., 

2007; Dahal et al., 2008; Yilmaz 2009; Pradhan et al., 2010; Choi et al., 2012; 

Park et al., 2012; Vakhshoori and Zare, 2016; Fayez et al., 2018).  

 These two models are particularly important in data scarce areas where 

Geotechnical data are scarce, due to highly rugged and inaccessible areas 

(Meten et al., 2015; Rahmati et al., 2016).  

 The input process, calculations and output process of FR models are very simple 

and can be readily understood. 

 Finally to compare the results of the two models based on their validation 

results. Detail of the two methods were described in chapter three. 
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Fig. 2.2 Generalized flow chart of bivariate statistical methods modified from Ananta et al., 
2012. 

2.6.2.2.2 Multivariate Statistical Methods 

Multivariate statistical analysis for landslide susceptibility zonation considers the 

relative contribution of each thematic data layer to the total landslide susceptibility 

(Kanungo et al., 2009). The multivariate model uses an equation in which independent 

variables are the geo-environmental factors with coefficients maximizing the predictive 

capability of the model and the independent variable is the presence/absence of 

landslides. Limitations of multivariate statistical approach (Kanungo et al., 2009) 

includes: 

 These approaches involve analysis of the large volume of data and are time-

consuming to process it.   

 Discriminant and regression analyses require data derived from a normally 

distributed population that is frequently violated. 

 A mixture of continuous (i.e., slope, aspect, etc.) and categorical (i.e., lithology, 

land use land cover, etc.) factors leads to an incorrect solution. 

 Some of the factors may bear a weak physical relationship with landslide 

occurrences. A combination of such factors with other factors may generate data 

that is very difficult to interpret. 
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Logistic regression model, Discriminant analysis, multiple regression models, 

conditional analysis are commonly used methods for landslide susceptibility mapping. 

Generally, statistical methods are considered the most appropriate methods for 

landslide susceptibility mapping at regional scales because they are objective, 

reproducible and easily updatable (He & Beighley, 2008). 

2.7 Previous Landslide Studies in Ethiopia  

As stated by different researchers, landslide hazard is one of the crucial environmental 

problems for the development of Ethiopia, particularly in the northern, western and 

southern highlands. The wide distribution of landslide in these areas is due to complex 

geology, unstable soil cover, rugged morphology, high rainfall, high relief energy, 

uncertain hydrologic and hydrogeological conditions. These characteristics along with 

the increased man-made activities in the recent past such as road and other construction 

activities have resulted in increased landslides in Ethiopian highlands (Ayalew, 1999; 

Ayalew and Yamagishi, 2004; Ayenew and Barbieri, 2005; Woldearegay, 2013; Girma 

et al., 2015; Hamza and Raghuvanshi, 2017).  

Various studies have been conducted using different qualitative, analytical and 

empirical techniques to assess the causes and factors that trigger landslides in different 

parts of the highlands of the country. A short description of various studies on landslides 

in Ethiopia is summarized in the following paragraphs. 

Ayalew and Yamagishi (2002) studied land sliding and Landscape Development in 

Northern Ethiopia. The findings of this research show nine types of slopes based on 

concavity and convexity of horizontal and vertical profiles; the type of landslides in 

these slopes were explained. The significant contributions of landslides to landscape 

development were discussed and the principal phases of landscape evolution were 

determined. 

Ayenew and Barbieri (2004) conducted landslide studies and susceptibility mapping in 

the Dessie area. According to this study, four broad landslide susceptibility zones and 

22 specific active landslide sites were identified. The findings of this study suggest the 

type of landslide that occurred in the area includes debris slide, earth and soil slump, 

rock and debris falls and complex. The major cause of these landslides were 

hydrological conditions associated with gravity movements favored by geotechnical 

characteristics of soil and rock.  
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Ayele (2009) studied remote sensing and GIS to delineate landslide hazard zones in 

Abay Gorge, central Ethiopia. He considered different causative factors including 

geology, groundwater condition, land use land cover, drainage, structure, aspect and 

slope. In this work, a comparison of the landslide hazard map was made with actual 

landslide events of the area. He found that 67% of the area falls under the maximum 

hazard zone. 

Woldearegay (2013) Reviewed the occurrences and influencing factors of landslides in 

the highlands of Ethiopia - With implications for infrastructural development. A review 

of this work indicates that hilly and mountainous areas of Ethiopia are commonly 

affected by rainfall triggered landslides. These landslides caused loss of human lives, 

failure of engineering structures, damage on agricultural lands and on the natural 

environment. Finally, he concluded since Ethiopia is currently involved in massive 

infrastructural development, landslides & landslide-generated ground failures need to 

be given due attention in order to reduce losses from such hazards and create safe 

Geoenvironment.  

Meten et al. (2015) discussed the effect of landslide factor combinations on the 

prediction accuracy of landslide susceptibility maps in the Blue Nile Gorge of central 

Ethiopia. The finding of this work shows that using Google Earth and field observation 

they have identified 595 landslides including rockslide, rockfall, mudflow and debris 

slide.  Eight landslide factors were selected to prepare a landslide susceptibility map of 

the area using the frequency ratio model. The combination from seven landslide factors 

(except distance from the river) and the combination from four landslide factors (slope, 

lithology, land use and distance from lineament) showed the same prediction accuracy 

of 87.7%. This showed that these four landslide factors should have a greater degree of 

influence in causing landslides. 

Chimidi et al. (2017) studies on landslide hazard evaluation and zonation in and around 

Gimbi town, western Ethiopia – a GIS-based statistical approach. According to this 

study, nine factors were considered for the LHM preparation including slope material, 

elevation, slope, aspect, curvature, land-use/land-cover, groundwater, distance to road 

and stream. From this study, five hazard zones and fifty past landslide sites were 

identified. They concluded that 75% of the past landslides fall within very high and 

high hazard zones, as a result future planning and development of the town should 

consider this. 
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Table 2.2 Summary of previous works on landslide studies in Ethiopia 

Author(year), 

location 

Title(methodology) Identified causative 

factors 

Identified type of landslide or 

finding of the study 

Susceptibility or 

Hazard class 

Ayenew and 

Barbieri(2005), 

Northern 

Ethiopia-Dessie 

Inventory of landslide 

susceptibility 

mapping, semi-

quantitative, 

geophysics (VES) 

Topography and land 

use, geology, 

geomorphology, 

hydrology, 

geotechnical properties 

of soils and rocks 

22 active landslides: Debris 

slide, earth and soil slump, 

rock and debris falls and 

toppling, complex landslide 

A combination 

classes: 

very low, low, 

moderate 

and high 

susceptibility 

classes 

Mulatu et al., 

(2009), Gilgel 

Gibe-II 

hydroelectric 

project, SW 

Ethiopia 

Landslide hazard 

zonation using 

landslide hazard 

evaluation factor 

rating 

Geology, slope 

morphometry, relative 

relief, land use & land 

cover, groundwater 

condition 

The finding of the research 

suggests that 88% of the slope 

of the area falls under the high 

and moderate zone. This 

implies the chance of slope 

failure within this zone is 

high. 

3 classes: low, 

moderate & high 

hazard zones 

Meten et al., 

(2015), Debre 

Sina central 

Ethiopia  

GIS-based landslide 

susceptibility 

mapping using FR 

and LR 

9 factors: lithology, 

land use, distance to 

river & fault, 

elevation, slope, 

aspect, curvature and 

rainfall 

463 landslide scarce 

Rockslide, rockfall,  earth 

slide, earth flow 

5 classes: very 

low, low, 

moderate, high 

and very high 

Hamza & 

Raghuvanshi 

(2017). Jeldu 

District, Central 

Ethiopia 

GIS-based landslide 

hazard evaluation and 

zonation (probabilistic 

approach) 

lithology, soil mass, 

slope, aspect, elevation 

and land use/land 

cover were 

34 past landslides: 56% (19) 

were recognized as debris 

flow, 26% (9) as translational 

slide, 3% (1) as rotational, 

12% (4) as fall and remaining 

3% (1) as complex type of 

failures 

5 classes: No 

hazard, low, 

moderate, high 

and very high 

hazard 

 

Similar problems related with landslide problems were studied by Eshete (1982), 

Wubshet et al., (1994), Gezahegn and Dessie (1994), Ayalew (1999), Temesgen et al., 

(2001), Terefe (2001), Abebe et al. (2010), Woldearegay et al. (2006), Raghuvanshi et 

al. (2015), etc. 

2.7.1 Previous Landslide Studies and Gaps in the Study Area  

Even if many researchers identify landslide problems particularly in the highland parts 

of Ethiopia, but they studied only the limited portion of the country. As stated by several 

researchers most parts of Ethiopia is mountainous terrain and exposed for landslide 

incidence. This indicates further study is required to address all the parts of the country 

since Ethiopia is currently involved in huge infrastructural development. Accordingly, 

Woldearegay (2013) suggests that landslides & landslide-generated ground failures 
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need to be given due attention in order to reduce losses from such hazards and create a 

safe Geoenvironment. For instance; in the current study area, there is no published or 

unpublished work with respect to landslide studies prior to the present study. However, 

the area is highly affected by landslide problem in the last few years. People have been 

permanently displaced from their residence, as they lost their houses, death of animals 

and damage of agricultural lands and crops. As a result, seeing the severity of this 

problem in the area the present work was conducted to fill this gap. The current work 

was focused on characterizing active landslides, mapping their distribution, identifying 

and evaluating the main causative factors, preparing landslide susceptibility map and 

suggesting some remedial and preventive measures. 

 

Fig. 2.3 Locations of landslide affected areas in the highlands of Ethiopia, mainly from the 
maps produced by Ayalew (1999), Woldearegay et al. (2005), and Woldearegay (2005). 
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Chapter 3 Methods and Materials 

3.1 Methods 

To achieve the goal of the present research work effectively the following steps have 

been carried out systematically. These are Data collection and organization, preparation 

of landslide inventory datasets, database construction of landslide causative factors, 

application of FR and WoE models to construct LSM and validation of the output map. 

Generally, to accomplish the goal of this study effectively the following procedures 

were followed (Fig. 3.1) 

 

Fig. 3.1 Flow chart of the research work 

3.1.1 Data Collection and Organization  

The necessary data that were important for this study were collected from various 

sources.  These include a literature review on both published and unpublished papers, 
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DEM data, a regional geological map from Geological Survey of Ethiopia, field data 

collection, rainfall data from Ethiopian metrological Agency, a topographic map from 

Ethiopian Geospatial Information Agency and Google Earth image interpretation. 

During fieldwork data collection was carried out on different types of lithology 

describing their character, the relative degree of weathering; slope steepness, location 

of springs and swamp area; landslide inventory mapping on both active and scarce areas 

measuring their length, width, accumulation zone and depth (if possible) using tape 

meter; land use and land cover; man-made activities including farming practice. After 

compilation of the actual field investigation the data has been systematically processed 

and analyzed in Microsoft Excel 2013.  

3.1.2 Preparation of Landslide Inventory Datasets 

Landslide distribution datasets with a total of 576 landslides were identified and 

constructed by using Google Earth image interpretation and intensive fieldwork with 

the mapping of active landslide sites. For landslide susceptibility mapping landslide 

polygons can be divided into training and validation datasets. The training dataset is 

used for constructing the model and the validation is used for predicting the model. In 

this study the specific date of the occurrence of the landslide is not well known. 

Therefore, the landslide polygons were randomly split into two classes with 80% and 

20% for training and validation respectively (Fig. 5.1).  

3.1.3 Database Construction of Landslide Causative Factors 

In order to accomplish the landslide susceptibility analysis in the study area, a spatial 

database was designed and constructed. The spatial analysis tools were applied within 

the GIS platform with the use of the ArcGIS 10.4 software package. The database 

consists of the landslide inventory datasets (training and validation) and the landslide 

causal factors (slope, aspect, curvature, land use, lithology, rainfall and distance to 

stream). These processes are subsequently evaluated by using the relationship between 

the landslide and landslide causative factors and then verification of the results. There 

are no strict guidelines for the triggering factors to be used in different statistical 

approaches for landslide mapping. Instead, the chosen factors should be operative and 

measurable depending on a particular area’s characteristics (Ayalew and Yamagishi, 

2005). One parameter may be an important controlling factor for landslide occurrence 

in a certain area but not in another one.  
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For this study, the triggering factors were heavy and prolonged rainfall which is 

identified by detailed investigation of the landslide sites with intensive fieldwork. 

During fieldwork, landslide locations were identified and marked with GPS, land use 

and land cover type around the landslide scar, drainage network and spring location, 

slope aspect, slope angle, human activities and their role to promote landslide, 

lithological units and altitude were investigated to prepare the landslide susceptibility 

maps. 

 Generally, the selection of landslide causal factor needs the consideration of the nature 

of the study area and data availability. Collectively seven parameters were selected 

including slope angle, aspect, curvature, lithology, rainfall, land use and distance to 

stream. All causative factor maps were converted into raster maps with the same 

coordinate system (WGS 1984 UTM zone 37N) and the same pixel size (30mx30m). 

The rasterized training (80%) landslide map and all the causative factor maps have been 

overlaid using the ArcGIS tool to calculate the values of all factor classes for FR and 

WoE models.    

These landslide factors have been used to evaluate the spatial relationship between them 

and the landslide occurrence in the study area. 

The Digital Elevation Model (DEM) was the key to create different topographic 

governed parameters related to the landslide activity of the study area. From this DEM; 

slope angle, aspect, curvature and distance to stream maps have been extracted with 

cell size 30 m × 30 m. Lithology and land use map have been generated from continues 

fieldwork and Google Earth image interpretation, respectively.  

 Rainfall map has been constructed based on the IDW interpolation method in spatial 

analyst tool using the four rain gage stations near to the study area using the 

meteorological data from the Ethiopian Meteorological Agency. 

3.1.4 Weight of Evidence (WoE) Method 

A WoE is a log-linear form of the Bayesian probability model for landslide 

susceptibility assessment that uses landslide occurrence as a training point to drive 

prediction outputs. It calculates both unconditional and conditional probability of 

landslide hazards. This method is based on the calculation of positive and negative 

weight to define the degree of spatial association between landslide occurrence and 

each explanatory variable classes (Pardeshi et al., 2013). The positive weight (W+) 
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indicates when the event occurs and the negative weight (W-) indicates when the event 

doesn’t occur. To calculate W+ and W- we need to calculate the following parameters: 

 Nmap = total number of pixels in the map 

 Nslide = number of pixels with landslides in the map 

 Nclass = number of pixels in the class 

 NSLclass = number of pixels with landslides in the class 

The values needed for the weight formulas are:  

- Npix1 = NSLclass 

- Npix2 = Nslide – NSLclass 

- Npix3 = Nclass – NSLclass  

- Npix4 = Nmap – Nslide – Nclass + NSLclass  

Then weights are calculated as: 

       𝑾+ =  𝑳𝒏
𝑵𝒑𝒊𝒙𝟏

𝑵𝒑𝒊𝒙𝟏+𝑵𝒑𝒊𝒙𝟐
𝑵𝒑𝒊𝒙𝟑

𝑵𝒑𝒊𝒙𝟑+𝑵𝒑𝒊𝒙𝟒

                                                  …. Eq. 3.1   

      𝑾− =  𝑳𝒏
𝑵𝒑𝒊𝒙𝟐

𝑵𝒑𝒊𝒙𝟏+𝑵𝒑𝒊𝒙𝟐
𝑵𝒑𝒊𝒙𝟒

𝑵𝒑𝒊𝒙𝟑+𝑵𝒑𝒊𝒙𝟒

                                                   ….Eq. 3.2   

Where Npix1 is the number of landslide pixels present on a given factor class, Npix2 is 

the number of landslides pixels not present in a given factor class, Npix3 is the number 

of pixels in a given factor class in which no landslide pixels are present and Npix4 is 

the number of pixels in which neither landslide nor the given factor is present (Van 

Westen, 2002; Dahal et al., 2008; Regmi et al., 2010). The weights can be used to 

produce a contrast value (C) for the particular susceptibility variable.  

𝐶 = 𝑊+  −  𝑊−                    ….Eq. 3.3 

The obtained difference between weights C provides a measure of the strength of the 

relationship between the causative factors with landslides. The contrast value (C) is 

positive for a positive spatial association and negative for a negative spatial association. 

The final landslide susceptibility index (LSI) map is produced by combining the 

weighted map (Wmap) of each factor through a raster calculator in Map algebra of 

spatial analyst tools. 
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𝑊𝑚𝑎𝑝 = ∑𝐶                                              ….Eq. 3.4 

𝐿𝑆𝐼 = ∑𝑊𝑚𝑎𝑝                                                ….Eq. 3.5 

3.1.5 Frequency Ratio (FR) Method 

Frequency ratio method is a well-known and widely used bivariate statistical method 

which is used for landslide susceptibility mapping (Lee and Talib, 2005; Akgun, 2012; 

Demir et al., 2013; Mezughi et al., 2011; Yalcin et al., 2011; Abay & Barbieri, 2012; 

Mondal & Maiti, 2013; Paulin et al., 2014). In this model, processing the input data, 

computations and output-process are very simple and can be easily understood.  It is 

simple and relatively flexible to use and implement a landslide susceptibility mapping 

with accurate results (Lee & Pradhan, 2007; Yilmaz, 2009; Choi et al., 2012; 

Mohammady et al., 2012). The frequency ratio method is one of the probability models 

based on the observed relationship between the distribution of landslides and each 

landslide related factor (Lee, 2005). To evaluate the contribution of each factor towards 

landslide susceptibility, the training landslide group was combined with thematic data 

layers separately then the frequency ratio of each factor’s class was calculated into the 

following steps: 

First the number of pixels for landslide occurrence and non-occurrence in each factor’s 

class and the whole study area was calculated. Second, the percentage of each factor’s 

class having landslide to the total pixels containing landslide of the factor was 

calculated and the percentage of each factor class number of pixels to the total number 

of pixel in the study area was calculated. Finally, the frequency ratio of each factor class 

was obtained by dividing the percentage of pixels for landslide occurrence to the 

percentage of pixels non-occurrence of each factor’s classes.  

𝐹𝑅𝑖,𝑗 =
𝑁𝑝𝑖𝑥(𝑆𝑖,𝑗) ∑ 𝑁𝑃𝑖𝑥(𝑆𝑖,𝑗)𝑗⁄

𝑁𝑝𝑖𝑥(𝑁𝑖,𝑗)/ ∑ 𝑁𝑃𝑖𝑥(𝑁𝑖,𝑗)𝑗
                 … . 𝐸𝑞. 3. 6 

Where; 𝑁𝑝𝑖𝑥(𝑆𝑖,𝑗) is the number of pixels containing landslide within class j in factor 

i; 𝑁𝑝𝑖𝑥(𝑁𝑖,𝑗) is the number of pixels of class j in factor i; ∑ 𝑁𝑃𝑖𝑥(𝑆𝑖,𝑗)𝑗  is the number 

of total pixels containing landslide in the study area;  ∑ 𝑁𝑃𝑖𝑥(𝑁𝑖,𝑗)𝑗  is the number of 

total pixels in the study area.  The FR of all the factor maps used in the present study 

was calculated in the Microsoft Excel and is given in Table 6.1. The calculated value 

of the FR represents the degree of the correlation between landslide and the concerned 
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class of the conditioning factors.  A value of 1 is an average value for the area landslides 

occurring in the total area. A value of more than 1 indicates a strong and positive 

correlation and a high probability of landslide occurrence, while a value of less than 1 

indicates a negative relationship and low probability of landslide occurrence.  

The map of each causative factor is prepared with the help of ArcGIS and suitable FR 

values were given. Then these were overlaid using ArcGIS to prepare the final landslide 

susceptibility map. Different types of overlay techniques are available in ArcGIS of 

which the raster calculator was used for this study. The following paragraph describes 

the way of producing the final landslide susceptibility map.  

The FR values each factor map was reclassified to produce weighted factor thematic 

maps, which were overlaid and numerically added using the raster calculator with the 

help of spatial analyst tool in ArcGIS 10.4 software to produce the Landslide 

Susceptibility Index (LSI) map. Landslide Susceptibility Index (LSI) is computed by 

summing all the FR values of each factor map (Eq. 3.7). 

𝐿𝑆𝐼 = 𝐹𝑅1 + 𝐹𝑅2 + 𝐹𝑅3 + ⋯ + 𝐹𝑅7          … . 𝐸𝑞.  3.7 

Where: LSI = Landslide susceptibility index FR is the frequency ratio and 7 is the 

number of selected causative factors.  

The calculated values of FR for each pixel in the LSI indicate the relative susceptibility 

to landslide occurrence. The higher pixels values of LSI have the higher susceptible to 

landslides and the lower pixels value have the lower susceptible (Akgun et al., 2007). 

The LSI has been calculated based on the FR values that have been determined in the 

training process (Table 6.1). 
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Fig. 3.2 Steps for preparation of landslide susceptibility maps in the study area 

3.2 Materials and Softwares 

3.2.1 Materials   

The materials used in this research include the following: 

- Topographic maps with a scale of 1:50000 obtained from Ethiopian Geospatial 

Information Agency,  

- Base map prepared from the topographic map for the delineation of active 

landslides, types and lithology contacts, location of springs, to locate the typical 

land use, aerial photographs and satellite images,  

- Geographic Positioning System (GPS) to locate active landslides, lithological 

units, to capture spring location during fieldwork,  

- Brunton compass-  to measure the strike and dip of the geological structure during 

field investigation,  

- Geological hammer to cut rock samples and to check the degree of weathering as 

well as for the purpose of scale when capturing field photographs in different 

lithological units. 

https://en.wikipedia.org/wiki/Brunton,_Inc.
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- Stationary materials to draw, write, and prepare a precise note before, during as 

well as after field investigation. 

3.2.2 Softwares 
 

The different Softwares were used in this work include ArcGIS 10.4, Global mapper, 

TCX converter and Microsoft excel 2013. 

 ArcGIS 10.4 was used for all the analysis and extraction of conditioning and 

triggering factors, inventory maps, and landslide susceptibility maps for both 

training and validation steps.  

 Global mapper was used to prepare the profile section of the area, 3D view of 

the area from DEM data and to generate line data.  

 TCX converter is used to convert point data from Google Earth to ArcMap 

compatible format.  

 Microsoft Excel 2013 was used to calculate the area percentage, landslides 

pixels percentage and frequency ratio values and all steps of weight of evidence 

method of each causative factor. 
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Chapter 4 Geology of the Area 

4.1 Regional Geology  

The basement Precambrian metamorphic rocks, Paleozoic - Mesozoic sediments and 

Cenozoic volcanic rocks are the main rock units found in Ethiopia (Fig. 4.1). Among 

these rock units, the geology of the study area and its surrounding belongs to the 

Cenozoic volcanic rocks. 

According to Cherenet (1995) following the late Mesozoic-early Cenozoic regression 

of the sea to the east and southeast an epirogenic uplift of Afro-Arabia (East Africa, 

Arabian Peninsula and the intervening regions now occupied by the Red Sea and the 

Gulf of Aden) occurred on an immense scale. The cause and initiation of the major 

uplift are closely related to the first eruption of flood basalts, a mantle plume upraised 

the landmass which fissured under tension and permitted the ascent of magma 

generated by a high degree of decompression melting in the mantle to form the trap 

series. Following this uplift tholeiitic flood basalt volcanism was widespread in the 

early Eocene-Oligocene to form the northwestern and southern plateaus.  

Volcanism started in the Oligocene (around 30 Ma ago) and the nature of volcanism 

has changed markedly during the Oligo-Miocene-Quaternary period. 

According to Hofmann et al. (1997) and Kieffer et al. (2004), the two major types of 

volcanism that occurred in different parts of Ethiopia include: 

a) The mafic flood volcanism (29-31 Ma) - Also called Trap Series, which form the 

Ethiopian plateau. The plateau volcanic is cut by the rift faulting and are distributed 

asymmetrically about the Afar and Main Ethiopian Rift. That lying to the west of the 

rift system is the Western Ethiopian plateau (WEP) and the east is the South Eastern 

Ethiopian plateau (SEP). The WEP comprises the northern, central, and southwestern 

sectors, whereas SEP includes the eastern, southeastern and southernmost part of the 

Ethiopian flood volcanic province. It covers an area of about 600000 km2; with a total 

volume of about 350 000 km3. The thickness is highly variable but reaches 2 km in 

some regions (Mohr, 1983; Mohr & Zanettin, 1988).  

b) The bimodal mafic-felsic volcanism (26-29 Ma) - the shield volcanoes: A number of 

large shield volcanoes developed on the surface of the volcanic plateau overlying the 

thick sequence of flood basalt. Simen Mt., Choke, Guguftu (Mt. Uorra) and Mt. Guna 

are the main shield volcanoes on the northern Ethiopian plateau (Mohr & Zanettin, 

1988; Wolde & Widenfalk, 1994; Barberio et al., 1999). 
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Fig. 4.1 Simplified Geological Map of Ethiopia (MoWR, 2009) 

4.2 Stratigraphy of Ethiopian Volcanic Rocks 

The stratigraphic classification of volcanic rocks of Ethiopia classified as (Hofmann et 

al., 1997 and Kieffer et al., 2004): 

1. Pre-rift Series (Oligocene - Miocene) also called the Trap Series includes a pile of 

Tertiary flood basalt with intercalated felsic lava, pyroclastic of NW and SE Plateau. 

These group of Volcanoes includes, from the oldest to the youngest: 

a) Ashangi Group (Pre-Oligocene, first pulse) named After Ashangi in central 

Ethiopia. The Earliest Fissural flood basalt on NW Ethiopia Characterized by 

Strong weathering, crashing and tilting. 

b) Aiba basalt Formation (Oligocene -Miocene). 

c) Alaji Basalt Formation. 

d) Tarmaber Basalt Formation (named after Tarmaber). Represents the Shield 

Volcanoes in Plateau Group. Age range from 26-16 Ma in the north and 16-13 

Ma in the south; The Tarmaber formation is marked by its jointing, thick 

layering, cliff-forming topography with flat tops. 

2.  Post Rift series (younger than Miocene) also called the Aden Series includes Mid 

Miocene to Quaternary Volcanic rocks of the Main Ethiopian Rift Valley, Afar 

Depression; some parts of Plateau basalt (example- Tana Rift Volcanic). 
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The study area is a part of Mt. Guna which has an Ar-Ar age of 10.7 of Ma (Kieffer et 

al., 2004). It has 4135m heights, about 1500m above the flood basalts. The average 

estimated basal diameter is about 40 Km.  

Regionally the geology of the study area is studied by Mekonnen, (2006) entitled the 

“Geology and Geochemistry of Guna volcanics” and a team of the Geological Survey 

of Ethiopia entitled as “Geology of Debretabore area” with a scale of 1:250000 by Haro 

et al., (2010). The geology of the area consists of tertiary volcanic rocks including Guna 

volcanic that is Pliocene in age. According to Haro et al., (2010) Geological Survey of 

Ethiopia, regionally the geology of the study area comprises of the following 

lithological units:- 

 Guna tuffs are composed loosely compacted tuff, boulder tuffs and normal fine-

grained tuffs. 

 Guna trachyte is porphyritic trachyte with a dark greenish color. 

 Middle basalt flow include basal scoria and horizontally stratified basalts.  

 Upper basalts & trachyte include fine-grained basalts, plagioclase phyric basalts, 

pyroxene phyric basalts with minor andesite and volcanic breccia. Trachyte 

occurs at the top or bottom of the units with minor clasts. 

Fig. 4.3 (A) illustrates the regional geological map of the study area prepared from a 

geological map of Guna volcanic mapped by Mekonnen (2006). 

4.2.1 Geology of Guna Volcanic 

The geology of the study area is a part of Guna Mountain volcanic which is one of the 

huge volcanic centers in northwestern Ethiopian plateau. It comprises different felsic 

rocks overlying on regionally dominant flood basalts. It is found between Siemen and 

Choke Miocene- Pliocene shield volcanoes, east of Lake Tana (Kieffer et al., 2004, 

Mekonnen, 2006). According to Kieffer et al., (2004) the volcanic massif has a 

maximum basal diameter of about 50 km in N-S and 30 km in E-W directions thereby 

covering an estimated area of about 760 km2. The altitude varies from about 2600 m at 

the base to 4135 m at the peak. Active erosion forms short and V-shaped gullies and 

deep-cut canyons. The volcano stands on a relatively gentle topography with a height 

of 1553m above the surrounding area. It comprises different felsic flows overlying on 

regionally dominant flood basalts Tana (Kieffer et al., 2004, Mekonnen, 2006). 

4.2.2 Stratigraphy of Guna Volcanic 

The stratigraphy of Guna volcanic succession is shown in Fig. 4.2 below from 
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bottom to the top including trap basalt, rhyolite lava flow, pyroclastic flow 

deposit, trachyte lava flow and phonolite lava flows. 

Elevation(m) Lithologic symbol Rock unit Description 

 
 
 
 

3500 

  
 

Phonolite 

 
Dark-gray to greenish-gray, porphyritic with phenocrysts 
of alkali feldspars and feldspathoids, with greasy luster, 

platy parting and sonorous ring when struck by a 
hammer. 

 
 
 
 

3000 

  

 
Pyroclastic 

 

The voluminous product of the volcanic center 

including ash, tuffs, ignimbrite and trachytic flows. 

 
 
 

2650 

 

 

 
 

Rhyolite 

 
Lowermost Guna products including layered lava flow, 
glassy and columnar jointed lavas and huge domes. 

  
 
 
Flood basalt 

 

Black to dark gray-colored, phyric to poorly porphyritic; 
with micro phenocrysts of plagioclase and pyroxene. 

Fig. 4.2 Stratigraphy of Guna volcanic (Mekonnen, 2006) 

  4.3 Local Geology  

The geology of the study area was prepared through literature review and detailed 

fieldwork. The different types of rock that are found in the study area with their area 

coverage is shown in Table 4.1.   

Table 4.1 Area Coverage of each Lithology 

S.No. Types of Lithology Area (%) Area (Km2) 

1 Residual Soils 13 23.5 

2 Trachyte 5 9.9 

3 Weathered Tuff 29 53.9 

4 Rhyolite 18 33.0 

5 Colluvial deposit 12 23.2 

6 Weathered Basalt 22 40.5 

7 Alluvial deposit 1 1.7 

Total 100 185.7 

 

These rock units are affected by differential physical weathering and are exposed along 

stream cuts and road cuts. Active erosion with the effect of heavy rainfall and human 

activity can also be observed. Due to these factors, the area is exposed for active erosion 

and forms short and V-shaped gullies and deep cut gorges. This makes the area 

susceptible to slope instability. Generally, surface geology has a major control on the 

development of slope instability. The main lithological units are discussed as follows. 
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4.3.1 Weathered Basalts  

These rock units form the base on which Guna volcano overlies. Basaltic rocks are well 

exposed in the south-eastern and south-central parts of the study area. Further, in 

Dubdubiya village near to Bijena River an exposure of stream cut basalt flows has been 

observed. Here the rocks are affected with different degrees of weathering from 

moderately to highly weathered ones. The overall thickness of basalt succession in this 

area is estimated to be about 500m.  

Generally, the basalt flows are black to dark grey in color and texturally composed of 

massive, fine-grained and porphyritic ones. Based on topographical description, the 

weathered basalts are exposed in lower elevation of the study area. This lithological 

unit is the second dominant rock next to weathered tuff (Table 4.1).  

4.3.2 Rhyolitic lava flows  

Rhyolite in the study area forms a hill and rugged terrain. Most of these rocks form 

vertical joints as a result of flow banding and cooling (Plate 4.1B). The rhyolite rock 

units are generally formed horizontally layered flows (Plate 4.1 C), glassy and columnar 

jointed structure.  

Generally, the rocks can be texturally described as fine-grained and light grey 

colored. It is dominantly observed in local areas of Asfa Meda and Ditorka. It is 

extensively exposed in the south-central and southeastern part of the study area.  

4.2.3 Trachyte lava flows 

Trachyte is exposed in the northwestern, southwestern and southern parts of the area 

with their respective local names of Kefoye, Arb Gebeya and Jinjero Gedel and it 

commonly forms domes and huge cliff with columnar jointing structure. It is 

characterized by slightly to moderately degree of weathering, having light grey and 

dark greenish color and aphanitic to porphyritic texture. Plate 4.1A shows the cliff-

forming rock unit at Jinjero Gedel whose height is estimated to be 150 m with well-

developed columnar jointing.  
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Plate 4.1 shows: A) Vertically and horizontally jointed Trachyte B) & C) Vertically jointed & 
layered rhyolite rocks. 
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4.3.4 Weathered Tuff  

Loose and welded or compacted tuffs are products of explosive volcanic activity from 

Guna felsic center (Mekonnen, 2006). These rocks are exposed by road cut and stream 

cut exposures in the study area. They are highly affected by different degrees of 

weathering and hence they are susceptible to Gulley erosion and initiate landslide 

occurrence. The texture of these rocks includes ashes and rock fragments of varying 

sizes and composition and cover the largest portion of the study area and 

distributed in most part of the northern side and small portion of western and 

south-western part. Most of the flat portion of the study area is covered by this 

rock type. Tuffs are the thick sequence that consists of different features  

including white ash (Plate 4.2 B), bedded & laminated welded Tuff (Plate 4.2 A). 

4.3.5 Residual soils 

Residual soils are the result of weathering and decomposition of materials and that has 

not been transported from its original place. Residual soils are mostly underlain by 

weathered volcanic ash, followed by volcanic pyroclastic materials such as rhyolite and 

basalt. The effect of weathering decreases soil resistance. These soils are susceptible to 

slope instability problem. Residual soils are commonly found in a flat area, which 

covers a small portion of the study area, dominantly observed in the villages of 

Shomeda, Fento Meda (Plate 4.2 C) and northern side of Jinjero Gedel. 

4.3.6 Alluvial deposit 

Alluvial deposits are unconsolidated and weathered materials which are located in low-

lying areas close to the stream and river courses and deeply cut gullies (Plate 4.3A). 

They contain boulders, cobbles, gravels, sand and silty clay soils. These deposits are 

observed along Kostet, Atkus and Bijena River. It covers the smallest portion (1%) of 

the study area (Table 4.1).  

4.3.7 Colluvial deposit 

Colluvial deposits are also unconsolidated and weathered materials which are observed 

at the foot of hills and steep slope or cliff areas along the road and river.  These deposits 

comprise of blocks of basalt, rhyolites associated with weathered and loose tuff and soil 

that is detached from the cliffs and rugged terrain. These deposits in the study area are 

exposed at Majeta area in Asfa Meda village and on top of Arata Gebriel in Dubdubiya 

village (Plate 4.3 B). 
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Plate 4.2 A) Welded Tuff B) Loose Tuff C) Residual soils 
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Plate 4.3 A) Alluvial deposit (the light blue colored arrow indicates the direction of river flow) and B) 
Colluvial deposit 

4.4 Geological Structures of the Study Area 

Observing and understanding geological structures helps us to determine the amount of 

stress that has existed in the earth in the past. This type of information is critical to 

evaluate their influence on the shape of the landscape and to determine the degree of 

the landslide hazard. There are various types of geological structures that are important 

to study landslide. But they depend on the condition of the environment and types of 

rocks to develop. 

 In this study, the structural data were obtained from through literature review on 

previous works of the regional study and satellite images from Google Earth image 

interpretation. Detailed mapping of structural data was not done due to large area 

coverage and difficulty of the existing topography. During field investigation observing 

and analyzing the general trends of the main lineaments was done. In the study area 
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these geological structures have different trends. However the major lineaments or 

faults have NW-SE, NE- SW trends (Mekonnen, 2006, Haro et al., 2010).  

During field investigation jointed rocks are well exposed on both failed and un-failed 

slopes. Joints are commonly formed as a result of expansion due to the cooling of rocks 

and as well as the removal of overlying pressure and progressive exposure of materials 

for erosion and weathering. Columnar joints are frequently exposed to rhyolite and 

trachyte rock units in the study area. Some of the joints are parallel to the slope that 

they may serve as a plane of the sliding surface. 

Their effect on slope instability depends on the characteristics of discontinuities such 

as joint orientation, opening, continuity, nature of filling material and degree of 

weathering. When water flows through these structural discontinuities, pore water 

pressure on the slope may develop along these weak planes and lead to slope instability 

in the area.  

Plate 4.4 shows columnar joints in the study area which is characterized by joint 

orientation of S550E, closely spaced joints that vary from 6 to 28 cm, weathered 

rhyolitic rocks, partially fill with clay and some also develop grass, block size ranges 

10 to 75 cm and joint opening ranges from 5 to 30 cm. The photo was captured in 

Asfameda village during field investigation with a specific geographic location of 

417076E & 1277349N and 2896 m above mean sea level. 

 

Plate 4.4  Joint in rhyolite rock 
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Pyroclastic Flow

Oligocene Volcanics

Legend
Phonolite

Rhyolite Flow

Study Area boundary
Contour line

Road
Fault line

(A) 
(B) 

Fig. 4.3 A) Regional Geological Map of the area prepared from Geological Map of Guna Volcanics (Mekonnen, 2006) B) Local Geological Map 
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4.5 Hydrological Condition of the Area 

It is well known that hydrology is one of the major factors that control the occurrence 

of landslide in certain areas. The water infiltration into the slope increases pore water 

pressure and decreases the shear strength, thereby causing instability to the slopes. The 

excessive surface run-off through drainages aggravates the erosional activity on slopes. 

Therefore, the hydrogeological conditions indicating the drainage network and the 

nature of the distribution of surface and sub-surface water are also important for 

landslide occurrences. Most of the landslides which occurred in the highlands of 

Ethiopia are triggered by heavy summer rainfall (Ayenew & Barbieri, 2005; Abebe et 

al., 2010; Woldearegay, 2013; Meten et al., 2015).  

 

Plate 4.5 Field photos showing groundwater manifestations of the study area. A) Spring water 
which flows throughout the year, B) shows ponding water on the surface of the earth. 
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The presence of wetlands, pond water, springs and shallow depth of hand-dug water are 

typical indicators for groundwater occurrence at shallow depth near the surface in the 

study area. During field investigation, most of the springs are emanating at the contact 

zone of the different lithological units. Hand-dug well and spring in the study area 

showed a high amount of discharge as observed during the fieldwork. By informal 

interviewing of local people, depth of hand-dug wells and eye witness, the water level 

in the study area is found at 6-7 m depth. This reveals that the area has good potential 

for groundwater.  

In addition to this, the study area comprised of perennial streams and rivers such as 

Kostet River, Atkus River, Gisa River, Bijena River and Wogeda River which flow 

throughout the year. 
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Table 4.2 Location of spring and wetlands in the study area 

ID Easting 

(m) 

Northing 

(m) 

Elevation 

(m) 

Lithology Type depth(m) of water level 

or flow type 

1 417831 1277513 2683 colluvial deposit hand dug 7, increase in the rainy 

time 

2 416918 1277217 3005 Weathered basalt  Spring permanently flow 

3 417761 1277633 2885 topsoil & weathered basalt Spring permanently flow 

4 420928 1271718 2869 weathered rhyolite rock Spring permanently flow 

5 421212 1273804 2345 colluvial deposit Spring permanently flow 

6 419917 1274898 2496 colluvial deposit spring with wetland increase rainy season 

7 420384 1287495 3057 unconsolidated soil swamp with spring increase rainy season 

8 420395 1287832 3082 unconsolidated tuff spring with pond reduce in dry season 

9 420368 1288059 3073 topsoil and tuff interface spring and wetland decrease in dry season 

10 421631 1289224 2961 Tuff Hand-dug & spring 8, reduce dry season 

11 421623 1289514 2937 unconsolidated material Hand-dug & spring 6, spring reduce dry time 

12 421384 1289766 2887 soil and tuff interface swamp with spring increase rainy season 

13 421359 1289804 2881 soil and tuff interface swamp with spring increase in rainy season 

14 421458 1289887 2857 topsoil and tuff interface Spring permanently flow 

15 421390 1290383 2838 unconsolidated material Spring increase in rainy season 

16 421226 1289753 2919 colluvial soil Spring spring in summer 

17 421034 1289597 2944  colluvial deposit Spring permanent flow 

18 421186 1289657 2919 unconsolidated soil Spring Permanent flow 

19 416310 1276730 3120 tuff and rhyolitic rock  Spring permanent flow 

20 416054 1276628 3140 Tuff Spring rainy season 

21 414236 1277728 3179 weathered soil  wetland with spring  decrease in dry season 

22 413865 1277429 3142 weathered soil wetland flow in rainy season 

23 417294 1278022 2621 colluvial deposit Wetland, hand-dug 6, permanent flow 

24 417621 1277677 2657 colluvial deposit hand dug, wetland 3,  permanent flow 

25 417172 1279268 2750 topsoil and felsic rock  hand dug,  wetland 7m, flow permanent  

24 421195 1284990 3049 weathered unwelded tuff Spring Permanently flow 

25 421591 1284213 2903 residual soil spring and wetland permanently flow 

26 421230 1284871 3020 soil and tuff interface Spring permanently flow 

27 421976 1284171 2924 colluvial deposit wetland with spring Permanently flow 

28 421958 1283994 2900 soil and tuff interface Spring Permanently flow 

29 421910 1283936 2881 colluvial deposit Spring Permanently flow 

30 421759 1283849 2836 colluvial deposit Spring Permanently flow 

31 421778 1285644 2825 colluvial material with tuff spring with wetland Permanently flow 

32 422137 1285692 2761 unconsolidated materials Spring Permanently flow 

33 422555 1284682 2786 Tuff spring  Permanently flow 

34 422352 1284574 2836 residual soil  Spring permanently flow 

35 422330 1284362 2869 thin residual soil and tuff  spring with wetland Permanently flow 
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Chapter 5 Landslide Inventory & Causative Factor 

Evaluation  

5.1 Distribution of Landslide in the Study Area  

The key starting point in landslide susceptibility assessments is acquiring information 

about the landslides that have occurred in the past and preparing the landslide inventory 

map (Guzzetti et al. 1999; Solaimani et al., 2013). Since identifying and knowing the 

distribution and location of past and present landslides in a certain area is very 

important to predict about the future probability of landslide occurrence (Guzzetti et al., 

1999).  

Landslide inventory is the simplest method to determine the condition of future 

landslide and it indicates the location, distribution, types and characteristics of past 

landslides. Therefore, compiling these landslides features are the basic requirement 

before performing any slope stability analysis. Generally, landslide inventory maps can 

be produced either by collecting the information related to landslide or by analyzing 

satellite imagery and aerial photograph, combined with field surveys (Pradhan & Kim, 

2014). Identifying landslides from field studies are expensive and time-consuming. 

However, with the advancement in technology and with the availability of high-

resolution remote sensing data, it has now become possible to identify landslides using 

satellite images and aerial photographs. Google Earth’s new features which include the 

ability to view old satellite images, has made landslide identification possible. 

Nowadays, Google Earth is the best technique to analyze and interpret historical 

landslides with their date of occurrence using time series Google Earth images. 

Plate 5.1 illustrates an example of a historical landslide data in Dubdubiya Village 

detected from Google Earth. The red arrow and red broken line in the figures indicate 

the direction of the slope movement and a landslide boundary respectively. A) Image 

before the landslide event B) Image after landslide has occurred and C) Photo of the 

current condition of the area as it was captured during fieldwork.  
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Plate 5.1 Aerial view of Arata Gebriel landslide detected by Google Earth; A) Stable area B) failed slope, C) Current 
state of the failed slope as observed during the fieldwork. 
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During August 2018, high-intensity rainfall in Simada area triggered many landslides, 

most of which occurred in the rural area. The damage was severe in the villages of 

Dubdubiya, Asfa Meda, Gedeba, and Ditorka and at several sites along with the river 

network. Particularly in Dubdubiya and Asfa Meda villages, landslides damaged 81 

dwellings, killed 14 Animals (goat), affected thousands of people, damaged hundreds 

of hectares of farmlands and displaced 486 people (Appendix 3). These problems 

happened in these villages since the settlement areas are primarily located at the foot of 

a steep slope which is covered by weathered volcanic rocks as well as at the outlets of 

a mountain stream as accumulation of debris and earth flow can suddenly burst out.  

Landslide inventory map of the study area (Fig 5.1) was prepared from the 

combination of an intensive field survey and satellite imageries derived from 

Google Earth. Extensive field studies conducted in mid-November to mid-

December 2018 were used to map known landslides using GPS and check the size 

and shape of the landslides, to identify the type of movements and the materials 

involved, and to determine the landslides state of activity (active, reactivated, 

dormant, etc.). This inventory data was mapped as vector-based polygon data and 

then converted to raster format with a pixel size of 30m by 30m in Arc GIS 10.4 

software.  

In the present study area, a total of 576 (6304 pixels) landslide locations were 

identified and divided randomly into training and validation landslides by keeping 

their spatial distributions. The training landslides were used for building the model 

and validation landslides were applied for validating the predicted image with pixel 

size 5126 (80%) and 1178 (20%) of the area respectively.   

From these total landslides polygons, 117 landslides (Appendix 2 A to D) were 

active landslides collected from field investigations and the rest 459 polygons were 

collected from time serious Google Earth image interpretations. Table 5.1 shows 

some selected landslide polygons which are interpreted from time series google 

earth images of the study area. 

Landslide locations in the study area predominantly distributed in the south-central; in 

the north and in the east part with respect to decreasing order of their landslide density, 

damage on agricultural crops and infrastructures. This area consists of rugged and 
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mountainous terrains which are characterized by steep slopes, deep gorges, fractured 

and high relative relief weathered rocks.   

 

Fig. 5.1 Inventory map of the study area showing the distribution of past and current landslide 
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The common types of landslide occurrence in the study area include rock slide, rockfall, 

earth slide, debris slide and flow, rotational and translational soil slide, translational 

debris slide, rotational debris slide and complex types of slides.  

Table 5.1 Landslide location and dimension collected from Google Earth 
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2013 Arata Gebriel 0.16 2.2 418097mE 1278065mN 418386mE 1278416mN 417719mE 1277742mN 

2013 Asfa Meda 0.07 1.2 419715mE 1275360mN 419908mE 1275536mN 419526mE 1275185mN 

2013 Asfa Meda 0.12 1.3 418506mE 1276736mN 418711mE 1276934mN 418312mE 1276530mN 

2013 Dubdubiya 0.04 0.86 418645mE 1278136mN 418806mE 1278235mN 418480mE 1278038mN 

2013 Dubdubiya 0.01 0.58 419907mE 1277782mN 420023mE 1277873mN 419820mE 1277692mN 

2013 Dubdubiya 0.07 1.2 419552mE 1277890mN 419724mE 1278102mN 419394mE 1277671mN 

2013 Dubdubiya 0.03 0.82 418115mE 1278639mN 418178mE 1278789mN 418041mE 1278469mN 

2013 Dubdubiya 0.02 0.61 417695mE 1278750mN 417778mE 1278846mN 417603mE 1278639mN 

2013 Dubdubiya 0.02 0.61 416443mE 1277871mN 416559mE 1277968mN 416344mE 1277777mN 

2012 Megersum 0.05 0.98 422651mE 1282063mN 422826mE 1282194mN 422501mE 1281936mN 

2012 Megersum 0.01 0.50 422662mE 1282527mN 422719mE 1282629mN 422582mE 1282450mN 

2012 Megersum 0.02 0.72 421654mE 1281852mN 421750mE 1281927mN 421545mE 1281771mN 

2012 Megersum 0.01 0.50 421670mE 1281613mN 421749mE 1281668mN 421584mE 1281555mN 

2012 Megersum 0.03 0.78 422149mE 1282185mN 422291mE 1282273mN 422012mE 1282119mN 

2016 Ditorka 0.01 0.27 422255mE 1283410mN 422296mE 1283454mN 422214mE 1283358mN 

2014 Ditorka 0.02 0.59 422472mE 1283507mN 422556mE 1283586mN 422383mE 1283420mN 

2016 Megersum 0.05 1.1 423005mE 1280654mN 423199mE 1280837mN 422849mE 1280491mN 

2016 Megersum 0.02 0.54 423221mE 1280241mN 423329mE 1280300mN 423130mE 1280173mN 

2018 Bijena 0.04 1.0 423229mE 1273637mN 423382mE 1273824mN 423048mE 1273516mN 

2017 Asfa Meda 0.05 0.91 421245mE 1273030mN 421353mE 1273215mN 421137mE 1272861mN 

2018 Bijena 0.03 0.77 422173mE 1276120mN 422271mE 1276209mN 422015mE 1276022mN 

2018 Asfa Meda 0.02 1.0 417998mE 1273069mN 418087mE 1273176mN 417901mE 1272962mN 

2018 Asfa Meda 0.02 0.57 420399mE 1273673mN 420479mE 1273769mN 420323mE 1273565mN 

2013 Majeta 0.06 1.0 420142mE 1274716mN 420305mE 1274836mN 419985mE 1274588mN 

2013 Majeta 0.02 0.64 419732mE 1274713mN 419831mE 1274830mN 419651mE 1274601mN 

2016 Ditorka 0.01 0.50 421875mE 1283609mN 421953mE 1283683mN 421802mE 1283542mN 

2012 Ditorka 0.01 0.57 421822mE 1283819mN 421890mE 1283920mN 421771mE 1283708mN 

2012 Ditorka 0.03 0.79 422071mE 1283819mN 422228mE 1283887mN 421897mE 1283734mN 

2012 Ditorka 0.01 0.44 423606mE 1283040mN 423679mE 1283120mN 423523mE 1282989mN 

2013 Ditorka 0.01 0.36 422744mE 1283188mN 422791mE 1283239mN 422685mE 1283119mN 

2012 Ditorka 0.02 0.83 423456mE 1282862mN 423565mE 1283009mN 423333mE 1282712mN 
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Generally, the predominantly affected rural environments and their type of landslide 

with respect to their probable causes and damages were described in the following 

section. 

5.1.1 Landslide in Asfa Meda Village  

The physiography of this area is a steep slope with a ridge and rhyolitic cliff. The slope 

material is rhyolite, thin residual soils and colluvial deposits. In this site landslides are 

initiated by the steepness of the slope, weathering, erosion, human-made activity 

(farming practice- removal of vegetation during cultivation, animal practice), 

undercutting by stream/ river flow and heavy rainfall. The slide has occurred at the 

interface between thin residual soils and rhyolitic rock and most of the landslides are 

shallow rotational and translational debris/earth slide as shown in plate 5.2.  

According to the villagers, landslides have been occurred since 1996 because of heavy 

and prolonged rainfall as well as stream undercutting. These landslides have caused the 

displacement of ten households from their village, damage of five houses and damage 

of seven hectares of farmlands covered with different crop products. These landslides 

are reactivated (translational) in 2018 with landslide size of 200 – 250 m distance, 400 

– 500 m width, 100 m (some part was removed by the streamflow) zone of accumulation 

and  8 – 12 m depth. 

Consequently, the slope failure in the study area resulted into animal death, property 

damage and adversely affect a variety of resources such as agricultural lands covered 

with crops (teff and wheat), houses, infrastructures, graze lands, eucalyptus and water 

supplies.  

Detailed description of the location, cause of failure, their damage and dimension of 

common types of landslides that occurred in different areas of Asfa Meda village in the 

study area is located in Appendix 2B. 
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Plate 5.2 Examples of landslide and their damage in Asfa Meda Village. The red & blue colored arrow 

indicates the direction of slope movement and streamflow respectively; the red broken curve indicates 

the landslide scarp. 

5.1.2 Landslide in Dubdubiya Village 

This area is characterized by rugged and steep slope with deep gorge topography.  Most 

of this village is highly affected by stream undercutting, erosion of the sloping surface, 

riverbank erosion and farming practice. The slope materials are dominantly covered by 

weathered basalt and colluvial deposits. 
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Farming activities on slopes involve removal of vegetation cover usually followed by 

terracing. According to the local people sometimes, farmers burn down vegetation as a 

convenient method of clearing land for cultivation and to prepare charcoal for 

commercial logging. These activities increase surface runoff during heavy and 

prolonged rainfall and expose the soil for erosion  

Some of the landslides on this village reach up to length of 1200m, a width of 500m, 

and an accumulation zone of 800m with the complex type of landslides.  Erosional 

opening surfaces and tensional cracks are observed during field investigation, 

indicating that seepage water may have brought instability of the slope through internal 

erosion of those weathered materials.  

A typical example of a landslide in this village was the landslide that occurred near to 

Arata Gabriel Church.  Surrounding this area, there is a large scale reactivated landslide 

in which the slides are believed to have happened for the first time in 2000 and followed 

in 2013 (Plate 5.1B) and later reactivated in 2018 as witnessed from informal 

interviewing the local people and eyewitness. The main cause of this landslides was 

stream/river undercutting, presence of spring on top of the slope and colluvial soil slope 

materials. These reactivated landslides caused damage to different agricultural crops 

such as teff, wheat, barley, bean and 14 houses were under risk. 

The types of landslides that were observed in these villages are rockslide, translational 

slide, rock toppling and debris/earth flow as shown in Plate 5.3. The translational 

landslide that is illustrated in Plate 5.3A has occurred above the village settlements 

resulting the damage of 5 houses and filling of the area by flash floods, dislocation of 

35 people, death of 7 animals, damage of nearly 3 hectares of grazing and agricultural 

lands. The area was completely filled with gravels, cobbles and fine-grained soils and 

the landscape is now barren, thereby practicing agriculture is becoming nearly 

impossible.  

Generally, the landslide in this area caused many challenges to the local people as their 

houses and crops were damaged.  In addition to this, it will also changes/ affects the 

aesthetic of the landforms in some parts of the study area. 

The location, their probable cause to failure, type of damage and their dimensions of 

the common types of an active landslide that occurred in different areas of Dubdubiya 

Village in the study area are described in Appendix 2A. 
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Plate 5.3 Landslide in the Dubdubiya Village (the red & blue colored arrow indicates the direction of 
slope movement & river/stream flow respectively). A) Complex type; B) Shallow debris flows damaged 

wheat crops and C) Rockslide 
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5.1.3 Landslide in Teji Wuha to Gedeba Village  

The topographical slope of this areas is gentle slope and the area is profoundly exposed 

for steam and river cut, intensive farming and overgrazing. The slope material is 

dominantly covered with weathered tuff and thin residual soils. In this village, there is 

an indication of shallow groundwater since the swamp area and many springs are 

observed during fieldwork.  

The common types of landslides that observed in these villages are rotational and soil 

creeping. Soil creeping was identified by tilting of powerlines and fences (Plate 5.4 C). 

These landslides are mainly caused by stream and river undercutting, intensive farming, 

overgrazing, heavy rainfall, and the presence of deeply weathered slope materials. This 

caused to damage a total of 35 hectares of graze lands and agricultural lands covered 

with different crops such as wheat, barley and potato.  Power lines (tilting), gravel road, 

bridges and 38 houses are under risk (Appendix 4).  

In this village, the main gravel road that connects the study area to other districts and 

many villages of this area are under risk (Plate 5.4 B). This is profoundly caused or 

triggered by stream undercutting and heavy rainfall.  

According to the villagers and eyewitness, slope failure on rainy seasons has happened 

and traffic disturbances for many days were a common phenomenon in this village. To 

tackle this problem, some remedial measures such as planting eucalyptus along the 

sides of the stream and gabion structures should be studied but it is not effective, since 

it was applied for inappropriate position.  

The common types of active landslides that occurred in this villages with their probable 

cause to failure, locations, distances, widths, the zone of accumulations and types of 

damage were illustrated in Appendix 2C.    
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Plate 5.4 Field photo of landslide and their damage along Teji Wuha to Gedeba Villages (red arrow 

indicates the direction of slope movements): A) stream undercutting Earth slide (Scarp); B) effect of 

landslide on the gravel road (ditch crack) C) Creep (tilting of powerline). 
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5.1.4 Landslide in Ditorka to Megersum Village 

This area is characterized by highly rough topography, a deep gorge which is dissected 

by Atkus River and many streams flowing in to it. The main cause of landslide 

occurrence in this area is river/stream undercutting, slope toe undercutting, overgrazing, 

intensive farming, erosion, physical weathering and heavy rainfall. Slope materials are 

dominantly covered by colluvial deposits and weathered rhyolitic rocks. 

In this village, there is one gravel road which takes to Ditorka locality thereby 

connecting the lower section of this highly raged cliff-forming topography. Slope 

failure in this gravel road is also frequent due to the presence of accumulated colluvial 

deposits in the lower part of the slope with river undercutting, intensive farming and 

slope toe undercutting. Soil erosion in the form of the gulley is a common problem for 

this area.  

The common types of landslides that were observed in these villages are rockslide 

(Plate 5.5 A), rockfall, debris slide (Plate 5.5 B) and rotational slide. Most of the 

landslides occurred along the river bank and on agricultural lands. These landslides 

caused the damage of vegetation and many crop lands that were covered by wheat, pea, 

bean, barley and potato as well as the removal of fertile soil leads to land degradation.  

A more detail explanation bout the location, probable cause, damage, width, distance, 

the zone of accumulation, scarp height and type of active landslide in this area are 

described in Appendix 2D.   
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Plate 5.5 Landslide and their damage on agricultural lands in Ditorka to Megersum Villages (Red & blue 

colored arrow indicates the direction of slope movement & River/streamflow respectively). A) Rockslide 

B) debris slide 

5.2 Main Causes of Landslide in the Study Area 

Most of the landslides in the study area are induced because of rugged topographical 

conditions, weathered volcanic rock, heavy rainfall in rainy seasons, active surface 

processes including gulley erosion, stream and river undercutting. However, these 

causes are commonly enhanced by man-made activities like deforestation and plowing 

of unstable areas because of population growth and anticipated land scarcity. Generally, 

the main causes of landslide in the study area are a combination of natural processes 

and anthropogenic activities. Detail description of the main causative factors for the 

occurrence of landslide in the study area are as follows:   
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Natural cause of Landslide  

(1) High relief or Rugged Morphology 

Majority of the study area falls in hilly and mountainous areas which has relief prone 

to landslide under heavy precipitation. Furthermore, in slopes steeper than 450 rockfalls 

are prominent since rocks in the study area are exposed for physical weathering and 

they are easily susceptible for falling as a result of slope gradient.  

(2) Complex Geology 

The presence of weathered and fractured volcanic rocks, colluvial and alluvial deposits 

has increased the occurrence of landslide in the study area. In addition to this, there are 

many rivers and streams which undercut the toe of the slope leading to a serious 

landslide occurrence. 

(3) Heavy Rainfall 

The heavy and prolonged rainfall is the main triggering mechanism for many landslide 

occurrences. During August 2018, a high-intensity rainfall continued from 20th to 28th 

August 2018 in Simada district. Such heavy and prolonged rainfall combine with steep 

slope triggered many landslides, most of which occurred in the rural area. 

(4) Soil Erosion 

Soil erosion is dominantly observed on the sloping surface of the area which removes 

the fertile soil in the form of runoff. It is a common problem in the study area 

particularly gully and stream bank erosions are the major types which cause the slope 

susceptible for landslide. These types of erosions are commonly associated with river 

or stream incisions in the study area. It is easy to find a deep cut streams up to 8 m deep 

and 12 m width as a result of such processes. Generally these erosions are the result of 

the over flowing of running water on the sides of the stream and scouring of the base 

of the river bank.  

(5) Hydrogeology of the volcanic rocks 

Since the study area is dominantly covered by weathered and fractured volcanic rocks, 

rainfall or groundwater can easily enter on these rocks and their hydraulic behavior 

favors lateral movement of subsurface flow which then causes water pressure 
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development in the lower sections of the hillslopes. This finally leads to slope instability 

of the area.   

Anthropogenic cause of Landslides  

(1) Improper Land Use 

 Agricultural practices in steep slopes in areas which has never been used before and 

overgrazing are becoming common in rural areas. This removes existing vegetation 

cover that leads to soil erosion and slope instability problems.  

(2) Lack of Public Awareness 

 Lack of public awareness due to limited government effort to the local people and 

illiteracy might have contributed the increased landslide disaster in the recent times. 

Due to the lack of knowledge, overgrazing, undercutting of slopes, construction of 

improper drainage systems, unplanned cultivation in steep slopes, construction of house 

in unstable and hazardous areas, etc. are usually practiced which further induce and 

aggravate the landslide occurrences in the study area. 

(3) Deforestation 

This activity has been taking place in rural areas of the study area and making the slope 

susceptible to landslide occurrence. The rapid expansion of settlements and population 

increased the needs of plowing land, firewood, house building, etc. These factors have 

increased surface runoff and slope head and toe erosion lead to landslide occurrence. 

5.3 Landslide Causative Factor Evaluation  

The spatial distribution and density of landslides are mainly controlled by the 

surrounding topography, weather condition, geology, land use/land cover and 

anthropogenic factors (Khan et al., 2019). Consequently, evaluating the impact of these 

causative factors on the spatial distribution of the landslides is of significant importance 

in order to know their operating technique, and subsequently develop a landslide 

susceptibility map. In this study, the seven causative factors that have been used for the 

preparation of landslide susceptibility maps include slope angle, aspect, curvature, 

lithology, land use/ land cover, rainfall and distance to stream. The roles played by each 

of these causative factors will be explained in detail as follows. 
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5.3.1 Curvature  

The curvature values represent the topography of the area which indicates where the 

surface is concave, convex or flat resulting in acceleration of flow. Where acceleration 

of flow occurs, the stream gains energy and its ability to transport particles will be 

increased. Therefore, areas of convex profile curvature indicate areas of erosion. 

Conversely, in areas of concave profile curvature, the flow rate decreases, the stream 

loses energy and deposition occurs. Convex parts of surfaces like ridges are generally 

exposed and drain to other areas. Concave parts of surfaces like channels are generally 

more sheltered and accept drainage from other areas. These are used primarily to 

interpret the effect of terrain on water flow and erosion. A positive curvature indicates 

that the surface was upwardly convex at that grid. A negative curvature indicates that 

the surface was upwardly concave at that grid and a value of zero indicates that the 

surface is flat. Following heavy rainfall, a convex or concave slope contains more water 

and retains this water for a longer period (Lee and Talib, 2005).  

The more positive or negative a value is, the higher the probability of a landslide 

occurrence. In the flat area, the probability of landslide occurrence is low. Curvature 

map (Fig. 5.2A) of the study area was developed from DEM and classified into 3 

classes.  

5.3.2 Aspect  

Aspect refers to the slope orientation which is generally expressed in terms of a degree 

from 00 – 3600. It is considered as an important factor in landslide studies as it is 

controlled by aspect associated parameters such as exposure to sunlight, wind direction, 

rainfall (degree of saturation) and discontinuity conditions(Komac, 2006).   

Slope aspect map (Fig. 5.2B) of the study area was derived from the DEM. The aspect 

map of the study area was divided into nine classes namely north (0 – 22.5, 337.5 - 

360), northeast, east, southeast, south, southwest, west and northwest. 

5.3.3 Slope Angle 

The slope angle is a very important parameter for landslide study and directly related 

to the landslides, it is frequently used in preparing a landslide susceptibility map (Yalcin 

and Bulut, 2007). It is well known that slope failure occurs more frequently on the 

steeper slope due to gravity stress. The slope degree map (Fig. 5.3) of the study area is 

prepared from DEM. It is divided into five classes such as; 0 – 50, 50 – 120, 120 – 300, 

https://www.sciencedirect.com/science/article/pii/S0098300408002665#bib40
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300 – 450, and > 450. Starting from the third class the frequency ratio is profoundly 

increasing and indicates landslide occurrence is higher in these classes (Table 6.1). 

5.3.4 Distance to Stream 

The proximity of the slope to the stream course is an important factor that dictates the 

slope evolution of the area and an indicator of the landslide and related erosional 

aspects. Rivers with a number of drainage networks have a high probability of landslide 

occurrence as they erode the slope base and saturate the underwater section of the slope 

forming material (Akgun and Turk, 2011).  

Since there are many streams in the study area which flow into Kostet River, Atkus 

River and Bijena River, many landslides occurred in the close vicinity of these rivers. 

Hence, this parameter was considered as one causal factor in landslide susceptibility 

analysis. Zones with parallel pattern of drainage in steep slopes are the most probable 

landside sites. 

Drainage is often a crucial factor as it plays an important role pore-water pressure 

development which has an effect of reducing the shear strength of rocks and soils. 

Streamlines were derived from DEM and classified based on stream order.  Landslide 

in this area are mostly associated with 1st, 2nd, and 3rd order stream.  

Distance from stream map (Fig. 5.3B) was developed using Euclidean distance in the 

spatial analyst tool of Arc GIS 10.4 software. The map was classified into five 

subclasses:  0 – 50, 50 – 100, 100 – 150, 150 – 200 and > 200 meter. 

5.3.5 Lithology 

Lithology is one of the most influential parameters on slope instability since each class 

of materials has different shear strength and permeability characteristics (Yalcin and 

Bulut, 2007).  

Different rock types have varied composition and structure which contribute to the 

strength of the material. The stronger rock units give more resistance to the driving 

forces when compared to the softer/ weaker rocks.  

Lithological map (Fig. 5.4A) of the study area was prepared from a existing regional 

geological map and detail field survey. The study area contains seven lithological units 

namely Trachyte, Weathered tuff, Rhyolite, Weathered basalt, residual soils, colluvial 

and alluvial deposits. 
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(A) (B) 

Fig. 5.2 A) Curvature and B) Aspect Maps 
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5.3.6 Land Use / Land Cover 

Land-use change has been recognized throughout the world as one of the most 

important factors influencing the occurrence of rainfall-triggered landslides. Changes 

in land cover and land use resulted from human activities, such as deforestation, 

overgrazing, intensive farming and cultivation on a steep slope which can initiate slope 

instability (Glade, 2003).  

Vegetation has a major contribution to resist slope movements. Vegetation having a 

well-spread network of root systems increases shearing resistance of slope material. 

This is due to the natural anchoring of slope materials. In addition to this, it reduces the 

action of erosion and it adds the stability of the slope. In another way, barren or sparsely 

vegetated slopes are usually exposed to erosion and thus it has the effect of increasing 

slope instability (Dikau et al., 1996; Sharma et al., 2012).   

The land use map (Fig. 5.4B) of the study area was prepared from the Google Earth 

image of 2016 and the analysis was done in ArcGIS tools. About seven land-use types 

were mapped including moderate forest, sparse forest, bush, grazing land, agricultural 

land, settlement and river. The area is predominantly covered by agricultural land and 

followed by grazing land. 
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(A) 
(B) 

Fig. 5.3 A) Slope and B) Distance to stream Maps 
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5.3.7 Rainfall 

Rainfall is acting as an important factor for the occurrence of slope instability in a 

certain area. Precipitation, particularly sudden and intense rains are controlling factors 

that trigger landslides providing water, and thereby increasing the underground 

hydrostatic level and pore water pressure. When the soil undergoes such pressure 

changes, water within it will create negative or upward pressure, as they cannot drain 

quickly. When the pore water pressure is equivalent to the upper pressure, the shearing 

resistance of the material decrease and will lead to failure of the material. The rainfall 

data of the four stations that surround the study area were collected from the Ethiopian 

Metrological Agency. The four stations are Simada, Nefas Mewcha, Mekaneyesus and 

Kimir Dingay with their respective direction of South, Northeast, West and North with 

approximately 20 to 30Km distance from the study area. Their specific geographic 

locations and elevations are elaborated in appendix1. There are various geostatistical 

interpolation methods to interpolate rainfall over a large area based on few point data. 

These include Thesis polygon, Isohyetal, average arithmetic, inverse distance weight 

(IDW) and Kriging.  The general assumption of the IDW method of interpolation is that 

the value of an unsampled point is the weighted average of known values within the 

neighborhood. Therefore, the values from a scattered set of known points can be utilized 

to recognize and assign the values to unknown points. It can be used to compute the 

unknown spatial rainfall data from the known data of sites that are adjacent to the 

unknown site (Chen and Liu, 2012). 

The rainfall map of the study area was prepared using the IDW method in GIS. The 

rainfall data analysis showed that maximum monthly rainfall occurs in June, July, 

August and September (Fig. 1.4), which coincides with the occurrence of a landslide in 

the area. The rainfall map (Fig. 5.5) of the study area was divided into five classes by 

the natural break method.  These classes were classified into the annual rainfall class of 

627 – 727, 727 – 813, 813 – 901, 901 – 994 and 994 - 1125.2 millimeters. 
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(A) (B) 

Fig. 5.4 A) Geological and B) Land use/cover Maps 
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Fig. 5.5 Rainfall Map of the Study Area (The rainfall data were collected from the Ethiopian 

Metrological Agency that surround the study area of the four stations: Simada (416522mE, 

1261345mN & 2584 m Elev.), Nefas Mewcha (442029mE, 1296777mN & 3098 m Elev.), 
Mekaneyesus (396892mE, 1283335mN & 2374 m Elev.) and Kimir Dingay (414746.33m E, 

1306056mN & 2980 m Elev.) stations.  
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Chapter 6 Result and Discussion 

6.1 Relationship between Landslide Occurrence and Causative 

Factors 
 

This study has analyzed the relationship between seven causal factors and landslide 

occurrence. Using the FR and WoE models, the relative frequency value and the weight 

value respectively were calculated in table 6.1 and 6.2.  

Fig. 6.1 clearly shows the result of the frequency analysis that explains the relationship 

between the seven landslide causative factors and the landslide occurrence.   

 

Fig. 6.1 Relationship between the percentages of landslide distribution with each causative 

factor classes. A) Aspect, B), Slope angle, C) Lithology, D) Curvature, E) land use, F) Distance 

to stream and G) Rainfall 
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Table 6.1 Data used in the analyses and results obtained from the FR method 

Factor Class Npix(Ni,j) % Npix(Ni,j)
y Npix(Si,j) % NPix(Si.j)

x FR = x/y 

S
lo

p
e
 a

n
g

le
 

(d
eg

re
e)

 

(0 - 5)0 15104 7.314 97 1.892 0.259 

(5 - 12)0 71393 34.571 1362 26.570 0.769 

(12 - 30)0 110037 53.284 2914 56.850 1.067 

(30 - 45)0 9661 4.678 703 13.714 2.932 

>450 316 0.153 50 0.975 6.375 

C
u

rv
at

u
re

 (-3.60) - (-0.001) 104276 50.494 3300 64.378 1.275 

(-0.001) -  0.001   1944 0.941 45 0.878 0.933 

0.001 - 3.787 100291 48.564 1781 34.744 0.716 

A
sp

ec
t 

N(0 - 22.5) 9699 4.697 261 5.092 1.084 

NE(22.5 - 67.5) 37106 17.968 1466 28.599 1.592 

E(67.5 -112.5) 41856 20.268 1226 23.917 1.180 

SE(112.5 -157.5) 31166 15.092 636 12.407 0.822 

S(157.5 - 202.5) 26762 12.959 591 11.529 0.890 

SW(202.5 - 247.5) 28551 13.825 522 10.183 0.740 

W(247.5 - 292.5) 18760 9.084 262 5.111 0.563 

NW(292.5 - 337.5) 7457 3.611 68 1.327 0.367 

N(337.5 - 360) 5154 2.496 94 1.834 0.735 

D
is

ta
n

ce
 t

o
 

st
re

am
(m

) 

0-50 24940 12.076 1028 20.055 1.661 

50- 100 22768 11.024 940 18.338 1.663 

100-150 23290 11.277 632 12.329 1.093 

150 - 200  16063 7.778 349 6.808 0.875 

>200 119467 57.845 2177 42.470 0.734 

L
an

d
 u

se
 

Agricultural Land 143001 69.241 3091 60.300 0.871 

Moderate Forest 4844 2.345 22 0.429 0.183 

River 2048 0.992 77 1.502 1.515 

Graze Land 29754 14.407 1477 28.814 2.000 

Sparse Forest 3481 1.686 121 2.361 1.401 

Settlement 14047 6.801 54 1.053 0.155 

Bush 9353 4.529 284 5.540 1.223 

L
it

h
o

lo
g

y
 

Residual Soils 26102 12.639 61 1.190 0.094 

Trachyte 10983 5.318 149 2.907 0.547 

Weathered Tuff 59963 29.035 1007 19.644 0.677 

Rhyolite 36735 17.788 1191 23.234 1.306 

Colluvial deposit 25804 12.495 915 17.850 1.429 

Weathered Basalt 45022 21.800 1751 34.159 1.567 

Alluvial deposit 1910 0.925 52 1.014 1.097 

R
ai

n
fa

ll
 (

m
m

/y
r)

 

627 – 727 39813 19.277 811 15.821 0.821 

727 – 813 53885 26.091 754 14.709 0.564 

813 – 901 51601 24.985 1802 35.154 1.407 

901 - 994 34881 16.889 1253 24.444 1.447 

994 - 1125.2 26348 12.758 506 9.871 0.774 
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Table 6.2 Data used in the analyses and results obtained from the WoE method 

F
ac

to
r 

C
la

ss
 

N
p

ix
1
 

N
sl

id
e
 

N
cl

as
s 

N
p

ix
2
 

N
p

ix
3
 

N
p

ix
4
 

W
+

 

W
- 

C
  

S
lo

p
e
 a

n
g

le
 

(d
eg

re
e)

 

0 - 5 97 5126 15104 5029 15007 186378 -1.37 0.06 -1.43 

5 - 12 1362 5126 71393 3764 70031 131354 -0.27 0.12 -0.39 

12 - 30 2914 5126 110037 2212 107123 94262 0.07 -0.08 0.15 

30 - 45 703 5126 9661 4423 8958 192427 1.13 -0.10 1.23 

>45 50 5126 316 5076 266 201119 2.00 -0.01 2.01 

C
u

rv
at

u
re

 Concave 3300 5126 104276 1826 100976 100409 0.25 -0.34 0.59 

Flat   45 5126 1944 5081 1899 199486 -0.07 0.00 -0.07 

Convex 1781 5126 100291 3345 98510 102875 -0.34 0.24 -0.59 

A
sp

ec
t 

N 261 5126 9699 4865 9438 191947 0.08 0.00 0.09 

NE 1466 5126 37106 3660 35640 165745 0.48 -0.14 0.62 

E 1226 5126 41856 3900 40630 160755 0.17 -0.05 0.22 

SE 636 5126 31166 4490 30530 170855 -0.20 0.03 -0.23 

S 591 5126 26762 4535 26171 175214 -0.12 0.02 -0.14 

SW 522 5126 28551 4604 28029 173356 -0.31 0.04 -0.35 

W 262 5126 18760 4864 18498 182887 -0.59 0.04 -0.63 

NW 68 5126 7457 5058 7389 193996 -1.02 0.02 -1.04 

N 94 5126 5154 5032 5060 196325 -0.31 0.01 -0.32 

R
ai

n
fa

ll
(m

m
/y

r)
 627 - 727 811 5126 39813 4315 39002 162400 -0.20 0.04 -0.25 

727 - 813 754 5126 53885 4372 53131 148271 -0.58 0.15 -0.73 

813 - 901 1802 5126 51601 3324 49799 151603 0.35 -0.15 0.50 

901 - 994 1253 5126 34881 3873 33628 167774 0.38 -0.10 0.48 

994 - 1125.2 506 5126 26348 4620 25842 175560 -0.26 0.03 -0.30 

D
is

ta
n

ce
 t

o
 s

tr
ea

m
 (

m
) 0-50 1028 5126 24940 4098 23912 177490 0.52 -0.10 0.62 

50- 100 940 5126 22768 4186 21828 179574 0.53 -0.09 0.61 

100-150 632 5126 23290 4494 22658 178744 0.09 -0.01 0.10 

150 - 200  349 5126 16063 4777 15714 185688 -0.14 0.01 -0.15 

>200 2177 5126 119467 2949 117290 84112 -0.32 0.32 -0.64 

L
an

d
 u

se
 

Agricultural Land 3091 5126 143001 2035 139910 61492 -0.14 0.26 -0.40 

Moderate Forest 22 5126 4844 5104 4822 196580 -1.72 0.02 -1.74 

River 77 5126 2048 5049 1971 199431 0.43 -0.01 0.43 

Graze Land 1477 5126 29754 3649 28277 173125 0.72 -0.19 0.91 

Sparse Forest 121 5126 3481 5005 3360 198042 0.35 -0.01 0.35 

Settlement 54 5126 14047 5072 13993 187409 -1.89 0.06 -1.95 

Bush 284 5126 9353 4842 9069 192333 0.21 -0.01 0.22 

L
it

h
o

lo
g

y
 

Residual Soils 61 5126 26102 5065 26041 175352 -2.39 0.13 -2.51 

Trachyte 149 5126 10983 4977 10834 190559 -0.62 0.03 -0.64 

Weathered Tuff 1007 5126 59963 4119 58956 142437 -0.40 0.13 -0.53 

Rhyolite 1191 5126 36735 3935 35544 165849 0.27 -0.07 0.35 

Colluvial deposit 915 5126 25804 4211 24889 176504 0.37 -0.06 0.43 

Weathered Basalt 1751 5126 45022 3375 43271 158122 0.46 -0.18 0.64 

Alluvial deposit 52 5126 1910 5074 1858 199535 0.09 0.00 0.10 

 

The causative factors were classified into different classes and weights were assigned 

to them for both FR and WoE models as presented in table 6.1 and 6.2 respectively. 

These results show that the relative susceptibility of each class is almost similar for 

both models. This implies that if a class has lower or higher susceptibility this is true 

for both methods. In the case of the FR model, the spatial relationship between the 

factors and landslide is determined by the FR value. The factor class with FR value > 1 
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will have a high degree of landslide occurrence. On the other hand, for the WoE model, 

W+ and C factor describe the correlation and spatial association of the landslide with 

factors. The positive C factor indicates a positive association, which is more landslide 

occurrence and vice versa for negative C factor. The higher contrast (C) value in the 

WoE model indicates a higher degree of influence on landslide occurrence. 

Generally, the weight values derived from each method shows the spatial relationships 

of the causative factors in contributing for the landslide occurrences. The association is 

more or less the same in both models.  

For slope angle between120 - 300, has a higher contribution to landslide occurrence. 

This is due to the fact that these slopes relatively moderate and consists of colluvial and 

alluvial materials, then most of debris slide/ flow are associated. In addition these slopes 

are relatively moderate and the farmers used for agricultural practice. The area with a 

slope angle >450 class is most prone to landslide occurrence and the area with a slope 

gradient of less than 50 is least prone to landslide. Generally, as the slope angle 

increases, the probability of landslide occurrence also increases.  

In the case of aspect class, the result revealed that the slope facing towards the northeast 

(22.5 – 67.5), east (67.5 – 112.5) and north (0 – 22.5) is greater than one, which 

indicates a higher probability of landslide occurrence. Northeast aspect has got the 

maximum weight followed by east. The curvature range of (-3.6) - (-0.001) has a greater 

contribution to the occurrence of slope failure. Hence, landslides are more likely to 

occur within these zones because the concave slope are surface and groundwater 

accumulation areas and percolated into the soil mass. This results the reduction of shear 

strength of soil mass in the slope. In the case of lithology, three units (colluvial deposit, 

weathered basalt and rhyolite) have high probability of landslide occurrence. Colluvial 

deposit and basalts are less resistance lithology because the basaltic rocks are weathered 

and susceptible to landslide. Rhyolitic rocks in the study area were located by forming 

a cliff overlying thin residual soils. As a result, most of the landslides have occurred at 

the contact between rhyolite and thin residual soils (easily eroded by surface water).  

The type of land use governs the occurrence of landslide in the study area and it may 

have an effect on the presence or absence of landslide. Therefore, the highest the C and 

FR values of both models were observed in graze land, river, sparse forest and bushes 

which indicates a high probability of landslide occurrence. The highest the C and FR 
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values of graze land is due to overgrazing of the area that exposes it for erosion and 

weathering processes.  

In the case of the relationship between landslide occurrence and the distance from the 

stream, as the distance from stream increases, the occurrence of landslide generally 

decreases. The occurrence of the landslide was higher in the first three classes with a 

distance of 0 – 50m, 50 – 100m and 100 – 150m (Table 6.1 and 6.2). With regard to the 

rainfall, two classes with 813 – 901mm and 901 - 994 mm have a higher C and FR 

values than the other classes and are the most susceptible (Table 6.1and 6.2). 

Generally, for slope angle (> 120), land use classes of grazing land, sparse forest, river 

and bush; lithology of colluvial deposit, weathered basalt, alluvial deposit and rhyolite 

and distance to stream classes  of <150 m buffer are the major contributing factor 

classes among the seven landslide factors. 

6.2 Landslide Susceptibility Mapping Using FR and WoE Methods 

6.2.1 Application of FR Method 

Map of each causative factor is prepared with the help of ArcGIS and frequency ratio 

values were calculated. Then these FR assigned maps were added in ArcGIS using 

raster calculator to prepare the final landslide susceptibility map. The calculated values 

of FR for each pixel in the LSI indicate the relative susceptibility to landslide 

occurrence. The higher pixel values of LSI have the higher susceptible to landslides 

while the lower pixel values have lower susceptibility (Akgun et al., 2007). The 

landslide susceptibility index has been calculated based on the frequency ratio values 

that have been determined in the training process and can be added in a raster calculator 

as follows: 

𝐿𝑆𝐼 = 𝐹𝑅𝑠𝑙 + 𝐹𝑅𝑎𝑠 + 𝐹𝑅𝑐𝑢 + 𝐹𝑅𝑙𝑖 + 𝐹𝑅𝑙𝑢 + 𝐹𝑅𝑟𝑓 + 𝐹𝑅𝑑𝑠           … . 𝑒𝑞.  6.1         

Where FRsl = frequency ratio value of slope angle, Fras = frequency ratio value of 

aspect, = FRcu = frequency ratio value of curvature, FRli = frequency ratio value of 

lithology, FRlu = frequency ratio value of land use, FRrf = frequency ratio value of 

rainfall, FRds = frequency ratio value of distance to stream. 

The LSI value for the frequency ratio model of the study area ranges from 2.89 to 15.09. 

The LSI map is reclassified to develop a landslide susceptibility map of the study area 

(Fig. 6.2).   
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There are different types of classification methods such as natural break, equal interval, 

manual, standard deviation and quantile. In the current study, the best results were 

obtained through natural break method. The result of other classification methods 

revealed the susceptible areas with a high degree of exaggeration and a larger part of 

the study area fall into high susceptibility class. Therefore, the LSI values were 

classified into five susceptibility areas: very low (2.89 - 5.31), low (5.31 - 6.24), 

moderate (6.24 - 7.23), high (7.23 - 8.39) and very high (8.39 - 15.09) using the natural 

break method of classification. The result from Table 6.3  showed that 8.616%(16 km2), 

20.474%(38km2), 29.537%(54.9km2), 27.898% (51.8 km2) and 13.474% (25 km2) area 

falls in very low, low, moderate, high and very high susceptibility classes respectively.  

As Fig. 6.2 clearly shows, the very low and low susceptibility zones are dominantly 

concentrated in the northwestern and southwestern part of the study area, which is the 

plateau part of the study area including the localities of Welela Bahir, Shomeda and 

along Agona to Jinjero Gedel. Similarly very high and high susceptibility zones are 

concentrated in the southcentral, southeastern and eastern part of the study area, 

particularly in Asfa Meda (Majeta), Dubdubiya (Arata Gebriel) and Ditorka-Megersum 

respectively and scarcely distributed in the northern (locally Guna-Gedeba Village) and 

in the western part. Moderate susceptibility zones are distributed more or less 

throughout the study area. 

The high concentrations of landslides in those very high and high susceptibility zones 

of the above mention areas were due to the presence of colluvial and alluvial deposits, 

stream undercutting, man-made activities like intensive farming, deforestation, 

cultivation and scattered vegetation cover. 

Table 6.3 Landslide susceptibility class index and training landslide pixels of the FR model 

Landslide Susceptibility Class LSI NAP % of AP NTLP % of TLP Area in Km2 

Very Low 2.89 - 5.31 17782 8.616 24 0.468 16.0 

Low 5.31 - 6.24 42252 20.474 232 4.526 38.0 

Medium 6.24 - 7.23 60957 29.537 792 15.451 54.9 

High 7.23 - 8.39 57574 27.898 1937 37.788 51.8 

Very High 8.39 - 15.09 27807 13.474 2141 41.767 25.0 

Total 206372 100 5126 100 185.7 

Where LSI - landslide susceptibility index; NAP – number of area pixel; NTLP – number of training landslide pixel 
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Fig. 6.2 Landslide susceptibility map of the study area using FR Model 
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6.2.2 Application of WoE Method 

Producing final landslide susceptibility map of the study area by WoE model was based 

on the weighted result of the seven causative factors and the training landslide (Table 

6.2). The difference between W+ and W-, C = (W+ - W-) is the weight contrast which 

reflects the overall spatial association between causative factors and landslides. The 

weight contrast value (C) of all the seven causative factors was calculated using a raster 

calculator in ArcGIS spatial analyst tools to produce the LSI map. That is:  

𝐿𝑆𝐼 = 𝐶𝑠𝑙 + 𝐶𝑎𝑠 + 𝐶𝑐𝑢 + 𝐶𝑙𝑖 + 𝐶𝑙𝑢 + 𝐶𝑟𝑓 + 𝐶𝑑𝑠         … 𝑒𝑞. 6.2 

Where LSI landslide susceptibility index; Csl = weight contrast value of slope angle, 

Cas = weight contrast value of aspect, Ccu = weight contrast value of curvature, Cli = 

weight contrast value of lithology, Clu = weight contrast value of land use, Crf = weight 

contrast value of rainfall, Cds = weight contrast value of distance to stream.  

 The LSI value for the WoE model of the study area ranges from (-7.84) to 4.52. The 

LSI map is reclassified by the natural break method of classification technique to 

develop a landslide susceptibility map of the study area (Fig. 6.3). 

Then, the LSI values were classified in to five susceptibility zones: very low (-7.84 - -

3.72), low (-3.72 - -1.83), moderate (-1.83 - -0.28), high (-0.28 – 1.17) and very high 

(1.17 – 4.52). The result from Table 6.4 showed that 8.448%(15.7 km2), 

21.408%(39.8km2), 33.140%(61.5km2), 23.787% (44.2 km2) and 13.216% (24.5 km2) 

area falls in very low, low, moderate, high and very high susceptibility classes 

respectively. 

Table 6.4  Landslide susceptibility class index and training landslide pixels of WoE model 

Landslide Susceptibility Class LSI NAP % of AP NTLP % of TLP Area in Km2 

Very  Low -7.84 - -3.72 17435 8.448 23 0.449 15.7 

Low -3.72 - -1.83 44180 21.408 200 3.902 39.8 

Medium -1.83 - -0.28 68392 33.140 1062 20.718 61.5 

High -0.28 - 1.17 49090 23.787 1911 37.281 44.2 

Very High 1.17 - 4.52 27275 13.216 1930 37.651 24.5 

Total 206372 100 5126 100 185.7 

Where LSI - landslide susceptibility index; NAP – number of area pixel; NTLP – number of training landslide pixel 
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Fig. 6.3 Landslide susceptibility map of the study area using the WoE Model 

6.3 Validation of the Models 

Without model validation, landslide susceptibility maps are meaningless. As a result, 

validation of predictive landslide is an important part of the procedures for landslide 

susceptibility mapping (Bui et al. 2012). A predictive model map which was 
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constructed using 80% of the landslides with the causative factors was validated using 

the 20% of validation landslide dataset that was not used for building the model.  

There are various types of validation techniques of landslide susceptibility maps. In the 

current study, the performance of the LSMs produced by FR and WoE models were 

evaluated using Area Under the Curve (AUC) and Landslide Density Index (LDI).  

6.3.1 Area Under the Curve (AUC)  

The area-under-curvature (AUC) method works by creating success rate and prediction 

rate curves (Lee, 2005). Landslide susceptibility maps can be validated by comparing 

the susceptibility maps with both the training landslide (80%) and validation landslide 

(20%). The rate curves can be created for both techniques.    

The success rate curve is based on the comparison between the prediction map and the 

training landslide. And the prediction rate curve is based on the comparison between 

the predicted map and the validation landslide. The Area Under the Curve (AUC) of 

the success rate represents the quality of the model to reliably classify the occurrence 

of existing landslides, whereas the AUC of the prediction rate explains the capacity of 

the proposed landslide model for predicting landslide susceptibility (Pamela et al., 

2018). According to Yesilnacar and Topal (2005), the quantitative and qualitative 

relationship between AUC value and prediction accuracy can be classified as follows: 

0.5–0.6 is poor; 0.6–0.7 is average; 0.7–0.8 is good; 0.8–0.9 is very good and 0.9–1 is 

excellent. 

In this study, AUC was calculated by reclassifying LSI into 50 classes with descending 

order of their values of the pixels in the study area and combined with a landslide 

inventory. Then the rate curves were drawn through the cumulative percentage of both 

the training and validation landslide (y-axis) and cumulative area percentage (x-axis). 

The result showed that both the models exhibited very good performances. However, 

the FR model is better (success rate of 89.8% and prediction rate of 88.2%) than the 

WoE (success rate of 86.5% and prediction rate of 84.8%) model (Fig. 6.4).  



 

85 
 

 

Fig. 6.4 Success and Predictive rate Curves of the Models 

6.3.2 Landslide Density Index (LDI) 

For validation of the model, landslide pixel which has not been applied for constructing 

the models are generally considered as the future landslide area. In this work to check 

the validation of the landslide susceptibility model, the testing samples of 20% landslide 

pixels were overlaid over the landslide susceptibility map.  

Landslide density index was used to validate the model which is the ratio between the 

percentage of landslide pixels and the percentage of class pixels in each class on 

landslide susceptibility map (Pham et al. 2015). If the value of the landslide density 

index is increased from low to a very high level of severity the landslide susceptibility 

map to be valid.  

The calculation output of LDI points were presented in Table 6.5. The suitability of any 

susceptibility map can be validated by the fact that more percentage of the landslide 

should occur in high and very high susceptibility zones as compared to other zones 

(Fayez et al., 2018). 

𝐿𝐷𝐼 =  
𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑣𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑙𝑎𝑛𝑑𝑠𝑙𝑖𝑑𝑒 𝑝𝑖𝑥𝑒𝑙𝑠

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑎𝑟𝑒𝑎 𝑝𝑖𝑥𝑒𝑙 
              … . 𝑒𝑞.  6.3 
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Table 6.5 Validation of the model using Landslide Density Index method 

LS 

Class 

LSI NAP % of AP 

(m) 

NTLP % of 

TLP (n) 

LDI 

(n/m) 

NVLP % of 

VLP (o) 

LDI 

(o/m) 

Model 

VL 2.89 - 5.31 17782 8.616 24 0.468 0.054 8 0.679 0.079 

F
R

 

L 5.31 - 6.24 42252 20.474 232 4.526 0.221 91 7.725 0.377 

M 6.24 - 7.23 60957 29.537 792 15.451 0.523 188 15.959 0.540 

H 7.23 - 8.39 57574 27.898 1937 37.788 1.354 416 35.314 1.266 

VH 8.39 - 15.09 27807 13.474 2141 41.767 3.100 475 40.323 2.993 

V L -7.84 - -3.72 17435 8.448 23 0.449 0.053 13 1.104 0.131 

W
o

E
 

L -3.72 - -1.83 44180 21.408 200 3.902 0.182 53 4.499 0.210 

M -1.83 - -0.28 68392 33.140 1062 20.718 0.625 277 23.514 0.710 

H -0.28 - 1.17 49090 23.787 1911 37.281 1.567 408 34.635 1.456 

VH 1.17 - 4.52 27275 13.216 1930 37.651 2.849 427 36.248 2.743 

Notes: LSI - landslide susceptibility index; NAP – number of area pixel; NTLP – number of training landslide pixel; LDI – 

landslide density index; NVLP – number of validation landslide pixel, VL – very low, L – low, M – moderate, H – high, VH – 

very high 
 

 

Fig. 6.5 Landslide density of the models for both the training and validation landslide 

From Table 6.5, it can be observed that the landslide density values for very high 

susceptibility classes are 2.743 and 2.993 with respect to WoE and FR models, which 

are remarkably higher than the other classes. In addition to this, there is a gradual 

decrement in landslide density values from very high to very low susceptibility zone 

(Figure 6.5). This indicates the validity of the landslide susceptibility map.   

Can et al., 2005 and Bai et al., 2010 stated that the landslide data should lie in either 

high or very high classes for successful validation of LSM. Table 6.5, Fig. 6.5 and 6.7 

illustrates the characteristics of susceptibility classes for validation of both FR and WoE 

models. Generally, this method is also similar to the FR model and Landslide Density 

Index method. In summary, the highest landslide percentage or density is found in the 
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very high landslide susceptibility zone which indicates the reliability of landslide 

susceptibility maps produced from both models.  

 

Fig. 6.6 Bar diagram indicating the distribution of landslide susceptibility classes 

 

Fig. 6.7 Bar diagram showing the landslide in different landslide susceptibility classes for 
validation 
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Chapter 7 Conclusion and Recommendation 

7.1 Conclusion  

Landslide susceptibility mapping in Simada district, northwestern Ethiopia has been 

carried out using FR and WoE models. Landslide in this areas have impact on human 

and animal lives, agricultural lands, settlements, infrastructures as well as the social and 

economic dimension of the rural society. As a result preparation of landslide 

susceptibility map of the area is important for proper development and management of 

landslide-prone areas.  

From this point of view, a landslide inventory map of the study area was prepared with 

a total of 576 landslide locations and divided into training and validation landslide with 

80/20 proportions respectively. Seven landslide causative factors including slope, 

aspect, curvature, lithology, land use, rainfall and distance to stream were considered 

for the analysis and evaluation of the spatial relationship of these factors and landslide 

occurrence. 

 From FR values and WoE contrasts, it was possible to identify which factors and factor 

classes are playing a significant role in contributing to the occurrence of a landslide in 

the current study area. The FR values greater >1 and the WoE weight of contrast (C) 

values greater than 0 were found in a factor class of slope angle greater than 120 (three 

respective classes), curvature class of (-3.60) - (-0.001), slope facing towards N (0 – 

22.5), NE (22.5 – 67.5) and E (67.5 – 112.5) (three classes), areas near to stream (< 

150m (three class)), land use - graze land, river, sparse forest and bushes (four classes), 

lithology- colluvial deposit, alluvial deposit, weathered basalt, and rhyolite (four 

classes), rainfall ranges from 813 – 994mm (two classes). The finding of this study 

suggests that heavy rainfall is the typical landslide triggering factor in the study area. 

The LSI map of the study area was prepared based on FR values and WoE contrast 

values in ArcGIS 10.4 using the spatial analyst tools of raster calculator for both FR 

and WoE models. These LSI map was reclassified into five susceptibility classes 

according the natural breaks method of classification to produce the final landslide 

susceptibility maps. These landslide susceptibility map classes are very low, low, 

moderate, high and very high classes.  

The performance of the final landslide susceptibility map produced by FR and WoE 

models were validated using Landslide Density Index (LDI) and AUC values. The 
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result reveals that very low, low, moderate, high and very high values of landslide 

susceptibility map are comparable with Landslide Density Index. In the case of AUC, 

the rate curves were drawn using the cumulative percentage of the landslide in the y-

axis and cumulative percentage of map area in the x-axis. The result showed that both 

models exhibited very good performance, however, the FR model being better (success 

rate of 89.8% and prediction rate of 88.2%) than the WoE model (success rate of 86.5% 

and prediction rate of 84.8%). The study confirmed that the FR and WoE models of 

bivariate statistical methods were effective and simple methods for landslide 

susceptibility mapping in the mountainous area of Simada area that includes Guna 

Mountain.  

Since the LSM of the study area was prepared with a scale of 1:50,000; field engineers, 

geologists, designers and decision-makers can use it for regional land use planning, 

engineering structure site selection, and landslide prevention and mitigation purpose. 

7.2 Recommendation  

Landslide in the study area has affected the local people who are living nearby. Their 

animals were died, houses and agricultural lands were destroyed and both social and 

economic activities were affected. The present study reveals that the integration of 

various factors was responsible for causing landslide in the study area.  Consequently, 

in addition to preparing landslide susceptibility maps of the area; suggesting the 

necessary preventive measures on high and very high susceptibility zones of the 

mapped area are essential in order to reduce the impact of landslide hazards in the 

future. Therefore; based on this study the following general protective or remedial 

measures are recommended: 

Replant Trees and Afforestation: Most parts of the study area (85%) are covered by 

sparsely vegetated and agricultural lands, and the local people used as graze land, this 

leads to bare land and finally erosion of soils on slope area. So vegetation cover with 

terracing may stabilize the underlying slope by reducing the pore water pressure and 

the plant roots tightly strengthen the underlying soils. This should be applied in 

Asfameda (Majeta), Dubdubiya (Arata Gebriel) and Ditorka villages 

Resettlement: The present work showed that 39% (73 Km2) of the area falls under very 

high and high landslide susceptibility zones. These zones are highly prone to future 

landslide activities. Therefore, the local people who are currently living in these zones 
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particularly people found in Arata Gabriel in Dubdubiya village and Majeta in Asfa 

Meda Village that are located at the base of highly unstable slope should be relocated.   

Proper Management of Drainage: In the study area, there is poor or no drainage 

management system. Applying proper drainage systems on critical slopes will be an 

effective measure to stabilize the slopes in the area. Since surface drainage systems 

such as ditches and pipes can prevent the entrance of surface water into the failed slopes. 

This stabilization methods are particularly recommended along the gravel road sides in 

Teji Wuha to Gedeba and Ditorka villages.  

Applying Gabion, Check Dam and Planting Trees: Near to/on the Kostet River, 

Atkus River, Gisa River, Bijena River and Wogeda River and their tributaries which 

flow throughout the year results causing slope instability and slope undercutting. 

Therefore, the integral use of these listed preventive and mitigation methods are 

mandatory to tackle stream and river undercutting. 

Public Awareness and Education: To protect unstable slopes; the local people need 

to know the nature of landslide hazards and its potential impact on them and to the 

community, their option to reduce the impact and how to carry out the specific remedial 

measure. Further, local decision-makers should prevent people from excessive 

deforestation, farming unstable areas, unsystematic changes in land use and land cover 

pattern, removing materials from the soil or cutting trees without proper advice from 

professional person or any specialized institutions. 

The appropriate landslide database should be recorded at local, Regional and Federal 

levels in order to develop landslide hazard and risk maps in the future.   

Finally the produced landslide susceptibility map could be used by decision-makers in 

regional land use planning, engineering structure site selection, landslide prevention 

and mitigation measures. 
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Appendices  
Appendix 1 Rainfall data of four stations (30 yr): Simada, Kimir Dingay, Mekaneyesus and Nefas Mewcha 

 

1 2 3 4 5 6 7 8 9 10 11 12

2006 1.3 0 48.2 60.3 86.4 68.7 363.6 321.5 144 58.9 12.2 4.6 1169.9

2007 16.5 45.1 26.3 41.3 78.1 237.1 375 333.6 155 53.3 8.2 11 1380

2008 23.4 0 0 4.7 111.1 100.2 270.9 260.1 107 63.4 28.2 6.5 975.5

2009 1.8 5.9 60.1 7.9 7.9 18.8 1.6 38 141.8

2010 0 8.3 68.8 81.4 76.7 50.9 264 326.1 202 9.1 28.9 19 1134.9

2011 15.3 0 53.5 12.4 70.2 72.1 107.5 234.6 290 131 0 65 1051.1

2012 0 0 0 44 27.6 124.2 403.8 411.3 101 33.1 13.4 0 1158.5

2013 3.9 1 16.4 11.6 58.7 103.7 444.9 281.6 125 122 3.7 0 1173.1

2014 0 1.7 72.9 35.8 124.2 112.8 174.6 332.9 181 47.4 82.3 1165.8

2015 0 17 41.5 0 182.8 63.6 197.7 335.9 136 5.8 31.4 38 1050.2

2016 0 0 17.8 43.7 129.2 108 291.3 205.1 136 44.5 975.5

2016 28.9 54.4 21.3 149.3 93.6 752.9 199.3 308 12.4 8.7 0 1628.9

1987 29.8 30 138.2 106.4 157.7 344.1 39.4 87.8 10.3 7.3 951

1988 4.2 51.8 0.1 17.1 50.7 94.3 502.6 359.9 191 87.7 8.8 13 1381.8

1989 3.7 2.6 126 36.3 40 45.8 296.8 551.3

1994 16.8 0 10.3 105 153 412.7 500.3 215 0 3.5 9 1425.9

1995 0 10.5 60.9 94.7 78.8 74.2 523 305.9 95.3 4.5 23.4 54 1325

1996 10.6 10.8 66.9 111 143.9 180.8 464.4 361.1 111 11.2 73.5 5.3 1550.7

1997 0 12.1 57.4 111 146.3 247.5 463.6 261.3 63 211 92.1 9.9 1675

1998 22.7 0 28 5.1 98.2 101.2 489.8 556.9 233 125 0 0 1659.9

1999 37.4 0 0 42.7 7.7 112.6 479.4 379.6 137 208 3.4 18 1425.4

2000 0 0 8.2 105 25.9 77 321.6 274.2 55.6 76.4 31.6 6 981.3

2001 0 0 51.6 28.1 33.6 196.4 562.4 400 107 66.7 19.3 20 1484.7

2002 7.6 15.7 100 36.3 7.6 147.3 240 336.4 66.6 3.3 28.1 30 1018.7

2003 0 35.4 59.6 23.2 12.4 128.4 406.6 445.9 256 0 6.4 1 1375.2

2004 4.2 24.9 24.2 62.3 25.2 168 364 324.5 81.1 33.6 17.8 2.4 1132.2

2005 18.4 0 76.9 23.6 38.6 48.5 390.3 387.7 123 0 26.6 0 1133.2

2006 0 1.7 26.3 96.6 129.2 131.1 335 572.2 138 24.2 30.6 21 1505.7

2007 27 18.7 52.8 77 72 256.5 473.1 423.7 198 27.6 41.3 0 1667.3

2008 26.3 0 26.3

2009 0 0 64.7 7.8 1.8 20.7 296.4 99.2 110 25.5 0 625.8

2010 0 34.3 84.5 87.7 573.6 487.6 234 22.6 0 1524.7

2012 0 97.6 153 371.5 622.1

2013 2 44.2 6.7 32.9 38.4 229.2 479.3 505 74.8 47.8 58.7 1519

2014 0 0 112 84.3 84.9 241.8 473 384 87 45.1 0 1511.9

2015 0 22.1 49.9 44.3 177.8 115.9 446.7 156 1012.9

2016 0 0 0 79 169.7 130.2 457.3 399.9 242 17.5 0 0 1495.4

1987 0 0 44 44

1994 182.1 356.6 295.3 219 18.2 30 2.3 1103.5

1995 0 0 26.1 68.8 102.4 44.5 296.5 222.9 133 0.2 7.2 24 925.8

1996 20.3 12.5 83.9 79.8 124.5 183.9 511.5 345.2 258 19.6 32 5.4 1676.1

1997 0.3 0 79.6 32.6 99.9 363.3 351.6 129 103 100 5.6 1264.8

1998 2.9 0 35.1 16.9 75.3 265 301.1 262.5 249 100 1.2 0 1309.2

1999 24.3 0 0 72.2 24.4 125.8 365 349.5 185 194 7.9 31 1378

2000 0 0 26.9 67.4 40.2 183.3 426.7 279.2 143 145 73 28 1412.7
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2001 0 4.7 52.2 79.3 58.8 260.5 377 401.9 64.9 73.6 0 12 1385

2002 3.8 1.2 52.1 34.5 5.8 191.1 344.3 362.8 207 14.6 3.2 3.6 1224.1

2003 0 16.5 76.8 6.3 10.7 168.6 379.2 316.4 237 16.5 3.7 21 1252.6

2004 5.2 8.3 11.2 57.7 23.2 132.2 415.1 194.2 103 44.7 22.3 2.4 1019.6

2005 3.9 3.6 56.6 12.9 35.8 115.8 330.2 257.1 39.8 0 855.7

2006 0 2.9 16.5 42.2 125.1 257.4 310.8 277.2 220 68.7 40.8 30 1391.3

2007 11.9 11.1 41.1 42.9 73.9 343.9 355.4 278.3 160 36.7 70 0 1425.5

2008 6.4 5 0 70.2 178.3 193.5 330 304 107 95.4 15.4 0.2 1305.8

2009 0 26.4 57 11.8 23 0 442.3 253.8 81.3 109 28.8 15 1048

2010 22 0 29.1 62.6 84.7 174.9 511.1 322.7 233 24.1 44 14 1522.2

2011 28.1 0.3 35.4 20.1 115.6 253.3 371.5 181 29 89.3 0 1123.8

2012 0 0 31.5 8.4 59.2 259.8 317.5 253.6 259 76.4 26 24 1315

2013 2.7 0 13.6 20.4 68.4 184.5 452.5 305.3 131 144 57.5 0.4 1380.1

2014 37.9 4.3 42.3 71.9 164.4 154.1 255.1 305.1 131 84.1 33.7 0.3 1284

2015 45.4 315.4 353.4 206 29 34 982.4

2016 0 0.9 15.1 12.2 145.6 216.8 305.8 418.3 133 61.5 0 0 1308.7

1987 8.6 18.3 71.1 26.5 140.8 29.8 85.6 283.9 46 13.2 0.5 38 762.3

1988 4.8 86.8 0 34.2 28.6 42.1 451.8 239 142 68 14.5 5.7 1117.6

1989 10.6 5.6 96.6 60.5 8.5 52.5 265.4 184.5 684.2

1991 2.8 6 57 65.3

1992 20.6 10.4 49.7 116 91.4 72.1 381.7 690.1 170 139 116 76 1932.7

1993 0 19.4 133 230 98.7 21.6 277.5 229.3 118 36.1 0.8 0.5 1164.3

1994 4.1 19.2 49.6 44.8 109 3.2 1 0.8 231.6

1995 0 12 38.9 59.9 82 39.1 366.7 263.4 103 1.3 8.9 33 1008.1

1996 19.3 4.6 75.8 70 137.9 108.2 333.3 272.8 75.5 2.6 54.1 0 1154.1

1997 0.6 0 89.3 63.4 59.4 163.6 190.1 232.3 59.3 133 93.7 11 1096.1

1998 26.4 20.2 60.5 18 84.8 47.6 510.1 322.5 114 60.8 3 0 1267.7

1999 35.7 0 0 31.7 12.8 58.5 411.6 326 118 71.7 7 7.3 1080.6

2000 0 1.6 11 118 21.7 51.5 349.2 393.5 125 144 29.1 20 1265.1

2001 0 1.6 62 16.6 75.8 121.5 378.3 344.1 44.3 9.5 2.1 5.9 1061.7

2002 51 14.3 113 63.2 13.6 41 234.8 263.1 91.1 0.5 21.7 63 969.8

2003 2.7 64.1 69.3 64.2 19.4 64 349 317.9 81.1 2.5 3.5 26 1063.6

2004 4.5 31.9 38.1 51 11.1 75.9 211.1 221.4 49.1 30.5 7.1 9.9 741.6

2005 19.4 0 82.7 40.5 68.1 49.7 381.4 317.3 85.1 13.1 52.2 0 1109.5

2006 0 0 37.2 20.6 132 38.7 21.6 18 267.5

2007 30.7 22.4 53.8 81.1 163.1 401.8 330.7 112 1.4 21.4 0 1218.2

2008 2.9 0.6 2.1 40.2 162.4 96 293.2 364.9 70.1 67.3 0 16 1115.2

2009 0 8 70.6 32.7 50.1 0 66 227.6

2010 12.3 3.5 63.2 66.4 91.9 16.7 393.1 407.4 162 13.4 24.6 20 1273.8

2011 14.6 0 93.7 87.1 68.8 78.2 343 257.1 109 5.9 86.3 0 1143.6

2012 0 90.6 36.6 23 101.2 249.5 294.2 113 11.4 31.2 7.7 958.2

2013 32 0 51.9 46.7 27.9 80.9 392.9 322.6 81.1 125 26.5 0 1187.5

2014 32.1 9.9 57.9 51.5 191.1 27 219.9 213.9 154 40.9 72.8 12 1083.1

2015 0 20.5 47.8 9.4 124.6 51.8 152.8 335.4 116 7.6 39 92 996.7

2016 34 4.7 51.6 42.8 157.4 96.8 422.7 249.4 87.1 23.8 0 0 1170.3N
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Appendix 2 Landslide inventory Data of the Study Area 
A) Location of landslide in Dubdubiya Village 
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Types of slope material 

  

Probable Causes 

  

Damaged/affected/death 

1 416933 1277109 7 10 2 1 Rotational  Active clay soil Heavy rainfall & small stream cut Agricultural crops 

2 416991 1277287 5 3 2 0.5 Rock fall  Reactivated Weathered rock Slope gradient & human activity Grass land 

3 417180 1277135 85 15 25 1 Earth flow Active weathered soil Slope gradient, human activity & 

heavy rainfall 

Grass land and agricultural crops 

4 417494 1277237 65 20   1.5 Earth flow Active Deep weathered soil Heavy rainfall & slope gradient Agricultural crops 

5 417581 1277170 72 35 55 7 Debris flow Reactivated Rock and soil Heavy rainfall & slope gradient Agricultural crops 

6 417705 1277101 120 250 110 175 Rockslide  Reactivated  Weathered rock Spring, slope gradient and heavy 

rainfall 

1.5 Ha Grass land and agricultural 

crops 

7 417759 1277200 425 200 225 20 Translational Active Colluvial deposits Spring, slope gradient & human 

activity 

4 Ha Agricultural crops, 5 houses & 

7 Goats 

8 417588 1277283 450 135 145 3.5 Debris flow Reactivated Colluvial deposits Slope gradient & human activity Agricultural crops & grass land 

9 417894 1277268 30 55 17 5.8 Rock toppling  Reactivated Closely spaced jointed rock Slope gradient, physical weathering, 

plant root & rainfall 

Grass land 

10 417962 1277286 40 11 18 8 Earth flow Active  Clay soil Surface erosion & heavy rainfall Grass land and agricultural crops 

11 417999 1277199 220 25 20 1.8 Debris flow Active  Colluvial and weathered and 

fractured felsic rock 

Heavy rainfall, human activity & 

spring flow in rainy season 

Grass land and agricultural crops 

12 418084 1277107 300 15 30 1.2 Debris flow Reactivated Colluvial and weathered and 

fractured rhyolite 

Heavy rainfall, human activity & 

spring flow in rainy season 

Grass land, partially Mosque and 

agricultural crops 

13 418137 1276977 62 20 35 17 Rock fall Active  Highly fractured basalt and 

colluvial deposit 

Slope gradient, physical weathering 

& heavy rainfall 

Grass land & agricultural crops 

14 418885 1278130 100 125   8 Earth slide Reactivated Colluvial and alluvial deposit Stream erosion, slope gradient & 

human activity 

Agricultural crops 

15 417851 1277282 450 35 110 1.2 Rock slide Active  Differential weathered and 

fractured rhyolite 

Slope gradient & physical 

weathering 

Grass land, agricultural crops, 

houses 

16 417897 1277366 200 45 100 2.5 Debris flow Active  Highly weathered basalt, 

residual soils 

slope gradient, human activity & 

heavy rainfall 

Grass land, agricultural crops, 

house & animals 

17 417876 1277878 750 225 450 45 Rotational 

slide 

Reactivated  Colluvial deposits, soil and 

rocks 

Human activity, spring flow, river 

and stream cut 

Agricultural crops 

18 418402 1278418 100 75   10 Rotational 

slide 

Reactivated Colluvial & alluvial deposit River cut, slope materials & heavy 

rainfall 

Agricultural crops 

19 417422 1278411 45 27.5   12.

5 

Rock slide Reactivated  Weathered basalt and tuff 

intercalation 

Stream cut, slope gradient, heavy 

rainfall & physical weathering 

Grassland and agricultural crops 

20 417564 1278557 50 22.5 11.5 2 Rock slide Reactivated  Highly weathered reddish-

brown basalt 

Slope gradient, heavy rainfall & 

physical weathering 

Grassland and agricultural crops 

21 417656 1278619 90 70 35 2.5 Debris flow Reactivated Highly weathered basalt Heavy rainfall & over grazing Grassland and agricultural crops 
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22 416928 1277448 57 11 15 2.4 Earth slide Active  Colluvial deposit Heavy rainfall and slope materials Agricultural crops and eucalyptus 

23 416776 1277487 32.5 22.5   1.3 Earth flow Active  Highly weathered colluvial soil Heavy rainfall, slope gradient, 

human activity 

Agricultural crops 

24 416419 1277905 120 200 60 50 Rock slide Reactivated Basalt tuff intercalation Slope gradient, stream cut, 

lithology, human activity 

Grass land 

25 416664 1278226 175 20   1.5 Debris flow Active  Colluvial deposit Heavy rainfall and human activity Agricultural crops 

26 416815 1277342 12.5 8   1 Earth flow Active  Thin residual soil overly on 

columnar basalt 

Heavy rainfall, stream cut, surface 

erosion and human activity 

Grass land and agricultural crops 

27 416846 1276976 15 6 12.5 0.5 Rotational   

soil slide 

Active  Residual  soil heavy rainfall, stream cut and 

human activity 

Agricultural crops 

28 416599 1276709 10 7 9 1.5 Translational  

soil slide 

Active  Residual soil and organic soil Heavy rainfall and human activity Agricultural crops, juniper trees and 

eucalyptus  

29 414360 1277248 205 17.5 75 1 Debris flow Active  Felsic rock with colluvial soil Heavy rainfall, slope gradient and 

physical weathering 

Agricultural crops, eucalyptus and 

gravel road 

30 414306 1277290 100 45 50 37 Rock slide Past  Medium to highly weathered 

felsic rock 

Physical weathering, heavy rainfall 

& slope gradient 

Grass land with gravel road and 

crop land 

31 414055 1277268 150 155 70 25 Rock toppling Past  Weathered rock Road cut, physical weathering, 

heavy rainfall & slope gradient 

Gravel road and grassland with crop 

land 

32 413840 1277078 105 115 70 25 Rotational 

soil and rock 

Past  Weathered felsic rock and 

colluvial soil 

Road cut, physical weathering, 

heavy rainfall & slope gradient 

Grassland and gravel road 

33 414518 1277631 50 5 10 1.8 Earth flow Active  Thin residual soil overly on 

felsic rock 

Heavy rainfall, slope gradient, 

human activity 

Grass land agricultural crops 

34 414615 1277488   40   7 Scarp  Active  Thick colluvial soil with gravel Stream cut, physical weathering and 

heavy rainfall 

Agricultural crops covered with 

wheat 

35 414855 1277379 20 15 10 1 Rotational  

soil slide 

Active  Thick colluvial soil with gravel Small stream cut, heavy rainfall and 

human activity 

Agricultural  crops 

36 416053 1277786 60 30 15 1.5 Earth flow Active  Colluvial  soil Slope gradient, small stream cut, 

human activity and heavy rainfall 

Agricultural  crops 

37 416026 1277524   65   10 Scarp  Active  Colluvial soil deposit Stream cut, heavy rainfall, over 

grazing and slope gradient 

Grass land 

38 416895 1277875 65 40 20 1.7

5 

Complex(slid

e & flow) 

Active  Thin soil overlay on rhyolitic 

weathered rock 

Heavy rainfall, slope gradient and 

human activity 

Agricultural crops covered with teff 

and foot root 

39 417121 1277796 95 25 40 1.2 Earth flow Active  Thin soil and colluvial deposit Slope gradient, heavy rainfall and 

human activity 

Vegetation, agricultural crops and 8 

Houses are under risk 

40 417221 1277642 105 80 45 0.8 Earth flow Active  Colluvial deposit overlay on 

weathered felsic rock 

Heavy rainfall, slope gradient and 

human activity 

Agricultural crops,  grass land and 5 

Houses are under risk 

41 417293 1278164 70 210   5 Translational 

earth slide 

Past  Colluvial deposit Stream cut, heavy rainfall, slope 

gradient & lithology 

agricultural land and eucalyptus 

42 417973 1280762 70 140 35 2.5 Translational 

soil slide 

Reactivated  Alluvial deposit Stream cut, foot root, heavy rainfall 

& lithology 

Agricultural land,  eucalyptus 

3houses are under risk 

43 416601 1277803 85 60 30 2 Rotational  Reactivated  Colluvial and alluvial deposit Stream cut,  slope material & heavy 

rainfall 

Agricultural land and eucalyptus 

44 414900 1278037 150 33   1 Debris flow Active  Thin residual soil overlay on 

weathered felsic rock 

Heavy rainfall, slope gradient, 

human activity 

Agricultural land and  foot root 

45 417528 1278713 200 100 150 17 Rock slide Past  Medium to highly weathered 

felsic rock 

Physical weathering, heavy rainfall 

& slope gradient 

Agricultural land 
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B) Landslide in Asfa Meda Village 
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Material 

  

Probable Causes 

  

Damaged/affected 

1 421504 1273004 60 20 35 1 Translational  

slide 

Active  Colluvial deposit Heavy rainfall and human activity Agricultural crops 

2 421226 1272950 250 100 180 40 Rock toppling Passive  Vertically jointed and 

weathered Felsic rock 

Slope gradient, physical weathering, 

plant roots 

½ Ha Grass land 

3 421458 1273723 300 120 200 1.5 Translational  

slide 

Active  Colluvial deposit Stream cut, human activity, foot root 2.5 Hectare of agricultural crops  

4 421160 1273695 120 30     Creep Active  Colluvial deposit Spring flow and heavy rainfall 1/3 Ha Agricultural crops 

5 420734 1274445 775 325 500 2.5 Rotational Reactivated  Colluvial and alluvial deposit Heavy rainfall and stream cut 3 Ha agricultural crops  

6 420689 1274349 45 25 20 1 Rotational 

slide 

Active  Colluvial and alluvial deposit Heavy rainfall, stream cut and 

human activity 

3/2 Ha agricultural crops 

7 420871 1275282 125 42.5 85 12.

5 

Rock slide Reactivated  Vertically jointed and 

weathered Felsic rock 

Slope  gradient, weathering, plant 

roots and heavy rainfall 

2 Ha eucalyptus and agricultural 

crops 

8 421010 1274177 135 100 126 2.5 Rotational 

slide 

Reactivated  Colluvial and alluvial deposit Stream cut, foot root and human 

activity 

Agricultural crops 

9 420946 1274161 60 35 Erod

ed  

4 Translational 

soil slide 

Active  Colluvial soil deposit and 

weathered basalt 

Stream cut, over grazing and human 

activity 

Vegetation and agricultural crops 

10 420827 1274080 50 65 25 1.5 Rotational 

slide 

Reactivated  Colluvial soil deposit and 

weathered basalt 

Stream cut, heavy rainfall and 

human activity 

Grass land and agricultural crops, 5 

houses live under risk 

11 420668 1274051 32.5 25 30 1 Translational 

soil slide 

Active  Colluvial deposit Stream cut, heavy rainfall and 

human activity 

1 Ha Agricultural crops 

12 420612 1274084 60 70 15 50 Translational Active  Colluvial deposit and 

weathered basalt 

Stream cut, heavy rainfall and 

human activity 

1.5Ha Agricultural crops 

13 420450 1274026 215 100 140 2.5 Complex Reactivated  Colluvial deposit Stream cut and human activity 2 Ha Agricultural crops 

14 420389 1274022 225 210 70 2 Translational 

soil slide 

Reactivated  Colluvial deposit Stream cut, spring  and human 

activity 

3Ha Agricultural crops, grass land 

and 7 houses are live under risk 

15 420364 1274469 135 110 105 5 Rotational 

soil slide 

Passive  Colluvial and alluvial deposit Stream cut, heavy rainfall, foot root 

and human activity 

Agricultural crops 

16 420327 1274508 230 112.5 175 5.5 Rotational 

soil slide 

Reactivated  Colluvial and alluvial deposit stream cut, spring  and human 

activity 

Agricultural  crops 

17 420214 1274655 550 75 300 2.5 Rotational 

soil slide 

Reactivated  Colluvial soil deposit and 

weathered basalt 

Stream cut, slope gradient and 

human activity 

Agricultural crops 

18 420096 1274717 225 450 100 3 translational 

soil slide 

Reactivated  Colluvial soil deposit and 

weathered basalt 

Stream, spring, slope gradient and 

human activity 

5 Ha Agricultural crops and 10 

households are relocated 

19 420226 1274580   65   47.

5 

Scarp  Active  Colluvial soil deposit and 

alluvial deposits 

Stream cut and human activity Agricultural crops 

20 420123 1274778 90 140 65 13 Rotational 

soil slide 

Reactivated  Colluvial soil and weathered 

basalt 

stream cut, surface erosion, heavy 

rainfall, human activity 

8 Ha Agricultural crops  

21 418640 1276151 35 30     Creep  Reactivated  Colluvial soil deposit Stream cut and human activity Agricultural crops 

22 418544 1276244 120 175     Creep  Active  Residual soil Heavy rainfall and human activity Agricultural crops and 1 House 
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C) Location of active landslide inTeji Wuha Gabriel to Gedeba Village 
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Material 

  

Probable Causes 

  

Damage 

1 419557 1287408 28 47 21 8.5 Rotational soil 

slide 

reactivated Colluvial soil overlaid on 

unwelded tuff 

Stream erosion, intensive farming, 

overgrazing, lithology 

1 Ha agricultural crops and 1/8 Ha 

grass land 

2 419718 1287349 330 160     creep active Thick dark unconsolidated 

soil 

Stream cut, overgrazing, lithology, 

marsh area & presence of ditch on 

the top of this area 

Tilting of powerline, 3Ha grass 

land, 1 Ha agricultural crops, 4 

Houses & 1 Church are under risk 

3 420381 1287493 225 230   0.7 creep active Unconsolidated soil overlaid 

on unwelded tuff 

Presence of ditch on top of this area, 

spring, stream cut at the toe, Heavy 

rainfall and human activity 

2 Hectare Agricultural crops and 

grass land 

4 420394 1287833 275 215   0.6

5 

soil creep reactivated Thin unconsolidated residual 

soil overlaid on unwelded tuff 

Heavy rainfall, spring, presence of 

spring, this leads to the formation of 

temporal pond, stream erosion 

2.5 Hectare agricultural crops and 

grass land, 5 Houses and powerline 

are under risk  

5 420369 1288060   42.5   8 scarp active Unconsolidated soil overlaid 

on unwelded tuff 

Stream erosion, human activity, 

overgrazing, lithology, heavy 

rainfall, spring 

4 Ha grass land 

6 421623 1289514 675 275   0.3 creep active Unconsolidated soil  Spring, heavy rainfall, surface 

erosion, and overgrazing 

3 Ha grass land, gravel road, 

powerline and15 Houses are under 

risk 

7 421384 1289766 12.5 22.5 11 2.2

5 

Rotational soil 

slide 

active Unconsolidated soil overlaid 

on unwelded tuff 

Stream erosion, lithology, heavy 

rainfall,  human activity and spring 

in rainy season 

1/2 grass land 

8 421359 1289804 31 27.5 29 1 Rotational soil 

slide 

reactivated Colluvial soil overlaid on 

unwelded tuff 

Stream cut, human activity,  

lithology, presence of ditch on the 

top of this area, heavy rainfall 

Agricultural crops 

9 421459 1289888 17.5 65 14.5 1.2 Rotational soil 

slide 

reactivated Unconsolidated colluvial soil 

overlaid on unwelded tuff 

stream cut, spring, heavy rainfall, 

human activity 

1/2 agricultural crops, 1 House and 

powerline are under risk 

10 421485 1290569 12 45 10 1 rotational soil 

slide 

active Colluvial soil overlaid on 

unwelded tuff 

River cut, heavy rainfall, lithology, 

human activity 

1/2 agricultural crops, 5 House and 

powerline are under risk 

11 421660 1290368 20 17 19 0.5 Rotational soil 

slide 

active Colluvial soil overlaid on 

unwelded tuff 

River cut, heavy rainfall, lithology, 

human activity 

1/8 agricultural crops 

12 421390 1290383 140 55   0.4 creep reactivated Residual soil River cut, heavy rainfall, 

overgrazing, human activity 

6 Ha grassland and powerline is 

under risk 

13 421254 1290509 90 210   0.5 Soil creep active Unconsolidated soil overlaid 

on unwelded tuff 

River(Gisa) cut, road cut, spring, 

overgrazing 

1 Ha grass land, 8 Houses and 

bridge are under risk 

14 421226 1289753 47 55 23.5 17.

5 

Rotational soil 

slide 

active Unconsolidated colluvial soil 

deposit 

Stream erosion, spring, human 

activity, lithology 

2 Ha agricultural crops 

15 421107 1289668 7 175   14 soil scarp active Unconsolidated colluvial soil 

deposit 

stream cut, heavy rainfall, human 

activity, lithology 

1/4 Ha agricultural crops 

16 421034 1289597 16.5 32.5   11 soil 

scarp(curved) 

active Unconsolidated colluvial soil 

deposit 

Stream erosion, traffic weight and 

vibration(gravel road), heavy 

rainfall, human activity 

Agricultural crops, 2 Bridges of the 

gravel road and grass land 
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17 421073 1289502 11.5 65 8 0.5 Soil creeping 

and scarp 

reactivated Unconsolidated colluvial soil 

deposit 

Stream cut, heavy rainfall, human 

activity, lithology 

Bridge, agricultural crops and grass 

land 

18 421186 1289657 22 225 21 6.5 Rotational soil 

slide 

  Unconsolidated colluvial soil 

deposit 

Stream cut, heavy rainfall, lithology 

and over grazing 

Agricultural crops and grass land 

D) Location and types of active landslide in Ditorka to Megersum village 
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Types of slope material 

  

Probable Causes 

  

Damaged/affected/death 

1 421145 1285098 110 125 82 2 Complex Reactivated  Weathered pyroclastic rock Road cut, slope gradient, heavy 

rainfall and traffic weight 

1 Ha Agricultural crops 

2 421195 1284990 50 120 25 1.5 Earth slide Reactivated  Weathered pyroclastic rock Road cut, slope gradient, heavy 

rainfall and traffic weight 

Agricultural crops 

3 421365 1284740 115 30   8 Earth slide Reactivated  Thick unwelded tuff Small stream(galley erosion) & 

inappropriate position of ditch 

Agricultural lands 

4 421563 1284450 117 30   0.5 Creep  Reactivated  Thick residual soil Ditch on top & heavy rainfall Grass land and 2 houses 

5 421315 1284288 95 70 20 3 Earth slide Reactivated  alluvial and residual soil River cut & heavy rainfall Grass land 

6 421261 1284210 30 42   12 Debris slide Reactivated   Colluvial and alluvial deposit River cut, heavy rainfall, human 

activity and foot root 

Grass land 

7 421199 1284288   40   13 Soil scarp Reactivated  Colluvial and alluvial deposit River and stream cut with human 

activity 

Agricultural lands and foot root 

8 421583 1284075 30 72   5 Debris slide Reactivated  Alluvial deposit  River cut, slope gradient, slope 

materials  human activity 

Agricultural land 

9 421591 1284213 106 140   9 Rotational and 

transitional 

Reactivated  Residual soil River cut, spring flow and over 

grazing 

Grass land and foot root 

10 421732 1284153 65 25 8 5 Earth slide Active  Residual soil Galley erosion, improper selection 

of foot root & over grazing  

Farmland and grass land 

11 421910 1283936 85 20   7 Earth slide Reactivated  Alluvial and colluvial deposit Spring, human activity, heavy 

rainfall, lithology, slope gradient 

Agricultural lands and  grass land, 

eucalyptus, gravel road 

12 421846 1283858 190 50 30 10 Debris and 

rotational slide 

Reactivated  Colluvial and alluvial deposit Spring, river cut, heavy rainfall, 

lithology & traffic weight 

agricultural land, grass land, gravel 

road 

13 421759 1283849 55 120 10 20 Debris slide Reactivated  Alluvial deposit River cut, material,  spring flow and 

human activity 

Agricultural land 

14 422004 1283841 105 335 20   Rock fall  Reactivated  Rhyolite rock(weathered & 

jointed) 

Slope gradient, lithology, road cut, 

heavy rainfall & over grazing 

Gravel road, agricultural and grass 

land  

15 422241 1283706 50 75 30 2 Debris slide Reactivated  Colluvial deposit(felsic ) Road cut, slope gradient, heavy 

rainfall & lithology 

Gravel road, agricultural and grass 

land  

16 422278 1283817 66 20   1.5 Debris flow Active  Weathered felsic rock Slope gradient, heavy rainfall & 

over grazing 

Grass land 

17 422438 1283559 150 170 60 5 Debris slide Reactivated Colluvial deposit overlay on 

felsic rock 

Slope gradient, heavy rainfall, 

lithology, river and road cut 

Agricultural  land, gravel road and 

powerlines are under risk 

18 422644 1283517 250 90 130 8 Earth slide Reactivated Colluvial deposit and felsic 

weathered rock 

Road and river cut, heavy rainfall, 

human activity& lithology 

Agricultural land, powerline, gravel 

road and 4 houses are under risk 
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19 422727 1283218 35 125   15 Debris slide Reactivated  Alluvial and colluvial deposit River cut, human activity, heavy 

rainfall and lithology 

Agricultural &grass land, gravel 

road & 3 houses are under risk 

20 422867 1283039 40 85 10 15 Debris slide Reactivated  Alluvial deposit like  boulder, 

gravel, sand 

River cut, over grazing, slope 

gradient, lithology 

Grass land and gravel road is under 

risk 

21 423046 1283120 312 15   6 Earth  slide Reactivated   Alluvial deposit overlay on 

black cotton soil 

Galley erosion caused by ditch in 

the gravel road & heavy rainfall 

Grass land, downstream gravel road 

22 423283 1282721 162 500 65   Rock fall Reactivated  Medium to highly weathered 

rhyolite rock 

Weathering, heavy rainfall, slope 

gradient, over grazing & road cut 

2.5 Ha Grass land & gravel road 

23 423347 1282774 230 50   10 Debris slide Reactivated  Colluvial and alluvial deposit Stream cut, road ditch, heavy 

rainfall & slope materials 

½ Ha Agricultural & grass land and 

gravel road is under risk 

24 423483 1281958 50 23   6 Debris slide Reactivated  Alluvial and colluvial deposit Stream cut, ditch,  heavy rainfall & 

slope materials  

Agricultural land, gravel road, 

eucalyptus 

25 422785 1282088 185 120 80 8 Rock slide Reactivated  Rhyolite rock(weathered) Slope gradient, river cut, physical 

weathering & heavy rainfall 

Agricultural land and vegetation- 

bushes 

26 422675 1282537 75 80 35 13 Rock slide Reactivated  Rhyolite rock(weathered) River cut, slope gradient physical 

weathering & heavy rainfall 

Agricultural lands are totally 

damaged & the area become cliff. 

27 422331 1282656 40 170 25 3 Debris slide Active  Colluvial and alluvial deposit Small stream cut, human activity, 

heavy rainfall, lithology 

Agricultural land and small sparse 

bushes 

28 422257 1283218 130 60 60 7 Rock slide Reactivated  Tuff with some colluvial 

gravel and boulder  

Slope gradient, physical weathering 

& heavy rainfall 

Agricultural land and foot root with 

grass covered land 

29 422252 1283418 40 45   14 debris slide Reactivated  Tuff with colluvial gravel and 

boulder, alluvial deposit 

River cut, slope gradient, heavy 

rainfall & slope materials 

Agricultural land 

30 422122 1283322 67 32   2.5 debris slide Reactivated  Unwelded felsic rock Stream cut, slope gradient,  heavy 

rainfall & slope materials 

Agricultural & grass land  with 

eucalyptus, foot root is under risk 

31 422195 1283542 30 140   8 debris slide Active  Colluvial  and alluvial 

deposits 

River cut,  heavy rainfall & slope 

materials 

Agricultural land and eucalyptus 

32 421868 1283579 105 160   10 debris slide Reactivated  Colluvial and alluvial deposits River cut, slope gradient, heavy 

rainfall & slope materials 

Agricultural land and grass land 
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Appendix 3 Reports on damages resulted from landslide and heavy rainfall on August 

25 – September 03, 2018. Simada Woreda Agricultural Office 
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Appendix 3 (continued)  
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Appendix 3 (continued) 
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Appendix 3 (continued) 
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Appendix 3 (continued) 
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Appendix 4 A brief list of landslide remedial measures (Popescu, 2001) 

A) Modification of Slope Geometry 

-  Removing material from area driving the landslide (with possible substitution by lightweight fill) 

-  Adding material to area maintaining stability (counterweight berm or fill) 

-  Reducing general slope angle 
B) Drainage 

- Surface drains to divert water from flowing onto slide area (collecting ditches and pipes) 

- Shallow or deep trench drains filled with free-draining geomaterials (coarse granular fills and geosynthetics) 

- Buttress counterforts of coarse-grained materials (hydrological effect) 

- Vertical (small-diameter) boreholes, pumped or self-draining 

- Vertical (large-diameter) wells with gravity draining 

- Sub-horizontal or sub-vertical boreholes 

- Drainage tunnels, galleries or adits 

- Vacuum dewatering 

- Drainage by siphoning 

- Electro-osmotic dewatering 

- Vegetation planting (hydrological effect) 
C) Retaining Structures 

- Gravity-retaining walls 

- Crib-block walls 

- Gabion walls 

- Passive piles, piers and caissons 

- Cast-in-situ reinforced concrete walls 

- Reinforced earth-retaining structures with strip/sheet- polymer/metallic-reinforcement elements 

- Buttress counterforts of coarse-grained material (mechanical effect) 

- Retention nets for rock slope faces 

- Rock fall attenuation or stopping systems (rock trap ditches, benches, fences and walls) 

- Protective rock/concrete blocks against erosion 
D) Internal Slope Reinforcement 

- Rock bolts 

- Micro piles 

- Soil nailing 

- Anchors (pre-stressed or not) 

- Grouting 

- Stone or lime/cement columns 

- Heat treatment 

- Freezing 

- Electro-osmotic anchors 

- Vegetation planting (root strength mechanical effect) 
 


