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ABSTRACT 

Geophys ical and geo logical in vesti gat ions have been conducted 1'01' landsli de problcm 
characteri zation of the exist ing main road of the stud y area. The s ite is located in betlle~n 

Debres ina and Armaniya towns. Tarmaber Wereda. northern Sheila Zone of Amhara Regioll<iI 

Stat e. The ma in objecti ve of the stud y was to image subsuri>lce of the problematic main asphalt 
road. identi fy tri gge ring mechani sms of landslide problem. and recommend possible mitigation 

measures based on the geo-e lect ri cal res isti vity stratil·ication of th e site and magnetic anomalies 
obta ined over the survey area. Geophysical investigations using 2D electrical imaging and 
magnetic methods havc been conduc ted Il)r the land slide problem o f the road located HI kebdc' 

Dokakitnear Sar Amba Kidancm hir~tloeal it \ betlleenDebrL' Si na and l\rmania t""lh. 

1-1'0111 the resuhs or the survc). it has been possi hk to map thl: ~ Iidillg ;-,tl b:-,u rl ~ ICl: or the g~ologiL' 

layers, their ve rti ca l and lateral extents. It has al so been poss ible to map areas 01· lIeaknc\S in the 

subsurlace that could be causing and damaging to the lile of the road. According t" the 
interpretation of the geophys ical result s. the ncar stll·face geolog) of the study area includes 

fragmen ted and di sturbed la ye rs togcther "ith expansive clay soils which have al so conside rab l) 

cause of sliding problem over the area. In profile three the cia) so il s are mueh thicker than the 

other two profiles. In prolile three low res istiv ity deposit s are dominant particularl) in the 
northeastern side of the survey area. These deposit s are may be hugc depos it s ol· the fragme nt al 

basalt and expansive clay so il s that arc moved down the slope and accllmulated in location " I' 
prolile three which is jll st do\Vn the road . 

Based on the joinl interpretation or the result s. the Slirve) ed area has possi ble slide lone II hich " 
characterized by Ij·agmented and structural I) disturbed po rt ion IIhicl! staib rrom "lnhlSt h,&" Cthe 

surveyed line to\Vards north cast direc tion . This is interpret ed to be the re 'I)(>I"e 01· thL' "'lier 

saturated, lIeathercd and fractu red basa lt rocK . I·here is also l"nlbliLie "rkcted sllbsurillce tltal 
c.\hibib intermedi at e apparent re~istivit) \alue~ l.'uillprise~ of thl' ~UUlll\\t: ~t end or 1il(' ~lInc\l' d 

proli lcs. This zo ne consists orsurlitce orllcakncss and some displaced rock units. 

As conc ili sion I·j·om the wo rk , the aspha lt road para ll el to the stll·ve) proliles has active slidillg 

problem and cracks espec ially at the two ends or the profi les. The clifteren t weak zones. deeph 

IIcatheri ng cond itions. ac ti on of rain la lL springs and slope nature of the stlld ) arc" lIere the 
causi ng lactors l'or this sliding problem. Therel'ore. special alieni ion should be given to maintain 

and protec t from further sliding probl em. 
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CHAPTER - ONE 

1. INTRODUCTION 

1.1 Geneml 

The Earth's surface is always in a dynamic change. These changes are more pronounced in 

mountainous terrains as a result of different mass wasting processes. One of these mass wasting 

processes is landslide. Landslide is a complex natural phenomenon that constitutes a serious 

natura l hazard in many coun tries (Brabb and Harrod, 1989). A number of landslides areas are 

cri tica l transportation passages (i .e. , hi ghways and ra il ways), sites of service faci li ties (e.g., 

comm unicati on and power cables, hydrocarbon pipelines, etc.), and even res idential qual1ers. 

The term landslide is appropriate to describe a broad scope of mass movement (McCann and 

Forster, 1990) includ ing abrupt or gradual rupture of rocks, debris, or Earth and their movement 

downslope due to the effect of grav ity. A landslide could demonstrate varying movement type and 

extent of di sruption in the course of a particular rupture. Furthermore, landslides coul d take place 

in areas where there are topograp hi c inclines, e.g. , mountain slopes, banks of ri vers, and lakes or 

011 landforms that have been stripped of their latera l constraining supports, e.g., ri ver vall eys. 

There are many factors that affect slope stabil ity and hence the potenti al occurrences of lands lides. 

Acco rdi ng to Cruden and Varnes ( 1996) the factors are ranging from geo logic causes (i .e. , rock 

material strength, adverse orientation of structural discont inui ties, fractures, etc.) to physical (e.g. , 

high pore pressure from water saturation, earthquakes, volcanic eruptions, etc.) and even hu man 

activ it ies (such as excavation, deforestat ion, mining, etc.) . 

Numerous catastrophic lands lides that caused fatali ties and property damage have been recorded 

in history. Moreover, the ann ua l economic losses fro m slides can be very enormous, as establi shed 

by the different landsli des that have occurred in times past (Brabb and Harrod, 1989). The number 

of casualties and the degree of destructi ons depend on the size of the slide and the proximity to 

people and infrastructure. The poss ibility of an increase in potenti al ri sks is a consequence of rapid 

increase in urba ni zation and developments in landslide-prone areas. To avoid th is loss of lives and 

the cost suffe red from landslide incidences, it is useful to understand the causes and characteristi cs 

of the landslide processes, determine the extent of the slope instabili ties, monitor slide-prone 

areas, and carry out appropriate mitigation measures. 

1 
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1.l Statement of the problem 

Nowadays, Ethiopia hils many existing and under constnwtion main roads which are used to 

connect different parts of the country and the country to the neighboring countries. The five year 

goals of Growth and Transfonnation Plan (GTP) of Ethiopia include construction of roads even 

through diffi:rent villages because these roads are believed to have a· major contribution to the 

development of the country. 

Problem of landslide hils been the major threat to people, property and the natumI or built 

environment such as roads, houses, fimnJands, etc. Some of the roads of the country have been 

damaged by landslide problem and this may cause loss of lives, vehicles ana inhibiting traffic 

betwt:erl towns. Thus, road fuilua: due to landslide problem can also cause severe hardship for 

those dependent on it for their livelihood by upsetting the regular transport condition· of the main· 

road. 

Landslide is the main problem through the asphaltic road of Addis Ababa-Mekelle towns 

specifically because the road of the study area hils been the main vein that ~ Addis Ababa 

with many towns of northern. Ethiopia. It is also located at an area highly susceptible to landslide 

and a large part of the main road is endangered with this problem (Figur~ 13). Therefore, this 

research was conducted to identify the major causes and to recommend possible remedial 

countermeasures of landslide around the Debre Sina-Armaniya asphalt road ofTarmah!:r We'red.a. 

Figure 1.1 Slides showing views of landslide effects at the main asphalt road of the site. 
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1.3 Description of the Study A.·ea 
1.3.1 Location and accessibility 

The study area is located between the towns of Oebre Sina and Armania, Tannaber Wereda, 

northern Shewa Zone of Amhara Regional State (Figure 1.2). It is at about 200 km NE of Addis 

Ababa. The study area is access ible through the Addis Ababa-Oessie asphaltic road. Planned 

geo logica l traverses were accomp li shed by foot trails across the ups and downs of the rugged 

topography of the study area but the geophysical surveys are conducted on the sides of the main 

asphalti c road and areas adjoining it. The study area is bounded by geographic UTM coordinates 

of 586000-591000m E and 1088000-1093000m N. The total study area covers an area of 24.78 

km 2 
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1.3.2 Climate condition of the study area. 

The climate of Ethiop ia is genera ll y characterized by different seasons. However, for the 

interpretation of the cl imatic cond ition in the study area, data from National Meteorological 

Service Agency of Ethi opia, at Debre Sina station, was referenced for thirty three years ( 1980-

2012) and the study area is characteri zed by "Weyna dega" climatic zone 

The study area is main ly known by wet and co ld climate and rarely the temperature reaches below 

00c. During wi nter it has cold and humid climate whereas relatively hot and dry climate in 

summer. Two main rainy seasons in the region are Belg (mid-February to mid-March) and 

Kiremte (mid-June to mid-Sept) with moderate and high precipitation, respectively. Monitoring 

the variability of climate that is responsible fo r the coming effect on an area needs the knowledge 

of the climatology of that area. Th is means knowing the long-term mean val ues of climatic 

parameters such as temperature, rainfall , etc. and their degree of variab ili ty or deviation from the 

mean is very important. 

1.3.3 Physiogl'aphy of the study al'ea 

The study area is part of the central Ethiopian plateau. It also occupies the southwestern margin of 

the Main Ethi opian Rift (MER) represented by very rugged topography as a result of rift forming 

tectonics. In the map of the area, there is a considerable diffcrence in a ltitude ranging from 1800 m 

to 2600m above sea leve l. The topographi c surface of the area is irregular, w ith many cliffs 

alternating with steep and gentle slopes, vall eys and flat lying surface. The high alti tude ridges and 

related steep escarpments phys iographic region generally occupy the western and southern part, 

whi ch consists of the highest elevat ion of the area. It is characterized by highl y e levated and N-S 

trending ridges as we ll as mountain chains, whi ch form steep escarpments. The main road passes 

through the mountainous topography whi ch is bounded by cliff land on the eastern side and a 

relatively gentle slope on the western side. 
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1.3.4 Seismieity of the study area 

The important steps in assessment of seismicity are identifying the seismic source zones, distance 

to the site and geology of the site. In this respect, the study area is located in the south western 

margin of Main Ethiopia Rift which is tectonically active. Based on the seismicity and the 

knowledge of the geology and tectonics, the region can be broadly divided into three seismic 

source zones Tilahun Mammo, 2005). These are the Afar Depression, the Escarpment and 

Ethiopian Rift System seismic source zones which are very near to the study area. 

The earthquake epicenter map of the region in Figure 1.4 shows that small and intermediate 

earthquakes are dominant in areas close to the site. Moreover, the location of the earthquake is not 

unifonnly distributed throughout the region, but it is clustered along the Main Ethiopian Rift 

system. The structural pattern of the region is characterized by a complex fault system with 

orientation almost NE-SW as shown in Figure 1.5. 
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The geology of !he project site is covered by recent loose sediments. The sediments and mults 

have an ability to amplify !he amplitude of!he seismic waves. Because of these reasons even small 

magnitude of earthquake might damage the building structures easily. 

Plainly speaking, with the present static knowledge, earthquakes can never be predicted accurately 

and hence to develop a system of warning and eliminating the risk of loss to life is yet a distance 

dream (Singh, 1997). However, structures in many earthquake prone countries are now being 

designed more safely from information obtained from seismic zonation maps of this type. 

According to the Ethiopia Building Code Standard (1995), the country is divided into five zones 

approximately equal seismic risks depending on the known distribution of earthquakes. These 

zones are no damaging zone (0 zones), less damaging zones (zones 1 and 2) and zones of major 

damaging (zones 3 and 4). From !he seismic hazard map of Ethiopia, !he project site is located at 

the boundary of zone four and very near to zone three as shown in figure 2.16. This map is based 

on the amplitudes of the ground acceleration to be expected during 100 years return period. 

According to the building code, !he ground acceleration ratio (00) depends on the seismic zones 

(Table 1.1). 
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Table 1.1 Bedrock acceleration ratio 

The ground acceleration value of the project site is O.lOg for 100 year returo period. Therefore, 

design of any infrastructures at the study area should include all necessary seismic resistant design 

parameters. 
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This research was conducted to study the subsurface conditions of the problematic section of the 

main asphalt road between Debre Sina and Armania with a view to; identifying the tri ggering 

mechanisms of the landslide problem, and recommend possible mitigation measures. 

1.4.2 Specific objectives 

The specific objectives of the research include: 

• To produce geological map of the study area. 

• To detect lateral and vertical variations and local anomalous geological conditions 

li ke lithological contacts and structures that contribute to the landslide occurrence 

over the area. 

• To assess the poss ibi lity of future landslide occurrences 111 the section of the 

investigated area. 

• To demonstrate the app li cabi lity and viability of geophysical methods for landslide 

problem study and their potential role in decision-making. 

• To acquainted oneself with the field practices, data processing techniques and 

interpretation schemes of geophysical methods when used in landslide problem 

invcstigation. 

1.5 Methodology 

In order to ach ieve the objectives of the study formulated in section 1.4 vanous stages and 

techniques of data collection were employed. Literature on geophysical investigation techn iques as 

app li ed to landslide studies were thoroughly reviewed. For thi s, different textbooks, journals, 

various official documents, published and unpublished papers from various professionals on 

geophysical investigations for landslide problem characteri zation were reviewed. But, primary 

data pertaining to the present research work of the study area were co ll ected from the field 

activities during the reconna issance and main field works. The relevant secondary data were also 

co ll ected frol11 respecti ve offices like Ethiopian Road Authority (ERA), Ethiopian Institute of 

Geolog ica l Survey (EIGS), and Ethiop ian Meteoro logy Agency (EMA). The major lithologies and 

geologica l structures were mapped following survey traverses. 

The geophysical investigations were conducted us ing the techniques of Electrica l Resistivity 

Tomography (ERT) and Magneti c Survey. Data were collected along selected profiles and over 
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random points (especially for magnetic method) well distributed to cover the investigation site. 

The spatial geophysical mapping, modeling and interpretation has been assisted using appropriate 

software such as the ElectreII, Prosysll, RES2DINV, Geosoft Oasis Montaj 6.4.2, Microsoft Excel 

and Surfer 9.11. The geological map and geological crossections were also developed using 

ArcGlS 9.3, Global Mapper II, and 3DEM softwares. 

Accordingly maps and models were produced and interpreted to obtain information required to 

meet the tasks set out in the research objectives. The generalized flow chart of methodological 

approach that was used for this investigation is given in Figure 1.7. 

Figure 1.7 Flow chart of the methodologies applied for this research work investigation. 
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CHAPTER - TWO 

LITERATURE REVIEW AND PREVIOUS WORKS 

2.1 Literature review 

A very basic but widely accepted and used definition for landslide was establi shed by Cruden 

(1991) and Cruden and Varnes (1996) and defines a lands lide as "the movement of a mass of 

rock, debri s or earth down a slope". However, the term can be confusing if the parts of the word 

are considered. Cruden and Varnes (1996) note that it describes all kinds of mass movements and 

is not limited to granular soi l (as land might suggest) or a sliding movement process. The term 

landslide is well established in the research community and will therefore also be used in this 

thesis as an overarching term referring to all movement types and material properties. FUlther on , 

the term mass movement is used interchangeably with landslide. 

2.1.1 Types of landslide 

The most widely used classification is the one developed by Varnes (1978) which takes into 

account both the type of material and the type of movement in combination for the classification 

of lands li des into different types. This classification distinguishes five types of mass movement 

(fall , topples, slides, spreads, and flows) and combinations of these principal types along with 

different types of material (bedrock, coarse soi ls, and predominant fine soi ls). 

There are various types of landslides depending on the type of material and motion involved in the 

process (Table 2. 1). Hence, classification of landslides usually takes into acco unt the type of 

material involved and the type of movement mechanism (Dai and Lee, 2002). Var ious systems of 

landslide class ification have been proposed by various researchers (e.g. Varnes, 1978; Hutchinson, 

1988; Cmden and Varnes, 1996; Hungr et ai, 200 I). 

2.1.1.1 Falls 

Falls are abrupt movements of masses of geologic materials that become detached from steep 

slopes or cliffs. Movement occurs by free-fa ll , bouncing, and ro ll ing. Depending on the type of 

earth materials involved, the result is a rock fall , soil fall , debris fall , earth fall , bou lder fall , and so 

on. All types of falls are promoted by undercutting, differential weathering, excavation, or stream 

erosIOn. 
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2.1.1.2 Topple 

Topples is the forward rotation out of the slope of mass of soi l or rock about a point or ax is below 

center of gravity of the di sp laced mass. Toppling is sometimes driven by gravity exerted by 

material upslope of the displaced mass and sometimes by water or ice in cracks in the mass 

(Varnes, 1996). 

2.1.1.3 Slides 

Although many types of mass movement are included in the general term "landslide," the more 

restrictive use of the term refers to movements of soil or rock along a distinct surface of rupture 

which separates the slide materi al from more stable underlying materia l. The two major types of 

lands lides are rotational slides and translational slides. 

2.1.1.3.1 Rotational slide 

Rotational slides are usuall y where sliding material moves along a curved surface and develop 

from tension scars in the upper part of a slope, the movement being more or less rotational about 

an axis located above the slope (Varnes, 1978). 

2.1.1.3.2 Translational slide 

Translational slides occur when the mass di splaces along a planar or undulating surface of rupture, 

sliding out over the original ground surface (Varnes, 1996). The movement is freq uent ly, 

structurally control led by d iscontinuities and vari ations in shear strength between layers of bedded 

deposits, or by the contact between finn bedrock and overl ying detritus. Translational slides tend 

to be more superficial than compound slides (Bell , 1999). 

2.1.1.4 Lateral spreads 

Spread is defined as an extension of a cohesive soil or rock mass combined with a general 

subsidence of the fractured mass of cohesive material into softer underlying materia l (Varnes, 

1996). The dominant mode of movement is lateral accommodated by shear or tensile fractures 

(Varnes, 1978). Lateral spreads invo lve the hori zontal di splacement of the surface and are 

distinctive because they usua lly occur on very gentl e slopes or flat terrain. They are more common 

in fine grai ned soils, such as clay, especial ly if the so il has been remodeled or disturbed by 

construction, or similar activ iti es . 

2.1.1.5 Flows 
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Flow and fl ow li ke landslide have various types of definitions and many classifications ex ist on 

literature. For example, according to Bell ( 1999) flows consist of slurry of loose rocks, soil , 

organ ic matter, air and water moving down-slope. They are di stingui shed from slides by having 

higher water content and are thoroughl y deformed internally during movement (Hutchinson, 

1995). A flow is a spatially continuous movement in which surfaces of shear are short-li ved, 

closely spaced, and usuall y not preserved. The most referred and accepted of all definitions is that 

of Varnes ( 1978). Flows are rap id movements of material as a viscous mass where inter-granular 

movements predominate over shear surface movements and these can be debris fl ows, mudflows 

or rock avalanches, depending upon the nature of the material invo lved in the movement (Varnes, 

1978). 

Table 2.1 Abbrev iated version of Varnes' classification of slope movements (Varnes, 1978). 

Type of movement Type of material 

Bed rock Engineering soils 

Predominantly coarse Predominantly fine 

Topple Rock topple Debris topple Earth topp le 

Fa ll Rock fa ll Debris fall Earth fa ll 

Slide Translational Rock slide Debri s slide Ealth slide 

Rotational 

Flow Rock flow Debris flow Earth flow 

Spread Rock spread Debris spread Earth spread 

Complex e.g. , rock avalanche e.g. , flow slide e.g., slump-earthflow 

2.1.2 Causes of slope instabilities 
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The equilibrium status of a natural slope can be affected by several direct or indirect factors. In 

every slope there are forces which tend to promote downslope movement and oppos ing forces 

which tend to resist movement. A change in anyone or a combination of these factors can alter the 

equilibrium condition of slope, decreasing its stability and sometimes leading to the slope failure. 

This change may be caused by natural processes such as the faulting, rivers· undercutting the toe of 

a slope or bank scouring by debri s flows etc. and also anthropogenic activities such as excavation, 

cu ltivation or removal of material may also cause change in slopes. Varnes (1978) pointed out that 

there are a number of external or internal causes which may be operating either to reduce the 

shearing resistance or to increase the shearing stresses . Slope instability factors can be causative 

factor or triggering factor. Causes may be considered to be factors that make the slope vulnerable 

to failure , that predi spose the slope becoming unstable while the trigger is the single event that 

finall y initiates the landslide. Some of the major factors which influence the slope stability are 

described below. 

2.1.2.1 Geological factors 

Geology is vita l component III landslide modelling, stability study and protection design of 

landslides. Thus, a critical understanding of the geologica l conditions of the area is crucial for an y 

slope stabi lity investigation. 

The factors that control the mode of in itial fai lure in rock slopes mainly include rock mass fabric, 

lithology contrasts, and geologic structure in the source slope (e.g. Hutchinson J.N, 1987; Cruden, 

et aI., 1996; Guzzetti , et aI. , 1996; Ch igira, 2000). The important geological factor that should be 

considered in landslide hazard invest igation is summarized below as stated by numerous authors. 

2.1.2.1.1 Types and properties of soil and rock materials 

The mechanical vroperties of rocks may be influenced by particle size, properties of crystal s and 

their preferred orientation (Chowdhury, 2010). Factors inherent in the nature of the materials 

which include the types and orientations of minerals and their degree of interlocking may have an 

influence on engineering characteristi cs of slopes, as it causes a marked ani sotropy in the strength 

and deformation characteristics of soil/rock masses (Selby, 1993) as cited in Kifle Woldearegay 

(2005). 

The type of materia l within a sloped terrain is al so important factor. For example unconsolidated 

materials, such as so il and sediment, tend to be more prone to slope failure than rocks. 
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2.1.2.1.2 Discontinuities 

Discontinuities represent a plane of weakness within a rock mass across which the rock material is 

structurally di scontinuous and possess little or no tensile strength , varying in size from small 

fi ssures on the one hand to huge faults on the other (Bell , 2007). It is of paramount importance to 

study the propeities of d iscontinuities because they influence the stab ility, the deformation and 

permeabil ity of the slopes. The summari zed notes are given from Hudson, et ai, (1997), Bell 

(2007) and Price (2009). 

2.1.2.1.3 Weathering of geologic materials 

Weathering implies decay and change in state from an ori ginal condition to a new condition as a 

result of external processes and weakens rocks (Price, ·2009).Two main types of weathering are 

recognized: physical weathering, in which the original rock disintegrates to smaller-sized material 

with no appreciable change in chemical or mineralogical composition, and chemical weathering, 

in which chemical and/or mineralogical composition of the original rock and minera ls are changed 

(Clark and Samail, 1982). 

The rate at which weathering proceeds depends not only on the impact of the weathering agents 

but also governed by the mineralogica l composition, texture, porosity and strength of the rock on 

the one hand, and the incidence of discontinuities within the rock mass on the other hand 

(Bell ,2007). Soil depth and type, which resulted from weathering, are affected by several factors 

including climate and parent rock mineralogy. Weathering depends on the origina l mineralogy, the 

nature of cl imate and biological environment (Crozier, 1986) . 

. 2.1.2.2 Topogra()hic factors 

The two geomorphic factors which control slope instability are slope gradient and relative re li ef. 

Accord ing to Alexander ( 1999), mass movement will occur where ever a slope is steeped beyond 

its thresho ld angle of stabi lity, which is the steepest angle at which it can maintain itself. The hill 

slope angle supp li es the potentia l energy gradient on which a landslide moves (Cross, 1998). 

Therefore, at higher angles, the profile of the slope wi ll alter itself to restore stability by 

undergoing slope failure. Relative relief wh ich is the difference in height between the bottom and 

the top of the slope provides a further measure of gravitational force which exists within the slope 

(Cross, 1998). Therefore, the more steeper and the higher relative relief of the slope the more 

liable is to be unstable. 
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2.1.2.3 Hydrological conditions 

Hydrology plays a crucial role in landslide initiati on by destabilizing hill slopes. Identification of 

water source, water movement, amount of water and pressure are, as important as the 

identification of the material constituting the slopes. In an area with highly jointed rocks and the 

presence of thick overburden, the surface and ground water playa crucia l role in the evo lution of 

landslides. 

2.1.2.3.1 Precipitation 

The most common trigger of lands lide is sufficient water input during precipitation events. 

Landslides tri ggered by rainfall occur in most mountainous area of the world . The mobili zation of 

debri s material duri ng debris flow events is related either to the onset of sediment transport due to 

water runoff or to s lope failures caused by an increase in pore-water pressures. Shallow debri s­

flows are often triggered by intense rainstorms of short duration whereas deep-seated landslides 

are triggered by antecedent rainfall (high cumulative rainfall) over days or weeks often combined 

with intense rainfall over a much shorter peri od (Chowdhury, 20 I 0). 

2.1.2.3.2 Groundwater 

Groundwater is another factor that plays role in lands lide initiation. Geo logy in tUl'l1 influences the 

tlow of groundwater, its direction, pressure and gradient at any point within a slope. Chowdhury 

(20 I 0) states that water can influence the strength of the materials by: ( I) chemica l alteration and 

so lution , (2) reduction of apparent cohesion due to capillary forces, wh ich disappear on 

submergence or saturation , (3) increasing pore water pressures with consequent reduction of shear 

strength. The same author also mentioned that increase of pore water pressures due to the flow of 

groundwater is an important factor in the development of slope fa ilures and the occurrence of 

landslides. In particular the presence of groundwater under pressure often facilitates severe slides 

of the flow type. 

2.1.2.4 Seismicity 

Earthquake is one of the principal triggering facto rs of landslides that cause great hazard to both of 

li fe and properties loss. The vi bration released during earthquakes can cause fa ilure of slopes 

which were previously stable. The possibility of an earthquake in triggering a landslide event 

depends on the shaking of the ground rather than on the actual magn itude of the earthquake 
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(Muthu and Petrou, 2007). The vibrations released during a quake can cause resettlement of the 

soi l skeleton which in turn causes expul sion of water. 

Rock falls and slides of rock fragments that form on steep slopes are common earthquake induced 

landslides although other type of landslide is also poss ible, including highly disaggregated and 

fast-moving fa ll s, more coherent and slower-moving slumps block slides, and earth slides, and 

lateral spreads and flows that in volve partly to completely liquefied material (Keefer, 2002). 

EaIthquakes reduce stabi lity by imparting both a shearing stress and a reduction in resistance to 

slope material. Earthquake wave propagation has three principal effects (Croz ier, 1986; 

Alexander, 1993) which includes (I) the direct mechanical effect of horizontal acceleration, which 

provides a temporary increment to shearing stress 2). The cycl ic loading which weakens inter­

particle bonding causes liquefaction and (3) the reduction in inter-granular bonding by sudden 

shock irrespective of the degree of saturation. 

2.1.2.5 Manmade activities 

Manmade activities affect the stability of the slopes both by increasing the shear stress and 

reducing the shear strength . Kumar (2009) explained that manmade activities will increase 

steepness and height of the slope, and mass of slope material due to extra load placed on it, and 

decrease in shear strength due to loss of vegetation and blasting etc, increased pore water pressure 

and drainage, increases infiltrat ion etc, and withdrawal oflateral SUppOlt by road cut. 

The removal of lateral support by man ' s activities are important cause of slope failures in cuts for 

roads or house sites, excavations, quarries and open pit mines, canals and in the banks of 

reservoirs during drawdown. Likewise these actions alter stress conditions through the placing of 

fill s, waste-pil es, stock piles of ore rock, and structures where no surcharge existed before 

(Varnes, 1984). 

According to Alexander (1999), ploughing or poorly organized drainage on slopes increases 

infiltration of water which leads to soil saturation and wi ll increase pore water pressure which 

exerts a positive force that may cause the slope to fail. 

2.1.3 Application of geophysical methods on landslide problem 

In order to carry out a feasible and effective landslide mitigation procedure, knowledge of the 

subsurface structure and physical properties of the constituting materials are required. Surface 

examinations of landslide areas provide limited information in determining the causes of the 
18 



slides . For a deep-seated landslide, it may be impossible to define its rupture surface by surface 

inspection alone. Boreholes and geophysical methods, on the other hand , are useful in providing 

these much needed information for proper landslide investi gation. Apart from the relative 

expensive costs of drilling boreholes in comparison to using geophys ical methods to study 

landslides, the data acquired from a borehole is also single-point based. 

[n order to obta in adeq uate knowledge of the area, interpo lat ions have to be made among 

numerous boreholes to fi ll in the spatial gaps. This makes geophys ical techniques preferable, 

considering the lower cost, extensive lateral and depth coverage and reduced damage to 

format ions. Geophysical tech niques may provide val uab le resu lts on defining the geometry of 

landslides, describing their internal structures, revea li ng the effect of groundwater on them, the 

physical properties of the landslide materials, and the landslide mass movement (Goktlirkler et aI. , 

2008). 

Resistivity methods have been wide ly used to study areas susceptible to landslides (e.g. , Batayneh 

and AI -Diabat, 2002; Agnes i et aI., 2005 ; Drahor et aI. , 2006; Lee et aI. , 2008). These 

measurements seek to distingui sh different rock materials on the bas is of their electrical resistivity 

properties. The res istivity values of the sli di ng masses are expected to be different from that of the 

undisturbed body because of the movement of materials and deformat ions by the slide (Jongmans 

et aI. , 2009). 

Lapenna et al. (2005) encountered lower resistivity values in a landslide body, wh ich was 

characterized by high content of clayey material and increase in water content; in comparison to 

the resistivity values of the unaffected rock. On the other hand, Meric et al. (2005) observed 

higher electrical res istivity values in a different landslide body, in contrast to the una ffected mass, 

due to a great level of fracturing related to air-filled spaces in the deformed mass. Thus, if there is 

substantial resistivity contrast between the different masses, the slip surface should be readil y 

disti ngui shab le. Electrica l resistivity tomography (ERT) offers an electrical resistivity di stribution 

(2D or 3D) of the subsurface and an even more highl y reso lved picture of the ground , to enab le 

one to di stinguish areas susceptible to landslides and the assoc iated causative factors. 

Typically, most of these geophys ica l methods are not uti li zed in iso lati on, on the contrary, they are 

used in conjunction with other techniques (as shown in Bogoslovsky and Ogil vy, 1977; Bichler et 

aI. , 2004; and Meric et aI. , 2005) to better understand the landslide geometry and the phys ica l 

properties of the materi als in the affected areas. Bearing in mind that different geophys ica l 
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methods are sensitive to varied physical properties, it is important to combine a variety of 

techniques during geohazard studies in order to obtain better insights into the landslides and their 

processes. 

2.1.4 Landslide problem in Ethiopia 

Landslides are one of the major destructive natural hazards in mountainous and rift margins of 

Eth iop ia, resulting in loss of human life and property and severe damage to agricu ltural lands. 

Many researchers depicted/shown that landslides have affected human lives, infrastructures, 

agricu ltural lands and natural env ironment in the highlands and rift margins of Ethiopia (Lulseged 

Ayalew, 1999; Kifle Woldearegay, 2005). In the years 1990-1998 alone, landslides or landslide­

generated hazards have claimed about 300 human li ves, damaged over 100 km asphalt road, 

demoli shed more than 200 dwelling houses and devastated in excess of 500 hectares of land in 

different areas of the highlands of Ethiopia (J.ulseged Ayalew, 1999) as cited in Asmelash Abay ( 

201 2). 

According to the press reports of Walta information Centre of 2000, 2002, 2003a, 2003b, 2003c, 

2003d as cited in (Kifle Woldearegay, 2005), 135 human lives have been lost, about 3500 people 

were di splaced and an estimated 1.5 million US Dollar worth property has been damaged in the 

highlands of Ethiopia in the years 1998-2003 as cited in Asmelash Abay (20 12). Few sites of 

lands li de have been investi gated in Ethiopia by Tena lem Ayenew (2005), E1GS ( 1998) and the 

li kes. All of the lands lide events have been observed to occur following a heavy rainfall along 

with a number of pre-conditioning attributes. These attributes include proximity to drainage, 

irrigation channel, infrastructure development (road), which usually have the effect of 

undercutting; the property of geo logic formations, and so il condition. 

2.1.5 Landslide history and impacts in the stndy area and its snrronndings 

Landslides in the study area started with various signs of slope failure some years back (Leta 

Alemayehu, 2007). Over the area, landslides that occurred as early as the Italian invasion times 

have been reported (eyewitnesses) in Tach Indode and Tid Amba localities. According to the 

eyewitnesses, the slide problem al so happened in 1952 by developing fi ssures in the so il s 

sediments of Shotel Amba and Gebreal localities. Again in 1985, fi ssures were observed at Disk 

Amba and Tid amba, specifica ll y at Ketanit and Bado mesk (EIGS, 1980). Other landsl ides in the 

area predating the Italian in vasion period have occurred in Majete, Yenat Metoria, and Work 
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Amba. G/s ilassie (2007) has further identified a number of landslides (specifically II) from 

Action by Churches Together (ACT) (2006) and local authorities as cited in Asmelash Abay 

(20 12). Table 2.2 summarizes the important landsl ide vents of the study area. 

Table 2.2: Past lands lide records of the area (G/silassie, 2007) . 

ISN Locahty name Tlln~ of OCCllITellCe Damaj!e 
1 YlZaba, GlSbnt locaht\" 1995 1575m' wood land was affected 

2 
YIUlba . A)lleUl:tnaIll 

1995.1998 o· 1999 
Some re5ldemial ullI lS cmcked and ' ha of bush 

locality land dlUn:tsted 

Shotel,Amba 195 F.: 1998 
Resldenhal tllUtS, fannland (llId gmzing a~as 
were affected by both penods 
18 reSldentwl units alld 30 hectare of fa m! land 

.j \ elb"" 1995 ," 1997 alld gmzlllg land \Va affec ted by Ih~ 1995 
landsltdes 

5 Sinai Are.!!a! October, 1971 35-40 hectare of fores t land was dest royed 
n!e aspl~11t road has been affected Ul all the thr<!'(' 

6 Alnuuun 195'. 1979 & 1997 IlUldslide events. I]U ilC't l\'e and :I tenslolJal 

cracks are observe-<! at the roadSIde 
7 Ntb-Amba 1953 .1997 & 2000 > 100ha of faml llUld, grnzmg area destroyed 
8 Sholla-~led.1 Jul\" 2000 2011.1 of fann llUld ~ZU1P are:t alld <;ettlemeOl 

I It destroyed 8 resIdential wut & 30ha of £ann 
9 Lay llldode eptember. 2000 land and gmzmg land. It tS stI ll acttve alld has 

been ~chvated e\'ent min)' season 

1999,' eptember. 
It de troyed an e tUllated of .jOlla of groWl!! land 

10 Tach Indode and fan n land It IS 51111 aCl1ve lUld has 1""," }000 
re3ctt\-ated e\'c?nt ramy season - --
Over 900h3 arable lands de"royed. 1I10r~ th"" 

Y tuba, Shotel Amba .1049 peoples drspL1ced, more than LOO dweUlOf 
11 

Arol.11U a .A.1llclllanlUn 
September 2005 local houses destl1lcted & O\'er 75% crop 

harveStUlg f~llure specificall' III the locnhlle\ 
Ilalll~d Iz.1ba and Shotel Amba 

The Debresina area is one of the most landslide prone areas of Ethiopia and is located in the Afar 

R ift Margin. According to the pub lication of Asmelash Abay and Barbieri (20 12); 

the sliding event that occurred in September 13-1 4, 2005 was one of the large scale and complex 

landslide of the area. They clearly stated the impact of this landslide event by referring to the aid 

reports of ACT (Action by Churches) released in 2006 and the information of loca l authorities. 

The event caused losses of over 900 hectares of arable land, displacement of more than 4,049 

peoples, destruction of more than 1,200 dwelling local houses and over 75% crop harvesting 

fai lure specifically in the localities named Izaba and Shote l Amba. The prevalence of lands lide 
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hazards in such terrains could certainly have major role in aggravating the food insecurity problem 

of the country as most people li ving here are fanners who are dependent on subsistent agricu lture. 

2.2 Previous studies in and around the study area 

The following are some of the works in different landslide susceptible areas of Ethiop ia: 

Solomon Gerra (20 I 0) has conducted integrated lands lide investigations in Tannaber and 

surroundings wh ich is in the northwestern side of the study area. Based on this work, integrated 

geologica l, engineering geologica l, hydrogeological and geophysical investigations were carried 

out. Geophysica l studies were also carryi ng out from April to May 20 lOin the project area at five 

selected sites, namely, Kechine, Barmeda, Babota, Yebegoch -Gat and Yemariam-Wonz. Among 

the methods, Vertical Electrica l Sounding (VES), magnetic and Seism ic Refraction were 

implemented. 

Engineering geophys ical investigation along a proposed alternative route of Blue N ile Gorge has 

been conducted (EIGS, 1994). The survey methods used were refraction seismic, electrical 

resistivity (VES and profi li ng) and magnet ic with the objectives of determining depth to the bed 

rock, locating possib le structural features, and studying the nature of the overburden material. 

The integrated engineering geo logical and geophysical investigations for landslide studies III 

Bonga town and its surroundings have been conducted (E/GS, 1999). The geophysical methods, 

which consisted of Refraction se ismic, Vertical Electrical Sounding, Electrical resi stivity profiling 

and magnetics, were conducted along 27 profiles covering a total iength of7.6 km. 

Many researchers have vis ited the study area and it' s surround ing for different purposes but there 

was no particular works along the main road by proposed geophysical invest igation for the 

landslide problem mitigation of the study area. A number of works have been done by different 

scholars. Some of the relevant works are: 

Asmelash Abay and Giu li o Barbieri (20 12) have conducted investigation landslide susceptib ili ty 

and causative factors evaluation of the landslide area of Debresina, in the Southwestern Afar 

Escarpment, Ethiopia. Based on thi s work, the landslide susceptibility areas and different 

causative factors are outl ined. 
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According to Mengesha et aI. , ( 1996), the o li vine basa lt of Debre Sina belongs to the Tertiary 

volcanism. This rock came out as lava flows through tecton ic fractures and fault planes related to 

the great rift valley of East Africa. 

Zan ittine et aI., 1974, noted that the ignimbrites of the Debre Berhan and Tarmaber area are 

covered by Tarmaber Basalt. In thi s work, KIAI' age determinations gave values of 15.4+1-0.3 Ma 

for the upper member of the ignimbrite sequence and 13+/-0 .6 Ma for the overlaying basaltic 

flows. 

Alula and Gashawbeza (1993) have conducted investigation for coal and oil shale on 145 sq km 

area located 30 km north of Debre Berhan . Accordingly, basalts, ign imbrites and inter-volcanic 

sediment, which contain carbonaceous shale and coal seams, are reported . Mengesha et ai , (1996) 

in the 1:2, 000, 000 scale geological map of Ethiopia has described that the map area is covered by 

rhyo lites, trachyte and transi tional to sub-alkaline basalts of Alaji Formation as well as by 

transitional and alkaline basalts of Tannaber-Megezez Formation . 

Vonas and Matebie (2006) have mapped the entire project area and produced 1:50, 000 scale 

geological maps as well as accompanied report. Based on thi s work, the area is covered by various 

types of basalts, rh yolites, ignimbrites as we ll as by inter-volcanic sediments. 

Leta Alemayehu (2007) has conducted landslide susceptibility modeling using logistic regress ion 

and artificial neural networks in GIS. Based on thi s work, the lands lide zoning and slope 

instability problem of the selected area has been assessed using remote sensing technique and GIS. 
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CHAPTER - THREE 

THEORETICAL BACKGROUND OF GEOPHYSICAL METHODS 

3.1 2D-Electrical Imaging Survey 

3.1.1Introdnction 

Recently, a new concept of instrumentation and data acqu isition has been introduced to make it 

poss ible the acquisition of many read ings in a reduced amount of time specifi ca ll y for 

environmenta l app l ications corresponding to shallow investigations depths, of the order of 10 to 

80m. The technique is sometimes call ed Electrica l Resistivity Tomography (ERT). The concept 

involves using multi-core cab les which contain as many individual wires as number of electrodes, 

with one take-out every 5m, lOm . .. and 24, 48,72,96 ... electrodes. The measuring unit includes 

relays wh ich automatica ll y carry out the sequences of read ings introduced in its internal memory. 

The aim of th is set-up is to take readings for many combinations of transmission and recepti on 

pairs, so as to achieve some kind of mixed wenner / schlumberger array. In such a way of 

proceeding, the tota l length of cable is the product of the electrode spacing by the number of 

electrodes. 

The greatest limi tation of the resistivity sounding method is that it does not take into acco unt 

horizontal changes in the subsurface resistivity. A more accurate model of the subsurface is a two­

dimensional (2-D) model where the resistivity changes in the vertical direction, as well as in the 

hori zontal di rection along the survey line. In this case, it is assumed that resistivity does not 

change in the direction that is perpendicular to the survey line. In theory, a 3-D resistivity survey 

and interpretation model should be even more accurate. However, at the present time, 2-D surveys 

are the most practical economic compromise between obtaining very accurate results and keeping 

the survey costs down (Loke, '1999). 

3.1.2 Instrnmentation and Field survey 

One of the new developments in recent years is the use of 2-D electrical imaging/tomography 

surveys to map areas with moderately complex geology (Griffiths and Barker, 1993). Such 

surveys are usually carried out using a large number of electrodes, 25 or more, connected to a 

multi-core cable. At present, fi eld techniques and eq uipment to carry out 2-D resistivity surveys 

are well developed. 
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Figure 3.1 shows the typical seUlP for Ii 2-D survey wilh Ii number of electrodes aiong Ii suaight 

line attached to a mulri-core cahle. NQnnally, a COOSUIIlt ~-pacing lIetween adjSCeilt electrodes is 

used. The muili-core cable is anacheri 10 an elecllODic swiu:hing unil which is connected to Ii 

laptop computer. The sequence of me-dSurements co take, me type of array to use and omer survey 

JYMlIIIleters (such tite currenl to use) is normally emerOO into a teX!. file wilich can lie read ily Ii 

computer progr.un ill a iaptop computer. After re'dding me control flie, me computer progr.un men 

aulOmaricaii y seiecu; lile approprial:e eiectrodes for each measurement. One lechnique used 10 

extend horuolltally length covered of die survey, particularly for a system wim a limited lIumUer 

of electrodes, is the roii along method (Figure 3. i). Afier completing the main sequence of 

mea~urements. one of cahle is moved to the end of the line. 

R .... ~ ...... 

..L 

0 ..... ""'"· •• •• . . 
... 

Figure .1. i GcnentiizeO survev oroceO.ures wi.th Uw main Sttluence in Ute ieiL roii Wont! in tile rU!hl 

ano. tia:ua ooinls 01 2 ... 0 res1stivilv im~intl tiifl-isLU Haiie. LUlU). 

ResiSlivilv riala ill !!enl:ooiv inwroretOO willI!! tite mOOl:iin!! DIVC<lS!I. J\ nn.olffi:tiClti modei 01 tile 

Eanfl8lID lllIl!eOOieClricai seuinn is f!ellef'.w:.Q. Tile U:.eoreLicai eieclricai re!lisi.iVLW resoonse over 

iliat moOe! is !hen caicularerl. The meorericai resoonse is !hen comoarine- wim me observed fieW 

resoonse and riifierence i>ecween the ooserved and calculated are nol.erl. The nvoothetica1 earth 

model is men adiU!lled 10 create a resoonse which more fit <0 me observed <iara. 

3.iJ.i Forward Modeiioe-



Forward modeling is a technique to model a subsurface by estimating the actual resistivity of the 

different geological structures. The estimati on is made by calculating the apparent resisti vity of the 

respective ground structure using the fundamental theoretica l electrical equations. 

The resistivity response for a 2-D model is calculated and displayed as a pseudo-section for 

comparison with the original field data . This approach is used to generate reali stic subsurface 

geometries in definab le model structures (Reynolds, 1997). Forward model ing operates through a 

process which divides the subsurface is into a large number of small rectangular cell s (McDowell 

et aI. , 2002). 

3.1.3.2 Basic Inverse Theory 

Geophysical inversion is a method wh ich finds a model that gives a response that is similar to the 

actual measured values. The model is an idealized mathematical representation of a section of the 

earth. The model has a set of model parameters of physical quantities which are required to be 

estimated from the observed data. The model response is the synthetic data that can be calculated 

from the mathematical relationships defining the model for a given set of model parameters. All 

inversion methods essentially try to determine a model for the subsurface whose response agrees 

with the measured data subject to certain restrictions. 

In all optimi7.ation methods, an initial model is modified 111 an iterative manner so that the 

difference between the model response and the observed data values is reduced. The set of 

observed data can be written as a column vector y given by 

(3. 1 ) 

where 111 is the number of measurements. The model response f can be written in a similar form 

(3.2) 

The difference between the observed data and the mode l response is given by di screpancy vector g 

that is defined by 

g=y-j (3.3) 

In the least square optimization method , the initial model is modified such that the sum of squares 

error e of the difference between the model response and the observed data values is minimi zed 

and is given as (Loke, 1999). 
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"n 2 T e = L...i = 1 g = g g (3.4) 

The above equation can be rewritten as 

(3 .5) 

where, r; is the ilh ca lculated reisitivity value, m; is the ilh observed apparent resistiv ity and n is 

number of measured data . To get minimum e (root mear square error, RMS) the smoothness 

constrained least square method (deGroot-Hedlin and Constable, 1990) is used. It is given as 

(3.6) 

where, F = f,f/ + f,f, T , fx is vertical fl atness filter, J is matrix of partial derivatives, U is damp ing 

factor, d is model perturbat ion factor, r is a vector conta ining the logarithm of the model resistivity 

val ue and g is discrepancy vector. 

3.1.4 The relationship between geology and resistivity 

Res istivity surveys give a picture of the subsurface resistivity distribution. To convelt the 

resistivi ty picture to a geo logical picture, some knowledge of typical resistivity values for different 

types of subsurface materi als and the geology of the area surveyed is important. Igneous and 

metamorphic rocks have high resistivity va lues, which greatly depend on degree of fracturing and 

the percentage of the fractures filled with water. Sedimentary rocks have lower resisti vity value 

because is usua lly porous and have higher water content (Annex- III ). 

3.2 The Magnetic Method 

3.2.1 Introduction 

Magnetic prospecting, the oldest method o f geophysical exploration, is used for mineral, 

ground water, o il and gas, engineering (locating buried structures and weak zones) and 

environment appl icati ons. It is a very popular and inexpensive approach for near-surface metal 

detection. Engi neering and env ironmenta l site characterization often begin with a magnetometer 

survey as a means of rapidl y providing a layer of information on where uti lities and other buried 

concerns are located. The principa l operation of magnetic survey is quite simple. When a ferrous 

material is placed within the Earth's magnetic fi eld, it develops an induced magneti c fi eld . The 

induced field is superimposed on the Earth's field at that location creat ing a magnetic anomaly. 
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Detection depends on the amount of magnetic materi al present and its di stance from the sensor 

(Rivas, 2009) . 

3.2.2 Basic Principles and Elementary Theory 

The Earth ' s large scale magnetic field is superimposed by small scale magnetic anomalies related 

with magnetized rocks. Magnetization is the parameter corresponding to density in the gravity 

method. Magnetization is a vector quantity which is related with the concept of north and South 

Pole of a magnet (K irsch, 2009). 

Within the vicin ity of a bar magnet a magnetic flux is developed which flows from one end of the 

magnet to the other (Figure 3.2). This flu x can be mapped rom the directions assumed by a small 

compass needle suspended with in it. The points within the magnet where the flux converges are 

known as the poles of the magnet. A free ly suspended bar magnet similarly ali gns in the flu x of 

the Earth ' s magnetic fie ld. The pole of the magnet wh ich tends to point in the direction of the 

Earth ' s North Pole is ca ll ed positive pole, and this is balanced by the south seeking or negative 

pole (Kearey et a I. , 2002). 

_____ N __ _ 

Figure 3.2 Magnetic flux surround ing a bar magnet (Kearey et a I. , 2002) 

The force of F between two magnetic poles of strengths m I and m2 separated by a di stance I' is 

given by 

(3.7) 
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where "'0 and ~l" are constants corresponding to the magnetic permeability of vacuum and the 

relative magnetic permeability of the medium separating the poles. The force is attract ive if the 

poles are of different sign and repulsive if they are of like sign. 

The magnetic field B due to a pole of strength m at a distance r from the pole is defined as the 

force exerted on unit positi ve po le at that point 

B = Pam 
4J[Pll r 2 

(3 .8) 

Magnetic fields can be defined in terms of magnetic potentials. For a single pole of strength m, the 

potential V at a di stance I' from the pole is given by 

(3.9) 

The magnetic field component III any direction is then gIven by the partial derivative of the 

potential in that direction . 

In the SI system of units, magnetic parameters are defined in terms of the flow of e lectric current. 

If a current is passed through a coi l consisting of several turns of wire, magnetic flu x flows 

through and around the coil annu lus which arises from a magneti zing force H. The magnitude of 

H is proportional to the number of turns in the coi l and the strength of the current, and inverse ly 

prop0l1ionai to the length of the wire, so that H is expressed in Am'l . The density of the magnetic 

flu x, measured over an area perpendicular to the direction of flow, is known as the magnetic 

induction of magnetic field B of the coil. B is prop0l1ionai to H and the constant of proportionali ty 

~ is known as the magnetic permeability (Re illy, 1972). 

Common magnets exhibit a pair of poles and are therefore referred to as d ipoles. The magnetic 

moment M of a dipole w ith poles of strength m a di stance I apart is given by 

M=ml (3 . 10) 

The magnetic moment of a current carrying coi l is proportional to the number of turns in the coil , 

its cross-sectional area and the magnitude of the current. 
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When a material is p laced in a magneti c fie ld it may acqu ire a magnetization. Th is phenomenon is 

referred to as induced magneti zation. The intensity of induced magnet ization J of a material is 

defined as the dipole moment per unit vo lume of the material 

J=M 
LA 

(3.11 ) 

In other way the induced intensity of magnetizat ion is proportional to the strength of the 

magnetizing force H of the inducing fi e ld. 

(3 . 12) 

where, K is the magnetic susceptibility of the material. 

In a vacuum the magnetic fiel d strength B and magneti zi ng force H are related by 

(3. 13) 

where, ~1 0 is the permeability of vacuum (4n x 1O.7Hnf l
) . Air and water have similar permeability 

to ,llO and so this relationship can be taken to represent the Earth' s magnetic fi eld when it is 

undisturbed by magnetic materials. When a magnetic material is placed in thi s field , the resulting 

magnetization g ives rise to an add itional magnetic field in the region occupied by the material , 

whose strength is g iven by ~l ol . With in the body the total magnetic fi eld or magnetic induction , B 

is given by 

(3. 14) 

Substituting equation (3 . 14) 

The magnetic permeability lJ is thus equal to the product of the relati ve permeability and the 

permeabi lity ofvacllum, and has the same dimensions aSI'o. For air and water fIR is d ose to unity. 

3.2.3 Thc Earth '5 Magnctic field 

The geo magneti c field near the surface of the Eart h originates large ly from within and around the 

Earth ' s core. N inety percent of the Earth 's magneti c fie ld looks like a magneti c field that would be 

generated from a dipolar magnetic source located at the center of the Earth and aligned with the 
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Earth's rotational axis. The remaining 10% of the magnetic field cannot be explained in terms of 

simple dipolar sources. Complex mode ls of the Earth's magnetic field have been developed and 

are avai lab le. As observed on the surface of the Ealth, the magnetic field can be broken into three 

separate components. 

Main Field: Th is is the largest component of the magnetic fie ld and is believed to be caused by 

electrica l currents in the Earth's fluid outer core. It is produced in the core of the earth and 

acco unts for the very large regional variations in the field intens ity and direction. For exploration 

work, this field acts as the inducing magnetic field . 

External Magnetic Field: This is a relatively small portion of the observed magnetic fie ld that is 

generated from magnetic sources externa l to the earth. This field is believed to be produced by 

interactions of the Earth's ionosphere with the solar wind. Hence, temporal variations associated 

with the external magnetic field are correlated to solar activity. 

Crustal Field (Auomalous Magnetic Field): This is the pOition of the magnetic field associated 

with the magnetism of crustal rocks. This portion of the field contains both magnetism caused by 

the induction of Earth's main magnet ic field and remnant magnetization (Thomas, 2003). 

Mathematically it can be expressed by: 

Br = Bax/ + Bint = Bex' + BD + B,-m (3.15) 

where B,. is the total magnetic field , Bex! is external magnetic fie ld, Bo is dipole field , which is 

mainly generated by the fluid outer core and Brm is the field of rock magnetism. 

3.2.4 Tempol·al Variatiou of Earth's magnetic field 

It was recogn ized that the earth's magnetic intensity changes its direction slowly and irregularly. 

Later measurements at magnetic observatories showed many changes in the magnetic field that 

have shorter periods than those origina lly observed. Th is temporal variation may be reso lved into 

secular variation, diurnal variat ion and variations due to magnetic storms. 

Secular variation: These are long-term (changes in the field that occur over years) variations in 

the main magnetic field that are presumably caused by fluid motion in the Earth's outer core. 

These variations occur slowly with respect to the time of completion of a typical exploration 

magnet ic survey; as result .these variations will not complicate data reduction efforts. 
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Diurnal variation: These variations in the magnetic fie ld that occur over the course of a day and 

related to vari ations in the Earth's external magnetic fi eld . This vari ation can be 20 to 30nT per 

day and accou nted for when conducting exploration magnetic surveys. Diurnal variations are 

believed to be caused by electric currents induced in the Earth from an external source. 

Magnetic storms: Magnetic act ivity, occasiona lly in the ionosphere wi ll abruptly increase, the 

occurrence of such storms correlates with enhanced sunspot activity. The magnetic field observed 

during these times is highl y irregular and unpredictable, having amplitudes 1000nT. Magnetic 

surveying should be discontinued during such storms because of the impossib il ity of correcting the 

data coll ected for the rapid and high-amplitude changes in the magnetic field (Kearey, Brooks and 

Hill , 2002). 

3.2.5 Magnetics Surveys Instrument 

Magnetic field measurements are carri ed out with magnetometers . Magnetometers measure 

horizontal andlor vertical components of the magnetic field or the total field . There are two main 

types of resonance magnetometer: the proton free-precession magnetometer, which is the best 

known, and the alkali vapour magnetometer. Both types monitor the precession of atomic partic les 

in an ambient magnetic fie ld to provide an absolute measure of the total magnetic field (F). The 

proton magnetometer has a sensor which consists of a bottle containing a proton-rich liquid, 

usuall y water or kerosene, aro und wh ich a co il is wrapped , connected to the measuring apparatus 

(Reyno lds, 1997). Proton precession magnetometers measure the tota l intensity of the Earth' s 

magnetic fie ld vector at a reso lution of 0. 1- 1 nT (Kirsch, 2009). 

3.2.6 Magnetic field survey proced ure 

The aim of magnetic survey is to investigate subsurface geo logy on the basis of anomal ies in the 

Earth ' s magnetic field resulting from the magnetic properti es of the underling rocks. A survey can 

be performed on land, at sea and in the air. Consequently, the technique is widely employed and 

the speed of operation makes the method very attractive (Kearey et aI., 2002). Magnetic 

measurements are performed in grids or on profiles. Repeated magnetometer readings at base 

station have to be performed to record periodic and non periodic magnetic fluctuations related 

with ionospheric processes (Kirsch, 2009). 

The method involves the measurement of variations in the total magnetic fi eld of the earth, caused 

by local differences in the magnetization of the subsurface rocks and so ils. The greatest 
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application in engineering studies is it locates boundaries between rocks, which di splay magnetic 

contrasts, such as faults or dykes. Significant progress has been made in the mathematical 

modeling of magnetic data, particularly of the variations in I-D vi sualization. It is also possible to 

produce 2-D geo logical model s from the magnetic data (McDowell et aI., 2002). 

In ground based surveys, it is important to establi sh a loca l base station in an area away from 

suspected magnetic targets or magnetic noi se and where the locale field gradient is relatively flat. 

A base station should be quick and easy to relocate and reoccupy. The precise approach to the 

su rvey wi ll depend on the type of equ ipments. If a manual push button proton magnetometer is 

deployed, the exact time of occupation of each station is needed and at least three reading of the 

total field strength should be recorded. Each of the three values should be within ± lor 2nT and 

then an average of these three readings is calcu lated. As the survey progresses, the base station 

must be reoccupied every half an hour in order to compile a diurnal variation curve for later 

correction. Next to data entry, where required, there should be any comments about the terrain or 

other factors that may be considered to be important or relevant to subsequent data processing and 

interpretation (Reynolds, 1997). 

3.2.7 Magnetic Data Rednction 

The Earth 's magnetic fie ld changes over a dai ly period and these are what are called the diurnal 

variations. These are caused by changes in the strength and direction of currents in the ionospherc. 

On a magneticall y quiet day, the changes are on average around 50nT but with maximum 

ampli tudes up to 200nT at the geomagnetic equator (Reynolds, 1997). Therefore, one effect that 

must be compensated in magnetic survey is the variation in intensity of the geomagnetic field at 

the Earth ' s surface dl\l'ing the course of a day wh ich is diurnal variation. It can be corrected by 

installing a constantly recording magnetometer at a fixed base station within the survey area by 

visiting a base station periodically (Lowrie, 2007). 

The geomagnetic correction is a technique that removes the effect of geomagnetic references field 

from the survey data. The most rigorous method of geomagnetic correction is the use of the 

International Geomagnetic Reference Field (IGRF) (Kearey et aI., 2002). For small sized area of 

investigation only diurnal corrections cou ld be applied (Kirsch , 2009). The total field anomaly 

(AB) is calculated based on the fo llowing formula from the observed magnetic data (Bobs), the 

diurnal variation (oB) which, will be generated from the base station measurement and the dipole 

field (Bd) which wil l be determined from the international geomagnetic reference field . 
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(3.16) 

3.2.8 Analytical Signal 

Due to the dipolar nature of the geomagnetic field, magnetic anomal ies observed anywhere other 

than the poles are asymmetric even when the causative body di stribution is symmetric. This 

property complicates the interpretation of magnetic data. Reduction to the po le (RTP) is a 

technique that converts magnetic anoma ly to symmetrical pattern wh ich would have been 

observed with vertica l magnetization. Ana lytical s ignal is a suitable quantity that can be calculated 

in frequency domain and its magnitude is independent of the magnetization direction thus; it can 

be used as RTP operator. Analytical signal is formed thro'ugh the combination of the hori zontal 

and vertical gradient of the magnetic anomaly. The analytical signal has a form over causative 

body that depends on the location of the body (horizontal coord inates and depth) but not on its 

magneti zation direction (Roest et a I. , 1992). 

In the reduction to the po le procedure, the measured total fi e ld anomal y is transformed into the 

vertical component of the fie ld caused by the same source distr ibution magnetized in the vertical 

d irection . The acquired anomaly is therefore the one that wou ld be measured at the north magnetic 

pole, where induced magnetizati on and ambient field both are directed downwards (B lakely, 

1995). The amplitude function of the ana lytical signal is defi ned as the square root of the squared 

sum of the vertical and two horizontal derivatives of the magnetic field anoma ly: 

where IA(x, y)1 and M are the ampl itudes of the analytic signal and the magnetic anomaly fie ld 

intensity respectively. This signal exhibits maxima over magneti zation contrasts, independent of 

the amb ient magnetic field and source magnetization d irections (Salem et a I. , 2002). 

3.2.9 Magnetic properties of rocks and minerals 

Magneti sm of rocks is related wi th the magnetism of the rock forming minera ls. Diamagnetic 

minerals like quartz and calcite have negative susceptibilities of the order of 10-5. Mineral s like 

feldspars and micas are paramagnetic and have higher (positive) susceptibilities (10-4 
- 10-2) . The 

positive susceptibility of ferromagnetic mineral s li ke magnetite (k - I - 10) is even larger by some 

orders of magni tude and in general most important for the magneti zation of rocks (Kirsch , 2009). 
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Magnetic susceptibility is an extremely important property of rocks and to magnetic exploration 

method. The whole rock susceptibility can vary considerab ly owing to a number of factors in 

addition to mi neralogica l composition such as a lignment and shape of the magneti c grains 

dispersed throughout the rock (Reyno lds, 1997) . 

However the susceptib ility of a rock mainly depends on its magnetite content. Sediments and 

acidic igneous rocks have small susceptibil ities whereas basa lts, dolerites, gabbros and 

serpentinites are usuall y strongly magnetic. Weathering generall y reduces susceptibility because 

magnetite is oxid ized to hematite. The susceptibilities, in rationalized SI units, of some common 

rocks and minerals are given in An nex- III (M il son, 2003). 
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CHAPTER-FOUR 

GEOLOGICAL, HYDROGEOLOGICAL, LANDSLIDE AND 

GEOPHYSICAL INVESTIGATIONS OF THE STUDY AREA 

4.1 Detailed geological investigations of the study area 

4.1.1 Regiona l Geology 

Severa l pu lses of volcanic activ ity, which were re lated or preceded by major tectonic movements, 

were identified (Zanettin et aI., 1974). Ep ierogenic uplift of the Afro-Arabian plate during Early 

Tertiary has given ri se to the East African swell. The cause of this uplift is related to mantle 

plume, whose decompression resulted in temperature rise and melting. As a result, out pouring of 

enormous quantities of basaltic magma that gave rise to first eruption of the Ethiopian Flood 

Basalt Province has occurred (Mengesha et aI. , 1996). 

However, currently available geochem ical database strongly suggests that it was not until Late 

Eocene or Early Oligocene that wide spread volcan ism, which formed the Trap Basalts of 

Ethiop ia, was ini tiated. These early flood basalts now cover extensive regions of the NW and SE 

plateaus . The centra l Ethiop ian plateau, withi n which the study area is located, is palt of the NW 

Ethiopian plateau and the western margin of the Main Eth iopia Rift. 

Tertiary volcanic rock of central Eth iopia plateau consists of A iba basalt, Alagi rhyolites and 

basa lts, Tarmaber basalt and Balchi rhyolites (Zanettine, 1974). The Alagi series conta in 

interbeded layers of rhyo li tes and basa lts with an age range of 32 to 16 Ma. (Oligocene-Miocene) 

overlying the Aiba basalts (34-28 Ma; Middle -Upper Oligocene). 

The Alag i rhyolites are first si licic rocks emitted in the central eastern Ethiopia plateau mak ing up 

large ignimbrite un it lying directly on the Aiba basalts or inter-layered in varying quantiti es with 

the Alagi basa lts (Zanettine et aI., J 974). The Aiba basa lt is a thick cover of flood basa lts out 

poured on the Ashangi peneplain as a resu lt of di stensile crusta l movement. The Tarmaber basalt 

that covers the Oligocene Alagi is termed as Tarmaber Meghezez basalt (Late Miocene). Except 

Tarmaber basa lts, the Alagi vo lcanics and the Aiba basalts are formed by fissural type of 

volcani sm. 

36 



According to Mengesha et aI. , ( 1996), the geo logy of the central Ethiopia plateau consists 

predominantly of alka li basa lts with interbedded pyroclasts and rare rhyolites erupted from 

fi ssures. The upper part of these groups is more tuffaceous, containing lacustrine deposits and 

acidic volcanics. 

4.1.1.1 Regiona l structures 

The Southern Afar Rift is bounded by the Somalian Escarpment in the south, the Ali-Sabieh Block 

in the east, the Tendaho-Gobaad di scontinuity in the north and the Main Ethiop ian Rift to the 

west. This zone is a transition zone between the central A far and the Main Ethiopian Rift and it is 

structurall y characterized by: ( I) North to Northeast trending dominant structures in the West, and 

East- West trend ing in the East (Beyene & Abdelsalam, 2005) (2) Northwest-trending transfer fau lt 

zones which can be traced to discontinuities in the western Eth iop ian escarpment (Hayward & 

Ebinger, 1996). (3) The kinematically dist inct Gulf of Aden normal fa ulting pattern (trending due 

to East-Southeast) fo und in the Southern part (Tesfaye, et ai, 2003) as cited in Asmelash Abay 

(20 12). 

In general in thi s zone the three important structures, namely the NW-SE trending structures 

(parall el to the general trend of the Red sea); NE - SW trending structures (parallel to the main 

Ethiop ian rift) and the E-W trend ing (parallel to the Gulf of Aden ) are joined. The western 

bounding rift margins, where the study area is situated is characterized by this three im pOitant 

regional structures contro lling the deep seated landslides along the rift margi ns, e.g. the Oebresina 

landslide of September 2005 (Asmelash Abay, 2012). 

The ri ft floor and its escarpments are highl y faulted. The fau lts in the MER are parallel and sub­

parallel to the NE-SW trending rift axis (G idey Woldegebriel et aI. , 1990). The rift floor is 

affected by severa l fa ults that form smaller horst and graben structures. The NNE-SSW and N-S 

trending faults are the dominant fa ults. 

4.1.2 Local Geology 

4.1.2.1 Introduction 

The project area has different tertiary vo lcanic rocks and quaternary superfac ial depos its and these 

different units are briefl y described below. 

4.1.2.2 Aphanitic basalt 
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This rock unit crops out in the north western, western and eastern part of the project area. It also 

outcrops in the continuous cliff funning escarpments. It is characterized by moderately to steep 

cliff forming topography, which directly overlies the underlying pyroclastic rocks. Its thickness 

increases from central to western part and attains a maximum of2S0 m. 

The rock has pinkish gray in weather color; dark gray in fresh color, fine grained texture volcanic 

rock. It appears massive but it is highty weathering due to jointing and fracturing. It is 

characterized by diffi:rent secondary structures like fractures, joints and shear zones (Figure 4.1). 

They are more intense as one goes from the central to the western part. 

Figure4.1 Fractured and weathered aphanitic basalt rock exposed atnortheaslem side of the area. 

4.1.2.3 Vesicular basalt 

It is exposed in the northern and western part of the study area. In the western side of the study 

area it is massive but in the northern part it is highly weathered and jointed rock unit. This 

weathering becomes very intense at the base where the rock is entirely changed to soil. The unit is 

colunmarily jointed and rock fit\ts are associated with these columnar joint. The rock has light gray 

weathered, dark gray fresh colored and fine to medium grained rock (Figure 4.2). It shows 

rounded to sub-rounded vesicles whose IIlIlK size reaches up to 8 em. Vesicles are filted-up by 

greenish and reddish brown secondary minerals, which eou1d be zeolite and hematite, respectively. 
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Figure 4.2 Jointed vt:»'icularbasalt rock lit centrdl pari of the study area. 

4.1.2.4 Ignimbrite 

It is moderntely to ~1rongly ~irntitied, often massIve looking rock. Outcrops an: always 

interlayered with the basalt and are exposed at various horizons. At different locations, this rock 

type hIlS variable thicknesses. The lowt:»'t and hil,'hes't thicknesses tire observt:d in the western part, 

whereas in the central and southern part it is moderately thick. In the western part the thil?kness of 

this rock ranges up to 20 m, whereas in the southern part reaches up to 1m. It hIlS yellowish gray 

weathered, light gray fresh colored and fine to medium grained rock unit (Figure 4.3). In western 

part of the study 1Ire8 it is strongly compacted but it highly jointed and weathered in the northern 

part. The fiamme and lithic fragments contained in this rock are highly aligned parallel to the 

plane of stratification. 
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Figure 4..3 Fractun:d ignimbrite rocks located in between Sar Ambaand Annania small towns. 

4.1.l.5ll1terlayered apballitk basalt, Fb¥olite au igllimhrite rocks 

This unit confonnably .overlies the underlying basaltic rock and crops oul in the western part of 

the study area at UTM location of 587236E and 1091497N. The thickness of this rock unit 

approximately reaches up to 9Om. The rhyolite and ignimbrite are closely interlayered each other 

whereas the basalt usually caped the two rocks. Detail description is presented below (Figure 4.4). 

Rhyolite: it is layered and massive looking, brownish weathered and light gray ftesh color and frne 

to medium grained rock. Joints as well as fractures are also present on this rock. Thickness of this 

rock was approximately reaches of 25m meters. This, rock is inconsistently weathered and the 

weathered surface shows yellowish gray, brownish gray and dark gray color. 

Ignimbrite: it is light gray to dark gray colored, fine to medium grained, highly compacted as weJl 

as well stratified- rock Often, it is subjected to two sets of j.oints~ which are systematic and random 

type .of joints. Its thickness approximately reaches up to 20m. The ignimbrite characteristically 

consists offiamme, which is highly elliptical and aligned parallel to the stratifICation. 
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Aphanitic basalt: it is moderately to highly weathered stratifying rock. Layering is commonly sub­

horizontal. The lowest and highest thicknesses are observed in the top and bottom part this 

lithological succession which is 15m and 30m thick respectively. Joints and fractures are observed 

in this type of rock. It has dark gray to bluish gray color, and fine grained texture. 

W~ather~d Aphanitic 
Basalt 

Ignimbrite 

Rhyolite 

),iassn-e Aphanitic 
Basalt 

Figure 4.4 Lithological intercalations at western side ofthe study area (587236E. I091497N). 

4.1.UiTutT 

This pyroclastic unit is exposed at western and north western portion of the study area. It is 

characterized by whitish color and fine-grained texture (Figure 4.5). 'Ine tutTunit of the study area 

is relatively light in weight. 

Figurc 4.5 Tull' rock units at western side orthe study area. 
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4.1.l.7 Qaatenary lCdilBeaD 

These were exposed at the central, northwestern and northeastern part of the study area. These 

sediments were composed of cobbles, sands, silt and clay sized soil particles derived by 

weathering and erosion of different rocks. These deposits were mostly thick residual deposits and 

there were also some deposits of colluvium-eluvium and alluvial soil deposits in northwestern, 

eastern and northern part of the study area. The residual soils have fonned from insitu weathering 

of parent materials. In western side of the study area colluvial soils are deposits that displaced 

from their original location of formation by gravity forces. It was easily observed from river and 

road cuts; the thickness of these deposits was ranged from 2m up to 20m throughout the study 

area. 

Figure 4.6 Residual clay soils at Shola- Wuba-Iocality of the study area-showin~ the deep-near 

vertical fissures. 
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Figure 4.7 Geological map of the study area. 
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4.1.3 Local geological structures 

N 

A 

In the project area, various structures such as joints, fractures, stratifications, lineaments as well as 

faults are observed. 

4.1.3.1 Joints 
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The most commonly joint types observed in the study area are columnar joints (Figure 4.10) and 

normal systematic joints which were 30cm spaoed and 20cm aperture. They can be 0fIe factof' for 

the sliding problem of the study area. 

Figurc 4.10 Columnar joints observed in vesicular basalt at location of(588301E and 1091 1 79N). 

4.1.3.2 Faults 

These structures are observed specially in the western part of the study area. The normal faults are 

megascopic structures, which have characteristically NNE-SSW and are parallel to the MER trend. 

They are discontinuous boundary faults that give rise to major fault-escarpments sep8Iating the rift 

depression from the Ethiopian plateau. These faults are nonnally long, widely spaced and are 

characterized by large vertical offsets (Figure 4. J J). 
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FAULT SCARP 

Figure 4.11 Fault escarpments at the western side of the study area. 

4.1.3.3 Dykes 

There are number of basaltic dikes with strike orientation of NW -SE exposed at southern side of 

the study area (Figure 4.12). These dikes have an average width of 1 to 2 meters. These are weak 

zones which were used as channel of basaltic lavas flows to the surface. 

Figure 4. 12 Dvkes at the southern side of tile study area (587578E. I08fi:iO'lN). 



4.2 Hydrogeological investigations of tbe study area 

Hydrogeology plays a major role in controlling the occurrence of landslide in the study area. 

However, there are no boreholes data and other relevant studies that indicate the ground water 

level of the study area. Therefore, the hydrogeology was discussed based on the field observation 

of perennial streams and a number of springs of the study area. 

4.2.1 Rainrall 

Rainfall is one of the most important factors in triggering landslide conditions. The rainfall of the 

study area is characterized mostly by one long rainy season that last from June to September. The 

data measure at Debresina rain gauge station indicates the maximum annual rainfall was n7.2mrn 

which was recorded in August, 1997; while the minimum was Omm almost in most of the years 

starting from October up to February. The highest average monthly rainfall was also 432.65mrn 

which was recorded in the month of August. The highest average annual rainfall was 201.8mm 

and recorded at the year of 1998 over the past 33 years recorded data at Debresina station (Annex­

\). The sliding problem of the study area particularly at the main road was happened following 

intense rainy seasons. 
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figurc ·1.1} Dar graphs showing averagc, maximum and minimum monthly rainlllli of the last 33 

ycars at Dcbrcsina station (1980·20 12). 

4.2.2 Springs 
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The springs in study area have high di scharge and many distributions . During the fie ld work six 

springs were in ventoried in the stud y area. The two springs are along the down road of the stud y 

area which have significant role in lands lide of the main road . The observed springs were 

generally slope control and perennial ; increase their yields drastically from dry to rainy season. 

They flow out in significant amount and can carry huge amount of debri s. The springs are 

functionally helpful for water suppl y and other domestic purpose (Table 4.1 ). 

Table 4. I lnventories of springs in the study area 

)lumber UT:"-. I localion Elenlion(m) :vIod e of Local place Their impoltallt 

of occurrence 
:\ y 

spnngs 

I 588 199 1089672 2297 Slope control Shol. Wuha Free flo\\" 

do\\'n Ihe road 

1 589202 1 090~05 2216 structural A ya!fush \Yater supply for 

COlllro! Chir.! medJ :;':Id 

Annan.i ~·a 

r--, 
5861 ~0 109 106 1 20--1 Slope comrol Alihudade \\·al er , uppl\" or 

local people. 

-l 587790 10913~0 2051 Slope conrrol Aon Ambo Waw suppl\" ior 

local peoples 

5 589120 1091 906 212:! Slope comrol bier. \\·.10,. supp!' · iOl 

dowll the road Ivcal peoples 

6 589-1 0_ 1089550 222-1 Slope cont.rol Zeb Amba I Free flow 
i 
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Figure 4.14 Photos showing some of the sorings and S<X)ooge in the s.'Udv aroa: In) s..,OCPI1 l!<1 fmm 

down the road of Dokakit kebele: (b', sDrlng from down the road ofTikur Chicka locality: (c', 

seepage frOID the mountain ofZeb Amba at eastern side of the study area: (a) sDring at Ayaifush 

locality that was used as water suoply for ArmaniYa and Chira Medl! towns. 

There are a number of perennial streams flowing out from the study area. In the northeastern side 

of the study area which is around Armania town. ali the streams are flowing into Mella main river. 

From field observarion. these rivers have sienificant roie in irulucing landslide orobiem ar the 
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11wotber rivers namely Koda Menkeriya, Nech Amba and Teter am found in northwest direction 

of the study area. They flow out fiom the area into Oem Aytemashy Main River. This locality 

also aff.eeted by sliding problem following thedirection those streams. 

All the streams found in southern side of the study area are also flowing out towards the 

Sbenkorge main river. Generally. all these- streams, springs and ""inf"l\s bave important role in 

inducing landslide problems. 

4.3 Landslide investigation.!! of the study area 

The study area is characterized by different types of landslides but the abundant occW'rlinces are 

rotational types. These rotational landslides are located especially at southern. western and 

northeastern direction of the study area. 

4.3.1 Types oflandsljde ill the study area 

4.3.1.1 Roek slide 

These am occurred mostly at the road cut of northeast of the study area. Tbey are observed on 

slopes where competent and relatively less competent rocks are in contact (Figure 4.1S). They 

vary in size from very small to Jarge blocks of rocks. 

Figuro4.1S Ilock:sfuks at main road of study area 



The study area consists of individual rock blocks that detached from a steep slope and descending 

by falling or rolling and coming to rest on gentler slopes in the area. Where these occur frequently, 

the bedrock is usually moderately to highly fracture with parallel and intersecting discontinuities 

with slopes. The falling of rocks varies in size mostly as a single rock, single block, mass of 

blocks and often occurs rapidly without warning. The whole main asphalt road of the study area 

has rock falling problem and the drainage system is disturbed by this kind of problem (Figure 

4.16). 

Figure 4.16 Rock falls at main road of study area 

4.3.1.3 Rotational slides 

These slides in the area are common at steep slopes especially during the periods of intense 

rainfall. They tend to be deep failures and occur along planes of weakness between overlying 

colluvial soils and highly weathered rocks. Recently, these have started at gentle slopes of the 

main road. Rotational slides are usually where sliding material moves along a curved surface and 

develop from tension scars in the upper part of a slope (Figure 4.17). 
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Figure 4.17 Tensional cracks down the road at SboJa Wuba Jocality 

i:'ig.U[~ •. ; q i)ii;te;:efliC:vfItS t)t rotatilittai iaiiusfHle: A&iJ are S;iueS uv-W-j) tile roail at ~iloia n.·uuii 

i(~ty: t.:J 5IW:i.e. (liilillUai tUlt-'V~ ti.i& utdhl iiMU 41 SUil~ ·ww)il ii,.;ailEy: 4iw. UJ UWiY [Owi(Hl&i 

siides at ti.i1t1:iIwt5t~Ht tlciif :;~t A..rti.Ua UA:4llty. 

4_;.2 The causes oHanus;jue jn i~ siuOy area 

Nom tlle !tela Qt>secvatlous. tlle slldlllg ji£ol}tem III tlle area IS due to tbe lugllly weathered 

geologICal IItI!ologJeS. topograplly. Ilydrology and hllman actIVItIeS wtucll are SOIlW ot 1tIc IDDSt 
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important factors that have caused landslides in the study area. Deforestation for hous ing, 

agricu ltural activities, search for building material and road construction have generall y assumed 

to be the preconditioning agents of slope fa ilure in the area. Based on the all rounded information 

and interpretations the major factors which influence the slope stability are described below. 

4.3.2.1 Geological causes 

The geological rocks in the study area were highly affected by intense and deep weathering 

cond itions and thi s considered as one of the main cause for lands lide problem. Thus, the 

lithological map of the study area has been prepared from the intensive field surveys. The main 

lithological units of the study area are aphanetic and vesicular basalts, ign imbrite, tuffs, and 

quaternary sediments (al luvial, colluv ial and residual soils) . The ignimbrites and tuffs are highly 

altered and weathered and when they get water, they lose their shear strength and se rve as 

lubricant for other overlay ing lithology. Therefore, the degree and depth of weathering of each 

lithology have signi ficant role for landsli de initiations in the target area. 

4.3.2 .1.1 Geological structures 

These structures were interpreted and comp iled from satellite images geophysical and geological 

fie ld work surveys . Since the study area is found at the Afar Rift Margin wh ich is worldwide 

known for its extensional tectonic movement and normal faults , then, faults are very important 

factor for the landslide problem of the study area. The western side of the study area is affected by 

active landslide problem because of the N-S directional fault. This part of the study area has a 

steep slope mountain by the action of fault and drainage system below it. 

4.3.2.2 Topographical causes 

4.3.2.2.1 Slope steepness 

Th is is an important factor to cause landslide problem. In most lands lides of the study area, steeper 

slopes have a greater chance of sliding problem but landslides are also common in the gent ler 

slopes. The slope map of the area is derived from the 30m DEM using the slope function of the 

spatial analyst of ArcGIS 9.3. A map of slope classes is generated by grouping the slope ang les 

into three major classes (figure 4.19). The landslide in the area has occurred in all classes of slopes 

but dominant at the higher slope of the area. 
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Figure 4.19 Slope map of the study area. 

4.3.2.3 Hydr.meteorological causes 
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This plays a crucial role in landslide initiation. Some of the major significant hydrologic processes 

are discllssed as follows: 

4.3.2.3.1 DralDage systems or the study area 

The drainage systems in study area outflow in all directions. Most drainage systems of the area 

have been created following the geological structures. The tectonic morphology of the study area 

is greatly modified by streanl cuts. which finally could influence slope stability by over steepening 

the lower sections of the slopes and removal of materials that provided support at the toe. For this 

reason the drainage was considered as one causative factor in the landslide problem study. 

4.3.2.3.2 Springs 

Generally. the mountains of the study area are the sources of different springs. The main road of 

the interest area has also many seasonally and perennial springs which are emanates under the 

road. From the field observations. the main asphalt road is already failed to direction of the place 

where the springs are located. The study area has a higher potential of springs and groundwater 

and these are used as a lubricant and also can produce water pressures that cause landslides. 

4.3,2.3.3 Ft~ig fA!! 

The slopes in the study area were mostly influenced by intermittent springs. rivers and high 

precipitation during rainy season. The most common trigger of landslide is suffICient water input 
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during precipitation events. The mobilization of debris material during debris flow events is 

related either to the onset of sediment transport due to water runoff or to slope failures caused by 

an increase in pore-water pressures. Both runoff format ion and slope instabilities are a function of 

rainfall intensity and cumulative precipitation or water input in another way. 

4.3.2.4 Seism ically causes 

Earthquake is one of the principal tri ggering factors of landslides that cause great hazard to both of 

li fe and properti es loss . The geo logical structures like dykes and fau lts of the study area are 

im portant situation for earthquake happening. Interviews with local people also confirmed that 

earthquake shake was fe lt around the study area. Thus, the most probable triggering factor for the 

landslide is the earthquake. Earthquakes reduce stability by imparting both a shearing stress and a 

reduction in res istance to slope material. The earthquake shocks may be responsible for triggering 

new lands lides and reactivating old landslides . 

4.3.2.5 Impact of landslide on the study area 

The landslide problems caused by several factors have also several impacts on the property and 

main road of the locality of the stud y area. The principal impact of was cracking and subsidence of 

the main road starting from Shola Meda up to Armaniya town which is around 3km coverage of 

the ma in road of the study area. Particularly at Shola Wuha locality (588353E, I089748N), the 

landslide is active and the landslide scarps remains 90cm to reach the main asphalt road as shown 

in the first photographs of Annex-V. The remaining main road of the study area was also cracked 

and subsided in many parts of the localities (Annex-V). 

The other impact of landslide in surrounding of the main road in the study area was also cracking 

of the fo undation of national electric poles and many local houses of the study area (Annex-V). 

Most of the local houses have crack ing of wall and floor and many of the residents change their 

houses to other palace. The national electric poles of the study area have also highly damaged 

particularly the poles at Shola Wuha and Tikure Ch ika localities which have cracked and 

subsiding foundations and have the tendency to fa ll down. 

4.4 Geophysical investigations of the study area 

4.4.1 Electrica l Resistivity Tomography (ERT) 

4.4.1 .1 ERT Data Acq uisition and Instrumentation 
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Three .profiles were surveyed to collect ERT data parallel to the main road of study area. Profile-I 

covers 360m horizontal distance and the other two profiles also cover 4SOm each. The ERT survey 

was conducted to study the subSllrface condition of the road in order to delineate the sliding 

SIIrface and also provide information about the associated processes on the basis of the contrasts in 

the subsurface resistivities. 

The electrical resistivity data was collected using the IRIS instruments SYSCAL Rl plus Switch 

72 resistivity meter that utilizes n electrodes, througb interconrw:table four reel cables 

accommodating 18 electrodes each, n short connector wires and two reversible connector boxes 

(Figure 4.20). The cables used in the particular instrumentation have pick up/connection points 

spaced at Sm. The instrument records automatically with a present format uploaded into the unit 

and the system takes meaSllrements almost independently once the arrays are laid along the 

profile. 

/ 
/ 

I IR •• ) Cal:tI_ 

Figure 4.20 Instrumentation of2D electrical imaging. 

Reel cables are connected each other with connector boxes and each cable outlet is connected to 

electrode by the connector wires. A twelve volt external battery was used for this survey. In the 

survey, the instrument is normally put at tlte center, where tlte deepest depth is recorded, and the 

four cables reels spread on both side of the resistivity meter. The two cables are in one side of the 

resistivity meter wltile the other two are spread on the otlter side of the resistivity meter (Figure 

4.21). 
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4.4.1.2 Data Processing and Presentation 

The data generated at field from each main and roll along sequences are downloaded to a 

computer using the Prosys-II software. Then the data from each roll along sequence is added to the 

main sequence before the processing stage with the help of thi s software. After the summation, the 

summed data is filtered , by automatic filtering, and the noisy data is rejected. Finall y the filtered 

data is saved in the Prosys-Il software in ".dat" form and exported to RES2D1NV software for 

processing. An automatic iteration process that fits the modeled data with the calculated one 

proceeds to analyze the data. The final output of RES20 lNV software, the invetted 2D model 

resistivity section , is the process ing product of 20 survey (Figure 4.22). Fina lly such figures are 

used for in terpretation purpose and to correlate the results of 20 imaging ana lysis with results of 

other methods. 

The data obtained in the prosys-II software is started from 90m for each roll along. Because of 

this, the roll along sequences were adjusted with proper distance before add to the main sequence. 

In the case of roll along one the data statted from 90m, so no di stance adjustment is needed. The 

second roll along sequence data sheet was recorded after 90 meter of the first roll along data; it 

was shifted by 90 meter after getting in the Prosys-ll software. This step was continued for the rest 

roll along data by increasing tota l ro ll along di stance by 90 meter that means 180m to the 3rd roll 

along, 270m to the 4th roll a long and 360m to the 5th roll along. After adjusling the distance, the 

rolls along sequences were added to the main sequence. Topography was incorporated to the 20 

electrical resistivity section because the project site is on undulating terrain. 

Figure 4.22 shows, for example, the resistivity cross-sections prepared for Profiles-2 using the ,~ 

RES2DINV software. Good quality of data was used with RMS error of less than 8.2%. Fina ll y 

the resu lts obtained from the RES20lNV were correlated with the geo logical information ' s and 

magnetic profiles using the surfer 9 software. 
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Figure 4.22 Resistivity model with topography of profile-2 resulting from a 2D inversion of data 

4.4.2 Magnetic method 

4.4.2.1 Data acqDisitioD aDd Instrumentation 

Magnetic data were collected using Proton I'recision Magnetometer instroment. The surveying 

was stated by establishment of a base ~1ation within the study area at a place which is easily 

lWCessible and as far as possible from magnetic noise. In addition to the magnetic readings the 

geographic coordinates of the point at which the readings are taken and the time of reading was 

recurded using Global Positioning System (Grs). Similar to that of the electrical resistivity data, 

magnetic d-dta were also collected along the predefined profile lines. which were used to conduct 

electrical resistivity surveys. In addition. magnetic data un: also collected rdDdomly within and at 

the boundary of the study area. Magnetic data were collected from J 58 data points with average 

spacing of 15m along the selected profile lines and at rdlldom points. At the field survey three 

magnetic readings were taken for a specific point and then average of this readings were used for 

the processing and interpretation purpose (Figure 4.23). 

4.4.2.2 Magaetie data prueessiDg and presentation 

The diurnal variation was removed from the observed magnetic field data using the Microsoft 

excel 20 J O. The main magnetic field at the base station is obtained from the International 

Geomagnetic Reference Field (IGRF). The IGRF value of the area was 35907.61 . The IGRF value 

at the base station is subtracted from the diurnal corrected total magnetic field of each station. 
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Finally, the corrected magnetic anomaly was obtained by subtracting the diurnal variation and 

IGRF values from the survey data. This was used for process ing to produce anomaly map, profi le 

plots, analytical , and horizontal gradient maps and finall y magnetic modeling maps. 

Magnetic profile data were picked up from the magnetic anomaly map corresponding to the 

profiles of the 2D electrical resistivity imaging lines. Th is helps to counter check and integrating 

the results from the two methods for detail interpretations. 

Since the study area is found within the low latitude magnetic equator and the survey covers very 

small area, then the vari ati on of magneti c fi eld with latitude and longitude is insignificant and 

hence normal correct ions were not done. In addition to this, in magnetic equatorial regions where 

inclination is less than 15 degrees, reduction to the pole is generally unstable and cannot be 

derived (Getech, 2007). Due to thi s reason reduction to the pole was not also done. Rather than 

reduction to the pole and normal corrections, other data enhancement techn ique was appli ed to 

produce magnetic map, which may help to highlight particul ar characteristics or features to aid 

qualitative interpretation . Analytic signal was done by using Geosoft software package program 

ca ll ed MAGMAP. 
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CHAPTER - FIVE 

RESULTS AND JOINT INTERPRETATIONS 

5.1 Electrical Resistivity Tomography llnd Magnetic Profiles 

5.1.1 Introduction 

Geophysical investi gations were surveyed at the above and down of the affected road, and have 

important information about the slid ing surface of study area and geo logical weak zones. These 

results illustrate the benefits of e lectrical resistivity imaging techniques for characterizing the 

landslide problem. Since the layers in the inverse model of imaging have highly di sturbed and 

fragmented subsurfaces, then it was difficult to correlate with the vertical lithological stratification 

of the study area and with magnetic profiles models. Moreover, the depth of the lithological 

succession was around 90m; whereas the depths of the geoelectrical tomography sections are 

about 65m, i.e. the depth of the geoelectrical sections is relatively smaller as compared to the 

depth of the geological stratifications. Because of this depth difference and deep landslide 

di sturbance problem, the correlations of geoelectrical sections with the vel1ica l geological layers 

and magnetic mode'l s were not done but the individua.l magnetic profiles have good correlation 

with electrical imaging models in indicating weak zones of the surveyed area. 

5.1.1.1 Profile-1 

The in version of profile one by including topography was done after filtering and removing of the 

noisy data from 648 data points of the 2D electrical resistivity of profile-I, 600 data points were 

used for the inversion of thi s profile. The profile was on ly main sequence and with total length of 

the profile extended to 360m, and its invers ion result is given in the Figure 5.1. The program 

produced a good inverse model after six iterations and 3% RMS errors. The res istivity inverse 

model of profile-I has a lot of di sturbed zones which have high susceptibi lity to slide and different 

geo logical structures that are suitable conditions for landslide happening. 
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The res istivity value of the possible disturbed subsurfaces and geological weak zones is very low 

and varies from 2.79 to 14.8 Om. This low resistivi ty in some of the areas within the profile line is 

possibly due to intensive degree of weathering and water percolation from the surface along the 

fractures. In addition to thi s, these resisti vity ranges are the response of fragmenting and sliding 

surface, wh ich is composed of expansive dark clay and highl y to completely weathered basa lt 

rock. The thickness of this disturbed and susceptible to slide surface increases from southwestern 

to northeastern directions. -. 

The second ranges of resisti vity is from 14.8 - 34.1 Om and this may be the response of the highl y 

to completely weathered and fractured ignimbrite rock. This range of resistivity value has 

indicated subsurface geology that are easi ly weathered and disintegrated into fragments of blocks 

and the presence of weak zones. The thickness of thi s range of resistivity is deeper in the center of 

the profile and in locations where weak zones are found . 

The third range of resistivity is greater than 34.1 Om which is the response of the compacted 

blocks. These massive blocks which are maybe bed rocks have dislocated at the center of the 

profile by the intrus ion of geo logical structures may be faults . Depth to the compact rock is 

varyi ng due to the presence of deep geological structures. It is shallower in the southwestern side 

as compared with the northeastern side of the 2D electrical profile. 

The magneti c profil e along the 2D electrical imaging of profi le-I was plotted as shown in the 

Figure 5.1 a. This profile shows cons iderable amplitude variation in the magnetic anomaly 

s ignatures. The minimum negative peak va lue is -240.3nT at a distance of about 170m and the 

maximum positive peak value is I 03 .02nT at a di stance of about 30m from the nOltheastern end of 

the line. There is a positive correlation between the magnetic anomaly plot and the 2D electrical 

profi le in detecting the weak zones. The magnetic anomaly plot shows a presence of fractured 

zone at 70m, 170m and 300m of the profile which are al so interpreted same from the 2D electrica l 

imaging plot. 

5.1.1.2 Profile-2 

The inverted model resisti vity with topography was done after filtering out the noisy data from the 

945 res istivity raw data points, a tota l of 908 data po ints were used for the inversion. lntegrating 

the main and one roll along sequences and covers 450m length of the profile to produce the 

inversion section plot shown in Figure 5.2. The software has appli ed inverse model by iterating 
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just seven times to yield a qua li ty data with RMS error of 2.1 %. This profile cou ld be classitied 

into three ranges of resistivity va lue by carefu lly examine the entire depth resi stivity informations. 

The first range shows a very low res istiv ity anomaly that varies from 5.22 to 13.4 Om. This range 

of resistivity is almost similar to the first profile- I which has a fragmented and sliding surface of 

expansive clay and highly weathered basalt rock. Like profi le-I, the thickness of this resistivity 

range increases from southwest to northeast direction of profilr-2. The greater thi ckness of 

disturbed and s liding surface is located at northeast direction and th is could be due to the high 

degree of weathering and weak zones a long thi s direction . 

The second range of resistiv ity is from 13.4 to 2 1.4 Om which may possibly the response of 

moderately to high ly weathered ignimbrite rock. Th is range of resistiv ity is loca li zed in between 

165 and 245m horizontal di stances and some extent towards SW direction. The thi ckness has 

increased at the center and decreased to SW direction. This range value has no extent towards NE 

direction and th is may be due to s lid ing problem and accumulati on of clay soi ls and slide deposits 

at this location. The thi ckness where thi s range of resisti vity is located at this profile become 

greater in comparison to other profi les due to the presence of weak zones which are attributed to 

the intensively weathered and fractured earth materials resu lting a fragments ofrocks. 

The third range of resi stivity is greater than 21.4 Om which may possibly the response of massive 

basa lt rock. This mass ive block of basalt rock is characterized by large depth at northeastern 

direction but shallower in the southwestern of the 2D electrical res isti vity profi le as shown in 

Figure 5.2. This compact rock is agai n broken eq uivalentl y to the massive rock mapped in profile­

I. The two small blocks on the two end of the profi le are dissected by weak zone and similarl y, 

one block from the compact rock at the center of the profil e is also displaced by loca lized 

structures. Therefore, the weak zone and slope factor may possib ly interp ret as deriving force for 

sliding problem at thi s profile and in other profil e as well. The locations of these weak zones are 

intense at NE di rection of th is profi le . 
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Figure 5.2 Interpretation ofprofile-2 a) magnetic profile, b) 20 electrical resistivity section. 
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The magnetic profile along the 2D electrical imaging profile-2 is al so plotted as shown in the top 

section of the 2D image in Figure 6.2a. The extreme values whose minimum negative peak value 

of -235.5nT at a distance of about 185m and the maximum positive peak value of -11.15nT at a 

distance of about 110m from northeastern end po int of the profile. The magnet ic fie ld profi le 

almost coinc ides with the 2D electrica l resistivity imaging model in identifying the weak zones. 

The magnetic profi le plot shows the presence of weak zones in almost at three palts of the profile 

survey and these are confirmed by electrical imaging model profile. 

5.1.1.3 Profile-3 

An im poltant feature of this image is the vertical decrease in resistivity with depth, where low 

resistivity range va lues are reached beyond the depth investigation of the instrument. This result 

suggests that the presence of massive rock at deeper depth than the other profiles. The inverted 

model resistivity with topography was done after filtering out the noisy data from the 945 

resistiv ity raw data points, a total of 891 data points were used for the in version model. The length 

of this profile is again 450m resulting from a combination ofa main and one roll along sequences. 

The inversion result is shown in Figure .5.3. The software produced good inverse model after 

iteration of about seven times and showing a good data quality with RMS error of 2.8%. This 

profile cou ld be again c lassified into three resistivity value ranges in agreement with the other two 

profiles but with great variations in depth of the resistiv ity range values. 

The obtained inversion model with topography from this line is characterized by a high degree of 

disturbances and huge thickness of alluv ial, co lluvial and res idual soil deposits. Along the profile, 

the low range resistivity va lue is varies from 4.32 to 20 Om and these resistivity responses are that 

of the dark expansive clay so il and due to intensive degree of weathering and lVater percolation 

from the surface along the fractures. As compared with the low resistivity range va lue in the other 

two profiles, thi s value of range is relatively thicker and localized at NE of the profi le and also 

deposited under the fragmented boulders of basa lt rock towards the southwest direction. Thi s low 

resistivity so il s are deposited at the whole profile especia lly at the lower depth and are almost 

absent at the shallow depth ofNE direction of the profi le starting from 245m and above horizontal 

distance. From center of the profi le to the direction ofNW, the disturbed and fragmented blocks 

are suspended and sliding following the sloped surface above this low range resistivity va lues. 

The second resistivity range varies from 20 - 430m which may be the response of the slightl y to 

highly weathered and fractured ignimbrite rock. Generally, the thickness of thi s va lue in NE 
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direction is d isappeared and there is an indication of thi s resistivity val ue in the SW direct ion of 

this profi le. 

The third resistivity value is found on ly at shallower depth of SW direction of the profile with 

highly fractu red, fragmented and weathered blocks that shows a significant res istivity variation 

within it. The suspended blocks that have th is resistiv ity range va lue have the teildency to slide 

down the slope espec ially in NE direction of the profil e. 
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There is also very low resistivity zone at the bottom of the third resistivity range val ue of SW 

direction of the profi le. Generally, the low resistivity range is dominantly covel' almost the whole 

profile horizonta lly and vertically extents which may poss ibly due to high degree of weathering 

and water percolation from the surface along the fractures. 

Magnetic profi le along the same line on which 2D electrica l imaging of profile-3 was plotted as 

shown on the top of the inverted res istivity model (F igure 5.3a). The minimum negative peak 

value is -233.5nT at a distance of about 325m and the maximum positive peak value is 96.3nT at a 

di stance of about 360m from the initial station position on the northeastern side of the line. The 

magnetic field profile roughl y coincides with the 2D electri cal resistivity profile plot to identify 

the weak zones. The magnetic profi le clearl y shows the presence of two fractured zones which 

coul d al so be interpreted same to other two 2D electrical resistivity sections. 

5.1.1.4 Combination of the 2D electrical resistivity profiles 

Figure 5,4 illustrates how the three 2D electrica l resistivity sections of profile- I, profile-2 and 

profile-3 can be arranged horizonta ll y to give· a fu ll of representation of the area. Th is way of 

representation is important to understand the continuity of the slid ing surface and weak zones 

within the survey area. The plot clearly depicts that there is continuous fractured zone within the 

three profi les shown in Figure 5,4. There are also possibly rotational slid ing shallow subsurfaces 

in all the three profiles. The there is an occurrence of landslide especially in nOltheast direction 

of profi le three which clearly correlate with fa il ure section of the road . 
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5.2 Magnetie Data Interpretation 

Magnetic survey is very helpful in identifying geological struetures and contact zones of different 

lithologies. Therefore, the corrected data is then processed using different software and different 

maps and models were produced like magnetic anomaly maps, analytical signal map, tilt 

derivative and 2D magnetic models. Finally, these maps and models are interpreted as follows; 

5.2.1 Total Magnetic Intensity map 

The raw magnetic data were corrected for diurnal variation and removal of anomalous 

instrumental readings through close examination of the data. IGRF determined values were then 

used to reduce the resulting data to the magnetic anomalies. The data that is produced from the 

corrected magnetic data is given with the magnetic anomaly map of the survey area as shown in 

Fignre 6.6. From the magnetic anomaly map, the subsurface condition shows that high and low 

magnetic response corresponding to the presence of high and low magnetic materials. The high 

magnetic anomaly response is probably due to the result of massif basalt rock and covers more in 

the southwestern and some in central part of the study area. 
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Ioe intennediate and low magnetic anomalies zones may be the response of jointed, fractured and 

weathered basalt and ignimbrite rocks and the overlain colluvial deposits as well. It covers almost 

the northeastern and central parts of the survey area. 

5.2.2 AoaIytieal signal map 

From the magnetic data it was possible to construct an analytical signal map shown in Figure 5.7. 

The map shows the responses of anomalous bodies just from the upper part of their sources. The 

analytic signal map is well resolved for shallow anomaly sources but may not be as such well 

resolved for deep sources and is good at locating the edges of shallow bodies. The amplitude of 

the simple analytical signal peaks (maxima) over magnetic contacts does not depend on the 

directions (inclinations) of magnetization. In addition to these, the map shows zones within the 

survey area associated with geological contacts. 

This analytical map shows that the anomalous bodies are in northeastern part of the survey area. 

From this map one can indicate the failure surface and possible sliding surface of the stody area. 
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i'igure 5.7 Analytical signal map ufilie ~Ludy area. 
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5.2..3 Horizontal gradient map 

This map is important for edges detection of magnetic causative bodies. It is also important to 

enhance lithological changes, structural regimes, defonnation styles and trends. The horizontal 

gradient map ofthc study area was developed by 45° gradient direction which is counter clockwise 

from + X axis. The map shows that two linear features in center and southwestern part of the 

survey area that are may be fractures or faults. 
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Figure 5.8 Horizontal gnluitml map 

5.2.4 Magnetic 2D-Models 

The 2D-magnetic model of the profiles was developed trom the observed layer parameters of 

geological lithologics. To sec thc subsurface variations of Iithologics, geological contacts and 

structures, the models were done along the three profiles by picking magnetie data trom the 

residual magnetic map. 
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5.2.4.1 Magnetie modd ofProfiJe.. 1 

The magnetic model of profile-I shows the variations of magnetic susceptibility starting from 

center to northeastern direction of the profile. The first layer of basalt rock is thinned out at 157m 

horizontal distance of the profile. This may be due to the occurrence offuult zones and the effect 

of weathering at the specified locations of the profile. The correlation of ERT and magnetic 

models interms of depth is difficult because the depth of ERT is shallower than the magnetic 

models and also the image of electrical resistivity shows that very disturbed and fragmented 

subsurfuce condition. But both models indicate the location offracture zone at this profile. 
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Figure ~.'J Magnetic model ofproiiie-I 

5.2.4.2 Magnetic model of Prollle- 2 

sw 

. . 

In this model. the variations of magnetic susccpflblhty also start from center of the profile towards 

Nt: directIOn. This variation mdicates the series of fault zones at northeast direction of the profile. 

The layer of geological rocks is disturbed at thiS particular failure zone. 'lhe t:KT and magnetic 

modeis of proflle-l show that the fractured and disturbed zones of the geological layers. 
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5.2.4.3 Magnetic madei of I'rofiie- 3 

SW 

Similarly, magnetic model of profile-} shows that the oc~-urrence of dil.1urbed and fractured zone 

at the same horizontal distance with the other two profiles. But the first layer of basalt rock is thick 

at this specific distance than the other profiles. 
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CHAPTER - SIX 

CONCLUSION AND RECOMMENDATION 

6.1 Conclusions 

Geophys ical and geo logical investigati ons have been conducted for landslide problem 

characteri zation of the existing main road of the stud y area. The purpose of this research was to 

provide an understand ing of the subsurface processes and extents of landslide on a major aspha lt 

road of the stu dy area by means of geophysica l techniques with the target of reducin g landslide 

ri sk to li ves and infrastructures. Due to the signifi cant contrasts between the physical properti es of 

the d isturbed and undi sturbed mass, the resul ts from the geophys ical techniques have clearly 

outlined va luable inform ation ' s about the subsurface conditions and possible processes of the 

landslide affected road section. 

Electri ca l resist ivity tomography (ERT) and magnetic methods in combination with geo logica l 

information's were empl ' yed in carry ing out th e study of lands li de. Some additional in vesti gations 

were a lso made.on the geo logy, seismicity, ground water conditions of the area and its poss ible 

consequence on th e loca l landsli de pro blem o f the site. The research involved the acq ui sition, 

processing, and interpretati on of the 2D-electrical resisti v ity and magneti c data. Hence di fferent 

maps and models including in verted 2D mode l section maps, magnetic anoma ly map, analytica l 

s ignal map, ti lt deri vative map, Euler depth so lution map, 2D-magneti c modeling and magneti c 

anomaly profil e plots were developed usi ng d ifferent mapping and interpretation software ' s. The 

interpretation of subsurface geo logy from 20 models was done using support ing inform ation' s 

obtained Ii'om lithologicf stratifi cations of fi e ld observati ons. 

ERT data modelling was al so performed with the topography information of the study area to 

indi cate the undul ated and sloped nature of the area. The image indicates that the cause of sliding 

problem in the area was due to its uneven topography and the associated weak zones. The 

in terpretati on 01' ERT data shows that there is a possible occurrence of landslide at a ll northeast 

directi on of the survey profil es of th e area . 

Based on the combined interpretat ions, the subsurface condi tion of the ma in aspha lt road is in 

hi ghly disturbed and fragmented zo nes. Moreover, the clay so il is dominant at northeast di recti on 

of the area in the who le three profil es . Particularly, pro fil e three ind icates huge subsurface depth 
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of the road is covered totally by fragmented and residual sediments which are suitable for sliding 

happen ings in the area particu larl y northeast of the survey area. 

Therefore, northeastern side of the main aspha lt road of the survey area needs special care and 

speedy remedial" measures because a ll the result of the study indicate the possible sli d ing surface is 

in the northeastern side of the surveyed area and thi s is al so confirmed through fi eld observations. 

The magnetic profiles remarkab ly co incide with the 2D electri cal res istivity profiles in mapping 

the weak zones . T he hi gh magnetic anoma ly response is probab ly due to the resul t of highl y 

magnetized volcan ic rocks that could be found in the area. The higher the magnetic response the 

shallower the fresh vo lcan ic rocks are be li eved to be the bedrocks in the area . The intermed iate 

and low magnetic anomalies are the responses of d ifferent degree of fracturing of the vo lcani c 

rocks and regions aro und the weak zones. 

The occurrences of springs and seepages have signi fica nt influence on the initiations of landslide 

problem. Finall y, the main tr iggerin g factors for lands lide problem in the area have clearly 

outli ned. These are intense weathered cond ition of the geological li tho logies and geologica l 

structures, sloped morphology, hi gh rainfa ll conditions and seismicity of the area . 

6.2 Recommendations 

Based on the outcomes of thi s resea rch, the I"o ll owing recommendations are made in rel ation to the 

land sl iding problem in the mai n asphalt road of the area: 

• The geophysical investigations have revea led that sub-surface cond itions of the road are 

hi ghl y susceptible to active landslide whi~h may have adverse effect on the existing road. 

Therefore, it is strongly recommended that concerned organizat ions will take appropriate 

remedial measures on the slope and drainage system of asphalt road. 

• The s li d.e problem at particul arl y place of Shola Wuha (F igure 1.3) which is 90cm 

remain ing to reach the aspha lt road. The sliding surface has a length of 24m and depth of 

3m; moreover, th ere is al so renewed cul vert which is again cracked perpendicu larly to the 

road and fo ll owing thi s cracked culvert, there is another crack for about 293m length on 

the road towa rds south east d irection. So, it is strongly recommended tak ing immediate 

remedia l measure like; ma inta ining the cracked cul vert and building retaining wall or 

gab ion structures down the failed road side. 
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• The main road is highl y affected by landslide problem, especia ll y from Shola Meda up to 

Armaniya town; moreover, the geophys ical results indicate that the subsurface condition of 

the main road has significant thickness of clay soi ls, fracturing basa lt rocks and weak 

zones to the direction of northeast of study area. Therefore, it needs specia l remed ial 

measures and prevention techniques form future sli d ing problems. 

• From field observations, occurrence of gl'Olll1dwater, springs and seepages have important 

role for slid ing problem of the road and the whole study area, especially in the rainy season 

they in crease in number and di scharge rate in a ll sloped area of stud y. Therefore, proper 

control of externa l and interna l drainage system of the road is required. Because the 

ex isting drainage system is filled by secondary materi als and some section of the road has 

no proper drainage system. 

• Introduci ng of early warning system technology and periodic monitoring, if not initiate 

fann ers to be involved in landslide hazard management and develop an early warning 

system as a cheaper means of reducing and avo iding the risk and loss from landslides in 

Oebresina loca li ties. 

• Stab ili zation of slopes, avo id loading, and settling of local peoples in areas of high risk 

will reduce the risk of landslide to human beings, bri dges and roads. 

• The current stud y covered on ly one section of the main road but the problem is in the 

whole Add is Ababa- Oess ie- Mekelle main road. So, to prevent all types of economic 

losses and inhibiting traffi cs from this landslide problem, additional detailed and 

comprehens ive in vestigat ion wi ll be required for the whole main asphalt road. 

• Because of the financial problem and shortage of time the current study was limited to 20-

Electrical Imaging, Magnetic and Geological investigations part only. So, it will be good 

fo r future researchers to include Seismic refracti on and geotechnical in vestigati ons. 
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Annex-I : Average, max imum and minimum monthl y ra infalls of Debres ina Metro logical stati on 

for last 33 years ( 1980-20 12). 

y JO)ITH AVER :\ LAv'{ y llN 

1A_"I 67.35 152 235. ~ 0 

FEB ~ 7 .5 ~S 5 1~9. S 0 

:\ L-'.R 1 27.6 1 S~ ~ 15.2 0.5 

APR 1 57. 1 2 1 ~ -1 01.1 20. 8 

:\L-\ Y 12-1 .6152 ~ 37.6 ~ 

JU)l 7 1.~ S~ 85 ,"') - -
--~.~ 0 

JUL 368.6273 675 .3 27 .7 

AUG -I 32.6~ 55 7'C7.2 97 

SEP 185.5-1 2-1 ~ 5-1 .6 2 1.1 

OCT 8 1 296~3 27 1.7 0 

. 'Oy 5~ S·B-l9 1-l:' .9 0 

DEC 69. 18-1 5 327.-1 0 
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Annex- II : Resistivity of some com mon rocks is given in (Loke, 1999). 

Material Resistivity (nm) Conductivity (Siemen/m) 

Igneous and Metamo rphic , 

Rocks 

Gran it 5X103_ 106 10-6 - 2 X 10-4 

Basalt 103 - 106 10-6 _10-3 

Slate 6102_ 4X 107 2.5 X 10-8 - 1.7 X 10-3 

Marb le 102 
- 2.5 X 108 4 X I 0-9 - 10-2 

Quartzite 102_2X 108 5 X I 0-9 
- 10-2 

Sedimentary Rocks 

Sandstone 8-4X 103 2.5 X 10-4 
- 0. 125 

Shale 20 -2 X 103 5 X 10-4 
- 0.05 

Limestone 50 - 4 X 102 2_5 X 10-3 - 0.02 
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, 

Annex-III : Magnetic susceptibi lities and resistiv ities of some common rocks, soil s water and 

mineral s (Milson, 2003) 

Yfineral or rock Su<;ceptibilit '(k) ~ineral or rod; type, Resi sti':it}' 

I} es (ra :onalized SI unit, ) olun- m) 

Dolomite ( pure ) -1 ~ 5 to 4-1 Igneous and Metamorphic 

Rocks 

Dolomne ( impur~ ) 20.000 Grnn.it~ 5 ,,10 )-1 0$ 

L .as-tone 10 to 25.000 Basalt 10'-lU$ 

Sallds'o o to 1 1.000 Slue 6><1 UO -4.>:1 0 -

Shale 60 to :S.600 Marble 101 _2.5,' 10" 

Sclust 315 to 3000 Quartzite 101 _?,· , 0" 

Slue o to 38 .000 Sedimenta.ry Rocks 

Gr.eLS ~ 115 to 15 .000 Sandsto ne 8-4 -r'l u3 

Serperue -e 3, 100:075.000 Sha le 20-2,-: 0' 

' . 

Grc:uute 20 to 50.000 L:m.estolle 50-4,'1 U: 

Rbyo ln ,s 250 to 37 7000 So LIs and waten 

Pegmat i;e 3,000 to 75.000 Cia)' 1-1000 

Gtlbbro SOO 0 16.000 Allu vi tn::l 10 -800 

Basahs 5000 o 1 8~.000 G~o\mdwa(e:r (fresh) 10-100 

Ocealllc Basalts 300 (0 3.6000 Sea water 0 .1 

Perdotite 95 .000 to 196.000 
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Annex-IV: Photographs showing landslide- effects on the main road, electrical tower and local 

house of study area. 
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