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ABSTRACT 

This thesis presents the investigation, analysis, design and proposed remedial measures for 

two cut slope related instability locations stationed at Station 16+900 to Station 16+980 of 

the left hand side (LHS) and Station 35+200 to Station 35+300 both left hand side and right 

hand side (LHS) and (RHS) of LOT I: Bonga – Felegeselam Asphalt Road Project located 

in Southern part of Ethiopia. 

In this thesis work, first slide characterization of the cut slope instability areas which 

includes the cut slope location, dimensional variables and engineering classification of the 

soil through detailed site investigation and testing was carried out. The residual shear 

strength parameters were determined from a Triaxial consolidated undrained (CU) test for 

each cut slope instability location using undisturbed samples obtained from four test pits 

which are two from station 16+980 that is at 3.5m depth and at 7m depth and for the other 

station that is station 35+270 the first sample is taken at 3.5m depth and the next layer at 

8.5m depth. Analysis of the slope after the characterization of the cut slide was carried out 

by the conventional 2D limit equilibrium stability analysis and finite element analysis using 

both deterministic and probabilistic concepts and the analysis reveals the drained condition 

with full saturation scenario is the governing for both station and the values obtained are 

for the first station that is 16+980 factor of safety is 0.916 with a probability of failure of 

66.9% that is obtained using limit equilibrium method and 0.762 using finite element 

method. And for the other station the factor of safety obtained are 0.657. Finally, using the 

results of the investigation and analysis, combination of control and restraint remedial 

measures were proposed and designed at the respective cut slide locations so that the 

construction of road at these locations were finalized.  

Generally, it was observed that the provision of steep cut slope angles and migration of 

moisture from prolonged rainfall duration were the main reasons for the instability of the 

cut slopes under this study. 

 

Keywords: slope stability analysis, limit equilibrium method, finite element method, cut 

slope stability analysis, deterministic approach, probabilistic approach 
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1. INTRODUCTION 

1.1 Background  

Experience is the best teacher but not the kindest. Failures demand attention and always 

hold lessons about what not to do again. Learning from failures hopefully from other 

people’s failure provides the most reliable basis for anticipating what might go wrong in 

other cases. [1]  

Slope instabilities are major hazards for human activities often causing economic losses, 

property damages and high maintenance costs, as well as injuries or fatalities. They can 

occur in natural slopes or man-modified slopes, and are triggered by various agents like 

rainfall, earthquakes, stream undercuts or excavations. Under natural slope conditions, the 

occurrence of instability of slope is mainly due to the favorable geo-environmental factors 

aided by rainfall or earthquakes. On the other hand, in man modified slopes, the aging of 

slopes constructed for major transportation systems and excavations are the added 

triggering factors along with the factors responsible for slope instability in the natural 

slopes.[2]  

Under mountainous terrain conditions where massive earthwork activities with quantities 

of excavations in the order of 3-4 million cubic meters are designed to meet road 

standards, cut slope instability problems are the most common and troublesome of major 

geotechnical difficulties encountered in such road construction projects. And most of the 

time, there is a general lack of focus for detailed investigation and design for mitigation 

of slope instability related problems during design of the same road projects. The problem 

of cut slope instability will not become apparent until excavation works are commenced 

or finalized to the required lines and grades, however at later stages the effort to correct 

these problems results in project cost overruns and delay in completion of the project.[2] 

Bonga - Felegeselam road project is located in southwestern Ethiopia and accessible by the 

main asphalt road from Addis Ababa – Welkite - Jimma –Bonga. After Bonga the road 

bifurcates and goes to Felegeselam town which is all asphalt roads. According to 
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Ethiopians Road Authority (ERA) preliminary landslide investigation report, the area is 

well known for its large and small landslides problem due to its topographic, climatic and 

geologic conditions that are conducive to slope instability. Those conditions include 

geomorphological and geological conditions, presences of old landslides, long season 

(March-October) of rainfall with high intensity, and shallow groundwater. The ultimate 

aim of this research is to verify numerical results of both limit equilibrium method (LEM) 

and finite element method (FEM) with the actually failed slope and to identify the cause of 

failure together with putting possible remedial measures. 

1.2 Statement of the problem 

While slope instability is an old enough disaster, currently, it becomes a critical and risky 

event throughout the world. In Ethiopia, this event is increasing now days and the 

consequence is more of devastative and this is commonly related with infrastructural 

expansion. Among other construction streams, road construction sector is extremely 

sensitive to slope instability occurrence, especially along mountainous and escarpment 

terrain types. 

Bonga-Ameya-Chida Asphalt Road Project is currently ongoing project along Southern 

Nations and Nationalities Peoples Regional state of Ethiopia. As of the work of the project 

has been on progress, massive landslides were experienced at different sections of the road 

stretch and the contractor is forced to stop the work at these sections. Accordingly, it is 

found that investigating these events is mandatory in order to determine the causal factors 

which have contributed for the occurrence of these slope failures and to take appropriate 

remedial measure. 

1.3 Objective 

 

1.3.1 General objective 

The general objectives of this research were aimed at investigation and analysis of slope 

instability related problems at two selected locations of the road project.      
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1.3.2 Specific objective 

In order to achieve the general objective of the study, the following specific objectives 

were introduced:  

• Investigation of selected failed slopes was done by field observation, surveying 

and laboratory tests.  

• Analysis of failed slopes were carried out by using limit equilibrium and finite 

element methods.  

• Finally the results of these investigations and analyses were used to propose and 

design optimal remedial measures for respective cut slide locations. 

1.4 Scope and limitation of the study   
 

1.4.1 Scope of the study 

Here, two failed cut slope locations were selected at station Km 16+980 and at Km 35+270 

for both RHS and LHS of the road stretch.  

The scope of this study incorporates detailed investigation, analysis and provision of 

optimal remedial measures at the selected cut slide locations aimed at restoring the slide 

sections of the road for traffic. 

The use of the results of the analysis, design and proposed remedial solutions of this study 

are limited to the respective slide locations while the method of investigation, method of 

analysis and method of design of remedial measures can be employed at other cut slide 

locations of the road project.  

1.4.2 Limitations of the study 

• Laboratory tests: is one of the essential methods that can’t be easily available for 

necessary examinations of the study. There was one triaxial equipment at the laboratory 

where the researcher was doing the test so that it could not be possible to do all tests at 

once because of this reason it takes months to complete the laboratory test. 
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1.5 Organization of the thesis  

The thesis is organized in six main chapters along with appendixes included at the end of 

the thesis. The introduction chapter highlights the background problem, the objectives and 

scope and limitation of the study. Chapter two presents the literature review of the general 

slope stability concepts and remedial measures while chapter three is devoted to brief 

description of the road project with due emphasis on project location, climatic conditions, 

local geology, topography, terrain classification of the study area and the materials and 

methods. Furthermore, investigation, testing, characterization and analysis of the 

respective cut slope locations are presented under chapter four.   

The respective remedial solutions for the slide locations are presented under chapter five 

while the conclusions and recommendations of this thesis report are discussed under 

chapter six. 
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2. LITERATURE REVIEW 

2.1 General  

Natural hazards such as earthquakes, landslides, avalanches, floods, cyclones, droughts and 

volcanic eruptions of varying magnitudes has frequently been the cause of calamities. 

According to statistics, natural hazards are believed to account for up to 0.4% of the total 

annual deaths worldwide, besides causing enormous economic losses and uprooting 

habitation [3]. 

Evaluating the stability of slopes in soil is an important, interesting, and challenging aspect 

of civil engineering. Concerns with slope stability have driven some of the most important 

advances in our understanding of the complex behavior of soils. Extensive engineering and 

research studies performed over the past 80 years provide a sound set of soil mechanics 

principles with which to attack practical problems of slope stability [1]. 

Over the past decades, experiences with the behavior of slopes, and often with their failure, 

have led to development of improved understanding of the changes in soil properties that 

can occur over time, recognition of the requirements and the limitations of laboratory and 

in situ testing for evaluating soil strengths, development of new and more effective types 

of instrumentation to observe the behavior of slopes, improved understanding of the 

principles of soil mechanics that connect soil behavior to slope stability, improved 

analytical procedures augmented by extensive examination of the mechanics of slope 

stability analyses, detailed comparisons with field behavior, and use of computers to 

perform through analyses. Through these advances, the art of slope stability evaluation has 

entered a more mature phase. Experience and judgment, which continue to be of prime 

importance, are combined with a more complete understanding of soil behavior and 

rational methods of analysis to improve the level of confidence that is achievable through 

systematic observation, testing, and analysis [1]. 

2.1.1 Landslide Classification  

Landslides hazard problem are one of the major natural disasters in the world. It is a 

common phenomenon especially in a tectonically fragile and sensitive mountainous terrain 
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like Ethiopia. It was mentioned that the widespread distribution of landslides in Ethiopian 

highland is mainly related to the occurrence of several predisposing factors such as rugged 

morphology, high relief energy, and the nature of the outcropping rocks [4] and [5]. These 

is due to complexes in geomorphologic, hydrological, and geological setting. The hilly and 

mountain terrain of the Ethiopian landmass has been frequently affected by landslides [6]. 

Figure 2.1 shows a graphic illustration of a landslide, with the commonly accepted 

terminology describing its features. 

 

Figure 2.1 Graphic illustration of a landslide (Varne’s, 1978) 

Landslide may be classified into various categories based on mode of movement, material 

involved, speed of movement and other. Landslide is classified based on the types of 

material involved (Rock, Earth, Soil, Mud and Debris) and types of movement (fall, topple, 

slide, spread, flow) and complex class of movement which contains two or more different 

mode movement acting downslope movement of the landslide mass [7]. A classification 

system based on these parameters is shown in Table 2.1. 
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Table 2.1 Types of landslides. Abbreviated version of Varne’s classification 

of slope movements (Varne’s, 1978). 

 

TYPE OF MOVEMENT 

TYPE OF MATERIAL 

 

BEDROCK 

ENGINEERING SOILS 

Predominantly 

coarse 

Predominantly fine 

FALLS Rock fall Debris fall Earth fall 

TOPPLES Rock topple Debris topple Earth topple 

SLIDES ROTATIONAL Rock slide Debris slide Earth slide 

TRANSLATIONAL 

LATERAL SPREADS Rock spread Debris spread Earth spread 

FLOWS Rock flow (deep 

creep) 

Debris flow Earth flow 

 (soil creep) 

COMPLEX                            Combination of two or more principal types of movement 

Other classification systems incorporate additional variables, such as the rate of movement 

and the water, air, or ice content of the landslide material. Although landslides are primarily 

associated with mountainous regions, they can also occur in areas of generally low relief. 

In low relief areas, landslides occur as cut and fill failure roadway and building 

excavations, river bluff failures, lateral spreading landslides, collapse of mine-waste piles 

(especially coal), and a wide variety of slope failures associated with quarries and open-pit 

mines. The most common types of landslides are described as follows and are illustrated 

in Figure 2.2. 
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Figure 2.2 major types of landslide movement (Varne’s, 1978) 

2.1.2 Land Slide Dimension 

There is no reference to classify landslides by size, but to provide some reference, Table 

2.2 is used in describing landslide size [10]. 



 

9 

 

Guide Line:  Here, length is measured horizontally not along the slope. If the size is near 

the border between categories, both sizes are mentioned (e.g. landslide of around 2,000 

sq.m is described as small to medium landslide). For slopes Steeper than 450 to the 

horizontal, it is recommended that vertical height replace horizontal length in the area 

calculation. For Flow slides, it is recommended that the area be based on the eroded bowl 

at the initiation site.[10]  

Table 2.2 Grouping landslides by area in plan (Cornforth, D. (2005)) 

Description Area, Sq.m 

Very Small <200  

Small 200-2,000  

Medium 2,000-20,000  

Large 20,000-200,000  

Very large 200,000-2,000,000  

Huge >2,000,000 

2.2 Causes of Slope Failure 

As it was mentioned that it is important to understand the agents of instability in slopes for 

two reasons [1]. First, for purposes of designing and constructing new slopes, it is important 

to be able to anticipate the changes in the properties of the soil within the slope that may 

occur over time and the various loading and seepage conditions to which the slope will be 

subjected over the course of its life. Second, for purposes of repairing failed slopes, it is 

important to understand the essential elements of the situation that led to its failure, so that 

repetition of the failure can be avoided. Experience is the best teacher from experiences 

with failures of slopes come the important lessons regarding what steps are necessary to 

design, construct, and repair slopes so that they will remain stable and safe. In discussing 

the various causes of slope failures, it is useful to begin by considering the fundamental 

requirement for stability of slopes. That is the shear strength of the soil must be greater 

than the shear stress required for equilibrium. Given this basic requirement, as it was 

discussed it follows that the most fundamental cause of instability is that, for some reason, 

the shear strength of the soil is less than the shear stress required for equilibrium. And as it 
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is mentioned this condition can be reached in two ways the first is, through a decrease in 

the shear strength of the soil and the other is through an increase in the shear stress required 

for equilibrium.[1] 

2.2.1 Decrease in shear strength 

Several different processes can lead to reduction in the shear strengths of soils. Experience 

has shown that the following processes are of particular importance with regard to slope 

stability [1]: 

1. Increased pore pressure (reduced effective stress). 

Rise in groundwater levels and more adverse seepage, often as the result of unusually heavy 

rainfall, are the most frequent reasons for increased pore pressures and associated decrease 

in effective stresses within slopes. All types of soils are affected. The length of time 

required for the pore pressures to change depends on the permeability (or hydraulic 

conductivity) of the soil. In soils with high permeability, changes in groundwater 

conditions can occur rapidly, and in soils with low permeability, changes are slow. 

Although the matrix permeability of clayey soils is usually very low, clay masses can have 

surprisingly high “secondary permeability” due to cracks, fissures, and lenses of more 

permeable materials. As a result, pore pressures within clay deposits sometimes change 

with surprising rapidity. 

2. Cracking. Slope failures are frequently preceded by development of cracks through the 

soil near the crest of the slope. These cracks develop as a result of tension in the soil at the 

ground surface that exceeds the tensile strength of the soil. Cracks are only possible in soils 

that have some tensile strength. Quite clearly, once the soil is cracked, all strength on the 

plane of the crack is lost. 

3. Swelling. (increase in void ratio) Clays, especially highly plastic and heavily over 

consolidated clays, are subject to swell when in contact with water. Low confining 

pressures and long periods of access to water promote swell. It has generally not been 

possible to achieve the same amount of swell in laboratory tests as occurs in the field. As 
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it was studied highway embankments near Houston, Texas, constructed of highly plastic 

compacted clays, which failed 10 to 20 years after construction as a result of cracking, 

swelling, and strength loss [11]. Similar shallow slides in highly plastic clays have occurred 

in many areas where there are pronounced wet and dry seasons. Three cases of slides in 

the over consolidated London Clay where zones of higher water content extended for about 

an inch on either side of the shear surfaces where showed by [12] , indicating that the shear 

stresses within the developing rupture zone led to localized dilation and strength loss within 

the heavily over consolidated clay. 

4. Development of slickensides. Slickensided surfaces develop in clays, especially highly 

plastic clays, as a result of shear on distinct planes of slip. As shear displacements occur 

on a distinct plane, plate like clay particles tend to be realigned parallel to the plane of slip. 

The result is a smooth surface called a slickenside that exhibits a dull luster, comparable in 

appearance to the lustrous surface of a new bar of soap. The clay separates readily across 

these surfaces, and they can be found by breaking hand samples in tension or by picking at 

the walls of trenches. Slickensides surfaces are weaker than the surrounding clay where 

particles are randomly oriented. The friction angle on slickensides surfaces is called the 

residual friction angle, meaning as low as it can get. In highly plastic clays this may be 

only 5 or 6 degrees, compared with peak friction angles of 20 or 30 degrees in the same 

clay. Slickensides develop most readily in soils that consist predominantly of small plate 

shaped clay particles. Significant silt or sand content inhibits formation of slickensides. In 

some deposits randomly oriented slickensides develop as a result of tectonic movements. 

These have less significance for slope stability than a single set of slickensides with an 

adverse orientation [1]. 

5. Decomposition of clayey rock fills. Clay shales and clay stones excavated for use as 

fill may break into pieces of temporarily sound rock that can be compacted into a seemingly 

stable rock fill. Over time, however, as the fill is wetted by infiltration or by groundwater 

seepage, the pieces of rock may slake and revert to chunks of disaggregated clay particles. 

As the clay swells into the open voids within the fill, it can lose a great deal of its strength, 

and the fill can become unstable [1]. 
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6. Creep under sustained loads. Clays, especially highly plastic clays, deform continuously 

when subjected to sustained loading. Clays may eventually fail under sustained loads, even 

at shear stresses that are significantly smaller than the short-term strength. Creep is 

exacerbated by cyclic variations in conditions, such as freeze-thaw and wet-dry. When the 

cyclically varying conditions are at their adverse extremes, movements occur in the 

downhill direction. These movements are permanent they are not recovered when 

conditions are less adverse. The long-term result is ratcheting downslope movement that 

gradually increases from year to year, and this may eventually result in sliding on a 

continuous failure plane [1]. 

7. Leaching. Leaching involves changes in the chemical composition of pore water as 

water seeps through the voids of a soil. Leaching of salt from the pore water of marine 

clays contributes to the development of “quick” clays, which have virtually no strength 

when disturbed [1]. 

8. Strain softening. Brittle soils are subject to strain softening. After the peak of the stress–

strain curve has been reached, the shearing resistances of brittle soils decrease with further 

strain. This type of stress–strain behavior makes progressive failure possible, and makes it 

impossible to count on mobilizing the peak strength simultaneously at all points around a 

potential shear surface [1]. 

9. Weathering. Rocks and indurated soils are subject to strength loss as a result of 

weathering, which involves various physical, chemical, and biological processes [13]. 

Physical processes break the strong soil or rock into smaller pieces, and the chemical and 

biological processes change it into material with fundamentally different properties. 

Weaker soils are also subject to weathering effects but may become stronger, rather than 

weaker, as a result [13]. 

10. Cyclic loading. Under the influence of cyclic loads, bonds between soil particles may 

be broken, and pore pressures may increase. The soils most subject to loss of strength due 

to cyclic loads are loose soils and soils with particles that are weakly bonded into loose 
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structures. Saturated loose sands may “liquefy” under cyclic loading, lose virtually all 

strength, and flow like a liquid. 

Effects of water 

Water plays a role in many of the processes that reduce strength and also involved in many 

types of loads on slopes that increase shear stresses. It is not surprising, therefore, that 

virtually every slope failure involves the destabilizing effects of water in some way, and 

often in more than one way. [14]. 

It is safe to say that, except for the effects of water and clayey soils, slope failures would 

be extremely rare. The truth of this statement is illustrated by the slopes on the surface of 

the moon, where there is neither water nor clay. In that environment slopes remain stable 

for eons, failing only under the influence of violent meteor impacts. On Earth, however, 

both water and clays are common, and slope failures occur frequently, sometimes with 

little or no warning. 

2.2.2 Increase in Shear Stress 

Even if the strength of the soil does not change, slopes can fail if the loads on them change, 

resulting in increased shear stresses within the soil. Mechanisms through which shear 

stresses can increase include [1]: 

1. Loads at the top of the slope. If the ground at the top of a slope is loaded, the shear 

stress required for equilibrium of the slope will increase. Common occurrences that load 

the ground are placement of fill and construction of buildings supported on shallow 

foundations. To avoid significantly increasing the shear stresses in the slope, such loads 

should be kept away from the crest of the slope. An acceptable distance can be determined 

by slope stability analysis. The loads may be short term, such as passage of a heavy vehicle, 

or permanent, such as construction of a building. Depending on whether the load is 

temporary or permanent, and whether the soil drains quickly or slowly, undrained or 

drained strengths may be appropriate.  
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2. Water pressure in cracks at the top of the slope. If cracks at the top of a slope are 

filled with water (or partially filled), the hydrostatic water pressure in the cracks loads the 

soil within the slope, increasing shear stresses and destabilizing the slope. If the cracks 

remain filled with water long enough for seepage toward the slope face to develop, the pore 

pressures in the soil increase, leading to an even worse condition. 

3. Increase in soil weight due to increased water content. Infiltration and seepage into 

the soil within a slope can increase the water content of the soil, thereby increasing its 

weight. This increase in weight is appreciable, especially in combination with the other 

effects that accompany increased water content. 

4. Excavation at the bottom of the slope. Excavation that makes a slope steeper or higher 

will increase the shear stresses in the soil within the slope and reduce stability. Similarly, 

erosion of soil by a stream at the base of a slope has the same effect. 

5. Earthquake shaking. Earthquakes subject slopes to horizontal and vertical 

accelerations that result in cyclic variations in stresses within the slope, increasing them 

above their static values for brief periods, typically seconds or fractions of a second. Even 

if the shaking causes no change in the strength of the soil, the stability of the slope is 

reduced for those brief instants when the dynamic forces act in adverse directions.  

2.3 Slope instability cases in Ethiopia 

Landslide hazard is without any doubt one of the crucial environmental problems for the 

development of Ethiopia, representing a limiting factor for urbanization and infrastructural 

projects and, generally, for all the activities performed on and at the foot of slopes. The 

damage produced by landslides in Ethiopia is relevant: from 1993 to 1998 alone, more than 

200 houses were destroyed, more than 500 km of roads were interrupted and about 300 

people were killed [15]. The northern Omo River basin, the lower Wabe-Shebele River 

valley, the Wendo Genet slope, the Blue Nile Gorge, the town of Dessie, the Wudmen area 

in Weldiya, the Gilgel Gibe River, the Uba Dema village in Sawla, and parts of Tigray are 

some of the areas where imposing landslide events have been reported in the last decade. 

Notwithstanding the growing information on landslide occurrence in the country and the 
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valuable papers published on the topic [16], the sensitivity of public administrators and 

decision makers is still weak and only few research projects have been launched on the 

assessment of landslide susceptibility, hazard and risk [17] on a regional scale the efforts 

made by the Ethiopian Geological Survey (GSE), Ethiopian Roads Authority (ERA) and 

Japan International Cooperation Agency (JICA) so far there is no comprehensive inventory 

of landslides and their significance (economic, social and environmental) is made in 

Ethiopia. However, despite multi-face challenges in landslide research in the country, 

several authors have reported on slope instability problems in different parts of country.  

Landslides in Goffa 

Landslides were reported in southern highlands of Ethiopia and it was studied that slope 

failures in the Goffa area mainly involves earth/debris materials [18] and [19].   

Landslide in Dessie 

The main triggering factor of most landslides in the area is heavy rainfall [20]. Rapid slope 

failures such as rock falls and debris flows, are also triggered by earthquakes as it occurred 

during the seismic event of 8 July 1988 [21]. Despite the extensive eucalyptus cover in 

most parts of Dessie, root reinforcement is apparently lacking. This is probably because 

tree roots do not penetrate below the soil cover. Moreover, the loss of cohesion as the 

saturation front reaches the basis of the root belt, has been shown to cause numerous 

shallow landslides [22]. 

Landslide in Wendo genet  

Wendo Genet is located on the inner slope of a caldera in the eastern margin of the Main 

Ethiopian Rift. The bedrock is made up of basalts and ignimbrites. Mass movements are 

frequent in Wendo Genet in spite of the thick vegetation cover on the surrounding slopes 

[23]. Mud flows and soil slips in eluvial–colluvial deposits, with basal shear surfaces at the 

bedrock contact are triggered by long-lasting heavy rainfall and water infiltration into the 

soil. The occurrence of these failures is also favored by the intensive cultivation of the 

slopes with irrigation ditches parallel to the contour lines. Eight people lost their lives due 
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to a debris flow triggered by the heavy rains of June 17, 1996 [23]. Rock falls commonly 

occur along the caldera rim, especially where the bedrock is crossed by faults and closely 

spaced joints. The high recurrence of these phenomena in the area may suggest ongoing 

seismic triggering. Local inhabitants reported that a large number of huge rock falls were 

generated during the September 6, 1944 earthquake [21]. 

Landslide in Blue Nile Gorge 

The Blue Nile Gorge deeply incises the Western Plateau, north of Addis Ababa. A 

topographic profile between the towns of Dejen and Goha Tsion indicates that the elevation 

of the area ranges between 1050 and 2500 m a.s.l. The mean annual rainfall at Dejen and 

Goha Tsion (on the opposite sides of the Blue Nile Gorge) is nearly 1250 mm, decreasing 

towards the valley floor [24]. The role played by anomalous rains and groundwater rise in 

initiating landslides has been emphasized by [25]. The slopes of the Blue Nile Gorge are 

widely affected by different types of mass movements [25] and [26] which have repeatedly 

damaged and interrupted the Addis Ababa-Bahir Dar road. In 1960, after a long preparatory 

phase, characterized by the development of small soil slips, a large-scale rotational slide 

suddenly moved downslope destroying a village and causing 45 victims [27]. 

Landslide in SNNP  

In the year 2015 at least 41 people were killed due to landslides triggered by heavy rains 

in Wolaita zone, SNNP regional state of Ethiopia, in five districts [28]. Moreover, a road 

linking Wolaita zone with Dawro zone and a bridge which connects Wolaita town with 

Sidama zone have been damaged by the landslide and floods.   

Landslide in koshe dumpsite  

In the year 2017 and 2019 at least 114 people were killed due to landslides triggered by 

heavy rains in Addis Ababa, Ethiopia [29]. It is believed that the increase in leachate head 

within the waste mass due to the aggressive leachate injection operation, the increase in 

height of the slope and also the unexpected methane gas explosion was the factor for the 

landslide. 
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Landslide in konta  

At least 23 people have died in a landslide in southern Ethiopia. The landslide occurred in 

Konta district, Southern Nations, Nationalities and People’s Region (SNNPR), late on 13 

October, 2019, after a period of heavy rain. The victims were members of five families 

who were sleep in their homes in Amia 03 locality, popularly known as Duka Zlie area, 

when the landslide struck. Seven people died in a landslide in Dawuro Zone of SNNPR in 

September [30]. 

2.4 Slope failure investigation 

2.4.1 Field Investigation 

The scope of a site investigation depends on the size and complexity of the landslide under 

study. For a small landslide, the first consideration is to understand the cause of the 

landslide, then obtain sufficient data to properly model it, and finally determine the options 

that best suit the situation revealed by the data collection. These options are usually focused 

on different methods of remediating the landslide. That is, achieving stabilization with a 

sufficient allowance for uncertainties (usually measured by factor of safety) to be 

reasonably sure that it will remain permanently stable. For a medium to large landslide, 

site investigations can be subdivided into two phases: preliminary and general [31]. 

• Preliminary: This phase includes the site visit, information collection, and 

planning of a study program. The following information should be obtained, if 

it is available: previous site investigation reports; past construction activities 

on the property; topographic plans of the site; aerial photos; oblique photos of 

the slide from the air; relevant photos of site development or landslide event; 

regional geology maps; correspondence pertaining to the landslide site, 

including prior landslide and maintenance records; and newspaper accounts of 

the landslide event. 

The Site visit is the most important part of the preliminary work because it is the earliest 

visit to the landslide site and provides the opportunity to obtain photographs and 

http://floodlist.com/tag/ethiopia
http://floodlist.com/africa/ethiopia-landslide-south-east-dawuro-september-2019
http://floodlist.com/africa/ethiopia-landslide-south-east-dawuro-september-2019
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descriptions of the conditions before they are changed. Even if the landslide occurred 

months or years earlier, it is still the first opportunity to assess the situation and should be 

used to collect as much information as possible.  Landslides occur in a wide variety of 

circumstances, and it is difficult to provide advice that is to the point to all landslides. 

However, the more important requirements of a site reconnaissance are: 

• Make a plan of the landslide 

• Make a section through the approximate center of the landslide 

• Take many photographs from different viewpoints at the site 

• Quantify observations as much as possible 

Breaks in buried utilities, such as culverts and sewer pipes, can give a direct visual 

identification of where the failure surface exists, and sometimes how much movement has 

occurred across the failure surface. 

• General: This is usually the key study, and involves the collection of data to 

understand and model the landslide. The most important requirement is to put 

a line of borings through the center of the landslide to determine the geological 

conditions, measure the depth of slippage, measure groundwater levels near 

the slip surface, and collect samples for laboratory testing of classification and 

strength. Other borings can expand this information to other parts of the 

landslides and occasionally outside the landslide area. 

2.4.2 Cases to consider in slope stability analysis 

In order for slope stability analyses to be useful, they must represent the correct problem, 

correctly formulated. This requires (1) mastery of the principles of soil mechanics, (2) 

knowledge of geology and site conditions, and (3) knowledge of the properties of the soils 

at the site.[1] 

The selection of the proper method for soil slope stability analysis is based on the geometric 

and time factors. Here, the geometric factors refer to the type of the instability (cut slope, 

earth dam, embankments, etc.), the location of critical failure surfaces, dimensional 
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parameters of the slide and the engineered slope and stratigraphy (isotropic; homogeneous, 

non-homogeneous; anisotropic). The time factor relates to the short or long-term conditions 

of loading which control whether undrained or drained conditions prevail and hence, 

whether total or effective stress analysis is applicable in the analysis model. 

➢ Drained and Undrained Conditions 

Drained = dry or emptied, undrained = not dry or not emptied do not describe the way these 

words are used in soil mechanics. The definitions used in soil mechanics are related to the 

ease and speed with which water can move in or out of soil, in comparison with the length 

of time involved in loading or unloading the soil. The crux of the issue is whether or not 

changes in load cause changes in the water pressure in the voids or pores within the soil. 

This pressure is called pore water pressure or simply pore pressure.[1] 

Drained is the condition under which water is able to flow into or out of a mass of soil as 

rapidly as the soil is loaded or unloaded. Under drained conditions changes in load do not 

cause changes in pore pressure within the soil. Alternatively, a soil can reach a drained 

condition over time after loading, as changes in pore pressures caused by loading dissipate. 

Describing a soil as being drained should not be interpreted as saying that the soil is dry. 

A completely saturated soil can be drained, although its voids are completely filled with 

water.[1] 

Undrained is the condition under which there is no flow of water into or out of a mass of 

soil in response to load changes. Under undrained conditions, changes in load cause 

changes in the pore pressure because the water is unable to move in or out of the soil as 

rapidly as the soil is loaded or unloaded. Undrained conditions may persist for days or 

weeks or months, depending on the properties of the soil and the size of the soil mass. Over 

time after load changes have stopped, a mass of soil will transition from an undrained to a 

drained condition as pore pressures that are caused by the loading dissipates.[1] 
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➢ Analysis under total stress and effective stress 

Total stress is the sum of all forces, including those transmitted through particle contacts, 

and those transmitted through water pressures, divided by total area. In total stress analyses, 

pore pressures are not subtracted from the total stresses, because shear strengths are related 

to total stresses. The total stress analyses are applicable only to undrained conditions. The 

basic premise of total stress analysis is this: The pore pressure due to undrained loading 

are determined by the behavior of the soil. For a given value of total stress on the potential 

failure plane, there is a unique value of pore pressure and therefore a unique value of 

effective stress. Thus, although it is true that shear strength is really controlled by effective 

stress, it is possible for the undrained condition to relate for the undrained condition. 

Clearly, this line of reasoning does not apply to drained condition, where pore pressures 

are controlled by hydraulic boundary conditions rather than the response of the soil to 

external loads.[5]  

Effective stress is equal to the total stress minus the water pressure. It is the force 

transmitted through particle contacts, divided by total area. In effective stress analyses, the 

pore pressures along the shear surfaces are subtracted from the total stresses to determine 

effective normal stresses, which are used to evaluate shear strengths. Therefore, to perform 

effective stress analyses, it is necessary to know (or to estimate) the pore pressures at every 

point along the shear surface. These pore pressures can be evaluated with relatively good 

accuracy for drained conditions, where their values are determined by the response of the 

soil to external loads.[5] 

Measured soil strength parameters are not unique. Soil type, strain history, and loading 

conditions (time) are the major factors to consider in the selection of strength parameters. 

Here, the strain history controls whether peak, ultimate, or residual strength will prevail, 

while the time element refers to short term or undrained conditions and long term or drained 

conditions.[5] 
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➢ Short-Term Analyses 

Short term refers to conditions during or following construction the time immediately 

following the change in load. Slope stability during and at the end of construction is 

analyzed using either drained or undrained strengths depending on the permeability of the 

soil. Many fine- grained soils are sufficiently impermeable that little drainage occurs during 

construction. This is particularly true for clays. For this fine-grained soils, undrained shear 

strengths are used, and the shear strength is characterized using total stresses. For soils that 

drain freely, drained strengths are used; shear strengths are expressed in terms of effective 

stresses, and pore pressures are defined based on either water table information or 

appropriate seepage analysis. Undrained strengths for some soils and drained strengths for 

others can be used in the same analysis.[1] 

➢ Long-Term Analyses  

Because long-term and drained conditions carry exactly the same meaning. Both of these 

terms refer to the condition where drainage equilibrium has been reached, and there are no 

excess pore pressures due to external loads. Over time after construction the soil in the 

slopes may either swell (with increase in water content) or consolidate (with decrease in 

water content). Long - term stability analyses are performed to reflect the conditions after 

these changes have occurred. Shear strengths are expressed in terms of effective stresses 

and the pore water pressures are estimated from the most adverse groundwater conditions 

anticipated during the life of the slope [1]. 

2.4.3 Types of slope stability analysis 

Back analysis/Back calculation 

When a slope fails by sliding, it can provide a useful source of information on the 

conditions in the slope at the time of the failure as well as an opportunity to validate 

stability analysis methods. Because the slope has failed, the factor of safety is considered 

to be unity (1.0) at the time of failure. Using this knowledge and an appropriate method of 

analysis, it is possible to develop a model of the slope at the time that it failed. The model 
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consists of the unit weights and shear strength properties of the soil, groundwater, and pore 

water pressure conditions and the method of analysis, including failure mechanisms. Such 

a model can help in understanding the failure better and be used as a basis for analysis of 

remedial measures. The process of determining the conditions and establishing a suitable 

model of the slope from a failure is termed back-analysis or back-calculation. 

Each combination of cohesion and friction angle that produces a factor of safety of 1.0 

produces a unique location for the critical slip surface. Accordingly, the location of the slip 

surface can be used to calculate values for both cohesion (c, c′) and friction angle (𝜙, 𝜙′). 

Use of the location of the slip surface to back-calculate both cohesion and friction has had 

mixed success and does not seem to work when there is significant progressive failure or 

distinct layering and inhomogeneities in the slope.[1] 

Sensitivity Analyses   

The sensitivity analysis was carried out by varying the slope strength parameters (cohesion 

[c] and friction angle []) to analyses their effects on the factors of safety. It will help us 

to identify and design the proper remedial measures.[32] 

performance assessment  

Traditionally, all the engineering problems were solved based on deterministic concepts, 

where, there is a unique solution to a particular set of parameters. No particular attention 

is given to the uncertainties associated with the input parameters therefore to deal with such 

uncertainties a probabilistic approach is very essential this is based on the concept that 

many or varied outcomes of a situation are possible, and the uncertainty is recognized 

formally. This is done through various approaches like Monte-Carlo Simulation Approach, 

well-known approach used in probabilistic analysis. The resulting factor of safety values 

are used to establish the probability distribution of factor of safety. [1] 

Soil as the main material in geotechnical engineering is nature made with a complex 

structure, in contradiction with steel or concrete, which are manufactured in the factory or 
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site with exact proportions. Considering complex structure of soils, it is sensible to have so 

much uncertainty and scatter in the soil data that are measured in site or laboratory.  

Most geotechnical engineers regard the subject of probability theory with doubt and 

suspicion. At least part of the reason for this mistrust is associated with the language which 

has been adopted by those who specialize in the field of probability theory and risk 

assessment. The following definitions are given in an attempt to dispel some of the mystery 

which tends to surround this subject.[1] 

Random variables: - Parameters such as the angle of friction, the uniaxial compressive 

strength of soil specimens, and the pore pressure in some case do not have a single fixed 

value but may assume any number of values. There is no way of predicting exactly what 

the value of one of these parameters will be at any given location. Hence, these parameters 

are described as random variables. 

Probability distribution: A probability density function (PDF) describes the relative 

likelihood that a random variable will assume a particular value. A typical probability 

density function is illustrated in Figure 2.4. In this case the random variable is continuously 

distributed (i.e., it can take on all possible values). The area under the PDF is always unity. 

An alternative way of presenting the same information is in the form of a cumulative 

distribution function (CDF) as shown in Figure 2.5, which gives the probability that the 

variable will have a value less than or equal to the selected value. The CDF is the integral 

of the corresponding probability density function, i.e., the ordinate at x1 on the cumulative 

distribution is the area under the probability density function to the left of x1.[1] 

 

Figure 2.3 Probability Density Function (Duncan, J. M., 2014) 



 

24 

 

 

Figure 2.4 Cumulative Distribution Function (Duncan, J. M., 2014) 

One of the most common graphical representations of a probability distribution is a 

histogram in which the fraction of all observations falling within a specified interval is 

plotted as a bar above that interval. 

The sample mean or expected value or first moment indicates the center of gravity of a 

probability distribution. Assuming that there are n individual test values xi, the mean is 

given by: 

�̅� =
1

𝑛
∑ 𝑥𝑖

𝑛
𝑖=1 ………………………………………….. 2.1  

The sample variance or the second moment about the mean of a distribution is defined as 

the mean of the square of the difference between the value of xi and the mean value:- 

𝑠2 =
1

𝑛−1
∑ (𝑥𝑖 − �̅�)2𝑛

𝑖=1 ………………………………… .. 2.2  

The standard deviation s is given by the positive square root of the variance a small standard 

deviation will indicate a tightly clustered data set while a large standard deviation will be 

found for a data set in which there is a large scatter about the mean. The coefficient of 

variation (COV) is the ratio of the standard deviation to the mean. COV is dimensionless 

and it is a particularly useful measure of uncertainty. 

𝐶𝑂𝑉 =
𝜎

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒
  ………………………………… . 2.3 



 

25 

 

If a sufficient number of measurements have been made, the standard deviation can be 

computed using the formula. 

= √
1

𝑁−1
∑ (𝑥 − 𝑥𝑎𝑣)2𝑁

1 ………………………………… . 2.4 

Estimates Based on Published Values 

Frequently in geotechnical engineering, the values of soil properties are estimated based 

on correlations or on meager data plus judgment, and it is not possible to use Eq. (2.4) to 

calculate the standard deviation. Because standard deviations or coefficients of variation 

are needed for reliability analyses, it is essential that their values can be estimated using 

experience and judgment when there is insufficient data to calculate them [1]. Values of 

COV for various soil properties and in situ tests are shown in Table 2.3. These values may 

be of some use in estimating COVs for reliability analyses, but the values cover wide 

ranges, and Table 2.3 provides only rough estimates of COV [1]. Therefore to handle this 

problem it is useful to add judgments based on experience to select the HCV and LCV of 

the given soil strength parameter and check using Nσ rule that the standard deviation is 

with in the range provided in the below table. 

 

 

 

 

 

 

 

 



 

26 

 

Table 2.3 Coefficients of Variation for Geotechnical Properties and in Situ Tests 

(Duncan, J. M., 2014) 

 
Property or in Situ Test COV (%) References 

 

Unit weight (𝛾) 3–7 Harr (1987), Kulhawy 

(1992) 

 

Buoyant unit weight(𝛾b) 0–10 Lacasse and Nadim 

(1997), Duncan (2000) 

 

Effective stress friction 

angle (𝜙′) 

2–13 Harr (1987), Kulhawy 

(1992), Duncan (2000) 

 

Undrained shear strength 

(su) and c′ 

13–40 Kulhawy (1992), Harr 

(1987), Lacasse and 

Nadim (1997) 

 

Undrained strength ratio 

(su∕𝜎v′) 

5–15 Lacasse and Nadim 

(1997), Duncan (2000) 

 

Standard penetration test 

blow count (N) 

15–45 Harr (1987), Kulhawy 

(1992) 

 

Electric cone penetration 

test (qc) 

5–15 Kulhawy (1992) 

 

Mechanical cone 

penetration test (qc) 

15–37 Harr (1987), Kulhawy 

(1992) 

 

Dilatometer test tip 

resistance (qD) 

5–15 Kulhawy (1992) 

 

Vane shear test undrained 

strength (sv) 

10–20 Kulhawy (1992) 

The 3𝝈 Rule 

This rule of thumb uses the fact that 99.73 percent of all values of a normally distributed 

variable fall within plus or minus three standard deviations of the average. Therefore, if 

HCV is the highest conceivable value of the parameter and LCV is the lowest conceivable 

value of the parameter, these are approximately three standard deviations above and below 

the average value.[33] 
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The 3𝜎 rule can be used to estimate a value of standard deviation by first estimating the 

highest and lowest conceivable values of the parameter, and then dividing the difference 

between them by 6: 

  

𝜎 =
𝐻𝐶𝑉−𝐿𝐶𝑉

6
………………………………… . 2.5 

where HCV is the highest conceivable value of the parameter and LCV is the lowest 

conceivable value of the parameter 

The N𝝈 Rule 

Judgmental estimates of coefficient of variation or standard deviation can be improved by 

recognizing that estimated values of LCV and HCV are unlikely to be sufficiently high and 

low to encompass ±3𝜎. 

The N𝜎 rule provides a means of taking into account the fact that an engineer’s experience 

and available information usually encompass considerably less than 99.73 percent of all 

possible values [34]. The N𝜎 rule is expressed as 

𝜎 =
𝐻𝐶𝑉−𝐿𝐶𝑉

Nσ
…………………………………. 2.6 

where N𝜎  is a number, smaller than 6, that reflects the fact that estimates of LCV and 

HCV cannot be expected to span ±3𝜎. While there is no “one-size-fits-all” value of  N𝜎, a 

value of  N𝜎 = 4 seems appropriate for many conditions based on the following reasoning. 

It was showed that the expected range of values in a sample containing 20 values is 3.7 

times the standard deviation, and the expected range of values in a sample of 30 is 4.1 times 

the standard deviation [35]. This information can be used to improve the accuracy of 

estimated values of standard deviation by modifying the 3𝜎 rule. If the experience of the 

person making the estimate encompasses sample sizes in the range of 20 to 30 values, a 

better estimate of standard deviation would be made by dividing the range between HCV 

and LCV by 4 rather than 6: 

𝜎 =
𝐻𝐶𝑉−𝐿𝐶𝑉

4
…………………………………. 2.7 
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Types of distributions 

Normal distribution: The normal or Gaussian distribution is the most common type of 

probability distribution function and the distributions of many random variables conform 

to this distribution. It is generally used for probabilistic studies in geotechnical engineering 

unless there are good reasons for selecting a different distribution. Typically, variables 

which arise as a sum of a number of random effects, none of which dominate the total, are 

normally distributed.[1] 

In addition to the commonly used normal distribution there are a number of alternative 

distributions which are used in probability analyses. Some of the most useful are:  

Beta distributions are very versatile distributions which can be used to replace almost any 

of the common distributions and which do not suffer from the extreme value problems 

discussed above because the domain (range) is bounded by specified values [36].  

Exponential distributions are sometimes used to define events such as the occurrence of 

earthquakes or rock bursts or quantities such as the length of joints in a rock mass. 

Lognormal distributions are useful when considering processes such as the crushing of 

aggregates in which the final particle size results from a number of collisions of particles 

of many sizes moving in different directions with different velocities. Such multiplicative 

mechanisms tend to result in variables which are lognormally distributed as opposed to the 

normally distributed variables resulting from additive mechanisms [1]. 

Some researchers prefer lognormal distribution to be the most suitable for Factor of Safety 

due to various reasons. It was reported that this distribution results from variables in the 

uncertainty being multiplicative instead of additive [37]. And also, lognormal distribution 

is the preferred distribution for a random variable, which must have a positive value [38]. 

Therefore, it was recommended that the use of lognormal distribution for FOS, which, by 

definition, should have a positive value [38]. But it was reported that there is no proof to 

say that the FOS is lognormally distributed, but it is a reasonable approximation [1]. In a 

discussion to Duncan paper, reasons were given for the preference of lognormal 

distribution as: [35] 
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1. It avoids negative values, and 

2. The equation has many multiplications and divisions. 

However, they have counter argued saying that the equation also has number of additions 

and subtractions. Hence, in the absence of any other information they indicated their 

preference for the normal distribution assumption. After their views, it was concluded the 

discussion by suggesting that it may be useful to compute probability of failure using both 

normal and lognormal distributions [1].  

Uncertainties in geotechnical engineering parameters 

Uncertainties that affect the results of geotechnical designs such as earth dams, roads, 

foundations, and slopes are reviewed in the works of [39], [40] and [41]. These 

uncertainties can be grouped into two types. First, human mistakes such as shortcomings 

in measurements and calculations, which can be reduced by gathering more information 

via increasing soil specimens and improving test devices. The uncertainties of soil strength 

parameters that are needed in slope stability analyses can be reduced based on available 

information. It was proposed a systematic way that uses the results of field and laboratory 

tests as input [42].  

Methods used for probabilistic slope stability analysis 

Sampling techniques: Consider a problem in which the factor of safety depends upon a 

number of random variables such as the cohesive strength c, the angle of friction and the 

acceleration α due to earthquakes or large blasts. Assuming that the values of these 

variables are distributed about their means in a manner which can be described by one of 

the continuous distribution functions such as the normal distribution described earlier, the 

problem is how to use this information to determine the distribution of factor of safety 

values and the probability of failure. Therfore the following are some of the methods used: 
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First Order Second Moment method 

The basic properties associated with a function of several random variables are considered 

in quantification of factor of safety, since FOS itself is a function of several random 

variables. 

If F = f (x1, x2, ..., xn), where x1, x2, ..., xn are uncorrelated and statistically independent 

random variables, then mean value of F and the variance VF are calculated as; [38] 

�̅� = 𝑓(�̅�1, �̅�2, … , �̅�𝑛) ………………………………… . 2.8 

 

𝑉𝐹 = ∑ (
𝜕𝐹

𝜕𝑋𝑖
)

2
𝑛
𝑖=1 ∗ 𝑉𝑋𝑖

………………………………… . 2.9 

Since this is the first order approximation of Taylor series expansion and since it involves 

second moment (i.e. variance) of FOS, this method is called the "First Order Second 

Moment (FOSM)" method. 

Monte-Carlo Simulation Approach 

This is another well-known approach used in probabilistic analysis. In this approach, a 

particular problem is analyzed using a selected deterministic model, for a large number of 

times by changing the geotechnical parameters over a wide range, which is determined by 

the standard deviations of the parameters. The resulting factor of safety values are used to 

establish the probability distribution of factor of safety. Probability of failure is then 

calculated using the PDF of F. [1] 

2.5 Methods of analyzing slope stability 

Methods for analyzing stability of slopes include simple equations, charts, spreadsheet 

software, and slope stability computer programs. In many cases more than one method can 

be used to evaluate the stability for a particular slope.[5] 
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2.5.1 Limit Equilibrium Method (LEM)  

A slope stability problem is a statically indeterminate problem, and there are different 

methods of analysis available to the engineers. Slope stability analysis can be carried out 

by the limit equilibrium method (LEM). The static limit equilibrium method has two 

different approaches (a) single free body procedures and (b) method of slices. [43] 

Limit equilibrium methods have provided a very useful technique for analysis of slopes 

and other geotechnical engineering problems. However, the procedure does have several 

inherent weaknesses, which include: 

• Incipient failure is assumed at an overall FOS equal to one, which is highly influenced by 

many variables associated with geological details, material parameters, pore water 

pressures, and so on. 

• The assumption of constant FOS along the entire slip surface is an oversimplification, 

especially if different soil materials exist along the failure surface. 

• The stress - strain relationship of the soil is neglected, that is, stress deformation increments 

and/or decrements within a slope are not simulated by consideration of static equilibrium 

by itself. 

• The limit equilibrium method allows engineers to evaluate the stability of the slopes 

quickly. However, these procedures are the same whether the analysis considers (1) slope 

of newly constructed embankment, (2) slope of a recent excavation, or (3) an existing 

natural slope. The stresses within this slope are strongly influenced by Ko, the ratio of 

lateral to vertical normal effective stresses, but conventional limit equilibrium procedures 

ignore this important feature. In reality, the stress distributions within these three slopes 

would be different and hence significantly influence their stability [2]. 

2.5.2 Finite Element Analyses of Slope Stability 

The finite element method has found increasing use in geotechnical engineering practice 

over the past 50 years. It was first used to solve problems of heat flow and water flow in 

soils and later was applied to determination of stresses and deformations in excavated 

slopes and embankments. More recently, it has been used to calculate the factor of safety 
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defined in the same way as that used in limit equilibrium analysis [44]. Commercial 

programs that perform this type of analysis include PLAXIS (Plaxis by, Delft, The 

Netherlands), FLAC SLOPE, PHASE2 (RocScience, Toronto, Ontario, Canada), and 

SIGMA/W (Geo-Slope, Calgary, Alberta, Canada). The finite element method essentially 

divides the soil continuum into discrete units, that is, finite elements. These elements are 

interconnected at their nodes and at predefined boundaries of continuum. The displacement 

method of formulation of the finite element method is typically used for geotechnical 

applications and presents results in the form of displacements, stresses, and strains at the 

nodal points.  There are three phases in plaxis analysis; input, calculation and output phase 

[46]. 

Input phase: Elasto-plastic Mohr-Columb model was applied to simulate soil behavior 

and material model. For undrained analysis, drainage condition of clay layer was selected 

as “undrained”. The strength interfaces were modeled using the option “rigid interface” 

available in FE software. Creation of embankment was done in the same step after soil 

layer creation after creation of cut slope cross-section. Standard fixities were applied for 

the bottom and sides of the model geometry. In other words, boundary conditions were set 

up in a mode that vertical and horizontal displacements were zero at the bottom of model 

(pinned) and free at top surface of it. Interface between the soil and embankment was 

assumed rigid.  

Once the geometry model and boundary conditions were defined, automatic mesh 

generation was applied with the bandwidth optimizer for the finite-element discretization 

refinement. The program automatically applies quadratic 3 node and 6 node triangular 

mesh elements to model deformations and stresses in the soil. Mesh generation type was 

selected as medium in order not to make the analysis time taking.  

Calculation phase: After mesh generation, calculation phase started through building up 

initial stresses within the deposit soils. 

In the implementation of FEM for any geotechnical problems, the following should be 

considered;  
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• The selection of appropriate constitutive model which can fit to the encountered problem 

considering presence of different types of finite elements (e.g. triangular, quadrilateral, or 

isoparametric).  

• Ensure the availability of laboratory and field test data which are required to define the soil 

property and hence the soil model. 

• Selection of suitable types of software package (PLAXIS, FLAC, ABAQUS…). 

• Considering drainage condition (undrained and drained) for the subject geotechnical 

structure. 

To this end, the SLIDE 6.0 computer program which is based on limit equilibrium method 

of analysis and PLAXIS 2D software which are based on FEM program was used for the 

computation of factor of safety (Morgenstern-Price method which satisfies both 

equilibrium equations and applicable on different slip surfaces ) and stability analysis of 

remediated slopes. As far back in 2016, it has been mentioned about the use of SLOPE/W 

software for a probabilistic analysis [47]. They discussed the reasons for using slope/w is 

it has a general comprehensive algorithm for probabilistic analyses. Like that the SLIDE 

software had the capability to do probabilistic assessment based on either montecarlo 

simulation approach or latin hypercube approach. The Monte Carlo scheme in slide 

software involves numerically sampling the statistical variables numerous times. The 

sampling can be controlled by optionally excluding or including spatial variability in the 

analysis. 

2.6 Remedial measure for slope instability problems 

For remediation of land slide or slope instability one should answer the following 

questions: 

▪ What is the cause of the slope instability? 

▪ What is the amount of remediation needed to maintain stability for reasonably foreseeable 

future condition? 

The methods for correcting and prevention of slope instability related problems are quite 

many, however we have to choose methods which are related to the given slope instability 
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problems [43]. Mostly they are classified as restraint works and control works. The list of 

remedial measures is: 

Drainage: provisions results in reduction in shear stresses and increase in shear strength of 

the soil. Here, drainage can be achieved by the provision of surface and sub-surface 

drainage provisions. Surface drainage is the provision of surface ditches (furrow ditches) 

above the crown of the slide mass and the treatment of slide slopes by the construction of 

rock covering or permeable apron on the surface of sliding mass to control the flow. 

Furthermore, horizontal and vertical drainages are used to intercept and divert underground 

water in large masses of soil with underground flow and deep-seated sliding masses, 

underground water in strata or lenses, respectively.   

Avoidance: relocation of the highway or road stretch affected by the slide from the limits 

of the slide area by provision of realignments. This method is cost effective if the relocation 

is for short stretches of the road section.  

Movement of Earth: reduction in shear stresses on the slip surface can be achieved by 

removal of slide material. This can be achieved by the removal of slide material from the 

head (upperpart) and by flattening of the slide mass.  

Retaining Structures: these structures are basically constructed at base and toe of the sliding 

surface. Accordingly, support at the base can be achieved by the provision surcharge at toe 

by construction of rock or earth fill while common or crib retaining wall structures are 

constructed at the base/toe of the slide mass to restrict movement of the slide mass. 

Furthermore, piles (concrete or steel) are fixed in the slip surface in order to increase the 

strength of the slip surface. Alternatively speaking, the strength of the failure surface is 

increased by the amount of the stress required to make the piles fail.  

The most common use of retaining walls for slope stabilization is when a cut or fill is 

required and there is not sufficient space or right of way available for just the slope itself. 

The wall should be deep enough so that the critical slip surface passes around it with an 

adequate FOS. 
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Gravity retaining walls, mechanically stabilized earth (MSE) walls, which are not 

prestressed, must move before they can develop resistance to stabilize a land slide. Such 

walls can be designed using the following three main steps: 

a. Using conventional limit equilibrium slope stability analyses, determine the force 

required at the location of the wall to stabilize the slope (i.e. to raise the factor of safety of 

the slope to the desired value). These analyses can be performed using any method in which 

an external force of specified location, direction, and magnitude can be included. The 

analyses are performed using repeated trials. The magnitude of the force is varied until the 

desired factor of safety is achieved. Each of the analyses with a new trial force should 

search for the location of the critical slip surface. This critical slip surface is not the same 

as the critical surface with no stabilizing force but is often close to that surface. The 

magnitude of the stabilizing force can be determined with acceptable accuracy using a force 

equilibrium analysis, with the direction of the slide forces between slices assumed to be 

the average of the slope inclination and the failure surface inclination, or using a method 

that satisfies all conditions of equilibrium. The position of the stabilizing force can 

reasonably be assumed to be about 0.4H above the bottom of the wall to the surface of the 

slope [10]. 

Using conventional retaining wall design procedures, determine the external dimensions 

of the retaining wall, MSE wall, or soil nailed wall required for global wall stability, with 

the force determined in step (a) applied to the wall. The considerations for external stability 

of the wall include sliding, overturning, bearing capacity, position of the resultant force on 

the base, and deep-seated sliding (failure through the foundation beneath the wall). 

Accordingly, the different wall stability criteria (Static Case) are: 

• Factor of safety Sliding ≥2 

• Factor of Safety Overturning ≥ 2.0 

• Factor of Safety Global ≥ 1.2 - 1.5 

• Factor of Safety Bearing capacity ≥ 2 
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Furthermore, for remedial structure constructed in seismically active locations one needs 

to consider the dynamic lateral earth pressure exerted on the wall due to earthquake 

loadings. It is believed that the increased lateral earth pressure during earthquakes induces 

sliding and/or tilting to the wall structure. Because of the complex soil-structure interaction 

(mode of wall movement) during earthquakes, the lateral earth pressure theory based on 

the fully plastic solution (also known as pseudo static method) which is widely used by 

most of the design engineers, is adopted in the design of the retaining walls. For Gravity 

and Cantilever walls, the procedure most widely used in practice is the Mononobe - Okabe 

method. This method is based on the theory of fully plastic solution or Pseudo static method 

where the stability of Coulomb type wedge in a manner similar to that of static analysis is 

used while an equivalent seismic load assumed to act at the center of gravity of the wedge 

with horizontal and vertical magnitudes equal to the mass of the wedge times the horizontal 

and vertical accelerations respectively [10]. 

 

Figure 2. 5 Point of application of the resultant active force (EBCS-8 (1995)) 

The line of action of the resultant force from static and dynamic lateral active pressures is 

determined from [48]. 



 

37 

 

 Rotation about the bottom of the wall: the procedures shall be applied as shown in Figure 

2.7 below. 

                      

 

 
  

 

 

Figure 2. 6 Line of action for rotation of the wall about the toe. (EBCS-8 (1995)) 

�̅� =
(𝑃𝐴)(

1

3
𝐻)+(∆𝑃𝐴𝐸)(0.6𝐻)

𝑃𝐴𝐸
………………………………… . 2.12 

 

Translation of the wall: the method proposed as per Figure 2.8 shall be applied. 

 

 
 

Figure 2.7 Line of action for translation of the wall (EBCS-8 (1995)) 

�̅� =
(𝑃𝐴)(0.42𝐻)+(∆𝑃𝐴𝐸)(0.48𝐻)

𝑃𝐴𝐸
………………………………… . 2.13 

The factor of safety for Pseudo static method of analysis of mechanically stabilized earth 

structures is taken to be 75% of the static stability criteria stated above. [31] 

The forces that should be considered in the design of retaining walls include: 
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I.  Active and passive earth pressures: these pressures should be calculated using the 

appropriate theories. In most cases, however, because of its simplicity, one uses the 

Coulomb's Earth Pressure Formula. The distribution of the contact pressure under 

the base of the retaining wall is assumed to be planar. Hence the usual flexural 

formula is used. 

II. Dead weight including the weight of the wall and portion of the soil mass that is 

considered to act on the retaining structure 

III. Surcharge including live loads, if any 

IV. Contact pressure under the base of the structure 

2.6.1 Calculation of lateral Pressures 

The Coulomb's lateral earth pressure theory shall be used for the computation of the active 

earth pressure. For ease of construction and timely retaining of the soil mass (for 

development of lateral pressure at rest) rock fill backfill (nearly cohesion less) shall be 

(hand) placed and presumed value of drained friction angle of 350 shall be used; 

The active Pressure, Pa, can be determined using coulomb's formula: 

𝑃𝐴 =
1

2
𝛾𝐻2𝐾𝑎………………………………………………………….… . 2.14 

 

 

𝐾𝑎 =
sin 2 (∝+∅′)

sin 2∝sin(∝−𝛿)[1+(
sin(∅′+𝛿) sin(∅′−𝛽)

sin(∝−𝛿) sin(𝛼+𝛽)
)

1
2

]

2………………………………… . 2.15 

where: 

∝ -battering of the retaining wall from the horizontal, heel side 

∅′ - Effective Friction angle of the backfill material 

δ - Friction angle between the masonry retaining wall and backfill material 

β - backfill slope with the horizontal 
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Stability against Sliding along the base 

The Factor of Safety against sliding is given as: 

𝐹𝑂 =
∑ 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒

∑ 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒
……………………..……… . 2.16 

 

Here, horizontal resistance along the base of a retaining wall is provided by friction 

between the base and the underlying foundation soil. The friction between the masonry 

base and soil is likely to be less than the shear strength of cohesion less soil in the 

foundation. Generally, these values suggest the following values for base/soil friction angle 

𝛿′:  

▪ 𝛿′ = 300 for coarse -grained soil containing no silt and clay 

▪ 𝛿′ = 240 for coarse -grained soil containing silt 

▪ 𝛿′ = 200 for thin layer of granular fill overlying cohesive soils 

Bearing Capacity Failure about the Toe of the Wall 

The computation of contact pressure under the base of the wall shall be made using the 

flexure formula. To determine the maximum and minimum contact pressures it is necessary 

to calculate the moment of the forces acting on the wall about the center of the base. 

𝑀𝑡𝑜𝑒 = ∑ 𝑉�̅� − ∑ 𝐻�̅�………………………………….…………… . 2.17 

 

𝑀𝑀 = ∑ 𝑉 (�̅� −
𝐵

2
) − ∑ 𝐻�̅�………………………………………… . 2.18 

 

𝑀𝑀 = 𝑀𝑡𝑜𝑒 − ∑ 𝑉
𝐵

2
…………………………………………….…… . 2.19 

 

To this end, the contact pressure under the base of the wall (B x 1) from flexure formula is 

given as: 

𝜎𝑡𝑜𝑒/ℎ𝑒𝑒𝑙 =
∑ 𝑉

𝐵
±

6𝑀𝑀

𝐵2 ………………………………………………… . 2.20 
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The Bearing Capacity of the foundation material shall be taken from presumptive bearing 

capacity values as elaborate soil investigation was not done on the weathered rock 

foundation material. The presumed design bearing resistance for vertical load which shall 

be reduced at least by 25% shall be used to account for the horizontal load component. 

Factor of safety against bearing capacity failure at the toe shall be given as 

𝐹𝐵 =
𝑃𝑟𝑒𝑠𝑠𝑢𝑚𝑒𝑑 𝐷𝑒𝑠𝑖𝑔𝑛 𝐵𝑒𝑎𝑟𝑖𝑛𝑔 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑇𝑜𝑒 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒
………………………………… . 2.19 

 

Dynamic and Static Stability Criteria's of the Retaining Wall 

The study area resides between Bonga and Felegeselam towns where these towns are 

located within Zone 0 and Zone 1 respectively of the seismic hazard zones. In view of the 

foregoing, the design bedrock acceleration of gravity of (Horizontal) are 0.01 and 0.04 for 

felegeselam and bonga Towns respectively. To this end, the horizontal component of 

earthquake acceleration coefficient of the study area is selected to be 0.03 [48]. Therefore, 

using the procedures of Mononobe Okabe lateral earth pressure equations for seismic 

forces one can calculate the active seismic force acting on the retaining wall accordingly 

[49]. 

 

 

 

 

 

Figure 2.8 Derivations of Mononobe Okabe seismic induced lateral         

active earth pressure equations (. Braja, M. D., Das, 1993) 

𝑃𝐴𝐸 =
1

2
𝛾𝐻2(1 − 𝐾𝑉)𝐾𝐴𝐸…………………………………………….… . 2.20 

Or after simplification and to keep similarity with lateral earth pressure equation (Static 

case). 
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𝑃𝐴𝐸 = 𝑃𝐴(𝑖′, 𝛽′)(1 − 𝐾𝑉)(𝑃)̇…………………………………………….. . 2.21 

 

 

𝐾𝐴𝐸 =
cos2(∅−𝜃−𝛽)

cos 𝜃 cos2(𝛿+𝛽+𝜃)[1+√
sin(∅+𝛿) sin(∅−𝜃−𝑖)

cos(𝛿+𝛽+𝜃) cos(𝑖−𝛽)
]

2………………….………… . 2.22 

 

𝜃 = 𝑡𝑎𝑛−1 𝑘ℎ

1−𝑘𝑣
…………………………………………………………….... 2.23 

Calculate, the coefficient of active lateral earth pressure, KA (i', 𝛽′), using following 

equation and inserting the values: 

𝐾𝐴(𝑖′, 𝛽′) =
cos2(∅−𝛽′)

cos2 𝛽′ cos(𝛿+𝛽′)[1+{√
sin(𝛿+𝛿) sin(∅−𝑖′)

cos(𝛿+𝛽′) cos(𝛽′−𝑖′)
}

1/2

]

2…………………….. 2.24 

Calculate, P*, using the following equation 

�̇� = (
cos2 𝛽′

cos 𝜃 cos2 𝛽
)……………………………………………………….… . 2.25 

 

Stability against Overturning 

In the computation of the overturning moments of the retaining wall about the toe, one 

needs to locate the location of the resultant active lateral seismic force using the procedure 

given for rotation about the bottom of the wall, as shown in figure 2.10 below [1]: 

 

 

 

�̅� =
(𝑃𝐴) (

1
3 𝐻) + (∆𝑃𝐴𝐸)(0.6𝐻)

𝑃𝐴𝐸
 

 

 

Figure 2.9 Location of Resultant Active Lateral Seismic Force (Duncan, J. M, 2014) 

Here ∆𝑃𝐴𝐸 and PA act at 0.6H and H/3 respectively, from the bottom of the wall.  
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2.7 Concluding remarks 

Following ends are drawn from the survey of research papers of slope stability analysis:  

In our country slope stability issue is the significant problem in our roads since early time. 

In this way a right description of the geotechnical parameters and proper analysis to 

determine the safety of the slopes is the fundamental thing for the best possible working of 

the roads. As disscused previously the limit equilibrium methods have more limitations 

than the finite element method since in the limit equilibrium method various assumptions 

prior to conducting the analysis are given.  And comparing the analysis method, 

deterministic method gives only single factor of safety on the other hand it requires less 

data and computation time than probabilistic methods. The probabilistic method can give 

a result of probability of failure in addition to value of factor of safety.  Along these lines 

for this reason to be done accordingly a deterministic analysis of slopes blend with the 

probabilistic slope analysis is vital to be cosidered and there were many software's that can 

deal with this issue effectively. At long last it is seen that application of an appropriate 

remedial measure is urgent for safe working of the slope for the duration of the existence 

time of the road service. 
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3. MATERIALS AND METHODS 
 

3.1 Background Information of the Road Project 

The project road is located in the Southern Nations and Nationalities Peoples (SNNP) 

Regional State of Ethiopia. The project road starts within Bonga town at the intersection 

with Bonga-Mizan road. It then follows a Southeast direction through Tengola, Gedam, 

Tura, Alem Gena, Achenks, Yema and Felegeselam before changing into an East direction 

through Ameya, Genji and ending at Chida. The project road is divided into two Contracts, 

namely:  

Contract 1: Bonga - Felegeselam (51.80 km) 

Contract 2: Felegeselam-Ameya-Chida (57.03km). 

3.1.1 Accessibility to the project 

The project area is located in southern western Ethiopia as shown in Figure 3.1. and 

accessible by the main asphalt road from Addis Ababa-Wolkite-Jimma-Bonga. After 

Bonga the road bifurcates and goes to Felegeselam town which is all asphalt roads.  

 

Figure 3.1 Location Map of the Project Area (Geological map of 

Ethiopia, 1999) 
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3.1.2 Physiographic Setting 

The study area is characterized by rugged volcanic, mountainous terrain comprising of high 

to low relief hills. Elevation ranges from 1718m to 2690m above sea level.  

The project area is situated on the South western Highlands and within the Broadly Rifted 

Zone (BRZ) of the East African Rift System. The geomorphic setting of the region along 

the route corridor is mainly controlled by the internal (tectonic and volcanic) and external 

forces activity that took place in the past geological time one event after the other as well 

as dominated by plane lands and adjacent highlands.   

The tectonic activities are associated with the formation of Ethiopian rift valley and the 

volcanic activity in the region was the main causes of the formation of valley, mountains 

and separate hills in the area surrounding the route corridor. Furthermore, the external 

activities are associated with the formation of Gorge system eventually dissecting the 

region into the formation of valley through which major drainage pattern of River flow. 

Consequently, the relief along the route corridor is made up of two types of landforms: the 

mountainous and gorge landform constituting most of the terrain flat to rolling and 

escarpment landforms.  

 

Figure 3.2 2D view showing physiography map of the project area (Geological 

Survey of Ethiopia, 2012) 
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3.1.3 Climate and Vegetation  

Climatic conditions in Ethiopia are largely governed by altitudinal variations that are 

controlling rainfall distributions to some degree and the temperature variation to a very 

large extent. According to [50], the climatic condition of the country is classified into the 

following zones: 

• “Kur”; 3300m a.s.l. and above (annual mean temp. of <10 oC.) 

• “Dega”; 2300 – 3300m a.s.l. (annual mean temp. of 10 to 15 oC.) 

• “Weina Dega”; 1500 – 2300m a.s.l. (annual mean temp. of 15 to 20 oC.) 

• “Kola”; 500 – 1500m a.s.l. (annual mean temp of about 30 oC.) 

• “Berha”; below 500m. a.s.l. (annual mean temperature of 30-40oC.) 

The project area belongs to the Southwestern Ethiopian highlands; it is characterized by 

warm, humid and wet subtropical climatic conditions. With mean annual rainfall of the 

area is about 2075mm/year, i.e. for the years 2016-2017. Temperature during summer 

reaches up to 20°C. Eventhough, there is a rainfall distribution throughout the year, two 

major seasons of rainfall are common in the area. The first one is from July to September 

and the other is from April to May which shows characteristics of the rainfall. The main 

rainy season in all the area is during winter, with a secondary maximum in the spring. 

Therefore, the peak stream flows occurred during winter months. It should be noted 

however that the duration of the rainfall and its distribution throughout the year can 

influence the conditions of surface runoff and underground water. The project alignment 

generally located at the area with altitude between 2050 meters above sea level. 

Accordingly, the project area is categorized under Weina-Dega climatic zone. Common 

woody vegetation includes oda, dokima, bisana, woira, warka, koso, zigiba, korch, acacia, 

and rare wicker and bamboo trees. On the other hand, forest dominates the highlands either 

occurring densely or scattered with different types of vegetation’s. Besides natural 

vegetation, plantation of different trees is common along the road.  
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Two years of project weather data from three locations were studied to understand the 

temperature of the project area. The temperature data obtained from the three stations is 

shown in Table 3.1 below.  

Table 3.1 Average Monthly Temperature of the Project Area 

Location  Jan   Feb  Mar  Apr May  June  July  Aug  Sept  Oct  Nov  Dec 

Chida 

Station 

22.8 24.3 22.8 22.2 21.7 20.8 19.8 19.8 20.5 20.2 22.2 22.8 

Ameya 

Station 

18.2 20.8 21.5 21.5 20.6 20.5 20.6 20 20.5 20.1 20.9 19.5 

Km17 

Station 

18.5 19.6 18.6 18.5 17.3 15.5 15.4 15.5 16.2 17.4 19 20.2 

From the above data it can be seen that the average temperature of the project area is in the 

range of 15.4 – 24.30c. 

 

Figure 3. 3 Vegetation cover of the area 
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3.1.4 Geological and Subsurface Conditions 

Regional Geology 

On the geological map of Ethiopia, the study area belongs to the Jimma volcanic (upper 

sequence) that consists of trachyte, ignimbrite, rhyolite, and tuff with minor basalt. 

Whereas in the recent 1:250,000 scale engineering, geological map of the area [51] as 

shown in Figure 3.5. compiled in relation to the current landslide problem, basic lava flow 

and Pyroclastic materials formed due to tertiary volcanism dominated the area. The basic 

lava flows are fine-grained and porphyritic basalts, while fine and coarse Tuff and 

agglomerate represent the pyroclastic eruptions. The recent quaternary deposits are 

recognized as alluvial, colluvium and residual soils. Faults trending NE-SW and EW 

direction displaces the volcanic rock units with a distinct scarp zone at the eastern and 

south eastern part of the road section. 

 

Figure 3.4 Simplified Local Geological map of the project area modified from 

geological map of Jimma area (Geological Survey of Ethiopia, 2012) 
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Local Geology 

The Bonga-Ameya-Chida Asphalt Road Project passes through the western escarpment of 

Jimma volcanic formation of the main South Western Ethiopian highland. The formation 

belongs to the tertiary volcano rock, based on the site observation carried out between km 

16+300 to 35+300, the study area covered by Upper trachyte, Middle Trachyte and Lower 

Trachyte within the elevation varies from 2650 to 2690m. 

3.1.5 Geological Structure 

Joints, lineaments and fault indication map was generated or modified from the database 

obtained from Geology, Geochemistry and Gravity Survey of Jimma, Map Sheet (Nb 37-

1) [51], which include the project site of this investigation. The map shows the location 

and orientation of mapped lineaments and faults in the area. The study of landslide must 

include the identification & orientation of the faults, joints and fractures along the site 

because they provide clues to the processes that led to the development of the fracture plane 

particularly in volcanic terrain. NE to SW trending lineaments are the most prominent set 

of faults on the area where landslide or crack observed in the south-northern part of the 

road and landslide section and south of the map sheet area is shown in Figure 3.5. 

 

Figure 3.5 Structural map of landslide and adjacent area modified from 

Structural map of Jima area (Geological Survey of Ethiopia, 2012) 
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3.1.6 Geomorphological Setting  

As mentioned in the above sections, the project area has a long history of landslides at 

various scales. Most of the recorded landslides are located in adverse geomorphological 

sections; and defined by the rugged topography at the margins of the southern part of the 

main Ethiopia rift and older landslides. Thus, being located in such geological 

geomorphological conditions as well as wet climatic conditions, the landslide can be 

naturally triggered by either rainfall saturation or groundwater rise. That is the reason why 

most of the landslides are happening after the rain seasons and follow the drainage that 

probably relates to the tectonic predisposition of the area.  

 

Figure 3.6 Landform map of the road project area (Geological Survey of 

Ethiopia, 2012) 

The above indicated geological and structural features and the underlying geomorphologic 

features of the plateau such as prominent topographic breaks on strongly weathered basaltic 
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bedrocks led to continuous erosion and landsliding, mostly in the form of saturated mass 

movements, triggered mainly by heavy prolonged rainfall with uncontrolled surface runoff. 

Such continuous process led to the formation of successive landslide bodies which accreted 

on top of each other eventually stabilized to form relict (old) landslide masses. These 

landslide masses have been reactivated by the road works such as road cutting (slope 

steepening), excavation, and spoil accumulation.  

3.1.7 Seismicity of the Project Area  

Various studies have been previously carried out concerning the risk of earthquake in the 

country. As per [48], the country has been subdivided into a seismic zones as depicted in 

Figure 3.7. and Table 3.2. based on the apparent seismic risk. The ratio of the design 

bedrock acceleration to acceleration of gravity for the respective zones is indicated in Table 

3.2. The risk of seismicity increases as one goes from zone 0 to zone 5, i.e. Zone 0 represent 

low seismicity and Zone 5 represent highest seismicity risk.   

Table 3.2 Bedrock Acceleration Ratio, αo  (Compulsory Ethiopian Standard, 2015) 

 

The seismicity of the project road is assessed based on seismic hazard zoning map of 

Ethiopia Figure 3.7. Bedrock acceleration ratio along the project road lies in the range of 

0.0 – 0.04, i.e., the project road traverses along seismic zone 0 and zone 1, suggesting that 

seismicity is not a common trigger of landslides by the time of failure but a value of 0.03 

was taken to consider low magnitude influence on the slope for remedial measure, although 

the effect of high magnitude distant earthquakes (in the nearby rift system) cannot be ruled 

out, if and when they occur. 
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Figure 3.7 Seismic Hazard Zoning Map of Ethiopia (Compulsory Ethiopian 

Standard, 2015) 

3.2 Materials 

 

The input parameters used for the slope stability analyses:  

• The subsurface profiling is taken from the results of geophysical survey and subsurface 

boring. Both results interpreted to characterize the worst-case scenarios. 

• The cut slope soil mass properties taken from laboratory and in-situ test results with in the 

drilled boreholes on the slope and from test pits. The test results of the soil shear strength 

and unit weights (dry and saturated) values are considered. Classification test results are 

also considered in their description of the slope mass materials.  

• FS was calculated based on the effective pore pressure condition by considering a water 

table at the depth of the groundwater level; and for fully saturation scenario, 9.81 kN/m3 

pore fluid unit weight in a grid (pore pressure) option is considered to calculate excess pore 

pressure status.  

• Considering the soil dominance in the cut and field observations of failure mechanism,  

a representative failure case is assumed.  
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The basic Geotechnical Parameters which are employed in this thesis are; 

Stiffness Modulus (Es) 

It is an elastic soil parameter that describes the load-settlement behavior of soils and 

governs the results of settlement related problems. It is the ratio of the stress along an axis 

over the strain along that axis in the range of elastic soil behavior. To simulate the actual 

condition of the soil using finite element method, it is highly recommended to use practical 

and reasonable stiffness values that represent the in-situ conditions. 

There are several methods available to estimate the soil stiffness modulus which includes; 

• Test methods: unconfined compression tests, triaxial compression tests and in situ tests. 

• Empirical relations and range values 

• Using code provisions: German code 

However, for this study, the German code provision is employed, because it considers 

penetration resistance of the soil, confining pressure and soil types and hence, the provision 

of this code is given by Eq. (2.10) [45]. 

𝐸𝑠 = 𝜇 ∗ 𝑝𝑎 (
𝜎𝑧+0.5∆𝜎𝑧

𝑝𝑎
)

𝑤

………………………………………….………… . 2.10 

Where: 

           μ = stiffness coefficient depending on values of N-SPT  

          w = stiffness exponent, which has a value of 0.5 for non-cohesive soil & 0.6 for 

cohesive soils  

         σz = overburden pressure at a depth z below the foundation level  

         Δσz = additional vertical stress due to the loads from the superstructure at a depth z  

            Pa = average atmospheric pressure, taken as 101.4 KN/m².  
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And to account the effective young’s modulus for plaxis analysis, it is common to employ 

Eq. (2.11). [46]  

                              E = 2(1 + 𝜈’) ∗ 𝐸𝑠 3⁄ ………………………………… . 2.11                                                                                    

 

Cohesion (C) 

Soil cohesion is the force that holds together molecules or like particles within a soil. It is 

usually determined in the laboratory from Shear Tests. Unconfined Compressive Strength 

Suc can be determined in the laboratory using the Triaxial Test or the Unconfined 

Compressive Strength Test. There are also correlations for Suc with shear strength as 

estimated from the field using Vane Shear Tests. For this study, the cohesion of the soil 

has already determined from triaxial shear test.  

Friction Angle (Φ) 

Friction angle is a measure of the ability of a unit of rock or soil to withstand a shear stress.  

It can be determined in the laboratory by the direct shear test or the Triaxial shear test. 

Correlation methods also available for granular soils. For this study, the Friction Angle of 

the soil has determined from triaxial shear test. 

Unit weight (γ) 

Unit weight of a soil mass is the ratio of the total weight of the soil to the total volume of 

the soil. Unit weight, γ, is usually determined in the laboratory by measuring the weight 

and volume of a relatively undisturbed soil sample obtained from the field. Measuring unit 

weight of soil directly in the field might be done by sand cone test, rubber balloon or 

nuclear densitometer. For this study, the laboratory test result was taken. 

Poisson’s ratio (ν) 

Poisson’s ratio is a property that describes the volume change of a material in a direction 

perpendicular to the application of a load. It is defined as the ratio of the axial compression 

to the lateral expansion of soils. It is recommending a range of values of Poison’s ratio 
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between 0.4 and 0.5 for most clay and 0.2 to 0.4 for medium to dense cohesion less soil 

[46]. However, a typical value of 0.35 was taken for the numerical analysis of this study as 

the plaxis not accept a value greater than this. 

Dilatancy angle (ψ) 

Apart from heavily over-consolidated layers, clay soil tends to show little dilatancy. 

Dilatancy of sand soil depends on both the density and friction angle. For quartz sands the 

order of magnitude is given by ψ=Φ-30. However, for the phi values less than 30ο, dilatancy 

values are mostly zero. Small negative value is only realistic for extremely loose sands 

[46]. 

Here, in selecting a suitable program, one must consider:   

The implementation of constitutive model(s) i.e. the types of soil stress-strain relationships 

that can be used are linear elastic, elasto-plastic, hyperbolic, modified Cam Clay, visco-

plastic and multi-linear elastic models. The availability of different types finite elements 

(e.g. triangular, quadrilateral, or isoparametric). The laboratory and field test data required 

for defining the soil property and hence the soil model [44].  

Material Model 

Material model is a set of mathematical equation that describes the relationship between 

stress and strain of materials. Different types of constitutive models have been developed 

by several scholars to explain various aspects of soil behavior. These of commonly known 

constitutive models which describe stress-strain relationship of the soils are Elastic Model, 

Mohr-Coulomb Model (MC), Harding soil model (isotropic hardening), Soft soil – creep 

model (time dependent behavior), and Soft-Soil model and modified cam-clay model. 

Among these models, Mohr-Coulomb Model (MC) is employed for this thesis due to it is 

relatively quick, simple and its procedure reduces error. 

Mohr-Coulomb Model is a perfect elastic-plastic model, implies the behavior of the soil is 

linear elastic up to a certain stress limit and after while the soil behaves perfectly plastic in 
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which the strain is irreversible after a stress decrease. This model requires five input 

parameters for the soil: Young’s modulus (E), Poisson’s ratio (ν), Friction angle (Φ), 

Cohesion (C), Dilatancy angle (ψ).  

Not only collection of data alone is fundamental in slope stability analysis, but also 

sufficient processing and appropriate interpretation of the collected data is mandatory to 

obtain reliable and more realistic results of the analysis. Hence, in the present study due 

attention has been given to processing and preparation of the collected data for the analysis 

in such a way that, it will represent the site-specific conditions. 

3.3 Methods 

3.3.1 Data Collection 

slope stability analysis is categorized among the complex Geotechnical engineering 

problems which requires detail investigation of the geological, hydrological, 

morphological characteristics and shear strength parameters of the case study area. In this 

paper data required for stability analysis were collected in two different ways, the first was 

on site during site visit through observations, interviews, and measurements (Primary data) 

while the other is secondary data which will be obtained from different organizations that 

are encharged in the construction of the road [58]. 

• Collection of Primary Data 

Primary data were collected on site during field visit work and the relevance of collection 

of primary data for the present study is mandatory for the reason that, in slope stability 

analysis proper and intensive site investigation and/or exploration of cut slide prone areas 

has tremendous effect on the reliability of the result of stability analysis [58]. During site 

visit, attempts were made to determine and identify the various instability manifestation 

features present on the slopes and possible data were also collected on site from past slope 

failure events, scarps, tension cracks and presence of springs and streams on and at the toe 

of the slopes.  
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Figure 3. 8 tension cracks noticed at the upper part of the slide 

Interviewing 

Interviewing is one of the methods for data collection about the past events and the exact 

consequence of the current situations. During the site visit, informal interviewing of the 

local people was done to know and understand the history of slope failure in the area and 

damage and causalities arise due to the result. In the informal interviewing processes 

different questions were prepared and forwarded for the selected respondents who spend 

most of their life time on the area such as elders, farmer’s, religious fathers and technical 

persons of both the contractor and consulting staffs from this it was obtained that the slope 

failure was happened after a rainfall event in the area and by the time there was no seismic 

event in the area. 

Field Observations and Measurements 

During site visit it is very important to carefully observe and systematically inspect the 

case study area potential landslide locations and road sections so as to gather sufficient 

information for the analysis of stability of the cut slope. Moreover, due attention and great 

efforts has been given on identifying and locating as well as taking measurements of 
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tension cracks, major & minor scraps surfaces, anomalies, springs & streams in addition to 

damages on the road alignment, farmland and houses. Beside the observation, the 

researcher also take undisturbed sample from four test pits to conduct triaxial test for 

determining the shear strength parameters during the field measurement, two from station 

16+980 for the first layer at 3m depth and for the second layer at 7m depth plus for station 

35+270 for first layer at 3.5m depth and for the second layer at 8.5 m depth. The method 

of sample collection and method of testing was shown in picture was attached on 

Appendix-B.  

 

Figure 3. 9 seepage water shown in the cut slope area 

• Secondary Data collection 

To conduct the required stability analysis on the case study area, attempts were made to 

collect relevant secondary data from published and unpublished reports, journals, articles 

and past research papers. For carrying out of the present study, secondary data were 

collected from civil works consulting company, unicon (united) consulting company and 

EJ Engineering who are hired on the project. 
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3.3.2 Data Processing 

To perform the intended stability analysis of slopes on the present study to the required 

degree of reliability and adequacy the processing of raw data collected during site visit and 

from secondary sources into useful forms and inputs for stability analysis is crucial. 

Accordingly, an enormous effort has been given to the data processing section so as to 

obtain representative values of different study area’s geological condition, hydrological 

situation and geotechnical parameters. The data processing tasks performed in the present 

study includes: 

• Selecting the most representative cut slope failure location for analysis. 

• Preparation of the geometry of the cut slope location using surveying data and 

AutoCAD templates. 

• Interpretation of borehole log data obtained from drilling tests. 

• Interpretation and extraction of shear strength parameters from the laboratory 

tests (triaxial test). 

• Major and minor scarp faces, distribution and dimensions of cracks and other 

damages caused to the infrastructures were observed and recorded. 

 

Figure 3. 10 scraps noticed at the upper part of the slide 
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3.3.3 Selection Methods of potential Landslide Locations 

From a number of potential slope failure locations exist on the present study area, selection 

of potential cut slide locations for stability analysis has been done mainly on availability 

of geological, topographical, geotechnical and other relevant data. 
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4. INVESTIGATION AND ANALYSIS OF THE SELECTED FAILED 

SLOPES 

4.1 General Description of the Slide Sections 

The landslide and adjacent area located within the western escarpment of Jima volcanic 

formation of the main Southwestern Ethiopian highland in rugged topography, high rainfall 

and shallow groundwater (springs). The area as whole  is well known for its large landslides 

due to geologic conditions that are conducive to slope instability.  Those conditions include 

geologic structure, bedrock represented by the intercalation of trachyte and pyroclastic rock 

(which are included in the formation of Upper Trachyte). The pyroclastic contains 

boulders, blocks, cobbles, gravels and clay mixed with gravel or rock fragments in place 

where it exposed for weathering the rock units changes to various light grey to pinkish 

color, the presence of ground water probably under some degree of pore water pressure 

and high rain fall also have impact on the slope stability in the area. The alignment of 

Bonga – Felegeselam Road Project necessitated relatively deep cuts in place along the route 

to come up with the required design standard. Most of the sections also pass through 

topographically challenging terrain in which significant cut amounts of rock and rock 

mixed with soil layers are encountered. While excavation works were carried out, a 

considerable number of slope cuts were left critically unstable and tension cracks were 

discovered at different sections of the road project in the upper part as well on the front 

side of the slope. Several tension cracks, vertical offset and scarps in the natural slope 

caused by movement of residual blocks of soil were noticed. In spite of loose soils on steep 

hillsides, landslides are rarely occurred around this area in the dry seasons and it is evident 

that the water pressures that build up in the ground, usually during the noticeable wet 

season, is the triggering factor for most of the sliding events of the area. Eventhough, 

several failed slopes were encountered at this road project, only the two critically affected 

and more of representative locations were selected for the investigation.The affected slope 

sections instability statuses were visually assessed and the extent of the investigation 

required in each section was discussed and recommended. 
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4.1.1 Road cut excavation  

Generally, slope re-profiling or excavations of new cut section are well-known design 

processes that are performed for roads infrastructures. It is directly linked to a modification 

of the factor of safety of the existing slope by excavation process during the construction 

of new road. As a result of this process, fast degradation of the rock/soil mass strength of 

the new slope profile favored by water inflow and swelling material within the slope layer. 

On the present site visit observed in some section relatively steeply cut batters, slide debris, 

weak soils, the presence of ground water and poor surface drainage control are some of the 

significant contributing factors to the slope failure observed in the on-going cut excavation 

process of Bonga-Felegeselam Road project.These factors are unlikely to have been fully 

appreciated at the time of design or tender due to the absence or lack of detail geotechnical 

information along the route, particularly for the deeper cutting section. Hence, to 

implement original design without having an in-depth knowledge of the prevailing geology 

and soil, geomorphology and geotechnical properties of the material at each location led 

for land mass movement. 

4.1.2 Preliminary Work 

Evaluation of existing data and report is the initial part which is an important part of 

landslide investigations. It provides a general view of an area as to its susceptibility to 

landslide development. The results of preliminary investigation present a base for 

consecutive site investigation. Information collected and evaluated for the preliminary site 

investigation include the location and orientation of mapped lineaments and faults in the 

area, topographic maps, geologic maps, environmental and climatic data, and other related 

publications; which provided basic background to understand the geological units 

underlying the overburden and the possible causative factors for the development of 

landslides in the area. Other large active landslides include the nearby at Bonga and 

Felegeselam town where the landslide affected the principal and secondary roads and 

utilities in year 2016. Furthermore, the main highway that connects Bonga-Tepi- Masha 

via Alamo and Gatiba has been also affected in varies location in the same year describing 
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the overall regional geological geomorphological conditions that facilitate possible land 

movement in the project area. 

4.1.3 Road Sections Selected for Analysis 

A. Cut section Failure at Km 16+980 (LHS) 

The road cuttings on at these road section comprises a 1.5:1 cut slope at km 16+980 on the 

RHS, and similar on the LHS. The height of the cutting varies but does not appear to exceed 

6m at its highest point. A slope instability was seen on the LHS of the cut section. Figure 

4.1. The subsurface material found on these sections characterized by clay; clayey silt 

mixed highly weathered/decomposed materials with thicknesses in the range of 0-16m. 

Both layers were outlined well with the geophysics and drilling investigation. 

 

Figure 4.1 View of landslide affecting road side cut along km 16+980 LHS 
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Figure 4.2 View of seepage in landslide affecting road side cut along km 16+980 

LHS 

B. Cut Slope Failure at Km 35+200 to Km 35+300 (RHS & LHS) 

This is a shallow cutting (less than 8m height) and comprises 1.5:1 at km 35+270 cut slope. 

This cut section is composed of upper formation of very stiff to hard, dark gray molted 

orange lean clay with some gravel which has 7.5m thickness. A three-layer gabion structure 

has been constructed over the initial portion of the cutting but there has been material slide 

over the gabions subsequently and push the gabion to the center line of the road. At the 

back side of cut section there is a spoil material dumped by the contractor on the RHS side. 

It seems that the cut section failures aggravated with uncontrolled spoil dumped materials 

on the back side of the slope by the contractor. The effect of this spoiled material at the 

back side of the cut section not noticed either by the contractor or the engineer and not 

instructed by the engineer to remove or minimize the spoil materials from the area during 

the cut activity. Large settlement, crack and failure slip in the direction of the river also 

noticed on the spoil material. Based on the above preliminary data it seems that the failure 

of the cut section is rotational slide failure and have a relation with low soil strength where 

the road cut excavation done in the first place, coupled with the built up of the groundwater 

level in the period of heavy rainy season even if the borehole data at the time of drilling 
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shows nil ground water table. The effect of the spoiled materials tipped at the back of the 

cut section also contributes for the failure. 

 

 

Figure 4.3 Spoiled material at the back side of the cut 

Figure 4.4 Features of the cut section Km 35+270 (RHS) 

Spoiled materials at the back side of the cut 

section 
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 4.2 Detail Investigation of the Selected Failed Slope 

Under the way of detail  investigation, different tasks were managed which includes 

borehole drilling and recording the field data in the form of boring logs, field tests,  

sampling and laboratory testing, surveying data collection and ground water level 

measurement.  

4.2.1 Drilling 

Drilling data is very important in landslide studies because it serves as ground to justify 

the geophysical data interpretations. Details of a boring program including recovered drill 

cuttings, records of penetration rate and drilling water loss can suggest what the subsurface 

conditions are at the boring and adjacent location. Drilling of boreholes were carried out 

by CWCE. Boreholes located based on the geophysical investigation results and the exact 

coordinates were located using GPS & total station. These boreholes were drilled vertically 

with 110mm, 90mm and 75mm diameters, with single and double core barrel. All core 

samples were collected with a minimum disturbance and maximum recovery. All required 

drilling accessories were also deployed. The boring position located using total station is 

tabulated below and they are identified by ‘Chainage’ in km. The final drilling depth and 

coordinate are described on Table 4.1. 

Table 4.1 The boring position located using total station 

Chainage, 

Km 
BH-ID 

Coordinate, UTM   

Easting (m) 
Northing 

(m) 
Elev. (m) 

Actual 

depth, m 

16+980 BH-17 203047 793909 2650 16.7 

35+270 BH-9 203959 793858 2700 22 

The logs of each borehole were recorded and drawn by CWCE. The logs sheet and core 

box photographs are attached as an appendix at the end of this paper. From drilling, soils 

were visually classified according to the Unified Soil Classification System. 
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4.2.2 In-Situ test  

Standard Penetration Tests (SPT) was carried out on the failed soils over the cut section by 

CWCE. The penetrometer equipment, used to conduct SPT, is a standard device i.e., 

63.5kg-hammer weight with automatic free drop height of 760mm in accordance with [53] 

and [54]. The total depth of penetration per test is 450mm and the number of blows per 

300mm penetration is recorded disregarding the penetration value for the first 150mm 

depth.  The driving of the split-spoon was terminated when N > 50 blows for any of the 

15cm of penetration or when no advancement in penetration for 10 consecutive blows is 

recorded. N-values obtained are reported in the borehole logs without any correction for 

overburden, water table and other correction factor. When the full test depth cannot be 

obtained as a result of high penetration, the result is shown in the boring log as a ratio of 

number of blows/penetration in cm. N-value is corrected for the respective penetration 

influence factors. The corrected N-value is an essential parameter to determine the modulus 

of elasticity and other parameters in geotechnical engineering and it was also used in this 

paper. 

4.2.3 Ground Water Monitoring  

Ground water level has a significant influence on the bearing capacity of soil, the stability 

of the slope and the construction techniques. Hence, it is an integral part of any of 

geotechnical investigations. As ground water level affects the bottom section of the 

weathered, altered and rock mixed with the soil layer, which are expected the main 

triggering factors for the formation of the landslide. As of the resident engineer word the 

observation has been made several times on completed boreholes while the drilling of 

others was in progress. Observations for groundwater were made during sampling, upon 

completion of the drilling operations at each boring location, within approximately 24 

hours of completions. The groundwater level is measured in the drill end boreholes when 

the groundwater level assumed already stabilized. 
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Table 4.2 The location of the ground water level along the borehole length 

Areas of ground water seepage observed directly adjacent to the cut section at the foot of 

the slope cut .The primary source of this water is most likely from the infiltration of the 

surface and subsurface water coming from upslope of the hillsides and it is also expected 

that the ground water level during rainy season.  

4.3 Sampling and Laboratory testing 

Disturbed and undisturbed soil samples from boreholes were selected and tested for 

classification, strength parameter determination and index properties identification of the 

slide mass by EJ engineering. The laboratory test program includes Atterberg Limits, Grain 

Size Analyses, Moisture Content, Unit Weight, and Specific Gravity, dry and bulk Density, 

free swell, and Chemical Test on representative soil samples which was carried out by EJ 

Engineering plc. and the results are annexed under Appendix A.  

The researcher also conducted Triaxial tests (annexed under Appendix A) in which it was 

evident that from the soil classification result (conducted by EJ Engineering), the soil is 

dominantly characterized as clayey soil and to determine the shear strength parameter of 

these soil, triaxial test is recommended in advance than Direct shear test. Since clayey soils 

are less permeable and it is time taking to consolidate. In connection, the Direct Shear test 

is a quick test which is not consider the pore pressure in the soil and Triaxial test (CU) on 

the other hand is taking in to account the presence of the pore water pressure and used to 

determine the effective shear strength parameters. Triaxial compression test was conducted 

to study the stress-strain and strength behavior on undisturbed soil specimens of diameter 

38mm and height is twice the diameter. CU test was employed for the advantage of time, 

pore water measurement, and ability to determine both total stress and effective stress 

Station, Km Boring depth, m 
Ground water depth below the ground level, 

m 

16+980 16.7 3.50 

35+270 22 nil 
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parameters. Under this test three main stages called saturation, consolidation and 

compression/shearing were performed.  

Saturation was done according to [54] by increment of cell pressure and back pressure. 

Pore pressure parameter B was checked at each cell pressure increment as controlling 

mechanism for saturation and for the B value of 0.95 and more; it was considered as the 

soil was saturated. 50 kPa of cell pressure increment and 10 kPa of back pressure difference 

from cell pressure were used for saturation. The soil was saturated for the back pressure of 

300 kPa to 350 kPa. Consolidation stage was performed for the selected effective 

consolidation pressures of 100 kPa , 200 kPa and 300 kPa to bring the soil at three different 

effective stresses. Consolidation stages were continued until 95% or more excess pore 

pressure dissipates and volume change was almost ceased. It is worth noting here that 

indicating information like time for 100% consolidation obtained from consolidation 

stage was used in compression stages for calculating slow strain rate to adjust the 

machine speed. Shearing or compression was done as final stage by calculated axial 

displacement rate and continued until about 20% of axial strain and one of the 

failure criterion stated in [54] therefore it was stated that the modified failure envelop 

method was employed to determine the effective shear strength parameters. This method 

was employed to use the advantage of convenience and to eliminate the difficulty of 

obtaining tangent line for three points on three circles of Mohr’s failure diagram .[55]  

   

       𝑡′ = (𝜎1′ − 𝜎3′)/2 

 

𝑆′ = (𝜎1′ + 𝜎3′)/2 

Figure 4.5 Modified failure envelope 

∅′ = 𝑠𝑖𝑛−1(tan 𝜃) …………………………….…………… . 2.31 

 

𝐶′ = 𝑏/(cos ∅′)…………………………….…………….… . 2.32 
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4.4 Geotechnical Characteristics of the Failed Mass  

For Section 16+980 

Based on the data obtained from one borehole sunk at km 16+980 and laboratory tests on 

representative soil samples, the subsurface materials are subdivided into two 

geotechnical/geological layers. 

Table 4. 3 Test result and description of the sampled soil at station 16+980 

Layer  Test result 

Classification 

of soil as per 

USCS 

From borehole log 

observation 

Layer-1 

(0-6m) 

Natural moisture content, NMC 39.84% 

The soil is 

dominantly 

LC (lean clay 

with sand) 

Firm to very stiff, light 

brown, moist, high plastic 

lean clay (LC) with sand 

Liquid Limit, LL 45.0 - 49.0% 

Plastic Limit, PL 22.93 - 24.78% 

Plasticity Index, PI 22.07 - 24.22% 

Pass no. 200 (0.075mm) sieve: 82.4-86% 

Pass no. 4 (4.75mm) sieve: 100% 

Layer-2 

(6-16m) 

Natural moisture content, NMC 38.98% 

The soil is 

dominantly 

LC (lean clay 

with sand) 

Firm to hard, light grey to 

pale yellow, low plasticity, 

dry, lean clay (LC) with 

sand (altered rhyolite) and 

significant proportion of 

fines 

Liquid Limit, LL 38.98 - 56.79% 

Plastic Limit, PL 19.17 - 25.26% 

Plasticity Index, PI 19.81 - 31.53% 

Pass no. 200 (0.075mm) sieve: 73.8 - 

87.1% 

Pass no. 4 (4.75mm) sieve: 100% 

For station 35+270 

In general, the subsurface condition of this cut section is composed of three geotechnical 

layers as per the information gained from field and laboratory investigation. 
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Table 4. 4 Test result and description of the sampled soil at station 35+270 

Layer Test result 
Classification of 

soil as per USCS 

From bore hole log 

observation 

Layer-1 (0-

7.5m)  

Natural Moisture Content, NMC: 12.75-

14.21% 

The soil is 

dominantly lean 

clay with some 

gravel 

Very stiff to hard, 

dark grey mottled 

orange, lean clay 

(CL) with some 

gravel 

Liquid Limit, LL: 41.6-53.0%. 

Plastic Limit, PL: 25.01-27.36% 

Plasticity Index, PI: 16.59-25.64% 

Pass no. 200 (0.075mm) sieve: 92.8-

96.7% 

Pass no. 4(4.75mm) sieve:  100% 

Layer-2 

(7.5-13.5m) 

Natural Moisture Content, NMC: 11.35 - 

8.78% 

The soil is mainly 

CL (lean clay) 

The soil is mainly 

characterized as firm 

to stiff, reddish 

brown, lean clay 

Liquid Limit, LL: 42.0-47.9%. 

Plastic Limit, PL: 20.67-27.36% 

Plasticity Index, PI: 21.33-20.54% 

 Pass no. 200 (0.075mm) sieve: 92.8-

96.7% 

Pass no. 4(4.75mm) sieve:  100% 

Layer-3 

(13.5-22m) 

Natural Moisture Content, NMC: 

14.97%  

Lean clay 

The soil is mainly 

characterized as hard 

light brown, dry, 

gravelly lean clay 

Liquid Limit, LL: 62.82%-63.86% 

Plastic Limit, PL: 32.54%-35.89% 

Plasticity Index, PI: 30.28%-27.97% 

Pass no. 200 (0.075mm) sieve: 90.23% 

Pass no. 4(4.75mm) sieve: 100 % 

4.5 Analysis of the failed slope 

4.5.1 Boundary Geometry and Fixity Conditions 

Sensitivity analysis was conducted to consider the effect of the boundary condition while 

modeling of the failed cut slope. Accordingly, all the procedures were done for all stations. 

The boundary conditions shall be as much as possible out of the affected parts of the slope. 

For the first station, the affected part of the slope starting from the crown of the cut slope 

to the transverse direction is 12m. Starting from this, iteration was done by increasing the 

length of the side and downward directions till the FS is nearly constant. Therefore, the 

computed FS was found nearly constant when the selected domain area is around 2150 m2. 
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In this respect, up to 28m was taken from the end of the affected part of the slope and 12m 

down from the bed of the sub grade level. The quality of the result will increase for a wide 

domain area; however, it needs time and high capacity computer. 

4.5.2 Method of analysis 

This investigation aims at performing slope stability analysis on the failed cut slopes and 

subsequently provides alterative solutions for remedial measures along Bonga-

Felegeselam road project.  

The slope stability analysis has been carried out using the conventional Limit Equilibrium 

method and one of the finite element methods. It is analyzed with a software program, 

SLIDE 6.0 and PLAXIS 2D. The geotechnical properties of the cut slope subsurface 

profiles were characterized from the results of the subsurface exploration (drilling, in-situ 

and laboratory testing’s). The slope stability analysis formulates the factor of safety in 

terms of the moment and force equilibrium equations. The equations are designed based 

on the moment and force equilibrium method. A comparative analysis among these 

equations revealed that the safety factor calculated are almost fall in the same range with 

the difference value of around ± 0.1 [56]. Thus, in this investigation, the GLE/Morgenstern-

price Method is adopted to calculate the Factor of Safety (FS) values of the instable slope 

cuts in the project area. The methods can directly provide FS, defined as a ratio of available 

shear resistance (capacity) to that of the instability force. Moreover, the stability of each 

slope was also modelled further in different worst-case scenarios (saturated state and 

seismic dynamic loading). The results highlight the advantages and disadvantages related 

to every scenario and from the viewpoint of the stability factors as well. 

4.5.3 Cut section geometrical and material description 

The cut sections at the Km 16+980 and Km 35+270 have suffered cut slope instabilities. 

The stability of the cut is analyzed on the basis of the notion of FS against sliding to indicate 

the potential slide.  
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In doing so, the geometrical characterization of the entire affected sections (2-D cross-

section of the cuts) are adopted from the surveying data in the given design geometrical 

cuts. The slope mass properties and groundwater conditions configurations for each section 

is also obtained from the results of the subsurface explorations.  

4.6 Cut slope status stability analysis 

Once the geometry and material properties for each station are defined, slope stability 

analyses were done. The slope stability analysis conducted in each slope section to 

understand their instability conditions under high pore pressure to define the possible 

rainfall saturation risk for the slope cuts.  

For the finite element analysis part, there are different options of mesh densities in PLAXIS 

analysis which may ranges from very coarse mesh to very fine mesh. Further, it is possible 

to refine the meshes around the significant load concentration areas or along the cut face 

of the slope (considering high concentration of load in the time of cutting). The mesh 

density increases, the number of elements increase and factor of safety decrease. As the 

number of elements increases, the accuracy of the work increases even though it takes time 

and needs high-performing computer. Generally, the choice of mesh density depends on 

the accuracy needed for the work and for this study; fine mesh with local refinement is 

used.  In slope stability analysis, it is essential to take in to consideration of different 

conditions of the slope in accordance with the site condition.  Accordingly, the following 

settings were considered in this thesis;    

Case-1: slope stability analysis of the design cut under the normal investigated slope 

subsurface geological and ground water condition. 

Case-2: slope stability analysis of the design cut under high pressure to consider the 

possible rainfall saturation risk on the cut slopes. Accordingly, the full saturation of excess 

pore pressure condition is adopted to define the worst-case scenario during rainfall. 

Case-3: Activation of Seismic Load; earthquake loading may have a great role for slope 

failure and according to the seismic hazard map of Ethiopia as provided in [48] the subject 
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failed slopes are found in between zone 0 and 1 with a PGA of α0 = 0.03g. However, 

according to the site reconnaissance survey and confirmation from the local people, 

earthquake was not experienced during these slopes’ failure and hence, analysis was done 

only for the remedial measures to account the probability of future occurrence. 

Accordingly, a seismic static load (pseudo static seismicity) with ground acceleration of α0 

= 0.03 g was employed by adopting the worst-case scenario of the expected earthquake. 

Case-4: Drainage condition; Slope stability analysis may be conducted for both undrained 

and drained conditions as per the slope’s loading condition; soil type and geotechnical 

structures (whether cut slope or embankment fill slope). 

 

Figure 4.6 The seismic hazard map of Ethiopia based on the GSHAP data for a 

return period of 475 years (Compulsory Ethiopian Standard, 2015) 

4.6.1 Cut slope failure at KM 16+980 

As of the expert’s decision on their visual assessment by the time of failure, The instability 

induced during slope cuts, showing a clear detachment of 1-2.5m, in circular failure mode 

the affected part of the slope starting from the crown of the cut slope to the transverse 

direction is about 12m. Based on this information sensitivity analysis will  be done to set 

the boundary area keeping in mind that the boundary must be as much as possible away 

from the affected part of the cut slope as in [46] that the quality of the result will increase 

for a wide domain area; however, it needs time and high capacity computer therefore the 
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analysis  to fix the boundary of the slope will be stopped when the factor of safety nearly 

approaches to the previous calculated one. For this station the result of analysis was shown 

in Figure 4.7. 

             

Figure 4.7 Sensitivity analysis for station 16+980 to fix the geometry 

Therefore, the boundary, borehole property and input data for the station 16+980Km for 

the analysis will be shown below: 

 

Figure 4.8 The boundary and geological profile of station 16+980 

Undrained analysis considering every scenario the slope may face: 

A. Undrained analysis when the ground water table is at 3.5m as located in the borehole sheet: 

Since it was possible to determine the undrained shear strength parameters from triaxial 

consolidated undrained test by considering the total stress parameters the researcher took 

the values obtained from the modified failure envelop to determine the factor of safety of 

the slope by using undrained analysis and the uncertainties that were considered for the 

analysis was set based on Nσ rule that have mentioned before by taking the expected 
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highest conceivable value and lowest conceivable value for the given soil type using 

engineering judgement. Then after the standard deviation was determined using Eq. (2.7). 

Coefficient of variation was determined using Eq. (2.3) following that it was checked 

whether the result is in the range considering the data given by [1] that is shown in the 

literature part on Table 2.3. Therefore, for this paper the soil is dominantly clay soil 

therefore considering different uncertainties that may happen starting from sampling to 

transportation and testing the researcher took 30% COV for the cohesion and 10% COV 

for angle of friction for the probabilistic analysis part. 

Table 4.5 input parameter of station 16+980 for normal GWT Undrained analysis 

 

 

 

 

 

Using limit equilibrium software slide results: 

Figure 4. 9 undrained analysis of station 16+980 for normal GWT 

Cut slope subsurface 

profile at Km 16+980 

 

Geotechnical Property 

Unit-weight 

(KN/m3) 

Cohesion 

(KN/m2) 

Ground water 

table reference 

γun γsat 

Layer 1 17.3 18.12 20.45 2.5m 

Layer 2 19.02 19.02 31.66 Below 
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The histogram and cumulative distribution curve will be shown below: 

 

Figure 4.10 histogram for undrained analysis of station 16+980 at normal GWT 

     

Figure 4.11 cumulative distribution curve for undrained analysis of station 16+980 

at normal GWT 
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The next will be analyzing this slope using finite element software as it was mention before 

the software that was used for this analysis was plaxis. Input geotechnical parameters for 

plaxis software under Mohr-Coulomb Model are adopted from laboratory test results (C, 

Ø and ɣ), empirical relation (E’) and presumptive value (ν’).the value of Modulus of 

elasticity was evaluated from the SPT-N value and the result is annexed in the Appendix-

D The general input parameters are summarized in Table 4.6. Therefore, the first thing will 

be fixing geometry and selecting proper mesh for the model using sensitivity analysis. The 

result obtained is shown below: 

Table 4. 6 Input parameter for finite element analysis at normal GWT using plaxis 

layer Unit-weight 

(KN/m3) 

Cohesion 

(KN/m2) 

∅’ 

[ ° ] 

E’ 

[ KPa] 

ψ 

[° ] 

ν’ 

[-] 

GWT 

[m] 

γun γsat 

Layer-1 (0-6m) 17.3 18.12 17.01 4.2 4526.33 0 0.35 3.5 

Layer-2 (6-16m) 19.02 19.02 28.77 6 14190.11 0 0.35 

 

 

Figure 4.12 finite element analysis of station 16+980 considering undrained analysis 

at normal GWT 
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And the calculation information: 

 

Figure 4.13 calculation information for the finite element analysis of station 16+980 

under undrained condition 

B. Undrained analysis considering full saturation due to rainfall infiltration  

By using limit equilibrium software  

 

Figure 4.14 undrained analysis of station 16+980 considering full saturation 
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The cumulative distribution curve and the histogram plot: 

 

Figure 4.15 histogram of undrained analysis considering full saturation for station 

16+980 

 

Figure 4.16 cumulative distribution curve for station 16+980 under undrained 

condition for full saturation scenario 
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The finite element analysis results will bw shown below: 

Table 4. 7 Input parameter for finite element analysis for full saturation using plaxis 

layer Unit-weight 

(KN/m3) 

Cohesion 

(KN/m2) 

∅’ 

[ ° ] 

E’ 

[ KPa] 

ψ 

[° ] 

ν’ 

[-] 

GWT 

[m] 

γun γsat 

Layer-1 (0-6m) 18.12 18.12 17.01 4.2 4526.33 0 0.35 3.5 

Layer-2 (6-16m) 19.02 19.02 28.77 6 14190.11 0 0.35 

 

Figure 4.17 finite element analysis result for station 16+980 under undrained 

condition considering full saturation scenario 

 

Figure 4.18 calculation information for station 16+980 under undrained condition 

for full saturation scenario 
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Drained analysis considering every scenario the slope may face: 

 

Table 4. 8 input parameter of station 16+980 for Drianed analysis 

A. Drained analysis when the water table is at 3.5m as located in the borehole log 

 

 

Figure 4. 19 drained analysis of station 16+980 considering normal GWT 

As from the result of the limit equilibrium analysis the factor of safety is 1.043 which 

shows the slope was on the verge of failure but the probabilistic analysis shows that the 

probability of failure of the slope was 47.6% that means without any hesitation unless some 

remedial work was done the slope will collapse soon. The cumulative distribution curve 

and the histogram plot will be shown below. From the result lognormal distribution best 

fits the sampled data. 

Cut slope subsurface 

profile at Km 16+980 

 

Geotechnical Property 

Unit-weight 

(KN/m3) 

Cohesion 

(KN/m2) 

Friction angle 

(degree) 

Ground water 

table reference 

γun γsat 

Layer 1 17.3 18.12 17.01 4.2 Partially below 

Layer 2  - 19.02 28.77 6 Below 
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Figure 4.20 histogram of the statistical analysis of station 16+980 at normal GWT 

Details listed at the bottom of the histogram shows that the lognormal distribution best fits 

the sampled data. The lognormal mean is 1.042, while the standard deviation is 0.2455. 

The cumulative probability curve for the factor of safety values using GLE method was 

shown below. This plot will help us to visually see how much percent of the factor of safety 

is below one.  

 

Figure 4.21 cumulative distribution curve for station 16+980 at normal GWT 
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Table 4.9 Input parameter for finite element drained analysis of station 16+980 for 

normal GWT using plaxis 

layer Unit-weight 

(KN/m3) 

Cohesion 

(KN/m2) 

∅’ 

[ ° ] 

E’ 

[ KPa] 

ψ 

[° ] 

ν’ 

[-] 

GWT 

[m] 

γun γsat 

Layer-1 (0-6m) 17.3 18.12 17.01 4.2 4526.33 0 0.35 3.5 

Layer-2 (6-16m) 19.02 19.02 28.77 6 14190.11 0 0.35 

The result obtained is shown below: 

 

Figure 4.22 finite element analysis result of station 16+980 when water level at GWT 

 

Figure 4.23 calculation information for finite element analysis of station 16+980 

considering drained analysis under normal GWT 
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B. drained analysis considering full saturation due to rainfall infiltration 

 

Figure 4.24 limit equilibrium analysis result of station 16+980 considering full 

saturation scenario 

As shown the factor of safety will reduced to a value 0.916 with a probability of failure 

66.9% the histogram and cumulative distribution curve will be shown below. 

 

Figure 4.25 histogram for station 16+980 considering full saturation scenario 

lognormal distribution best fits the sampled data. The lognormal mean is 0.9077, while the 

standard deviation is 0.2357. The cumulative probability curve for the factor of safety 
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values using GLE method was shown below. This plot will help us to visually see how 

much percent of the factor of safety is below one.  

 

Figure 4.26 cumulative distributing curve of station 16+980 considering full 

saturation scenario 

The finite element analysis for the full saturation scenario of station 16+980 yields the 

following result: 

 

Figure 4.27 finite element analysis result of station 16+980 for full saturation 

scenario 
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Figure 4.28 calculation information for finite element analysis considering full 

saturation scenario of station 16+980 

Cut slope failure at KM 35+270 

In this station the affected part of the slope starting from the crown of the cut slope to the 

transverse direction is about 15m. Based on this information like the previous one 

sensitivity analysis will  be done to set the boundary area and mesh type keeping in mind 

that the boundary must be as much as possible away from the affected parts of the slope. 

Therefore, the result of the analysis was shown below: 

 

Figure 4. 29 mesh size and boundary condition for station 35+270 
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Drained analysis at normal investigated condition using slide limit equilibrium software 

Table 4. 10 input parameter for limit equilibrium analysis of station 35+270 

layer ɣbulk 

[KN/m3] 

C’ [KN/m2] ∅’ 

[ ° ] 

GWT [m] 

Layer-1 (0-7.5m) 17.54 14.1 3.8  

nil 
Layer-2 (7.5-13.5m) 18.33 34.2 5.1 

Layer-3(13.5-22m) 18.75 49.3 7.3 

Investigating the LHS of the slope results a factor of safety of 0.965 and with a probability 

of failure of 60.5% and the RHS side results a factor of safety of 0.79 with a probability of 

failure of 87.8%. 

The results of the analysis were shown below: 
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Figure 4.30 RHS and LHS analysis of station 35+270 considering normal GWT 

The performance assessment as mentioned above the LHS side gives 60.5% failure and the 

RHS side is 87.8% the result of analysis using both histogram and cumulative distribution 

curve was shown below. 

 

Figure 4.31 histogram for station 35+270 under normal GWT for LHS 
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Figure 4.32 cumulative distribution curve for station 35+270 under normal GWT 

for LHS 

For the right: 

 

Figure 4.33 histogram for station 35+270 under normal GWT for RHS 
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Figure 4.34 cumulative distribution curve for station 35+270 under normal GWT 

for LHS 

Analyzing this slope with the same scenario using plaxis results: 

Table 4.11 input parameter for finite element analysis of station 35+270 

layer ɣbulk 

[KN/m3] 

C’ 

[KN/m2] 

∅’ 

[ ° ] 

E’ 

[ KPa ] 

Ψ 

[ °] 

ν’ 

[-] 

GWT 

[m] 

Layer-1 (0-7.5m) 17.54 14.1 3.8 5543.48 0 0.35  

nil 
Layer-2 (7.5-13.5m) 18.33 34.2 5.1 20702.27 0 0.35 

Layer-3(13.5-22m) 18.75 49.3 7.3 38489.38 0 0.35 
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Figure 4.35 finite element analysis result for station 35+270 under normal GWT 

 

Figure 4.36 calculation information for finite element analysis of station 35+270 

under normal GWT 

Drained analysis considering full saturation due to rainfall infiltration 

Even if the investigation revealed that there is no ground water in the borehole the analysis 

for worst case scenario considering full saturation has to be done to take into account the 



 

92 

 

rainfall infiltration consequence. Therefore, using the conventional limit equilibrium 

analysis, the result found for the RHS side and LHS side was shown below: 

 

 

Figure 4.37 RHS and LHS analysis of station 35+270 considering full saturation 

scenario 

Therefore, from the result of analysis the RHS side results a factor of safety of 0.678 with 

a probability of failure of 95.3% and the LHS side factor of safety 0.856 and probability of 

failure of 80.8%. 

Considering the same slope and analyzing it using finite element software results: 
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Figure 4.38 finite element analysis result for station 35+270 under full saturation 

scenario 

 

Figure 4.39 calculation information for finite element analysis of station 35+270 

under full saturation scenario 
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5. RESULT, DISCUSSION AND REMEDIAL SOLUTIONS 

5.1 General  

The slope stability analysis reveals that most of the results affirm the cause of failures are 

under drained condition in fully saturated case. The calculated safety factors using plaxis 

in this analysis are ranging from 0.657-1.021. Thus, to identify and design the proper 

remedial measures, further sensitivity analysis was done. These different conditions will 

give plentiful understanding how to stabilize the failed cut slopes in the project road 

corridor. 

5.2 Sensitivity analyses  

The sensitivity analysis was carried out by varying the slope cut strength parameters 

(cohesion [c] and friction angle []) to analyses their effects on the factors of safety. The 

GLE method was used in this analysis; which was carried out by varying each of the 

parameters independently. The values used for cohesion were increased by 25%, 50%, 75% 

and 100%, and for friction angles were also increased by 25%, 50%, 75% and 100% till 

the factor of safety is getting higher than 1.5, indicating stability conditions based on [57]. 

It is defined on the [57] that factor of safety for slope cut conditions classified as <1 is 

failure, 1.0-1.5 to questionable safety and >1.5 safe. 

Table 5. 1 sensitivity analysis of strength parameters to know their effect in FOS 

No. Cut section 

(Km) 

FS 

Design 

stability 

Factor of safety 

Cohesion Increment by Angle of friction increment 

25% 50% 75% 100% 25% 50% 75% 100% 

1st 16+980  0.762 1.136 1.1351 1.566 1.781 
0.997 1.234 1.554 1.722 

2nd 35+270 

(LHS) 

0.856 1.054 1.261 1.462 1.704 

0.865 1.112 1.384 1.584 

35+270 

(RHS) 

0.678 0.855 1.015 1.149 1.361 

0.692 0.986 1.245 1.506 

 



 

95 

 

As seen in the table 5.1 the factor of safety get above 1.5 (safe range), only in two cases at 

Km 16+980 in 75% increment of cohesion and 100% cohesion increment and the same in 

friction angle increment ; in station 35+270 the cohesion increment for the LHS at 100% 

brings safety but the RHS side is on questionable safety range and like the previous one 

the friction angle increment brings safety at 100% increment for LHS and RHS.  

Generally, better factors of safety were easily achieved with friction angle increment than 

cohesion. 

5.3 Remedial measures  

There are always two choices for improving a factor of safety: increase resistance or 

decrease driving forces or moments. Measures to improve safety against rotational slope 

failure must increase the net resisting moment or decrease the net driving moment. 

Reduction of water forces by depressurization (drainage) is clearly beneficial. This action 

increases resisting moments and is the method of choice to improve the slope safety factor 

in wet ground. Slope factor of safety is also increased by reducing weight. Weight can be 

reduced in two ways; by decreasing the slope face angle and by removing material from 

the crest. Another method of improving the safety factor is to buttress the toe. The effect 

of the toe buttress is that the buttress moment acting at the toe of the slope is added to the 

net resisting moment in the safety factor expression increasing the factor of safety. [1] 

5.3.1 possible remedial measures  

Stabilization of the cut section along the road project might be generally difficult because 

of its proximity to the complex geological and geomorphological processes; however, 

certain stability methods (the aforementioned remedial measures) can be possibly 

recommended in this road project. In some cases, it might be wise to employ a combination 

of the methods; and the possible methods are drainage (surface and subsurface drains); 

excavation (removing all unstable or potentially unstable materials, flattening slopes and 

benching); strengthening (rock-fill buttressing, stream channel lining and installation of 

check dams); surface slope protection is preventing infiltration by rainfall so that the slope 
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can be maintained dry or partially dry; retaining wall; gabion retaining walls; mechanically 

stabilized earth (MSE); and slope stabilization using vegetation. 

5.3.2 Specific remedial measures for cut sections  

Considering the overall stability conditions discussed in the above sections together with 

the possible recommended remedial measures, the following specific methods are 

recommended for each failure as follows: 

• At km 16+980 

Slope stability analysis practiced showed that the stability status at this section is potential 

unstable and could fail during saturation; and it needs to manage the saturation at least 

through adequate surface and subsurface drainage facilities. In general, in this section, it 

was observed that the section is mainly composed of firm to very stiff light brown moist 

high plastic lean clay (0-6m) and with the underneath layer firm to hard light gray to pale 

yellow low plasticity dry lean clay with sand with some sand deposit (6-16m). The cut 

slope has the low slope height and slope inclination having cut slope ratio of 1:1.2, V:H 

which is steeper even from the original design cut slope inclination which have cut ratio of 

1.5:1, H: V. There are springs and surface streams along the slope and the ground water 

table is located at 3.5m below the ground surface.  The actual cut slope analysis showed 

that at normally investigated condition, the slope is unstable with FS 0.916<1 using limit 

equilibrium software and 0.762<1 using finite element software. It is found that the drained 

condition is more critical for this cut slope and the analysis reveals using limit equilibrium 

software (FOSd=0.916<FOSU=0.964) and using finite element software (FOSd =0.762< 

FOSu =0.785). Accordingly, the remedial measure should be done considering drained 

analysis. Therefore, considering the overall investigation conditions discussed herein 

above together with the possible recommended remedial measures, the following specific 

methods are endorsed for this cut section: 

• Control works: Slope flattening, the slope should be laid back to at least the design cut 

slope ratio (1.5:1, H: V) and maximum of 2:1 (H: V) and needs surface drainage to intercept 

run-off water, surface cut-off drain or furrow ditch should be provided along the crest of 
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the cut slope to prevent water cascading over the new cutting while the batters should be 

dressed with vegetation to further stabilize. Provision of perforated pipes at the place of 

high concentration of spring water which can guide to the weep holes and other outlet 

structures. Provision of paved longitudinal drainage to collect the water from the cut slope 

and to prevent the side slope of the road from erosion and infiltration of water. 

• Restraint works: provision of retaining wall specifically for this section masonry retaining 

wall is recommended. This is due to; The failure is due to the destabilization of the slope 

in the time of cutting coupled with increase of shear stresses due to rainfall, spring and 

surface streams. As a result, a rigid structure can accommodate such failures than any other 

flexible structure like gabions. The vicinity of the cut slope is an agricultural land which is 

not allowed to flatten the cut slopes in excess due to the right of way problem. Hence, 

provision of masonry retaining wall is more appropriate. As alternative the use of 

reinforced retaining wall is more effective, however, it costly than the masonry one. 

 

Figure 5. 1 remedial measure for station 16+980 using masonry retaining wall 
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Figure 5. 2 Typical structural drawing of masonry retaining wall at Sta. 16+980LHS 

Using conventional limit equilibrium software, the following result was found: 

 

Figure 5. 3 results of limit equilibrium analysis of station 16+980 after the remedial 

measure 
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And the result using finite element analysis was: 

 

Figure 5. 4 finite element analysis result of station 16+980 after the remedial 

measure 

 

Figure 5. 5 calculation information of station 16+980 after the remedial measure 
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The probabilistic assessment to determine the probability of failure is shown using the 

cumulative distribution curve sown in the bottom figure: 

 

Figure 5.6 histogram of station 16+980 after the remedial measure 

 

Figure 5.7 cumulative distribution curve of station 16+980 after the remedial 

measure 

Checking the stability of the given remedial measure using hand calculation gives the 

following result: 
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Figure 5.8 Typical structural drawing and dimension of masonry retaining wall at 

Sta. 16+980LHS 

Table 5.2 stability analysis of the retaining wall of station 16+980 

 

 

 

LOAD STRENGTH I STRENGTH Ia STRENGTH III STRENGTH IIIa SERVICE I

DC 1.25 0.9 1.25 0.9 1

EV 1.35 1 1.35 1 1

EH 1.5 1.5 1.5 1.5 1

LS 1.75 1.75 0 0 1

LOAD FACTORS AND LOAD COMBINATIONS

RW Height above SG [m]

RW Fou. Depth below SG [m]

H V

RW Back Slope 3.5 12

RW Forward Slope 1.5 12

RW Height (H1) [m]

RW Height (H2) [m]

RW Top Width (a), [m]

RW Bottom Width (B), [m]

Retaining Wall Geometry

3

2

5.00

2.60

0.60

2.60

1.1. Lateral Earth Pressure MPa KN

P1 =Ka*γs*g*H1*(10^-9) 0.081 203.60

P2 =Ka*γs*g*H2*(10^-9) 0.042 54.55

1. UNFACTORED LOADS AND MOMENTS
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1.3. Vertical Earth Pressure MPa KN

W1 = γs*g*H2*(10^-9) 0.047658 61.9554

W5 = γs*g*H1*(10^-9) 0.092 229.125

Material
Unit Weight 

(KN/m3)

Back Fill 18.5

Road Fill 18.33

Masonry 27.25

Load
Momenet Arm 

about 'O' (m)

W1 0.108

W2 0.417

W3 0.925

W4 1.711

W5 2.197

P1 1.667

P2 0.867

Materials Unit Weights

Cut/Fill Slope (H:V) 1.5 1

ɸ'f 35

δ 23.45

θ 73.74

β 33.69

Ka (Coulomb's) 0.88

Ka (Rankine's) 0.27

Lateral Earth Pressure Coefficient

v  0.25

µ 0.45

Constants

2

2

Min. FOS Againist Overturning

Min. FOS Againist Sliding

LIMITING VALUES

Item
Unfactored Load 

(KN)

Moment Arm 

(m)

Unfactored 

Moment (KN-m)

P1 203.60 1.667 339.33

P2 54.55 0.867 47.27

W1 61.96 0.108 6.71

W2 42.58 0.417 17.74

W3 81.75 0.925 75.62

W4 99.35 1.711 170.00

W5 229.13 2.197 503.44

Summary of Unfactored Loads and Moments
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• At km 35+270 

Slope stability status at this section is quite unstable with 0.657 factor of safety for the 

worst-case scenario. It is RHS slope failure defined by the failed gabion wall. This cut 

section is composed of upper formation of very stiff to hard, dark gray molted orange lean 

clay with some gravel which has 7.5m thickness. The cut slope has the low slope height 

with slope inclination is around 42ο (cut slope ratio of 1:1.3, V: H) which is steeper even 

from the original design cut slope inclination of 34ο. Ground water table was not observed 

2. FACTORED LOADS AND MOMENTS

2.1. Factored Loads

LOADS STRENGTH I STRENGTH Ia STRENGTH III STRENGTH IIIa SERVICE I

P1 305.39 305.39 305.39 305.39 203.60

P2 81.82 81.82 81.82 81.82 54.55

W1 83.64 61.96 83.64 61.96 61.96

W2 53.22 38.32 53.22 38.32 42.58

W3 102.19 73.58 102.19 73.58 81.75

W4 124.19 89.41 124.19 89.41 99.35

W5 309.32 229.13 309.32 229.13 229.13

(+) ← ΣV(horizontal) 223.57 63.58 223.57 223.57 57.63

(+) ↓ ΣV(vertical) 896.13 555.97 896.13 715.96 572.38

2.2. Factored Moments

MOMENTS STRENGTH I STRENGTH Ia STRENGTH III STRENGTH IIIa SERVICE I

P1 508.99 508.99 508.99 508.99 339.33

P2 70.91 70.91 70.91 70.91 47.27

W1 9.06 6.71 9.06 6.71 6.71

W2 22.18 15.97 22.18 15.97 17.74

W3 94.52 68.06 94.52 68.06 75.62

W4 212.50 153.00 212.50 153.00 170.00

W5 679.64 503.44 679.64 503.44 503.44

CW ΣM (resisting) 1296.80 1026.07 1088.81 818.08 939.63

CCW ΣM (overturning) 508.99 508.99 508.99 508.99 339.33

F.O.S. = 2.55 OK!

F.O.S. = 2.00 OK!

B (m) 2.60

e (m) 0.421 OK!

3. CHECK RETAINING WALL STABILITY

3.1. Stability Againist Overturning

3.2. Stability Againist Sliding 

3.3. Stability Againist Bearing 
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with in the drilled depth (0-22m) It is initially recommended to remove all the slide soil 

materials from the top part of the section to reduce the driving force; trim the cracks and 

fill, leveled, compacted to minimize surface water infiltration; flatten the slope and 

preferably 1.5:1 (horizontal to vertical slope ratio). It is also better to provide grassing after 

providing the proper battering slope for the slide section. Then, demolish the existing 

retaining wall from Km 35+200 to Km 35+300 and reconstruct new masonry retaining wall 

on a competent layer or stable bedrock based on the recommended foundation depth 

indicated in [57]. Moreover, provide perforated pipe in granular or crushed rock fill, 

wrapped in a geotextile below the level of subgrade layer at the back side of the retaining 

wall. The intent of the subsurface drainage is to intercept subsurface seepage and maintain 

the ground water level as low as possible to obtain stability. Finally, re-construct the paved 

side ditch from Km 35+200 to Km 35+300 LHS. It is also noted that this practice will rise 

to stability condition of 1.585 factor of safety and probability of failure of 0.5% as indicated 

below. 

 

Figure 5.9 remedial measure for both RHS and LHS of station 35+270 using 

masonry retaining wall 
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Figure 5.10 Typical structural drawing of masonry retaining wall at Sta. 35+270 

RHS and LHS. 

Analysis using slide software to determine the factor of safety and probability of failure 

yields the following result: 

 

Figure 5.11 results of limit equilibrium analysis of station 35+270 after the remedial 

measure 



 

106 

 

Using the finite element software, the result will be: 

 

Figure 5.12 finite element analysis result of station 35+270 after the remedial 

measure 

 

Figure 5.13 calculation information of station 35+270 after the remedial measure 
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Figure 5.14 histogram of station 16+980 after the remedial measure 

 

Figure 5.15 cumulative distribution curve of station 35+270 after the remedial 

measure 
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Checking stability of the retaining wall provided for both RHS and LHS side using hand 

calculation: 

LHS SIDE 

 

Figure 5.16 Typical structural drawing and dimension of masonry retaining wall at 

Sta. 35+270 LHS 

Table 5.3 stability analysis of the retaining wall of station 35+270 LHS 

  

                   

 

LOAD STRENGTH I STRENGTH Ia STRENGTH III STRENGTH IIIa SERVICE I

DC 1.25 0.9 1.25 0.9 1

EV 1.35 1 1.35 1 1

EH 1.5 1.5 1.5 1.5 1

LS 1.75 1.75 0 0 1

LOAD FACTORS AND LOAD COMBINATIONS

2

2

Min. FOS Againist Overturning

Min. FOS Againist Sliding

LIMITING VALUES

v  0.25

µ 0.45

Constants
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RW Height above SG [m]

RW Fou. Depth below SG [m]

H V

RW Back Slope 3.5 12

RW Forward Slope 1.5 12

RW Height (H1) [m]

RW Height (H2) [m]

RW Top Width (a), [m]

RW Bottom Width (B), [m]

Retaining Wall Geometry

2

1.5

3.50

2.10

0.60

2.06

1.1. Lateral Earth Pressure MPa KN

P1 =Ka*γs*g*H1*(10^-9) 0.057 99.76

P2 =Ka*γs*g*H2*(10^-9) 0.034 35.58

1. UNFACTORED LOADS AND MOMENTS

Cut/Fill Slope (H:V) 1.5 1

ɸ'f 35

δ 23.45

θ 73.74

β 33.69

Ka (Coulomb's) 0.88

Ka (Rankine's) 0.27

Lateral Earth Pressure Coefficient

Load
Momenet Arm 

about 'O' (m)

W1 0.088

W2 0.292

W3 0.738

W4 1.378

W5 1.718

P1 1.167

P2 0.700

1.3. Vertical Earth Pressure MPa KN

W1 = γs*g*H2*(10^-9) 0.038493 40.41765

W5 = γs*g*H1*(10^-9) 0.064 112.27125

1.4. Masonry Self-Weight KN

W2 = γs*V 20.86

W3 = γs*V 57.23

W4 = γs*V 48.68
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Item
Unfactored Load 

(KN)

Moment Arm 

(m)

Unfactored 

Moment (KN-m)

P1 99.76 1.167 116.39

P2 35.58 0.700 24.91

W1 40.42 0.088 3.54

W2 20.86 0.292 6.09

W3 57.23 0.738 42.20

W4 48.68 1.378 67.07

W5 112.27 1.718 192.89

Summary of Unfactored Loads and Moments

2. FACTORED LOADS AND MOMENTS

2.1. Factored Loads

LOADS STRENGTH I STRENGTH Ia STRENGTH III STRENGTH IIIa SERVICE I

P1 149.64 149.64 149.64 149.64 99.76

P2 53.38 53.38 53.38 53.38 35.58

W1 54.56 40.42 54.56 40.42 40.42

W2 26.08 18.78 26.08 18.78 20.86

W3 71.53 51.50 71.53 51.50 57.23

W4 60.85 43.81 60.85 43.81 48.68

W5 151.57 112.27 151.57 112.27 112.27

(+) ← ΣV(horizontal) 96.27 -32.96 96.27 96.27 -9.66

(+) ↓ ΣV(vertical) 460.86 233.82 460.86 363.05 269.79

2.2. Factored Moments

MOMENTS STRENGTH I STRENGTH Ia STRENGTH III STRENGTH IIIa SERVICE I

P1 174.58 174.58 174.58 174.58 116.39

P2 37.36 37.36 37.36 37.36 24.91

W1 4.77 3.54 4.77 3.54 3.54

W2 7.61 5.48 7.61 5.48 6.09

W3 52.75 37.98 52.75 37.98 42.20

W4 83.84 60.36 83.84 60.36 67.07

W5 260.40 192.89 260.40 192.89 192.89

CW ΣM (resisting) 582.42 473.30 446.74 337.61 414.23

CCW ΣM (overturning) 174.58 174.58 174.58 174.58 116.39

F.O.S. = 3.34 OK!

F.O.S. = 2.15 OK!

B (m) 2.06

e (m) 0.144 OK!

3. CHECK RETAINING WALL STABILITY

3.1. Stability Againist Overturning

3.2. Stability Againist Sliding 

3.3. Stability Againist Bearing 
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RHS SIDE 

 

Figure 5.17 Typical structural drawing and dimension of masonry retaining wall at 

Sta. 35+270 RHS 

Table 5. 4 stability analysis of the retaining wall of station 16+980 RHS 

 

 

RW Height above SG [m]

RW Fou. Depth below SG [m]

H V

RW Back Slope 3.5 12

RW Forward Slope 1.5 12

RW Height (H1) [m]

RW Height (H2) [m]

RW Top Width (a), [m]

RW Bottom Width (B), [m]

2

3

5.00

3.60

0.60

2.68

1.1. Lateral Earth Pressure MPa KN

P1 =Ka*γs*g*H1*(10^-9) 0.081 203.60

P2 =Ka*γs*g*H2*(10^-9) 0.058 104.57

1. UNFACTORED LOADS AND MOMENTS



 

112 

 

 

 

                   

 

1.3. Vertical Earth Pressure MPa KN

W1 = γs*g*H2*(10^-9) 0.065988 118.7784

W5 = γs*g*H1*(10^-9) 0.092 229.125

1.4. Masonry Self-Weight KN

W2 = γs*V 42.58

W3 = γs*V 81.75

W4 = γs*V 99.35

Cut/Fill Slope (H:V) 1.5 1

ɸ'f 35

δ 23.45

θ 73.74

β 33.69

Ka (Coulomb's) 0.88

Ka (Rankine's) 0.27

Lateral Earth Pressure Coefficient

2

2

Min. FOS Againist Overturning

Min. FOS Againist Sliding

LIMITING VALUES

v  0.25

µ 0.45

Constants

Summary of Unfactored Loads and Moments 

Item 
Unfactored 

Load (KN) 

Moment 

Arm (m) 

Unfactored 

Moment (KN-m) 

P1  203.60 1.667 339.33 

P2  104.57 1.200 125.49 

W1 118.78 0.150 17.82 

W2 42.58 0.417 17.74 

W3 81.75 0.925 75.62 

W4 99.35 1.711 170.00 

W5 229.13 2.197 503.44 

Material
Unit Weight 

(KN/m3)

Back Fill 18.5

Road Fill 18.33

Masonry 27.25

Load
Momenet Arm 

about 'O' (m)

W1 0.150

W2 0.417

W3 0.925

W4 1.711

W5 2.197

P1 1.667

P2 1.200

Materials Unit Weights



 

113 

 

 

 

 

 

 

 

 

 

 

2. FACTORED LOADS AND MOMENTS

2.1. Factored Loads

LOADS STRENGTH I STRENGTH Ia STRENGTH III STRENGTH IIIa SERVICE I

P1 305.39 305.39 305.39 305.39 203.60

P2 156.86 156.86 156.86 156.86 104.57

W1 160.35 118.78 160.35 118.78 118.78

W2 53.22 38.32 53.22 38.32 42.58

W3 102.19 73.58 102.19 73.58 81.75

W4 124.19 89.41 124.19 89.41 99.35

W5 309.32 229.13 309.32 229.13 229.13

(+) ← ΣV(horizontal) 148.53 -72.99 148.53 148.53 -27.57

(+) ↓ ΣV(vertical) 897.80 476.22 897.80 697.75 544.02

2.2. Factored Moments

MOMENTS STRENGTH I STRENGTH Ia STRENGTH III STRENGTH IIIa SERVICE I

P1 508.99 508.99 508.99 508.99 339.33

P2 188.23 188.23 188.23 188.23 125.49

W1 24.05 17.82 24.05 17.82 17.82

W2 22.18 15.97 22.18 15.97 17.74

W3 94.52 68.06 94.52 68.06 75.62

W4 212.50 153.00 212.50 153.00 170.00

W5 679.64 503.44 679.64 503.44 503.44

CW ΣM (resisting) 1619.87 1345.26 1221.12 946.51 1137.96

CCW ΣM (overturning) 508.99 508.99 508.99 508.99 339.33

F.O.S. = 3.18 OK!

F.O.S. = 2.72 OK!

3. CHECK RETAINING WALL STABILITY

3.1. Stability Againist Overturning

3.2. Stability Againist Sliding 
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6. CONCLUSION AND RECOMMENDATION 

6.1 conclusion 

Landslide often occurs after heavy rainfall resulting in a loss of stability and equilibrium 

among residual soil and the underline weathered rock layer. In this study, the investigation, 

analysis and establishment of possible remedial measures for the two selected failed cut 

slope sections located at Km 16+980 and Km 35+270 of Bonga-Felegeselam road project 

were done. To identify the main causes of the instability and to recommend the possible 

remedial solutions, A deterministic analysis with a limit equilibrium software (rocscience 

slide) and 2D finite element analysis method (plaxis software) integrated with probabilistic 

assessment was employed. 

It was observed that the main reason for failure of cut slopes are; provision of steep cut 

slope, the presence of ground water at shallow depth and spring water along the slope, the 

presence of different residual bedding profiles among the layer of the slope and low shear 

stress resistance nature of the cut slope soils. Depending on the nature of instability 

incurred, the possible remedial solutions were proposed. Accordingly, the control and 

restraint work or combinations of the two were recommended for each of the investigated 

cut slope sections to effectively control the problem at hand. 

The following remedial solutions were recommended:  

• Slope flattening as the original design cut slope is relatively steep for the prevailing 

materials, it should be laid back to a slope ratio from 1.5: 1 to 2:1 (H: V). 

• Provision of cut-off drain or furrow ditch along the crest of the cut slope to intercept run-

off water.  

• Provision of paved longitudinal drainage to collect the water from the cut slope and to 

prevent the side slope of the road from erosion and infiltration of water.  

• Provision of masonry retaining wall with an appropriate construction joint and weep holes. 
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6.2 Recommendation 

The case studies made in this thesis project have focused on medium scale cut slope 

instability (landslides) in road project, however the method of investigations, cut slope 

instability characterizations, method of analysis and design of remedial structures and 

method of remediation of the instability can be taken as a template for similar cut slope 

instability related problems in road or other projects. 

To this end, for further improvement in the investigation, analysis and remediation of cut 

slope instability (landslides) related problems the followings are recommended: 

• The limitation of the number of drilled bore holes to describe the lithological cross section 

and the detail characteristics of the slope, it needs a greater number of drillings along the 

failed slope. 

• The shear strength parameters at each slide locations were obtained from the use of 

laboratory testing by simulating the prevailing site condition however in order to check the 

degree of accuracy of the shear strength values obtained from the test, it is beneficial to do 

back analysis to determine the shear strength values.  

• In the probabilistic analysis values for coefficient of variation was used using literature 

results coupled with engineering judgment but for better analysis it is recommended to take 

sufficient test samples so that the coefficient of variation can easily be determined using 

one of the methods available in literature. 

• Two-dimensional limit equilibrium analysis was used to calculate the factor of safety of 

the failed slopes at respective slide locations. Accordingly, the shear strength values 

obtained under this study were conservative. However, for design of remedial measures, 

especially restraints work, using the shear strength values obtained from the use of 3D 

finite element analysis methods which consider the three-dimensional end or side effects 

was beneficial. 
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Appendix-A 

(LABORATORY TEST RESULTS) 

Slide Location 1: Sta.16+980 (LHS) 
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Slide Location 1: Sta.35+270 
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Appendix-B 

(SAMPLE PREPARATION AND FAILURE MODES OF CU 

TESTING) 
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Appendix-C (RESULTS OF TRIAXIAL SHEAR (CU) TEST) 

STATION 16+980 

Project: 

Bonga-Ameya-

Chida   

Sample 

type: Undisturbed 

Done By: Aklilu Shitu   Test type: 

Triaxial CU 

test 

Location: 16+980   Date: 
 

 

  Depth 3m 

 

 

 

  

  

DEPTH 7m 

 

 

 

 

  

 

  

 

 

 

ɸ'= sin-1(tanɵ) 

c'= b/cos(ɸ') 

  

ɸ'= 4.2 

c'= 17.01 

ɸ'= sin-1(tanɵ) 

c'= b/cos(ɸ') 

  

ɸ'= 6˚ 

c'= 28.77 
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STATION 35+270 

 

 

 

 

 

 

  

 

 

 

 

 

DEPTH 8.5 m 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

 

 

Project: 

Bonga-Ameya-

Chida  

Sample 

type: Undisturbed 

Done by: Aklilu Shitu  Test type: 

Triaxial CU 

test 

Location: 35+270  Date: 
 

Depth: 3.5 m    

ɸ'= sin-1(tanɵ) 

c'= b/cosɸ' 

  

ɸ'= 3.8 

c'= 14.1 

ɸ'= sin-1(tanɵ) 

c'= b/cosɸ' 

  

ɸ'= 5.1 

c'= 34.2 
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Appendix-D (DETERMINATION OF MODULES OF ELASCTICITY 

FOR FINITE ELEMENT ANALYSIS) 
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Z        Y 
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Ncorr(

60)=Eh

*Cb*C
s*Cr*N

/0.6 

N30=N 
corr(60)*(

60/30) 

µ=4*N3

0+50 

E=µ*Pa((q

z 
0.5Δqz)/Pa)

^(w)   

E'eq=2(1+v')*e

q/3, v'=0.35 GWT 
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11  

                    

22  

          

139  

          

16,313.94  

9.45 16.34 154.41 16 
              
18  

                    
35  

          
192  

          
25,039.46  

10.95 16.34 178.92 23 
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Appendix-E (BOREHOLE DATA) 
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