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   ABSTRACT 

Stability assessments on the selected reservoir slopes of Ajima dam North Shoa, central Ethiopia  

 

This study was conducted in the Ajima Chacha earthen dam area in North Shoa, central Ethiopia. 

The study aimed to assess the stability of three critical slopes selected in the dam reservoir. These 

slopes were selected based on their geometry, steepness of slopes, slope material weathering 

conditions, rockmass discontinuity, and lithology type, which makes them prone to failure. The 

failure of these slopes can lead to significant problems in the dam reservoir, which is why 

assessing their stability is crucial for ensuring the safety of the dam.  

To conduct the stability analysis, a comprehensive field investigation was undertaken, and rock 

and soil samples were collected from the selected slopes for testing in the laboratory. The input 

parameters obtained from these tests were used in the slope analysis carried out using Fast 

Lagrangian Analysis of Continuum (FLAC2D) and DIP software. However, FLAC2D was mainly 

used for stability analysis in this research.  

The Kinematics analysis was conducted on the upper section of RS-1, which is located on a highly 

fractured and weathered rhyolite unit and toppling failure type is shown from the DIP analysis. 

The slope analysis of the entire section of RS-1, RS-2, and RS-3 was done using FLAC2D. The 

FOS (Factor of Safety) for RS-1, RS-2, and RS-3 was 1.63, 1.42, and 1.32, respectively, under 

static dry conditions. Under static saturated conditions, the FOS for RS-1, RS-2, and RS-3 was 

0.99, 1.12, and 1.24, respectively. Since the FOS (Factor of Safety) for slope one (RS-1) under 

static saturated conditions was less than one which indicating instability and measures should be 

taken to stabilize the existing slope. Furthermore, evaluating the dam reservoir slopes' stability 

under seismic conditions would provide a better understanding of dam safety in the long term. 

 
Keywords: Ajima Chacha; Slope Stability; Kinematic Analysis; Finite Difference Method; 

FLAC 2D; Insitu tests; factor of safety. 
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 :                                                                              INTRODUCTION 

1.1 Background  

Slope instability is a complex phenomenon that can occur at many scales and for many reasons. 

Large and micro dams were constructed in Ethiopia which is very important to improve the 

economy of the peoples through their multipurpose. However, most of the dams in different parts of 

the country were constructed in highly weathered, fractured volcanic rocks and sedimentary 

terrains. These dams have faced engineering geological problems such as leakage, reservoir 

siltation, and slope instability without giving their desired purposes (Haregeweyn et al., 2006; and 

Berhane et al., 2013). Geological weak layer, slope geometries, and high degree of weathering of 

geologic materials of the slope, human activity, heavy precipitation (saturation) and seismicity 

which can significantly trigger the slopes movement (Basahel and Mitri, 2018).  

Geological factors for slope instability occur through the geological structures such as joints and 

faults can form slip surfaces which leads to failure of the slope (Fell et al., 2005). Hence those 

factors that will increase the shear stress or reduce the shear strength to have a high possibility of 

creating the slope failure. Any change of saturation of slope, would result in a reduced factor of 

safety by reducing shear strength of the slope material (Alex Jacob1 et al., 2018). It is a fact that 

safety of the dam doesn’t depend only on the proper design and construction, also monitoring the 

dam and its surrounding reservoir slopes is important during the life of the dam. Additionally, the 

shear strength of the rock mass is dramatically decreased by the water and geological conditions of 

the slope materials, which significantly affect the instability of the reservoir slope (Hou et al., 

2018). Engineering geological assessments play a great role in the evaluation of the safety of 

reservoir slope. The finite difference method analyzes the stability conditions of the slopes in terms 

of factor of safety (FOS), and stress-strain behaviour of the geologic materials (Kanungo et al. 

2013). It is necessary to analyze and identifying the potential driving forces and triggering factors to 

avoid dam slope failure casualties (Kaya, 2017; Kumar et al., 2017). 

The Ajima dam area mainly covered with weathered and fractured rhyolite rock and weak welded 

tuff rock with moderate to highly weathering degree. In addition, residual clay soil is covering the 

upper slope surface in some local of the dam rim slopes. Thus, the reservoir slopes failure might 

cause and possibly trigger by a combination of geological, geomorphological, surface water, 

https://www.tandfonline.com/doi/full/10.1080/23311916.2021.1940637
https://www.tandfonline.com/doi/full/10.1080/23311916.2021.1940637
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presence of weak layers, weathered and friable slope materials like tuff rock and residual soils in the 

reservoir slopes. The aforementioned conditions have motivated the researcher to conduct this 

research and evaluate the reservoir slopes of Ajima dam to come up with better understanding and 

solutions based on the slopes analysis results.  

Various techniques have been used to investigate and identify the critical slopes on the Ajima 

reservoir slopes, and the necessary data were collected. Field investigation on the selected slopes 

including slopes geometry, geologic structural and slope inclination, rockmass characterizations 

using GSI method, Schmidt rebound tests, and laboratory tests of soil and rock materials were done 

to obtain input parameters for the stability analysis. RS-1 has upper section comprising jointed and 

weathered rhyolite rock underlay by weak tuff rock. RS-2 has moderately weathered tuff rock 

underplayed by weak highly weathered tuff rock. RS-2 slope sections exist directly below the 

quarry site. On RS-2 the slope faces slight failure due to the disturbance of upper quarry activity 

and seepage from quarry logged water directly above the natural slope surface and wetting on the 

slope face. RS-3 selected critical slope is found on the left abutment of the dam axis comprising 

residual clay soil underlay by decomposed tuff soil. 

In this study, the analysis of slope stability has been done using finite difference method and 

kinematic analysis which provides better insight for the critical slopes condition. The analyses 

under different slope condition are highly significant in the evaluation and safety measures of the 

reservoir slopes. FLAC 2D can give an output to understand the deformation and failure 

mechanisms of the critical slopes with safety factor value. The results obtained from the slopes 

analyses provide solutions for practical slopes stability measurements on the sensitive slopes.  

1.2 Problem Statement  

The saturation of the reservoir slopes in the Ajima Chacha zoned earthen dam brings significant 

changes on the reservoir slope stability of slopes comprising weathered rocks, weak and friable 

geologic materials. Slope geometry, presence of weak geologic structures, weak layer, leak water 

through weak zones to the slope face from directly above logged water of quarry site greatly affect 

the reservoir slopes. Some of the slopes have faced slight failure problem or preexisting slight 

failure. Moreover, the rain water can change the slope conditions by saturating and reducing the 

shear strength of the slope materials. Slope failure phenomenon might occur on the reservoir slopes 

comprising of weak and weathered slope geologic materials.   
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Compared to other modeling approaches Finite difference method (FDM), FLAC 2D has good 

capability of showing the deformation behavior and the displacement effect of slope materials that 

consists of rock and soil properties in the slopes numerical model analysis (Vardakos et al., 2007; 

Young et al., 2017). However, reservoir rim slope stability investigations is not done till the 

completion of this research work in Ajima dam reservoir slopes (ADSWE, 2016). Moreover, 

previous research works on Ajima dam were on “Characterization and Suitability Analysis of 

Embankment Material” (Wondirad, 2021), “Geotextile reinforcement possibility on embankment 

dam” (Hiwot, 2019). Therefore, this research departs from others by emphasizing on rim slope 

stability and the analyses were carried out by finite difference method, FLAC2D.    

1.3  Objectives 

 1.3.1 General objective 

The primary objective of this research is to assess the stability of the selected reservoir slopes on 

Ajima dam using kinematic analysis and Finite Difference Method (FDM). 

 1.3.2 Specific objectives 

  Delineate full water level of the Ajima dam reservoir  

  Identify the critical reservoir slopes for slope analysis 

  Characterizing  the geologic materials of the critical slopes  

  Estimate the geomechanical properties of the geo-materials through empirical  correlations 

 Carryout stability analysis on the selected reservoir slopes  

 Identifying the triggering factors and forward appropriate safety measurements for the  

sensitive slopes based on the modelling results 

1.4  Scope of the study 

This study is a step towards assessing slope stability. This study has geographically focused on 

Ajima dam reservoir slopes, conceptually on slope stability analysis. Methodologically it employed 

finite difference method, FLAC 2D and kinematic approaches, DIP software. The field 
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investigation, insitu measurements and laboratory tests on the field slopes and samples collected 

from these critical slopes have been used for slope analysis.  

1.5  Research relevance  

The relevance of this research is manifold. The slope analysis in the present study illustrates the 

deformation behavior of the slopes with its factor of safety value under static dry and saturated 

conditions. The analysis outputs on the critical slopes are highly relevant to insight safety condition 

and to respond problems on the critical reservoir slopes. In addition, this study adds knowledge and 

information about the dam safety under different slope conditions, in which future researchers can 

use it as related input references for additional study on the dam area.    

1.6  Limitation of the Study  

Representative input values for FLAC2D software are highly important, but determining Young’s 

modulus and Poison’s ratio in triaxial test is very expensive. Thus, empirical correlation has been 

used based on previous literature works and matching the properties of rock mass and soils with the 

standard ranged values accordingly. The lack of laboratory test results for these testes has limited 

the precision of the numerical analysis. Furthermore, the analysis requires a better computer 

performance for fine mesh generation and large slope section to process quickly with the increase of 

accuracy of slope safety factor.  

1.7  Ajima dam status 

The Ajima-Chacha earthen dam is designed to have 45 m high and 371 m long. The capability of 

dam is holding 55 million cubic meter of water and 2.54 km upstream extension of reservoir water 

(ADSWE, 2016). Currently the dam axis construction is on the stage of 18-20m high from the 

foundation of the dam. 
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1.8  Conceptual framework for the study 

The flow chart shows step wise procedures from the data collection techniques and slope analysis 

methods to come out on the conclusion approaches for the slope analysis. 

 

 

 

 

 

 

 

 

 

                

 

 

                           

 

      

 

 

               Figure 1-1: Summary of the flow chart for critical slope stability analyses 

 

 

Slope stability 

Analysis/ FOS 

    Primary data  

 

Secondary data 

 

Geotechnical report of dam 

site investigation 

Discontinuity survey, on-site 

geologic material characterization 

and laboratory tests results of soil 

and rock 

 
FLAC 2D 

Software  

Interpretation of 

outputs and then   

conclusion 

 

     Data collection 

Output 

Process 

Model 

Input 

 

Legend 
Kinematics 

analysis/DIP 



 
Stability assessments on the selected reservoir slopes of Ajima earth dam North Shoa, central Ethiopia 

 

                 MSc Thesis in Engineering Geology                                  @AAU                                                Page | 6 

1.9  Organization of the thesis 

This thesis is organized into six Chapters. The first Chapter highlights the introduction and 

justification to the current study in relation with the reservoir slope stability problem and geological 

and geotechnical conditions of the study area.   

Chapter two delves into the description of the study area (accessibility, physiographic setting, 

geology, climate & rain fail, and seismicity of the area). Present the detail description of regional 

and local geologic setting, which are important for slope analysis.   

Chapter three discusses the relevant literatures by drawing from previously researches on the 

selection of critical slopes, and rock mass classification, empirical correlation of rockmass 

geomechanical properties, and methods of stability analysis of the slope. 

Chapter four describes the methodology and organization of the synthesized data obtained from on-

site field investigation, laboratory works and empirical estimation of the geomechanical properties 

of rock and soil. Use those parameters as input data of the rock and soil for the slope analysis. 

Chapter five has addressed the analysis, presentation of output results, and interpretation of the 

analysed data obtained from, DIP software, and FLAC 2D software. Moreover, the chapter presents 

the results of the FLAC 2D contour plot which is sensitive slope materials on the critical slopes.  

Chapter six discusses on the conclusions and recommendations draws for possible safety 

measurements of reservoir slopes based on the results obtained in critical slope analysis. 
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 :                                         DESCRIPTION OF THE STUDY AREA 

2.1  Introduction 

This chapter deals with the description of study area accessibility and its geology, seismicity, 

topographic, climatic, topography, drainage density, and geotechnical issues of the study area, 

which influences the reservoir slope instability.  

2.2  Location and accessibility 

The study area is suited in the northwestern Ethiopian Plateau, located in the western margin of 

Main Ethiopian Rift (MER) Amhara regional state's north Shoa zone, Angolelana Tera Woreda, 

specifically at Kitalegn kebele. Chacha is Woreda town in North Shoa which has latitude: 9
0
31’48’’ 

North, longitude: 39
0
27’36’’ East and elevation: 2774m, within a zone of 37P. The geographic 

coordinate on the dam axis is: latitude: 9
0
29’15’’ and longitude: 39

0
31’49’’ with the elevation: 

2810m a.m.s.l. (see Figure 2-1). The study area is accessible through Addis Ababa - Debre birhan 

main asphalt road, then turning to the East direction from Chacha town, and then driving about 

15km along the concrete road from the Woreda town of Chacha to the dam site (ADSWE, 2016). 

 

          Figure 2-1: Location map of Ajima earthen dam site  
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2.3  Climate of the study area 

The north western plateau of the country is characterized by having relatively heavy rainfall. Ajima 

dam area is situated far away around 15km in the East direction from Chacha town. The dam area 

has approximately similar physiographic feature and elevation (town: 2774 m, and dam site: 2810m 

a.m.s.l) (ADSWE, 2016). There is no meteorological station within the catchment region, thus the 

climate data of Chacha station was used to illustrate the temperature and rainfall conditions to the 

dam area (locality).  

The kiremit season (June15 to Sep15) has intensive rainfall, with monthly rainfall 290mm 

precipitation in August, and in bega season there is low rainfall in (November to January) (5 mm 

precipitation in December). In addition, the maximum and lowest temperatures referring from 

Chacha meteorological stations are 22.3 in June and 7.4 degrees Celsius in December, (Source: 

Climate data: Chacha, Ethiopia - Climate & Monthly weather forecast (weather-atlas.com)). The 

wettest month (highest rainfall) is August (290mm). The driest month (least rainfall) is 

December (5mm accumulation of precipitation). The month with the highest number of rainy days 

is August (29.9 days). The month with the least rainy days is December (5.3 days) (Source: Climate 

data: Chacha, Ethiopia - Climate & Monthly weather forecast (weather-atlas.com)) (see Figure 2-2). 

  

Figure 2-2: A) monthly average rainfall value of Chacha, B) number of rainfall days in each 

month for Chacha town and its neighboring area. 

 

A B 

https://www.weather-atlas.com/en/ethiopia/chacha-climate
https://www.weather-atlas.com/en/ethiopia/chacha-climate
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2.4  Topography of the study area 

The study area situate on the northwestern plateau adjacent with the western margin of Main 

Ethiopian Rift. These are the results of plume related volcanism, and the area is dominated with 

gentle to moderate slope. Around 70% of the dam's catchment is located between 2850 and 2786 

meters above sea level. Around 83.22 percent of the upper catchment has a slope value of less than 

15 degree (ADSWE, 2016). As a result, unlike other predisposing factors, moderately steep 

topography has less effect on large slope failure in the study area. The physiography of the dam 

region is illustrated below (see Figure 2-3). 

 

Figure 2-3: Physiographic maps of the dam reservoir area 3D maps (Arc Scene 10.8). 

2.5  Drainage of the study area 

The drainage system of the area is dominantly contributing to the Abay river basin though there is 

minor portion of the Awash basin in the extreme east (ADSWE, 2016). There are two major 

drainage lines above the dam site, which generally shows dendritic patterns (see Figure 2-4). The 

study area has a stream catchment area of about 83km
2 

(ADSWE, 2016). Drainage of the river is 
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southward for a length of around 150 km into plains of central plateau and finally joins the river 

Abay (Blue Nile).  

 

 Figure 2-4: Drainage of whole catchment with in the study area 

2.6  Soil formations 

Predominantly two types of soil formations cover the extent of the study area. These include 

medium plastic clay alluvial soil, and residual soil, which is deposited from weathering of volcanic 

rocks of rhyolitic and tuff rock formations (ADSWE, 2016). In the dam region landslide movements 

become low due to relatively thin soil formation on the steep slopes of the dam reservoir slopes. 

2.7  Geology of the study area 

Regional geology of the dam area has been illustrated based on the previous research works and 

reports. Local geological information in the Ajima dam site is necessary. Acquiring such local 

geologic data has been done during the site survey and the local geology was elaborated based on 

the rock formations, lithologic type, rockmass discontinuity, and degree of weathering.  
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 2.7.1  Regional Geology and tectonic setting 

The East African Rift System is a Miocene-Quaternary intracontinental extensional system 

composed of several interacting rift segments. The Main Ethiopian Rift is the northernmost sector 

of the East African Rift System; connecting this continental rift to the oceanic spreading centers of 

the Red sea and Gulf of Aden (Bonini et al., 2005, and Corti et al., 2009). The Paleozoic rocks in 

the Ethiopian geology were removed by a large-scale uplift and subsequent erosion in most areas. 

Then during the Mesozoic era a regional epeirogenesis sinking of the crust commenced on most part 

of the land that is currently occupied by Ethiopia and Somalia. This crustal sinking was followed by 

two major transgression and regression cycles (Kazmin et al., 1980) from the Indian Ocean in a 

general north westerly direction, resulted in the deposition of thick successions of detrital and 

chemical sediments directly over the Precambrian basement rocks.  

Following the late Mesozoic - early Tertiary transgression of the Indian Ocean, a large-scale 

epierogenic uplift of the Afro Arabia was commenced (Kazmin et al., 1980). This regional uplift 

and thermal erosion of the Tertiary period caused deep rooted fracturing of the crust accompanied 

by long lasting volcanic activity that produced the Ethiopian continental flood basalt province. The 

upraised and up arched crust fissuring under tension permitted the ascension of voluminous basaltic 

magma estimated as 300,000 km
3
 to form the trap series of the Ethiopian Plateau (Mohr, 1983). 

Theses basaltic rocks overlie the Mesozoic sediments and at places the Precambrian rocks 

depending on the level of erosion. It is therefore believed that the Ethiopian plateau is underlain at 

depth by Precambrian rocks of the Afro-Arabian Shield (Mohr, 1983). 

 2.7.2  Tarmaber-Megezez Formation 

Megezez formation is one of the Mid Miocene age volcanic centers in western Ethiopian plateau 

formed as shield volcano, northwestern sector of main Ethiopian rift (part of Tarmaber formation). 

Megezez shield has age of 10.5 Ma (Wolfendene, 2004 and Kieffer et al., 2004). 

According to Mohr & Zanettin (1988) and Merla et al., (1979; the first significant volcanic activity 

in the north western plateau was represented by the Ashangi (TASB) and Tarmaber Basalts (TTB2) 

that cover extensive areas. Trachytic flows commonly containing lath- like feldspar phenocryst that 

emanated from Megezez volcanic are overlying the flood basalts (Wolfendene et al., 2004). 
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The Ajima drainage, reservoir and dam axis areas are covered by the Tarmaber series volcanic 

rocks which were extruded during the Oligocene prior to the initiation of the Main Ethiopian Rift. 

According to (Merla et.al., 1979) The Tarmaber series consists of typical red paleosoils and laterite 

soil, as well as lenticular basalts with a lot of tuffs, scoriaceous lava flows, and lenticular basalts. A 

thick series of rock called Tarmaber basalt, which can reach a thickness of 1,000 meters, is what 

gives volcanic sites like "Megezez Terara" its distinctive appearance. The termination of the other 

smaller volcanoes found in the northern portion of the basin is the Tarmaber basalts, which directly 

overlie the Ashangi basalts (in northwest Ethiopia).. 

The lava flow from the main rift source is toward south whereas lava form Megezez in this basin is 

toward north. Here the river follows the area of confluence. At the end of Ajima (near Rift Margin) 

the area is completely overlain by recent flood. There is a major formation in the study area, i.e., 

Tarmaber formation (Megezez subdivision) (Mohr, 1983). Figure 2-5 shows the regional geologic 

setting of Tarmaber formation. 

  

Figure 2-5: Magmatic activity in East Africa during the Early Miocene resurgence phase 

(26.9–22 Ma) (Rooney, 2017) 
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2.8   Local geology of the dam area 

The geology of the study area was investigated using actual field traverses and borehole data for 

subsurface geologic units on the dam axis from the ADSWE report. Outcrops of rocks slopes and 

soil slopes have been visually examined during field investigation. The project area located within 

the Tarmaber series volcanic rocks. Basalts rocks, moderately welded tuff rock, paleosoils 

intercalation in local area between tuff and rhyolite units, and rhyolite rock units are found on the 

dam axis of vertical section (ADSWE, 2016). The major formation in the reservoir slope of Ajima 

dam is dominantly volcanic tuff having various degrees of weathering, fractured and weathered 

rhyolite unit and residual soils.   

 2.8.1  Residual soil  

It covers the upper slope and rim of the reservoir slopes. The residual soils are formed by in situ 

weathering and decomposition of rocks developed from the underlying local geology through 

physical and chemical weathering (ADSWE, 2016). It has characteristics of brown to dark color, 

low plastic behavior, and low to medium permeability which is from dam axis residual soil 

(ADSWE, 2016).  

 2.8.2  Rhyolite rock 

This rock unit shows moderately weathered and fractured behavior. Geologic unit of the reservoir 

area observed above thick tuff formation, which is attaining a thickness measured between 5 to 10 

m on the abutment of Ajima dam (ADSWE, 2016). 

 2.8.3  Paleosoils 

The Paleosoils or laterite soil is observed in between tuff and rhyolite rock unit formations at the 

dam axis and reddish in color, medium to coarse grain in texture and compositionally has aluminum 

and iron oxide (ADSWE, 2016). 

 2.8.4  Tuff rock unit 

This rock unit is light to dull yellowish rock unit and has a moderately degree of weathering. It 

represents the dominant geologic unit of the reservoir area of the dam which observed in slope 
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exposure and drilling borehole on the dam axis which is attaining a thickness in a range between 

(10m to 15m). 

 2.8.5  Basaltic rock  

The basaltic rock is a dark gray aphanitic texture, having columnar joints on the bed of dam axis 

(ADSWE, 2016). The rock core reveals some degree of physical weathering defined with highly 

fractured secondary joint sets. These joints are dominantly developed along the existing primary 

structure and the direction of joint is perpendicular to the current river direction. The basaltic unit is 

observed for some limited depth (not more than 10m), especially near to the stream beds (ADSWE, 

2016).  

 2.8.6  Alluvial soil 

The majority of gentle valley areas along the Ajima river are covered by superficial soils. These are 

alluvial deposit. It is a soil deposited by the stream during flood times for a long period. It has dark 

brown color, medium to highly plasticity property (ADSWE, 2016). 

Table 2-1 Geological unit description on the dam axis (ADSWE, 2016) 
Geological units (rock & soils) Description of unit Properties 

Residual clay soil _ Brown in color with low plastic behavior 

_ Fine grained soil (clayey) 

Rhyolitic rock and  tuff rock _ Moderately weathered and fractured rhyolite rock   

underlying by tuff rock unit 

Paleosoils Soil (Interbedded   

layer) 

_ Between tuff rock and rhyolite rock unit,  

 Shear parameters of the paleosoils are 13.18KN/m
2
,    

cohesion and 20.25
0
, angle of friction (ADSWE, 2016) 

Basaltic rock _ Dark gray aphanitic texture 

_  jointed and highly fractured  
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Figure 2-6: Geological map of Ajima dam reservoir area with the elevation of 2850 to 2860m 

above msl (Adopted from ADSWE, 2016). 

Geologic map of the dam reservoir area as shown in (Figure 2-6) has been prepared to show the 

lithologic distribution in the dam reservoir slopes. The map has been prepared from the scanned 

map of previous ADSWE work. The local geology was classified based on the rock distributions. 

2.9  Sub-surface geology on the dam axis 

The subsurface geologic investigation has significant value to define, and evaluate the hidden site 

geologic conditions which affects the design and construction of engineering structures (USBR, 

1987). To account for the subsurface conditions of the dam, six boreholes were drilled (see Table 2-

2), carried out by ADSWE (ADSWE, 2016). The whole succession are found to be residual soil, 

highly fractured and weathered rhyolite unit, weathered and less welded tuff rock, paleosoils, 

moderately welded tuff, fractured aphanitic basaltic rock, and jointed ignimbrite rock at the depth of 

20m below the bed of dam axis (ADSWE, 2016) as illustrated in figure below (see Figure 2-7). 
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Table 2-2: Subsurface exploratory drilling boreholes on the dam axis (ADSWE, 2016) 

Exploratory borehole Depth (m)  Location  Coordinates 

AJFOBHN-1 30 Valley floor 558120E, 1048538 N 

AJFOBHN-2 30 RA mid slope 558122 E, 1048576 N 

AJFOBHN-3 30 RA feet 558110 E, 1048663 N 

AJFOBHN-4 30 LA feet 558123 E, 1048492 N 

AJFOBHN-5 13 LA mid slope 558115 E, 1048453 N 

AJFOBHN-6 19 LA top slope 558096 E, 1048421 N 

            Where, RA is right abutment of the dam, LA is left abutment of the dam 

Test pitting and drilling bore-hole for subsurface explorations at the dam site has been done by 

ADSWE in 2016. For which about six boreholes were drilled (to a maximum depth of 30m) along 

the constructed dam axis. In addition, manual test pits were utilized to characterize borrow areas for 

the impermeable fill soil. A total of seventeen (17) test pits were bored and five borrow areas (1-5) 

located within the reservoir area of the dam (ADSWE, 2016).  
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Figure 2-7: Geologic cross-sections of Ajima dam along the dam axis 

 2.9.1  Foundation (bedrock) materials properties on the dam axis 

A general foundation rest on bedrock but the top soil shall be removed because of loose or weak 

compressibility and insignificant thickness (at 2-3m depth). On the area one SPT tests were 

conducted at the dam site in AJFOBH-1, according to the value of SPT (N=7) has fall in a range of 

loose to medium (ADSWE, 2016). 

Below the tuff rock zones, there is jointed basalt bedrock. The average thickness of this jointed rock 

is about 9m at (AJFOBH-2) and (AJFOBH -3). Basalt rock underlying on the dam axis at average 

depth of below 15m are discontinuities, slightly weathered and closely jointed basalt. The RQD 

value of the unit conducted at certain section is ~65% implying to be good (ADSWE, 2016). 

The UCS of intact rock material being 100MPa, the UCS for the rock mass has been calculated and 

estimated to be 16.6MPa. Deformation modulus, Em of the rock mass is found to be 4.2GPa.  
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The UCS of Intact rock material being 100MPa, the UCS for the rock mass has been calculated and 

estimated to be 18.2MPa. Deformation modulus of the rhyolite rock mass is found to be 2.2GPa 

(ADSWE, 2016).    

 2.9.2  Geophysical investigation along dam axes and reservoir 

Geophysical method was usually used at the initial stage of geotechnical investigation to loosely 

estimate zone of discontinuities, thickness of overburden and lithological contacts on the dam site.  

Seismic refraction (P-wave velocity and resistivity profiling and vertical electrical sounding (VES) 

were applied at the Ajima dam sites (including spillway, pick of right abutment and reservoir) 

(ADSWE, 2016). 

 

Figure 2-8: Electrical profiling of subsurface map on the dam axis, along the line of stream 

flow (in E-W direction) (ADSWE, 2016). 

The refraction seismic survey’s result has been presented in the form of 2D P-wave Velocity 

tomography (see Figure 2-9).   
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Figure 2-9: refraction seismic survey’s result from (ADSWE, 2016) report. 

This line extends from UTM geographic coordinates of 558192E,   1048338N and 

558109E, 1048701N respectively with ground elevations between 2806m a.s.l and 

2853m a.s.l. along the dam axis (ADSWE, 2016). 

According to the 2D P-wave velocity tomography (see Figure 2-9), the uppermost part of the 

section with p-wave velocities below 1000m/sec is mostly related with clay associated with rock 

fragments and silt with sand (ADSWE, 2016).  According to BH-6 bore data the unit also comprises 

highly weathered and decomposed tuff and rhyolitic rock in the elevated sloppy parts of the line. 

The thickness of this top unit varies widely from about few centimeters to a maximum value of 12m 

(ADSWE, 2016). 

2.10  Hydrogeology of the area 

Ground water occurrence in the dam axis is encountered at shallow depth (21m) during the test 

drilling and discharge 3 L/s. So that the ground water is affected the dam structure and has been 

solved the problem at a time of construction through pumping (ADSWE, 2016). 
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Groundwater inflow has strong negative effect on the instability condition in the rock mass 

excavation. The groundwater sources of the surroundings of the dam area are governed by geology 

and geological structures of the region. The Cenozoic volcanic rocks, especially the Tarmaber 

formation that mainly consists of basalt rocks does not have primary porosity that allows 

groundwater movement and storage. It may develop secondary porosity along fracture and joint 

openings and weathered sections. However, the clay material that forms in the weathering processes 

of the volcanic rock usually fills in the secondary openings and decreases the transmissivity and 

ground water storage of the rocks (ADSWE, 2016). The volcanic rocks of the region and their 

physical features that control the groundwater movement and storage are not homogeneous. There 

are several volcanic episodes that took place in the region and these have formed rock beds that are 

heterogeneous in their physical characteristics and gave time for formation of paleosoil layers 

between the different volcanic formations (ADSWE, 2016).  

The prevailing volcanic rock units due to crevices (a narrow opening or fissure), formed along 

cracks & weathering that enhance development of open water bearing layers; the open and 

interconnected porous spaces including discontinuity planes that are without secondary infill 

material can be considered as potential infiltration and water bearing layers in the dam area 

(ADSWE, 2016).  

2.11  Seismicity  

Based on the recent conducted study (Atalay, 2017), the country is divided with a partition of five 

zones which have approximately equivalent seismic threats in a base of previously 

defined earthquake distribution. The classified zones are: none damaging zone (0 zones), less 

degree of damaging zone (zone 1 and 2) and major damaging zone (zone 3 and 4). The research 

area is located in seismically active zone which is under the major region of seismic hazard (zone 

4). Based on this seismic hazard zone distributions the ground acceleration fall in a range of (0.15 to 

0.20) (Atalay, 2017). 

 2.11.1  Seismic hazard and ground acceleration time-histories 

 The strength of the seismic activity may be related to ground acceleration. The study area has an 

estimated ground acceleration fall in a range of (0.15 to 0.20) as per Atalay (Atalay, 2017) (see 
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Figure 2.10), and (PGA) of 0.18g is the suitable average value of ground motion for the dam area. 

Ajima earthen dam is not found in a far distance from the margins of (MER), which is found within 

the influence zone where earthquake occurrences frequently happen. 

The site specific seismic hazard didn’t indicate which duration will be appropriate for the dam 

project. In most cases, shorter intervals are taken into account when determining the peak amplitude 

for concrete dams and dam-appurtenant structures. However, in previous engineering design 

exercises, a considerably higher period was taken into account because of the adaptable character of 

embankment dams. Because adopting a shorter period for the embankment designs will result in a 

more careful design that is not cost-effective. When choosing the dam type for construction, the site 

of the dam, material behavior, and dam height are crucially considered (according to the Army 

Corps of U.S Engineering manual). 

 

 

Figure 2-10: For Ethiopia and the surrounding area, seismic hazard map for horizontal peak 

ground acceleration. This shows a rock site condition exceedance rate of 2% (two percent) 

within years of fifty (Atalay, 2017). 
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In conclusion, Ajima dam is not far from the rift margin of MER which needs more investigation. 

Damaging earthquakes are possible occur along the plateau margin and any potential failure might 

affect the dam structure its reservoir slopes also, important infrastructure near and on the 

downstream of the dam area. Therefore, this calls for adapting very conservative values of ground 

motion for the analysis and design purposes. 

2.12  Geotechnical issues on the Ajima dam reservoir slopes 

The present study area is situated on the highland area. The dam region is defined by complex a 

geo-environmental process which includes geological, seismic, meteorological and human 

influences for slope failure (ADSWE, 2016). While conducting field survey to reach more 

susceptible slope for failure, some of the most predisposing factors in the reservoir slopes was 

identified (see Figure 2.11). 

The crucial intrinsic parameters for slope instability are slope material (lithology or soil type). 

However, slope geometry, structural discontinuities, rockmass degree of weathering, seismicity, and 

intensive rainfall are the responsible external predisposing factors for the instability of selected 

critical reservoir slopes (Kumar and Anbalagan, 2016). 

 2.12.1 Structural discontinuities  

The stability characteristics of rock slopes are mostly influenced by the weakened structures of the 

rockmass (Hoek and Bray, 1981). Discontinuity orientation, joint spacing, rock mass degree of 

weathering, and the type of filling material inside the discontinuity surfaces can significantly affects 

the stability of the rocky slopes (Karaman et al., 2013). 

If the discontinuities are spaced tightly, the rock mass is more vulnerable to the instability of rock 

slopes (Dawit and Trufat, 2021). According to Raghuvanshi et al., (2014), the continuity of 

discontinuity can affect the stability conditions of the rock masses and discontinuity orientation of 

the rockmass is important in kinematic analysis to determine the mode of slope failure.  

The state of the discontinuities and the slopes orientation has a significant impact on the stability of 

rock slopes that have experienced structural control failure. According to Li and Xu (2015) and 

Hack (2002), the shear strength of the slope rock mass, and slope height has major effects on the 

stability of rock slopes and which are prone for non-structural control failure. 
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Seepage of water through cracks and weak zones of discontinuity potentially increase in lateral 

pressure, resulting decrease in shear strength across the discontinuity surface leading to slope 

instability. Furthermore, the groundwater lubricates the discontinuity surfaces, promoting the rock 

sliding. A leaked water manifestation on the slope surface was examined like wetness and pouring 

as indirect interventions (Karaman et al., 2013). 

 2.12.2  Weak and friable rock units in a slope layers 

The geology of dam reservoir slope comprises mainly very soft and weathered volcanic rocks 

overlain by variable thicknesses of residual soils. Mostly tuff rock unit and residual soil are 

susceptible to failure due to reservoir water saturation and shear strength reductions. The prominent 

lithology along the reservoir slope of the Ajima dam is covered with weak pyroclastic rock and 

jointed rocks. These rock units are highly exposed on the moderately to steep hill reservoir slopes. 

 2.12.3  Saturation of critical slopes  

The surface water from rain fall has significant effects on the instability of reservoir slopes, which 

saturate the overburden slope materials. The rain water possibly saturates the slope materials and 

reduces its shear strength, if there is seepage through the weak zone of slope layers and 

discontinuity. The response of saturated slope materials for the slope failure problems have different 

which are depending on the topography, slope gradient, type of the slope materials and its degree of 

weathering on the slope materials.  

Seepage/spring with insignificant discharge has been observed at the upstream of the reservoir 

slopes from the natural hill slopes (ADSWE, 2016).  

 2.12.4  Pre-existing failure surface  

If a slope sits contains pre-existing failure surfaces, there is a large possibility that progressive 

failure will take place if another failure surface were to cut through them. The way of failure on this 

situation is that movement has along the previous failure zones. 
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    Figure 2-11: Identified predisposing factors for the instability issues on the selected critical 

reservoir slopes of the Ajima dam 

In general, most Ajima dam reservoir slopes are covered by weak geological materials and 

discontinuous rockmass, and also the dam is located in a high rainfall region. The selected critical 

slopes are situated in cliff gradient with less strength and highly friable lithology. These all listed 

predisposing factors possibly control the shear strength of slope materials on the selected critical 

slopes and which causes for slope failure. There are also evidences of slight slope movements in the 

reservoir slope which is triggered by surface water seepage from quarry site on RS-2 the quarry is 

found above the critical slope, RS-2. These failure features is localized and not a significant threat 

to the dam structures however, may concern for the sedimentation of the dam reservoir and may 

cause overtopping of reservoir water on the dam structures during flood seasons when the slope 

failure is not in a creep movement. 
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 :                                                                   LITERATURE REVIEW

3.1  Introduction  

This chapter presents the theoretical bases which used in instability analysis of slope. Currently, 

there are many approaches to perform slope stability analysis. From these methods the one which is 

Finite Element Method is elaborated from the theory and practical application on the design and 

analysis of slope safety in various geotechnical problems.  

3.2  Delineation of dam reservoir level 

Accurate delineation of watershed and reservoir water level is essential for reservoir slope analysis 

and flood risk management (Elhag & Eljack, 2016), and (Ajibade et al., 2020). GIS techniques are 

used to delineate different topographical site. Full water reservoir level can be delineated using 

Google Earth, Arc GIS and ARC Scene tools.  

3.3 Critical slope  

Critical slope selection is a major and important first step to determine triggering factors for the 

detail analysis of the slopes. Critical slopes can be selected by collecting data on the slopes 

comprising geologic units like, geometric properties of rock mass and soil properties, geologic 

structure, degree of weathering, and effects of water saturation  (Casagli et al., 2023), (Tenalem and 

Bariebri, 2005), and (Soeters and Westen, 1996). Slope instability zone as critical slopes can be 

identifying using methods of GIS and field investigations.  

3.4  Causes for slope failure 

Slope failures are one of the most common geologic hazards in civil infrastructure. Identifying the 

causes of slope failure is helpful in assessment of slope safety and in providing appropriate 

protection measures. The main possible causes for natural slope instability are primarily caused by 

highly weathered rock units in the slope surface, ground water condition, slope geometry and slope 

gradients, preexisting discontinuities such as faults, sheared zones, and undercutting support the toe 

of slope (Abramson, 2002).  
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Soft rock is a kind of rock mass that has softer lithology and is more prone to being affected and 

softened by water absorption. It is simple for rainwater infiltration to alter soft rock on a natural 

slope and cause slope instability factors because of its special physical characteristics. The soft rock 

softens and deteriorates when it meets with water. The shear strength decreases with the increase of 

softening time of water, which accelerates the evolution process of soft rock slope instability 

(Neiman, 2009, and Yonathan et al., 2012). 

Slope failure at the natural cliff is usually continuous if it is not interrupted by mitigation and 

remediation works, a kind of instability that is quite frequent along the cliff slopes. The weathered 

and soft material can gradually remove by the action of gravity and river wave action (Neiman, 

2009, and Yonathan et al., 2012). 

3.5  Methods of rockmass characterization  

Common technique in order to estimate the parameters is to use empirical correlations to rock mass 

classification methods, since laboratory and especially in-situ test are expensive and time 

consuming (Farahmand, 2017). Determining the characteristics of rock mass is the major step to 

conduct the stability analysis of rock slopes. In this context, rock mass characterization is of huge 

importance for the applications in rock engineering practice. Therefore, it is crucial to obtain the 

quantitative appearances of the rock masses as well as a qualitative assessment of the rock mass 

characteristics as input parameters for empirical methods (Bieniawski, 1989). 

In-situ data of rock mass can be analyzed to estimate geomechanical properties of rock mass for the 

subsequent geotechnical model of slope sections by following the compilation of the rock mass data 

from field inventories, insitu test and laboratory tests. The most widely used methodology for rock 

mass classification is Bieniawski Rock Mass Raring (RMR) system (Bieniawski, 1989), the GSI 

system and Q system. These methods can provides geological parameters of rock mass quality.  

Systems for characterizing rock masses are a crucial component of empirical methods that have 

been applied to slope stability studies. Rock mass classification systems aim to characterize the 

intrinsic characteristics of the rock masses based on previous experience in order to effectively 

predict the rock mass behavior for different conditions (Milne et al., 1998). Using parameters of 

rock mass strength and deformation (Hoek and Diederichs, 2006) together, insight with some 

additive laws of rock mass (e.g., Mohr’s Coulomb or Hoek-Brown material models), empirical rock 
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mass classification method can be  used in numerical models to assess stability and deformations 

conditions of the rock masses (Abbas and Konietzky, 2017).  

Uniaxial compressive strength of intact rock (UCS) can be estimated using the device called 

Schmidt hammer that measures the rebound number during field tests and UCS can determined by 

convert Schmidt rebound number in to UCS based on relation proposed by (Barton and Choubey, 

1977). 

                           log10 U𝐶𝑆 = 0.00088 (ϒ*R) + 1.01                                            (3.1)  

                           From this; UCS = 10(0.00088 ɣ R+1.01) 

Where; UCS stands for uniaxial compressive strength in MPa, for bulk volume weight (KN/m3), 

and R for the Schmidt hammer's rebound hardness value. The rock mass strength can be classified 

based on the UCS values (see Table3-1). 

Table 3-1: Rock material strength (ISRM, 2007) 

ISRM grade Terms UCS (Mpa) Field estimation of strength 

R6 Extremely 
> 250 

Rock materials only chipped under repeated 

hammer strong blows, ring when struck 

R4 Strong 50 - 100 Hand held specimens broken by a single blow 

R3 Medium 
25 -50 

Firm blow with geological pick indents rock 

too strong 5 mm, knife just scrapes surface 

R2 Weak 
5 - 25 

Knife cuts material but too hard to shape into 

triaxial specimens 

R1 Very weak 
1-5 

Material crumbles under firm blows of 

geologic hammer 

R0 

 

Extremely 

Weak 

0.25- 1 
pick, can be shaped with knife Indented by       

thumbnail 

The RQD index has bias for the characterization of rockmass in slope rockmass. The fracture 

density or fracture frequency cannot considered in two dimensional ways in the slope rockmass 

exposure (Lowson and Bieniawski, 20 13).  
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 3.5.1  Geological Strength Index (GSI) 

The GSI can be used to evaluate the rock mass based on its surface conditions, rock mass structure, 

and discontinuities; it has been the ideal and direct means to estimate Hoek brown strength criteria 

(Hoek and Brown, 2019), and (Bieniawski, 1989) was used in the Hoek and Brown failure criterion 

equation in the first approaches to determine the GSI value of the rock masses. 

Hoek and Brown recognize field observation and recognition of rockmass failure criterion is 

significant for classification system (Marinos et al. 2005). GSI value is used to estimate rockmass 

properties that can be input for numerical computation in slope stability analysis. The index value of 

GSI link with the compressive strength of intact rock (UCS) and its material constant (mi) to 

calculate the rockmass properties like deformation modulus and shear strength parameters using 

Roc Lab software (Marinos and Hoek, 2000).  

Hoek in 1994 improve the chart of GSI for assessment of rockmass properties and estimation of 

rockmass strength by making link of Hoek-Brown criterion and its constant with rockmass surface 

quality conditions (Hoek, 1994)(see in Figure 3.2). Rockmass characterization method in GSI is 

based on field visual impression of presence of rock structure and joint weathering conditions, 

alteration and roughness. In a highly weathered rockmass the unconfined strength and rockmass 

material constant (mi) is reduced, at the same time GSI value also decreased (Marinos et al. 2005). 

The introductions of GSI chart efficiently removed the inherent limitation in RQD estimation and 

reduce the error in the incorporation of RMR. The estimation of GSI is important since, the 

determination of deformation modulus of rockmass in in-situ or in laboratory test is expensive and 

time consuming. GSI value can correlate empirically to compute modulus of rockmass deformation. 

Different researcher in their research works can make correlation in between GSI and RMR, namely 

Hoek and Brown in 1997, Ceballos and Olalla in 2014 and Zhang et al in 2016. 

Cosar in 2004, also presented a correlation for GSI and RMR89 (Cosar, 2004),  

                           RMR89 = 2.3GSI – 54                                                            (3.2) 

General correlation of GSI with RMR89 for rockmass in Himalaya Mountain was also given for all 

rock types by (Singh and Tamrakar, 2013) as follow Eq. (3.3): 

                           RMR89 = 1.3GSI + 5.9                                                           (3.3) 
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Zhang et al., (2016) obtained the correlation of RMR with GSI at the surface of the tunnel 

excavation and produced equation Eq. (3.4):   

                         RMR89 = 0.827 GSI + 15.394                                                  (3.4)  

Recently, an empirical relation of RMR89 and GSI was presented by (Zhang, 2019) as given in 

Eq. (3.5).  

                         RMR89 = 0.8GSI + 15                                                               (3.5) 

Ceballos and Olalla (2014) made a correlation between GSI and RMR values on different rock units 

with different outcrops and examine the resulting equation as: 

                        GSI = 1.13 RMR – 11.63                                                            (3.6) 

GSI value for rock masses having (GSI > 25) can be computed using correlation with RMR value 

(Hoek and Brown, 2019) as follow (Eq. 3.7): 

                        GSI = RMR89 - 5                                                                          (3.7)  

Doni et al., (2021) used the characterization of rockmass on the intake tunnel of dam, based on GSI 

method for weak rock on the lithology of volcanic breccia and tuff rocks based on the correlation 

obtained in the literature works. 

The estimation of GSI values directly from RMR values has been proven unreliable, especially for 

poor rock mass. So, it is highly recommended that the estimation of GSI should be conducted 

utilizing the charts (Hoek and Marinos, 2000), which is free from RMR values (Hoek and Brown, 

2019).  

From field observation and characterizations of rockmass discontinuity condition and surface 

(weathering) condition the GSI value can be predicted by using GSI chart (see Figure 3-2) (Marinos 

and Hoek, 2007). However, this un-quantitative determinations could be subjective in field 

geologist to the assessment of the rockmass surface condition and discontinuity condition 

(Kayabasi, 2017), and the ± of 30% of GSI has less of 6% uncertainty in Emr. 
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        Figure 3-1: GSI chart for jointed rock mass (after Marinos and Hoek, 2000) 
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3.6  The unit weight of geo-materials 

Unit weight is one of the input parameter utilized to evaluate slope stability.  According to ISRM 

(2007), the soil and rock unit weight can be taken from the representative materials in the time of 

field investigation. Dry density (𝜌𝑑) and bulk unit weights (γ) of rock and soil sample can be 

determined using the equations Eq. (3.8) & Eq. (3.9) respectively. 

             𝜌𝑑 =
𝑀𝑑

∆𝑉
                                                                                                      (3.8) 

             𝛾 = 𝜌𝑑 ∗ g                                                                                                  (3.9) 

Where, 𝜌𝑑 is the dry density of a rock sample in g/cm
3
, Md is the mass of a rock sample after being 

oven-dried, ∆V is the deference between the volume before and after a rock sample is added into 

the cylinder water, γ is the bulk unit weight of a rock in KN/m
3
, and g is the gravitational 

accelerations (m/ s 
2
). 

3.7   Rock mass shear strength parameters 

For the stability assessment of rock slopes, the shear strength properties of the rock mass, including 

the cohesion and angle of internal friction, must be evaluated. According to Hoek and Brown, 

1998), generalized Hoek-Brown failure criteria can be used to estimate the generalized Hoek-Brown 

failure criteria, like cohesion (C), and angle of internal friction (ϕ) on the Roc Lab software. This 

software allows users to easily obtain reliable estimations of rock mass properties and shear strength 

parameters (Hoek & Diederichs., 2006). 

For the sake of simplicity, Rocscience has developed the RocLab window program which can 

provide Hoek-Brown parameters for the numerical analysis such as; cohesion, angle of internal 

friction, and deformation modulus of rockmass. 

 3.7.1  Hoek–Brown constants of rock mass  

The Hoek-Brown failure criteria was developed as a consequence of Hoek's research on the brittle 

failure of rock materials in 1965 (Hoek, 1965) and Brown's research on jointed rock masses in 1970 

(Brown, 1970). When confining loads are low to moderate and the failure process is driven by block 

sliding and rotation without a significant amount of entire rock failure, it was intended to be used 

for rocks comprised of interlocking geometric blocks.  
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Hoek-Brown failure criterion assumes rock mass consists isotopically and that failure does not 

follow a preferential direction imposed by the orientation of a specific discontinuity or a 

combination of two or three discontinuities (Marinos and Hoek, 2007). Once the GSI and 

disturbance factor have been approximated, the parameters which describe the rock mass strength 

characteristics (mb, s and α) can be estimated using empirical relations which are originally derived 

by Hoek & Brown, 1980), these empirical equations are still recommended by Hoek and Brown 

(2019). 

        
𝐦𝐛

𝐦𝐢
=  exp (  

𝐆𝐒𝐈−𝟏𝟎𝟎

𝟐𝟖−𝟏𝟒𝐃  )                               (3.10) 

        S =  exp 
( 𝐆𝐒𝐈−𝟏𝟎𝟎)

𝟗−𝟑𝐃   , and                          (3.11) 

        α =
𝟏

𝟐
+

𝟏

𝟔
 (𝐞−

𝐆𝐒𝐈

𝟏𝟓 − 𝐞−
𝟐𝟎

𝟑 )                                                                   (3.12) 

Where; Mb is the Reduced value of material constant; mi is Material constant for intact rock, s and 

a are Material constant for rock masses. When GSI > 25, the quality of the rock masses is good to 

reasonable, the original Hoek-Brown criterion is applicable with assigning the value of a equals 0.5. 

For GSI < 25, i.e., rock masses of very poor quality, s = 0, and a in the Hoek-Brown criterion is no 

longer equal to 0.5. The value of α can be estimated from GSI by using Eq. (3.12). The value of mi 

can be determined by a triaxial test from intact rock pieces. However, if the tests are not available, 

they can be possibly determined from the table developed by (Hoek and Brown, 1998). 

 3.7.2   Roc Lab software 

Roc Lab software used to compute rockmass properties. Rock mass properties can be determined 

from the estimated input parameters such as: GSI value of rockmass, mean of UCS (intact rock), 

unit weight and material constant (mi) of intact rock and height of rock slope layer. Therefore, shear 

strength parameters of rockmass (cohesion (C) and angle of internal friction (ϕ), and UCS of rock 

masses, and deformation modulus of rockmass can be estimated using the generalized Hoek–Brown 

failure criteria on Roc Lab software to use the output as input parameters for slope analysis in 

FLAC 2D software (Hoek and Brown, 2019). 
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3.8   Poisson’s ratio of the rock masses  

Poisson’s ratio is a property that describes the volume change of material to the direction 

perpendicular to the application of a load. It can be define the ratio of the axial compression to the 

lateral expansion of soils, and which is the most significant rock engineering factors for engineering 

designs of the rock mass. Its value is being used mostly for calculating the deformation and stability 

condition (Sonmez and Ulusay, 2002). Vasarhelyi (2008) presented a simple method for the 

determinations of rock mass Poisson’s ratio value, if the intact rock Poisson’s ratio value is known.  

            Vrm = - 0.002GSI + Vi + 0.2                                                                    (3.13)  

Where, νrm and νi is the Poisson’s ratio of the rock mass and the intact rock, respectively, and GSI is 

the Geological Strength Index. 

Form Eq. (3.13), to get the Vrm value, the value of the intact one is needed. According to Kulatilake 

et al., (2004), if there are known intact rock Poisson’s ratio values, the Poisson's ratio for the rock 

mass could have been 21% higher than the Poisson's ratio for intact rock. 

Using Hoek-Brown material constant mi and GSI, Vasarhelyi (2008) has derived a suitable 

alternative empirical equation to estimate the Poisson’s ratio value of the rock masses when the 

Poisson’s ratio value of the intact rock (Vi) is not available as follow:  

                         Vrm = - 0.002GSI - 0.003mi + 0.457                                           (3.14) 

                          Note that for mi < 5, Eq. (3.14) can never be applied.  

The Poisson’s ratio is linearly increasing in case of increasing uniaxial compressive strength (UCS). 

The Poisson’s rate value highly depend on the quality of the rock mass, thus in the increasing if the 

GSI value is increasing.  

The Poisson ratio of rock materials range typically [0.1 ≤ v ≤ 0.4]. The Poisson's ratio is speculated 

to rely on how hard the undamaged rock is, and as the brittleness of the rock material increases, the 

Poisson's ratio should decrease. The Poisson's ratio gradually drops when the Hoek-Brown constant 

(mi) is increased, it can be assumed, that the Poisson’s ratio depends on the rigidity of the intact 

rock i.e., increasing the brittleness of the rock material the Poison’s ratio should be decreasing. High 

fines contents and/or high moisture contents tend to increase Poisson’s ratio and reduce Young’s 

modulus.  Poisson’s ratio for a completely saturated material will be close to 0.50.   
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3.9  Rock mass deformation modulus from GSI 

The Elastic modulus of the rock mass is highly important geomechanical input parameter of rock 

mass for geotechnical model analysis like settlement and deformation analysis (Hoek and 

Diederichs, 2006). In many study researchers have tried to develop new meaningful equations 

besides the most expensive and more time consuming insitu tests such as, (Bieniawski, 1978); 

(Serafim & Pereira, 1983). 

For geotechnical modeling, accurate estimates of the strength and deformation characteristics of 

rock masses are influenced by the characteristics of intact and discontinuous rock masses, such as 

the number of joint sets, orientation, spacing, aperture, surface roughness, weathering, and 

alteration, as well as material parameters (such as compressive strength and modulus of elasticity). 

 In case, if there are no in situ measurements empirical equations are undoubtedly valuable. Even 

though many engineering projects prefer in-situ tests, sometimes reputed researchers like 

(Palmstrom and Singh, 2001) preferred empirical equations concerning different constraints during 

in-situ measuring of modulus of deformation by saying that taking into account the uncertainties 

associated with in-situ deformation measurements induced by blast damage, test technique, and test 

method. Different researchers obtain the correlation of deformation modulus with GSI. These 

correlations are presented as follow (see Table: 3-2). 

Table 3-2: Empirical correlation in Erm and GSI proposed by different authors 

        Er𝑚 = √
σci
100

 . 10(𝐆𝐒𝐈−𝟏𝟎)/𝟒𝟎   (𝐺𝑃𝑎) 
     by Hoek et al., (1997) (3.15) 

       Erm = 0.35 ∗ exp
0.06GSI         (𝐺𝑃𝑎)      Majdi et al., (2012) (3.16) 

       Erm = 0.0912e
0.0866GSI

         (𝐺𝑃𝑎 )   Ghamgosar et al., (2010) (3.17) 

       Erm = 0.1451*e
0654GSI

         (𝐺𝑃𝑎)       Gokceoglu et al., 2003 (3.18) 

Where, 𝜎𝑐𝑖 is intact rock compressive strength, and Erm is the rock mass deformation modulus, 

GSI= Geological strength index. 

 

The bulk modulus (K) and shear modulus (G) of the rock mass for the numerical modeling input 

parameters can be calculated using (Brady and Brown, 1993), as follow: 

                K =
𝑬

𝟑(𝟏−𝟐𝑽)
    (GPa)                                                                               (3.19) 
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                G =
𝑬

𝟐(𝟏+𝑽)
       (GPa)                                                                              (3.20) 

               Where: E is the deformation modulus; V is the Poisson’s ratio.  

3.10   Slope stability analysis  

Slope analysis refers to the process of evaluating the stability and behavior of natural or man-made 

slopes. It involves assessing the factors that can influence slope stability, such as soil and rockmass 

properties, groundwater conditions, and external loads. The goal of slope analysis is to determine 

whether a slope is stable or prone to failure, and if necessary, to design appropriate measures to 

mitigate any potential risks (Wang Lei, 2011).  

It is essential to understand basic requirement for the stability of slopes which is the shear strength 

of the slope materials must be greater than its shear stress which is required for the equilibrium 

(Duncan et al., 2014). Therefore, the most fundamental cause of slope instability is concluded to 

occur when the shear strength of the soil is less than the shear stress required for equilibrium 

(Duncan et al., 2014). The condition can be reached by two means: (1) through the reduction of soil 

shear strength and, (2) through the increase of shear stress.  

In fact, the vast majority of slope stability evaluations still rely on time-honored limit equilibrium 

techniques that use methods of slicing. The widely accepted usage of the finite difference approach 

of slope stability analysis should now be preferred in geotechnical practice since; it is an enhanced 

substitute for traditional limit equilibrium methods. 

The failure surfaces found using the SSR approach can occasionally be very different from those 

found using the LEM technique. According to Cala and Flisiak (2003), the FS calculated by SSR 

may be much lower and the unit volume of failing slope significantly more than what is predicted 

by LEM. Over 3m of soft subsurface layer thickness did not result in a further decline in FOS 

values.  In some circumstances, the use of 2D models may result in a highly cautious course of 

action. In most situations, the use of SSR in 3D can result in a tolerable FS value. The elastic 

properties have a significant influence on the computed deformations prior to failure; they 

negligibly influenced FS (Griffiths & Lane, 1999). 

The commonly used deterministic methods for slope stability analysis are Limit equilibrium 

analysis (LEA) and numerical methods. They compute a factor of safety with different 

methodologies but share the same definition of FOS (Factor of safety). Limit equilibrium technique 
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was found by Mouyeaux et al., (2018) to be more user friendly than the numerical methods in the 

analysis. For the reservoir slope, it is highly crucial to consider the slope instability assessment in 

the upstream direction of the dam; since the most critical problems may happens at the phase of the 

end of excavation or during saturation of the upstream natural or man-made slopes (Chen, M., et 

al., 2021). 

 3.11  Kinematic analysis on rock slope 

Kinematic analysis examines based on the attributes of discontinuities such as joints, bedding 

planes, and shear zones that serve as a potentially failures planes to analyze the modes of rock slope 

failures (plane, wedge, toppling failures), which occurs due to the existence of unsafe or 

unfavorable orientation of discontinuities. Measuring the orientation, structures and the main 

discontinuity sets can be necessary for Kinematic analysis (Hoek and Bray, 1981). DIP
 
software 

allows for illustration of structural data using graphical Stereonets display. 

 3.12  Slope stability analysis in Finite Difference Method (FDM) 

In contrast to the traditional limit equilibrium methods, FLAC 2D can simulating the response of 

slopes to different factors such as saturation of water, groundwater conditions, and seismic activity. 

The software provides advanced features and widely used in the field of geotechnical engineering to 

assess the stability of slopes and design appropriate mitigation measures (Wang Lei, 2011). 

In FLAC 2D the slope failure surface is delineated by the concentration of shear strain contours to 

display deformation of material on the contour plot of the analysis output. FLAC is used in 

analysing, and designing of any geotechnical engineering project where continuum analysis is 

utilized in FLAC program for the stability analysis and shows displacements and strains behavior of 

the slope materials (Wang Lei, 2011). 

Limit equilibrium methods cannot provide a lower bound. But sometimes it provides a lower factor 

of safety than the one computed by using the finite difference (FD) methods. In this case, one 

should not rely on the LE solution (Eleyas et al., 2017). The stability of the railway embankment 

was investigated by using finite difference programs (FLAC 2D v 7.0) (Eleyas et al., 2017) to 

simulate the stress distributions in order to investigate mechanisms of high deformation and 



 
Stability assessments on the selected reservoir slopes of Ajima earth dam North Shoa, central Ethiopia 

 

                 MSc Thesis in Engineering Geology                                  @AAU                                                Page | 37 

innovative analysis on strain distributions. The analysis of high rock slopes at the Chuquicamata 

open-pit mine in Chile has primarily used the FLAC 2D and 3D codes. 

Coggan et al., (1998) successfully demonstrated the use of both two- and three-dimensional finite-

difference analyses in the back analysis of highly kaolinite china clay slopes. Both finite-element 

and finite-difference models remain in routine use in engineering landslide investigations and are 

most appropriate in the analysis of slopes involving weak rock/soils or rock masses where failure is 

controlled by the deformation of the intact material (i.e., continuum) or through a restricted number 

of discrete discontinuities such as a bedding plane or fault (Wang, D, et al., 2007). 

FLAC2D (Fast Lagrangian Analysis of Continua in two Dimensions) is numerical modeling 

software for geotechnical analyses of soil, rock, groundwater, constructs, and ground support. Such 

analyses include engineering design, factor of safety prediction, research and testing, and back-

analysis of failure (Itasca, 2018).  

Numerical method is more versatile in detailed analysis with respect to deformations and stresses in 

slope (Chugh, 2015). This method has the salient feature of derivation of the critical failure surface 

and a safety factor without the presumption for the shape and location of the failure surface (Liu F, 

2020).  

Table 3-3: Numerical methods of analysis modified after (Coggan et al., 1998) 

Analysis 

method 

Critical input parameters Advantages 

Continuum 

modelling 

[e.g., finite 

difference 

method] 

Shear strength of surfaces; 

representative slope geometry; 

constitutive criteria (e.g., elastic, 

elasto-plastic, etc.), groundwater 

properties; in situ stress state. 

Modeling material deformation and 

failure in 2-D, including complex 

geometry of the slopes. Can evaluate the 

impact of changing key parameters on 

the instability mechanisms. Also, 

include dynamic analysis and creep 

deformation. 



 
Stability assessments on the selected reservoir slopes of Ajima earth dam North Shoa, central Ethiopia 

 

                 MSc Thesis in Engineering Geology                                  @AAU                                                Page | 38 

 

Figure 3-2: Meshing and designing for slope analysis in FLAC program 

The following advantages are offered by the FLAC 2D: 

1) Multiple failure surfaces (or complex internal yielding) evolve naturally if the conditions give 

rise to them. Structural interaction (e.g., rock bolt, soil nail, or geogrid) is modeled realistically 

as fully coupled deforming elements, not simply as equivalent forces (Itasca, 2018).  

2) In giving a set of material properties of rock and soils, the system is determined to be stable or 

unstable, by automatically performing a series of simulations while changing the strength 

properties, the factor of safety can be found to correspond to the point of stability, and the 

critical failure (slip) surface can be located (Itasca, 2018).  

3) Any failure mode organically arises; there is no need to predetermine a set of trials. There is no 

requirement for fake input parameters, such as functions for interslice force angles. 

4) FLAC can model the slope with variable geometries, numerous layers, diverse soil and rock 

properties, loads or stress on the surface, and structural reinforcement. FLAC can model the 

stability issues in a wide range of slope conditions like static and dynamic with dry and 

saturated state of the slopes.  

5) The software calculates FOS with the contour plot to show the displacement, shear strain, and 

plasticity of the slope materials (Itasca, 2018). 

FLAC 2D offers a wide range of capabilities to solve problems in the field of geo-mechanics 

(Itasca, 20018). The slope analysis of landslide occurrence using FLAC 2D is significantly 

important for risk evaluation before a landslide and during the rescue stage.  
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Numerical method is more versatile in detailed analysis with respect to deformations and 

displacement in the slope (Chugh, 2015). This method has the most noticeable feature of derivation 

of the critical failure surface without the presumption for the shape and location of the failure 

surface (Liu F, 2020). 

3.13  Numerical Model and input parameters for slope analysis 

It is difficult to have complete field data of the rock and soil. Since the necessary input data for 

slope stability analysis are limited, a numerical model in geomechanics should understand primarily 

to the dominant factors affecting the stability of the slope. The results produced in a FLAC 2D 

analysis will be accurate when the program is supplied with appropriate direct material data (Itasca, 

2018). 

The program has built-in material models describing geologic materials properties. In this study 

Mohr-Coulomb and Hoek-Brown criterion were used to analyse the stress–strain behaviour of the 

slopes for the soil and rock materials respectively. The basic input parameters of the materials 

required for modelling are; Young’s modulus (kN/m^2), poison’s ratio (υs), unit weight (kg/m^3), 

cohesion (kN/m^2), and internal friction angle Φ (°).Young’s modulus (Es) (Itasca, 2018). 

Geotechnical parameters which are employed in FLAC 2D software as an input data under the 

Mohr-Coulomb model are like; cohesion, friction angle, unit weight, modulus of elasticity, and 

poison ratio. It is recommended to use Poison’s ratio of soil in a range between 0.4 and 0.5. For stiff 

clay and medium to dense cohesionless soil ranges in (0.3 to 0.4) respectively (Bowles, 1996).  

 3.13.1 Mesh Generation 

FLAC 2D utilize a mesh to discretize zones in the slope geometry. The discretize mesh density can 

be adjusted to capture critical areas and accurately represent the slope's geometry and slope material 

heterogeneity (Itasca, 2018). 

 3.13.2 Boundary Conditions 

Boundary conditions define the external forces acting on the slope, such as surcharge loads, 

groundwater level, and seismic loads. FLAC 2D allows users to apply various boundary conditions 

to simulate different scenarios and study their effects on slope stability (Itasca, 2018). 
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3.14  Analyzing FOS of the slopes  

Slope FOS can be compute by following the defined steps and utilizing the software's features. 

Firstly, the slope geometry must be precisely defined. FLAC 2D provides a user-friendly interface 

to input necessary parameters such as slope inclination, height, and slope face properties (Liu, 

2020). Secondly, assigning material properties, then mesh generation, finally implementation of 

appropriate boundary conditions. After defining all parameters of the model analysis can be proceed 

to derive the slope surface with the lowest FOS and also plot strain contour of the modeled slopes 

(Itasca, 2018). 

Numerous failure surfaces with multiple radii and with their centers located in the selected grid are 

considered. Eventually, the critical surface and its FOS will be selected. The FOS practically 

defines when a slope is unstable (FOS < 1.0). If the FOS was a deterministic variable then any value 

higher than 1.0 would be sufficient to classify a slope as stable. However, the uncertainties 

incorporated in the derivation of the FOS (the method of analysis, the physical and mechanical 

properties of the ground, the geometry of the ground, the seismic load and others) impose a degree 

of uncertainty in its final value (Itasca, 2018). 

These results are obtained through a series of calculations and simulations in the FLAC2D slope 

model (Liu, 2020). 

Key output parameters: 

  - Displacement: Indicates the magnitude and direction of movement of the model elements 

  - Stress: Reflects the forces acting on the model's elements 

  - Strain: Measures the deformation and distortion of the model's elements 

  - Pore pressure: Represents the pressure of the fluids within the model 

The analysis of FLAC2D output involves examination of the above aforementioned parameters. 

This analysis is highly important in understanding the slopes’ model response and making informed 

measures and decisions regarding the stability and sustainability of slope safety (Cala and Flisiak, 

2003). 
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 3.14.1 Displacement analysis 

Examining the displacement results allows engineers to identify areas of potential instability or 

excessive movement (Itasca, 2018). 

 3.14.2 Stress Strain analysis 

The stress distribution provides critical information about the forces acting on different areas of the 

model. Evaluating strain data enables engineers to understand the extent of deformations within the 

model (Itasca, 2018). 

3.15   Literature Concluding Remarks 

The current literature review highlights the existing facts and methods of slope stability analysis and 

rock mass characterizations. In each part of the present literature review explains how rockmass and 

soil properties can be determined, from insitu tests, laboratory tests, and using empirical 

correlations. The current states of the reviewed literature were found from published articles and 

reports in different journals.  

By utilizing FLAC2D for slope analysis geological engineers can simulate natural or manmade 

slopes and analyze the stability of different geological formations at different slope conditions. 

Some key reasons to choose FLAC2D for slope analysis include its ability to model complex 

geological conditions, also allow for the modeling of complex slope geometry including layered 

soils, and jointed rock masses. 

Slope stability analysis is essential to ensure the long term safety and economic viability of the dam 

projects, as it helps identify potential slope instability problems in the dam reservoir slopes and 

determine appropriate stabilization measures for the sensitive layers. 
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 :                                 METHODS AND DATA ORGANIZATIONS 

4.1  Introduction 

Geological and geotechnical characterization of rockmass and soil has been done to characterize the 

slope and identify the critical reservoir slopes. Numerical and kinematic methods were used in the 

current study for the assessment of mode of failure and safety of selected reservoir slopes. 

4.2 General Methodology  

A detailed investigation has been carried out from field surveys to laboratory tests to obtain a 

necessary geotechnical and geological parameters required for the stability analysis. The field 

survey was performed by traversing along the reservoir rim slopes to select the critical slopes. 

Based on slope susceptibility for failure due to the causative factors and slight indication of failures 

on the existing slope (see Plate 4.2 to 4.4), three critical slopes were selected for slope instability 

analysis.  

All the essential data related to geometry of slope, height and slope dipping, rockmass description, 

joint orientation and weathering conditions of slope materials, and hydrological condition of the 

area that affects the stability of the selected reservoir slopes has been collected. The input data for 

the critical reservoir slope analysis were obtained from field investigation and laboratory tests. Field 

investigations involves marking and characterizing the field critical slopes found on the buffer 

elevation of reservoir water with the level of filling up to 45m height of the dam (2810 + 45m 

a.m.s.l). Discontinuity surveying, rock mass characterizations and Schmidt hammer rebound tests 

has been conducted on the critical slopes. Laboratory tests were performed to determine slopes 

material properties. Such as; unit weight of rock and soils, UCS test, and direct shear tests for soil 

samples, compressive tests for rock samples. Based on the determined properties of soils and rock 

masses which obtained from laboratory and field tests input parameters can be found. The stability 

analysis on the selected slopes has been carried out using finite difference method FLAC 2D 

software on all three critical slopes under static dry and static saturated condition. Kinematic 

analysis has been conducted on the selected upper slope section of RS-1. 
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4.3  Data collection 

Geotechnical data collection is the fundamental basis and the first steps adopted for creating a 

representative geotechnical model that was used for advanced technical assessment and data 

validation process. A detail on the engineering properties of the soil and rock masses has been 

obtained from a fully developed and realistic geotechnical model. In the data collections process for 

slope stability assessment the primary and secondary data were collected. So as to collect all these 

required data a reconnaissance geological traverse and geotechnical assessment along the reservoir 

rim were carried out to understand the slope conditions and instability problems along the reservoir 

slopes due to the slope failure triggering factors. 

 4.3.1  Secondary data collection 

Final geotechnical reports containing geology of the area, borehole data, maps and soil laboratory 

results were obtained from the laboratory of ADSWE. The review of report was made to understand 

clearly the investigation they carried out on the dam area. 

 4.3.2  Primary data collection 

In order to carry out this research essential input data were collected. Field data such as, 

discontinuity survey (discontinuity data of rock mass), Schmidt hammer rebound test, and sketching 

actual field slope geometry for the software slope geometry in FLAC 2D. Shear strength tests and 

unconfined compressive tests were conducted on representative samples of tuff soil and clay soil 

which were taken from the selected slope section (RS – 3) in the geotechnical laboratory of 

ECDSWE. Compressive strength tests were conducted for samples taken from upper slope layer of 

RS- 1 in the laboratory of ADSWE. 

4.4  Delineating dam reservoir and selecting critical slopes  

The analysis revealed that the reservoir water level extracted from 12.5x12.5m pixel resolution 

Digital elevation model data downloaded from online (ALASKA) source. ArcGIS 10.8 software 

was utilized for reservoir delineation. The lowest elevation in the dam reservoir is 2810 m a.s.l. on 

the dam axis. 
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For reservoir critical slope selection detailed traverse was conducted along the whole rim slope of 

Ajima dam with the buffer zone of 10 m. Traverses were aimed to identify the critical reservoir 

slopes due to the expected predisposing factors for the slope instability and the then most 

susceptible slopes have been identified as a critical slope (see Figure 4-1). The three critical slopes 

were identified as most susceptible slopes for local failure due to its natural slope geometry and 

slope gradient, weak and friable lithology, weathering conditions of slope rockmass (see Table 4-1). 

In addition, high intensity of rainfall is common in the summer season at the dam area, this 

significantly affect the slope stability by saturating the slope materials and decrease the its shear 

strength. Which makes the critical slopes susceptible and analysis is necessary to predict the safety 

of the slopes under different conditions.  

 

Figure 4-1: S1, S2, and S3 were location of selected slope sections for stability analysis 
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Table 4-1: The exploratory critical slopes (CR) sections selected from the dam reservoir 

slopes 
CR Location CR Geotechnical units Expected causative factors 

RS-1 Upstream side of right 

abutment around      

1.3km from dam axis 

Moderately weathered tuff 

overlay by highly fractured 

& jointed rhyolite rock 

Steep natural hill slope, weak 

and weathered toe slope 

material 

RS-2 Around 1.2km from left 

abutment dam axis 

Weathered tuff rock 

underlay by highly 

weathered tuff rock 

Quarry site water seepage and 

weathered slope materials with 

steep slope saturate by water 

RS-3 On the left abutment of 

the dam axis 

Residual clay soil underlay 

by decomposed tuff soil 

Removal of support and also 

surface water saturation 

4.1  Field investigations and slope geometry on the selected critical slopes  

The detailed survey reveals that there are three selected critical slopes in the periphery of the 

reservoir slopes. It was found that RS-3 slope layer profile consists of residual clay on the top layer 

of the slope and the bottom layer is a decomposed tuff soil (see Table 4-1). From RS-3 the disturbed 

soil samples have been taken from both bottom and upper layer to do laboratory tests. In RS-2 the 

upper slope layer is moderately weathered tuff rock and on the bottom of slope section highly 

weathered tuff rock unit. The slope geometry and stratigraphy, depth of slopes layer were obtained 

based on field characterization and measurement. The inclination of RS-3 is in arrange of (40-50) at 

the bottom layer and (70-80) on the upper slope section. RS-2 has an inclination of (80-85) at the 

bottom of slope and (30-40) degree at the upper slope section. RS-1 has weathered and fractured 

rhyolite unit. The inclination of RS-1 is in arrange of (80-85) at the upper layer and (30-35) degree 

on the bottom of the slope layer.  

During the field survey measurements has been made for the depth and inclination of the slopes 

layer. The maximum height of slope has been taken as 17m, 18m and 14m for RS-1, RS-2, and RS-

3 respectively. The slope used in the study consisted of varying heights, H. From this it is inferred 

that with increasing steepness of slip surface, and height of the slope tends to get more unstable 

marked by reduction in FOS.  
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It is divided into different sections of geologic materials and the geometry was built in FLAC 2D 

tool for analysis. To perform a realistic numerical study to investigate stability of a critical slope, it 

is very important to build an accurate geological model including all the important material 

properties. It is not suitable to reflect the original topography since; the slope surface is irregular 

with many waviness surfaces. However, it was simplified by drawing in guidance with the slope 

layer depth and inclination measured values on the FLAC 2D slope model based on the field 

investigations. 

4.2  Uncertainties from methods of sample tests  

Parameters of the slope materials were derived from insitu and laboratory testing. Sources of 

uncertainties were due to natural variation which is occurrence of heterogeneous material in the 

slope extent and therefore there can be differences in properties. Natural variation is due to the 

geological conditions that the slope material is exposed.  

The soil taken from RS-3 for laboratory tests was disturbed samples. The shear strength parameters 

of soil can be affected when the sample has disturbance. Therefore, some uncertainties in the 

determination of shear strength parameters from disturbed soil samples were expected. 

4.3  Geotechnical properties of critical slope material for analysis 

Insitu tests and laboratory tests were performed to determine the soil and rockmass properties which 

are used for the input data for software analysis.  

 4.3.1  Unit weight of slope materials 

The soil unit weight is an important property in the computation of slope stability. The unit weight 

of soil can affect the stress conditions of soil meaning that it can affect the shear strength. Soil unit 

weight is the density times the gravity. The density of soil is obtained by the mass of soil sample 

divide by volume of a given soil sample, and also the volume of a given soil sample were obtained 

through buoyancy method by firmly coting with plastic.  
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 4.3.2  Shear strength of slope materials 

One of the important parameters in slope stability is the shear strength. Therefore the shear strength 

is evaluated from direct shear test in the laboratory for soil and from roc Lab software for rockmass. 

Test results can be seen in Appendix part of the thesis. 

 4.3.3  Pore water pressure on the critical slopes  

The pore water pressure determines how high the effective stress is in a material. High pore 

pressure will often imply reduced shear strength. Thus, it has a clear link between soil and rock 

parameters in with pore water pressure.  Since, there is no water table up to the slope's depth, pore 

water pressures have been set at zero in this study for the selected three critical slopes analysis. 

4.4   Insitu uniaxial compressive strength measurement on the critical slopes 

The Schmidt hammer test determines the surface rebound hardness which is related to the 

compressive strength. Tests were carried out in accordance with ASTM D5873 (2001) test 

procedure. A Schmidt hammer was used to gently strike the test surface while being applied 

perpendicular to it. The Schmidt hammer rebound values were listed in ascending order and the 

mean of the rebound value (R) was taken for the computation to determine UCS value of the intact 

rock. The harder the surface, the shorter the penetration time (i.e. smaller impulse) or depth (i.e. 

lesser work or energy loss) and hence the greater the rebound i.e. smaller momentum change.  

For the current research, the test was conducted with N type Schmidt hammer and it was carried out 

on in-situ outcrops at 10 points with a minimum separation of 50 cm on the tuff rock slope. During 

the test, a spring-loaded mass impacts the material and the rebound value is read from the sliding 

mark. Ten values are acquired for each test and took the mean values of the records, and 

recommend averaging the left rebound values of the Schmidt hammer from at least 10 single impact 

readings after removing any that deviate by more than 7 units. 

4.5  Estimated rock mass deformation modulus of critical slopes 

Deformation modulus of rock mass is an integral parameter for numerical modeling of rock slopes 

for the slope failure analysis. The rock mass deformation modulus determination in the actual field 

slope is a very challenging task, and then questionable results may obtain due to complicated 
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procedures. Thus, in this study rockmass modulus of deformation has been computed using 

empirical techniques from estimated GSI values (see Table 4-13). 

4.6   Poison’s value of critical slope materials 

The poison’s value for the rock mass has been determined from empirical relations for the input 

value in the FLAC2D software. Poison ratio of a given soil sample has been taken in a range 

between (0.3- 0.4) for residual clay soil referenced from previous scientific literature works. 

4.7  Dist rbance factor D of critical slopes u

When slopes are excavated in rock masses the rock results in stress relief which allows the 

surrounding rock mass to relax and dilate. No blasting results in minimal disturbance to the 

surrounding rock mass and the Suggested value of natural slope has zero disturbance factors. 

Disturbance factor can significantly reduce the adopted rock mass strength and possibly the FOS. 

4.1 Geological Strength Index (GSI) value on the critical slopes 

GSI value can vary in different rock masses based on the discontinuity conditions and degree of 

weathering of the rock exposure. For the moderately weathered tuff rock in RS-1 estimated GSI 

value fall in a range of [20-25] and 23 has been taken. Rhyolite rock masses in RS-1 encountered as 

fractured and highly weathered exposure surface. Most blocks in this unit are created by four set of 

visible joints and the estimated value of GSI has been taken in a range of [30-35]. The estimated 

GSI value for RS-2 bottom layer was on a range of [10-15] and taken 13, which is a tuff rock mass 

and has highly weathered slope surface with loss fragment rock unit, and the upper slope layer in 

RS-2 was moderately weathered and GSI value from the GSI chart fall in a range of [20 – 25] and 

23 has been taken for HW tuff rock (see Table 4-11 & Table 4-12).  

4.2  RS-1 Geological unit properties 

The RS-1 is located on the side of right dam axis far of about 1.3km in the upstream. The material 

constitute of moderately weathered tuff rock overlain by highly weathered and fractured rhyolite 

rock, the slope is found at the cliff edge of the river bank. 

Two samples were taken from slope one (RS-1) to determine compressive strength at the ADSWE 

laboratory. The samples were tested to determine UCS value, using compressive strength machine. 
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The rock mass GSI values were taken in the field estimation the rock mass properties. The GSI 

value of rock unit has reduced value due to the presence of high degree weathering and more 

fractured surface on the exposed slope.  

 4.2.1  Discontinuity survey on RS-1 

Rock data were collected from discontinuity surveys in the fieldwork, which are a crucial part of 

estimating the quality of the rock mass in the science of rock engineering. The qualities of a rock 

mass strength, deformability, and permeability are all significantly affected by its discontinuities of 

rock mass. Scanline surveys are an effective approach that involves tracing a line over an 

outcropped rock surface and measuring and describing all the discontinuities that cross it. Joint 

orientation and filling materials, rockmass roughness, and degree of rock weathering have been 

investigated to estimate GSI value of the rockmass. Upper slope layer of RS-1 comprises of highly 

fractured rhyolite unit as shown from the slope surface exposure (see Plate 4-2).  

 4.2.2 Uniaxial compressive strength (UCS) for RS-1 

Table 4-2: The UCS values of rhyolite rock sample from bottom section (compressive 

strength test) RS- 1 

Code of 

sample 

Area of compression 

face (mm2) 

Max load at 

failure (KN) 

Compressive strength 

UCS (MPa) 

S- 1 96 55 57 

S- 3 108 14   13.2 

                                        Average =       35.1 

    Table 4-3: The UCS values of RS-1 upper slope section (from compressive strength test)  

Code of 

sample 

Area of compression 

face (mm2) 

Max load at 

failure (KN) 

Compressive strength 

UCS (MPa) 

S- 1 104 54   52.9 

S- 2 78 58     76.16 

                               Average value =         64.53 
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The reported UCS test result on the sample in RS-1 has significant difference in values this is 

expected due to the presence of microstructure and weathering degree variation in the tested 

samples. Thus, the mean values of UCS become recommended as the input parameters for the slope 

analysis. The average UCS of fractured rhyolite has been determined as 49.8 Mpa from the average 

minimum UCS value of 35.1MPa, and the average maximum value of 64.53Mpa. The selected rock 

sample has a medium strength in a range of (25-50) according to the classification by Deere and 

Miller (1966). 

 Table 4-4: Schmidt hammer rebound test values for moderately weathered tuff rock on the   

bottom of slope section one RS-1 and UCS value using empirical equation. 

Slope 

station 

 

Schmidt hammer Rebound value, R 

R. 

av 

γ, dry  density 

in KN/m3 

UCS, 

(Mpa) 

RS- 1 MWT: 21, 22, 23, 21, 21, 20, 20, 22, 21, 20 21 16  17 

     Where, MWT – Weathered Moderately welded tuff, and 

                   R. is average Schmidt hammer rebound values 

 

Table 4-5: The physical and mechanical input parameters in Roc lab software for RS-1. 

Geologic units Estimated 

GSI 

UCS 

(Mpa) 

mi Slope height 

of each layer 

Unit Weight 

γ(KN/m
3
 ) 

Weathered rhyolite (WFR) 30-35, (33) 49.8 23 7 24 

Weathered tuff rock, MWT 10-15, (13) 17 11 10 16 



 
Stability assessments on the selected reservoir slopes of Ajima earth dam North Shoa, central Ethiopia 

 

                 MSc Thesis in Engineering Geology                                  @AAU                                                Page | 51 

Table 4-6: Results of rock mass properties from Roc Lab software for RS-1 

Geologic units mb s a Cohesion 

(MPa) 

Friction 

angle (º) 

Modulus of deformation 

Em (Mpa) 

WFR in upper 

slope section 
2.101 0.0006 0.518 0.147 63.9 2652 

 MWT in bottom 

slope section 

0.492 0.0001 0.570 0.046 41 490 

               Where: FWT is fractured and weathered rhyolite rock unit, and MWT is moderately 

weathered tuff rock. 

 

  

WFR rock strength compute using Roc Lab  MWT rock strength compute using Roc Lab 
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      Plate 4-2: Field photo on critical slope section one (RS-1) 
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4.3  RS-2 rockmass properties determination 

The uniaxial compressive strength (UCS) of the intact rock at RS-2 was obtained from Schmidt 

hammer strength test in the field (Barton and Choubey, 1977).  

The Schmidt hammer rebound values are lower for the moderately welded tuff rebound number 

which ranges from 20 to 24 Schmidt hammer rebound number for welded tuff. 

Using these empirical equations, the values of UCS for the geotechnical unit of RS -2 were 

presented below (see Table 4-7). 

Table 4-7: Schmidt rebound values on RS -2 

Critical 

station  

   Schmidt hammer Rebound value, R Rav. γ, dry density 

in KN/m3 

UCS, 

(Mpa) 

RS-2 MWT: 23, 22, 20, 22, 21, 23, 21, 22, 24, 23 

HWT: 21, 22, 21, 21, 21, 20, 20, 22, 21, 20 

22 

21 

16 

15 

19 

15 

              Where; MWT – Moderately weathered tuff, HWT – Weathered welded tuff,        

                            Rav: is average Schmidt hammer rebound values.  

                            UCS: values were obtained from conversion of Schmidt rebound values. 

 

  Table 4-8: The physical and mechanical input parameters in Roc lab software for RS-2. 

Geologic units Estimated 

GSI 

UCS 

(Mpa) 

mi Slope 

height 

Unit Weight 

γ(kN/m
3
 ) 

MWT 20-25, (23) 19 13 14 16 

HWT 10-15, (13) 15 11 4 15 
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  Table 4-9: Results of rock mass properties from Roc Lab software for RS-2 

  Geologic 

units 

mb s a Cohesion 

(MPa) 

Friction 

angle (º) 

Modulus of deformation 

Em (Mpa) 

 MWT 0.831 0.0002 0.536 0.059 51.3 921 

 HWT 0.492 0.0001 0.570 0.019 49 460 

 

  

MWT rock strength compute using Roc Lab HWT rock strength compute using Roc Lab 

 

See (Figure 4-3) it shows slight failure of slope materials, wetting of slope surface and leek of 

water on the weak zone of slope face due to the percolation of logged water on the quarry site. 

Critical slope two (RS-2) exist below the quarry site one of Ajima dam. 
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Plate 4-3: Field photo on critical slope section one (RS-2) below the quarry site one 

NB: The red dot line and arrows (see Plate 4-3) can show the step down movement of the slope 

parts due to slight disturbance of the critical slopes. 
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4.4  Estimated Young’s modulus of soil on RS- 3 

The UCS result presented as 77.25 Kpa for tuff soil, and 177.46 Kpa for clay soils and cohesion and 

friction angle of tuff soil and clay are shown in (Table 4-10). 

Table 4-10: The physical and mechanical parameters of critical slope (RS-3) obtained in lab 

test 

Lithology UCS 

(Kpa) 

Young’s 

Modulus (MPa) 

Unit Weight 

γ(kN/m
3
 ) 

 

 C(Kpa)        Angle Φ(°) 

Tuff soil 77.25 2.912 14 13.33 34.21 

Residual clay 177.46 5.629 19 28.67 12.13 

 

 

Plate 4-4: Field photo on critical slope section one (RS-3) on the left side of dam axis. 
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The deformation modulus of soil and a rock mass is an important input parameter in any numerical 

modelling analysis of slope.  

The stress strain curve of soil obtained from laboratory tests is the basis to determine soil 

parameters like: the elastic modules corresponding, in a sense, with Young’s modulus E, as in the 

case of soil the stress-strain relationships.  

Young’s modulus (Ed) of Tuff soil and residual clay soil was generated from the slope of stress – 

strain graph, using the unconfined compressive strength test data. The result of young’s modulus of 

tuff soil and residual clay soil are presented below (see Figure 4.5 B) and (Figure 4.6 B) 

respectively. 

The laboratory test was conducted at the laboratory facilities at ECDWE. All laboratory test series 

for this work can be seen in the Appendix part of the thesis. 
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Figure 4-5: A) stress-strain graph, and B) Young’s modulus graph of tuff soil of RS- 3 

 

 

 

Figure 4-6: A) Stress-strain graph, and B), Young’s Modulus of residual clay soil from RS- 3. 

4.5  Rockmass characterization on the critical slopes, RS-1 and RS- 2 

The joint conditions and weathering conditions of geologic materials on the selected slopes were 

traced has been done. Based on the GSI chart the value was set for the selected rock slope based on 

field observation of rockmass conditions (see Table 4-11). 

Table 4-11: Summary of rock mass characterization for GSI method on RS-1 & RS-2 

Rockmass 

Properties  

RS- 1 RS-2 

 
WFR MW tuff HW tuff 

Rockmass surface 

condition  

 

Highly fractured, 

gouge < 5 mm infill 

with clay  

Moderately weathered 

and sheared formation 

of rockmass surface 

Surfaces are rough, highly 

weathered and sheared 

fragmental blocks  

Discontinuity 

condition 

Weathered and four 

set of jointed block 

Joint with weathered 

surface 

Highly weathered joint 

surface 

Estimated GSI 30-35 20-25 10-15 

Where; WR- Weathered rhyolite, MW- Moderately welded, WFR= weathered and fractured rhyolite 

B A 
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  Table 4-12: Estimated GSI value for rockmass classification in the critical slopes 

GSI Rockmass quality Estimated GSI value on the selected critical 

slope 

  < 20        Very poor [10-15] for bottom layer RS-2  

21-40 Poor [20-25] for upper layer of RS-2     and for 

bottom layer of RS-1, 

 [30-35] for Weathered and fractured 

rhyolite unit in RS-1 

41-60                Fair    -- --- -- -- 

61-80 Good    -- -- --- -- 

81-100         Very good    -- -- -- --- 

4.6  Estimated deformation modulus from GSI 

Using suitable estimation of rockmass of UCS and GSI, then correlate the deformation modulus 

with those values to have the critical slopes stability model in FDM modelling. Deformation 

modulus of tuff rock depends on several factors such as; degree of weathering, composition, 

internal porosity, and confining applied pressure on the rock. However, the strain rate of soft rock is 

higher than hard rock under the same stress condition. Pyroclastic tuff rock has a low uniaxial 

compressive strength which is even more weakly interlocked fragment material in the existing slope 

rock unit. Field estimation has been taken on the critical slopes rockmass to have of GSI value and 

empirical correlation has been done using the existing equations from adopted literature works. 

However, the estimated GSI value in each critical slope directly used in the Rock Lab software as 

input parameter to compute rockmass modulus of deformation. The empirically computed value of 

deformation modulus of rockmass has been illustrated below; see (Table 4-13). 
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Table 4-13: Summary of estimated deformation modulus of rock mass using empirical 

relations with GSI value. 

Critical 

Slope 

Rock 

unit 

Eq. 

(3.15) 

Eq. 

(3.16) 

Eq. 

(3.17) 

Eq. 

(3.18) 

Average 

Em (GPa) 

Empirical equations proposed 

by: Hoek et al., (1997)....... 

Eq. (3.15); Majdi et al., (2012) 

….. Eq. (3.16); 

Ghamgosar et al., (2010)….. 

Eq. (3.17); Gokceoglu et al., 

(2003) ….. Eq. (3.18) 

RS-1 WFR 1.94 3.79 2.846 1.950 2.63 

MWT 0.40 1.55 0.783 0.736 0.86 

RS-2 HWT 0.26 1.15 0.509 0.531 0.62 

MWT 0.53 1.85 1.013 0.894 1.07 

From  this computation  it  can  be  observed  that  every  empirical correlation  can estimates  the  

value  of  modulus of deformation, Em  which has different  results.  The  equations  proposed  by 

Majdi et al., (2012)  and  Ghamgosar et al.,  (2010)  indicated  very  high  values  compared  to  

other  equations.  Among  rest  of  the correlations by Hoek et al., (1997) and Gokceoglu et al., 

(2003) method  indicates  most  conservative estimation  with  lesser  Em  among  the other 

empirical equations used in this study.  However, when compared Em values computed using 

RocLab, the empirical estimated Em values are still having higher results.    

4.7  Estimated Poisson’s ratio of rockmass for RS-1, RS-2  

Poisson's ratio plays an undeniably important parameter in slope analysis in addition to the 

parameter of deformation of rock masses.  

Table 4-14: Hoek- brown constant, minimum and maximum Poisson’s ratio of intact rock 

Gercek (2007), also from the published data by Hoek and Brown (2019). 

Type of the rock Hoek-Brown constant, mi Poisson’s rate value (v) 

min max Mean 

Basalt 25 ± 5 0.1 0.35 0.225 

Granite 32 0.1 0.32 0.21 

Rhyolite 25 ± 5 0.08 0.32 0.20 

Shale 7 0.05 0.31 0.18 

Tuff 13 ± 5 0.1 0.27 0.185 
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Table 4-15: Estimated Poisson’s value of critical slopes rock mass using empirical relations 

with Vi, mi (value of its intact rock) and GSI value. Eq. (3.13) and Eq. (3.14) for 1 and 2 

respectively 

 
RS- 1  RS- 2 

Poisson’s empirical equation for rock mass 
WFR    MWT  MWT HWT 

1. Vrm = -0.002GSI + Vi + 0.2 0.32 0.33  0.34 0.32 

2. Vrm = - 0.002GSI - 0.003mi + 0.457 0.29 0.36  0.36 0.35 

Average of Poisson’s value (Vrm) of rock mass 0.30 0.34  0.34 0.35 

Table 4-16: Estimated Shear and bulk modulus of rock mass using Eq. (3.19) & Eq. (3.20) 

 RS- 1  RS- 2 

Empirical relations WFR           MWT  HWT MWT 

K= 
𝐄

𝟑(𝟏−𝟐𝐕)
 (GPa) 

G = 
𝐄

𝟐(𝟏+𝐕)
  (GPa) 

2.26 

 

0.94 

 
 

 

0.69 

 
 1.11 

 

1.0 0.32  0.22  0.40 

Where, WFR is weathered and fractured rhyolite, MWT is moderately weathered tuff rock 

and HWT is highly weathered tuff rock, K is bulk and G is shear modulus. 

 

In the rockmass characterization of the slope rock materials deformation modulus and poison’s ratio 

were estimated. However, the values estimated using empirical method was much greater than the 

values computed using Roc Lab software, meaning the more overestimated of elastic modulus of 

rockmass were observed in empirical correlation using GSI value. In the present study of numerical 

slope analysis Roc Lab output of rockmass properties has been utilized. 

4.8  Stability analysis approaches for the selected slopes 

The present slope analysis on the selected reservoir slope has been done using conventional 

kinematic method and numerical modelling. However, for the selected slopes numerical modelling 

using FLAC2D were important to investigate slope stability and deformation behaviors of slope 

materials with factor of safety. Thus, in the present study most of the slope analyses were conducted 

using Finite difference method using FLAC 2D software. 
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4.9  Kinematic approach for upper section of RS-1 

In the present kinematic analysis performed to examine which modes of failure can possibly occur 

in the rock mass of the slope. Analysis requires the detailed evaluation of rock mass structure and 

the geometry of existing discontinuities contributing to block instability. Program DIP 

software allows for visualization structural data using Stereonet, determination of the kinematic 

feasibility of rock mass and statistical analysis of the discontinuity properties based on the 

geological data of the rock mass structures on the exposed slope. Which is commonly used for 

determining the modes of rock slope failure by plotting the plane’s strike and dip in conjunction 

with the discontinuity of a plane. 

Table 4-17: Input parameters used in DIP 7 software for kinematic modeling for highly 

fractured and weathered rhyolite rock mass on upper slope section of RS- 1 
Slope 

layer 

Slope face orientation 

D/DD (º) 

 Joint set orientations (dip and dip direction) 

Respectively, 

 

WFR unit 

in upper 

(RS-1) 

80
0
/150

0
 JS1 (º), 

JS2 (º), 

JS3 (º) 

JS4 (º) 

80/310, 83
0
/74, 78

0
/007, 85

0
/248, 87

0
/214, 

80/318, 87/038, 83/112, 85/268, 60/056, 

63/082, 86/190, 85/122, 86/270, 80/250, 

80/326, 88/210, 80/90, 50/170, 70/170 

4.10   Modelling Slopes and Analysis Steeps in FLAC 2D 

In the present study to conduct slope stability analysis FLAC 2D of a continuum numerical model 

has been utilized. The profile of slope is divided into two different geometrical layers. The slope 

profile is constructed based on the real field geometry, height and inclination of slope sections. 

Geometry of the slope has to be decided and was built through sketching tool on the modelling 

work space of FLAC 2D software. After building the geometry of the problem, assigning 

geotechnical specifications of rockmass and soil layers has been needed. Finally, the computation 
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was performed to generate contour plot of the slope and safety factor in each selected critical slopes. 

The following procedures have been performed in FLAC2D slope analysis in the present study. 

Sketch or build the geometry of slope …, Assign the material properties of soil and rock mass in the 

selected model type …, Insitu (fix boundary condition, apply stress)..., Setting (gravity)…, Plot to 

show (displacement contour, stress-strain condition, FOS) in graphical way…, Run (analysis the 

model) to display graphical output (see Figure 4.7).  

Build/Sketching: All the geometry of the slopes face and slope layers has been generated to model 

the existing critical slopes. The geometric creation of slope in FLAC 2D is using sketch or using 

commands of FISH, however in this study sketching has been used. Selection of the location and 

type of boundary conditions is very important. If the boundaries are too close to the area of interest, 

the boundary effects may influence the modelling results. The selected zone size can have a 

significant effect on key modelling results such as the factor of safety (FOS). A small zone size can 

produce a large model and longer time to run the slope model. 

Model: Mesh has been created using automated zoning, the material being modelled (e.g., rock 

mass or soil) is divided into elements (or a mesh). Each element is assigned a material model and 

properties and the material models are stress-strain relations that describe the material behavior. 

Initial conditions: In the FLAC 2D assigning the constitutive model, properties of rocks and soils, 

assign the roller (side) and fixed (bottom) boundaries has been done. The strength parameters (for 

the soil, rockmass and discontinuities) are generally very important, and will have a significant 

impact on the predicted stability/FOS. The adopted elastic properties (Young’s modulus and 

Poisson’s ratio) will generally have a great effect on the model displacements but not generally on 

the FOS. 

4.11   FLAC 2D Slope Modelling Conceptual Framework 

To compute the slope stability under different slope conditions the series of multiple steps from the 

beginning to the end has been performed with appropriate data entry in each step. The conceptual 

model has been constructed for FLAC 2D slope analysis. In this case the factor of safety and stress 

strain behavior of the slopes material can be displayed as an output of FLAC2D after step wise 

analysis (see Figure 4-7). 
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                                      Figure 4-7: Analysis procedure in FLAC 2D program 
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 :                       DATA ANALYSIS, RESULTS AND DISCUSSION 

5.1  Kinematic analysis on RS-1 

Their discontinuity orientations were displayed using DIP V7 software and resulting direct toppling 

of rock mass slope face. The projection of lower-hemisphere in equal-area was selected for DIP 

software. Determining the magnitude of orientation of potentially unstable block of rockmass in the 

slope exposure were the primary tasks. As a result, three dominant joint sets were distinguished 

with their respective orientations which have major joint discontinuity set. The strike of the slope 

exposure is around 150
0
, dip of 70

0
 and dip direction of slope is 80

0 
(see Figure 5–1). 

 

Figure 5-1: Kinematic analysis indicating failure type and direction (shaded area of the sphere)  

 5.1.1  Mode of rock slope failure in RS-1 

The failure mode depends on the geometric interaction of the existing discontinuity orientations in 

the rockmass of the reservoir slope. The kinematic model of geologic data can identify and shows 

the possible likely potential failure mode of the rock slope. Thus, the upper section of highly jointed 

rhyolitic rockmass slope exhibited toppling failure. The failure mode is very familiar in the steep 

rock slope where, there is steeply dipping joint into the natural reservoir hillside set rotated on the 

base of the discontinuous block of rockmass. 
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5.2  Numerical model interpretation 

Assessing stability condition of the critical slopes was based on the contour plot indicators such as 

displacements and stress-strain of the slope materials. Numerical model for FOS computation has 

been modeled and analysed to have deformation contour plots and FOS. In this study the FLAC 2D 

analysis of critical slopes has been illustrated graphically under dry and saturated conditions. 

5.3  Stability analysis of reservoir rim slopes using FLAC 2D 

In the present study slope analysis results from FLAC2D can clearly shows the maximum shear 

strain contours for the critical slope using the mean shear strength analysis with FOS.  

 5.3.1  Analysis critical slope section (RS-1) using FLAC2D 

The maximum shear strain contours through-out the model is plotted for Hoek - Brown material in 

(Figure 5-2). Movement of the geologic material concentrated along the bottom side of the slope 

face.  It can be observed that the field slope is stable under static dry condition (FOS=1.63). 

 

 

Figure 5-2: Slope displacement contour and factor of safety plot for RS- 1 under static dry 

condition 

The critical reservoir slope (RS-1) was analysed in static saturated condition to have FOS and the 

contour plot of the model shows the deformation of slope layer (see Figure 5-3). 
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Figure 5-3: Slope displacement contour and factor of safety plot for RS- 1 under static 

saturated condition 

 5.3.2  Analysis critical slope section (RS-2) using FLAC2D 

The maximum shear strain contours throughout the model are plotted for Mohr-Coulomb material 

model see in (Figure 5-4). Movement of the geologic material concentrated along the mid side of 

the slope face. It can be observed that the field slope is stable under static dry condition with a 

safety factor (FOS) 1.42. 

The contours for displacement and deformation show a clear failure patterns that goes through the 

mid of slope materials and extends to the base of the slope face having weak geology. 
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Figure 5-4: Factor-of-safety plot for reservoir rim slope RS-2 in static dry condition 

As it can be seen from (Figure 5-4) the FLAC2D model produced noticeable deformations along the 

weak layer of tuff material on slope RS-2. It can be observed that the field slope is stable under dry 

condition (FOS=1.42). 

 

 

Figure 5-5: Factor-of-safety plot for reservoir rim slope RS-2 in static saturated condition 

As it can be seen from (Figure 5-5) the FLAC2D model produced noticeable deformations contour 

and the slope has (FOS=1.12) under saturated slope condition. 
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 5.3.3  Analysis of critical slope section (RS- 3) using FLAC2D 

As it can be seen from (Figure 5-5) the FLAC2D model produced noticeable deformations on the 

foot of slope section. The slope has an inclined semicircular slip surface and of geologic materials 

has produces high-strain on the weak tuff material at the toe of the slope. It has been observed that 

the field slope is unstable under static saturate condition (FOS=1.32). 

 

 

  Figure 5-6: Factor-of-safety plot for reservoir rim slope three RS - 3 in static dry conditions 

Factor-of-safety calculation has done and stable under the static saturated condition (Figure 5-6). 

The state of the slope has a FOS of. 
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Figure 5-7: Factor-of-safety plot for reservoir rim slope three RS - 3 in static saturated conditions 

The factor of safety values indicates that the slopes were critically stable at section RS-2 and RS-3 

under the two conditions of dry and wet slopes. RS-1 under dry condition was stable. However, the 

slope is unstable for saturated conditions which indicate that the slope stabilization measures have 

to be undertaken at this slope section. 

The main thing from the above FLAC 2D output is that the slope having high value of safety factor 

does not mean the slope is safe. However, evaluation of slope stability can help to get a better 

understanding and shows the of the stress-strain behavior or deformation rate of slope materials. 

5.4  Effect of mesh density 

Different options of mesh densities were considered in FLAC 2D analysis, the mesh zone may 

range from very fine mesh to a very coarse size. As the mesh density or size increases, the number 

of discrete model elements increases. The factor of safety decreases slightly with increasing of mesh 

density in the slope model. Even though it takes more analysis time and needs a high-performance 

computer, the accuracy of the analysis increases with increasing the density of mesh. Analysis time 

is high for large dimensional slope geometry. All in all, the selection of mesh size mainly depends 

and aimed for accurate work of model analysis. 
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Figure 5-8: Shear strain contour plot of RS-1 under static dry condition with fine mesh zone. 

The mesh size can has small variation of safety factor compared with the medium mesh. With same 

parameters and material properties of the slope RS-1 has a FOS of 1.63 and 1.59 in medium and 

fine mesh size model respectively.  

5.5  Effect of the UCS and GSI variations on slope stability 

As the weathering degree increases in a rock, it increases the clay content on the weathered 

rockmass and results the decrease of GSI value. The estimation of the GSI system required better 

knowledge and skills about collecting and evaluating the field data on the rockmass. However, the 

quantitative and empirical model approaches are easy to be used for the assessment of exposed rock 

mass slopes. 

Extensive weathering and moisture on the rockmass can play a crucial role in lowering the strength 

of the rock materials. The major controlling factors for uniaxial compressive strength (UCS) can be: 

mineral composition in the rockmass, rockmass structure and its texture, jointing and heterogeneity, 

moisture content in the rockmass and the state of stress on the rockmass. The uniaxial compressive 

strength (UCS) values of weak and soft rocks are reduced. These the GSI and UCS variation can 

directly affect the reduction of rockmass deformation modulus and with the values of safety factor 

of the slopes in the computed output of FLAC 2D. 
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In this study, an attempt has been made to a better understanding of failure mechanism and 

deformation of slope materials through developing numerical contour model. The contour models 

were developed to evaluate the distribution of stress within the slope layers. The results show that 

the vertical stress distribution and a certain distance from the upper slope crest can plays a 

significant role in the deformation of the lower slope materials.  

When a slope consists of a horizontal weak rock or soil overlaid by some vertical strong rock the 

slope is prone to a secondary toppling failure. In RS-1 the slope rock column impose pressure on 

the lower continuous weak tuff rock which leads to a differential settlement at the base of lower 

slope mass. Also, there is initiation of crack on the upper middle part of the RS-1 slope, which may 

lead to toppling of the upper slope section. The shear or toppling failure of the slope not only 

depends on the material’s strength but also on the geometry and the slope column distance. 

In this study, a more thorough a finite difference method of slope stability analysis is presented. 

All the three critical slopes were analyzed in both static dry and saturated condition and the results 

of analysis are summarized (see in table 5.2). From the result of FLAC 2D analysis, slope of RS-1, 

RS-2, and RS-3 are stable in static dry condition which is greater than minimum required value of 

one and has a FOS of 1.63, 1.42 and 1.32, respectively. The FOS for the slope RS-1 has comes out 

to be 0.99 in case of saturated condition. Therefore, these slopes require stabilization. A typical 

contour plot of slope RS-1in fine mesh zone under static dry condition is illustrated (see Figure 5.8). 

On the RS-1 contour plot indicating that the vertical slip surface starts from the top of the slope 

indicating the toe slope has getting failure or settle. 

Table 5-1: Summary of stability analysis of selected critical slopes 

Critical slope 

sections 

FOS in normal 

conditions 

FOS in saturated 

conditions 

             Description of 

FOS result 

RS-3 1.32 1.24        Safe in all condition 

RS- 2 1.42 1.12        Safe in all condition 

RS- 1 1.63 0.99        Unsafe in saturated condition 
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 :                               CONCLUSION AND RECOMMENDATIONS 

6.1  Conclusion 

The purpose of this study was to evaluate the critical reservoir slopes of Ajima dam in north Shoa, 

Ethiopia. This was done through slope stability modeling, which involved extensive fieldwork and 

laboratory testing. During the field study, critical slope sections were identified, in situ 

measurements were taken, and in rock slope the discontinuity orientation was assessed. In addition, 

Schmidt hammer testing was carried out on selected rock slope surfaces, and representative rock 

samples were collected for laboratory testing. The lab tests aimed to determine the index and 

geotechnical characteristics of the rocks and soil materials, which is essential for the 

characterization and analysis of critical slope materials. 

The critical reservoir slopes in the Ajima dam area consisted mainly of fractured and weathered 

rhyolite units and medium to highly weathered tuff rock units. UCS value of the slope rock has been 

measured using Schmidt hammer. The rhyolite rock mass had a high degree of weathering and 

fracturing in RS-1, which had a medium strength between 25-50MPa with a UCS value of 49.8Mpa 

measured in uniaxial compressive test. The moderately weathered tuff rock unit in the lower slope 

section of RS-1 had a low strength of 17 Mpa (5-25MPa). A tuff rock unit in RS-2 had a UCS value 

of 19MP and 15Mpa for the upper and lower slope layers respectively. Highly varied compressive 

strength occurred depending on the degree of weathering on the exposed slope. The deformation 

modulus was computed through empirical correlation with the GSI value of the rock mass and also 

through Roc Lab software. However, the value computed through Roc Lab was lower than that of 

the computed values from empirical correlations. The computed moduli of deformation of rock 

mass through Roc Lab were utilized as input parameters for numerical analysis of the critical 

reservoir slopes. 

Kinematic modeling was performed on the upper rock slope layer of RS-1, which showed toppling 

failures. FLAC2D modeling was done under static dry and static saturated slope conditions. The 

FLAC 2D result showed that RS-1, RS-2, and RS-3 are stable under static dry conditions. However, 

RS-1 was found to be unstable under static saturated conditions. RS-2 and RS-3 were stable in all 

conditions. The stability condition in the three critical slopes was determined by the FOS for FDM 

(stable if FOS >1 and unstable if FOS <1).  
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FLAC 2D provided more useful information about the deformation and displacement at any point of 

the slope layer. The deformation contours of the analyzed slopes on the FLAC 2D showed the 

nature of the deformation of the slope materials on the output of the contour plot. The maximum 

deformation and displacement occurred at the weak and steep slope layers. Less deformation of 

slope materials occurred at the strong layer and on a less steep gradient of the slope layer. It was 

observed that the main reasons for the failure of natural slopes were the presence of weak and 

weathered geologic materials in the slope layers. Additionally, the slope analysis of the selected 

slope showed that water saturation in the reservoir slopes was a cause for slope safety reductions.  

In conclusion, stress-deformation analysis and factor of safety prediction in finite difference method 

can demonstrate the behavior and mechanism of failure at dry and saturated conditions of the 

slopes. This can help to identify the sensitive slope layers for slope failure and provide appropriate 

safety measures. 

6.2 Recommendations 

Based on the findings of the study, the following recommendations have been made for the slopes 

of the Ajima Dam reservoir. It is usually challenging to stabilize slopes due to their complex 

geological and geomorphological nature. However, it is essential to consider safety measures to 

reduce driving forces and increase the resisting forces or shear strength of slope materials. This can 

help maintain the slopes in a safer condition for a longer period. Therefore, based on the identified 

predisposing factors for slope failure, mitigation mechanisms should be implemented.  

Some of the slope safety measures in the critical slopes includes, providing adequate surface 

drainage to enhance the shear strength of slope materials on critical reservoir slopes. Moreover, a 

significant amount of quarry-logged water above RS-2 can seep through the fractured and weak 

zone to the RS-2 slope face, leading to slope failure. Thus, it is recommended to use either blanket 

the quarry excavation with clay soil or divert the logged water to the other side of the existing slope. 

On RS-1 the slope is unstable in saturated condition, thus avoiding surface water saturation on the 

existing slope. 

The study strongly recommends further assessment of the effect of water level fluctuation or 

drawdown on the instability of the reservoir slopes. Additionally, dynamic reservoir slope analysis 

should be conducted to fully understand the dam slopes for longer dam safety. This is crucial 

because the Ajima dam is located near the margin of the MER system. 
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APPENDIXES -7 

Field traverse GPS location along the reservoir slope of Ajima Chacha dam site 

Station ID Easting Northing Elevation Lithology 

Location- 1 558191 1048377 2842 MW tuff 

Loc2 558208 1048385 2843 MW tuff 

Loc3 558265 1048418 2842 MW tuff 

Loc4 558372 1048453 2840 MW tuff 

Loc5 558335 1048649 2824 MW tuff 

Loc6 558246 1048724 2843 MW tuff 

Loc7 558120 1048663 2847 MW tuff 

Loc8 558165 1048723 2855 MW tuff 

Loc9 558334 1048845 2842 MW tuff 

Loc10 558276 1049173 2855 MW tuff 

Loc11 558655 1049198 2849 MW Tuff 

Loc12 559045 1049558 2845 MW tuff 

Loc13 559066 1049565 2832 MW tuff 

Loc14 558425 1048029 2856 MW tuff 

Loc15 558433 1047929 2863 MW tuff 

Loc16 558409 1047709 2844 MW tuff 

Loc17 558567 1047503 2866 Fractured rhyolite 

Loc18 558847 1047552 2852 Fractured rhyolite 

Loc19 558850 1047602 2840 Fractured rhyolite 

Loc20 558853 1047571 2846 Fractured rhyolite 

Loc21 559215 1047509 2846 Fractured rhyolite 

Loc22 559228 1047587 2832 Fractured rhyolite 

Loc23 559536 1047723 2846 Fractured rhyolite 
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Loc24 559507 1047945 2827 Fractured rhyolite 

Loc25 559880 1048542 2855 Fractured rhyolite 

Loc26 560084 1048706 2838 Fractured rhyolite 

Loc27 559908 1048953 2846 Fractured rhyolite 

Loc28 559481 1049059 2892 Fractured rhyolite 

Loc29 559388 1048839 2896 Fractured rhyolite 

Loc30 559304 1048478 2904 Fractured rhyolite 

Loc31 559286 1048422 2886 Fractured rhyolite 

Loc32 559206 1048291 2858 Fractured rhyolite 

Loc33 559045 1048285 2838 Fractured rhyolite 

Loc34 559020 1048271 2827 alluvial soil 

Loc35 559186 1048175 2818 alluvial soil 

Loc36 559202 1047976 2828 alluvial soil 

Loc37 559204 1047963 2825 MW tuff 

Loc38 559230 1047944 2826 MW tuff 

Loc39 559145 1047949 2856 MW tuff 

Loc40 559189 1047 2842 MW tuff 

Loc41 559056 1047862 2858 MW tuff 

Loc42 558273 1048551 2825 MW tuff 

Loc43 558092 1048574 2826 MW tuff 

Loc44 558189 1048348 2855 MW tuff 

Loc45 558090 1048416 2838 MW tuff 

Loc46 557823 1048734 2840 MW tuff 

Loc47 557860 1048830 2840 Fractured rhyolite 

Loc48 557909 1048956 2840 Fractured rhyolite 

 


