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Abstract 

Arjo Didesa dam is an earth and rockfill dam which is under construction on Didesa 

River in Western Ethiopia. However, the dam encountered engineering geological 

problems that affected the water tightness and slope stability of the dam abutments 

and reservoir area. To solve these problems the study assessed the geological and 

geotechnical conditions of materials along the dam abutments and reservoir area with 

respect to slope stability and water tightness. Discontinuity surveying, lithological and 

structural mapping, digging test pits, in-situ strength and permeability test, sampling 

and laboratory testing have been carried out in order to achieve the objective of this 

study. RMR and GSI rock mass classification systems were used to identify the 

quality of the rock mass and the results revealed that on the left abutment the rock 

mass quality ranges from poor to fair rock whereas on the right abutment, it ranges 

from poor to good rock. The analysis of discontinuity survey showed that open joints 

are filled by fine materials which will cause leakage of water and slope instability 

problems. The results from kinematic analyses revealed that both the left abutment 

slope 1 (LAS1) and right abutment slope 1 (RAS1) sections were unstable for planar 

mode of failures. Further stability analysis using RocPlane software indicated that 

both sections are unstable under saturated conditions. Similarly, stability analyses 

using limit equilibrium and finite element method showed the left abutment slope 2 

(LAS2) and the right abutment slope 2 (RAS2) sections are unstable during saturated 

conditions. The soils found in the study area were dominated by silty-clay soils and 

they have a plasticity index ranging from 17.18% - 44%. The permeability of soils 

determined from laboratory tests ranges from 2.693*10-7cm/s to 6.687*10-5cm/s. The 

mean hydraulic conductivity values obtained from surface measurements and 

boreholes in the dam foundation and abutments range from 2.982*10-2m/s to 5.97*10-

2m/s and 2.68*10-4cm/s to 3.06*10-4cm/s respectively. Integration of water tightness 

analysis based on laboratory testing, surface hydraulic conductivity analysis and 

packer permeability test revealed that excessive leakage is expected at both dam 

abutments while the reservoir area is almost watertight. Finally, this study 

recommended proper remedial measures such as rock bolts, anchors and shotcrete for 

slope stabilization, and grouting and clay blankets to control the leakage problems. 

Key words: Hydraulic conductivity, Leakage, Slope stability, Water tightness, Arjo 

Didesa, Ethiopia 
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CHAPTER ONE 

1. INTRODUCTION 

1.1 Background of the Study 

A Dam is an engineering structure constructed on a river or stream to divert or store 

water for water supply, energy generation, irrigation, flood control, groundwater 

recharge, conservation storage  and recreation among others (Umoren et al., 2016). In 

a country like Ethiopia having a huge water resource, the construction of dams is very 

vital for development. However, in Ethiopia, particularly in Tigray and Amhara 

Regions, several constructed dams have faced engineering geological problems such 

as leakage, reservoir siltation, damages of spillway route and dam body without 

giving their desired purposes (Berhane et al., 2013, Abay and Meisina, 2015 and 

Berhane et al., 2016). Water leakage is a common problem in almost all dam sites 

(Uromeihy and Barzegari, 2007). These water losses could occur through the dam 

body, dam foundation, dam abutments and geological formations located near the 

dam site and the reservoir bed and at abutments, and the excessive seepage and/or 

leakage may lead to a serious problem endangering the safety of the dam (Fell et al., 

2005). This scenario is even more bigger for the dams constructed in highly 

weathered and fractured geological formations as in the current  study area. Therefore 

it is important to consider geological and geotechnical conditions of the site during 

water tightness assessments.  

Similarly, slope failure is one of the severe hazards that leads to the destruction of 

different engineering structures such as dam, tunnels and roads. Hence, slope stability 

analysis is becoming important in geotechnical engineering to prevent this natural 

disaster (Hussain et al., 2019). From this perspective, considering the stability of the 

abutments of a dam is very essential as numerous dams all over the word encountered 

abutment slope stability problems like the Vaiont dam of Italy which is a typical 

example (Muller, 1964). Currently, a number of methods are being used for slope 

stability assessment (Raghuvanshi, 2017). Kinematic method, limit equilibrium 

method and numerical methods are among the methods widely applied by researchers 

(Eberhardt, 2003; Stead et al., 2006; Baba et al., 2012; Karaman et al., 2013; and Shaz 

et al., 2019).  



2 
 

Kinematic method deals with the geometric condition that is required for the 

movement of the rock block over the discontinuity plane without references to the 

forces that causes them to move (Goodman, 1989). Moreover, Gischig et al. (2011) 

stated that kinematic analyses are very useful to investigate the possible failure modes 

of rock masses that contain discontinuities. On the other hand, limit equilibrium 

method (LEM) requires assumptions on inter-slice force distribution to calculate the 

factor of safety (Kanungo et al., 2013) and calculation of FOS is carried out for pre-

assumed failure surface, which divided into a number of slices based on force and/or 

moment equilibrium. Faramarzi et al. (2017) stated that LEM does not consider the 

stress and deformation in the rock mass and also the displacement and velocities of 

failure surface are not calculated (Ureel and Momayez, 2014). Finite element method 

(FEM) nowadays has a wider application in geotechnical research coupled with 

computer applications (Duncan, 1996; and Griffiths and Lane, 1999). One of the 

advantages of FEM is that it does not require any assumptions about the nature of 

slope failure (Griffiths and Lane, 1999; and  Gurocak et al., 2008). FEM can suitably 

be applied for weak rock masses in which failure results due to intact rock 

deformation or through the discrete stratified discontinuities (Raghuvanshi, 2017). 

Furthermore, Cheng et al. (2007) stated that FEM can be applied to complex 

conditions, with information of stress and movements, which is not possible with limit 

equilibrium method.  

The Arjo Dam site was first proposed by WWDSE, and investigated during 2006 – 

2007 at reconnaissance and field studies. The study was investigated the geological 

and geotechnical condition of dam site, by conducting subsurface explorations with 

helps of exploratory bore holes and geophysical surveys by VES, at selected 

locations. Later on the feasibility study of the project was undertaken by OWWDSE 

in association with Intercontinental Consultants and Technocrats Private Limited 

(ICT) of India during 2007- 2009. These study was drilled additional boreholes in 

various locations, and conducting geological surveys by using vertical electrical 

surrounding (VES) and seismic survey (resistivity imaging), and hydrogeological and 

hydrological studies was also done. The detailed designs of the project were 

undertaken by OWWDSE in year 2011-13. However, the current study aims to assess 

the geological and geotechnical conditions of materials with repect to slope stability 

and water tightness along the dam abutments and reservoir area. This study was 
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carried out using different slope stability analysis methods such as kinematic, limit 

equilibrium and finite element methods, and permeability test on representative soil 

samples, discontinuity surveying, insitu permeability test and water tightness model 

were used to assess the water-tightness condition of the reservoir area and dam 

abutments.  

1.2 Statement of the Problem 

Arjo Didesa dam project is an earth and rockfill dam and it’s proposed to irrigate 

80,000ha of farmland downstream. The success of this project will entirely depend on 

its safe functioning to meet the irrigation needs of the command area. Therefore, it 

becomes essential that the dam foundation, its abutments and reservoir site must be 

watertight and stable to withstand the loads imposed on the dams. From the initial 

stage of the feasibility study using boreholes by OWWDSE (2009), the foundation is 

challenging due to the existence of thick alluvial deposits and weak rock mass 

formation in the foundation area. Also as stated in this report, geotechnical drilling 

along the left and right abutment of the dam showed that the rock mass are highly 

weathered and jointed with progressing weakening decreases toward the river bed of 

the dam. This scenario is also anticipated to cause failure of the abutment of the dam. 

However, this studied were mainly focus on the stability of dam foundation and they 

have not considered slope stability of the dam abutments and reservoir water tightness 

because of during the feasibility study the rock mass on the dam abutments were 

covered by overburden and the rock mass was not outcropped and as a result 

instability problems was not encountered. However, recently because of excavation of 

dam abutments slope instability problem were encountered due to the presence of 

unfavorable joint orientations and failure of highly weathered and decomposed rock 

mass. Moreover, both abutments of the dam are mainly characterized by highly 

fractured and jointed rocks that are filled with secondary fine materials. This 

condition can possibly trigger the lubrication of materials with water along these 

fractures after water is impounded in the reservoir. This also facilitates the potential 

leakage of water from the reservoir. Furthermore, the reservoir site is dominated by 

alluvial deposit, highly fractured and weathered rocks that affect the water-tightness 

of the reservoir. Thus, this research is intended to fill the gap by providing the 

necessary information with regard to the detail geological and geotechnical 
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characteristics of the materials around the dam site and reservoir area with respect to 

slope stability and water-tightness by sharing the data with OWWDSE. 

1.3 Location and Accessibility of the study area 

Arjo-Didesa irrigation dam site is found in between Jima, Illu Ababora and East 

Wollega Zone of Oromia Region in western Ethiopia. It is located between 8◦38’ to 

8◦41’ N Latitude and 36◦38’ to 36◦41’E Longitude. The study area can be accessed 

through two main asphalt roads, from Addis Ababa via Jima-Bedele by using an 

asphalt road for a distance of 491Km or from Addis Ababa via Nekemte – Bedele 

which is about 426Km and there-after the site can be accessed through a fairly all-

weather road for a length of about 60Km to the NE from Bedele town in the Didesa 

River as shown below in Figure 1. 

 

Figure 1 Location and accessibility of Arjo Didesa dam site. 
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1.4 Physiography and Drainage of the Didesa Valley 

The study area belongs to the Southwestern Ethiopian plateau which is dissected by 

major rivers and their tributaries. The elevation of study area varies from 1270 to 

2600m a.s.l. Generally, the topography of Arjo Didesa dam site and its surrounding 

area is divided into three physiographic regions (OWWDSE, 2009). These are the 

Didesa plain (1270 - 1400m), chain of ridges (1400 - 2500m) and plateau (greater 

than 2500m). The Didesa plain is found in the lowland part of the study area close to 

the Didesa River and the dam site lies in this part of Didesa lowland. The dam is 

being constructed in between two steeply sloping ridges across the Didesa River.  

The chains of rhyolitic ridges and some Tertiary volcanic ridges are rugged and 

dissected by the tributaries of the Didesa River. The plateau region occupies the major 

part of the total area and is characterized by high and flatland mostly covered by 

basaltic rock with some Precambrian intrusive and Mesozoic sediment (Alemu, 2014). 

In general the reservoir area and its surrounding area have a gently undulating 

topography with surrounding hills (Figure 2). Regionally, the area is drained by River 

Didesa, Dabene, Wama, Koba, Yora, Soka, Segen, and Kobecha (Alemu, 2014). 

These rivers along with their minor tributaries form the Didesa drainage basin.  

The Didesa River basin makes the largest part of the area and forms the upper part of 

the Abay River basin. The Didesa River is one of the largest tributary of the Abbay 

(Blue Nile) river. The Didesa basin is narrower at the southern part and wider in the 

northern part of the area. Drainage texture varies from medium to coarse, however, in 

the northwestern part of the region angular and sub-parallel drainage patterns are 

common suggesting structural (fractures and joints) control of its development. 

Furthermore, several small streams from the adjacent highlands are tributaries for the 

major streams. In general, the area is characterized by dense drainage network 

forming parallel, sub-parallel and dendritic drainage pattern. 



6 
 

 

Figure 2: Physiography of the study area. 

1.5 Climate and Vegetation 

The area is largely characterized by a wet climate, and the largest part of the area is 

represented by the “Weina Dega” or sub tropical climatic zone and at some lowland 

area by warm to semi-arid climate. Peak rains in the project area are observed 

between the months of May to October. Almost all months of the year receive a 

certain amount of rain, with the minimum being in the month of January. The annual 

rainfall in the project area ranges between 1535 to 2214mm/yr, the average being 

1835mm (OWWDSE, 2009) and the area is categorized as high rainfall region. The 

average annual temperature is about 20˚c and is estimated to reach 30˚c during the dry 

season. The common types of vegetation in the area are dominantly tropical forests 

with huge trees and narrow-leafed long trees in the highlands, while in lowland 

“wanza”, acacia and elephant grasses are also found along the Didesa valley.  

1.6 Seismicity of the area 

Faults and associated earthquakes are one of the major causes of multiple hazards in 

active seismic zones especially when there are potentially active faults and 

incompetent earth materials. Therefore, seismic loading should be considered to 

minimize the impacts of earthquake shaking on the safety of structures during stability 

analyses of the slope (ICOLD, 1998).  
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According to Asfaw (1986), the seismic risk map of Ethiopia for 100 years return 

period and 0.99 probabilities, the country is divided into different zones of 

approximately equal seismic risks based on the known distribution of the past 

earthquakes. Based on this risk map of Ethiopia, the Arjo Didesa Dam site falls in the 

intensity scale of less than 5 and 0.01g horizontal seismic acceleration as per Johnson 

and Degraff (1991). With regards to seismicity, the dam site is about 200 Km west of 

the western border fault of the MER and hence the Dam site falls in the zone of low 

seismicity with less than five intensity scales as shown on the seismic risk map of 

Ethiopia (Figure 3). 

 

Figure 3 Seismic risk map of Ethiopia for 100 year return period and 0.99 

probabilities (after Asfaw, 1986). 

1.7 Significance of the study 

The present research has analyzed slope stability of the dam abutments and reservoir 

water-tightness to minimize the anticipated engineering geological problems. 

Accordingly, the result of this study will be potentially used as an input data to 

recommend remedial measures for site-specific geotechnical problems associated with 

dam abutment slope instability and reservoir water-tightness.  
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Furthermore, the result of this study will be used as a reference for engineering 

projects and researchers who are interested to carry out in similar research topics. 

Besides, it plays a role in minimizing socio-economic problems of the community 

near the dam site as it aids in assuring the long term stability of this particular dam in 

the study area. 

1.8 Research Questions 

1. What are the geological and geotechnical conditions of the site? 

2. How the geology and geological structures affect the permeability and slope 

instability of the dam abutments? 

3. Is the proposed reservoir watertight? If not, where are the areas of potential 

leakage and what are the consequences of this leakage?  

4. What are the effects of slope instability of abutments on the dam body and the 

reservoir area? 

5. What are the remedial measures that should be taken for these slope instability 

and water tighhtness problems? 

1.9 Objectives of the Study 

1.9.1 General Objective 

The main objective of this study is to assess the geological and geotechnical 

conditions of earth materials along the dam abutments and reservoir sites with respect 

to slope stability and water tightness.   

1.6.2 Specific Objectives 

The specific objectives of this study are: 

✓ To determine the index and engineering properties of rocks and soils 

✓ To evaluate the water-tightness of the dam abutments and reservoir area 

✓ To analyze slope stability of dam abutments 

✓ To provide the possible remedial measures for the identified engineering 

geological problems 
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CHAPTER TWO 

2. LITERATURE REVIEW 

A dam failure is an uncontrolled release of water impounded behind the dam. The 

failure of a dam can be sudden or gradual. Sudden failure is associated with concrete 

dams while in the case of earth fill and rockfill dams that are termed earth dam or 

embankment dams, their failures mostly undergo a gradual process rather than a 

sudden one. Embankment dam failures are mainly caused by improper design, lack of 

thorough investigations, inadequate care in construction and poor maintenance. 

According to Jandora and Riha (2009), the failure of an embankment dam can be 

grouped into three categories (hydraulic failures, seepage failures and structural 

failures). Hydraulic failures can be triggered by overtopping, erosion of upstream 

face, and downstream of the dam body. Seepage failures may occur due to piping 

through the dam body, piping through the foundation, conduit leakage through the 

dam abutments and sloughing of the downstream toe. Structural failures in earth dams 

are generally shear failures leading to sliding of the embankment or the foundation. 

Generally, failure of an embankment dam can be triggered by factors such as 

overtopping, piping, seepage/leakage and settlement problem failures.  

2.1 Leakage and Seepage problems of dams 

A reservoir may fail either due to excessive leakage or seepage of water, as a result of 

rapid sedimentation and slope instability. Leakage is the water loss associated with 

the presence of major geological defects conditions such as solution channels, fault 

zones, or buried channels through which large amount and essentially localized flows 

can occur and these water losses creating streams at the downstream, while seepage is 

a more discreet flow which takes place over a larger area and the seepage failure 

occurs due to the saturation of the foundation materials or a weakening of the rock 

towards a sliding failure (Zumrawi, 2015).  

According to Bell (2007) when assessing the seepage and leakage problems from the 

reservoir; two main factors have to be taken into consideration i.e.  the water tightness 

of the basin and bank stability. Accordingly, an assessment of water tightness can be 

made once the groundwater conditions and geological features have been investigated 

and then any necessary groundwater control measures can be planned. A certain 

degree of leakage or seepage is accepted if it does not affect the safety of the dam and 
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surrounding the infrastructures. However, if it becomes excessive, it is very difficult 

to assess their risk and consequences because of it result in other geological and 

geotechnical problems which could threaten the normal operation of the reservoirs 

and dams. Seepage and leakage can be assessed and evaluated by investigating the 

permeability of the dam foundation, dam abutments and reservoir area and geological 

condition in its surrounding area. Therefore, foundation treatment using cut-off 

systems or rock-mass grouting has been utilized frequently as stated by many 

researchers (Turkmen, 2003 s Uromeihy and Barzegari, 2007). 

2.2 Rock Mass Characterization 

According to Bieniawski (1989) rock engineering classification systems play a 

significant role in rock engineering characterization and design of structures. In 

addition, these rock mass classification systems can be used to know the composition 

and characteristics of a rock mass which helps to provide the initial estimates of 

support requirements and estimates of the strength and deformation properties of the 

rock mass (Hoek et al., 1995). 

2.3 Rock Mass Classification System 

Rock mass classification systems represent an important tool that is often used for 

preliminary assessment of the engineering behaviors of the rock mass (Duncan and 

Douglas, 2000). According to Goodman (1989), rock mass classification is a means of 

assigning a numerical rating to the quality and performance of a rock mass based on 

measurable parameters. Accordingly, rock mass classification system is intended to 

classify the rock mass based on parameters such as strength, discontinuity condition, 

weathering condition and structural orientation which can obtained qualitatively will 

be converted into rated parameters that provides a basis for estimating the 

deformability and strength properties which provide  measurable data for support 

estimation and present a platform for communication between researches, designers,  

engineers and construction groups (Bieniawski, 1989). 

Among the rock mass classification systems, Rock Mass Rating (RMR) and Rock 

Mass Quality designation (Q), and Geological Strength Index (GSI) have been 

performed by a lot of engineers and have achieved a worldwide recognition (e.g. 

Hoek and Diederichs, 2006;; Gurocak and Alemdag, 2012 and Karaman et al., 2017). 
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2.3.1 Rock Quality Designation (RQD) Classification Method 

RQD is a more sensitive index of the core quality than the core recovery (Deer, 1966). 

Although not sufficient on its own for a full description of the rock mass, this index is 

used as the most useful classification method in tunneling applications as a guide for 

the selection of tunnel support and to assess the quality of rock core (Deere et al., 

1967). In addition, this classification system plays an important role in characterizing 

a rock mass (Bieniawski, 1989) as the quality of rocks is one of the major parameters 

in characterizing the rock mass. RQD can be obtained by a direct or indirect method.  

RQD values can be calcluted as the total length of intact core > 10cm in length 

divided by the total length of the core run as given on equation 1. RQD should only be 

calculated over individual core runs; usually 1.5 meters long (Deere, 1968).  

RQD = 
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑝𝑖𝑒𝑐𝑒𝑠 ≥1𝑜 𝑐𝑚

𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑖𝑙𝑙 𝑟𝑢𝑛
∗ 100%                         (1) 

The relationship between RQD and the engineering quality of the rock mass as 

proposed by Deere (1968)  is given in Table 1.  

Table 1: Correlation between RQD and Rock mass Quality (after Deere, 1968) 

S.No RQD (%) Rock Quality 

1 < 25 Very poor  

2 25 – 50 Poor 

3 50 -75 Fair 

4 75 – 90 Good 

5 90 – 100 Excellent 

RQD may be estimated from the number of joints (discontinuities) per unit volume Jv 

using an indirect method (Volumetric Joint Count). Palmstrom (1982) described a 

simple relationship which may be used to convert  Jv  into RQD for clay-free rock 

masses as can be seen in equation 2. 

RQD = 115 – 3.3Jv                            (2) 

Where Jv is total number of joints per cubic meter. 

Alternatively; the volumetric joint count Jv can be calculated from joint spacing 

which is described by Palmstrom (1982, 1985, 1986); and Sen and Essa (1992). It is a 

measure for the number of joints within a unit volume of rock mass defined by 

equation 3 as follows: 

Jv = ∑ (
1

𝑆𝑖
)𝐽

𝑖=1                          (3) 
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Where Si is the average joint spacing in meters for the ith joint set. Random joints may 

also be considered by assuming a 'random spacing'. Experience indicates that this 

should be set to Sr = 5m (Palmstrom, 1996). Thus, Jv can also be generally expressed 

by equation 4. 

Jv = ∑ (
1

𝑆𝑖
)𝐽

𝑖=1  + 
𝑁𝑟

5
                       (4) 

Where; Nr is number of random or irregular joints. 

2.3.2 Rock Mass Rating (RMR) Classification Method 

The RMR classification system was initially developed at the South African Council 

of Scientific and Industrial Research by Bieniawski (1974) to evaluate the quality of 

rock masses for underground projects. This system has been revised several times; it’s 

known as “the basic RMR” and it gives a value that ranges between 0 and 100 

(Bieniawski, 1973). An additional parameter was proposed by Bieniawski (1976) to 

account for the influence of the discontinuity orientation on the stability condition 

(correction factor). However, this parameter is introduced for tunnel and dam 

foundations but not for slopes. Therefore, Bieniawski (1989) implemented more 

descriptive details in the fourth parameter of the basic RMR (the condition of 

discontinuities). Also, in the case of considering the effect of discontinuity orientation 

on the slope stability of a rock slope, he recommended the use of the Slope Mass 

Rating (SMR) system proposed by Romana (1985). The RMR system consists of five 

basic parameters that represent different conditions of the rock and the discontinuities. 

These parameters are (1) UCS of intact rock, (2) RQD, (3) spacing between 

discontinuities, (4) condition of discontinuities, and (5) groundwater. The ratings for 

these five parameters are summed up to yield the RMR basic which ranges between 

“0 to 100”. 

2.3.2.1  Uniaxial Compressive Strength (UCS) of Intact Rock 

The uniaxial compressive strength of the intact rock material can be obtained from 

rock cores in the laboratory test. However, direct determination of the UCS is 

relatively expensive and it can be estimated from point load strength index Is(50) using 

empirical formula (Broch and Franklin, 1972), and Schmidt hammer rebound 

hardness value (R) measurements both in the laboratory and in situ tests (Aydin, 

2009). 
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2.3.2.1.1 Point Load Strength 

The point load test has often been reported as an indirect measure of compressive 

strength. Many researchers have investigated the relationship between uniaxial 

compressive strength (UCS) and point load index (Is) for different rock types. Broch 

and Franklin (1972) described the relation between uniaxial compressive strength and 

point load as follows in equation 5. 

UCS = 23* Is(50)                          (5) 

Where Is(50) is the size corrected point load strength. 

2.3.2.1.2 The Schmidt Hammer Rebound Hardness Value (R) 

Schmidt hammer rebound value is the most frequently used index in rock mechanics 

practice for estimating the uniaxial compressive strength (UCS) and the modulus of 

elasticity (E) of intact rock (Aydin, 2009). The uniaxial compressive strength (UCS) 

of rock is regarded as the most widely used design parameter in the general field of 

rock engineering. As a non-destructive, portable and cost-effective device for 

hardness testing, the Schmidt hammer is often used to obtain an indirect estimation of 

UCS. The Schmidt hammer rebound value may be influenced by types of hammer 

used, the direction of hammer impact, weathering, moisture, specimen requirements 

(free of any visible crack) and testing, data gathering/reduction and analysis 

procedures (Aydin and Basu, 2005) and all these factors should be considered during 

the test. Barton and Choubey (1977) stated that uniaxial compressive strength (σc) of 

the rock can be estimated by multiplying the rebound number and the dry density of 

the rock using correlation as shown in equation 6. 

log10 (σc) = 0.00088γR + 1.01                    (6) 

Where; σc is the uniaxial compressive strength in MN/m2, γ is the dry rock densities in 

KN/m3 and R is the average Schmidt rebound value. 

Discontinuity characteristics which is used as a parameter of the basic RMR such as; 

spacing between discontinuities and condition of discontinuities (aperture, 

persistence, roughness, infilling, and alteration/weathering) that directly influence the 

characteristics of the rock mass by reducing the strength and the parameters were 

described and classified from surface exposure or drill core samples (Bieniawski, 

1973). Furthermore, groundwater conditions can strongly influence rock mass 

behavior. The groundwater rating varies according to the conditions encountered and 
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the general conditions can be described as completely dry, damp, wet, dripping and 

flowing with a higher rating for a completely dry rock mass (Bieniawski, 1989). 

2.3.3 Geological Strength Index (GSI) 

The GSI based rock mass classification was first started in Toronto by Hoek et al. 

(1992). The Geological Strength Index (GSI) has been developed in engineering rock 

mechanics for the prediction of rock-mass strength and deformability which is 

required as input parameters for numerical analysis or closed-form solutions for 

designing tunnels, slopes, or foundations in rocks (Marinos et al., 2005). 

In addition, GSI allows the influence of variables, which make up a rock mass, to be 

assessed and hence the behaviour of rock masses to be explained more clearly 

(Marinos et al., 2005). The value of GSI was obtained from the last form of the 

quantitative basic GSI chart, which was proposed by Marinos and Hoek (2000). Also, 

GSI values was estimated from RMR using empirical equation 7 (Hoek and Brown, 

1997). 

GSI = RMR89 – 5                      (7) 

Where; RMR89 is the basic Rock Mass Rating value and GSI is Geological Strength 

Index. 

2.4 Water Tightness Analyses Approaches 

All dams and reservoirs are expected to experience at least some water losses (Fell et 

al., 2005). These water losses could occur through the dam body, dam foundation, 

dam abutments and geological defects located near the dam site and the reservoir bed 

and rims; however, water losses become excessive due to various factors such as 

seepages and leakages and it could also result in other geological and geotechnical 

problems which could threaten the normal operation of the reservoirs and dams. 

Excessive seepage and/or leakage may lead to a problem to the safety of the dam. 

According to Fell et al. (2005) the water tightness of dam foundation and impounding 

reservoir mainly depends on factors such as permeability of the underlying soil or 

rock mass, geological structures, extent of the submerged valley in the area, position 

of the water table in the reservoir area, and the lengths and gradients of potential 

leakage paths.  
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2.4.1 Water tightness Models for Non-soluble rocks 

Water tightness model is used to evaluate site characteristics and factors to draw an 

inference on potential leakage and identify potential areas of leakage (Fell et al., 2005 

and Bell, 2007). According to Fell et al. (2005) there are five models for a water 

tightness of storages in many areas of non-soluble rocks based on factors such as 

topography, geology, groundwater condition, rainfall/climate condition, hydraulic 

conductivity of lithological units and design of maximum full supply level of the 

reservoir and judgment on the probable water tightness of each regime which is then 

made by comparison with the models given in Figure 4 below. For all models, it’s 

assumed that most the non-soluble rocks are effectively impervious and rock masses 

formed by them are only permeable if sufficient numbers of interconnected open 

joints are present. 

However, the joint spacing and apertures generally become more tightly closed with 

increasing depth, so most rock masses of non-soluble rock will become less 

permeable with increasing depth. It is also assumed that across the floor of the storage 

area, the water table lies close to the ground and water table shown represent end of 

dry season conditions (Fell et al., 2005). The following explanations on models of 

water tightness of non-soluble rocks are illustrated by Fell et al. (2005). 

 

Figure 4 Storages formed by non-soluble rocks-water tightness models (after Fell et 

al., 2005). 
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Model A 

This model is associated with leakage evaluation of the river valley underlain by 

rocks and surrounded by subsequent wide high ground in high rainfall areas as shown 

in Figure 4(A). Accordingly, there is no potential for leakage as the water table is well 

above the proposed Full Supply Level (FSL) of the reservoir in high ground areas and 

partly fed by groundwater. However, the water from the storage may fill the voids of 

rocks adjacent to the valley which may result in the rise of the water table beneath the 

valley side to meet with and even rises above FSL.  

This model is suited for assessing the potential for leakage scenario of water 

impoundment structures constructed in non-soluble rocks of high rainfall regions. 

Model B 

This model is concerned with the evaluation of leakage condition when topographic 

and geological conditions are similar to model (A) but with the groundwater table 

lying beneath the proposed Full Supply Level (FSL) owing to a drier climate, greater 

surface runoff, and permeable subsurface formations. In this condition, there is a 

potential for the water table to rise as water from the reservoir fills the voids of 

adjacent rock masses during the initial filling. However, there is a low risk for leakage 

due to the low hydraulic gradient for leakage path between the groundwater table and 

Full Supply Level (FSL) as shown in Figure 4(B). This model likely represents 

storage in non-soluble rock areas with low to moderate rainfall. 

Model C 

This model involves when the river valley is bounded by subsequent high and wide 

ground followed by a gradual decrease in topography resulting in another valley as 

shown in Figure 5(C). This model also assumes that the proposed FSL to be below the 

groundwater table in high ground areas which follows the topography. Therefore, in 

this condition apart from the initial loss of a small amount of water from the storage to 

fill voids of rocks in the side of the valley (shaded zone on Figure 4(C)), there is no 

potential for leakage as the water table is already above the proposed FSL in high 

ground areas.  

Model D 

This model assumes similar preconditions to Model C but with the groundwater table 

to be below FSL. In this scenario, drier climate, greater surface runoff and the 

presence of permeable rocks may act as causative factors for lower groundwater table 
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assumptions than Model C. In this model, significant leakage is not expected as the 

leakage path is long in high ground areas adjacent to the valley (Figure 4D). 

Model E 

This model assumes conditions in which the groundwater table is soundly below FSL 

compared to Model C and D. Furthermore, the ridge forming the rim of the valley for 

storage is considered to be narrow and low.  

As a result, the rock beneath the ridge and below FSL is likely to be affected by the 

release of stress and hence more permeable than that at Models (C) and (D). In this 

model, the groundwater is unlikely to rise significantly to meet with FSL even if the 

area is located in high rainfall region. Therefore, significant potential for leakage is 

expected owing to the above-mentioned permeable rocks and the high hydraulic 

gradient between FSL and the actual groundwater table (Figure 4E). 

2.5 Permeability of Rock Mass 

2.5.1 Packer Permeability Test 

The water pressure test is the most common field in-situ test used to estimate adequate 

hydraulic conductivity of rock masses and is also known as the Lugeon or ‘packer’ 

test (Rozo, 1933 and Foyo et al., 2005). The main aim of the test is to estimate the 

potential of water to pass through rock defects. Besides the packer test can be carried 

out in the boreholes to determine rock mass permeability in areas with geological 

defects such as faults, bedding planes, joints, fissures and cracks in the rock mass 

(Foyo et al., 2005). The test is conducted in five stages. The first stage is conducted at 

low water pressure, and increasing the pressure in each subsequent stage until 

reaching maximum pressure. Once maximum pressure is reached, pressures are 

decreased following the same pressure stages used on the way up. During the test both 

flow rate (q) and water pressure (P) values are recorded every minute. The hydraulic 

conductivity is expressed in terms of the Lugeon value (Rozo, 1933) which is defined 

as the hydraulic conductivity required to achieve a flow rate of 1 liter/minute/meter of 

test interval under a reference water pressure(P0) equal to 1MPa (equation 8). One 

Lugeon value is equivalent to one liter of water flow per minute per meter. 

Lugeon Value = α *  
𝑞

𝐿
 * 

𝑃0

𝑃
                     (8) 
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Where; q is the flow rate in a liter, L is the length of the testing section in meter, P is 

the pressure required for the test in mega Pascal and α is a dimensionless factor and 

its value equal to 1 when the SI units system is used (q [L/min], L[m] and P [MPa]). 

The Lugeon value results are then used to express the characteristics of discontinuity 

and types of rock mass in the dam foundation and the impoundment reservoirs and 

also the information obtained from the packer test is used to determine water/cement 

ration and grout injection pressure used during grouting (Ajalloeian and Azimian, 

2013). 

2.5.2 Permeability of Rock Mass Determination from Fracture Characteristics 

According to Goodman (1989) and Singhal and Geol (1999), the permeability of rock 

mass is mainly controlled and affected by fracture characteristics such as geometry, 

spacing, apertures, fracture density, continuity, roughness, infilling material, degree of 

weathering and the stress applied on fractures. The equivalent hydraulic conductivity, 

k of rock mass for the parallel array of discontinuity with different openings and 

spacing is very sensitive to stress and as stress tends to close the fractures and 

hydraulic conductivity become reduced (Hoek, 1974). Generally, permeability of 

jointed rocks depends on the dimensions and nature of the joints. The closer the 

spacing and the wider the opening, the higher the permeability. From the fracture 

aperture and spacing, it is possible to calculate the hydraulic conductivity of rock 

mass and the relationship between the hydraulic conductivity (k) and fracture 

characteristics is given by equation 9 (Snow, 1965 and Louis, 1974). The 

discontinuities are assumed to be parallel and smooth fractures. However, the 

hydraulic conductivity in rough fractures is 25% of that in smooth fractures (El-naqa, 

2000). This assumption was verified by field observation. 

K = 
𝑔𝑒3

12𝜇𝑆
                       (9) 

Where; g is the gravitational acceleration (9.81m/s2), e is the average aperture of 

fractures (m), μ is the coefficient of kinematic viscosity of the fluid (1*10-6m2/s for 

water at 20ᵒc) and S is the average spacing of fractures (m). However, the reciprocal 

of fracture spacing is equal to the fracture frequency (λ). So the above equation can be 

written as follows.  

K = 
λ𝑔𝑒3

12𝜇
                     (10) 
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2.6 Permeability of Soil Mass 

The coefficient of permeability of soils can be determined in the laboratory (constant 

head and falling head permeability tests), in-situ field test, and from empirical 

correlations (Arora, 1997). The soil samples used in laboratory tests are either 

disturbed or undisturbed. 

2.6.1 Constant Head Permeability Test Method 

The constant head test method is used to determine the coefficient of permeability of 

permeable soils (k >10-4 cm/s) in the laboratory and the equipment used to determine 

the permeability of soil is known as constant- head permeameter (Arora, 1997). Since 

it is difficult to obtain undisturbed samples of cohesionless soil, constant head 

laboratory test on cohesionless soils are always conducted on samples which are 

remolded by using standard proctor to obtain the same density as they exist in nature 

(Murthy, 2002). Constant head permeability test methods are using Darcy’s Law, for 

the soil sample length, L, and cross-sectional area, A is subject to a head, h which is 

constant during the progress of a test. A test is performed by allowing water to flow 

through the sample and measuring the quantity of discharge, Q in time, t and the value 

of k can be determined from Darcy’s law which expresses as follows in equation 11. 

K = 
𝑄𝐿

ℎ𝐴𝑡
                     (11) 

 2.6.2 Falling Head Permeability Test Method 

The falling head permeability test is used to determine the permeability of less 

permeable soils. It is suitable for very fine sand and silt soils with k values ranging 

from 10-2 to 10-5 (Arora, 1997). The soil sample remolded system is the same as that 

used in the constant head permeability test but the hydraulic conductivity k can be 

determined based on the drop in the head (h0 – h1) and the elapsed time (t1 – t0) 

required for the drop of the head and the quantity of water flowing through the sample 

in a given time using Darcy’s law which can be expressed as follows in equation 12. 

K = 
2.3𝑎𝐿

𝐴(t1 – t0)
 log10(h0/ h1)                  (12) 

Where; A is a cross-sectional area of the vertical cylinder in which the sample is kept, 

a is a cross-sectional area of transparent standpipe, L is the length of the sample, h0 

and h1 are initial head and final head drop respectively and t0 is the initial time at h0 

and t1 is a final time when the water level drops from h0 to h1. 
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2.7 Rock Slope Stability Analyses Method 

Slope stability analysis has a long history in engineering geology and geotechnical 

engineering and recently it is one of the most active areas in both research and 

practice (Griffiths and Marquez, 2007). The slope stability analysis technique mainly 

depends on the geological condition and potential mode of failure and the strength, 

weakness, and limitations of each methodology. The stability of jointed rock slopes is 

mainly controlled by the discontinuities because the failure is expected on these 

planes of weakness. The relative orientation of discontinuity concerning the slope face 

and the shear strength parameters of the weakness planes and pore water pressure in 

the tension crack will determine how blocks fail (Özsan et al., 2007).  

There are several techniques and methods for slope stability evaluation. These 

methods can be grouped into four categories (i.e. kinematic analysis, limit 

equilibrium, numerical modeling and empirical methods) (Gurocak et al., 2008; 

Basahel and Mitri, 2018). 

2.7.1 Kinematic Method 

Kinematic analysis is commonly used to predict potential structural failure 

mechanisms (planar, wedge, and toppling) using the stereonet projection method 

which is a strong tool to use for systematic data collection and presentation (Prince et 

al., 2007). According to Gischig et al. (2011), kinematic analyses are very useful to 

investigate the possible failure modes of rock masses that contain discontinuities. This 

method assumes that all discontinuities are cohesionless, dry and fully persistent and 

rigid. In addition to these lateral constraints and stresses on the blocks are not 

considered during analysis. Failure involving movements of rock blocks on 

discontinuities combine one or more of the three basic modes: plane, wedge and 

toppling mode of failures which may occur due to the presence of unfavorably 

oriented discontinuities. Kinematic analysis sometimes does not work when the rock 

mass having very closely spaced and low persistent joints and for the rotational mode 

of failures. 

Kinematic analysis can be carried out using stereographic projection plots that are 

drawn by hand using a stereonet or by using Dips 6.0 software (Rocscience, 2004). 
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2.7.2 Limit Equilibrium Method 

The limit equilibrium method (LEM) compares the magnitudes of the driving and 

resisting forces that act along the sliding planes to estimate the factor of safety for 

slope instability of rock and soil where the translation or rotational movements occur 

on the distinct failure surfaces (Eberhardt and Vancouver, 2003; and Faramarzi et al., 

2017). A limit equilibrium analysis was undertaken for the structures where the 

possibility of kinematic instability had been identified and then shear strength 

parameter (friction angle (ϕ) and cohesion(c)) will be used for the factor of safety 

(FOS) determination (Park and West, 2001). The FOS is defined as a ratio of resisting 

forces to driving forces. A FOS of 1.0 is assumed to be the “threshold” where the rock 

slope goes from stable to unstable. When the FOS is less than 1.0, the driving forces 

overcome the resisting forces causing slope movement (Ureel and Momayez, 2014), 

and vice versal if the FOS is greater than one. 

In limit equilibrium analysis, the sliding mass is separated into a number of slices and 

the shear and normal interslice force is determined considering the force and moment 

equilibrium acting on each slice (Memon, 2018).  

The most commonly used LEM methods for slope stability analysis include Fellenius 

(1936), Bishop (1956), Janbu (1954), Morgenstern-Price (1965) and Spencer (1967). 

All LEMs calculate the factor of safety based on the inter-slice normal and shear 

forces. However, the basic difference is how these forces are determined and FOS 

calculations depend on the shape of the critical slip surface (Memon, 2018). The LEM 

can evaluate a wide range of failure modes in terms of safety factors. However, 

Faramarzi et al. (2017) stated that the LEM is not considered the stress and 

deformation in the rock mass and also the displacement and velocities of the failure 

surface are not calculated (Ureel and Momayez, 2014). This limitation of the limit 

equilibrium method is considered in slope stability analysis by numerical Finite 

Element Method (FEM) which is based on the shear strength reduction technique 

(Jiang et al., 2015). 

Currently limit equilibrium slope stability analysis software such as Slide software, 

Swedge software and Rocplane software are widely used in engineering practices 

developed in the Rocscience computer program (Rocscience, 2004). This computer 

program is used for slope stability analysis for both rock and soil slopes. The Slide 
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computer software is a 2D slope stability program for evaluating the stability of 

circular or non-circular failure surfaces in soil or highly weathered and fractured rock 

slopes (Rocscience, 2004). The factor of safety was calculated by Slide software 

based on the Mohr-Coulomb failure criterion without tension cracks (Rocscience, 

2004). Similarly, Swedge and RocPlane software are used to analyze the stability of 

wedge and planar mode of failure respectively in two-dimensions. 

2.7.3 Numerical Method 

Numerical modeling techniques are used in more complex slope geometries and 

failure mechanisms and provide possible solutions to such problems that could not be 

possiblly solved using kinematic and limit equilibrium methods (Eberhardt and 

Vancouver, 2003). Furthermore, numerical modeling considers the rock mass 

deformation, complex behavior of the slope and stress distribution and the effect of 

stress distribution in the slope and displacements on its behavior that is not considered 

in limit equilibrium and kinematic analysis (Qi et al., 2015). Therefore, the numerical 

model analyzes the stability of the slope in engineering practice by providing a direct 

measure of stability in terms of the factor of safety for the failure planes (Gurocak et 

al., 2008). According to Eberhardt and Vancouver (2003), the numerical methods of 

analyses that are used for rock slope stability assessment can be divided into three 

approaches, namely continuum modeling, discontinuum modeling and hybrid 

modeling. 

Continuum approaches include both the finite difference and finite element methods. 

In both these methods, the problem domain is divided into a set of sub-domain or 

elements. In the case of Finite Difference Methods (FDM) solution procedure based 

on the differential equations of equilibrium, the strain-displacement relations and the 

stress-strain equations can be applied. Alternatively, the procedure may exploit 

approximations to the connectivity of elements and continuity of displacements and 

stresses between elements, as in the Finite Element Method (FEM). An advantage of 

FEM over the traditional LE methods where FOS is calculated for a pre-determined 

failure surface. The FE method preserves global equilibrium until failure is reached, 

and can monitor progressive failure up to and including overall shear failure (Vinod et 

al., 2017). The continuum method is best suited and widely used in stability analysis 

of rock slopes that are comprised of massive rock, intact rock, weak rock and highly 

jointed rock masses (Eberhardt and Vancouver, 2003). The main advantage of these 
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methods is that it allows for material deformation and failure (factor of safety 

concepts to be incorporated). 

Finite element analysis can be carried out using Phase2 software. Besides for user it 

gives an idea of the general outline of the rock slope and predicted failures.  

Discontinuum method is appropriate for rock slopes comprising multiple joint sets, 

which control the mechanism of failure. Moreover, discontinuum methods treat the 

problem domain as an assemblage of distinct, interacting bodies or blocks that are 

subjected to external loads and are expect to undergo significant motion with time 

(Eberhardt and Vancouver, 2003). As Eberhardt and Vancouver (2003) stated that 

hybrid approaches are increasingly being adopted in rock slope analysis and this may 

include combined analyses using limit equilibrium stability analysis and finite-

element groundwater flow and stress analysis. One of the most popular techniques for 

performing FEM slope analysis is the shear strength reduction (SSR) approach 

(Griffiths et al., 1999 and Gurocak et al., 2008).  

2.8 Stabilization Methods of Rock Slopes 

Rock slopes in most dam abutment, tunnel, mines and road cuts in the mountainous 

areas are prone to instability problems due to variation in the rock mass conditions 

and factors induced by the environments such as seismic activities and water in the 

slope (Pantelidis, 2009). The material characteristics of a rock slope, slope height and 

face angle, and the rock joint orientations play a significant role in the instability 

problem of the rock slopes, especially at the dam site (Basahel and Mitri, 2018). 

Accordingly, after identifying factor causes the instability and determining potential 

mode of failure, appropriate slope stabilization methods should be taken to stabilize 

the slopes. The most appropriate remedial measures used to stabilize rock slope at the 

dam site are installation of rock reinforcement (such as rock bolts, rock anchors and 

shotcrete), modifying geometry of the slope, and providing drainage holes (Hoek and 

Bray, 1981; and Abramson et al., 2002). Each of these stabilization methods are 

discussed as follows: 

Rock Bolts: Rock bolts are steel rods, smooth or ribbed, normally held at the end of 

the borehole mechanically or chemically; usually of about 3m long and often fully 

grouted. Rock bolts can hold the loosened rock mass in place, and adopted to 

strengthen and stabilize the rock mass (Hoek and Bray, 1981). 
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Rock anchors: are used to prevent potential rockslide and rock falls on the surface 

(Hoek and Bray, 1981). 

Shotcrete: Shotcrete is used frequently to preserve the integrity of a rock face by 

sealing the surface and inhibiting the action of weathering (Bell, 2007). It’s the 

mixture of cement, water and aggregate, and mainly applied to the surface of highly 

weathered and fractured rocks. For the shotcrete surface, it is essential to provide 

sufficient drain holes to remove pore pressure that is built up underneath the shotcrete 

surface. 

Modifying the slope geometry is often done by: reducing the slope angle, reducing the 

weight at the head of the slope, increasing weight at the toe (“heels” or rip-rap) or 

constructing benches (Hoek and Bray, 1981). 

2.9 Remedial Measure to Control Leakage 

There are different methods to control or prevent leakage of water from reservoir of 

dams which can be employed based on the geological conditions of the dam site, 

economical studies and available material in the region (Shehata, 2006). Grouting and 

impervious blankets techniques is the most widely used to control the leakage of the 

water from the reservoir (Warner, 2004). Grouting is the most effective methods to 

control percolation of water through the geological defects (Bell, 2007). In addition, 

grouting is used to consolidate/strengthen the foundations below dams and to 

minimize settlements, to minimize leakage below dams, and to control seepage/pore 

pressures in rock abutments of dams (Fell et al., 2005).  

Clay blanket is an impervious layer at the upstream of a dam to control the seepage 

from the dam foundation (Jour et al., 2015). Replacing the top layer of a river bed of 

higher permeability is the most economical way of controlling the seepage/leakage. In 

addition, clay blanketing is used particularly in alluvial soil when cement grouts is not 

applicable (Fell et al., 2005). 
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CHAPTER THREE 

3 METHODOLOGY AND MATERIAL USED 

The methodology used in this study to achieve the objectives of the research can be 

presented as pre-field office work, detailed fieldwork which include discontinuity 

surveying, is-situ test, mapping and sampling, and post-field works such as laboratory 

testing and data processing. The primary and secondary data were integrated in order 

to analyze, summarize and present the results. 

3.1 Office Work 

The pre-field office work includes collection of a topographic map, regional 

geological map and reports from Ethiopian Geospatial Information Agency and  

Geological Survey of Ethiopia, and different field equipments were also collected 

from Addis Ababa Science and Technology University. Base map preparation and 

literature review of published journals and unpublished reports were carried out. 

Besides, previous works and design reports including the geotechnical data, insitu 

permeability test, hydrogeological and geophysical data of the Arjo Didesa dam site 

were collected from OWWDSE. Literature review related to dam failures 

mechanisms, soil and rock mass characterization, slope stability and water tightness 

analyses was done to understand the water tightness assessment methods, slope 

instability failure mechanisms and select appropriate methods of analyses for this 

study. 

3.2 Primary Data Collection 

The primary data was collected from the Arjo Didesa dam site during the fieldwork. 

During the field survey detail geological and engineering geological assessment were 

carried out at the dam site and reservoir area. These include detailed discontinuity 

surveying (which include discontinuity parameters such as; spacing, roughness, 

orientation, aperture, persistency, degree of weathering and infilling materials), 

digging test pits (totally five test pit were digging, four in the reservoir area and one at 

the downstream of the dam site), in-situ strength test in order to determine UCS of 

rocks, field description of soils and rocks, mapping and sampling for laboratory 

analysis. Geologic and engineering-geological mapping were carried out using the 

representative traverse lines which intersect various lithological units and major 
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geological structures at the reservoir and dam site. Generally, each of these data were 

described briefly in the following sections. 

3.2.1 Sampling 

Disturbed soil samples were collected from the test pit for different laboratory tests. 

Totally five test pits were dug with a maximum depth of two meters and out of these 

four test pits were  found in the reservoir area (LTP1, LTP2, RTP2 and RTP3) and 

one test pit (RTP1) was found downstream of the dam site (Figure 5 and 30). Soil 

samples were collected and put into the plastic bag in order to preserve their natural 

moisture content. In addition, the description of rocks that constitute the dam site and 

reservoir area was made in terms of their engineering properties. Subsequently, 

samples of rock were taken from surface exposure for laboratory tests. 

 

Figure 5: Soil sampling from the test pit a) LTP1 b) RTP-3 c) RTP-1. 

3.2.2 Discontinuity Surveys 

Discontinuity surveys were carried out mainly on the abutments of the dam and in the 

reservoir area. During the field investigation potentially slope instabilities were 

identified based on the factors controlling failure mechanism which were either 

structurally controlled failures or non-structurally controlled failures (rock mass 

controlled failures). Structurally controlled failures occur when ‘’discontinuity 

orientations’’ play a significant role in the rock slope instability (Figure 6b), whereas 

non-structurally controlled failures occur when the degree of weathering is high 

(Mahboubi et al., 2008). In such cases, the traces of rock joints are not obvious and 

have little effect on the stability behavior of the slope and the failure of the slope were 

controlled by rock mass failures (Figure 6a). Moreover, identifying the factor 
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controlling the failure mechanism helps to select appropriate slope stability analysis 

techniques.  

A quantitative description of discontinuity characteristics i.e. orientation, roughness, 

spacing, persistence/continuity, aperture(openness), filling material, groundwater 

condition and the number of joint sets was collected from the rocks that were exposed 

at the dam abutments according to International Society of Rock Mechanics’ 

Standards (ISRM, 1981), and also slope height, dip and dip direction were measured. 

The orientations of joint like strike, dip and dip direction were measured by using 

Brunton compass (Figure 7a) whereas spacing, continuity and aperture were measured 

using meter tape and ruler (Figure 7c). 

 

Figure 6 (a) Non-structural controlled rock slope failures (b) Structurally controlled 

rock slope failures. 

3.2.3 In-situ Rock Strength Estimation 

In this study in-situ strength of the rocks was estimated using  Schmidt hammer on 

selected slope sections (Figure 7b). The test was conducted according to the standard 

suggested by ASTM (2001). ASTM (2001) suggests that record at least 10 single 

impact readings and then discarding those differing from the average by more than 7 

units and averaging those left. The rebound distance of the plunger is read directly 

from a numerical scale on the instrument and is called the rebound number (R). The 

procedures followed during in-situ strength test include: 



28 
 

✓ Selecting the intact surface (free of visible cracks), dry and representative rock 

mass . 

✓ Calibrating Schmidt hammer was done before starting the test.  

✓ Use of grindstone for smoothing of rough surfaces especially under the plunger 

tip (impact points) and also making it free of dust and particles. 

✓ Applying the test hammer perpendicular to the rock surface by pushing slowly 

and the hammer hit the surface of the rock at defined energy. Then locking the 

hammer by pressing the button after the impact and read the gauged rebound 

values by the equipment. 

Finally, by averaging result of representative rebound values, the uniaxial 

compression strength (UCS) of the rock was estimated using equation 6. 

 

Figure 7 (a) Discontinuity orientation measurement using Brunton compass (b) In-situ 

rock strength test using Schmidt hammer (c) Joint aperture measurement using 

Ruler. 

3.3 Laboratory Testing 

3.3.1 Laboratory Test on Soil 

The laboratory tests conducted on soil samples include gradiation test (sieve and 

hydrometer analysis), specific gravity, natural moisture content, atterberg limit tests 

(liquid and plastic limit) and permeability tests at OWWDSE soil mechanics 
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laboratory. The basic procedures followed on each laboratory testing will be described 

as follows. 

3.3.1.1 Gradiation Test 

This test is performed to determine the percentage of different grain sizes contained 

within a soil using sieve and hydrometer analysis. The sieve analysis is performed to 

determine the distribution of the coarser grain larger than 75µm in diameter, whereas 

the hydrometer analysis is used to determine the distribution of the finer particles 

smaller than 75µm in diameter. The test was conducted according to the ASTM D 422 

(1998) standard test method for particle-size analysis of soils (Figure 8c and 8d). 

Accordingly, the test was conducted in the laboratory as follows. Dry soil samples 

were prepared and crushed into proper small sizes by using a hammer and pestle 

crushing device. Then after a stack of sieves was cleaned using a brush and a set of 

sieves were arranged progressively with the smaller opening from the top to the 

bottom and the pan was placed at the bottom of all sieves. The test was then 

performed for a period of 15 minutes, and the soil retained on each sieve and the pan 

was measured using balance. The soil sample retained on the pan was analyzed using 

a hydrometer. Finally, the results of recorded data were analyzed on the excel 

datasheet and the grain size distribution curve was plotted from the analysis result 

(Figure 27). 

3.3.1.2 Atterberg Limit Test 

An Atterberg limit test is performed to determine the plastic limit (PL) and liquid 

limit (LL) of fine-grained soil and to classify a fine-grained soil according to the 

Unified Soil Classification system. The test was conducted according to ASTM D 

4318 (1998) standard (Figure 8a). Accordingly, the test was conducted in the 

laboratory as follows. For the liquid limit test, part of the soil samples that passed 

through sieve #40 (0.425mm opening size) was taken in an evaporating dish. Distilled 

water was added to the soil sample and mixed it to form a uniform paste with the help 

of a spatula and then on the cup of the liquid limit device to make a smooth surface 

paste of soil and divide it into two halves by using spatula and grooving tool 

respectively and then by rotating the handle at a rate of 2 revolutions per a second 

until the soil cake comes contact by flowing with the bottom of the groove along with 

distance approximately 13mm. The number of blows required to close the two halves 
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of soil specimen by 13mm was recorded. From the flow portion, the representative 

sample was taken in moisture Cans and the moisture Cans were oven dried for 16hrs 

at 105°C. Finally, the results of each soil sample were recorded and analyzed.  

Similarly, for plastic limit determination, part of the moist sample for liquid limit 

determination was taken and then the sample was placed on the glass plate and rolled 

with the finger to form the thread of uniform diameter. The thread was then rolled 

until its diameter reaches 3mm and crumbled. The crumbled soil sample was collected 

in cans and weighted on mass balance and then put in the oven for 16hrs and the 

temperature of the oven was adjusted to 105°C. Finally, the moisture cans were taken 

out and the results of each sample were recorded and analyzed. From the liquid limit 

and plastic limit result, the plastic index (PI) was determined using equation 13 as 

follows. 

PI =  LL – PL                         (13) 

 

Figure 8 (a) Liquid limit test (b) Specific gravity test (c) Hydrometer test (d) Sieve 

analysis. 
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3.3.1.3 Moisture Content Test 

Determination of moisture content of a soil is further required as a guide to the 

classification of soils. This test was conducted according to ASTM D 2216 (1998) 

standard by oven drying method. 

 Accordingly mass of the wet soil sample was weighted and put in oven-dried for 24 

hours at 1050C and then the weight of oven-dried soil samples was recorded. Finally, 

natural moisture content was determined using equation 14. 

w = 
𝑀1−𝑀2

𝑀2
 * 100                   (14) 

Where; w is the natural moisture content in (%), M1 is the mass of wet soil sample in 

(gm) and M2 is the mass of oven-dried soil samples in (gm). 

3.3.1.4 Specific Gravity Test 

The test was conducted according to the ASTM D 854 (1998) standard by using a 

pycnometer (Figure 8b). Accordingly, the test was conducted in the laboratory as 

follows. Record the weight of the empty clean and dry pycnometer (WP) using digital 

balance before starting the test and then place 10g of oven dried soil sample that 

passed through the sieve #10 in the pycnometer and again record the weight of the 

pycnometer containing the dry soil (WPS).  Add distilled water to the pycnometer 

water to the level somewhat above the soil sample and soak the sample for 10 minutes 

and the entrapped air was removed by boiling technique. After that fill the 

pycnometer with distilled water to the mark and then determine the weight of the 

pycnometer that contained soil and water (WB). Then the pycnometer was emptied 

and cleaned and fill it with distilled water only to mark and measure the weight of the 

pycnometer and distilled water (WA). Finally, specific gravity was determined using 

equation 15 as follows. 

Gs = 
𝑊0

𝑊0+(𝑊𝐴−𝑊𝐵)
                    (15) 

Where: W0 is the weight of a sample of oven-dry soil 

3.3.1.5 Permeability Test 

The permeability test was performed to determine the coefficient of permeability of 

soil samples. The test was conducted according to ASTM D 5084 (1997) standard by 

using the falling head permeability test. Accordingly, the soil samples were first 

remolded and compacted by using standard proctor for determination of the optimum 
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moisture content at which a soil become more dense in achieve the maximum dry 

density. Then fully saturated the compacted soil samples for 24hrs. After that vacuum 

saturation was done by placing the sample in vacuum saturation apparatus for 

15minutes to remove air from the void of soil specimen. The falling head permeability 

test was carried out by inplaced the molded sample between the porous disc and then 

the standpipes filled with water and water was allowed to flow through the sample 

from head (h0) at a time (t0) to head (h1) at a time (t1) through known length (L) and 

cross-sectional area (A) of the soil sample in the standpipe of area (a). Finally, the 

coefficient of permeability was determined using equation 12. 

3.3.2 Laboratory Test on Rock 

The laboratory tests conducted on rock samples are the point load test and unit weight 

test. Each of these tests was discussed in the following section. 

3.3.2.1 Point Load Test 

The point load strength tests was conducted to determine the unconfined compressive 

strength of the intact rock. The test was conducted according to ASTM D 5731 (1995) 

standards to determine the strength of irregular rock samples. Its common method is 

used to estimate the uniaxial compressive strength of rock. This index test is 

performed by subjecting a rock specimen to an increasingly concentrated load until 

failure occurs by splitting the specimen (Conshohocken, 2007). The guidelines 

suggested that at least 10 tests per sample should be tested. In this study, a total of 23 

irregular rock samples were collected from abutments of the dam and reservoir area 

for point load strength test. The test was conducted under natural moisture content on 

irregular rock sample (Figure 9a) at the Geological Survey of Ethiopia (GSE) 

laboratory as follows. 

✓ Using geological hammer and chisel, irregular rock samples were prepared 

into proper size and shape as the scale of point load testing machine. 

✓ The height, width and length of the irregular rock samples were recorded 

before starting the test. 

✓ Then insert a rock sample in the test device and continuously apply the load 

until the failures occur and the peak values of failure load, P were recorded. 

Finally, point load test results were used to calculate the unconfined compressive 

strength of the intact rock using equation 5. 
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3.3.2.2 Unit Weight Test 

In this study, the unit weight was conducted on the irregular rock samples according 

to standard suggested by ISRM (1978) using buoyancy techniques at Addis Ababa 

Science and Technology University’s Geotechnical Engineering laboratory (Figure 

9b). The test was conducted for a total of 10 irregular rock samples that were 

collected from both abutments of the dam and later the average was taken for slope 

stability analysis and determination of the strength of the rocks. The test procedures 

followed during the unit weight test were given as follows. 

✓ First the the irregular rock samples were labeled and weighted (M1) under its 

natural moisture content and oven-dried for 24 hours at 1050C and then the 

weight of oven-dried rock samples was recorded (Mdry). 

✓ The cylinder was filled with water and the initial volume of water (V1 in cm3) 

was recorded and oven-dried samples were inserted into the cylinder filled 

with water and record the change in volume (V2 in cm3).  

Finally, the dry density (ρd) and unit weight (γ) of each rock sample was determined 

by using equation 16 and 17 respectively. 

ρd = 
𝑀𝑑𝑟𝑦

𝑉
                     (16) 

γ = ρd*g                    (17) 

Where, ρd is the dry density of the rock samples in g/cm3, Mdry is the mass of rock 

samples after oven-dried in (g), V is the difference between volume of water after 

inserting the rock sample in and volume of water before inserting the rock sample, i.e. 

V = V2 –V1 (cm3), γ is the unit weight of rock in KN/m3 and g is the acceleration due 

to gravity in (m/s2). 
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Figure 9 (a) point load test for rock sample (b) unit weight test for rock sample 

3.4 Data Processing and Analysis 

3.4.1 Rock mass classification 

In this study, rock mass rating system (RMR) proposed by Bieniawiski (1989) and 

Geological Strength Index (GSI) (Marinos and Hoek (2000) has been utilized to work 

out the shear strength parameters. To determine RMR, five basic parameters were 

used. These are Uniaxial Compressive Strength of the rock (UCS), Rock Quality 

Designation (RQD), condition of discontinuities, the spacing of discontinuities and 

groundwater condition. Uniaxial Compressive Strength of the intact rock (UCSi) 

estimated from the point load test is preferred for the rock mass classification. 

Furthermore, RQD estimated from in the field were used in the classification of rock 

quality found at the dam site.  

The first step undertaken to determine RQD is selecting the representative slope 

section and measure the area with one square meter of the rock mass. Subsequently, 

the number of joint sets in the selected area and the number of joints in the joint sets 

were identified. Finally, Jv values were calculated using equation 4, and the RQD 

values were determined using equation 2. Finally, Rock mass classification 

parameters that were obtained descriptively were converted into rated parameters and 

then the value of RMR was calculated. 
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Geological Strength Index GSI) was carried out by visual assessment of the rock mass 

to characterize the rock mass condition according to the Hoek and Marinos (2000) 

GSI basic charts and also calculated from RMR results using equation 7. The result of 

GSI values were used in the RocLab software for determination of shear strength 

parameters. 

3.4.2 Estimation of Shear Strength Parameters of Rocks 

Shear strength parameters are the main factors which affect the rock slope stability 

depending on the strength of the rock materials and characteristics of discontinuities 

(Raghuvanshi, 2017; Memon, 2018; and Shaz, 2019). In this study, the shear strength 

parameters of the rocks (cohesion and friction angle) along the discontinuity plane 

was determined in the RocData computer software (Rocscience, 2004) based on 

empirically derived correlation described by Barton (1973) using equation 18 that is 

already built in the RocData software. 

τ = σntan [JRC Iogl0 ( 
𝐽𝐶𝑆

σn
) + ϕb]                  (18) 

Where τ is peak shear strength (kPa), σn is the effective normal stress (KPa), JRC is 

the joint roughness coefficient,  JCS is joint wall compressive strength  (KPa)  and ϕb 

is basic friction angle. 

According to Barton and Bandis (1990) shear strength criteria, the basic input 

parameters of RocData software include basic friction angle (ɸb), joint roughness 

coefficient profile (JRC), joint wall compressive strength (JCS), slope height and unit 

weight of the rock. The uniaxial compressive strength (σc), determined from Schmidt 

rebound value (R) on an un-weathered rock surface with unit weight (γ), represents 

the joint wall compressive strength of the rock (JCS) (Barton, 1976). For weathered 

rock surfaces, JCS will become a fraction of the uniaxial compressive strength of the 

rock approximately (1/4σc) (Barton, 1976). JRC value was determined visually during 

the fieldwork by comparing the appearance of the discontinuity surface with the 

standard joint roughness profile developed by (Barton and Choubey, 1977). The value 

of basic friction angle (ɸb) is between 250 and 350 for most smooth and unweathered 

rock surfaces (Barton and Choubey,  1977).  

Furthermore, rock mass strength and deformability parameters was determined using 

RocLab software (Rocscience, 2002) based on the Hoek-Brown failure criterion. 
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RocLab software allowing users to easily obtain reliable estimates of rock mass 

properties and shear strength parameters (Torres and Brent, 2002; and Hoek and 

Diederichs, 2006). The input parameters of RocLab software consisted of Geological 

Strength Index (GSI), uniaxial compressive strength of intact rocks (σci), material 

constant of intact rock (mi), and Disturbance factor (D). In addition, unit weight of 

rock (γ) and slope height (H) were also required in the RocLab software for 

application of slopes. Finally, the software expressed the shear strength parameters in 

terms of the cohesion (c) and friction angle (ϕ). The value of disturbance factor (D) 

depends on degree of disturbance in the rock mass associated with the method of 

excavation (Torres and Brent, 2002). Its values vary from 0 to 1 for undisturbed in 

situ rock masses and very disturbed rock masses respectively which is already built in 

the RocLab software. Generally, results of output parameters from RocData and 

RocLab software were used as input parameters in the slope stability analyses. 

3.4.3 Slope stability Analysis Method 

Slope stability assessments of the dam abutments were carried out using the kinematic 

method, limit equilibrium method and finite element method. Each of these slope 

stability methods was discussed briefly in the next sections. 

3.4.3.1 Kinematic Method 

This technique uses the dominant discontinuity planes within slope mass to forecast 

the probability of failures. In this study kinematic analysis of rock slopes was 

conducted for structurally controlled failure using Dips 6.0 software (Rocscience, 

2004). The input parameters of Dips software includes dip and dip directions of both 

slope and major joint set, and friction angle (Hoek, 1974 and Barton and Choubey, 

1977). Dip and dip directions was collected from the surface rock mass using a bruton 

compass, while the friction angle along the failure plane was determined using 

RocData software (Rocscience, 2004). Kinematic analyses were carried out for the 

structural control slope section i.e left abutment slope 1(LAS1) and right abutment 

slope 1(RAS1) sections which are lying on the left and right abutments respectively. 

3.4.3.2 Finite Element Method  

FEM is the most suitable method for highly weathered and fractured rock mass 

slopes. In this study, the finite element analysis were carried out for non structural 

slope sections i.e. left abutment slope 2 (LAS2) and right abutments slope 2 (RAS2) 
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on the left and right abutment respectively using Phase2 software. The Shear Strength 

Reduction (SSR) option in Phase2 allows the user to automatically perform a finite 

element slope stability analysis and compute a critical strength reduction factor (SRF) 

for the model. The basic input parameters required for Phase2 software including rock 

type, slope height, uniaxial compressive strength of intact rock (σci), unit weight of 

rock (γ), Geological strength Index (GSI), Hoek Brown parameters (a, mb and s), 

cohesion (c), friction angle (ɸ), intact rock constant (mi), Disturbance factor (D), 

Young’s modulus (Erm), Poisson’s ratio (v), seismic load and groundwater condition. 

Slope geometry and GSI were determined in the field. Disturbance factor (D) and 

material constant (mi) were assumed from the chart provided by Marinos and Hoek 

(2000). The value of Disturbance factor(D) varies from 0 to 1 for undisturbed in-situ 

rock masses and very disturbed rock masses respectively (Torres and Brent, 2002). 

Some of the data such as uniaxial compressive strength (σci) and unit weight of rock 

(γ) were determined in the laboratory. Furthermore, shear strength parameters were 

estimated using RocLab software whereas Poisson’s ratio (v) was taken from 

publication (Gercek, 2007) was used in the analysis. 

The young’s modulus (Erm) of the rock mass is calculated from the Disturbance 

factor (D), Geological Strength Index (GSI), whereas intact modulus (Ei) (Hoek and 

Diederichs, 2006) were estimated by using equation 19 which is already built in the 

Phase2 software. 

Erm = Ei *(0.02 + 
1−𝐷/2

1+𝑒(
60+15𝐷−𝐺𝑆𝐼

11
) 
)                  (19) 

Where Erm is rock mass elastic modulus in KPa, D is the Disturbance factor, GSI is 

the Geological Strength Index and Ei is the intact modulus. The intact modulus, Ei can 

be expressed as follows. 

The intact modulus, Ei was expressed as (equation 20). 

Ei = MRσci                     (20) 

Where; MR is the modulus ratio proposed by Deere (1968) and σci is the Uniaxial 

Compressive Strength of the intact rock. This relationship is useful when no direct 

values of the intact modulus are available or where completely undisturbed sampling 

of measurement of Ei is difficult. 
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3.4.3.3 Limit Equilibrium Method 

Limit Equilibrium methods (LEM) can evaluate a wide range of modes of failures in 

terms of safety factors. In this study, LEM was used to stability analysis for both 

structurally and non-structurally controlled slope section by using RocPlane and Slide 

software respectively (Rocscience, 2004). Accordingly, stability analysis for the 

structurally controlled slope sections i.e. left abutment slope 1(LAS1) and right 

abutment slope 1(RAS1) sections which are lying on the left and right abutments 

respectively was undertaken by using RocPlane software where the possibility of 

kinematic instability had been identified. Accordingly, RocPlane software was used to 

calculate the factor of safety for the planar mode of failure at each critical slope 

sections. The input parameters for RocPlane software include slope geometry (height 

and dip angle), upper slope face angle, waviness and dip angle of joint that are 

responsible for planar were determined in the field.  

The other parameters such as friction angle and cohesion were estimated using 

RocData software, whereas unit weight of the rock was determined in the laboratory, 

and horizontal seismic acceleration was taken from seismic risk map (Asfaw, 1986). 

Furthermore, the stability analyses of the non-structurally controlled slope sections i.e  

left abutment slope 2 (LAS2) and right abutments slope 2 (RAS2) on the left and right 

abutment respectively were also done by using slide 6.0 software (Rocscience, 2004).  

The slide software takes input parameters such as Uniaxial Compressive Strength of 

intact rocks (UCSi), Geological Strength Index (GSI), intact rock constant (mi), and 

disturbance factor (D) that were estimated in the RocLab software. In addition, the 

unit weight of rock which determined in the laboratory, slope geometry which 

determined in the field, and external forces (groundwater and seismic load) were 

considered as input parameters for slide software. In this study, individual slip 

surfaces were analyzed using search methods to locate the critical slip surface for a 

given slope. Searching the critical slip surface was achieved by using the “auto-grid 

method” in which the default setting in Slide software was used to determine the 

minimum slip surface. In general, a 20x20 grid was defined which resulted over 4000 

slip centers. Slide software was determined the factor of safety by utilizing General 

limit equilibrium (GLE)/Morgenstern-Price method. GLE satisfies and computes FOS 

for both moment and force equilibrium (Fredlund and Krahn, 1977). The detailed 
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methodological approach used in this study is indicated in the following flow chart 

(Figure 10). 

3.4.4 Water Tightness Evaluation Method 

The water tightness analysis was carried out using laboratory permeability testing of 

the soil sample, surface hydraulic conductivity estimation from discontinuity aperture 

and spacing, water tightness model and lugeon tests. 

The laboratory permeability test was conducted on five representative soil samples 

collected from the test pits to determine the coefficient of permeability of the soil 

deposits in the reservoir area. The relationship between the hydraulic conductivity (k) 

and fracture characteristics (spacing, S and aperture, e) is given by equation 10 which 

is derived by Snow (1965) and Louis (1974) to estimate the hydraulic conductivity of 

rock mass that is exposed in the dam abutments and reservoir area. During the 

discontinuity surveying data collection, special attention was given for the orientation 

of joints that favorable for leakages. Furthermore, the water tightness model was used 

to evaluate and confirm the area of potential leakage occurrence of the water from the 

reservoir after impoundment based on the factors such as topography, geology, 

groundwater condition, rainfall/climate condition, hydraulic conductivity of 

lithological units and design of maximum full supply level of the reservoir. Moreover, 

the water-tightness of dam abutments was evaluated using a water pressure test or 

packer tests conducted by OWWDSE (2009). 
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Figure 10 Flowchart showing a methodological framework of the study. 

3.5 Material Used 

The material and equipment used for this research work include both laboratory and 

field equipment. The field equipments that were used for field data collection, 

measurement and testing include GPS, compass, geological hammer, chisel, tape 

meter and Schmidt hammer for in-situ test of rock strength. Soil mechanics laboratory 

equipments were used for determination of index and engineering property f soils. For 

rock laboratory analysis (point load) device was used to determine the strength of 

intact rock. The data processing and interpretation were done with the help of 

different softwares such as Arc GIS 10.3, Global Mapper 12, Surfer 10, Dips 6, 

RocData, RocLab, RocPlane, Slide 6.0 and Phase2 v8 for mapping and processing 

different geotechnical data. 

 

 

 



41 
 

CHAPTER FOUR 

4. GEOLOGY OF THE STUDY AREA 

4.1 Introduction 

Ethiopian geology comprises the Precambrian basement rocks to recent volcanic 

rocks (Alen and Taddesse, 2003). These rocks are categorized into the following 

geological formations: Precambrian rocks, Paleozoic-Mesozoic sedimentary rocks, 

and Cenozoic volcanic rocks and associated sediments (Alen and Taddesse, 2003). 

Precambrian metamorphic and associated intrusive igneous rocks exposed in the 

northern, western, southern and eastern parts of the country rocks. The Precambrian 

rocks of southern and southwestern Ethiopia were traditionally divided into Lower, 

Middle and Upper Complex based on the variation in grade of metamorphism 

(Kazmin, 1972; and Kazmin et al., 1978). Geologic map of Ethiopia were first 

compiled by Kazmin (1973, 1978) at scale of 1:2,000,000, and was modified later by 

Tefera et al. (1996) provide some broad and basic information about the geology of 

the southwestern Ethiopia including the Arjo area, but no systematic geological 

mapping was conducted in the map area. Later on, the regional geological map of the 

Arjo area was compiled by Alemu (2014). 

4.2 Regional Geology of Arjo Area 

The Arjo map sheet is situated on the southwestern plateau of Ethiopia. In the 

southwestern plateau, the exposed lithological units comprises of the Precambrian 

basement rocks and the associated intrusive rock, Paleozoic-Mesozoic sediments, 

Tertiary volcanic and Quaternary deposits (Kazmin, 1972 and Tefera et al., 1996). 

According to Alemu (2014) geological map of the Arjo area is compiled at a scale of 

1:250,000 and the geology of the Arjo area is comprised of Precambrian rocks 

(basement complex), Paleozoic-Mesozoic sedimentary rocks and Cenozoic rocks that 

consist of Tertiary volcanic and quaternary superficial deposits.  

The Precambrian crystalline basement rocks include mafic to felsic high-grade rocks 

which are thought to the northern extension of the Mozambique belt (Alemu, 2014). It 

covers the northwestern and the central part of Arjo area and consisted of a wide 

variety of gneisses, low-grade volcano-sedimentary sequences and intrusive rocks 

which have been metamorphosed to varying degrees. 
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The Paleozoic-Mesozoic rocks comprised of continental clastic sediments represented 

by Getema and Wama Sandstones (Alemu, 2014). Getema Sediments named after the 

town called Getema which is situated along the road between Arjo and Nekemte 

(Alemu, 2014). The sediments unconformably overlie the Precambrian rocks and 

underlie the Tertiary volcanics. Wama Sandstone is named after Wama River which is 

the major tributary of the Didesa River (Alemu, 2014). It is commonly red and 

pinkish red with minor greyish yellow and white sandstone. Its thickness ranges from 

10m to 100m. It unconformably overlies the Precambrian rocks and underlies the 

Tertiary volcanics. The tertiary volcanic rocks have attained a thickness of 2-2.5km 

and covered large parts of the mapped area, and it’s represented by Jima Volcanics 

and Wollega basalt (Merla et al., 1973). The Jimma volcanic is the collective term and 

represent by two major units (basaltic and silicic) which are trachyte basalts and 

rhyolites (Merla et al., 1973). Based on textural variation, topographic break, and 

morphology the basaltic unit was divided into lower and upper basalts (Alemu, 2014). 

The Silicic unit can be represented by varying proportions of trachyte, rhyolite and 

pyroclastic rocks which formed plateaus and flat-top ridges. The trachyte represents 

the dominant part of the lower silicic and is represented by fine-grained aphanitic and 

porphyritic varieties.  The rhyolite is the next dominant lithology in the lower silicic 

which is exposed either as separate exposure with blocky outcrops or as intercalation 

with the trachyte. 

The pyroclastics formed the top part of the lower silicic which consists of 

agglomerate and tuffs. According to Merla (1973), the Wollega basalt is the collective 

term and represents the lithological units belonging to the Arjo group. The quaternary 

sediment in the study area can be represented by colluvium, reddish to reddish-brown 

superficial deposits composed of a heterogeneous mixture of fine particles and coarse 

rock fragments (Alemu, 2014). A regional geological map of Arjo area is shown in 

Figure 11. 

4.3 Regional Geological Structures 

The regional geological structures observed in the area include lineaments, faults, 

fractures and joints. According to Alemu (2014), the distribution of lineaments in the 

area has four general trends i.e. (i) N-S (ii) NNE- SSW to NE-SW (iii) NW- SE to  

WNW-ESE and (iv) ENE-WSW directions. The majority of these lineaments follow 

the trend of ridges and streams. The faults in this area are represented by high-angle 
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normal faults, low-angle normal slip faults and strike-slip faults (Alemu, 2014). The 

NW- to WNW-striking faults in the area are significant as they are largely responsible 

for controlling the morphology of the river valleys/gorges and form the zig-zag 

shapes. Hotspring in the area followed the general trend of NE-SW striking faults. 

OWWDSE (2009) also revealed a high magnetic anomaly in the vicinity of the dam 

site which is located about 2km away from Ketketo hot spring. Thus the general 

suggestion here is that water is in contact with the magmatic reservoir through a deep 

fracture zone related to the fault. Those thermal springs are most probably related to 

the shallow igneous body.  

 

Figure 11 Regional geological map of Arjo Area (after Alemu, 2014) 
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4.4 Local Geology 

In the study area five lithological units were identified nad mapped. Those are basalt 

rock, rhyolite rock, residual soil, alluvial and colluvial deposit. 

Basalt Rock 

This unit is exposed along the Didesa River and around the saddle dam and spillway 

area in the right bank of this river and it also covers surrounding the reservoir area by 

forming higher ground. It is overlain by alluvial soil deposit and residual soils in the 

reservoir area and by rhyolite rock at the dam abutments. Texturally it is fine-grained 

rock and it has dark fresh color and grey weathered color. It varies from highly to 

slighly weathered ones in terms of weathering (Figure 12).  

 

Figure 12 Basalt exposures in the reservoir area 

Rhyolite Rock 

The rhyolitic rock is exposed in both abutments of the dam and in the reservoir area at 

some locality forming small steep slope ridges. The rocks have porphyritic texture 

(fine grained and ground mass with larger crystals) in which the phenocrysts are 

commonly aligned parallel to flow banding and probably feldspar. This rock unit has 

dark to grey fresh color and pinkish to brownish weathered color. The rock unit is 

highly weathered and intercepted by numerous joint and fractures as shown in Figure 

13 below. In this unit, there is a squeezed material which is decomposed and highly 

disintegrated. 
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Figure 13 Highly to slightly wetheared rhyolite rock on the left abutment 

Colluvial Deposit 

The colluvial deposit is covering the base of both abutments. It is a mixture of an 

extremely wide range of soil types. It is formed by the erosion of slopes and deposited 

under gravity forces along the base of the abutment slope. It consists of variable grain 

size which ranges from fine-grained soil (silt and clays) and coarse-grained (gravel 

and boulder) deposits. 

Alluvial Deposit 

Alluvial soils are deposited in the River channels and plains of Didesa valley by River 

and floods. These soils are characterized by great variability in thickness both 

vertically and laterally. It consists of silt clay to coarse sands, gravels and boulders 

which cover the large part of Didesa plain part of the reservoir area. It’s soft to 

medium stiff, brown to dark brown in colors. Its thickness ranges from 3 to 5m above 

the basalt rock bedrock as observed from insitu test pit and drilling borehole along the 

dam axis (OWWDSE, 2009). 
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Residual Soils 

In the study area, these soils cover large parts of the reservoir area and the saddle dam 

site (Figure 15). It was found over the higher altitude on flat farmland and at some 

part of the gently dipping escarpments. It is reddish to brown in color and mixtures of 

various variable particle size which ranges from clay to gravel. As observed from test 

pit, the thickness of these soil ranges from 2 to 4m. Residual soils formed from parent 

rocks of basalt and rhyolite rocks at the original place by physical and chemical 

weathering processes which are formed at the place of origin. A geological map of the 

study area is given in Figure 14 below. 

 

Figure 14 A) Geological map of the Study area B) Geological  cross-section 

4.5 Local Geological structures 

The major geological structures observed in the area include lineaments, faults, 

fractures, and joints. 
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Lineaments 

Lineaments are large-scale features which are expressed in terms of topography such 

as valleys controlled by faulting, mountain or hill ranges and ridges and lines of 

isolated hills. 

In the study area, numerous lineaments govern stream and river courses and 

alignment of ridges. They have the general trends of NNE/NE, and rarely N-S and 

mainly straight to curvilinear with variable lengths (Figure 14). 

Faults 

In the study area, the major faulting direction is NE–SW, which is the direction of the 

dam axis. This major fault is associated with the Adosa and Keteketo hot springs. 

Adosa hot springs are found in the reservoir area located upstream of the dam axis 

along the Didesa River, whereas Keteketo hot spring is found in the Wama valley 

which is located at about 2Km away from Dam site following the general trend of this 

fault direction. Basaltic dikes were observed at Ketketo hot spring which oriented in 

the  NE-SW direction and is associated with dikes at the abutment of the saddle dam 

site in the reservoir area. In general, the hot springs in the area are related to regional 

tectonic structures and are aligned along the NE-SW fault direction. 

Joints 

In the study area, the joints are observed in the rock mass with different strike 

orientations (Figure 15 and 16). The majority of joints have three sets having NE-SW, 

NW-SE and WNW-ESE strike directions on the left abutment,  and NNE-SSE, NW–

SE, and NE–SW strike directions on the right abutment (Figure 17). They have larger 

continuity/persistence and closely spaced, and represented by vertical/sub-vertical rough 

surfaces. They are mostly filled with soft and squeezed materials and secondary, and some 

of the joints are open with no infill materials (Figure 17). Most of the joint set orientations 

are favorable to the leakage  as they cross the dam axis at nearly parallel direction to the 

river flow (Figure 17).  
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Figure 15 Different joint sets a) on right abutment b) in reservoir area c and d) on the 

left abutment. 

 

Figure 16 Joint opening filled by fine materials (a and b) at left abutment, not filled 

opening at left abutment (c), and not filled opening at the right abutment (d-e). 
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CHAPTER FIVE 

5 RESULT AND DISCUSSION 

5.1 Description and Characterization of Geology of the Area  

From field observation, the study area is characterized by a very wide river valley 

which topographicaly surrounded by highly elevated ground in the upstream and 

downstream of the dam site and very narrow valley and steep slope ridges which form 

abutments of the dam site. Abutments of the dam comprises of porphyritic rhyolite 

rock which was underlain by basaltic rock. The porphyritic rhyolite rock is exposed at 

both abutments and covered by colluvial deposits at the base of the slopes. The 

rhyolitic rock that exposed at the abutment was characterized by highly weathered, 

jointed and fractured rock masses. In addition, numerous tiny to large openings are 

observed in the rock mass that formed the two abutments. These openings were found 

to be partially filled with squeezed materials mixed with cohesive and cohesionless 

soils and soft gouge. The basaltic rock is exposed along the Didesa river bed and 

overlain by rhyolite rock at the dam abutments and by alluvial deposits at the side of 

the river and in the reservoir area. It characterized by highly weathering and 

fracturing. Moreover, the reservoir area is dominantly covered by alluvial and residual 

soils and in some localities covered by basaltic rocks which form gentle slopes and by 

rhyolitic rocks that form small steep slopes in the reservoir area.  

5.2 Surface Rock Mass Characterization 

5.2.1 Discontinuity Survey 

The discontinuity survey was undertaken according to the International Society of 

Rock Mechanics (ISRM, 1978) standard to characterize the rock mass conditions of 

the dam site and reservoir area. During the fieldwork, discontinuity data such as joint 

spacing, orientation, conditions (apertures, infill material and roughness) and the 

number of joints were collected and interpreted from exposed rocks at the slope face 

of the two abutments and from the reservoir area. These discontinuity data are used 

for slope stability analysis, water tightness assessments and also for rock mass 

classification as basic input parameters for the calculation of rock mass rating values 

and to determine the engineering properties of rocks. From field observation, four 

critical slope sections namely LAS1 and LAS2 on the left abutment, and RAS1 and 
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RAS2 on the right abutment were identified. LAS1 and RAS1 slope sections are 

structurally controlled whereas LAS2 and RAS2 are not structurally controlled. 

Tables 2 and Appendix 1 show that the location and factor control potential failure 

mechanism at each critical slope sections. Furthermore, the discontinuity analysis 

result revealed that three dominant joint sets were having NW-SE (JS1), NE–SW 

(JS2), and WNW-ESE (JS3) strike directions on the left abutment (Figure 17a) 

whereas NNE- SSE (JS1), NE–SW (JS2) and NW–SE (JS3) striking joints were 

found on the right abutment (Figure 17b). From these results, it can be deduced that 

JS1 and JS3 have very favorable orientation for leakage as their orientations are near 

parallel to the direction of the river flow at left and right abutment respectively. This 

scenario is also associated with potential leakage of water from the reservoir. 

Therefore, special treatment is required at the both abutments during the construction 

stage to prevent the potential leakage. Moreover, at the left abutment majority of joint 

sets are characterized by closely spaced, vertical to sub-vertical oriented, slightly rough 

to rough surfaces, tight to open with fine in filled materials. Similarly, at right abutment 

the joint planes are mostly planar, slightly rough and slicken sided surface were also 

observed. Summary of representative discontinuity measurements was presented in 

Table 3. 

Table 2 Location and Potential failure mechanism at each critical slope sections 

Place Slope 

section 

Factor controlling failure 

mechanism 

Field Observation 

Left 

Abutment 

LAS1 Structural controlled failure Partially stable(dispersed blocks in 

the upper portions) 

LAS2 Non-structural controlled 

due to highly weathering and 
fracturing  rocks on the slope 

An unstable and circular mode of 

failure was expected 

Right 

Abutment 

RAS1 Structural controlled failure Unstable and failure plane 

daylighted on the slope face 

RAS2 Non-structural controlled 
due to highly weathering and 

fracturing rocks on the slope 

Unstable in the rainy season 

Table 3 Summary of representative discontinuity characteristics 

Location Discontinuity Characteristics 

D.set Spacin

g (cm) 

Aperture 

(cm) 

Persiste

nce (m) 

Roughn

ess 

Weathering 

degree 

Infilling 

material 

Left 

Abutment 

J1 40-90 0.1-0.5 0.5 - 2 Slightly 

Rough 

Highly 

Weathered 

Soft 

Gouge 

J2 1-55 0.1-0.7 1- 3 Rough Highly Fine soil 
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Weathered 

J3 9-70 0.14-

0.32 

1.5 - 3 Slightly 

Rough 

Moderately 

Weathered 

Fine soil 

Right 

Abutment 

J1 32-50 0.15-0.6 1.5 - 4 Slightly 

Rough 

Highly 

Weathered 

Fine 

material 

J2 1-40 0.2-0.5 2.5 - 5 Slightly 

Rough 

Slightly 

weathered 

clean 

J3 27-80 0.1-0.7 0.4- 1 Slightly 

Rough 

Highly 

Weathered 

Fine 

material 

Where: J1, J2, and J3 are joint set 1, joint set 2 and joint set 3 respectively and D 

stands for discontinuity 

 

 

Figure 17 Rose diagram at  a) left abutment b) right abutment 

5.2.2 Rock Quality Designation (RQD) 

Rock Quality Designation has been estimated from joint volumetric count (JV) for 

rock mass that are exposed at the dam site and in the reservoir area using equation 2 

as suggested by Palmstrom (1982). Accordingly, the average RQD values on the left 

abutment range from 23.49% to 52.35% (Table 4). Similarly, on the right abutment, 

the average RQD values range from 42.98% to 69.3% (Table 4). Based on this, it can 

be concluded that the rocks exposed at both abutment slopes have poor to fair rock 

qualities according to Deer (1968). This indicated that the rock mass found at both 

abutments are highly weathered and affected by numerous joint and fractures. 
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Table 4 RQD estimated from surface discontinuity frequency 

5.2.3 In-Situ Rock Strength Test 
In the present study, the in situ strength of the rocks has been estimated using Schmidt 

hammer (SH) following the standard suggested by ASTM (2001) to determine the 

strength of intact rock adjacent to joint walls at the dam abutments and in the 

reservoir area. ASTM (2001) suggests that measurements of at least ten readings and 

discarding those differing from the average by more than 7 units and averaging those 

left. Accordingly, the test was conducted on the fresh and slightly weathered rocks 

and for each observation point at least eleven Schmidt rebound values were collected 

(Appendix 7). The obtained rebound values were first averaging and then discarding 

those differing from the average by more than 7 units. Then the remained rebound 

values were converted into uniaxial compressive strength (UCS) of the rocks using 

equation 6. The obtained results indicate that the strength of rocks as determined by 

Schmidt hammer ranges from 19.18MPa to 128.5MPa which classified as very low 

strength to high strength rock respectively on the left abutment while on the right 

abutment the strength of rock ranges from 22.44MPa to 159.62MPa which classified 

as very low strength to high strength rock respectively according to Deere and Miller 

(1966) (Appendix 6) as given in Table 5. It can be concluded that based on Schmidt 

hammer results the strength of rocks at the dam abutments ranges from weak to strong 

rocks. Furthermore, in the reservoir area, the uniaxial compression strength (UCS) 

values range from 40.67MPa to 66.05MPa, which is classified as low to medium 

strength rock according to Deere and Miller (1966) classification (Appendix 6). 

Location Observat

ion 

Section 

JV and RQD  Avg. RQD 

(%) 

Rock quality 

According to 

 Deere (1968) 
JV RQD 

(%) 

Left 

Abutment LAS1 

17.93 55.84 52.35 Fair 

20.76 46.5 

18.27 54.72 

LAS2 

27.45 24.40 23.49 Very Poor 

28.7 20.28 

27.03 25.78 

Right 

Abutment 

 

RAS1 

17.62 56.85 69.3 Fair 

14.05 68.65 

9.87 82.4 

 

RAS2 

22.52 40.7 42.98 poor 

21.06 45.51 

21.89 42.74 
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Table 5 Schmidt Rebound value and the estimated UCS values 

Location Observation 

point 

Average  

SHV 

UCS 

(MPa) 

According to Deere and 

Miller (1966) 

Left Abutment LAS-1 53.45 128.5 High strength rock 

35.91 56.04 Medium strength rock 

36.14 56.66 Medium strength rock 

40 68.08 Medium strength rock 

LAS-2 15.42  21.24 Very low strength rock 

15.64 21.46 Very low strength rock 

13.67 19.55 Very low strength rock 

13.27 19.18 
Very low strength rock 

Right Abutment RAS-1 58 159.62 High strength rock 

46.1 90.79 Medium strength rock 

37 59.01 Medium strength rock 

45.63 88.72 Medium strength rock 

RAS-2 18.25 24.28 Very low strength rock 

20.25 26.7 Very low strength rock 

16.83 22.7 Very low strength rock 

16.58 22.44 Very low strength rock 

Reservoir Area LRB 31.73 45.98 Low strength rock 

29.8 41.96 Low strength rock 

35 53.68 Low strength rock 

37 59.01 Medium strength rock 

RRB 29.14 40.67 Low strength rock 

31.1 44.63 Low strength rock 

34.29 51.9 Low strength rock 

39.38 66.05 Medium strength rock 

5.2.4 Laboratory Results For Rock Samples 

The point load test was conducted according to ASTM D 5731 (1995) standards on 

irregular rock samples to determine the uniaxial compressive strength of intact rocks 

using equation 5. A total of 23 irregular rock samples that collected from the 

abutments of the dam and reservoir area were tested. Accordingly, the obtained UCS 

values of rocks on the left abutment range from 22.77MPa to 62.79MPa which 

classified as very low to medium strength according to Deere and Miller (1966) 

(Table 6 and Appendix 8). Similarly, on the right abutment, the UCS values range 

from 17.48MPa to 57.04MPa which classified as very low strength to low strength 

respectively (Deer and Miller, 1966) as given in Table 6 and Appendix 8. Generally, 

the results of  point load strength test on the rock sample showed that the rhyolite rock 

has low strength compared to basaltic rock. 
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Similarly, the unit weight test was conducted on 10 irregular rock samples that were 

collected from both abutments of the dam, and the test was conducted using buoyancy 

techniques on irregular rock samples according to a standard suggested by ISRM 

(1978) using equation 17. 

The result showed that the unit weights range from 19.23KN/m3 to 26.19KN/m3 and 

the average value was 23.37KN/m3 as shown in Table 7. The results of unit weight 

were used as input parameters in the rock slope stability analysis. 

Table 6 Point load test results and the estimated UCS values. 

Table 7 Result of unit weights of rocks determined in the laboratory 

Rock units Sample 

ID 

Mdry  

(g) 

V 

(cm3) 

 ρdry 

(g/cm3) 

 γ = ρdry *g (kN/m3) 

Highly weatheared 

rhyolite 

R1 450 174 2.58 25.31 

R2 320 131 2.45 24.03 

R3 370 189 1.96 19.23 

R4 220 101 2.18 21.39 

R5 830 423 1.96 19.23 

Slope 

sectio

n 

Sample 

code 

Is(50) 

(MPa) 
UCS 

(MPa) 

Classification based on 

(Deere and Miller, 1966) 

Rock units 

LAS1 LA1 1.93 44.39 Low Strength Slightly weathered 

Rhyolite LA2 2.73 62.79 Medium Strength 

LA3 1.81 41.63 Low Strength 

LA4 2.45 56.35 Medium Strength 

LA5 1.73 39.79 Low Strength 

LAS2 LA6 1.02 23.46 Very low strength Highly weathered 

Rhyolite LA7 1.05 24.15 Very low strength 

LA8 0.99 22.77 Very low strength 

LA9 1.11 25.53 Very low strength Moderately 

weathered Rhyolite LA10 1.09 25.07 Very low strength 

RAS1 RA1 1.58 36.34 Low Strength Slightly weathered 

Rhyolite RA2 1.69 38.87 Low Strength 

RA3 2.48 57.04 Medium Strength 

RA4 1.05 24.15 Very low strength 

RAS2 RA5 1.05 24.15 Very low strength Moderately  to 

slightly weathered 

Rhyolite 
RA6 1.27 29.2 Low Strength 

RA7 1.06 24.38 Very low strength 

RA8 0.99 22.77 Very low strength Highly weathered 

Rhyolite RA9 0.76 17.48 Very low strength 

RA10 0.96 22.08 Very low strength 

ADR ADR1 4.27 98.21 Medium Strength Slightly weathered 

Basalt ADR2 3.20 73.6 Medium Strength 

ADR3 3.91 89.93 Medium Strength 
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Moderately to 

Slightly 

weatheared rhyolite 

R6 710 266 2.67 26.19 

R7 255 104 2.45 24.03 

R8 440 179 2.45 24.03 

R9 350 143 2.45 24.03 

R10 405 151.6 2.67 26.19 

Where: Mdry is oven dried mass of rock, V is change  in volume of water, ρdry is dry 

density and γ is unit weight of rock. 

5.2.5 Engineering Classification of the Rock Mass 

In the present study the two most widely used rock mass classification methods, 

namely RMR (rock mass rating) (Bieniawski, 1989) and GSI (geological strength 

index) (Marinos and Hoek, 2000) have been used for rock mass characterization and 

to estimate the rock mass quality at the dam abutments. The RMR system consists of 

five basic parameters that represent different conditions of rock mass and 

discontinuities such as (1) UCS of intact rock, (2) RQD, (3) spacing between 

discontinuities, (4) condition of discontinuities and (5) groundwater condition 

(Appendix 2). The UCS results determined from point load test and RQD determined 

from volumetric joints was used in rock mass classification. Joint spacing, condition 

of discontinuity and ground water condition used in the rock mass classification were 

determined in the field (Table 8). 

Accordingly, the rock mass quality result on the left abutment ranges from poor rock 

to fair rock with rock mass rating values ranges from 33 to 60 respectively (Table 8). 

Simillarly, on the right abutment the rock mass quality ranges from poor rock to good 

rock with rock mass rating values ranges from 40 to 63 respectively (Table 8). The 

detailed discontinuity parameters with rating values and calculated RMR are given in 

Table 8. 

Furthermore, the GSI values were estimated from RMR using empirical equation 7 

(Hoek and Brown, 1997) and later on these results were compared with GSI values 

that were estimated in the field by visual observation using the quantitative GSI chart 

proposed by Marinos and Hoek (2000). The assessment of GSI of the rock mass was 

carried out at the surface outcrops and excavated slope faces on the abutments and its 

value was estimated based upon the condition of discontinuity surfaces and structures 

in the rock masses. Accordingly, the GSI results revealed that the rock mass on the 

left abutment can be classified as blocky/disturbed to very block rock mass at the 

LAS1 section with GSI values ranging from 45 - 60, whereas at LAS2 slope sections, 
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it is disintegrated to blocky/disturbed rock mass with GSI values ranging from 15 - 30 

(Table 9). 

Similarly, on the right abutment, the rock mass is classified as very blocky to blocky 

rock mass at RAS1 with GSI values ranging from 50 - 65 whereas Disintegrated to 

very blocky rock mass at RAS2 with GSI values ranging from 25 - 40 (Table 9). The 

results of estimated GSI values are given in Table 9 and plotted in Figure 18 with 

yellow and green semicircular shades showing the GSI values of the left and right 

abutments respectively. Note that, the GSI values ploted in the Figure 18 were 

estimated in the field. Moreover, the GSI values estimated in the field was used to 

determine the rock quality and as the main input parameter for finite element and limit 

equilibrium slope stability analyses methods. Generally, the result of RMR and GSI 

rock mass classification showed that the rock mass on the left abutment has low 

quality as compare to right abutment. 

Table 8 Rock mass rating (RMR) values and classification of rocks at the dam site 

(After Bieniawski, 1989). 

Location  Left  Abutment Right Abutment 

Observed Slope Sections 

LAS1 LAS2 RAS1 RAS2 

Discontinuity 
Parameters 

Condition Ra Condition Ra Conditio
n 

Ra Conditio
n 

Ra 

USC(MPa)a 48.97 4 24.24 2 39.13 4 23.3 2 

RQD(%)a 52.35 13 23.49 3 69.31 13 42.98 8 

Spacing(cm) 1 – 120 15 5 – 40 5 5 – 115 15 1– 85 5 

D
is

co
n

ti
n

u
it

y
  
C

o
n
d
it

io
n
 Aperture(cm) 0.1– 0.15 1 0.02 - 10 0 0.3 - 10 0 0.1- 1 0 

Persistence(m) 1.5 – 3 4 0.5 – 1.3 4 1.5 - 5 2 0.4- 1.6 4 

Roughness Rough 5 Slightly 

Rough 

3 Slightly 

Rough 

3 Slightly 

rough 

3 
 

Filling Soft 

Gouge 

0 Fine 

material 

0 Clean 6 Fine 

material 

2 
 

Weathering 
Degree 

Moderately 
Weathered 

3 Highly 
Weathered 

1 Slightly 
weathere

d 

5 Highly 
weathere

d 

1 

Groundwater cond. Dry 15 Dry 15 Dry 15 Dry 15 

RMR rating values 60 33 63 40 

Class III IV II III 
Description Fair rock Poor Rock Good rock poor rock 

Where; Ra is Rating value, a is average value 
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Table 9 Estimated GSI values at left and right abutment. 

 

 

Figure 18 Rock mass classification of dam abutments based on GSI system (after 

Marinos and Hoek, 2000). 

Location Slope 

Sections 

RMR89 GSI values 

determined 

from  RMR89 

GSI range 

field 

estimation 

Rock units 

Left 

Abutment 

LAS1 60 55 45-60 (53)a Slightly weathered 

Rhyolite 

LAS2 33 28 15-30 (23)a Moderately weathered 

Rhyolite 

15-20(18) a Highly weathered 

Rhyolite 

Right 

Abutment 

RAS1 63 58 50-65 (58) a Slightly weathered 

Rhyolite 

RAS2 40 35 25-30 (28) a Highly weathered 

Rhyolite 

30-40(35) a Moderately to Slightly 

weathered Rhyolite 

Where RMR = rock mass rating and GSI = geological strength index, a = Average value 



58 
 

5.2.6 Estimation of Rock Mass Strength and Deformation parameters 

In this study different geo-mechanical properties of rock mass were estimated using 

RocLab and RocData software for non-structurally controlled and structurally 

controlled slope sections respectively. The input parameters of RocLab software 

include the Geological Strength Index (GSI), Uniaxial Compressive Strength of intact 

rocks (σi), material constant of intact rock (mi), and Disturbance factor (D) (Table 10 

and Appendix 9). Also slope height and unit weight of rock (γ) were used as input 

parameters for application of slopes (Table 10). In this study, the value of GSI was 

estimated from the calculated RMR value using equation 7 and by using the last form 

of the quantitative GSI chart. However, in the slope stability analysis, the GSI 

determined from the field were used.  

The value of Uniaxial Compressive Strength of intact rocks (UCSi) and unit weight of 

rock (γ) were determined in the laboratory. Since the slope of the dam abutments was 

mechanically excavated. So that for this study, the value of D was considered to be 

0.7 which is already built-in RocLab software. Similarly, the material constant of 

intact rock (mi) was also taken from published works (Rocsience, 2002) and for 

rhyolite rock the value of mi is considered to be 25 which is already built in the 

RocLab software. For non-structurally controlled slope sections, the input parameters 

of RockLab software are given in Table 10 and the results of the output parameters 

are given in the Table 11 and Appendix 10. 

Table 10 Values of input parameters of RocLab software 

Slope 

Sections 

Rock units Input Parameters for RocLab 

σci 

(MPa) 

GS

I 

mi D γ(MN/m3

) 

H (m) 

 LAS2 Highly weathered Rhyolite 23.46 18 25 0.7 0.02184 80 

Moderately weathered Rhyolite 25.3 23 25 0.7 0.02489 80 

 RAS2 Highly weathered Rhyolite 20.77 28 25 0.7 0.02184 85 

Moderately to Slightly weathered 
Rhyolite 

25.9 35 25 0.7 0.02489 85 

Where σci is the uniaxial compressive strength of intact rock, mi is rock material constant, 

whose value for rhyolite was picked from RocLabs database, GSI is Geological Strength Index, 

D is Disturbance factors, γ is unit weight and H is slope height. 

The other geo-mechanical properties of rocks such as Young’s modulus/modulus 

elasticity (Erm), Poisson's ratio (v) and intact modulus (Ei) were also estimated. The 



59 
 

modulus of elasticity were determined using equation 20 (Hoek and Diederichs, 2006) 

which is already built in the Phase2 software. Since Poisson’s ratio is a geo-

mechanical property that plays a role in the deformation of elastic materials, it is 

applied in rock engineering problems associated with the deformation of rocks 

(Gercek, 2007). For isotropic rocks, the value of Poisson’s ratio is practically between 

0 and 0.5. In some rock engineering applications with limited field data, a value 

between 0.2 and 0.3 is a common estimate for Poisson’s ratio (Gercek, 2007).  

Accordingly, for this study due to limited to test the Poisson’s ratio in the field and it 

is assumed to be 0.3.  

The intact modulus (Ei) were determined from uniaxial compressive strength of intact 

rock (σci) and modulus ratio (MR) using equation 21 and the MR value of the rhyolite 

rock is assumed to be 400 which is already built in the Phase2 software. The geo-

mechanical properties of rock masses from RocLab outputs include cohesion, friction 

angle, rock mass material constant (mb, s and a) and other rock mass parameters like 

modulus of elasticity and Poisson’s ratio are given in the Table 11. The rock mass 

properties determined by RocLab software are used as input parameters for numerical 

slope stability analysis softwares such as Phase2 (finite element analysis) and Slide 

software (limit equilibrium analysis). 

Table 11 Geo-mechanical properties of the rock mass 

Slope Section 

 

 

Geo-mechanical properties of the rock mass 

Output Parameters of RocLab   

Mohr-Columb Fit Hoek-Brown Constant Erm(kPa) v 

C(MPa) ɸ(ᵒ) Mb S a 

 LAS2 HWR 0.162 25.96 0.276 6.9e-6 0.55 238000 0.3 

MWR 0.223 28.56 0.364 1.42e-5 0.536 288900 0.3 

 RAS2 HWR 0.235 30.41 0.478 2.94e-5 0.526 276900 0.3 

SWR 0.339 34.66 0.703 8.106e-5 0.516 464100 0.3 

Where C is Cohesion, ɸ is Friction angle, mb, s, and a are rock mass material 

constants, Erm is the modulus of elasticity, v is Poisson’s ratio, and HWR,  MWR and 

SWR represent highly weathered rhyolite, moderately weathered rhyolite and slightly 

weathered rhyolite respectively. 

Similarly, for structurally controlled slope sections, the shear strength parameters of the 

rock mass (cohesion and friction angle) along the discontinuity failure plane were 

determined in the RocData software (Rocscience, 2004) based on empirically derived 

correlation described by Barton (1973) using equation 18 that is already built in the 
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RocData software. Then the shear strength parameters along the failure plane were 

used for calculation of FOS. The input parameters used in the RocData Software and 

the output results were given in Table 12 and on Appendix 11. The uniaxial 

compressive strength used in the analysis was estimated from the Schmidt Rebound 

values (Table 5). Hence, the joint surface were characterized by different degree of 

weathering and the joint wall compressive strength corresponds to 25% of uniaxial 

compressive strength of intact rock determined from Schmidt hammer was used in the 

analysis. The unit weight of rocks determined in the laboratory using buoyancy 

techniques (Table 7) were also used in the analysis. 

Table 12 Estimated shear strength parameters along potential discontinuity planes that 

cause failure at critical slope sections. 

Slope 

sectio

n 

Potential 

Joint 

Plane 

UCS 

(MPa) 

Input parameters of RocData 

software for Barton-Bandis failure 

criteria 

Output result of 

RocData 

software 

JCS 

(MPa) 

JR

C 

ɸb 

(0) 

γ(MN/m3

) 

H(

m) 

ɸ (0) C(MPa) 

LAS1 J2 
56.66 

14.17 5 30 0.02337 30 35.40 0.020 

J3 128.6 32.15 4 30 0.02337 35 35.52 0.018 

RAS1 J3 159.52 39.88 5 30 0.02337 26 37.87 0.019 

5.3 Subsurface Rock Mass Characterization 

The subsurface exploration of Arjo Didesa dam site was conducted by drilling 

boreholes and geophysical surveying to invistegate the subsurface rock mass 

(OWWDSE, 2009). A total of 21 boreholes were drilled in two phases by OWWDSE 

(2009) at the main dam site, saddle dam site and along the proposed spillway and 

tunnel routes to assess the condition of subsurface geology, groundwater level and to 

conduct laboratory and insitu tests. However, only 11 boreholes located along the 

main dam axis and at both abutments were used to verify the foundation conditions 

and to perform lugeon or water pressure tests which in turn determine permeability of 

the sub surface rock masses.  

Accordingly, subsurface geological condition, rock-quality designation (RQD) values 

and permeability of rock mass have been determined for each borehole by OWWDSE 

(2009). At the dam foundation, two boreholes i.e. AD-3 and AD-4 were drilled at the 

left and right river banks from the surface upto the depth of 92m and 50m 

respectively. The result of drilling shows that the presence of 4 to 5-meter thick river 
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alluvial deposits consisting of fine-grained dark brown silty clay soils which are 

underlain by slightly weathered to fresh and moderately jointed basalt rocks. The 

RQD values in the rock mass below the river bed for the entire drilled depth varying 

from 50-100% for AD-3 borehole at the left river bank and 30-90% for AD-4 

borehole at the right river bank. These indicated that the presence of widely spaced 

joints within the rock masses. The uniaxial compressive strength (UCS) laboratory 

test for rock samples was carried out and the obtained results ranges from 21.08 to 

92.18MPa and 21.015MPa to 31.44MPa  for AD-3 and AD-4 respectively (Table 13).  

According to Deere and Miller (1966) the strength of rock is classified as moderaltely 

strong rock (Appendix 6).  

Similarly, on the right abutment, four boreholes i.e. AD-5, AD-6, AD-10 and AD-11 

were drilled with depths of 41.5m, 30m, 60m and 20m respectively. From these 

boreholes, the drilling result showed that the upper part is covered by silty sand with 

gravels and thereafter rhyolite and basalt rocks were intercepted as we go deeper and 

are characterized by light grey color, moderately to highly weathered and fractured 

rock mass and the degree of weathering decreases as depth increases as shown in 

Figure 21 (OWWDSE, 2009). The rock mass on the right abutment are highly jointed, 

and three sets of joints are noticed in cores that have a vertical and sub-vertical 

orientation. The RQD values were calculated from core samples and the result ranges 

from 0 to 15% for AD-5, 0(nill) for AD-6, 0 to 58% for AD-10, and 0 to 19% for AD-

11 as shown in Figure 20. The laboratory test result of UCS values ranges from 20.42 

to 31.34MPa for AD-5 and 2.84 to 39.45MPa for AD-4 as shown in Table 14 and 

classified as very low to low strength rocks according to Deer and Miller (1966) 

(Appendix 6). 

Moreover, on the left Abutment, a total of five boreholes namely AD-1, AD-2, AD-7, 

AD-8, and AD-9 were drilled with depths of 33.3m, 40m, 29m, 20m and 60m 

respectively to establish the sub-surface geological conditions of the left abutment. In 

this abutment, the drilling data showed that the rock mass is subjected to a high 

degree of jointing and weathering than the right abutment (OWWDSE, 2009). Both 

borehole and geophysical data showed that highly weathered and decomposed 

materials were intercepted at the depth of 15 to 20 meter on the left abutment as 

shown in Figure 21. As stated in the investigation report, the material observed in 

these sections are loose to dense matreial, clayey sandy gravel, and reddish-brown, 
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light grey to pinkish, moderately to highly weathered and fractured porphyritic 

rhyolite as shown in Figure 21 (OWWSE, 2009). Moreover, as observed from the 

core, there are three joint sets having a vertical and sub-vertical orientation. Some of 

the fractures are filled with soft fine materials like silty clay soils (OWWSE, 2009). In 

the left abutment, the RQD values range from 0 to 40% for AD-2, 0(nill) for AD-1, 0 

to 90% for AD-7, 0 to 38% for AD-8 and 0-85% AD-9 as shown in Figure 19. These 

indicate that the presence of a massive rock within the highly jointed and weathered 

nature of rock mass. Similarly, at the left abutment, the laboratory test result of UCS 

values range from 16.8 to 28.48MPa for AD-1, 22.24 to 31.12MPa for AD-2 and 

13.37 to 48.53MPa for AD-9 (Table 13) and classificatied as very low to low strength 

rock according to Deere and Miller (1966) (Appendix 6). 
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Figure 19 RQD values versus depth for selected boreholes at Left Abutment (after OWWDSE, 2009). 

 

Figure 20 RQD values versus depth for selected boreholes at Right Abutment (after OWWDSE, 2009).

AD5 AD10 
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Table 13 Estimated  UCS from core samples (after OWWDSE, 2009). 

 

 

Figure 21 Engineering geological cross-section along the dam axis which prepared 

based of surface and subsurface engineering geological investigation. 

5.4 Geophysical Investigation 

At Arjo Didesa Dam site in addition to drilling investigation, the subsurface 

exploration was done using the seismic refraction geophysical method to determine 

the thickness of the overburden material, to characterize the vertical distributions of 

subsurface layers, and to investigate the condition of the rock mass and depth to the 

sound rocks (OWWDSE, 2011). Six seismic refraction survey lines covering 1,620 

meters of length were conducted at both abutments perpendicular to the Dam axis. 

Three seismic refraction survey lines, i.e. Profile-1, Profile-2, and Profile-3 were 

conducted on the left abutment whereas, on the right abutment three lines, i.e. Profile-

Location BH 

No. 

Dry Unit 

weight(KN/m
3
) 

Average UCS (MPa) Classification (Deere 

and Millar, 1966) 

Left 

Abutment 
AD1 

- 
16.8-28.48 (22.64)a Very low strength 

rock 

AD2 
- 

22.24 - 31.12 (25.52) a Very low strength 

rock 

AD9 27.1 - 28.70 (27.98) a 13.37- 48.53 (28.18) a Low strength rock 

Right 

Abutment 
AD5 - 20.42-31.34 (26.19) a Low strength rock 

AD10 19.7 - 24.36 (22.37) a 2.84 - 39.45 (12.9) a Weak Strength rock 

Center of 

dam axis 
AD3 - 21.08 - 92.18 (40.97) a Medium Strong rock 

AD4 - 21.015 - 31.44 (26.19) a Medium Strong rock 

 a represents average values 
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4, Profile-5, and Profile-6 were conducted. The detailed location of each profile is 

given in Figure 22 and Appendix 15 and each profiles was briefly discussed as 

follows. 

 

Figure 22 Location and alignment of seismic refraction profiles (after OWWDSE, 

2011). 

Profile-1: This seismic refraction line was conducted on the left abutment near to the 

river bank. The geo-seismic section result obtained from profile-1 revealed three 

layers with contrasting velocities as shown in Figure 23a. From this figure, the first 

layer is considered as the topsoil layers and represents the uppermost colluvial deposit 

which has low seismic refraction wave velocity ranges from 0.47 to 0.93Km/s with 6 

to 11 meters thickness. In the second layer, the velocity values range from 1.45 to 

2.02Km/s with 4 to 15 meters thickness and it corresponds to moderately weathered 

rocks (OWWDSE, 2011). The third (bedrock) layer has shown a velocity ranging 

from  2.61 to 3.13Km/s due to the presence of slightly weathered to fresh rock as 

correlated with the borehole core data. 
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Figure 23 a) Seismic refraction wave velocity of profile-1 b) Seismic refraction wave 

velocity of profile-2 (after OWWDSE, 2011). 

Profile-2: This seismic refraction survey line was conducted on the left abutment 

across the Dam axis and the geo-seismic section of profile-2 comprising four velocity 

layers as shown in Figure 23b. Accordingly, the first layer has a low seismic 

refraction wave velocity of  0.92Km/s within 3 to 22 meters thickness and this layer is 

considered as the response of the upper part of the colluvial deposit. The second layer 

has a velocity range between 1.74 and 2.10Km/s with a depth thickness of 10 to 27 

meters and the lithological unit in this section is assumed to be moderately weathered 

rock as interpreted from borehole log data. The third layer has a high velocity which 

ranges from 2.75 to 3.66Km/s with the thickness variying from 5 to 27 meters and this 
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layer might be interpreted as slightly weathered to fresh basaltic rock. The fourth 

layer corresponding to fresh and dense rock has a velocity range of 4.0 to 4.25Km/s. 

Profile-3: This seismic refraction survey line was conducted on the left abutment 

across the Dam axis and the result obtained from the geo-seismic section of profile-3 

reflects three velocity layers as shown in Figure 24. The first layer is represented by a 

velocity range of 0.31 to 0.69Km/s and thickness between 2 to 17meters is interpreted 

as the top colluvial deposit. The second layer demonstrated by 1.38 Km/s velocity 

with a thickness of 3 to 21 meters is interpreted as a moderately weathered rock. The 

third (bottom) layer is characterized by 2.65-3.21Km/s velocity range and it 

represents fresh to slightly weathered rock as correlated with the borehole core data 

(OWWDSE, 2011).  

 

Figure 24 Seismic refraction wave velocity of profile-3 (after OWWDSE, 2011). 

Profile-4: This seismic refraction survey line was conducted on the right abutment 

across the Dam axis. As shown in Figure 25, the geo-seismic section of profile-4 

comprised three velocity layers. The first layer is represented by velocity ranging 

from 0.53 to 0.94 Km/s with an average thickness of 9 meters and it is considered as 

the top colluvial deposit. The second layer is characterized by 1.51 to 2.32 Km/s 

velocity range with 8 to 18 meters in thickness. This layer is assumed to represent 

moderately weathered rocks as correlated with the borehole core data. The third 

(bedrock) layer with 2.98 to 3.64 Km/s velocity range and this layer is represented by 
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slightly weathered to fresh rocks as correlated with the borehole core data 

(OWWDSE, 2011). 

 

Figure 25 Seismic refraction wave velocity of profile-4 (after OWWDSE, 2011). 

Profile-5: This seismic refraction profile was conducted on the right abutment and 

comprises of three velocity layers as shown in Figure 26. The first layer of this profile 

has a 0.36 to 0.91 Km/s velocity range and 4 to 8 meters thickness which is most 

probably represented by top colluvial deposits. The intermediate layer has a velocity 

range between 1.63 and 2.21 Km/s in 4 to 7 meters thickness and are assumed to 

represent moderately weathered basalt rock. The bottom layer is characterized by 2.65 

to 3.15km/s velocity range and it is considered as slightly weathered to fresh rocks as 

correlated with the borehole core data (OWWDSE, 2011). 
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Figure 26 Seismic refraction wave velocity of profile-5 (after OWWDSE, 2011). 

Profile-6: This seismic refraction survey line was also conducted on the right 

abutment across the dam axis. As shown in Figure 27 the geo-seismic section of 

profile-6 comprised three velocity layers. The first layer has seismic refraction 

velocity ranging from 0.41-1.19 Km/s with an average thickness of 5 meters and it is 

considered as the top colluvial deposit. The second layer is characterized by a velocity 

range between 1.55 and 1.94Km/s with 4 to 15 meters thickness. This layer is 

assumed to represent moderately weathered rocks. The third layer with 2.72 to 3.15 

Km/s velocity range and this layer is represented by slightly weathered to fresh rocks 

as correlated with borehole core data.  

 

Figure 27 Seismic refraction wave velocity of profile-6 (after OWWDSE, 2011). 
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Generally, the geophysical survey was suggested that the layer which has low seismic 

refraction wave velocity was probably characterized by higher permeability zones 

than the layers which have high seismic refraction wave velocity as it correlated with 

packer permeability test. Accordingly, the top parts were covered with low seismic 

refraction velocity materials and has high permeability and the seismic refraction 

velocity of the material increase with the depth. Thus, the results of packer test also 

showed that as depth increases the permeability of rock mass become decreases.  

5.5 Engineering Characterization of Soils 

Representative soil samples were collected from the test pit for laboratory test 

analysis of the soil index properties like particle size distribution (sieve and 

hydrometer analysis) and atterberg limits (liquid and plastic limit), natural moisture 

content (NMC) and specific gravity. The depth of the test pits ranges between 1.5m 

and 2m. Each parateters was discussed in the next sections. 

5.5.1 Natural Moisture Content (NMC) 

The objective of the determination of moisture content of a soil is to determine the 

amount of water or moisture present in the given quantity of soil in terms of its dry 

weight. The obtained result indicates that the natural moisture content of the soils 

ranges from 30.54% to 34.55% at the left riverbank in the reservoir area. Similarly at 

the right river bank, the  natural moisture content of the soils varies from 25.18% to 

41.96% as given in Appendix 14. In general, the moisture content of soils in the study 

area increases with depth in the test pits. The higher moisture content of soils 

indicated that propably low permeability of the soils. 

5.5.2 Specific Gravity Test 

The test was conducted according to the ASTM D 854 (1998) standard by using a 

pycnometer. Results of the specific gravity of the soil samples from the study area 

vary from 2.54 to 3.3 (Table 23). 

5.5.3 Soil Particle Size Analysis 

Particle size analysis has been done to determine the percentage of different grain 

sizes contained within the soil. The analyses were done on disturbed soil samples 

taken from the test pits. The percentage of soil particle size coarser than 0.075mm is 

determined by using sieve analysis whereas those less than 0.075mm are determined 

by hydrometer analysis. Based on the particle size analysis result, particle size 
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distribution curves/gradation curves are plotted (Figure 28). From this curve, the 

distribution of soil particles was determined and it also gives an idea regarding the 

gradation of the soil whether it is well graded or poorly graded. As shown from Figure 

27, the soils in the reservoir area and downstream of the dam site are uniformly 

graded soils. From hydrometer and sieve analysis results the soil samples revealed 17-

21% sand, 38-42% silt and 37- 45% clay at the left of Didesa river in the reservoir 

area, 9-11% sand, 34-38% silt and 53-55% clay at the right abutment of Didesa river 

and 8 %, 40% silt, and 52% clay at the downstream of the dam site (Table 14). 

Accordingly, the results obtained from grain size analysis indicated that the soil in the 

reservoir area was classified as silt clay with sand and clayey silt with sand at LTP1 

and LTP2 respectively on the left abuttment of the Didesa River. Similarly, at the 

right side of Didesa River, the soil was classified as clayey silt at RTP2 and RTP3 and 

also clayey silt with little sand at RTP1 downstream of the dam. The laboratory 

results of soil particle size distribution analysis for each soil samples taken from test 

pits are given in Table 14 and Appendix 12. In Moreover, the soil samples in the 

reservoir area were studied in different localities by OWWDSE (2009) to search 

construction materials for core fill. Samples of soil material have been collected from 

test pits from four localities such as the Ate and Chewo site located on the left bank of 

the Didesa River whereas the Maribo and Dendessa area is found on the right bank of 

Didesa River. In addition to this in the right river bank, the soil samples were also 

tested for investigation of the proposed saddle dam site. The excavated depths of the 

test pits varied between 0.75m to 5m. The result obtained from laboratory tests 

indicated that in all localities the soils are classified as silt clay soil and the average 

grain size distribution of soil samples collected from different locations are given in 

Table 14. In general, based on grain size distribution analysis, the soil types found in 

the study area are identified as fine-grained soils. 

Table 14 Results of grain size distribution and atterberg limit test. 

Location 

of Test Pit 
Test Pit No Grain Size 

Distribution (%) Atterberg Limits (%) 
US

CS 
Plasticity 

Class(Ram

ana, 1993) Gr

av

el 

Sa

nd 

Sil

t 

Cl

ay 

LL PL PI 

Reservoir 

area(Left 

river bank) 

LTP1 0 21 42 37 70.02 35.55 34.47 MH 

or 

OH 

High 

Plasticity 

LTP

2 

LTP2a 0 17 38 45 85.87 41.87 44.00 MH 

or 

OH 

High 

Plasticity 
LTP2b 84.07 46.13 37.94 
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ATB TP 3 0 5 95 63 38 25 MH/

OH 

Medium 

Plasticity 

CHB TP 5  5.

7 

94.25 56 36 20 MH/

OH 

Medium 

Plasticity 

Reservoir 

area(Right 

river bank) 

RTP

2 

RTP2a 0 11 34 55 57.37 39.47 17.90 MH 

or 

OH 

High 

Plasticity 
RTP2b 77.40 45.99 31.41 

RTP3 0 9 38 53 63.20 39.41 23.79 MH/

OH 

Medium 

Plasticity 

SDI TP1 0 5.

84 

38

.1 

56

.0

6 

54.48 31.32 23.16 MH/

OH 

Medium 

Plasticity 

SDI TP2 0 4.

39 

33

.6 

62 56.7 29.14 27.56 CH/

OH 

Medium 

Plasticity 

MBTP1 0 3 95.6 67 40 20 MH/
OH 

Medium 
Plasticity 

DHB TP1 0 3.

5 

96.5 64 41 23 MH/

OH 

Medium 

Plasticity 

Downstrea

m 

RTP

1 

RTP1a 0 8 40 52 59.47 42.28 17.18 MH 

or 

OH 

Medium 

Plasticity RTP1b 63.46 40.81 22.64 

 

Figure 28 Grain size distribution of soil samples. 

5.5.4 Atterberg Limit Test 

The consistency of soil is largely influenced by the moisture content in it. At very 

high moisture content, soil behaves more like a liquid state and as the moisture 

content gradually decreases in the soil, the soil behavior changes from one state to the 

other state. The purpose of an Atterberg limit test is to determine the liquid limit, 

plastic limit and plasticity index of fine-grained soil and to classify soil according to 

the Unified Soil Classification System (Ramana, 1993). In the present study, the 
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representative soil samples were collected from test pits dug in the reservoir area and 

downstream of the dam site. For atterberg limit tests the soil sample was collected 

from the test pit with depth 1m and 2m at LTP2, RTP1 and RTP2 whereas from the 

depth of 1.5m and 1.75m at LTP1 and RTP3 respectively. The results of the Atterberg 

limit test are presented in Table 14 and Appendix 13. According to the result obtained 

from Atterberg limit tests, the soil in the reservoir area at the left river bank had a 

liquid limit (LL) varying from 70.02% to 85.87% which indicated high plasticity soils 

(Ramana, 1993) and the plasticity index (PI) ranges between 34.47% to 37.94%  

showing a high plasticity and cohesive soil.  

Similarly on the right Riverbank in the reservoir area, the Liquid Limit (LL) varies 

from 57.37% to 77.40% and the plasticity index (PI) varies from 17.90% to 31.41% 

which shows a medium to high plasticity classes (Ramana, 1993)  as indicated in 

Table 14 and Figure 29. In addition, the soils in the reservoir area at different 

localities were also investigated by OWWDSE for construction material as a core fill 

material. According to (OWWDSE, 2009) test result, the soil in the reservoir area on 

the left side of the river bank has an average plasticity index (PI) of 25% and 20% at 

Ate and Chewo villages respectively which shows a medium to high plasticity classes 

(Ramana, 1993)  as indicated in Table 14 and Figure 29. Similarly, the average Liquid 

Limit (LL) became 63% and 56% at Ate and Chewo villages respectively. Moreover, 

on the right side of the riverbank, the soil had the average plasticity index (PI) of 23% 

and 20% and the average liquid limits of 64% and 67% at Dendessa and Maribo 

villages respectively (Table 14). In general the soil found in the study area contains an 

average liquid limit of more than 50% indicating that soils have high plasticity 

properties as plotted in the plasticity chart in Figure 29. 
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Figure 29 Plasticity chart showing the distribution of soil in the study area (after 

Ramana, 1993). 

5.5.5 Soil Classification by USC systems 

The Unified Soil Classification System (USCS) is the most widely used soil 

classification system for engineering purposes. According to USCS, the soil samples 

from the reservoir area fall in MH/OH and CH/OH soil types (Figure 29) which 

implies clayey-silty and silty clay soils respectively. Accordingly, on the left river 

bank at the LTP1 and LTP2 test pits, the soil is a high plasticity silt soil while at 

RTP2 and RTP3 on the right river bank and at RTP1 test pit on the downstream of the 

dam site, the soil is classified as medium to high plasticity silty soil (MH). According 

to USBR (1987) the permeability of soil in the study area was classified as impervious 

to semi-previous permeability classes (Table 23). Detial engineering geological map 

of study area is shown in the Figure 30 as follows. In  addition,  engineering  

geological  map was  prepared through integration of data obtained from surface 

characterization of rocks and laboratory soil tests (Figure 30). 
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Figure 30 Engineering geological map of the study Area. 
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5.6 Stability Analysis of Abutments for Structurally (Discontinuity) Controlled 

Slope Sections 

The critical failure slope sections have been identified as structural (discontinuity) 

controlled and non-structural (rock mass) controlled slope sections. Accoordingly, left 

abutment slope 1 (LAS1) and right abutment slope 1 (RAS1) are structural controlled 

sections whereas left abutment slope 2 (LAS2) and right abutment slope 2 (RAS2) are 

non-structural controlled slope sections as shown in the engineering geological map 

of dam site (Figure 35) and engineering geological cross line along dam axis (Figure 

36). Engineering geological cross-section along the dam axis was prepared through 

integration of the data obtained from surface and sub-surface characterization of the 

rocks and soil materials (Figure 36) (OWWDSE, 2009). 

5.6.1 Kinematic Analysis 

Kinematical analyses was done for the structurally controlled slope failure i.e. LAS1 

and RAS1 slope sections found at the left and right abutment respectively as shown in 

Figure 35 were analyzed using Dips 6 software (Rocscience, 2004). However, in both 

left and right abutment wedge and toppling mode of failure is not expected because 

there is no pre-condition for the occurrence of wedge and toppling mode of failure at 

the dam abutments (Figure 31c & d, and Figure 32c & d). A daylight envelope and 

friction angle cone corresponding to the angle of shearing resistance also drawn on 

the stereonet (Figure 31). The input parameters used in Dips software includes dip and 

dip direction of joints and slope, and friction angle. Dip and dip direction of joints and 

slope was determined in the field, whereas friction angle along the failure plane were 

determined using RocData software (Table 12). The detail input parameters used in 

Dips software were given in Table 15. 

Table 15 Input parameters used in Dips software for kinematic analysis. 

Slope 

sectio

n 

Slope 

orientation  

(dip/dip 

direction(ᵒ) 

The orientation of 

discontinuity (Dip/ Dip 

direction) (ᵒ) 

Frictio

n 

angle 

Output Possible mode of 

failure 

J1  J2 J3 

LAS1 65/068SE 55/250 45/106 42/020 35 Planar failures (J2 and J3) 

RAS1 56/230SW 46/090 38/290 45/210 38 Planar failures (J3) 

Where J1 is joint set one, J2 is joint set two, J3 is joint set three  
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Accordingly, at the left abutment, LAS1 slope section were kinematically analyzed 

for the planar mode of failure. The obtained analysis result indicate that at this slope 

section planar mode of failure occurred due to joint set 2 (JS2) and Joint set 3 (JS3) 

(Figure 31a). However, the planar mode of failure is not occurred if we restrict the 

lateral limit to 20ᵒ (Figure 31b). The dip directions of these joint sets are sub-parallel 

to the slope dip direction as observed in the field. Similarly, on the right abutment, the 

kinematic analysis was performed for planar mode of failure at the RAS1 slope 

section which faces toward the dam axis. Based on the result obtained at the RAS1, 

the planar model of failure occurred due to joint set 3 (JS3) (Figure 32a & b). 

Furthermore, the stability analysis of the planar mode of failure was done using the 

deterministic method by using RocPlane software to determine the factor of safety. 

 

Figure 31 Kinematic analyses for left abutment at LAS1 (A) Checking for Planar 

mode of failure with no lateral limit (B) Checking for Planar mode of failure 

with lateral limit (C) Checking for Wedge mode of failure (D) Checking for 

Toppling mode of failure. 
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Figure 32  Kinematic analyses of right abutment RAS1(A) Checking for Planar mode 

of failure with no lateral limit (B) Checking for Planar mode of failure with 

lateral limit (C) Checking for Wedge mode of failure (D) Checking for 

Toppling mode of failure. 

5.6.2 Stability Analysis using Deterministic Method 

The kinematic analysis results revealed that on the left abutment at LAS1 slope 

section, planar mode of failure occurred due to joint set JS2 and joint set JS3 while on 

the right abutment at RAS1, planar mode of failures occurred due to the joint set JS3. 

Hence, deterministic method were used for further stability analysis in terms of FOS 

where the possibility of kinematic instability had been identified (Park and West, 

2001). Accordingly, for each planar mode of failure the factor of safety (FOS) has 

been analyzed using RocPlane software (Rocscience, 2004). The input parameters 

used in RocPlane software were given in Table 16. The shear strength parameters 

(friction angle and cohesion) used to calculate the factor of safety (FOS) was 

determined using the RocData software (Table 12). The geometry of the slope and 
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discontinuity orientation was determined in the field. Waviness is a parameter that can 

be included in calculations of the shear strength of the failure plane. It accounts for 

the waviness (undulations) of the failure plane surface, observed over distances on the 

order of 1m to 10m (Rocsience, 2004). Waviness is specified as the average dip of the 

failure plane, minus the minimum dip of the failure plane. A waviness angle greater 

than zero, will always increase the effective shear strength of the failure plane. 

Accordingly, in this study it is determined in the field. 

Table 16 Input parameters used in RocPlane software for determination of FOS at 

critical slope sections having a plane mode of failure. 

Slope 

sectio

ns 

Poten

tial  

Joint 

Plane 

Geometry shear 

strength(MC) 

Forces 

SA USA FPA Slope 

Height 

γ  

(t/m3) 

w ɸ (0) C(t/m2

) 

uw 

(t/m3) 

α( g) 

LAS1 J2 65 15 45 30 2.337 8 35.40 2.0 1 0.01 

J3 65 12 42 35 2.337 4 35.52 1.8 1 0.01 

RAS1 J3 56 12 40 26 2.337 5 37.87 1.9 1 0.01 

Where; γ is the unit weight of the rock, w is waviness, ɸ is friction angle, c is cohesion, uw 

is water pressure, α is the seismic coefficient, SA, USA and FPA is slope angle, upper slope 

angle and failue plane angle respectively. 

 

The FOS was calculated under both static condition (without earthquake loading) and 

dynamic condition (with application of earthquake load) by varying water pressure 

level percent filled in the joints i.e. dry condition when 0% is filled, moderate 

condition when 50% is filled and fully saturated condition when 100% is filled. In this 

study interpretation of FOS was made according to Wyllie and Norrish (1996).  

They stated that if FOS = 1 the driving and resisting forces are at equilibrium, and if 

FOS > 1 indicated the slope is stable, whereas a FOS < 1 suggests that the slope is 

unstable. Accordingly, the analyses result result revealed that the FOS is less than one 

at the LAS1 for both joint set 2 (J2) and joint set 3 (J3) when assume saturated static 

and dynamic conditions (Table 17) and the slope was unstale. However, in these 

particular slope sections the FOS is become greater than one under both dry static and 

dynamic conditions (Table 17) so that, the slope was stable during the dry condition 

(Wyllie and Norrish, 1996). Similarly, on the right abutment at RAS1 slope section, 

the result revealed that the factor of safety is above one under dry static and dynamic 
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conditions and moderately saturated static and dynamic conditions (Table 17). 

However, when we assumed fully saturated static and dynamic conditions the FOS is 

less than one (Table 17). 

Furthermore, at the LAS1 as shown in Figure 33a, the 2D-view of joint set 2 failure 

plane for slope geometries were plotted using RocPlane software when the slope was 

assumed to be 100% filled with water and when the seismic force was expected to 

occur with the magnitude of 6.709t/m was applied to the failure plane. At this 

particular slope section, when we assume fully saturated condition the minimum 

factor of safety is 0.24 for J2 with resisting and driving horizontal forces of 

114.192t/m and 479.139t/m respectively (Figure 33a). Similarly, at the LAS1 for joint 

set J3 as shown in Figure 33b when the slope was assumed to be 100% filled with 

water and when the horizontal seismic force was expected to occur and water pressure 

applied to the failure plane with magnitude of 10.876t/m and 636.492t/m respectively, 

the minimum factor of safety is 0.33 with resisting and driving horizontal force of 

239.939t/m and 735.83t/m respectively (Figure 33b).  

Furthermore, at the right abutment slope section 1 (RAS1) for joint set J3 the analysis 

result revealed that when the slope assumed to be fully saturated or water pressure 

applied to the failure plane with magnitude of 346.043t/m and when the slope were 

subject to horizontal seismic acceleration with magnitude of 4.687t/m the lowest FOS 

is 0.32 (Table 17) with resisting and driving a horizontal force of 96.8337t/m and 

304.88t/m respectively (Figure 34). 

Generally, at both LAS1 and RAS1 slope sections the analysis result showed that the 

slope was found to be unstable during saturated conditions and stable under dry 

conditions. This indicated that pore water pressure was significantly contributed in 

destabilizing these particular slope sections as compared to seismic activity. The other 

factor governing the stability of these particular slope sections was slope geometry 

and orientation of discontinuity. Therefore, these particular slope sections were needs 

proper remedial measures to prevent the failure of the dam abutments.  
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Table 17 The factor of safety determined at the critical slope sections having a planar 

mode of failure 

Slope 

sections 

Potential 

failure 

plane 

Factor of safety (FOS) 

Static condition Dynamic condition 

Dry Moderately Fully 

saturated 

Dry Moderately Fully 

saturated 

LAS1 J2 1.07 0.86 0.25 1.05 0.84 0.24 

J3 1.02 0.85 0.34 1.0 0.83 0.33 

RAS1 J3 1.32 1.08 0.33 1.30 1.05 0.32 

 

 

Figure 33 Results of the stability analysis by RocPlane software under dynamic fully 

saturated condition at the left abutment LAS1 slope section A) 2D side view 

with forces acting on the plane of failure of J2 and B) 2D side view with 

forces acting on the plane of failure of J3. 
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Figure 34 Slope stability analysis results  from RocPlane software under dynamic fully saturated condition at the 

right abutment RAS1 slope section showing the 2D side view with forces acting on failure plane J3. 

 

Figure 35 Engineering geological map of dam site at scale of 1:2000.
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Figure 36 Engineering geological cross section along the dam axis. 

5.7 Stability Analysis of Abutments for non-Structurally (Rock mass) Controlled 

Slope Sections 

The stability analysis of highly weathered and fractured slope sections of the left 

abutment slope 2 (LAS2) (Figure 37) and right abutment slope 2 (RAS2) were carried 

out using Finite Element Method (FEM) and Limit Equilibrium Method (LEM). The 

LE methods are based on force and moment equilibrium while the FE methods use the 

stress-strain relationships to determine the behavior of the model (Memon, 2018). 

5.7.1 Slope Stability Analysis by LEM 

Slope stability analysis of LAS2 and RAS2 slope sections were first analyzed using 

limit equilibrium method in terms of Factor of Safety (FOS) by utilizing General 

Limit Equilibrium (GLE)/Morgenstern-Price/method.  

Morgenstern–Price is the most well-matched technique with FE-SSR than the others 

(Koca and Koca, 2020). The stability analysis of these particular slope section was 

carried out through calculation of factor of safety under different anticipated 

conditions i.e. at current condition before impoundment of water in the reservoir (dry 

condition) and after water impoundment into the reservoir (saturated condition) under 

both static and dynamic conditions. The factor of safety determined under static 

condition represents the stability status without considering the effect of earthquake 

load while the effect of seismic/earthquake load was taken into account for the factor 
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of safety determined under dynamic condition. The analysis was done using slide 

software by utilizing GLE/Morgenstern-Price/method and the shear strength 

parameters, unit weight of the rock and slope geometry were considered as input 

parameters in the limit equilibrium stability analysis (Table 18). The shear strength 

parameters (cohesion and friction angle) of rock used in the analysis were estimated 

from Hoek-Brown failure criteria using RocLab software (Table 11) and unit weight 

of rock was determined in the laboratory (Table 7). In addition, geometry of the slope 

(height and slope angle) was measured in the field. External loads such as horizontal 

seismic acceleration and groundwater conditions were also considered during stability 

analysis. The study area was found in the low seismic risk zone and the horizontal 

seismic load coefficient with magnitude (α) = 0.01g was considered in the analyses 

(Johnson and Degraff, 1991). The input parameters used in the analysis were given in 

Table 18 and the detail parameters were also given on Appendix 10.   

Table 18 Input parameters used for limit equilibrium slope stability analysis. 

Material Parameters Slope Geometry α (g) 

C (MPa) ɸ (ᵒ) γ (KN/m3) Height (m) Angle (ᵒ) 

Left Abutment Slope 2 (LAS2) 

Layer 1(HWR) 0.162 25.96 21.84 80 54 0.01 

Layer 2(MWR) 0.223 28.56 24.89 80 54 0.01 

Right Abutment Slope 2 (RAS2) 

Layer 1(HWR) 0.235 30.41 21.84 85 47 0.01 

Layer 2(SWR) 0.339 34.66 24.89 85 47 0.01 

Where C is Cohesion, ɸ is Friction angle, γ is unit weight of rock, α is Horizontal  

seismic acceleration and HWR, MWR and SWR represent highly weathered 

rhyolite, moderately weathered rhyolite and slightly weathered rhyolite respectively. 

Accordingly, the analyses result from the left abutment slope 2 (LAS2) during static 

dry condition showed a minimum FOS of 1.099 with the resisting and driving  

horizontal forces of 1109.95KN and 1009.97KN respectively but during dynamic dry 

condition the minimum factor of safety is 1.088 with resisting and driving horizontal 

forces of 1104.91KN and 1015.35KN respectively (Table 19 and Figure 38). 

However, when the slope was assumed to be saturated and no earthquake has 

occurred (i.e. static saturated condition), the minimum FOS is 0.367 with the 

corresponding resisting and driving horizontal forces of 212.758KN and 564.653KN 
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respectively (Table 19 and Figure 38). In addition, when the slope is assumed to be 

saturated and the slope is subjected to horizontal seismic acceleration (dynamic 

saturated condition), the minimum FOS is 0.377 and the resisting and driving 

horizontal forces corresponding to this factor of safety are 210.707KN and 

574.095KN respectively (Figure 38). Christian (2004) stated that the factor of safety 

greater than and less than one indicates that the slope is stable and unstable 

respectively. Accordingly, at this particular slope section in both static and dynamic 

saturated conditions, the FOS is less than one indicating an unstable slope, and during 

static and dynamic dry conditions, the FOS was greater than one indicating a stable 

slope. 

Furthermore, the result from static dry condition at the right abutment slope 2 (RAS2) 

showed a minimum factor of safety of 1.499 with the resisting and driving a 

horizontal forces of 3491.23KN and 2314.67KN respectively, and during dynamic dry 

condition the minimum factor of safety was 1.474 with the resisting and driving 

horizontal forces of 3424.58KN and 2322.81KN respectively (Table 19 and Figure 

39). When the slope is assumed to be saturated and without subject to horizontal 

seismic acceleration (static saturated condition), the analysis result revealed that the 

lowest FOS is 0.683 with the resisting and driving horizontal forces of 789.473KN 

and 1155.55KN respectively, and when the slope was subject to horizontal seismic 

acceleration (α = 0.01), the FOS is 0.132 with the resisting and driving horizontal 

forces of 6.26KN and 47.52KN respectively (Table 19 and Figure 39). So, stability 

analysis of the right abutment slope 2 (RAS2) results showed that the slope was stable 

during static and dynamic dry conditions while unstable during static and dynamic 

saturated conditions. 

Generally, at both LAS2 and RAS2 slope sections, the analysis result showed that the 

slope was found to be unstable during saturated conditions and stable under dry 

conditions. This indicated that the pore water pressure significantly contributed in 

destabilizing these particular slope sections as compared to horizontal seismic 

acceleration. Moreover, the ground water level may rise during the heavy rain fall and 

after the water impoundment in the reservoir. The other factor governing the stability 

of these particular slope sections was geometry of the slopes and it is needed to 

reduce the angle of these slopes for a better slope stabilization as a remedial measure.  
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Table 19 Stability analysis results by LEM utilizing GLE/Morgenstern-Price/Method 

under static and dynamic conditions. 

Slope 

sections 

FOS 

Static dry 

condition 

Static saturated 

condition 

Dynamic dry 

condition 

Dynamic saturated 

condition 

LAS2 1.099 0.377 1.088 0.377 

 RAS2 1.499 0.683 1.474 0.132 

 

 

Figure 37 Slope instability in the left abutment at LAS2 slope section 



87 
 

 

Figure 38 Slope stability analysis  result from limit equilibrium method using slide software for the left abutment 

slope 2 (LAS2) under A) static dry condition B) static saturated condition, C) dynamic dry condition and                

D) Dynamic saturated condition. 
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Figure 39 Slope stability analysis result from  limit equilibrium method using slide software for the right abutment 

slope 2 (RAS2) under A) static dry condition, B) static saturated condition, C) dynamic dry condition and                                   

D) dynamic saturated condition. 
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5.7.2 Slope Stability Analysis Using FEM 

Slope stability analysis of LAS2 and RAS2 slope sections were further evaluated by 

finite element method in terms of critical strength reduction factor (SRF) in order to 

confirm the stability conditions of these particular slope sections under different 

anticipated conditions. The critical strength reduction factor is equivalent to the 

"safety factor" of the slope (Pandit et al., 2016).  

The stability analysis in this method was done using Phase2 version 8.0 software. The 

shear strength reduction option in Phase2 software was used in order to perform a 

finite element slope stability analysis and compute a critical strength reduction factor. 

The input parameters used in this technique are the same as that used in the limit 

equilibrium method except Young’s modulus (Erm) and Poisson’s ratio (v). The 

young’s modulus (Erm), which was used in the analysis, was estimated from 

disturbance factor (D), geological strength index (GSI) and intact modulus (Ei) using 

equation 20, while the Poisson’s ratio (v) was taken from published works by 

assuming 0.3 for this study (Gercek, 2007) (Table 11). The input parameters used in 

stability analysis by FEM were given in Table 20 and Appendix 10. 

Table 20 Input parameters for finite element stability analysis to calculate critical SRF 

Rock unit Parameters Slope Geometry α (g) 

C (MPa) ɸ (ᵒ) γ 

(KN/m3) 

Erm 

(MPa) 

v Height 

(m) 

Angle 

(ᵒ) 

Left Abutment Slope 2 (LAS2) 

Layer 1(HWR) 0.162 25.96 21.84 238 0.3 80 54 0.01 

Layer 2(MWR) 0.223 28.56 24.89 288.9 0.3 80 54 0.01 

Right Abutment Slope 2 (RAS2) 

Layer 1(HWR) 0.235 30.41 21.84 276.9 0.3 85 47 0.01 

Layer 2(SWR) 0.339 34.66 24.89 464.1 0.3 85 47 0.01 

Where C is Cohesion, ɸ is Friction angle, γ is unit weight of rock, α is Horizontal  

seismic acceleration and HWR,  MWR and SWR represent highly weathered rhyolite, 

moderately weathered rhyolite and slightly weathered rhyolite respectively. 

According to the analyses result, the critical strength reduction factor (SRF) at the left 

abutment slope 2 (LAS2) is 1.09 and 1.08 when the slope was assumed as static dry 

and dynamic dry conditions respectively (Table 21 and Figure 39). In addition, when 
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the slope was assumed to be in a saturated condition, the critical strength factor is 0.1 

during both static and dynamic conditions (Table 21 and Figure 40). Similarly, at the 

right abutment slope 2 (RAS2), the analyses result showed that the critical SRF is 

1.48 and 1.47 during static and dynamic dry conditions, while during static and 

dynamic saturated condition the critical SRF is 0.52 and 0.51 respectively (Table 21 

and Figure 41).  

From these results, it can be seen that when the slope is assumed as static and 

dynamic saturated conditions, the critical SRF or FOS is less than one and this 

indicated that slope was unstable while when the slope is assumed to be at dry 

conditions, the critical SRF or FOS was greater than one and the slope was stable 

according to Christian (2004). This indicated that the effect of pore water pressure 

play a greater role in destabilizing these particular slope sections as compared to 

horizontal seismic acceleration. The effect of horizontal seismic acceleration on the 

factor of safety is very small. 

Table 21 An estimated factor of safety by Phase2 software under static and dynamic 

conditions. 

Slope 

sections 

Critical SRF under different anticipated conditions 

Static dry 

condition 

Static saturated 

condition 

Dynamic dry 

condition 

Dynamic saturated 

condition 

LAS2 1.09 0.1 1.08 0.1 

 RAS2 1.48 0.52 1.47 0.51 
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Figure 40 Slope stability analysis result from finite element method using the Phase2 software for left abutment 

slope 2 (LAS2) under A) static dry condition,  B) static saturated condition, C) dynamic dry condition and                                   

D) dynamic saturated condition. 

 

Figure 41 Slope stability analysis result from finite element method using the Phase2 software for the right 

abutment slope 2 (RAS2) under A) static dry condition, B) static saturated condition, C) dynamic dry 

condition and D) dynamic saturated condition. 
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Finally, the results of the FE numerical analysis were compared with the result 

obtained from LE method. Accordingly, the factor of safety results determined by FE 

were in a very good agreement with those computed by the limit equilibrium methods 

(Table 22). Furthermore, the slip failure surfaces were almost the same for both 

techniques. As stated in Cheng et al. (2007) the values of E and v have a very small 

influence on the computed factor of safety values and the location of critical failure 

surface by FEM using Phase2 software.  

Accordingly, in the present study the analysis results of both LEM and FEM revealed 

that the slope sections of the left and right abutments of the dam are unstable during 

saturated conditions. This implies that the pore water pressure contributed 

significantly in destabilizing these slope sections as compared to seismic activity. 

In general, it can be concluded that the results of both FE and LE methods were in 

good agreement under different anticipated conditions and when simple slope 

geometry and heterogeneous material were considered.  

However, the results from finite element method were more appropriate with the 

actual filed condition in these particular area. 

Table 22 Comparison of the factor of safety results computed by LEM and FEM. 

Slope 

sections 

Conditions Factor of Safety 

LEM  FEM  

LAS2 Static Dry 1.099 1.09 

Static Saturated 0.377 0.1 

Dynamic Dry 1.088 1.08 

Dynamic Saturated 0.367 0.1 

RAS2 Static Dry 1.499 1.48 

Static Saturated 0.683 0.52 

Dynamic Dry 1.474 1.47 

Dynamic Saturated 0.132 0.51 

5.8 Abutment and Reservoir Water Tightness Analysis  

In the present study, water tightness analysis were carried out through the 

permeability determination of both soils and rocks found in the study area. 

Accordingly, permeability of the underlying soils was evaluated in the laboratory 

whereas the permeability of rock mass was determined from the surface discontinuity 

mapping and in-situ packer tests. The permeability of the underlying soil and rock 
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mass and other factors that affect the water-tightness were evaluated and the detail 

will be discussed as follows in the next sections. 

5.8.1 Permeability Soil Analysis 

The coefficient of permeability analyses was done on the representative soil samples 

and the results are presented in Table 23. From this permeability test, the minimum 

and the maximum permeability values were found to be 2.693 x 10-7 cm/s at LTP2 on 

the left River bank and 6.687 x 10-5 cm/s at RTP1 on the right River bank respectively 

and falls into impervious to semi-pervious permeability range respectively according 

to US Bureau of Reclamation (USBR, 1987) classification (Appendix 4). In addition, 

the permeability test of soils in the reservior area was conducted by OWWDSE for the 

purpose of finding the clay core fill material and the result showed that the minium 

and maximuim permeability of the soils range from 1.59 x 10-6cm/s to 6.2 x 10-6cm/s 

at CHB TP5 and MBTP1 respectively (OWWDSE, 2016). Generally, the permeability 

of the soils in the reservoir site is relatively small and watertight that can retain water 

in the reservoir area after impoundment. Therefore the reservoir site is almost 

watertight with very small drainage and the expected losses of water from the 

reservoir may be dueto evapotranspiration. 

Table 23 Permeability test results 

Location Test Pit No 
Depth in, 

(m) 

Sample 

Type 

Specific 

Gravity 

Permeability 

(cm/s) 

Classification of 

Permeability 

according to 

USBR (1987). 

R
es

er
v
o
ir

 a
re

a 

(L
ef

t 
si

d
e 

o
f 

th
e 

 

ri
v
er

) 

LTP1 0 - 1.5 Disturbed  3.2 1.074 x 10-6 Impervious 

LTP2 0 - 2 Disturbed  2.9 2.693 x10-7 Impervious 

ATB TP 3 0.20-2.10 Disturbed  2.54 4.61x10-6 Semi pervious 

ATB TP 4 0.10-0.80 Disturbed  2.56 2.31x10-6 Semi pervious 

ATB TP 6 0.20-2.40 Disturbed  2.54 1.64x10-6 Impervious 

R
es

er
v
o
ir

 a
re

a 
(R

ig
h
t 

si
d
e 

o
f 

th
e 

ri
v
er

) 

RTP1 0 - 2 Disturbed  2.9 6.687 x 10-5 Semi pervious 

RTP2 0 - 2 Disturbed  3.3 1.528 x 10-5 Semi pervious 

RTP3 0 - 1.75 Disturbed  3.3 2.74 x 10-6 Impervious 

CHB TP 5 0.20-1.75 Disturbed  2.79 1.59x10-6 Impervious 

DHB TP1 0.10-2.10 Disturbed  2.69 3.14x10-6 Semi pervious 

MBTP1 0.20-1.40 Disturbed  2.70 6.2x10-6 Semi pervious 
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5.8.2 Permeability of Surface Rock Mass Analysis 

The permeability of rock mass is mainly affected by the fracture characteristics such 

as fracture frequency, roughness, continuity, openness, degree of weathering and the 

stress applied on the fractures and amount of infill material in the fracture (Hoek and 

Brown, 1974). The relationship between the hydraulic conductivity (k) and fracture 

characteristics (spacing, S and aperture, e) is given by equation 10 which is derived by 

Snow (1965) and Louis (1974) used to estimate the hydraulic conductivity of the rock 

mass that is exposed on the dam abutments and reservoir area. Fracture characteristics 

such as spacing and aperture that are collected from representative outcropping rock 

masses were used to estimate the hydraulic conductivity of rock mass.  

In this study, the permeability of surface rock masses was analyzed for 46 observation 

points, out of these 17 sampling points were located on the left abutment, 11 sampling 

points were located on the right abutment and the remaining 18 sampling points were 

located in the reservoir area. Results of the estimated hydraulic conductivity values of 

rock masses are presented in Table 24 and Apendix 16, and the classification for the 

permeability of the rock mass was made based on Bell (2007) (Appendix 3). 

Accordingly, the results showed that on the left abutment at LAS1 slope section, the 

hydraulic conductivity ranges from 2.9*10-4m/s (moderately permeable) to 1.3*10-

1m/s (high permeable) with a mean value of 3.2*10-2m/s (highly permeable) whereas 

for slope section LAS2 it ranges from 4.1 x 10-4m/s (moderately permeable) to 

1.34*10-1m/s (highly permeable) with a mean value of 2.81*10-2m/s (highly 

permeable). 

Similarly on the right abutment at RAS1 slope section, the hydraulic conductivity 

ranges from 1.3*10-3m/s (moderately permeable) to 1.4*10-1m/s (highly permeable) 

with a mean value of 3.97*10-2m/s (highly permeable) whereas at RSA2 the hydraulic 

conductivity ranges from 1.53*10-2m/s to 2.6*10-1m/s(highly permeable) with a mean 

value of 9.5*10-2m/s(highly permeable).  

Furthermore, in the reservoir area, the hydraulic conductivity ranges from 1.07*10-

3m/s(moderately permeable) to 5.6*10-2m/s(highly permeable) with a mean value of 

1.5*10-2m/s(highly permeable) at the left side of Didesa River, and 1.3*10-4m/s 

(moderately permeable) to 1.26*10-1m/s(highly permeable) with a mean value of 

1.75*10-2m/s(highly permeable) at the right side of Didesa River). 
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In general, the result of permeability of rock masses from the surface discontinuity 

mapping revealed that the rock mass in the study area has moderate to high hydraulic 

conductivity. This implies that the rock mass in the area is affected by a high degree 

of fracturing and weathering. Moreover, at both abutments were cut mainly by three 

joint sets and numerous randomly oriented fractures in which they have a very 

favorable orientation for leakage paths. Therefore, there will be a significant amount 

of water drawing through the joint opening and serious water losses from the reservoir 

after the impoundment were expected. 

Table 24 Estimation of hydraulic conductivity from surface discontinuity mapping 

Locat

ion 

No K (m/s) Permeability 

classification (Bell, 

2007) 

Locatio

n 

N

o 

K (m/s) Permeability 

classification 

(Bell, 2007) 

L
ef

t 
A

b
u
tm

en
t 

L
A

S
1

 

1 2.8*10-2 Highly Permeable 
R

es
er

v
o
ir

 A
re

a 

L
ef

t 
R

iv
er

 B
an

k
 

29 2.44*10-2 Highly 

Permeable 

2 2.9*10-4 Moderately Permeable 30 1.02*10-2 Highly 

Permeable 

3 5.1*10-2 Highly Permeable 31 9.9*10-3 Moderately 

Permeable 

4 1.4*10-3 Moderately Permeable 32 1.12*10-2 Highly 

Permeable 

5 1.4*10-2 Highly Permeable 33 1.07*10-3 Moderately 

Permeable 

6 1.3*10-1 Highly Permeable 34 1.21*10-3 Moderately 

Permeable 

7 4.1*10-3 Moderately Permeable 35 5.6*10-2 Highly 

Permeable 

Av 3.24*10-

2 

Highly Permeable 36 1.81*10-2 Highly 

Permeable 

L
A

S
2

 

8 4.1*10-4 Moderately Permeable 37 1.6*10-3 Moderately 

Permeable 

9 1.34*10-

1 

Highly Permeable A

v 

1.5*10-2 Highly 

Permeable 

10 8.2*10-3 Moderately Permeable 

R
ig

h
t 

R
iv

er
 B

an
k
 38 8.31*10-3 Moderately 

Permeable 

11 2.2*10-2 Highly Permeable 39 5.97*10-4 Moderately 

Permeable 

12 1.0*10-2 Moderately Permeable 40 8.41*10-4 Moderately 
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Permeable 

13 6.4*10-2 Highly Permeable 41 1.11*10-3 Moderately 

Permeable 

14 1.82*10-

2 

Highly Permeable 42 1.26*10-1 Highly 

Permeable 

15 1.33*10-

2 

Highly Permeable 43 1.3*10-4 Moderately 

Permeable 

16 8.83*10-

3 

Moderately Permeable 44 1.3*10-2 Highly 

Permeable 

17 8.0*10-4 Moderately Permeable 45 4.51*10-3 Moderately 

Permeable 

Av 2.8*10-2 Highly Permeable 46 2.9*10-3 Moderately 

Permeable 

R
ig

h
t 

A
b

u
tm

en
t 

R
A

S
1
 

18 1.3*10-3 Moderately Permeable A

v 

1.75*10-2 Highly 

Permeable 

19 1.4*10-1 Highly Permeable 

20 1.4*10-2 Highly Permeable 

21 5.11*10-

2 

Highly Permeable 

22 1.91*10-

2 

Highly Permeable 

23 2.04*10-

3 

Moderately Permeable 

24 5.23*10-

2  

Highly Permeable 

Av 3.97*10-

3 

Moderately Permeable 

R
A

S
2

 

25 8.76*10-

2 

Highly Permeable 

26 1.67 x 

10-2 

Highly Permeable 

27 1.53*10-

2 

Highly Permeable 

28 2.6*10-1 Highly Permeable 

Av 9.5*10-2 Highly Permeable 
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5.8.3 Permeability of Subsurface Rock Mass and Packer Test Analysis 

The lugeon or packer test, constant head and falling head tests were carried out in the 

dam site to determine the hydraulic conductivity of subsurface rock mass. These tests 

were carried out by Oromia Water Works Construction, Design and Supervision 

Enterprise (OWWDSE, 2009). The water pressure (Lugeon) tests were performed in 

eleven boreholes at both abutments and along the dam axis during the investigation 

phase. These  tests were conducted at boreholes like AD-1, AD-2, AD-7, AD-8 and 

AD-9 on the left abutment whereas on the right abutment the test was conducted at 

boreholes including AD-5, AD-6, AD-10 and AD-11 and also at the river center the 

test was carried out at boreholes like AD-3 and AD-4. Accordingly, the average 

minimum and maximum lugeon values at the left abutment ranges from 2.45 to 54.92 

at AD-7 and AD-8 respectively (Table 25) (OWWDSE, 2009). Beside, on the left 

abutment at AD-1 and AD-9, the depth ranges in between 6.5m and 11.5m, and 15 

and 20m showed high lugeon values respectively (Figure 42). This suggests that the 

presence of highly permeable and open joints within the rock mass.  

Similarly, on the right abutment, the average minimum and maximum lugeon test 

results range from 13.6 to 34.23 at AD-5 and AD-11 respectively (Table 25). In 

addition, at AD-10 borehole in the depth ranges of 10.14-15.98m and 20-25m, and at 

AD-5 in depth ranges from 27-33 the lugeon values increase and this indicates the 

presence of open joints within the rock mass (Figure 42) and classified as permeable 

rock (Fell et al., 2005) (OWWDSE, 2009). Furthermore, at the center of dam axis, the 

average lugeon values vary from 8.85 to 17.38 at AD-3 and AD-4 respectively (Table 

26). From these results, it can be concluded that the permeability of rock mass 

decreases with depth and several scholars stated that due to the overburden effects, 

permeability of the rock mass decreases as depth increases (Lee and Farmer, 1993; 

Nappi et al., 2005; Hamm et al., 2007; and Berhane, 2013). In general, below an 

elevation of 1310m, the lugeon values decrease to less than one along the dam axis 

and grouting treatment is required approximately for the depth above 1310m  

elevation as shown in Figure 43. 

From the packer test results, the types of flow were also determined. The flow type 

can be used to determine the characteristics of discontinuities and grouting types. 

Hence, at the left abutment, the laminar flow is the dominant flow type (>40%) which 

followed by dilation flow type (>23%) and less dominant ones such as turbulent and 
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void filling flow types. Washout flow type was not recorded at all on the left abutment 

(Figure 44). The dominated laminar flow in the left abutment indicated the presence 

of parallel joint opening with low lugeon values. In addition laminar flow occurs 

when the Lugeon value of a rock mass is independent of the test pressure (Rozo, 

1933). In the case of dilation similar hydraulic conductivities were observed at low 

and medium pressures and much greater values at the maximum pressure (Houlsby, 

1976). On the other hand, turbulent flow type was observed most frequent at the 

center of foundation (Figure 44) which shows the presence of either open joints with 

high discharge or tight joints with low discharge (Ajalloeian, 2013). 

Similarly, on the right abutment void filling (>28%) is the dominant flow type 

followed by dilation (> 21%) and washout (>21%) and less dominant ones such as 

laminar (14%) and turbulent flow (14%) (Figure 44). The dominant void filling 

observed in the right abutment indicated that presence of the larger joint aperture in 

the rock mass. In addition, void filling behavior indicated that during the test water is 

progressively filling isolated/non-persistent open discontinuities or swelling occurs in 

the discontinuities (Houlsby, 1976). Washout behaviour is observed least frequently at 

the center of dam foundation and in right abutment (Figure 44). The summaries of 

results obtained from these tests are presented in Table 25. The permeability was 

classified according to Fell et al. (2005) (Appendix 5) where one Lugeon is equivalent 

to 1.3 x 10-5cm/sec. 

Table 25 Permeability test results in different boreholes at the dam site (OWWDSE, 

2009). 

L
o
ca

ti
o
n

 

BH 

No. 

No 

Test 

Depth range 

(m) 

Lugeon 

Value Flow Type Test Type 

 Permeability 

Class (Fell et 

al., 2005) 

L
ef

t 
A

b
u

tm
en

t 

AD1 

  

  
  

  

  

1 3 - 6.5   11.31 - 

Falling 

Head moderate/high 

2 6.5 - 11.5 30 Turbulent Packer Test moderate/high 

3 11.5 - 16.4 0.22 Laminar Packer Test low 

4 16.4 - 21.5 0.01 Laminar Packer Test low 

5 21.5 - 26.5 0.39 Dilation Packer Test low 

6 26.5 - 33.3  0.46 Dilation Packer Test low 

AD2 

  

  

  
  

1 3 - 8.8 34.62 - 
Falling 
Head 

moderate 
/high 

2 8.8 -13.4 26.12 Turbulent Packer Test 

moderate 

/high 

3 13.4  - 17.8 0.73 Void Filling Packer Test low 
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4 17.8 - 23.8 0.87 Laminar Packer Test low/moderate 

5 23.8 - 28.85 - - - - 

6 29.2 - 34.4 5.79 Laminar Packer Test 

moderate 

/high 

7 34.4 – 40 0.04 Laminar Packer Test low 

AD7 
  

  

  
  

1 5 - 7.4 4.23   

Falling 

Head low/moderate 

2 15 – 19 1.52 Laminar Packer Test low/moderate 

3 19 - 22.5 2.15 Turbulent Packer Test low/moderate 

4 22.5 – 26 1.25 Void Filling Packer Test low/moderate 

5 26 - 29.5 3.11 Void Filling Packer Test low/moderate 

AD8 

  

  
  

1 0 – 5 1 - 

Falling 

Head low/moderate 

2 5 – 10 0.24 - 
Falling 
Head low 

3 10 – 15 126.9 - 

Constant 

Head high 

4 15 -20 91.54 - 
Constant 
Head high 

AD9 

 
 

 

 
 

 

 

  

1 5 – 10 94.62 - 

Constant 

Head high 

2 10 -15 49 - 
Constant 
Head moderate/high 

3 15 -20 142 - 

Constant 

Head high 

4 20 – 25 66 - 
Constant 
Head high 

5 25 – 30 43 - 

Constant 

Head moderate/high 

6 30 – 35 18 - 
Constant 
Head moderate/high 

7 37.6 – 42 1 Laminar Packer Test low/moderate 

8 42 – 47 1 Dilation Packer Test low/moderate 

9 47 – 52 1 Dilation Packer Test low/moderate 

10 52 – 56 1  Dilation Packer Test low/moderate 

R
ig

h
tA

b
u

tm
en

t 

AD5 

  

  

  
  

  

  

1 05-Oct 27 Void Filling Packer Test moderate/high 

2 Oct-15 16 Wash out Packer Test moderate/high 

3 15 – 20 17 Wash out Packer Test moderate/high 

4 20 – 25 2 Dilation Packer Test low/moderate 

5 25 -30 1.17 Void Filling Packer Test low/moderate 

6 30 – 35 22 Laminar Packer Test moderate/high 

7 35 - 41.7  12 Turbulent Packer Test moderate/high 

AD6 

  

  
  

  

  

  

1 5- 8 0.12 - 

Falling 

Head low 

2 8-11 0.34 - 

Falling 

Head low 

3 11-15 5 - 

Falling 

Head moderate/high 

4 15 -18 9.2 - 

Falling 

Head moderate/high 
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5 18 – 23 7.3 - 
Falling 
Head moderate/high 

6 23 – 26 10 - 

Falling 

Head moderate/high 

7 26 -29 67 - 
Falling 
Head high 

AD10 

  

  

  
  

  

  
  

  

  

  

1 5 - 10.14 4.4 - 

Constant 

Head moderate/high 

2 10.14 - 15.98 171 - 
Constant 
Head high 

3 15.98 – 20 3.4 - 

Constant 

Head moderate/high 

4 20  - 25 0.63 - 
Constant 
Head low 

5 25 – 30 33 Turbulent Packer Test moderate/high 

6 30 - 35  5 Laminar Packer Test moderate/high 

7 35 – 40 0 Void Filling Packer Test low 

8 40 – 45 0 Void Filling Packer Test low 

9 45 – 50 0 Dilation Packer Test low 

10 50 – 55 0 Dilation Packer Test low 

11 55 – 60 5 Wash out Packer Test moderate/high 

AD11 

  

  
  

1 0 - 5.16 0.29 - 

Falling 

Head low 

2 5.16 – 10 0.62 - 

Falling 

Head low 

3 11-16 117 - 

Constant 

Head high 

4 16 – 20 18.15 - 
Constant 
Head moderate/high 

C
en

te
r 

o
f 

F
o
u

n
d

a
ti

o
n

 

AD3 

  

  
  

  

  

  
  

  

  
  

  

  
  

1 5 – 10 43 - 

Falling 

Head moderate/high 

2 10 – 14 35 - 
Falling 
Head moderate/high 

3 14 – 17 3.88 Turbulent Packer Test low/moderate 

4 21.45  -25 7.86  Void Filling Packer Test moderate/high 

5 25 – 30 9.96 Wash out Packer Test moderate/high 

6 30 -35 5.24  Turbulent Packer Test high 

7 35 – 40 6  Turbulent Packer Test moderate/high 

8 40 -45 0.97  Turbulent Packer Test low/moderate 

9 45 – 50 8.74  Turbulent Packer Test moderate/high 

10 50 -55 1.23  Dilation Packer Test low/moderate 

11 60 -65 0 Laminar Packer Test low 

12 65 – 70 0.23  Dilation Packer Test low 

13 76 -81 2.71  Wash out Packer Test low/moderate 

14 81 -92 0 Laminar Packer Test low 

AD-4 

1 5.2 -10 0 Laminar Packer Test low 

2 Oct-15 33.07 Dilation Packer Test moderate/high 

3 15 -20 34.71  Turbulent Packer Test moderate/high 

4 20 – 25 1.31  Void Filling Packer Test low/moderate 
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5 25 – 30 19.85  Wash out Packer Test moderate/high 

6 30 – 35 21.54  Turbulent Packer Test moderate/high 

7 35 – 40 6.49  Wash out Packer Test moderate/high 

8 40 – 45 17.19  Void Filling Packer Test moderate/high 

9 45 – 50 22.04  Turbulent Packer Test moderate/high 

 

 

Figure 42 Variations of Lugeon values with depth for selected boreholes from the left 

and right abutments. 
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Figure 43 Permeability of rock mass along the Dam axis through integration of 

surface and subsurface permeability data. 

 

Figure 44 Percentage distribution of flow types in different boreholes  
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5.9 Ground Water Condition 

In the Southwestern Ethiopian plateau, the main hydrogeological units are volcanic 

rocks that were subjected to varying degrees of weathering and fracturing (Chernet, 

1993). The Arjo Didesa dam site is located within the upper Didesa catchment which 

is found in the Southwestern Ethiopian plateau. The volcanic rocks found in the study 

area are highly fractured and weathered and these are good for potential zone of 

groundwater storage and movement. The investigations conducted by OWWDSE 

(2009) in the study area revealed the presence of different aquifer types. The main 

aquifers at Arjo-Didesa Dam site are weathered and fractured basaltic lava flows and 

other acidic volcanic rocks such as rhyolite and trachyte and sediments (alluvial and 

colluvial deposit). The sediments and weathered volcanic rocks made an unconfined 

aquifer. The highly weathered and decomposed thin layers observed from the drill 

cores can serve as confining layers. The presence of thermal springs and cold 

groundwater in the area shows the diversification of the hydrogeological set up of the 

catchment. Geological structures mainly faults play a significant role in the 

groundwater movement and occurrence. 

The available groundwater data in the study area are borehole, well and spring data. 

Groundwater level was frequently measured in boreholes during the investigation 

phase by OWWDSE (2009). Accordingly, the groundwater table on the bottom of the 

river at borehole AD3 and AD4 was found at depth of 5.6m and 2.05m respectively 

(OWWDSE, 2009). The groundwater table level at AD3 and AD4 are within the 

alluvial deposit indicating an artesian effect. Similarly, on the left abutment, the 

minimum and maximum groundwater levels were found at depths of 18.80m at AD2 

and 31m at AD9 boreholes respectively (OWWDSE, 2009).  

Furthermore, on the right abutment, the groundwater level was observed at the 

maximum depth of 60m at the AD10 borehole. Along the proposed tunnel, the 

groundwater table was found at  a depth of 10.56m at ADT1 borehole which is near to 

the upstream face of the right abutment and at the downstream face of the right 

abutment and at at depth of 10.99m at ADT4 borehole. In the reservoir area, the water 

well was drilled mainly for water supply purposes for the local people at Ate Village 

and Wama-maribo area on the left and the right river bank of Didesa River 

respectively. At Ate well site, the groundwater table was found at depth of 22.56m 
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whereas at the Wama-maribo area the water table was found at a depth of  15.78m 

(OWWDSE, 2009).  

Two hot springs were observed in the reservoir area near to the Didesa River on the 

left side of the riverbank. They were identified to be fracture springs and related to 

regional tectonic structure and aligned along the NE-SW fault direction. These springs 

are mainly artesian and have a high yield. They may be potentials for seepage under 

the reversed head of the water table as a result of the high water column in the 

reservoir area after impoundment. However, the springs are far away from the dam 

axis that the effect on the impoundment may be minimal. In addition to these, there is 

some cold spring is available at different localities in the reservoir area. Those springs 

were used by local people as an alternative source of water supply where groundwater 

is very shallow.  

From the information collected from the local people the spring has high yield during 

the rainy season and some of them become dry during the dry season. This indicates 

the presence of a shallow groundwater in the reservoir area. Its can be concluded that 

within Didesa plain valley around the reservoir area, the groundwater level is shallow 

(depth <60m) and deep penetration of groundwater may be hindered by the 

underlying massive volcanic rocks except where they are controlled by geological 

structures as revealed by the presence of thermal springs in the river valley. Besides 

during dry season, the groundwater table was found deeper than 5 meters below the 

natural ground surface. The groundwater table rise occurs due to heavy to heavy rain 

fall. Table 26 shows the boreholes drilled previously in the study area and their depths 

with the groundwater level. 

Groundwater flow direction is controlled by topography, lithology and geological 

structures of the area. The Arjo Didesa dam site and its surrounding area are 

characterized by different topographic features. It consists of Didesa plain (lowland 

area close to the Didesa River), small ridges and big hills which form elevated area 

around the Didesa plain. The study area is comprised of various lithological units with 

different geological structures such as faults and lineaments that affect groundwater 

flow directions. Therefore in the study area, both surface water and groundwater flow 

is oriented similarly in the direction of lineament and fault trends from highland to the 

lowland. Accordingly, both surface and groundwater from the western part of the 

reservoir flow toward the NE direction to the Didesa River and similarly from the 

eastern part of the reservoir it flows towards SW direction to the Didesa River. 
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Table 26 The groundwater levels in the study area at different boreholes  

Location BH ID 
Elevation 

(m) Depth (m) 

Groundwater 

level (m) 

Left Abutment AD1 1358 33.3 null 

AD2 1337 40 18.80 

AD7 1342 29 19.10 

AD8 1380 20 - 

AD9 1345 60 31 

Proposed spillway ADsp-1 1375 15 3.20 

ADsp-2 1345 20 10.20 

Right Abutment AD5 1355 41.7 null 

AD6 1355 30 null 

AD10 1360 60 - 

AD11 1380 20 - 

Proposed Tunnel ADT-1 1350 26.4 10.56 

ADT-3 1350 31.5 12.60 

ADT-4 1350 22 10.99 

ADT-5 1325 22 6.90 

ADT-6 1325 19.25 7.28 

ADT-7 1325 10 6.50 

Center of  

Dam axis 

AD3 1320 92 5.60 

AD4 1322 50 2.05 

Ate area water 

Well 

1337 

55 

22.56  

Maribo area Well1 1347 35.55 15.78 

Adosa spring Hot 

artesian 

spring 

1325 

- 

0 

 

5.10 Water Tightness Analysis Based on Water Tightness Model 

The water tightness model is the most reliable method used to evaluate and confirm 

the potential leakage occurrence from the reservoir after water impoundment (Fell et 

al., 2005 and Bell, 2007).  
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The models evaluated the water-tightness for areas of non-soluble rocks based on 

factors such as; topography, geology, groundwater condition, rainfall/climatic 

condition, hydraulic conductivity of the lithological units and design of maximum 

Full Supply Level (FSL) of the reservoir. Therefore, Arjo Didesa dam abutments and 

reservoir area are evaluated based on different assumptions and factors according to 

Fell et al. (2005) as follows. The project area is constituted by a wide valley of 

reservoir area with gentle slopes (5-10ᵒ) and narrowing in the dam site area with an 

abrupt change to a V-shaped valley of steep slopes at the two abutments. Based on the 

topographical, geological and hydrogeological conditions and similarity and fitting of 

the water-tightness model, the Arjo Didesa dam site and its surrounding reservoir area 

were divided into three different segments and the cross-section line is drawn as 

shown in Figure 45, and each sections were briefly discussed as follows. 

 

Figure 45 Contour map to  prepare crossections for water tightness model. 
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1. Very narrow valley and steep slope ridge that forms the two abutments of the dam 

as shown in Figure 45 by A-B and C-D cross section line at left and right 

abutment respectively.  

The ridge forming the rim of the valley for storage is considered to be narrow and 

low. As a result, the rock that forms the ridge and below FSL is likely to be affected 

by the release of stress. The abutments of the dam was formed by highly weathered, 

jointed and fractured rocks and at the base is covered by colluvial soil. Most of the 

joint sets orientations are favorable to the leakage path as it crossed the dam axis at the 

nearly parallel direction to the river flow. The result from surface hydraulic conductivity 

of rock masses and in-situ permeability paker test at both abutments showed that the 

hydraulic conductivity ranges from moderately permeable to highly permeable. This 

scenario is also associated with potential leakage of water from the reservoir and 

abutment slope instability problem as aided by the orientation of joints. The depth to 

water table along the abutments is below full reservoir levels and the groundwater is 

unlikely to rise significantly to meet with FSL even if the Arjo Didesa Dam site is 

located in high rainfall region. Therefore, significant potential for leakage is expected 

owing to the above-mentioned permeable rocks and the high hydraulic gradient 

between FSL and the actual groundwater table. In addition, groud water may cause 

por water pressure (uplift) underneath the foundation. 

This area is similar and fitting with the model E as shown in Figure 46a and 46b. 

2. Narrow river valley bounded by subsequent wide high ground followed by a 

gradual decrease in topography resulting in another valley that forms the 

topography around the proposed saddle dam site and spillway as shown in figure 

45 by E-F cross section line.  

In this section, the permeability test result on the soil sample indicated that it is 

underlain by soil deposit which has impervious to semi previous permeability, while 

the surface hydraulic conductivity assessment of rock masses showed that the 

hydraulic conductivity of rock mass ranges from moderately permeable to highly 

permeable and these features leads to potential high water leakage from the reservoir 

through these fractures after the water is impounded in the reservoir. In this condition 

at the initial stage of reservoir impoundment, a large amount of water loss from the 

storage to fill voids of rocks in the side of the valley is expected. However, the 

assumed proposed full reservoir level to be below the groundwater table in highly 

elevated areas which follows the topography.  
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In addition, there is a very long path for a leakages to travel to an area outside the 

reservoir, following the hydraulic gradient. Therefore, potential for leakage is not 

expected as the water table is already above the proposed FSL in high ground areas. 

This section of the reservoir area is similar to model C as shown in Figure 46c and it 

can be concluded that the potential leakage of water from the reservoir is not expected 

at all. It should be noted that the groundwater level shown in Figure 46c is inferred 

and assumed from the borehole data that was drilled at the proposed spillway area.  

3. Very wide River valleys surrounded by the subsequent wide high ground that 

form a large part of the reservoir area as shown in figure 45 by G-H cross section 

line.  

The large part of Didesa plain around the reservoir area was characterized by very 

wide river valleys surrounded by subsequent wide high ground which is covered by 

thick soil deposits. The permeability test showed that permeability of soil in the 

reservoir area ranges from impervious to semi-pervious permeability (USBR, 1987). 

This indicated that the soil deposit in the reservoir area has relatively low 

permeability and is watertight. Moreover, hydraulic conductivity of rock mass 

exposed in the reservoir area ranges from moderately to high hydraulic conductivity. 

The groundwater table in this part of the reservoir basin is assumed to be shallow (< 

60m) as the study area falls in the high rain fall region, and at the high ground the 

groundwater table which follows the topography is higher than the proposed full 

reservoir level. Furthermore, the surface manifestations of wetland occurrence and 

seasonal springs in the inner slopes of the reservoir are indicating a shallow water 

table that exists even well above the full supply level of the reservoir in the area 

where the reservoir forms its wider valley. Accordingly, potential for leakage is not 

expected as the water table is well above the proposed  FSL of the reservoir in the 

high ground areas and partly fed by groundwater. However, during the initial 

reservoir impoundment, it is expected that the water infiltrated into the ground from 

the storage to fill the voids of rocks and soils adjacent to the valley which may result 

in the rise of the water table beneath the valley side to meet with and even rises above 

FSL of the reservoir at the high grounds. Therefore, it can be concluded that the effect 

of water loss from the reservoir is minimal and the significant potential leakage is not 

expected. This section of the reservoir basin is similar to model A as shown in Figure 

46d. 
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Figure 46 Water tightness model for Left Abutment (a), Right Abutment (b), (c) and 

d) reservoir area, Where ΔH is hydraulic head difference between full 

supply level (FSL) and actual ground water level. 

 

 

 

 

 

 

 

 

 



110 
 

CHAPTER SIX 

6. CONCLUSION AND RECOMMENDATION 

6.1 Conclusion 

Based on this study, the following general conclusions could be drawn: 

✓ From detailed engineering geological assessments, the rock masses that form both 

abutments are highly to slightly weathered, heavily fractured and jointed rocks 

with three sets of tectonic joints.  

✓ Most of the joint set orientations are favorable to the leakage path as it crossed the dam 

axis at the nearly parallel direction to the river flow. 

✓  The main lithological units in the reservoir area are alluvial and residual soils that 

are dominated by silt clay soils and at some localities, the area is covered by 

basaltic rocks that form gentle slopes and by rhyolitic rocks that form steep small 

hills in the reservoir area. 

✓ The RQD estimated from joint volumetric count (JV) revealed that at the left and 

right abutment the RQD ranges from very poor to fair and poor to fair rock 

qualities respectively. Similarly, the RQD determined from core logs revealed that 

for both abutments the average RDQ falls into very poor to fair rock quality as the 

rock mass forms the abutments of the dam was characterized by high degree of 

fracturing and weathering. 

✓ Intact rock strength test revealed that the strength of intact rock falls in the range 

of 19.18MPa to 159.62MPa and 17.18MPa to 62.79MPa as determined from 

laboratory point load and in-situ Schmidt hammer test respectively. Thus, a rock 

that forms the abutments of the dam has very low to high strength. 

✓ The RMR and GSI rock mass classification revealed that the quality of rock at the 

dam abutments range from poor to good and disintegrated to blocky respectively. 

Their estimated values ranging from 33 to 63 and 15 to 65 as determined by RMR 

and GSI respectively. 

✓ Kinematic analysis results indicated that at both LAS1 and RAS1 slope sections 

the slope were potentially unstable due to planar mode of failures at the left and 

right abutment respectively. 

✓ Deterministic stability analysis using RocPlane software revealed that at both 

LAS1 and RAS1 slope sections, the slope was found to be unstable during 

saturated conditions and stable under dry conditions. Thus, pore water pressure 
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significantly contributed in destabilizing these particular slope sections as 

compared to seismic activity. 

✓ Stability analyses of LAS2 and RAS2 slope sections were performed through the 

finite element and limit equilibrium methods in different conditions at the left and 

right abutment respectively. The analyses result revealed that both LAS2 and 

RAS2 slope sections are unstable during saturated conditions and stable under dry 

conditions. Hence, the effects of pore water pressure play a greater role in 

destabilizing these particular slope sections.  

✓ The hydraulic conductivity analysis results from surface discontinuity spacing and 

aperture data revealed that at both abutments of the dam and in the reservoir area 

the rock mass has moderate to high permeability values. Therefore, excessive 

leakage will be expected after the reservoir impounded especially through both 

dam abutments. 

✓ Moreover, packer permeability also revealed that the rock mass in the dam 

abutments are pervious with average lugeon values ranging from 2.45 to 54.92. 

Thus, presences of open and interconnected joints are leads for occurrence of 

potential leakage through the dam abutments. However, the permeability of rock 

mass decreases as depth increases. 

✓ Soil laboratory test revealed that the soils found in the study area is dominated by 

silty-clay soils with the average liquid limit greater than 50% and this indicated 

that the soils show high plasticity properties. 

✓ Soil permeability test revealed that the permeability of the soils in the reservoir 

area is relatively small and can retain water in the reservoir area after 

impoundment. Therefore, the reservoir site is almost watertight with very small 

seepage.  

✓ Furthermore, water tightness analysis results based on the water tightness model 

revealed that significant potential leakage from the reservoir is expected through 

both the left and right abutments. However, within a different part of the reservoir 

area based on this model, the leakage path is long and the potential amount of 

leakage from the reservoir is not expected but during the initial reservoir 

impoundment, the water may infiltrate into the ground through the fractures until 

the ground becomes fully saturated and groundwater level rises to reach or above 

the full reservoir level at the high grounds. 
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6.2 Recommendation 

For this study, the following proper remedial measures are recommended based on the 

analysis results of rock slope stability and water tightness analyses. 

 At the slope section LAS1 and RAS1, the planar mode of failure was 

identified. Therefore, to prevent the sliding and stabilize those slope sections, 

modifying slope geometry, rockbolt and anchors are recommended as 

remedial measures. 

 At the LAS2 and RAS2 slope sections, the stability analysis result indicated 

that the slope is unstable mainly during fully saturated condition. Therefore, 

the study recommended that in these slope sections the failed material should 

first be removed in order to reduce the slope angles and then shotcrete were 

recommended to increase the stability of the slope. For the shotcrete surface, it 

is essential to provide sufficient drain holes to remove pore water pressure that 

is building up underneath the shotcrete surface. 

 Water tightness analysis results from surface discontinuity data, packer 

permeability test and water tightness model showed a potential leakage in both 

the left and right abutments of the dam. Therefore, grouting was recommended 

at both abutments to prevent the leakage problems.  

 The study also recommended when grouting is not applicable particularly 

where larger open joints present and for cost effective clay blanketing was 

recommended to prevent potential leakage through the dam abutments. Clay 

blanketing materials are locally available around the project site. 

 Reservoir siltation is one of the main problems that cause the failure of the 

reservoir and affects the dam’s long service but this study didn’t include the 

this problem. Therefore, this study is highly recommended so that the 

reservoir siltation problems can be analyzed to improve the service life of the 

dam and reservoir. 

 This study recommended that further assessment for the design and 

installation of remedial measures such as grouting, clay blanketing, rock bolts, 

anchor and shotcrete. 

 The study also recommended that further assessment be made for the effect of 

rapid drawdown on  slope instability of the dam abutments. 
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APPENDIXES 

Appendix 1 Observation points for slope stability analysis and test pit locations. 

Observatio
n section 

Eastin
g 

Northing Remarks 

LAS-1 24308

5 

942538 At the left abutment toward the downstream and the 

slope section was slightly weathered and intercepted 

by joint and numerous fractures. 

LAS-2 24309

0 

942268 At the left abutment toward the Reservoir area were 

the slope section is highly weathered and decomposed. 

RAS-1 24360

6 

942882 Right abutment toward the Reservoir area and the 

slope section is slightly weathered and intercepted by 
joint and fractures. 

RAS-2 24333

1 

943021 At the right abutment near to key trench and the slope 

section was highly weathered and decomposed and 
intercepted by numerous fractures 

LTP-1 24350

5 

940964 Left river bank in the reservoir area 

LTP-2 24410
8 

939535 Left river bank in the reservoir area 

RTP-1 24300

5 

943089 Downstream near to dam site 

RTP-2 24388
1 

941963 Right river bank in the reservoir area 

RTP-3 24553

2 

941572 Right river bank in the reservoir area 

Appendix 2 Rock Rating System (After Bieniawski, 1989) 

Parameters Ranges of Values 

Stren

gth of 

intact 

mater

ial 

Point-

load 

strength 

index(

MPa) 

>10 4-10 2-4 1-2 For the low range, 

uniaxial compression 

test is preferred 

UCS(M

Pa) 

>250 100-250 50-100 25-50 5-25 1-5 <1 

Rating 15 12 7 4 2 1 0 

Drill core 

(RQD) (%) 

90-100 75-90 50-75 25-50 <25 

Rating 20 17 13 8 3 

Spacing of 

Discontinuities 

>2m 0.6-2m 200-

600mm 

60-200mm <60mm 

Rating 20 15 10 8 5 

Condition of 

Discontinuities 

Very rough 

surfaces 

Slightly 

rough 

surfaces 

Slightly 

rough 

surfaces 

Slickensided 

surfaces 

Soft gouge >5mm 

thick 

Not 

continuous 

(No 

separation) 

Separatio

n < 1mm 

Separation 

< 1mm 

Gouge < 

5mm thick 

Separation 

1-5mm, 

continuous 

Separation  >5mm 

Unweather

ed wall 

rock 

Slightly 

weathere

d walls 

Highly 

weathered 

walls 
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Rating 30 25 20 10 0 

Grou

nd 

water 

General 

conditio

n 

Completely 

dry 

Damp Wet Dripping Flowing 

Rating 15 10 7 4 0 

RMR rating 100 - 81 80 -61 60 – 41  40 - 21 < 21 

Class I II III IV V 

Description Very good 

rock 

Good 

rock 

Fair rock Poor rock Very poor rock 

Appendix 3 Hydraulic conductivity of rock mass descriptions according to (Bell, 

2007). 

Term Interval 

(m) 

Permeability rock mass 

description 

Coefficient of 

permeability k (m/s) 

Very closely to 
extremely closely 

spaced discontinuities 

< 0.2 Highly permeable 10-2 - 1 

Closely to moderately 
widely spaced 

discontinuities 

0.2 – 0.6 Moderately permeable 10-5 – 10-2 

Widely to very widely 

spaced discontinuities 

0.6 – 2.0 Slightly permeable 10-9 – 10-5 

No discontinuities > 2 Effectively impermeable < 10-9 

Appendix 4 Coeficient of Permeability of soils according to (USBR, 1987) 

Coeficient of 

Permeability(mm/sec) 

Description 

Greater than 10-3 Previous 

10-5 to 10-3 Semi-pervioud 

Less than 10-5 Imperrvious 

Appendix 5 Lugeon values description according to Fell et al. (2005) 

Lugeon Values Permeability Ranges Condition 

< 1 Low Joints tight 

1- 5 Low-Moderate Small joint openings 

5- 50 Moderate-High Some open joint 

> 50 High Many open joints 

Appendix 6 Classification of UCS of rock  according to Deere and Miller (1966). 

Unconfined Compressive Strength (UCS) (MPa) Description of Strength 

Over 224 Very High Strength 

112-224 High Strength 

56-112 Medium Strength 

28-56 Low Strength 

Less than 28 Very Low Strength 
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Appendix 7 Schmidt Rebound value and Estimated UCS values Results. 

Observ

ation 

point 

Schmidt Rebound Value  Average 

RN 
 

Mean of RN by 

discarding those 

differing from 

the average by 

more than 7 

units  

UCS 

(MPa) 

LAS-1 44, 47, 48, 49, 49, 52, 54, 56, 58, 58, 58, 
59 52.66 

53.45 128.5 

33, 33, 34, 35, 35, 36, 36, 37, 37, 37, 38, 

40 35.91 
35.91 56.04 

27, 30, 31, 32, 33, 37, 39, 40, 41, 47, 47, 
48 37.66 

36.14 56.66 

29, 30, 31, 33, 35, 39, 40, 42, 43, 43, 45, 

48 38.16 
40 68.08 

LAS-2 10, 11, 13, 14, 14, 15, 16, 17, 18, 18, 19, 
20 15.42 

15.42 21.24 

11, 12, 13, 15, 15, 16, 17, 17, 18, 19, 19 15.64 15.64 21.46 

10, 11, 11, 12, 13, 14, 14, 15, 15, 16, 16, 

17 
13.67 13.67 19.55 

9, 9, 10, 12, 13, 13, 13, 14, 16, 17, 20, 22 14.00 13.27 19.18 

RAS-1 

48, 49, 52, 54, 56, 58,58, 59, 59, 60, 61, 63 56.41 
58 

159.6

2 

39, 40,  41, 42, 44, 45, 46, 49, 50, 51, 53, 

54 46.16 
46.1 90.79 

31, 32, 33, 35, 35, 37, 38, 39, 40, 41, 41, 

42 37 
37 59.01 

40, 41, 41, 42, 44, 45, 46, 49, 50, 51, 53, 

54 46.33 
45.63 88.72 

RAS-2 11, 12, 13, 14, 15, 16, 22, 22, 23, 23, 24, 

24 18.25 
15.25 24.28 

15, 16, 18, 19, 19, 20, 21, 21, 22, 23, 24, 

25 20.25 
20.25 26.7 

12, 13, 13, 14, 15, 16, 18, 19, 20, 20, 21, 

21 

16.83 16.83 22.7 

10, 11, 12, 13, 15, 16, 17, 19, 20, 21, 22, 

23 

16.58 16.58 22.44 

LRB 25,26, 28, 29, 31, 33, 34, 35, 35, 36, 37, 39 32.33 31.73 45.98 

24, 26, 27, 27, 29, 31, 31, 33, 34, 36, 38, 

42 

31.5 29.8 41.96 

28, 30, 31, 33, 34, 35, 36, 37, 38, 41, 42, 

43 

35.67 35 53.68 

31, 33, 33, 34, 36, 36, 38, 39, 40, 40, 41, 

43 

37 37 59.01 

RRB 20, 22, 24, 25, 27, 28, 31, 33, 36, 37, 38, 

40 

30.08 29.14 40.67 

27, 27, 28, 29, 30, 31, 32, 34, 36, 37, 39, 32.67 31.1 44.63 
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42 

23, 25, 26, 28, 29, 34, 36, 37, 38, 38, 41, 

42 

33.08 34.29 51.9 

31, 32, 34, 35, 36, 37, 41, 43, 44, 45, 46, 
47 

39.25 39.38 66.05 

Appendix 8 Point Load Test Results  

Sa

mp

le 
ID 

W1 

(mm

) 

W2 

(mm) 

H 

(mm

) 

P 

(KN) 

Avg  

width(

mm) 

A 

(mm2

) 

De 

(mm) 

De2 

(mm2

) De/50 

P*103 

(KN) F 

IS 

(Mp

a) 

IS(5

0) 

Mpa 

UCS 

(Mp

a) 

LA1

2 150 75 100 

18.65

8 112.5 11250 119.713 

14331

.21 2.3943 18658 1.48 1.3 1.93 

44.3

5 

LA1 155 140 60 21.93 147.5 8850 

106.178

6 

11273

.88 2.1237 21930 1.40 1.95 2.73 

62.7

9 

LA3 125 105 85 15.7 115 9775 

111.589

6 

12452

.23 2.2318 15700 1.44 1.26 1.81 

41.6

2 

LA5 160 60 70 17.69 110 7700 

99.0399

8 

9808.

92 1.9808 17690 1.36 1.80 2.45 

56.4

2 

LA6 110 80 50 8.56 95 4750 

77.7878

9 

6050.

96 1.5558 8560 1.22 1.41 1.73 

39.6

9 

LA2 85 70 55 4.65 77.5 

4262.

5 73.6881 

5429.

96 1.4738 4650 1.19 0.86 1.02 

23.4

5 

LA9 86 50 42 3.5 68 2856 

60.3176

3 

3638.

22 1.2064 3500 1.09 0.96 1.05 

24.0

8 

LA1

0 115 120 85 9.857 117.5 

9987.

5 112.796 

12722

.93 2.256 9857 1.44 0.77 1.11 

25.6

9 

LA4 120 160 90 10.53 140 12600 

126.692

4 

16050

.96 2.5338 10530 1.51 0.66 0.99 

22.9

3 

LA7 95 52 85 6.677 73.5 

6247.

5 

89.2109

8 

7958.

59 1.7842 6677 1.3 0.84 1.09 

25.0

4 

RA1 130 110 40 7.887 120 4800 

78.1962

3 

6114.

65 1.5639 7887 1.22 1.29 1.58 

36.2

8 

RA2 120 55 40 6.65 87.5 3500 

66.7727

4 

4458.

59 1.3355 6650 1.14 

1.49

15 1.69 

39.0

7 

RA3 155 110 70 

20.67

7 132.5 9275 

108.698

1 

11815

.29 2.174 20677 1.42 1.75 2.48 

57.0

9 

RA5 86 50 42 3.5 68 2856 

60.3176

3 

3638.

23 1.2064 3500 1.09 0.96 1.05 

24.0

8 

RA8 110 110 40 4.887 110 4400 

74.8671

9 

5605.

09 1.4973 4887 1.19 0.87 1.05 

24.0

5 

RA9 195 210 80 

12.67

7 202.5 16200 

143.655

6 

20636

.94 2.8731 12677 1.61 0.61 0.99 

22.7

2 

RA1

0 220 110 40 4.887 165 6600 91.6932 

8407.

64 1.8339 4887 1.31 0.58 0.76 

17.5

6 

RA4 120 80 80 9.4 100 8000 

100.950

9 

10191

.08 2.019 9400 1.37 0.92 1.27 

29.1

0 

LA8 140 110 75 8.887 125 9375 

109.282

5 

11942

.67 2.1857 8887 1.42 0.74 1.06 

24.3

3 

LA1

1 145 155 90 10.68 150 13500 

131.139

1 

17197

.45 2.6228 10680 1.54 0.62 0.96 

22.0

4 

AD

R1 140 60 80 31.69 100 8000 

100.950

9 

10191

.08 2.0190 31690 1.37 3.11 4.27 

98.1

2 

AD

R2 155 110 70 

26.67

7 132.5 9275 

108.698

1 

11815

.28 2.1739 26677 1.42 2.26 3.20 

73.6

5 

AD

R 120 75 40 16.65 97.5 3900 70.4851 

4968.

15 1.4097 16650 1.17 3.35 3.91 

89.9

6 
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Appendix 9 Convenient charts and tables built in RocLab software 

 

Appendix 10 Estimated shear strength parameters of rock mass using RocLab 

software at LAS2 and RAS2 slope sections on the left and right abutment 

respectively. 
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Appendix 11 Estimated shear strength parameters of joints along failure planes 

using RocData software at LAS1 for J2 and J3 on left abutment, and at 

RAS for J3 on right abutment.  
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Appendix 12 Soil Particle Size Analysis Result 

 Opening 

(mm) 

Percent Passing (%) 

Sieve No  LTP-1 LTP-2 RTP-1 RTP-2 RTP-3 

4 4.75 100 100 100 100 100 

10 2 95.18 99.53 99.72 99.57 98.65 

16 1.18 92.24 96.42 98.84 98.5 97.45 

30 0.6 84.52 93.56 96.56 94.67 95.56 

40 0.425 82.25 88.25 95.62 92.78 94.36 

60 0.25 80.63 86.12 94.87 91.94 93.37 

100 0.15 79.89 84.32 94.32 90 92.87 

200 0.075 79 83 92 89 91 

 0.03 48.72 63.5 63.74 66.48 66.28 

 0.02 46.32 58.89 60.57 64.38 65.4 

 0.012 43.78 55 59.48 63.57 62.83 

 0.008 41.85 52.85 58.24 60.69 60.48 

 0.006 40 49.23 55.47 59.27 57.73 

 0.003 38.92 47.31 54.33 56.83 54.42 

 0.0012 33.62 41.5 49.71 52.41 51.87 
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Appendix 13 Atterbrege Limit Test Results 

Test pit = LTP1, 

1.5m depth Liquid Limit (LL) 

Plastic Limit 

(PL) 

Trial No 1 2 3 4 1 2 

Can Code 2 F W TN HI D 

No blows 18 24 27 35     

weight of can 

(gm) 19.91 20.03 23.4 19.97 19.94 20.13 

Weight of can+ 

wet soil (gm) 36.11 36.28 37.01 33.42 28.54 28.15 

Weight of can+ 
oven dry soil 

(gm) 29.32 29.5 31.48 28.05 26.228 26.1 

Weight of oven 

dry soil (gm) 9.41 9.47 8.08 8.08 6.288 5.97 

Weight of water 

(gm) 6.79 6.78 5.53 5.37 2.312 2.05 

Water content 

(%) 72.16 71.59 68.44 66.46 36.77 34.34 

 LL=  70.02  PL= 

35.55%,  PI = 34.47       

PL  

avg. 35.55 

 

Test pit = LTP2a, 

1m depth Liquid Limit (LL) 

Plastic Limit 

(PL) 

Trial No 1 2 3 4 1 2 

Can Code E B Q A DA GET 

No blows 15 21 29 35     

weight of can 

(gm) 20.02 19.86 20.47 23.15 19.92 22.82 

Weight of can+ 

wet soil (gm) 38.48 34.72 34.13 35.98 26.69 29.14 

Weight of can+ 

oven dry soil (gm) 29.86 27.83 27.85 30.11 24.73 27.24 

Weight of oven 

dry soil (gm) 9.84 7.97 7.38 6.96 4.81 4.42 

Weight of water 

(gm) 8.62 6.89 6.28 5.87 1.96 1.9 

Water content (%) 87.60 86.45 85.09 84.34 40.75 42.99 

 LL=85.87    PL= 41.87, 

PI = 44.00       

PL 

AV. 41.87 
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Test pit = LTP2b, 

2m depth Liquid Limit (LL) 

Plastic Limit 

(PL) 

Trial No 1 2 3 4 1 2 

Can Code O K TD D2 L I 

No blows 17 24 26 33     

weight of can (gm) 19.96 23.05 22.75 19.84 23.42 20.09 

Weight of can+ 

wet soil (gm) 34.3 39.75 33.97 36.9 27.41 23.59 

Weight of can+ 

oven dry soil (gm) 27.55 32.05 28.92 29.32 26.07 22.56 

Weight of oven 

dry soil (gm) 7.59 9 6.17 9.48 2.65 2.47 

Weight of water 

(gm) 6.75 7.7 5.05 7.58 1.34 1.03 

Water content (%) 88.93 85.56 81.85 79.96 50.57 41.70 

 LL= 84.07  PL= 46.13, PI 

= 37.94       

PL 

AV. 46.13 

 

Test pit = RTP1a, 

1m depth Liquid Limit (LL) 

Plastic Limit 

(PL) 

Trial No 1 2 3 4 1 2 

Can Code Q 1 D2 B MI MW 

No blows 17 23 28 32     

weight of can (gm) 20.03 22.83 19.79 19.84 22.88 23.06 

Weight of can+ 

wet soil (gm) 35.89 38 34.84 38.41 30.65 30.91 

Weight of can+ 

oven dry soil (gm) 29.93 32.32 29.21 31.59 28.28 28.64 

Weight of oven 

dry soil (gm) 9.9 9.49 9.42 11.75 5.4 5.58 

Weight of water 

(gm) 5.96 5.68 5.63 6.82 2.37 2.27 

Water content (%) 60.20 59.85 59.77 58.04 43.89 40.68 

 LL= 59.47   PL= 42.28, PI 
= 17.18       

PL 
AV. 42.28 
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Test pit = 

RTP1b, 2m 

depth Liquid Limit (LL) 

Plastic 

Limit (PL) 

Trial No 1 2 3 4 1 2 

Can Code C DA 2 H GET D 

No blows 19 23 29 35     

weight of can 

(gm) 19.9 19.89 19.88 20 22.83 20.11 

Weight of can+ 

wet soil (gm) 37.12 37.53 43.06 42.11 30.37 27.58 

Weight of can+ 

oven dry soil 

(gm) 30.18 30.52 34.49 34.03 28.13 25.47 

Weight of oven 

dry soil (gm) 10.28 10.63 14.61 14.03 5.3 5.36 

Weight of water 

(gm) 6.94 7.01 8.57 8.08 2.24 2.11 

Water content (%) 67.51 65.95 58.66 57.59 42.26 39.37 

 LL=  63.46   PL= 40.81, 

PI = 22.64       

PL 

AV. 40.81 

 

Test pit = 

RTP2a, 1m 

depth Liquid Limit (LL) 

Plastic Limit 

(PL) 

Trial No 1 2 3 4 1 2 

Can Code L K TN J O I 

No blows 16 24 26 34     
weight of can 

(gm) 23.37 23.03 19.93 20.06 19.91 20.06 

Weight of 

can+ wet soil 

(gm) 44.86 41.27 46.27 40.44 29.43 29.48 

Weight of 
can+ oven dry 

soil (gm) 36.88 34.56 36.76 33.15 26.71 26.84 

Weight of 

oven dry soil 

(gm) 13.51 11.53 16.83 13.09 6.8 6.78 

Weight of 

water (gm) 7.98 6.71 9.51 7.29 2.72 2.64 

Water content 

(%) 59.07 58.20 56.51 55.69 40.00 38.94 

 LL= 57.37    PL= 

39.47, PI = 17.90       

PL 

AV. 39.47 
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Test pit = 

RTP2b, 2m depth Liquid Limit (LL) 

Plastic Limit 

(PL) 

Trial No 1 2 3 4 1 2 

Can Code F E TD A K2 W 

No blows 18 20 28 33     

weight of can 
(gm) 19.96 19.98 22.73 23.07 19.97 23.31 

Weight of can+ 
wet soil (gm) 38.13 35.47 38.51 43.72 26.43 30.82 

Weight of can+ 
oven dry soil (gm) 30.01 28.63 31.71 34.91 24.39 28.46 

Weight of oven 

dry soil (gm) 10.05 8.65 8.98 11.84 4.42 5.15 

Weight of water 
(gm) 8.12 6.84 6.8 8.81 2.04 2.36 

Water content (%) 80.80 79.08 75.72 74.41 46.15 45.83 

 LL=  77.40   PL= 45.99, 
PI = 31.41       

PL 
AV. 45.99 

 

Test pit = RTP3, 

1.75m depth Liquid Limit (LL) 

Plastic Limit 

(PL) 

Trial No 1 2 3 4 1 2 

Can Code MI MW 1 J H K2 

No blows 19 23 29 35     

weight of can 

(gm) 22.91 23.07 22.85 20.1 20.05 19.98 

Weight of can+ 

wet soil (gm) 37.38 37.43 36.23 32.25 26.76 27.13 

Weight of can+ 

oven dry soil 

(gm) 31.68 31.85 31.05 27.74 24.9 25.07 

Weight of oven 

dry soil (gm) 8.77 8.78 8.2 7.64 4.85 5.09 

Weight of water 

(gm) 5.7 5.58 5.18 4.51 1.86 2.06 

Water content 

(%) 64.99 63.55 63.17 59.03 38.35 40.47 

 LL=   63.20  PL= 39.41, 

PI = 23.79       

PL 

AV. 39.41 
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Appendix 14 Natural Moisture Content Results 

Test pit Depth 
Can 

code 

mass 

of can 

Moist 
soil + 

can 

Oven 
dried soil 

+ can 

mass 
of 

moist 

mass 

of dry 

moist-

dry 

NMC 

(%) 

LTP1 1.5 X 22.8 78.16 65.21 55.36 42.41 12.95 30.54 

LPP2a 1 T 20 63.19 52.1 43.19 32.1 11.09 34.55 

LTP2b 2 HI 19.9 81.64 66.66 61.74 46.76 14.98 32.04 

RTP1a 1 W 23.27 72.12 57.68 48.85 34.41 14.44 41.96 

RTP1b 2 MW 23.06 69.29 59.99 46.23 36.93 9.3 25.18 

RTP2a 1 GET 22.78 77.9 64.3 55.12 41.52 13.6 32.76 

RTP2b 2 O 19.91 57.84 48.43 37.93 28.52 9.41 32.99 

RTP3 1.75 K2 19.96 62.74 53.17 42.78 33.21 9.57 28.82 

 

Appendix 15 Seismic refraction survey line location and length of each profile 

(OWWDSE, 2011) 

No Location Profile Profile 

Length 

(m) 

Coordinate (UTM) 

Beginning Ending 

1 Left 

Abutment 

Profile-1 190 903652E/943613N 903807E/943503N 

2 Profile-2 300 903598E/943537N 903842N/943364N 

3 Profile-3 300 903536E/943449N 903781E/943276N 

4 Right 

Abutment 

Profile-4 230 903779E/943693N 903975E/943535N 

5 Profile-5 300 903795E/943823N 904040E/943650N 

6 Profile-6 300 903843E/943892N 904088E/943718N 

Total 1620   

Appendix 16 Results of hydraulic conductivity of rock masses from surface 

discontinuity mapping. 

Location  No Avg. spacing, s 

(m) 
Avg. e(m) k(m/s) 

LAS1 1 0.9 0.005 0.02838542 

2 0.7 0.001 0.00029196 

3 0.5 0.005 0.05109375 

4 0.5 0.0015 0.00137953 

5 0.4 0.003 0.01379531 

6 0.55 0.007 0.12745568 

7 0.4 0.002 0.0040875 

LAS2 8 0.5 0.001 0.00040875 

9 0.19 0.005 0.13445724 
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10 0.2 0.002 0.008175 

11 0.25 0.003 0.0220725 

12 0.24 0.0023 0.01036096 

13 0.4 0.005 0.06386719 

14 0.09 0.002 0.01816667 

15 0.5 0.0032 0.01339392 

16 0.32 0.0024 0.008829 

17 0.7 0.0014 0.00080115 

RAS1 18 0.53 0.0015 0.00130144 

19 0.32 0.006 0.13795313 

20 0.4 0.003 0.01379531 

21 0.5 0.005 0.05109375 

22 0.5 0.0036 0.01907064 

23 0.8 0.002 0.00204375 

24 0.65 0.0055 0.05231214 

RAS2 25 0.8 0.007 0.08762578 

26 0.4 0.0032 0.0167424 

27 0.85 0.004 0.01538824 

28 0.27 0.007 0.25963194 

LRB 29 0.62 0.0042 0.02442215 

30 0.35 0.0026 0.01026313 

31 0.56 0.003 0.00985379 

32 0.75 0.0035 0.01168344 

33 0.64 0.0015 0.00107776 

34 0.83 0.0017 0.00120975 

35 0.79 0.006 0.05587975 

36 0.62 0.0038 0.01808785 

37 0.75 0.0018 0.00158922 

RRB 38 0.34 0.0024 0.00830965 

39 0.94 0.0014 0.0005966 

40 0.42 0.0012 0.00084086 

41 0.75 0.0016 0.00111616 

42 0.83 0.008 0.12607229 

43 0.54 0.0007 0.00012982 

44 0.35 0.0028 0.0128184 

45 0.42 0.0021 0.00450647 

46 0.24 0.0015 0.00287402 

 


