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Abstract 

The hilbide and road cliltings ofmosl parIs oflhe norlh, "-Jlh and ".:stem regions of tile Ethiopinn 
• \..--........ ,--....-'" t...--' 

Plateau have a record of instability in both the superficd materials and the bedrock. Landslide-

generated problems claimed many lives and properly dalll2ges in the country. 

Landslide hazard zonation is a rapid technique of hazard Jssessment of the land surface. It is used 
- ' 

to classify the land surface into zones of varying degree of hazard based on the estimated 

significance of causative factors which influence the stability of the land. Since the study area is , 
extremely rugged and the variation in elevation is very large additionally landslide problems al': 

common in the area. Hence the study of landslide anci susceptibility zonation using LHEF is 

crucial. The geology of the area is dominated by sheared Jnd discontinuous rhyolite, rhyolitic tutT, 

and doleritic intrusions which are liable to failure. 

The "Landslide Hazard haluation Factor" (LI IEF) rating scheme, is a numerical system which is 

based on major inherent causative factors of slope instab,:ity such as geology, slope m0rphometry, 
" 

relative relief; land use and land cover and groundwater conditions. In the present study on the 

basis of Total Estimated Hazard (TEHD) of LHEF, three categories of landslide hazard LOnes haw 

been identified. These are low hazard \\ hich occupies 1:'-:0 of the total study area, moderate hazard 

(34%). and high hazard (S~%), 

Further, potentially unstable critical slopes have heen identified from the High llazard and 

Moderately Hazard zones. Later, detailed stability analyses have been carried out for potential 

unstable slopes using 'limit equilibrium method'. The 'ta~ility analysis of critical slope sections 

has been carried out for static and d\ namic conditions L,,',der varied water saturation situations. For . . 
the stability studies data pertaining to structural discont;nuities, Geomechanics (RMR) rock mass 

classification system and the slope geometry were collc,,<:ted from the field. Later these data Ilere 

lIsed for the computation of Factor of safety. In additi,,~ soil samples were collected and analyzed 

for the index propel1ies. From the study, it is found :hat some slope sections are unstable for 

anticipated worst conditions. Therefore, safe slope design has been. worked ,out and remedial 

measures have also been suggested for these slope sectk'lls. , 
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CHAPTER-1 Introduction 
"1 ? 

l.l Problem Definition 

The term landslide includes all varieties of mass movement from a hill slope and can be 

defined as the downward and outward movement of slope forming materials composed of 

rocks, soils, artificial fills or a combination of these. Although, landslides are primarily 

associated with mountainous terrains, they can also occur in areas of low relief especially, in 

surface excavations or highways, buildings and open pit mines (Legget, 1962). All type of 

landslides are associated with a movement of material constituting part of the earth's crust, 

movement caused fundamentally by gravity and taking plilcc because of some inherent 

instability in the arrangement of the materials concerned. 

Most of the landslides occur naturally; these may develop during the course of civil 

engineering work. Generally, landslides contribute to the erosion of parts of the earth's crust 

in which work is being carried out. In all cases, although the exact cause of the slide may be 

difficult to determine, they will be due to either one or a combination of several factors 

(Legget, 1962). 

All types oflandslides are dependent completely on the nature of the materials involved and 

on their relative arrangement. The major engineering aspects of landslides are related to 

geological phenomena. Therefore, a study of local geology is a satisfactory way of starting 

an investigation for landslides, either actual or incipient. In other word, on the local geology 

at the site of the slide. Therefore, it should be possible to anticipate many landslide if the 

necessary preliminary investigations are made, that to say, if the local geology is studied 

with unusual care. The fact that all too often such investigations are made after a landslide 

has occurred is probably the reason why the value of preliminary studies is not better 

appreciated. Natural landslides may affect the work of civil engineering in many ways. 

In Ethiopia, the hillside and road cuttings of most parts of the north, south and western 

regions of the Ethiopian Plateau have records of instability in both the superficial materials 

and the bedrock (Ayalew, 1999). 

In the past, landslides or landslide-generated problems have claimed about 300 lives, 

damaged over 100 km of asphalt road, demolished more than 200 dwelling houses and 



devastated in c:\cess of 5()') ha of land in Ethiopia \\'ithin s~\'Cn years from 1992 tl) 199R, 

Almost 60% of the total r,}pulation in Ethiopia lives in the highlands II ith an altitude of 

more thall 1750 m. The IlWd) anllual rainfall in these regions e:\ceeds 1200 mm and accounts 

for some 70% of the total precipitation the country reccives each year (Ayalew, 1999). 

1.2 Location and Accessibility 

The project area lics in the Southern Nations, Nationalities and Peoples (SNNP) regional 

state in the central western margin of Main Ethiopian Rift. The area is about 280 km from 

Addis Ababa along Jimm? road. It is by Oromia Administrative Region and by Gibe River in 

the western and eastem side respectively. 

Geographically. the area is bounded by latitude of 7°45' and 7°52 'N and longitude of 37°30' 

and 3r35' E. The study area falls in the Survey of Ethiopia Topographical sheet No. 0737 

B I. The study area has a total surface area of 108 km2 and project area falls within the Omo 

- Gibe River Basin (Fig. 1.1). 

The project area can be accessed from Addis Ababa by road to Fofa town and the new road 

from Fofa to Gilgel-Gibe II Hydroelectric Power House. Access to many localities in the 

project area is difficult because of the undulating topographic relief. Most of the existing 

foot trials, as marked on the topographical sheet, are buried due to the construction of new 

road and road cut disposals. 

1.3 Impol·tance of the study 

A landslide hazard zonation (LHZ) map is an important tool for designers, field engineers, 

and geologists. It is used to classify the land surface into zones of varying degree of hazard, 

based on the estimated significans;e of causative factors which influence the stability 

(Anbalagan, 1992). The LHZ map is a rapid teciUlique of hazard assessment of the land 

surface. It is useful for the following purposes: 

2 
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i) The U{Z map help the p!3nlers and tickl engin,:crs to idcntif) tb,_' haznrd!" ,_'nc a!'c~' and 

therefore enable one to ChOL)", favorable locations [or site development schem<:s, In case the 

site cannot be changed and j:. 's hazardous, the zl.nation before construction helps to adopt 

proper precautionary measures to tackle the hazard problems. 

ii) These maps identity and delineate the hazardous area of instability for adopting proper 

remedial measure to tackle hazard problems. 

iii) Geotechnical monitoring of structures on the hill should be done specially in the 

hazardous area by preparing a contour map of displacement rates. Landslide control measures 

and construction cOlltrol may be identified ac .. ordingly ff)r the safety of building 011 the hilly 

areas. 

Since, the project area is extremely rugged and the new road cut has higher economical 

importance therefore, this new road is the only access for the newly constructing hydropower 

project and for the future extension of the road to the nearest towns and villages, For this 

reason, the safe functioning of this road becomes more important for the safe and proper 

execution of the hydropower project and safe access to the nearby towns and villages. 

Keeping the above facts in mind the present study is plarmed to provide information on the 

landslide hazardous zones and proper remedial measures to prevent any serious damage to 

this new road. 

1.4 Climate of the Area 

The climate of the area is semiarid with temperature that may exceed 30°C. To workout the 

climatic conditions in the study area, data from Sekoru metrological station, which is about 25 

kill away from the study ar~a, have been utilized, The precipitation and temperature data for 

the period 1989-2004, for S~koru station has been collected from National :vIeteorological 

Service Agency. The analysis of this data reveals that the daily average temperature varies 

between 12°C to 28°C. However, the average annual temperature ranges between 13° to 6°C, 

with a maximum daily temperature variation recorded during the low rainy seasons, i.e. 

February to March arld Nowmber to December. 

4 



The data indicates that the area has 1320 mm annual average precipitation. The highest 

monthly average precipitation recorded was 314 mm in July 1996. The precipitation graph 

(Fig. 1.2) shows that, there is only one distinct rainy season from June to August. The 

minimum monthly rainfall of 15.7mm was recorded in the month of December for all 25 

years. 
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Fig. 1.2 MinimuqI and Maximum Temperature and Average Monthly Rainfall as observed at 
Sekoru Meteorological station (1989 -2004) 

1.5 Physiography 

The study area falls in the Yen Zone, which is found partly in the western margin of main 

Ethiopian rift, which is bordered by Gibe River in the eastern side. The area is extremely 

rugged and the variation in the elevation is very large. The maximum elevation in the project 

area is about 2640 meter near Fofa and the minimum elevation (920m) is found at the bed of 

Gibe River. Most of the streams flow along escarpments (Plate 6a). The study area is 

bounded in the eastern side by major escarpment along Gibe River which has similar 

orientation with main Ethiopian rift system in the eastern side of the river. Most of the 

escapements are aligned parallel with two major tributary rivers, Derbu and Kora, for Gibe 

River. At the higher elevation area relative relief is moderate which lies between 101m to 

300m. In these areas popUlation density is high. Out of the total study area, around 75% of 

the area falls in high relative relief which is more than 300 m, which means the local relief of 
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Fig. 1.3a Triangular Irregular Network (TIN) Model of the Area 
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maximum height ktween the ridge top and the valle\' tlnor within an indi\'idual facet IS 

lllore than 300 meter (Fig, I,,~ & fig,! ,3;]), 

The drainage pattern of the project area is dendritic type and most of the tributary streams 

Hows following structural weaknesses like fault and joints, The major tributaries of Gibe 

River are Derbu and Kora streams, which are dry in dry period but these are big rivers during 

ramy season. 

1.6 Earthquake Activity (Siesmicity of the area) 

The Omo River basin is bordered on the northeast' by the Main Ethiopian Rift, on the 

southeast by til" Chew Hallir rift system;; and UI1 lbcs<lUlh by Ib" Lake Turkana rift which 

extends northwards from Kenya into Ethiopia, TIlese rift systems and adjacent escarpment 

bounded regions, are earthquake prone zones. Several eaI1hquakes of magnitude greater than 

4 have been docwnented within the project area during the period 1900-1993 (Gouin, 1979; 

Asfaw, 1990, 1992. AAU, Geophysical Observatory, 1995). List of earthquake events 

recorded between 1900- J 993 for the region between latitudes 40 Nand 100 N, and longitudes 

350 E and 400 E is presented at Annexure I. Most of these emthquakes are associated with the 

Lake Turkana, Chew Bahir and Main Ethiopian rift systems. Figure 1.4 shows seismic risk 

map of Ethiopia. 

Six earthquakes of magnitude greater than 4.5 have been recorded in the Omo-Gibe River 

basin, three of them being within the Turkana rift and three of them centered in the highland 

Quaternary volcanics. Outside the Project area, three have been recorded in northern Kenya, 

just south of the basin within the southern extension of the Lake Turkana and Chew Bahir rift 

systems, and several more have been registered in nearby regions southeast and nOltheast of 

the Project area associated with the chew Bahir and Main Ethiopian Rift systems, Main 

centers of seismic activity related to these emthquake e\'Cnts plot mainly along the eastern 

margin of the Tukana rift and the western margin of the Chew Bahir rift. No earthquake 

activity has been recorded in the basin area west and noI1hwest of the Omo River. 

The earthquakes in the regIOn are exclusively related to the major rift structures. The 

earthquake data available suggests that the Main Ethiopian and Chew Babir rift systems arc 

probably more seismically active than the Turkana rift system. However, the Turkana rift 

itself is seismically active, and this is confirmed by recent earthquake events recorded (Gouin, 

7 



1979). This indicates the necessity of conducting a closer study of seismic risks to large scale 

construction projects that Illay be contemplated on being executed in the region (dam 

construction sites, large bridges, etc.) 

.' 

Se}s-IJJk Zones 

ONN SCALE_6 

D Y!J SCALE. - 6 o AI'" SCALE. - 7 
EJAiAI SCALE.-9 
DNNSCAl.E.<(:j 

Fig 1.4 Seismic risk map of Ethiopia 100 years return period, 0.99 probability. 

(After LaikeMariam As/ow, /986) 

1. 7 Previous works 

A systematic regional geological mapping and mineral exploration progranunc was 

undertaken in South-Western Ethiopia between 1972 and 1974 under an Ethiopian -

Canadian co-operation agreement (the Omo River Project, Davidson et aI., 1973, 1976, 

1983) by Ethio-Canadian teams. Prior to this period, very little was known about the geology 

of the region. Kazmin (1971, 1972, 1975a, 1975b 1978, 1979) proposed the first 

stratigraphic subdivision and tectonic synthesis of the Precambrian rocks of Ethiopia, and 

interpreted the geology of Western and South-Western Ethiopia in light of plate tectonic 

considerations. 

Giday et al. (1992) describe the geology and the major structural settings of central sector of 

main Ethiopian rift and adjacent areas in his paper of rift basin development along main 

Ethiopian Rift. Giday et al. describes Guraghe section, which is the North East margin of the 

"8 



present study area, in telms of geology. m<uor structures. volcanic flow history and 

stratigraphic sequence. Slrdtigrapbic slIccessions of vurious sections along the rift margin 

and the adjacent rift shoulders, cross rift structural relationships and age of rifting are also 

described. 

Lulseged A. (2001) studied the weathered rock mass characterization of Gilgel-Gibe area 

based on engineering geological parameters. He also describes geology and the effect of 

weathering on reduction of strength in rockmass. In his engineering geological study he 

describes the source of uncertainty in design and construction of engineering structures using 

statistical approach to handle geological parameters. This study was done in the west margin 

of this study area, 

The recent study conducted by the Ethiopian Electric power corporation (EEPCO) near Gibe 

River area is the geological study for the purpose of tunnel excavation for Gilgel-Gibe II 

hydroelectric power project. The geology, geoteclmical and petrographic characteristics of 

different rocks in the area along the tmmel alignment have been studied in details. The 

relevant data generated through this study has been utilized for the present study (EEPCO, 

2004). 

1.8 Objective 

1.8.1 General objective 

This present research work, in general, is aimed to achieve the following objectives: 

i) To prepare landslide hazard zonation map using LHEF technique based on different 

causative factors. 

ii) To workout the slope stability conditions for existing and possible worst conditions 

along the road cut from Fofa to Gilgelgibe II power house. 

iii) To find out suitable remedial measures for the stabilization of unstable slopes sections 

along the road cut. 

9 
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1.8.2 Specific objective 

i) To prepare maps for different lands.lide eausatiw factors including facet map, slope 

map, relief map, lithological map, structural map, landuse and land cover map of the 

study area. 

ii) Based on LHZ mapping identification of critical slope sections within Very high 

hazard and high hazard zones. 

iii) To prepare the geological cross sections along potentially unstable slope sections. 

iv) To determine the shear strength properties of the rock mass. 

v) To identifY the possible kinematic mode of failnre. 

vi) To determine the stability condition based on limit equilibrium method for static and 

dynamic ground conditions under varying water saturation Conditions, representing 

existing and possible worst conditions. 

vii) Based on the results of factor of safety to work out possible remedial measures for the 

slope stabilization. 

1.9 Approach and Methodology 

The following systematic methodology have been employed to achieve the objectives for 

the present study: 

i) Literature review on geology, structure, geomorphology, hydrology, and engineering 

geology of the Yem Zone from both published and unpublished reports, maps and 

journals. 

ii) Preparation of different types of base maps like facet map, topographic map, 

geological map of the study area and structures available from previous work and to 

refine the maps by undertaking fieldwork. 

iii) To acquire good understanding of the hydrological and climatical conditions of the 

area, hydro-meteorological data of the area has been collected and compiled. 

iv) After evaluating the compiled data, additional actual data has been collected from the 

ficld to fill the gap between the available and the required data. The field 

investigations have been concentrated on geological, structural, and geotechnical 

mapping, sampling and insitu measurements. 
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v) To determine the geotechnical propc'rties of the rocks in the study area, laboratory 

analysis has been conducted on samples. 

vi) After compilation of the actual field observations and the analyzed results, the data 

has been systematically grouped and analyzed using available techniques and 

computer progranunes. 

vii) Interpretation of the results has been made in-view of the objective of the research 

and a draft of the thesis has been prepared. 

viii) Based on th" result, conclusioll wId recomnH;udations have been drawll. 

1.10 Limitations ofthe study 

The present study has been conducted with all positive efforts and sufficient technical inputs 

in the fonn of actual field data collection, analysis and technical interpretation. However, 

this study has certain limitations which are highlighted below; 

1. The physiography of the area is highly rugged and the access to various locations is 

difficult. Most of the existing foot trails, as marked on the topographical sheet are 

buried due to the new road construction and road cut disposals. 

2. Lack of sufficient existing data related to the present study. 

3. Limitation of time and financial constraint to workout the present study. 

4. The absence of related references for the present study. 

1.11 Proposed outcome of the study 

In general, this work may contribute to the understanding of the slope stability conditions of 

the area. The LHZ map prepared for the present study area will help plarmers and field 

engineers to identify hazard prone areas thus, enable them to identify potentially unstable 

zones along the existing new road. This will help planners in adopting proper remedial 

measure to tackle hazard problems along critical sections. Moreover, the present study will 

also provide recommendations on proper remedial measures in the fonn of safe slope design, 

rock slope support and retaining structures for the probable critical sections along the 

existing new road. 
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CHAPTER-2 Landslide Hazard Evaluation 

2.1 General 

When planning a new development there can be several objectives. For example, promotion 

of accessibility to homes and other urban facilities, efficient use of resources. zoning of 

activities into those with compatible landuse and ensuring that the development is pleasant 

( Keeble, 1964) " 

It is difficult to achieve these objectives without considering the factor of the physical 

condition of ground or in other words, geological and geotechnical factor:;. To fulfill these 

objectives, attempts have been made towards classification of terrain systems and preparation 

of engineering geology and hazard maps on the basis of a combination of geological, 

geomorphological parameters with landslide and using them in the rating system. 

The landslide hazard evaluation factor (LHEF) rating scheme is based on an empherical 

approach which combines past experience gained from the study of causative tactors and their 

impact on landslides with conditions anticipated in the area of study. 

The LHEF rating scheme is a numerical system which is based on major inherent causative 

factors of slope instability such as geology, slope morphometry, relative relief, landuse and 

land cover and ground water conditions. Factors like rainfall and seismicity are not included 

for the pUl]Jose oflandslide hazard zonation mapping. 

2.2 . L!terature review' 

For landslide hazard zonation mapping, different researchers apply different schemes based 

on different qusative factors. Specially, in the case of slope cut and underground mining 

activities, the hazard or failure zones identification schemes have been developing for over 

100 years since Ritter (1879) attempted to formalize an empirical approach to tUlmel design, 

particularly for determination of support requirements. While the classification schemes are 

appropriate for their original application especially, if used within the bounds of the case 

histories from which they were developed, considerable caution must be exercised in applying 

rock mass classifications to other rock engineering problems. Different classification systems 

place different emphases on the various Parameters. Most of the multi- parameters 
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classification schemes were developed from civil engineering casc histories in which all of thc 

components of the engineering geological character of rock mass were included.' 

. Tcrzaghi (1946) classifY rock mass, based on those characteristics that dominate rock mass 

behavior, particularly in situations where gravity constitutes the dominant driving force. 'He 

gave clear and concise defmitions for the terms like, intact rock, stratified rock, moderately 

jointed, blocky and seamy, crushed rock, squeezing and swelling rock. 

Wickham et aI., (1972) described a quantitative method for describing the quality of a rock 

mass and for selecting appropriate support on the basis of their Rock Structure Rating (RSR) 

classification. The significance of the RSR system is that it introduced the concept of rating on 

each of the three components, Geology, Geometry and effect of growldwater inflow on joint 

condition. 

@ Bieniawski (1976) introduced a rock mass classification system called the Geomechanics 

Classification or the Rock Mass Rating (RMR) system. In applying this classification system, 

the rock mass is divided into number of structural regions and each region is classified, 

separately. The RMR system requires, assigning rating for each of the six parameters like: 

Uniaxial compressive strength of rock material (UCS), Rock Quality Designation (RQD), 

Spacing of discontinuities, Condition of discontinuities, Groundwater conditions and 

Orientation of discontinuities. Sum of these ratings gives RMR, based on which the quality of 

rock mass can be defined. Fm1her, RMR may also be utilized to determine the shear strength 

parameters of the rock mass and the deformability character of the rock mass., 

Barton et aI., (1974) of the Norwegian Geotechnical Institute proposed a Tunneling Quality 

Index (Q) for the determination of rock mass characteristics and tunnel support requirements 

on the basis of an evaluation of a large number of case histories of underground excavations. 

Barton uses six parameters and gave rating for each parameter, these parameters are the rock 

quality designation, joint set number, joint roughness number, joint alteration number, joint 

water reduction factor and stress reduction factor. 

Romana (1985) introduced slope Mass Rating (SMR) as an application of Rock mass Rating 

(RMR) of Beniawski (1979). It takes into consideration the parameters such as attitudes of 

discontinuities, disposition of slope failure modes as well as slope excavation methods. This 

approach only accounts for plane and toppling mode of failures. For wedge failure it is 
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suggested that the different planes, fonning the wedge should be analyzed, separately. 

However, Anbalagan et al., (1992) has modified the approach of Romana (1985) and 

generalized it to incorporate wedge mode of failure. In the modified SMR approach the line of 

intersection of two wedge fOiming planes is considered and accordingly new ratings were 

assigned. 

In recent years, a vast change has taken place in the use of computer software to handle 

geographic data (Tomlinson, 1976). Geographical information system (GIS) have been 

defmed as a powerful set of tools for collecting, storing, retrieving, transferring and 

displaying spatial data from the real world for a particular set of purpose. GIS based landslide 

hazard zonation mapping is the. easy way of handling different causo.tive tilctOIS ff)f landslide. 

(Gupta et ai, 2000). 

RMR and Q-systems are originally designed for tunnel excavation geotechnical studies and 

support requirements. Both methods are applied for specific zone of excavation or they may 

need more time and money to apply for large area coverage studies like landslide ha7,:ud 

zonation mapping. 

Considering the above limitations for stability studies, LHEF scheme is selected for this study 

because of its advantage to handle different causative factors for evaluation of landslide 

hazard, easily and quickly, without any computer knowledge. LHEF scheme can cover large 

area of study by considering the most important geological factors and rating them based on 

their influence on landslide. 

2.3 Methodology for L!JEF rating scheme 

The landslide hazard zonation (LHZ) mapping is a macro zonation approach showing the 

probability of landslide hazards. The LHZ maps are generally prepared on I :25000 to I: 

50000 scales. The LHZ mapping comprises mainly two components; desk study and field 

investigation. TIle desk study consists of preparation of prefield maps showing the status of 

causative factors in the study area with the help of aerial photographs, satellite imageries 

topographic maps and geological maps. The prefield maps, lithological map, structural map, 

slope morphometry map, relative relief map, rock outcrop and soil cover map, and land use 

land cover map, are prepared. The information collected from the desk study helps to plan and 

execute the field investigation, systematically. During the field study, more detailed 
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lithological and structural maps can be prepared .Further; the desk Stlldy can be verified in the 

field and modified wherever necessary. 

The field study is carried out to collect the required data, facet- wise, for estimating the total 

hazards of the facets. A facet is a part of hill slope which has more or less similar 

characteristics of slope showing consistent slope direction and inclination. The facet 

boundaries are ridges, spurs, streanls, and rivers. The facet map is the base map for the LHEF 

scheme. Thus, for the present study the facet map was prepared and according to the LHEF 

rating scheme various other thematic maps were prepared utilizing the facet map as base map. 

J 
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CHAPTER-3 Geological Setup of the Area 

3.1 Regional Geological Setting 

The study area is found in Omo-Gibe river basin which is one of the largest basins in south west 

Ethiopia. The geology of the Omo-Gibe river basin comprises of Precambrian crystalline 

basement, Eocene to Miocene volcanic rocks and Quaternary lacustrine and alluvial sediments 

and volcanic flows (Davidson, 1983). 

The crystalline basement compriscd of high grade mctamorphic rocks consisting of uJlper 

amphibolite facies, ortho and para- gneisses, migmatites and granul ites. These include a complex 

of northwest trending, strongly deformed, recrystalized and migmatized gneisses, such as 

hornblende, biotite- hornblende, biotite, quartzo-feldspatic, garnet-augite, hypertine, garnet­

sillimenite and calcsilicate gneisses and marble. 

The main marine incursion into the Ethiopian region from the east and northeast that resulted in 

the formation of Mesozoic sediments, in much of the eastern and central Ethiopia, between 

Triassic and Jurassic times does not extend into the Project area. This is evident, from the 

absence of Mesozoic marine sediments in past and present geological mapping programmes 

conducted in the region. Hence, in the Project area, Tertiary volcanic rocks rest directly on the 

Precambrian crystalline basement. 

The crystalline basement rocks mainly outcrop in the southem half of the Omo .. Gibe River basin. 

In the Omo river canyon more than 1.2 Km of thick volcanic rocks and sedimentary strata are 

exposed along two fault scarps. The volcanic rocks along the eastern canyon wall are dominated 

by mid -Miocene rhyolite, trachyte, basalt, and Pliocene vitric tuff in ascending order 

(Woldegebriel and Aronson, 1987). The chemistry of the vitric tuff in the Motti tuff at east 

Turkana, Kenya ( Cerling and Brown, 1985) , with an age of 4.1 0 + 0.07My (Mcdougall,1985). 

Preceding both south-southwest, and nOlth of the Omo canyon, Eocene to Oligocene ages have 

been previously reported on flood basalts and rhyolite flow (Davidson and Rex, \980). 

The lack of exposure of these wi~espread paliogine flood basalt at Omo canyon despite an 

elevation lower than the floor of the MER is likely due to burial and is consistent with a 
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hypothesis that Omo canyon is an ancestral, now failed rift valley (Giday and Aronson, 1987). 

For convenience of description of the Cenozoic geology of the Omo-Gibc River basin m 

southwestern Ethiopia, Davidson (1983) has sub-divided it into two major groups of rocks as; 

I. The "pre-rift succession", Eocene to mid Miocene in age, and 

2. The "post-rift succession", late Miocene to Holocene in age. 

Volcanism in southwest Ethiopia commenced as early as the Eocene. The hypabyssal phonolites 

and related intmsions and flows, emplaced before the formation of major rift topography, Me 

middle Miocene in age (Davidson and Rex, 1980). This succession is referred to as the "pre-rift 

succession". The location of volcanic and sedimentary rocks deposited after this time is 

controlled by the topography that was formed as a result of major rifting and its accompanying 

erosion, and the rocks formed during this period are referred to as the "post-rift succession". 

The age of the pre-rift succession in the present Project area ranges from lale Eocene to middle 

Miocene in age and underlies approximately 70% of the area. The post-rift succession covers 

approximately 20% of the Project area and underlies mainly the Lake Turkana rift floor in the 

southern part of the area and the edge of the western escarpment of the main Ethiopian Rift 

Valley. 

The Regional Geological Map of the area is shown as Fig. 3.1. and the geological succession is 

presented as table 3.1. 

3.1.1 Pre-rift Succession 

The major rock units consisting the pre-rift succession are described separately in the following 

section: 

3.1.1.1 Basal Red Sandstone 

In the south-western and north-eastern parts of the Omo-Gibe basin, the Precambrian crystalline 

basement is separated from the overlying Tertiary volcanic succession by a 6 to 8m thick unit 

comprised of red sandstone and conglomerate (Davidson, et aI., 1973, 1976, 1983). The unit is 

devoid of any fossils and sedimentary structures and is poorly sorted and moderately to poorly 
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cemented. These features suggest that the unit is non-marine m onglll, and in all likelihood 

represents slightly re-worked laterized basement gneiss material deposited on peneplained 
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Fig. 3.1 Regional Geological Map of Omo- Gibe sub-basin 

crystalline basement surface with little transport from source. Its absolute age has not been 

determined. 
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3.1.1.2 Earlv Flood Basalis 

Basalts represent the thickest and most widespread rock type of the Tertiary volcanic sequence in 

the Omo-Gibe river basin. The early flood basalts are products of fissure eruptions, and are 

characterized by thin, extensive flows, locally columnar and with jointing parallel to flow 

layering. The basalts overlie the red basal sandstone already described above, and where the 

sandstone is missing, directly rest on the Precambrian basement. The main occurrences of this 

unit is in three separate areas in the basin, namely in the south-western, south-eastern and along 

the north-eastern parts of the Omo River valley. 

The flood basalts are mostly soft weathering. consequently giving rise to a subdued topography 

in their areas of occurrence. They are either aphyric or porphyritic, containing olivine or 

plagioclase phenocrysts or both. Pyroxene-phyric basalts are less common. Arnygdales 

containing zeolites, calcite and chalcedony are present in places. 

3.1.1.3 Solie. Basallie. and Interlllediale Flows and P}'roeiastic Rock.s 

In the south-western segment of Omo-gibe basin, a map unit containing intercalated basaltic, 

intermediate, and salic volcanic rocks has been mapped (Davidson et aI., 1976). In this area, the 

early flood basalts are separated from the overlying thick saIic lavas and pyroclastic rocks with 

minor intercalated basalt flows of the Tertiary volcanic sequence by a zone of mixed rocks 

containing intercalated resistant salic rocks and less resistant basaltic and intennediate flows. 

The intennediate rocks in this unit are massive, medium grey and plagioclase-phyric, with a 

notably lower groundmass color index than basalt, and are probably andesitic in composition. 

3.1.1.4 Trachyte. Rhyolite. Tuff, Breccia. Ignimbrite and Intercalated Basall 

Salie volcanic rocks occupy a dominant portion of the Tertiary volcanic sllccession within the 

Project area. A thick sliccession of salie volcanic flows, pyroclastic rocks and subordinate 

intercalated basalt flows dominate the upper pOltion of the pre-rift volcanic succession. A 

significant part of the Omo-Gibe basin stretching from far north to the south is occupied by 

trachyte and rhyolite !lows and pyroclastic rocks such as tuff, ignimbrite, and breccia with 

subordinate basalt flows, forming north and north-east trending zones. Basalt flows are present in 

parts of these predominantly salic sequences,just as salic flows occur within the flood basalts. 
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Table 3.1 Geological Succession of Omo-Gibe sub-basin 

Approximate age in 
Period Epoch Rock type Millions of years 

Before present 
Holocene -Fluviatile sand, silt 

-Lacustrine silt, clay 
-Alluvium 0.01 

Pleistocene-Holocene - Trachyte, ash, & tuff 
- Basalt Flows 

~ - Undivided alluvial 
'f - fuluviatile sediments 
~ - Fluviatile sand, silt , 
Q - Lacustrine silt~ day 
'" E - Alluvium \.6 

--=c_-- -- ------- -------------- --- ----- ----
" 

------.-.-

" Pliocene-Pleistocene - Undivided 
:s - Sediments CY 

-Lacusrine sediments 
- Rhyolitic & trachytic lava flows 
- Ignimbrites 5.3 

Miocene Nazxeth Group: 
(Tachyte,ryholite, ignimbrite, tuff & basalt flows) 
- Plugs & dykes offelsite 

phonolite, trachyte & granite 
-Trachyte, ignimbrite & phonolite 
- Sumla basalt 23_7 --
- Makonnen Basalt 

Oligocene-Miocene - Trachyte,rhyolite,tutf,breccia 
ignimrite&intercalated basalt 

- Salic, intennedite & basaltic flows & 
pyroclastic rocks 36.6 

Eocene-Oligicene - Early flood basalt with minor 
intercalated trachyte, rhyolite ignimbrite & tuff 57.8 

0 
- Late tectonic granite 

'0 -Syntectonic granite,granodiorite 
N graitoid gneiss 2500 8 

£ 
----- -- . ~"-.----- ----------

- Strongly lineated granitoid 
- orthogneiss 

~ 
Precambrian Basement 

- Cataelastic gneiss, 
Rock 

.<: - metasedimentary gneiss,amphibolite 
2 -muscovite-biotite 'granitoid gneiss & migmatite -< 

-biotite-quartz-feldspar gneiss --

The salic flows (trachyte and rhyolite) in most parts are highly weathered to white, buff-brown or 

pink-brown colored rocks. They are well layered on millimeter scale in many places and massive 

in others, with layering inclined up to 300 NE or SW. 

Rhyolite with both quartz and alkali feldspar phenocrysts is common. The basalts are commonly 

fresh and are either aphyric or porphyritic containing olivine or plagioclase phenocrysts or both. 
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Because the salic rocks and pyroclastic rocks are intensively weathered. the basalts are 

commonly quarried for building purposes. The salic and pyroclastic rocks are commonly used as 

road aggregates. Tuffs, ignimbrites, breccias, and volcanic agglomerates made up of mainly salic 

fragments are inter··layered with salic flows. 

3.1.1.5 Mekonnen Basalt 

This unit comprises up to 800m thick sub-horizontal flood basalts forming the high plateau ofthe 

Baro-Akobo River Basin (Davidson, 1983) .The map unit mostly lies on the Precambrian 

crystallin" basement rocks in the type w·ra. K-Ar age d8.ting has yielded an ~gl' mng" of 38.8-

23.1 My, i.e. late Oligocene to early Miocene (Davidson and Rex, 1979; Davidson, 1983). The 

unit extends into the western part of the surveyed area, although it is difficult to mark its most 

western limit because of dense forest cover. The rocks are usually columnarly jointed, aphyric or 

porphyritic with plagioclase and olivine phenocrysts. 

The extreme northern pali of the Project area between Bako and Gedo towns is underlain by 

intercalated porphyritic basalt with phenocrysts of olivine and pyroxene, aphynitic-aphyric basalt 

and minor white weathering porphyritic trachyte. The basalts are locally amygdaloidal with 

fillings of chalcedony and chlorite. 

3.1.2 The Post-Rift Sliccession 

The major map units in the post- and syn-rift succession in the Project area include: 

3.1.2.1 Nazreth Group. Rhyolitic. Trachytic Flows. and Ignimbrites 

The name Nazreth Group is assigned to a thick succession of fiamme ignimbrite, pumice, 

trachyte, ash and rhyolitic flows and domes with minor intercalations of basalt flows which occur 

in the Main Ethiopian Rift floor, escarpments and adjacent plateau margins (Kazmin, 1979, 

Kazmin et aI., 1978, 1981). The Nazreth Group rocks underlie the north-eastern border of the 

surveyed area. An age of 10-3 My has been assigned to the these rocks (Kazmin and Seife M., 

1978). 

The rocks are interlayered on meter scale and show the feature of stratification of sedimentary 

rocks on aerial photographs. They lie unconfomably on the early flood basalts with basalts 
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fonning basal unit. The dominant rock type of the unit is trachyte containing feldspar phenocrysts 

(sanidine). Color generally ranges from light-pink to violet-grey. Porphyritic texturc is common 

exhibiting flow alignment, and the ground mass is finely crystalline. Rhyolite intercalations with 

both quartz and alkali feldspar phenocrysts are common. The basalts are usually fresh. They are 

either aphyric or porphyritic with olivine, pyroxene and plagioclase phenocrysts. 19nimbtites and 

tuffs made up of mainly felsic fragments, and feldspar crystals are intercalated with the salic 

flows. The thickness of the unit reaches up to 200m and increases as the salic extrusive centers 

are approached. 

Accumulation oftht Nazrdh Group rocks was accotnj>ankd by the lonnaliol1 01' shield volcanoes 

on the westem and eastem rift shoulders (Kazmin and Seife M, 1978; Kazmin et aI., 1980). These 

are complex shield volcanoes of Pliocene age which developed on both sides of the rift shoulders 

and margins of the Main Ethiopian Rift. The clusters of central volcanic complexes show distinct 

NNE alignment. Some of these centers such as Teza, Ambricho, Wagebessa and Tembero 

mountains more or less lie on a line possibly indicating formations along a major fault trend. 

These centers straddle the boundary between the Omo-Gibe and the Rift Valley drainage 

systems, and are comprised of interlayered per-alkaline ignimbrites and trachytes showing flow 

structures. The dominant rock type is a highly porphyritic, dark grey trachyte with sanadine 

phenocrysts. The age of most of these volcanoes range from 3-4.5 My (Kazmin, Seife M. and 

Walsh, 1980). 

3.1.2.2 

The "Omo Beds" (Shungura Formation) are particularly famous among anthropological circles 

for the discoveries made within them of some of the world's oldest hominid fossil remains. 

The Omo Group has been sub-divided into four fonnations (Davidson, 1983). ·nlese are; i) the 

Mursi Formation, ii) the Nkalabong Fonnation, iii) the Usno Formation and iv) the Shungura 

Formation. 

The Mursi Formation is comprised of a lower sedimentary unit (NPom I) and an upper flood 

basalt. The lower sedimentary unit is exposed on the west side of the southern part of the 

Nkalabong range. It lies unconformably on the pre-rift succession, and is composed of 
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approximately 150 m of clays, silts and sands with minor tufT and pebble beds. The sediments 

are confonnably overlain by flood basalt which is about 100 m thick and have been dated at 4.2 

My (Fitch & Miller, 1976; 8ro\\l1 and Nash, 1976). The Mursi basalt is comprised of a few, thin, 

columnar flows of dark grey basalt, which is locally porphyritic with scattered phenocrysts of 

plagioclase and amygdales of chlorite. 

The Nkalabong Formation occurs in its type area at the south-westem end of the Nkalabong 

range and it is about 90 m thick. It is composed of grey to brown fluvial clastic sediments 

overlain by eolian sands, waterlain tuffs and tuffaceous sediments. It lies on weathered and 

faulted Mursi basalt. An age of 3.95 My has been obtained form the top part af the Fon'nations 

(Fitch and Miller, 1969). 

'The Usno Formation is comprised of a minimum of 200 m of intercalating fluvial and lacustrine 

sediments with thin tuff horizons. An absolute age of 2.97 My is the most reliable age 

detelmined fol' the Usno Formation (Brown and Nash, 1976). 

The Shungura Formation occurs along the west side of the Omo River comprises of a minimum 

of 760 m of clays, silts, sands, gravels, tuffs, marls and limestone. These sediments are inclined 

gently to the west and are overlain with shallow unconfotmity, by the Kibish formation. An age 

range of about 3-1.3 My has been reported for 1his unit (Brown and Nash, 1976). 

3.1.2.3 f3a.~{Jlt Flows. Trachyte. Ash & Tuff 

In the Baro-Akobo River basin a large tract of territory covered by shield basalt flows named as 

the Tepi basalt (Davidson et aI., 1976, 1983) lying across the eroded unconformity between the 

Precambrian crystalline basement and the pre-rift volcanic succession. This unit extends 1T0m the 

west in the Baro-Akobo basin into the currently surveyed area. Basaltic lavas have flowed down 

pre-cxisting low topographies, and streams occupy new courses along the edges of these lava 

flows. The basalt of this unit forms columnar flows and is dark grey and vesicular. It is 

commonly porphyritic containing phenocrysts of olivine, augite and plagioclase. 

In the northern part of the Project area, northwest of and around Weliso town, another large area 

made up of basaltic shield showing recent topographic features occurs. The area is composed of 

mainly basalt flows that have spread outwards from cen!ml volcanic complexes. This is usually 
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porphyritic with large phenocrysts of pyroxene, olivine and plagioclase. locally columnar and 

vesicular filled with zeolite and chalcedony. It lies on Nazreth Group rocks. 

3.1.2.4 Holocene Sedimel/l Deposits 

An extensive area of Quaternary sedimentation o<;cur:; at the northwestern end of the Project area 

along the upper reaches of the Gibe River. Some relatively narrow grabens in the western part of 

the surveyed area are blanketed by recent unconsolidated alluvial sediments. The extensive area 

between Jimma and Sokoru is also covered by both recent alluvial sediments on which reddish 

brown soil, up 10 lOrn thid:., !>as d<:!velnped un tk bed rod: on both sid~s c f the ~u!irnent 

deposits. The alluvial deposits occur along the Gilgel-Gibe River course and are mainly 

represented by sand, silt and clay. The soils are mainly reddish-brown and rarely are they black 

cotton soils. Figure 3.1 shows regional geology around the study area. 

3.2 Geology of the art'.a 

The local geology is dominantly composed of Nazreth group rocks. A large tract of land 

stretching from south of Weliso to Welkite-Hosaina-Sodo and SelamBer and the adjacent plateau 

margin west of Omo River is underlain by a sequence of stratoid salic rocks, trachyte, rhyolite, 

ignimbrite and tuff with minor intercalated basalt flows characteristically containing lacustrine 

sediment deposits. An age of 9 to 3 Ma has been given to the Nazreth series on the basis of its 

relation to the Omo Mio-Pliocene lacustrine sediment of the Chorora Formation and some 

absolute KlAr age determinations (Tierrcelin ct al; 1980; Kazmin and Scrlw, 1973) The 

Ignimbrite Unit is found just out of the project area boundary in the western side. The Basaltic 

rock Unit outcrops at the bed of Gibe river but its age is uncertain may be it has similar agc with 

fault ofOmo Formation or Welega Formation (EEPCO, 2004). The Jimma Volcanics which are 

considered analogous with the main volcanic sequence of Davidson (1983) fonn a thick 

succession of basalts and felsic rocks with basalt dominating the lower part of most sections. 

Davidson (1983) has reported KlAr age of42.7to 30.5 Ma for Jimma volcanics. 

Two units (Jimma Basalt and Jimma Rhyolites) which show a conformable relationship were 

identified. The Jimma Rhyolites being the younger of the two units in south western Ethiopia are 

equivalent to Maqdala Group of Kazmin (1972). The Jimma Volcanics almost always rest on the 

Precambrian Basement, the unconformity being marked by Basal residual Sandstone. 
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The Jimma Rhyolite in the study area is excessively intruded with dykes and sills \\ hieh makes 

the geology extremely complex. The rhyolite has vriable color including pink, white and yellow 

rhyolite. Figure 3.2 shows the Geological map of the study area. 

The major dominating intercalated rock type in rhyolite is trachyte, and this unit is found in the 

rhyolite unit, just below rhyolitic tuff layer. The trachytic bed is not mappable. 

3.2.1 Rhyolitic Tuff 

The rhyolitic tuff unit is found in the upper reaches of the study area, this unit is the youngest 

formation oftlle study aft~". Tlti; is not well welded and is very weak, BJmost like loose soil nass. 

It is easily scratched with the thumb. This unit comprises of two types of tuff based on their 

color, one white tuff and other is red colored tuff. The red tuff is the parent material for the red 

clay soil and is well exposed near Fofa town. 

From thin section analysis this rock show,; 3 vitrophyrie te.xture 'Nith villOUS frllgrnenls arranged 

as stripes weakly flattened, and not welded together. It is easy to find very small anhedral quartz 

crystals. In some cases it is possible to distinguish a vitreous matrix on the basis of textural and 

microscopic feature; this rock can be named as non welded vitreous rhyolitic tuff. 

3.2.2 Basalt 

The basaltic rock is outcropped near the bad of Gibe River which is the eastern margin of the 

project area; it may be Omo basalt or Welega basal!. From laboratory lest result this rock shows a 

fluidal pilotassic oriented texture with vitreous matrix. The mineralogical assemblage is made by 

plagioclase, pyroxene, olivine, and accessory minerals. Plagioclase is euhedral with albite 

twinning. Crystal size dimensions are not bigger than millimeter. The extinction angle in 

symmetric zone is 20 to 24° (labradorite). Rare small phenocrysts with ophytic intersestal texture 

also occur. Pyroxene is colorless and ranges fi'om subhedral to anhedral. Olivine is in 

micrometric crystals with high relief and high birefringence. Accessory minerals are magnetite. 

The basalt unit may not be visible in the geology map of the area, it is found as thin layer along 

Gibe river. 
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3.2.3 Dolerite 

This unit is found in the project area mostly as intrusive rocks. Most of Dykes and Sills in the 

rhyolitic bed are of doleritic rocks. However, there are Synite intrusions which are acidic 

rocks. The doleritic rocks are of different types. Which varies from course grained dark gray type 

to fine grained greenish type dolerite. Normally, this unit is very hard with UCS value greater 

than 200 Mpa (EEPCO, 2004). In the Gilgel Gibe-ll hydroelectric power project area this rock 

has been used as an aggregate for the construction works. The fracture spacing in most doleritic 

rocks in the study area ranges from 10 em to 50 em, as indicated from the bore hole logging 

(Er2PCO, 200,1). Thill irregular calcite stringers along planes r,f weaknc:;s('c, me abo foulld. Tile 

thickness for most dykes of dolerite ranges from few centimeters to as thick as 50 m. The 

approximate age of this unit is late Miocene (EEPCO, 2004). 

3.3 Regional Structural setup 

In the south weskm part of the country there arc two phases oj' deformnti()ns whkh aI'''' pr.>rift 

and rift structures (Davidson, 1983). 

3.3.1 Pre-rift Structures 

Volcanism in south-western Ethiopia commenced in late Eocene time with the extrusion of flood 

basalts on the Precambrian crystalline basement peneplain. This was followed mainly by salic 

volcanism with intennittent, outpouring of basalt lava through the Oligocene and Miocene. 

According Davidson (\983) uplift in south-westem Ethiopia began immediately after the 

inception of volcanism of the main volcanic succession in the region. The process continued 

throughout the Oligocene and early Miocene concomitant with volcanism. The uplift produced 

an elevated land mass concave to the nOlth-east with greater accumulation of volcanic products 

being in the central and eastern parts of the region. The rift valleys developed along this trend. 

The unconformity between the Precambrian crystalline basement and the pre-rift volcanic 

succession and the layering in the flows which were once more or less horizontal have now been 

tilted due to differential uplift and rift faulting. In pre rift units of rhyolite, trachyte, tuff and 

breccia ignimbrite in the Omo-Gibe river basin 5° to 40° westerly dips in the flows are common 

throughout the unit. 
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3.3.2 Rift Structure 

According to Davidson (1983) the main development of rift began before 13 Million years. The 

orientation of the rift faults is controlled by the pre-existing structures of the Precambrian 

crystalline ba~ement. 

The most southern part of the Omo-Gibe river basin is occupied by the Lake Turakna rift system, 

a continuation into southern Ethiopia from northern Kenya. The Turkana rift branches into three 

in its northern part: the Kibish, the Omo and the Us no branches. 

The Omo rift branch, oriented northerly, terminates in tile high region. The Omo and Slrmun, 

Rivers occupy the northern part of the Lake Turkana rift, where the rift is not well expressed. 

North of the Mwi River, this rift is bounded on its west side by a high escarpment that is the 

focus of a series of north to northeast trending faults with down-throw to the east and fault blocks 

tilted to the west. Down throw is probably more than I km in the upper reaches of Mwi River 

valley. South of the Mwi River, the western edge of the Orno rift is sharply bounded by the Illbai 

range, but the east side of the range does not show a clear fault scarp. 

The Sawla rift valley, oriented north-easterly, is controlled by a major fault along its 

northwestern side. The block exposes crystalline rocks on its south-east facing escarpment, and 

has a northwest sloping surface capped by Tertiary volcanic flows. The rift appears to be part of 

the Lake Chew Bahr rift system. The fault along the middle Gibe River course that exposes 

Precambrian crystalline basement at its southeastern foot is probably related with the formation 

of the Lake Chew Bahr rift system. 

The most north-eastern part of the Project area flanks the main Ethiopian rift valley and 

represents part of its western rift shoulder. The central part of Omo- Gibe basin is cuI by a series 

of east-west trending, 2.5 km to 12 km wide and 20 to 30 km long shallow grabens. Four such 

grabens are traced from the aerial photographs. These basins are occupied by recent alluvial 

deposits. The upper reach of Gojeb River follows one of these structures. A similar graben 

occurs in the lower reaches ofGojeb River, just in the southern part of the project area. 

The area is also cut by northeast-southwest trending major lineaments with subordinate north­

west oriented ones identified on air photographs (Fig. 3.2). 
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CHAPTER-4 Landslide Hazard Evaluation and 
Zonation Mapping of the Study Area 

-----,---~,,-----~~~~---

4.1 Introduction 

Every year a large number of landslides are reported all over the countIy during rainy season 

causing devastating damage to life, land and property, Most of such landslides are UIUloticed, 

a very few of them get attention because of the damage caused by them such as; major 

casualties and large damage to infrastl1lcture, mostly to roads and bridges, The damage due to 

possible landslides may be reduced considerably if such landslide prone areas are identified 

well in advance and accordingly nece,S<llY prevenli ve me,1sures 3-ft· initioi<:d pd<)!' to the slop'; 

failures, Thus, there is a need to execute a methodology which helps in preparing 

multipurpose terrain evaluation maps based on the geo-environment of mountainous terrain 

and using them as the basis for planning future development schemes. 

Three types of mapping techniques ale in practice based on various th'!mes. such ,,:; danger, 

hazard, and risk maps (Anbalagan et aI. 1996). Several types of maps can be produced based 

on the mapping techniques using the above themes. 

Danger - Danger refers to an existing natural landslide phenomenon such as creep orrock fall 

or debris slide. The danger can exist, such as creep or a potential, as rock fall. The 

characterization does not include any forecasting of the events (Anbalagan et aI, 1996). The 

danger map only shows (he location of slide and the other characters such as type, size, nature 

of activity and failure probability. However. extents of damage are not shown on such maps. 

Risk - Risk refers to the nature of damage likely to be caused in case of a failure, The 

damages may be in the form of loss of life and injures and/or loss of land and property. The 

extent of damage is dependent on the existing landuse pattern of the area, likely to be affected 

and the population, e.g. a major landslide in a remote area may cause lesser damage as 

compared to a smaller landslide in a densely populated area. Hence, risk is a function of 

hazard probability and the damage potential (Anbalagan et aI., 1996). Risk assessment may be 

undertaken after evaluating the nature of hazard of a slope and its damage potential. The 

landslide risk is shown as very low risk. very high to very low damage potential. 
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Hazard - Hazard refers to a probability of occurrence of a landslide danger. The landslide 

hazard is shown as very high hazard, high hazard, moderate hazard, low hazard, and \'ery low 

hazard to indicate very high (0 very low probability of occurrence of landslide. The period of 

time may be indicated in relative terms for different types of hazards. For example, in 

predicted high hazard slope, the landslide may occur early as compared to a moderate hazard 

slope, the landslide may occur easily as compared to moderate hazard or low hazard slope 

potential (Anbalagan et aI., 1996). 

4.2 Landslide Hazard Evaluation Factor (LHEF) Rating Scheme 

The "Landslide Hazard Evaluation Factor Rating Scheme" (LHEF), developed by Anbalagan 

(1992), is a nwnerical rating system which is based on major inherent causative factors of 

slope instability such as geology, slope morphometry, relative relief, land use and land cover 

and groundwater conditions. 

The field studies are carried out to collect the required data, Facet wise, for estimating the 

total hazards of the facet. A facet is a part of hill slope which has more or less similar 

characteristics of slope showing consistent slope direction and inclination, figA.I a. The 

maximum LHEF ratings for different categories are determined on the basis of their estimated 
f· 

significance in causing instability. Table 4.1 shows the proposed maximum LHEF rating for 

different contributory factors for macro-zonation (Anbalagan, 1992). 

Table 4.1: Proposed maximum LHEF rating for different contributory factors for 
macro-zonation (after Anbalagan, 1992) 

Contributory Factor Maximum LHEF Rating 

Lithology 2.0 

Relationship of structural discontinuity with slope 2.0 

Slope morphometry 2'.0 

Relative relief 1.0 

Land use and land cover 2.0 

Ground water condition 1.0 

Total 10.0 

The details of rating values for different factors is give in annex II 
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4.3 Geology 

The Geological map provides infonnation on the lithological and structural setting of the area. 

The lithological and structural maps may also be prepared separately for better representation. 

For the present study these two maps were prepared separately and are shown in Figures 3.2 

(Chapter - 3). 

4.4 Lithology 

The erodeability or the response of rocks to the processes of weathering and erosion has been 

the main criteria in awarding the ratings for subcategories of lithology. Different rocks have 

different fate of weathering, therefore the lithology of individual facet should be properly 

identified, for example; rocks like quartzite, limestone and igneous rocks are generally hard, 

massive and resistant to erosion, fonning steep slopes. In comparison, terrigenous 

sedimentary rocks are vulnerable to erosion and easily contribute to landslides. Phyllites and 

schists are characterized by flaky minerals which are more prone to weathering and thus, 

promote instability. A conection factor concerning the status of weathering of rocks has also 

been incorporated (Annexure -II). 

In the case of soil, genesis and age, are the main considerations in awarding the ratings. Older 

alluvium is generally well compacted and has a high shearing resistance. Recent materials 

such as slide debris are loose and have low shearing resistance (Anbalagan, 1992). 

In the project area three dominant lithological units are found, these are rhyolite, tuff and 

dolerite (Fig. 3.2). Rating for the rhyolite and dolerite unit is considered as 0.3, tuff unit is 

considered as soil because it is highly weathered and poorly compacted accordingly, a rating 

of 1.0 is assigned. 

4.5 Structure 

Structure includes primary and secondary discontinuities in the rocks such as bedding, joints, 

foliations and faults. The disposition of structural discontinuities in relation to slope 

inclination and direction has a great influence on the stability of slopes. In this context, the 

following three types of relations arc considered important: 

(i) The extent of parallelism between the directions of the discontinuities, or the line of 

intersection of two discontinuities and the slope. 
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(ii) The steepness of the dip of the discontinuity. or the plunge of the line of intersection 

of two discontinuities. 

(iii) The diflerence in the dip of the discontinuity, or the plunge of the line of intersection 

of the two discontinuities to the inclination of the slope. 

The more the discontinuity or the line of intersection of two discontinuities tends to be 

parallel to the slope, the greater the risk of failure. When the dip of the discontinuity or plunge 

of the line of intersection of two discontinuities increases, the probability of failure also 

increases. TIlis may lead to the satisfYing a kinematic condition. Moreover, until the dip of the 

discontinuity plane or the plunge of the line of intersection of the two discontinuities does not 

exceed the inclination of the slope, the failure potential remains high. Accordingly, the LHEF 

ratings have been assigned for various stability conditions, broadly on the basi; of the 

approach indicated by Romana (1985). In the case of soil, the inferred depth of the soil cover 

has been used for awarding the ratings. 

In the project area the structures used for landslide hazard zonation mapping are joints and 

discontinuities. The collected structural data have been plotted on a sterionet for individual 

facet to get the preferred orientation of structures in relation with slope faces of each facet, 

later respective ratings have been awarded. 

4.6 Slope Morphometry 

Slope morphometry maps define slope categories on the basis of the frequency of occurrence 

of particular angles of slope. The distribution of the categories is dependent on the 

geomorphological history of the area; the angle of slope of each unit is a reflection of a series 

of localized processes and controls, which has been imposed on the facet. The slope 

morphometry map has been prepared by dividing the larger topographical map into smaller 

units. The contour lines have the same standard spacing, i.e., the same number of contour 

lines per km of horizontal distance. The chosen categories are six in number, representing the 

slopes of escarpmenticliff (>40°), steep slope (35°-40°), moderately steep slope (25°-35°), 

gentle slope (15°-25°) and very gentle slope « 15°) ( Annexure - II). In the study area most 

of the escarpments are concentrated along Derbu River. However, moderately steep slopes are 

extensively found in the central part, whereas the land near Fofa is classified as gentle slope 

« 15°). Figure 4.1 shows the Slope Morphometry Map of the study area. 
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4.7 Relative relief 

The relative relief map represents the local relief of maximum height between the ridge top 

and the valley floor within an individual facet. This shows the major breaks in the slopes of 

the study area. Three categories of slopes of relative relief have been chosen for hazard 

evaluation purposes, namely low « 100 m), medium (101-300 m) and high (> 300 m). 

According to Pachauri et ai, (1991) incidence of landslide is greatest in the areas of high 

relief. Gravity sliding and debris flow has been more commonly noted in areas of higher 

relief. In the present study area more than 85% of the project area has high relative relief 

(>300m), therefore, the chances of slope instability is quite high in the study area. Figure 4.2 

shows the Relative Relief map of the study area. 

4.8 Land use and land cover 

Land cover is an indirect indication of th~ stability of hill slopes. Barren and sparsely vege­

tated areas show faster erosion and greater instability as compared to reserve or protected 

forests, which are thickly vegetated and generally less prone to mass wasting processes. 

Forest cover, in general, reduces the action of climatic agents on the slopes and protects them 

from the effects of weathering and erosion. A well-spread root system increases the shearing 

resistance of slope material (Anbalagan, 1992). Agriculture, in general, is practiced on gentle 

to very gentle slopes, though moderately steep slopes are not spared at places for agricultural 

practices. However, the agricultural lands represent areas of repeated water charging for 

cultivation purposes and as such may be considered stable (Anbalagan, 1992). In the present 

study, based on the criteria of intensity of vegetation cover, the ratings have been awarded. 

The present study area is highly rugged and most of the land is classified as steep slope. None 

of the area falls in the flat agricultural land. However, few isolated pockets of flat land are 

present near Fofa town which is being utilized for house construction. Most of the agricultural 

lands in the area are on the moderately steep lands and rarely in the highly steep lands. There 

are few isolated clusters of highly dense forest covers in the project area. The vegetation 

cover along the river banks is comparatively good with desert shrubs and bushes. Figure 4.3 

shows the Landuse and Landcover map of the study area. 
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4.9 Ground water condition 

In general, groundwater in hilly terrain is channeled along structural discontinuities of rocks 

and it does not have a unifonn pattem. The evaluation of observations of the behavior of 

groundwater on hill slopes is not possible over large areas. Therefore, in order to make a 

quick appraisal, the nature of surface indications of the behavior of groundwater will provide 

valuable information on the stability of hill slopes for hazard mapping purposes (Anbalagan, 

1992). Surface indications of water such as damp, wet, dripping, and flowing are used for 

rating purposes. The observations taken after the rainy season provide probably the possible 

worst groundwater conditions. 

The present field work was carried out during the dry season and the surface water condition 

was almost dry through out the project area, except at very few places like those major rivers 

and near Fofa town where surface water was observed. However, for the present study the 

detailed stability analysis has been carried out for the possible worst conditions which are 

represented by moderately saturated slopes, as practically the entire slope cannot be fully 

saturated. 

4.10 Landslide Hazard Evaluation in the study area 

There are several Classification systems based on ranking for Landslide Hazard Evaluation 

(Howard and Ramson, 1978; Stevenson, 1977). In order to prepare a landslide hazard map on 

the basis of different causative factors, as described in previous section of this chapter, it is 

necessary to quantifY the land using a weighting and rating system. All qualitative classes 

require a ranking method by which each class can be quantified and weighting given each 

factor to create a land hazard rank (Hensen, 1984; Varnes, 1984). The logical assumption is 

that the risk of occurrence of a damaging event or landslide is a direct consequence of these 

parameters. Therefore, these parameters can be given due weighting resulting in weighted 

landslide hazard values for each subclass. Each parameter is given a weighting depending on 

its degree of affiliation to the landslide hazard. The process and exact mechanisms involved in 

landslides is difficult to assess. This makes prediction quite difficult. 111erefore, there is a 

substantial degree of uncertainty involved in any hazard evaluation process (Gupta et al., 

2001). 

The total estimated hazard (TEHD) indicates the net probability of instability and is calculated 

facet-wise, because adjoining facets may have entirely different stability conditions 

37 



(Anbalagan, 1995). The TEHD of an individual facet is obtained by adding the ratings of the 

individual causative factors obtained from the LHEF rating scheme (Annexure -2) 

Total estimated hazard (TERD) =2: Ratings of causative factors 
Or 

......... 4.1 

TERD = Ratings of (lithology + structure + slope mOIJlhometry + relative relief 
+ land use and land cover + grotmdwater conditions) 

On the basis of TEHD, there may be five categories of landslide hazard zones (Annexure - 2), 

namely, very low hazard (VLR), low hazard (LH), moderate hazard (MH), high hazard (HH) 

and very high hazard (VHH). In the present study, after evaluating THID it is found that 

there are only three classes. low hazard, moderate hazard and high hazard, the two opposite 

extremes namely; vcry low hazard and very high hazard are not present in the study area. 

Table 4.2 presents the TEHD ratings, facet wise, for the study area. 

4.11 Landslide Hazard Zonation Mapping of the study area 

Landslide Hazard Zonation Map is used to classifY the land surface into zones of varying 

degree of hazard based on the estimated significance of causative factors which influence the 

stability of the area (Anbalagan, 1992). The LHZ map is a rapid assessment technique for 

hazard evaluation of the land surface. 

4.11.1 Low Hazard 

According to Anbalagan, (1992) low hazard zone has a TEHD value between 3.5 and 5.0. Out 

of total 125 facets in the study area 18 facets falls within low hazard zone. These areas are 

relatively flat land or low relief areas located in the northern patt of the project area around 

Fofa. In terms of Percent this zone covers 12 % of the total area. This zone comprises mainly 

very weak rhyolitic tuff deposits (Fig.4A). 

4.12.2 Moderately Hazard 

Moderately hazard zone has a TEHD \'alue falling between 5.1 and 6.0 (Anbalagan, 1992). 

This zone covers most of the areas in the North- Eastern part and some areas around South­

Western region of the study area. In total, 38 facets fall within moderately hazard zone. This 

hazard zone covers around 34 % of the total study area (FigAA). 
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Table 4.2 TEHD ratings, facet wise, for the study area. 

Face Structure G-water Geology Relative Land Slope Summation TEHD 

No condition relief use Morphometry 

I 1.6 0 I I 1.5 1.7 6.8 HH 
2 1.6 0 I I 1.5 1.7 6.8 HH 
3 1.6 0 I I 1.5 2 7.1 HH 

4 1.6 0 I 1 1.5 2 7.1 HH 

5 1.6 0 I I 1.5 2 ___ Z:.!..._~ HH --- -~- i-------~. 
6 1.6 0 0.9 1 1.7 2 7.2 HH 

7 1.5 0 0.9 1 1.5 1.7 6.6 HH 

8 1.6 0 0.9 1 1.5 1.2 6.2 HH 
9 1.5 0 0.9 I 1.5 1.7 6.6 HH -
10 1.5 0 0.9 1 1.5 1.7 6.6 HH 

II 1.5 0 0.9 I i--'~-' 1.7 6.6 HH - ._. ------ -._- ------~~- ---------- ._---
12 1.5 0 0.9 1 2 I.") I 7.1 lIll -_._-

~------ ----,-"--- -------- ----- - --. "'----~---- -- - .. ---- -------

13 1.5 0 0.9 1 2 1.7 7.1 HH 

14 1.2 0 0.9 I 2 1.7 6.8 HH 
15 1.2 0 0.9 1 2 1.7 6.8 HH 

16 1.2 0.2 0.9 1 2 1.7 7 HH 

17 1.2 0.2 0.9 1 2 2 7.3 HH 

18 1 0 0.9 1 2 2 6.9 HH 
19 1 0 0.9 1_- 2 2 6.9 HH ---- r-------.- --"--- ~-~---- .-~-

20 I 0 0.9 1_~ ~_2 2 6.9 -- HH .- ------- --~-

21 I 0 0.9 I 2 2 6.9 HH 

22 1 0 0.9 1 2 2 6.9 HH 

23 1 0 0.9 I 1.5 1.7 6.1 HH 

24 1.1 0 0.9 I 1.5 1.7 6.2 HH 

25 0.7 0.2 0.9 I 1.5 1.7 6 MH 

26 1 0 0.9 I 1.5 1.7 6.1 HH 

27 1 0.2 0.9 I 1.5 1.7 6.3 HH 
28 1 0.2 0.9 1 1.5 1.7 6.3 HH 

29 1.5 0 0.9 1 1.5 2 6.9 HH 
30 1 0 0.9 I 1.5 __ r-- 1.7 6.1 HH 
31 1.05 0 0.9 I 1.5 1.7 6.1S-~ HH 
32 1.05 0 0.9 I 1.1 1.7 5.75 MH 
33 1.3 0 0.9 I 1.1 2 6.3 HH 
34 1 0 0.9 I 0.8 2 5.7 MH 
35 I 0 0.9 I 1.5 2 6.4 HH 
36 1.2 0 0.9 I 1.5 2 6.6 HH 
37 0.95 0 0.9 I 2 2 6.85 HH 
38 I 0 0.9 I 2 1.7 6.6 HH 
39 0.7 0 0.9 I 2 1.7 6.3 HH 
40 1 0 0.9 I 2 2 6.9 HH 
41 0.7 0 0.9 I 2 1.7 6.3 HH 
42 1 0 0.9 I 2 1.2 6.1 HH 
43 0.95 0 0.9 I 2 2 6.85 HH 
44 1.2 0 0.9 I 2 1.7 6.8 HH 
45 0.7 0 0.9 I 2 2 6.6 HH 
46 1.3 0 0.9 I 2 2 7.2 HH 

HH - High Hazard Zone, MH - Moderate High Hazard Zone, LH - Low Hazard Zone 

Cont ..... 
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Table 4 2 Cont •• .. 
Face t Structure G-Wlter Geology Relative Land Slope Summation TEHD 
No condition relief u,e Morphometry 

50 1.2 0 0.9 I 2 2 7.1 HH 

51 1.3 0 0.9 I 2 1.7 6.9 HH 

52 1.3 0 0.9 I 2 2 7.2 HH 

53 1.3 0 0.9 I 2 1.7 6.9 HH 
54 1.1 0 0.9 I 2 1.7 6.7 HH 

." -~ '-

55 0.8 0 0.9 I 2 1.7 6.4 HH --
56 0.7 0 0.9 I 1.5 1.7 5.8 MH 

57 0.7 0 0.9 I 1.5 1.2 5.3 MH 

58 0.7 0 0.9 I 1.5 1.2 5.3 MH 

59 0.7 0 0.9 I 1.5 1.2 5.3 MH -
60 0.7 0 0.9_ I 1.5c~ ~_--.l1_ 5.3 MH 

61 0.7 0 0.9 I 1.5 1.2 5.3 MH ------- -----~-- ---------- t------ "._._----- -- -- r----~---- -------
62 0.7 0 0.9 1_- 1.5 1.2 5.3 MH 

63 0.7 0 0.9 I 1.5 1.2 5.3 MH 

64 0.7 0 0.9 I 1.5 1.2 5.3 MH 

65 1.3 0 0.9 I 2 1.7 6.9 HH 

66 1.3 0 0.9 I 2 2 7.2 HH 

67 1.3 0 0.9 I 1.5 1.7 6.4 HH 

68 1.3 0 0.9 I 1.3 1.7 6.2 HH 
69 1.3 0 0.9 I 1.3 1.7 6.2 HH ------- ------- ---- ------- _. -----_ .. -----------
70 1.3 0 0.9 I I 2 6.2 HH 

71 I 0 0.9 0.6 1.2 1.2 4.9 LH 

72 0.7 0 0.9 0.6 1.2 1.2 4.6 LH 

73 0.7 0 0.9 I 1.2 1.2 5 LH 

74 0.85 0 I 0.6 1.2 1.2 4.85 LH 
75 0.85 0 I 0.6 1.2 1.2 4.85 LH 

77 0.85 0.8 I 0.6 1.2 0.8 5.25 MH 

78 0.85 0 I 0.6 1.2 1.2 4.85 LH 

79 0.85 0 I 0.6 1.5 0.8 4.75 LH 

80 0.85 0 I 0.6 1.2 0.8 4.45 LH -
81 0.85 0.5 I 0.6 1.2 1.2 5.35 MH 
82 0.85 0.5 I I 1.2 1.2 5.75 MH 
83 0.85 0.5 I 0.6 1.2 1.2 5.35 MH 
84 0.85 0.5 I 0.6 1.2 1.2 5.35 MH 
86 0.85 0.5 I I 1.2 1.2 5.75 MH 
85 0.85 0.5 I I 1.2 1.2 5.75 MH 
87 0.85 0 I 0.6 1.2 1.2 4.85 LH 
88 0.85 0 I 0.6 1.2 2 5.65 MH 
89 0.85 0 I 0.6 1.2 2 5.65 MH 
90 0.85 0 I I 1.2 1.7 5.75 MH 

91 0.85 0 I I 1.3 1.7 5.85 MH 

92 0.85 0 I 0.6 1.2 2 5.65 MH 
93 0.85 0 I 0.6 1.2 2 5.65 MH 

HH - High Hazard Zone, MH - Moderate High Hazard Zone, LH - Low Hazard Zone 

COllt ..... 
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Table 4 2 COlli ••• . 
Face structure G-water Geology Relative Land Slope summation TEHD 
no condition relief use morphometry 

94 0.85 0 I I 1.5 1.7 6.05 MH 

95 0.85 0 I 0.6 1.2 0.8 4.45 LH 

96 0.85 0 I 0.6 1.2 0.8 4.45 LH 

97 0.85 0 I 0.6 1.2 0.8 4.45 LH 

98 0.85 0 I 0.6 1.2 0.8 4.45 LH 

99 0.85 0 I 0.6 1.2 0.8 4.45 LH 
1-"-' 

100 0.85 0 .. _ I 0.6 1.2 I ' .-~_4.85 LH ... 
101 0.85 0 I 0.6 1.5 0.8 4.75 LH 

101 0.85 0 I 0.6 1.2 1.2 4.85 LH 

102 0.85 0 I 0.3 1.2 0.8 4.15 LH 

103 0.85 0 I 0.3 1.2 0.8 4.15 LH 

104 0.85 0 I I 1.3 1.7 5.85 MH _._ .. 
--~-.- ---.. - 1--._---- r----- ------- ------_._- '-- ---_ .. -. --'-

lOS 0.85 0 I I 1.5 __ .l} __ 6.05 MH ._ ... - .-.-.-~- ------_. _._- -------- . - ---- ----- -------- ---- ------

106 1.05 0 0.9 I 1.5 J."I 6.15 lUI 

107 1.05 0 0.9 I 1.2 1.7 5.85 MH 

108 1.05 0 0.9 I 0.8 1.7 5.45 MH 

109 0.9 0 0.9 1 1.3 1.7 5.8 MH 

110 1.05 0 0.9 1 1.5 1.7 6.15 HH 

I I I 1.05 0 0.9 I 1.5 1.7 6.15 HH 

112 1.05 0 0.9 I 1.5 1.7 6.15 HH 1------ . 

113 1.05 0 0.9 __ I 1.5 1.7 6.15 HIl 
_. ----- .. ~. --._- ._--_._-----=:-

114 1.05 0 0.9 I 1.5 1.7 6.15 HH 

115 1.05 0 0.9 I 1.5 1.7 6.15 HH 
116 0.9 0 0.9 I 1.3 1.7 5.8 MH 

117 0.9 0 0.9 1 1.3 1.7 5.8 MH 

118 1 0 0.9 I 2 1.7 6.6 HH - .. 

119 1 0 0.9 I 2 1.7 6.6 HH 

120 1 0 0.9 I 2 1.7 6.6 HH 

121 1 0 0.9 I 1.1 2 6 MH 

122 I 0 0.9 I 0.8 2 5.7 MH 

123 1.6 0 0.9 I 1.5 1.7 6.7 f-.HH __ 
124 0.85 0 I 0.6 1.5 1.2 5.15 MH 
125 0.85 0 I I 1.5 1.2 5.55 MH 

HH - High Hazard Zone, MH - Moderate High Hazard Zone, LH - Low Hazard Zone 

4.12.3 High Hazard 

In High Hazard zone TEHD value falls between 6.1 and 7.5 (Anbalagan, 1992). As a result of 

the geomorphological setting of the study area, most of the facets are in this group. Out of 

total 125 facets, 69 facets falls with in high hazard zone, which comprises S4 % of the total 

study area. A major part of the new road (Fofa to Powerhouse) is constructed in this zone 

(FigA.4). 
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Based on the TEHD values, 54% of the slopes in the study area falls in High Hazard, 34% in 

the Moderately Hazard and only 12% of the area falls in Low Hazard. These figures clearly 

indicates that most of the area in the study area falls into High Hazard or Moderately Hazard. 

Which implies that chances of slope failures is high in the study area 

However, a slope may only fail when the driving forces exceeds the resisting forces and the 

orientation of discontinuities is such that they favors sliding, either on single discontinuity or 

on a wedge fonned by two intersecting discontinuities. Moreover, even if slope is potentially 

unstable, it does not mean that slope is actually going to fail, until or unless there is some 

driving force which triggers the sliding, such as heavy water saturation or earthquake loading. 
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CHAPTER-5 Detail Slope Stability Studies 

5.1 Preamble 

The Total estimated hazard (TEHD) values for the present study area indicates that 54% of 

the slopes in the study area falls in High H3zard, 34% in the Moderately Hazard and only 

12% of the area falls in Low Hazard. From these results it can easily be concluded that the 

study area, in general, is prone to landslide activity. However, a slope may only fail when the 

driving forces exceeds the resisting forces and the orientation of discontinuities is such that 

they favor ~lidillg, either on single discontinuity or on a wedge fomwd by two intersecting 

discontinuities. Slopes may also fail when the slope .. malerial is hmllogeneous like soil~ 01 

slope material comprises of highly weathered and fractured rock mass. Moreover, even if a 

slope is potentially unstable, it does not mean that it is actually going to fail, until or unless 

there is some driving force which triggers sliding, such as heavy water saturation or 

eatihquake loading. This is the reason why we have maximum landslides during rainy season. 

Thus, an attempt has been made to identify such potential unstable slopes in High l-laz.ard and 

Moderately Hazard zones. Further, a detailed stability analysis has been carried out for 

potential unstable slopes in the study area. 

5.2 Identification of Potential Unstable Slope 

A thorough recoIlllaissance survey was carried out, particularly in the High Hazard and 

Moderately Hazard zones in the study area, to identify the potential unstable slopes, based on 

their field manifestations of instability, such as; 

i) Presence of scarp faces on steep slopes 

ii) Removal of toe support for road construction 

iii) Presence of evidences of slope distress, such as, development of tension cracks, 
bulging of slope face and other such features. 

iv) Orientation of discontinuities, such that they favor sliding, either on single 
discontinuity or on a wedge formed by tv,o intersecting discontinuities. 

Thus, based on the above mentioned field manifestations of instabilities total 10 No. of 

potential unstable slopes were identified in the study area. The detailed stability studies of 

these critical sections are discussed later in this chapter. 
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5.3 " Engineering property of rocks and soils 

The rock in its most general fornl is an anisotropic, discontinuous mass containing cracks, 

joints, and faults and bedding planes with varying degree of cohesion along these 

discontinuities. In practical design work any acceptable solution must take into account not 

only the isotropy of the rock mass but also the discontinuities which playa far more important 

role in the stability of a rock structure. 

For most of the rock engineering problem, the engineering properties of a rock mass depends 

far more on the system of geological separations within the rock mass than on the strength of 

a rock mass, is in fact its residual strength which, together with its anisotropy, is governed by 

the interlocking bonds of the uBit demmts forming the rock mass (Lama c\ ai, 197H) 

Because of a vast range in properties of rocks due to different structures, fabrics and 

materials, it is difficult to determine the properties and to describe rocks quantitatively. 

Certain properties that are relatively easy to measure are used to classify the rock, these rock 

properties are unit weight, permeability, porosity, point load index and slaking and dumbility. 

The term 'soil' in soil engineering is defmed as an unconsolidated material, composed of 

solid particles, produced by the disintegration of rocks. Soils are formed by weathering of 

rocks due to mechanical disintegration or chemical decomposition (Arora, 1997). Most of the 

soil covers in the project area are residual soils which are developed from the parent rhyolitic 

tuff rock. Most of the sloppy terrains are covered with thin layers of colluvial soil having 

variety of grain sizes. 

5.3.1 Rock mass classification 

Rock Mass Classification, based on simple rating scheme, is an rapid and very effective 

method to determine the overall quality of the rock mass. Rock Mass rating Systems are also 

useful in assessing the shear strength and deformability of the rock mass. Though, there are 

several rating schemes available to classify the rock mass, however for the present study the 

Geomechanics Classification or the Rock Mass Rating System proposed by Bieniawski, 1989 

has been utilized to workout the rock mass quality. 

In order to workout the RMR, 6 basic parameters are used, these are; 

i) Uniaxial compressive strength of rock (UCS) 
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ii) Rock Quality Designation (RQD) 

iii) Spacing of discontinuities 

iv) Condition of discontinuities 

v) Ground water condition 

vi) Orientation of discontinuities 

The data pertaining to RMR has been collected from all 8 critical slope sections at several 

locations and based on the conditions the ratings for each of the 6 parameters were assigned 

from the standard RMR table and are added to get the RMR value. 

For the present study, the uniaxial cOlllprfSsive strength of tlw rod: has becll (kl~mlined by 

Schmidt hanuner, using the empirical relation given by Bmton and Choubey, 1977 

10glO(crc) = 0.00088yR + 1.01 

Where; 

crc = uniaxial compressive strength in MPa 

y = dry rock density in KN/m3 

R = rebound number of Schmidt hammer 

........ 5.1 

The Rock Quality Designation (RQD) has been determined by Palmstoml's Volumetric 

Count method (Palmstrom, 1982), according to which, 

RQD = 115 - 3.3 Jv ......... 5.2 

Where; 

RQD = Rock Quality Designation (%) 

Jv = Total Number of discontinuities, greater tha11 10cm in length, in 1m cube of Rock 
mass. 

For other parameters, like; Spacing, Condition of discontinuities, Ground water condition, and 

Orientation of discontinuities visual observations a11d measurements has been made and 

atcordingly, the ratings were assigned from the standard RMR table. Figure 5.1 presents the 

RMR data collection locations at various critical slope sections. The RMR data collected from 

various locations is summarized in Table 5.1. 
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Table 5.1 RMR data collected from various locations at critical slope sections 

RMR Parameters Ralings iRMR Rock 
Dala 

UCS RQD Sp. Con GWC Ori 
, Mass 

points 
, 

Class 

SHV UCS Ra Jv RQD Ra ! 
SII 35 68 7 9 85 17 8 15 14 -32 I 29 Poor , 
SL2 50 136 12 6 94 17 10 15 15 -37 i 32 Poor 

- --
SL3 44 97 7 9 86 17 8 7 15 -23 31 Poor 

1--
82 -y- ------

SLA 43 111 12 10 17 9 15 -43 , 17 Very , 
I Poor 

SL5 39 80 7 7 92 17 9 8 15 -38 I 18 Very 
! Poor 

SL6 42 137 12 11 78 17 8 23 14 -50 i 
I 

24 Poor 

SL7 33 59 7 9 87 17 9 13 15 ·40 : 21 Poor 
r---

SL8 
- ---- - ~~" --'- ----- . _ .. -_._. 

-~-" -- ._-......... _- -_.--- --.------
38 ' 73" i7 7 93 17 8 '15 15 -40 i 22 Poor , 

UCS - Uniaxial compressi,'c strength, SHV - Shmidt hammer Value, Ra - Rating, Jy- Volumetric count, 
RQD - Rock quality designation, Sp. - Spacing of discontinuity, Con. - Condition of discontinuity, GWC 
- ground water condition, Ori - Orientation of discontinuity, RMR - Rock mass rating 

Shear Strength and Modulus o(De[ormation 'Ed' ollock Mass 

For the stability of rock mass shear strength pammeters, namely cohesion and angle of 

friction, are very important as they provide the resistance to the sliding of rock mass under the 

influence of gravity. The shear strength parameters at each critical slope section have been 

determined from RMR. The Shear strength parameters of rock mass as determined from 

RMR are summarized in Table 5.2. The standard RMR table gives the range in which the 

cohesion and angle of friction of the rock mass will fall. Further, in order to get the cohesion 

and angle of friction for a specific value of RMR, Bieniawiski, 1976 has proposed the 

following relations. 

C*=O.05RMR .......... 5.3 

!l>* = O.5RMR + 5 .......... 5.4 

C* and !l>* are the specific value of cohesion and angle of friction for a givcn RMR value. 

For the present study an attempt has also been made to empirically find out the Modulus of 

deformation 'Ed' of the rock mass by using RMR. Deformability means the capacity of rock 

to strain under applied loads or in response to unloads. For this purpose the empirical relation 

proposed by Agarwal et al (1991) has been used, which is given by eq 5.5 and the results thus, 

obtained are presented in table 5.2 

Ed = 10 (RMR-3OV50 .......... 5.5 
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~
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has be;:n caIried r;d 

Village 
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Scale 

o 0~6 

; 340000 
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I u;,1 Moderately high zone 
D Low hazard zone 

Fig. 5.1 Map showing the critical slope sections and RMR data collection areas 
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Table 5.2 Shear strength Parameters and Modulus of Deformatioll 'Ed' as dctcrnlin<-'{\ 
fromRMR 

S.No RMRData RMR Shear strengtll Parameters Modulus 0/ De/ormation 
Location • C(Range) t/J (Range) C' t/J* 

'Ed'in (Mpa) as 
(UTM)E,N determined by equation 

5.5 

SLI 340029 ,858825 29 100-200 15-25 150 20 955 

SL2 340632,858673 32 100-200 15-25 160 21 1096 

100-200-
- -----

SLJ 340494,859222 31 15-25 155 21 1050 

SlA 340976,859881 17 < 100 <15 85 14 550 

SL5 3390 14,860732 18 < 100 <15 90 14 575 

SL6 337117,862493 24 100-200 15-25 120 17 759 

100-200-------I~~-1--- ~---- ----_._-- ----
SL7 337521,863266 21 15--25 105 16 660 

- --- -----
SL8 337661,863094 22 100-200 15-25 110 16 692 

C' is the specific value o/Cohesion/or a given RMR as determined using Eq. 5.3 
t/J* is the specific value of angle offriction for a given RMR as determined using Eq. 5.4 

5.3.2 Soil Classificatioll 

The northem parl of the study area is covered with soil. The 'Total estimated hazard' (TEHD) 

values indicates that most of the soil covered areas fall under moderately hazard zone. 

However, little soil covered areas fall under high hazard zone. From field manifestations of 

instabilities two critical soil slopes, SL9 and SL 10, have been identified which are potentially 

unstable (Fig. 5.1). Thus, these two slope sections are studied in detail for their instability. 

For the purpose of detailed stability analysis, soil samples have been collected from these 

critical slopes (SL9 & SL 10) and were analyzed for the classification and the index 

properties. According to AASHTO classification, both the soil samples have been classified 

as clayey soil with dry unit weight of 16.7 kN/m3
• The natural water content of soil sample 

taken from slopes SL9 and SLlO are 47.3% and 48.6%, respectively. The soils have also been 

classified as inorganic clay of low to medium plasticity with (LL) =46%, PL=25.9%, 

PI=20.! %) for SL9 soil and (LL) =48.5%, PL=23.3%, PI=25.2%) for SLlO soil sample. Table 

5.3 presents the Index Properties, as determined from the soil samples collected from critical 

slope sections. 

With the limitation of time and resources it was not possible to conduct the tests to detennine 

the cohesion and angle of shearing resistance of the soil, as these tests are very sensitive and it 

ne\lds proper sampling and testing methods. However, the values for cohesion and angle of 
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shearing resistance have been taken from USBR standard table (Small Dams, USBR, 1982). 

Table 5.4 presents the Shear strength properties and Unit weight of soil used in stability 

analysis for critical slope sections 

Table 5.3 Index Properties, as determined from the soil samples collected from 
critical slope sections 

Sample Depth Origin Color Index Value 
From (em) " .g .. 

Moisture " ~ S !'-. LL' PL' PI' content 
:::: % ~ 
~ \j 

'------ ----- _ .. _"- -~,---- +'-'-"CL" --
SL9 90 Re:;idual - Light )'eIlO\\~- Clay ·16.0 2).9 20r .- 47.3-" 

--
SLIO 95 Residual Reddish bro\\1l Clay 48.5 23.3 25.2 48.6 CI. 

Table 5.4 Shear strength properties and Unit weight of soil at critical slope sections 

Parameters Samples from SL9 Samples/rom SLIO 

-- f---. _.-_. __ .-- -------._----
Cohesion (C) in T/m- , 7.1 7.1 

Friction angle (P) in degree' 2S 2S 

Unit weight (S) in Tim' , 1.7 1.7 

• values are taken from USBR. 1982 

5.4 Discontinuity Analysis 

Discontinuities are structural weakness planes upon which movement can take place. The 

presence or absence of discontinuities has a very important influence upon the stability of 

rock slopes and the detection of these geological features is most critical part of the stability 

investigation. When the rock mass contains discontinuity surfaces dipping towards the slope 

face at angles between 30° and 70°, simple sliding can occur and the stability of the slope is 

significantly lower than those in which only horizontal and vertical discontinuities are present 

(Hoek et ai, 1977). 

The rock mass exposed on the critical slope sections in the study area is traversed by 

discontinuity planes mainly, joints, faults, and dykes. In order to work out the preferred 

orientations of these discontinuity planes, structural data, mainly joints has been collected 

from all critical rock slope sections. For each discontinuity plane the azimuth of the 'Dip-
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Direction' clockwise in relation to magnetic North from 00 to 3600
, has been measured. 

whereas, amount of dip was measured along it's true dip direction in the vertical plane. 

Later, the structural discontinuity data has been analyzed using Spheristat 2.0 and Microdem 

computer programs. For data analysis the data were fed in Spheristat 2.0, as Dip direction 

!Dip amount. The poles were then plotted on a Schmidt projection, lower hemisphere. Using 

the density analysis facility of thc program the poles were contoured on 'Schmidt' counting 

net. Thus, the prefcrred orientations of discontinuity planes were determined. Further, the 

major plane dip directions and dips were plotted in Microdem computer program, which has 

been later utilized for the Kinematic check to detcnnine the possible mode of failure. Figure 

5.2 and Tabk 5.5 presents the. preteffed OlicntatiOl's, as observed on vmious critical rock 

slope sections in the study area. 

Table 5.5 

Slope 
section 

SLI 

SL2 

SL3 

SL4 

SL5 

SL6 

SL7 

SL8 

Preferred orientations, as observed on various critical rock slope sections 
in the stndy a!'ea. 

Location (Unf) Number Preferred Orlelllation of Discontinuity Planes 
of Jomt Dip Direcrioll/ Dip Amount 
sets - .------_.- .. _._. -._--_ .. - -.- ... ~.-.. ---

NOr/Mtlg Eastmg Jl J2 J3 

858825 340029 3 N028°/83° N 182"163" N 145"/41 

858673 340632 3 N193°n2° N021°mo N216°/59° 

859222 340494 3 N312°/82° N258°/49° N213°/21° 

859881 340976 3 N139°n5° N253°/49° N169°/39° 

860732 339014 3 N297°n7° N356°/54° N316°/40° 

862493 337117 2 N1000142° N0800146° --
+-- -' 863266 337521 3 N270o/85° N269°/54° N326°/60° 

863094 337661 2 N318°/82° N213°/61° -

5.5 Geometry and Geology of the Critical slope Section 

For the detailed stability analysis cross sections has been prepared along all critical slope 

sections. The Geometry of slope sections in terms of slope direction and inclination, upper 

slope direction, inclination and the height of the slope are presented in Fig.5.3(a), (b),(c) and 

Table 5.6. Geological cross sections have been prepared along all the critical slope sections. 

The geological details for these cross sections were visually observed along the road cut and 

the natural outcrops. Further, the geological cross section prepared by the Project Authorities 

for the tunnel alignment has also been utilized to project the geology along the critical slope 

sections. 
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Fig. 5.1 Map Showing the Landslide Hazard zone and critical slope sections and 
Preferred Orientation of Discontinuity Planes 
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Figure S,3(a) Geological cross sections and Geometry along the critical slope sections. 
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Fig. 5.3 (b) Geological Cross section and Geometry along critical slopes 
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Fig, 5,3 (c) Geological Cross sections and the geometry along Critical slopes, 

Table 5,6 The Gcomett)' of Critical Slope Sections 

Slope Slope Face Upper Slope Face Heigltt(m) 
Section 

Direction Inclination Direction i Inclination 

SLl N 170u 75u N 170" 17u 12 
-

SL2 N 210u 74u N210 20u 15 , 
SL3 N 335u 76u N 335" 15u 18 

SL4 N 185u 78 N 185u , 
26" 15 ; 

SL5 N 315u 60" N 315u 

i 24" 18 

SL6 N 080u 57u N 080" ! 20" 19 
I 

SL7 N 270u 72" N 270" 27" II 

SL8 N 270u 67" N 270" 32"' 10 
I 
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5.6 Kinematic Check 

Different types of slope failure are associated with different geological structures and it is 

important'that the slope designer should be able to recognize the potential stability problems 

during the early stage of project. Markland developed a simple test which is designed to 

establish the possibility of a wedge failure in which sliding takes place along the line of 

intersection of two planar discontinuities. Plane failure is also covered by this test since it is a 

special case of wedge failure. If the contact is maintained on both planes, sliding can only 

occur along the line of intersection and hence this line of intersection must daylight in the 

slope face. 

TIms, in a rock slope th" failufe will only occm iflbe following cOlldil;CJll;, "re 5atif;lied; 

Plane failure af > Up >~ ... 5.6 

Wedge failure ar > aj > ~ ... 5.7 

Where: 
ar is the slope angle 
a p is the dip of the potential failure plane 
aj is plunge of the line of intersection 
0/ is the angle of internal friction ofthe two 
wedges forming plane 

For the kinematics check, Markland test has been applied to all 8 critical rock slope sections. 

Stmctural data, along with slope inclination and a 'phi circle' corresponding to angle of 

friction of the rock mass has been plotted on equal area projection 'Schmidt Net'. TIle angle of 

friction has been estimated from the RMR data. Figure 5.4(a) & (b) presents the stereo plots 

to demonstrate Markland test for critical rock slope sections. It has been found that out of total 

8 critical rock slope sections 7 slope sections satisfy the condition for Plane mode of failure 

(Plate 5.1), whereas, only one slope section satisfy the condition for wedge mode of failure. 

Two slope sections, namely SL9 and SLl 0 are soil slope sections and will have circular or 

rotational mode of failure. Thus, these slopes have been further analyzed for their Factor of 

safety under existing and anticipated worst conditions. Table 5.7 presents the possible mode 

offailures of critical slope sections in the study area. 

5.7 Limit Equilibrium Analysis for Critical Slope Sections 

Limit Equilibrium Method of analyzing stability of rock or soil slopes is a very effective and 

efficient method to quantitatively assess the stability condition of a slope. This method 

requires to determine Factor of Safety between the resisting forces to the driving forces. 

56 



I 

I 
.\ 

\ 

N N 

Critical Zone 

Fig.S.4 (a) Possible Mode of Failure in Critical rock slopes Sections 
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Fig. 5.4 (b) Possible Mode of Failure in Critical Rock slope Sections 

The various forces involved in the stability condition of a rock slope are weight of the sliding 

rock mass over a failure plane or on two intersecting discontinuity planes, cohesive force on 

the discontinuity plane/s, uplift water forces acting along the discontinuity plane and the 

vertical water force acting on the back face of the tension crack. 

Table 5.7 Possible mode of failures of critical slope sections in the study area. 

Slope Locatioll (UTMJ Slope Seclioll Allgle of Possible Mode of Failure 
Sectioll Friclioll 

Nortltillg Easlillg Directioll Slope Plane Wedge Failure Circular 
Angle Failure Failure 

SLI 858825 340029 N 170u 75u 20 J3 No No 
N 145'/41° 

SL2 858673 340632 N210" 74" 21 J3 No No 
N 216°/59° 

SL3 859222 340494 N 335u 76u 21 J3 No No 
N 213°121° 

SL4 859881 340976 N 185" 78" 14 J3 No No 
N 169'/39° 

SLS 860732 339014 N 315u 60" 14 J3 No No 
N 316°/40° 

SL6 862493 337117 N 080u 57" 17 J2 No No 
N 80'/46° 

SL7 863266 337521 N 270" 72" 16 12 No No 
N 269'154° 

SL8 863094 337661 N270" 67" 16 No W No 
Jl(N318/82), 
12 (N213/61) 

SL9 864996 339248 N 115" 68° 25" No No Yes 

SLIO 863700 339160 N295° 61° 25" No No Yes 
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Plate 5.1 Possible plane mode of failure in rock mass 

5.7.1 Factor of Safety analysis 

Factor of safety (FOS) is the ratio of the total force available to resist sliding to the total force 

tending to induce sliding. For the present study, for all critical slope sections the factor of 

safety has been determined for static and dynamic conditions under v~rying water saturation 
-;-,--.~~.-

situations. The factor of safety has been determined for existing and possible worst 

conditions, represented by following six conditions; 

i) Static drl' condition - when slope is not subjected to any water saturation and 

static conditions prevail. 

ii) Static moderately saturated condition - when the slope is subjected to moderate 

saturation, this condition may occur during moderate rains and if static conditions 

prevail. 

iii) Static [ully saturated condition - when the slope is subjected to full saturation, 

this condition may occur during very heavy rains and static conditions prevail. 
,,--.-~ -,--.~-
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iv) 

v) 

Dvnamic dry condition - when slope is not subjected to any water saturation and 

earthquake occurs. 

Dvnamic moderatelv saturated condition - when the slope is sUbjected to 

moderate saturation, this condition may occur during moderate rains and during 

that period earthquake occurs. 

vi) Dl'lIamic filII}' satl/mid condition - when the slope is subjected to full saturation. 

this condition may occur during velY heavy rains and if during that period 

earthquake occurs. 

Out of above 6 mentioned conditions, the existing condition of the critical slope sections is 

represented by static dry condi!iolJs. However, the possible mlticipated worst conditions lIla) 

be represented by Dynamic moderately saturated conditions. Since, the probability of 

Dynamic fully saturated conditions is very low as, it will be a very rare chance that 

earthquake activity occurs during very heavy rains. Thus, for all the critical slope sections the 

slopes has been designed for anticipated worst conditions. 

5.7.1.1 Plane Mode of Failure Analysis 

Plane failure occurs when the strike of the discontinuity plane is nearly parallel to the strike of 

the slope and daylight on the slope face. For the present study in total 7 critical slope sections 

satisfies the Markland condition for Plane failure. Therefore, these critical slope sections have 

been analyzed for their factor of Safety under static and dynamic conditions for varying water 

saturation situations. 

The failure analyses have been carried out by using modified plane failure analysis technique 

of Sharma et al, 1995. This technique facilitates to account for inclined upper slope surface. 

The factor of safety, for slopes having plane mode of failure have been calculated tor static 

and dynamic conditions under varied water saturated conditions. The saturation conditions 

have been represented as; dry slope; tension crack half filled; and tension crack completely 

filled with water. Fig 5.5 shows the geometry of slope and various force vectors involved in 

the analysis. In the modified teclmique of plane failure analysis (Sharma et aI., 1995), the 

following assumptions have been made; 

i) For saturated condition the tension crack is fully filled with water. The water in the 

tension crack seeps along the failure surface and escapes out on the slope face through 

the sliding plane, where it day lights on the slope face. 
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0::, - Slope face angle 
0::. - Upper slope surface angle 
0:: P - Dip of potential failure plane 
0:: t Angle of tension crack 
h Height of Slope 
Z - Height of te""ion crack 
W - Weight of sliding block 
U - Uplift water force acting on 

the block 
V - Water force in the crack acting 

on the rear face orthe block 

c 

Fig. 5.5 Geometry of the slope for modified technique (Sharma et.al, 1995). 

ii) There is no resistance to sliding on the lateral boundaries ofthe sliding rock mass. 

E 

fl 
I 

iii) For moderately saturated condition the tension crack (ZL) is half filled and the water 

level in the crack Zw= 0.5 ZL. The water in the tension crack seeps along the failure 

surface and escapes out on the slope face through the sliding plane, day lighting on the 

slope face. 

iv) For dry condition the rock mass is completely dry and z.v=O. 

v) The upper slope inclination must be less than the inclination of the failure plane, i.e. as 

As per the modified technique of plane failure analysis (Shanna eLal, 1995) the area, weight, 

horizontal water forces and uplift water forces are calculated by the following equations; 

Area of sliding mass: 

........ 5.8 
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Where: 

Z _ Zsina, 
I. - (sina, -Iana

p 
cosa,) 

Z = h[(l 
cola ( 
--"-" )+ 
cola, 

COla! cota p cota p 
I-~x( )] 
cotap cota,-I 

Weight 'w' of the sliding mass: 

I 
W =-y[(h+a)X -DZ/) 

2 " 

........ 5.9 

........ 5.10 

........ 5.11 

...... "5.12 

........ 5.13 

Where, y is the unit weight of the rock, X and D are the slope distance A 

respectively and a is the height EF as shown in Fig. 5.5. 

cot a! tana -tana! 
X = h( )x (p ) 

cosa, tana, - tan a p ........ 5.].1 

Z 
D=-------

tanap cos a, -sina, ........ 5.15 

tan a tanap -tana! 
a=h( ')x( "") 

tan a! tana, -tanap ........ 5.16 

Horizontal water force, V 

V I Z2.' 
= 2Y w w Sill a, 

........ 5.17 

Where, Yw is the unit weight of water and Zw is the water level in the tension crack. 

Uplift water force, U 

........ 5.18 
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and moderate saturation conditions prevail, all 7 $Iope sections would be unstable, except for 

slope section SL 2 which has a FOS of 1.45. 

Table 5.8 Input Parameters for the determination of Factor of Safety for Plane 
failure analysis of Critical Slope Sections 

Slope ~ope Upper Failure Tension Cohesion Angleo! Unit ",ei~1It Horizontal Hei 
Seclion ~ngle Slope Plane Crack (Ionlm') Friclion (kNlttr') Earthquake ghl 

angle am!!e angie ~ock ,,'ater ACCE/~lotion 
f-Jm) . ._-.. _ .. - "-'-"- --- ---------. 

t:;< a, ap a, C ; r Yw a H 

SL I 75° 17° 41° 63° 15 20° 2.41 I 0.08g 12 
SL2 79° 20° 59° 90° 16 21' 2.41 I 0.08g 15 
SL3 76° 15° 21° 90° 15.5 20.5° 2.41 I 0.08g 18 
SL4 78° 26° 39' 90° 8.5 13° 2.41 I 0.08g 15 
~5 60° 24° 40' 77° 9 15° 2.41 1 0.08g 21 . 1-49' --83°'- ---_. --'_ .. 

-~~ 570 46' 12 20' 2.41 I ... q.08g~ u 
19 ._-_ .. _._---- - ----- ... 85"1'-'10:5 ... . -------- f.. .. -- .-

SL7 72 27 54 15.5 2.41 I O.08g II 
.. 

Therefore, there is a need to provide some foml of remedial measures to the slope sections 

which have a FOS less than 1.0 for the anticipated adverse conditions. Though, slope section 

SL 2 and SL 7 demonstrates a FOS of 1.45 and 1.13, respectively for the existing slope 

geometry, but these may become unstable for other geometric configurations. The chflilge of 

slope geometry is very likely to happen as the road is still in construction and the road 

widening is in progress. Therefore, keeping all considerations an attempt has been made to 

workout a safe design for all critical slope sections, including SL 2 and SL 7. The slope 

design and other remedial measures are discussed in detail in Chapter 6. 

5.7.1.2 Wedge Mode of Failure Allalysis 

Wedge mode of failure occurs when two structural discontinuities planes strikes obliquely and 

there line of intersection daylights on the slope face (Plate 5.2). The sliding of rock mass will 

be on these two intersecting planes in the direction in which the line of intersection plunge. 

For the wedge failure to occur the kinematic condition defined as ar > (Xi > $ has to be 

satisfied. Where, 'ar 'is the inclination of the slope face, 'ai' is the plunge of the line of 

intersection of the two wedge forming planes and '$' is the angle of friction (Hoek and Bray, 

1989). 

In the study area only one slope section, SL8 satisfy the kinematic condition for wedge mode 

of failme. The two discontinuity planes involved in this slope section are Jl and J2 which 

have an orientation N318°/82° and N213°161 0, respectively. The plunge ofiine of intersection 

is oriented in N 232°158°. The angle of friction as obtained from RMR and it is 16°. Thus, 
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detailed stability analysis for this slope has been carried out for static and dynamic conditions 

under varied water saturation conditions'. 

Table 5.9 

Section 
Line 

SL I 

SL2 

SL 3 
---

SL4 

SL5 

SL6 

SL 7 

2.0 

1.5 

Stability Condition of Critical Slopes baving Plane Mode of Failure 

Dry 

0.42 

\.67 

1.06 
._--_._-

0.44 

0.62 

0.38 

1.19 

FACTOR OF SAFETY 
-~------ --

Static Conditio" lJynnmk Condition 
-- _._----- --~ --,-- -- -- ------_._-

Moderately Fully Dry Moderately 
Saturated Saturated Saturated 

0.35 0.16 0.36 0.28 

1.54 1.31 1.57 1.45 

1.04 1.00 0.85 0.84 
------- __ .. __ ----1---------------_ ... - -- ----- -- ----- -- - -- ---._----

0.42 

0.58 

0.38 

1.22 

0.38 O.3!' 036 

0.52 0.56 0.51 

0,37 0.33 0.33 

1.07 1.21 1.13 

Illll Dry 
II Modera:ely Saturated Stahc 
D Fully Saturated 

m Dry = 

III Moderately Saturated I Dynamic 
IjljJ Fully Saturated 

------" -------

Fully 
Saturated 

0.13 

1.23 

0.81 
-------- - .. 

O.3J 

0.46 

0.32 

0.91 

1.0+·· ...... ····· .. · .. ··· 

0.5 

Sil SI2 SI3 514 SI5 SI6 817 

SLOPE SECTION 

Fig 5.6 Stability condition of critical slopes having plane mode of failure for existing 
and anticipated worst conditions 

In order to calculate the factor of Safety of SL8 having possible wedge mode of failure 

computer program SASW has been used. This computer program is based on the 

"Comprehensive Solution" of wedge failure proposed by Hock and Bray (1989), a brief 

description about SASW is given at Annexure v. 

The input parameters required for SASW Program are: number of slope; number of joint sets; 

number of cases; dip of the Ithjoint plane (deg); C (I) cohesion of Ithjoint plane (Ton/nil); 
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Plate 5.2 Wedge Mode of Failures along the ,'oad cut 

friction angle ($) of!th joint plane (deg); angle of slope of upper surface; dip direction of the 

upper surface; angle of rock slope; dip direction of the rock slope; height of the crest of the 

slope above toe of intersection; unit weight of the rock (Yr); lmit weight of water (y,,); 

coefficient of horizontal acceleration near the crest of the slope (a); corresponding earth 

quake magnitude; water level above toe of intersection; and pore water pressure factor (0, for 

dry; 1, for wet slope), 

Thus, the various input parameter used for the analysis of Slope SL8 are; 

i) Dip and dip direction of two wedge forming planes, this has been derived aftcr 

analyzing the structural discontinuity data for their preferred orientation. 

ii) Slope gcometry i.e, slopc inclination, upper slope inclination and the height of the 

slope, obtained after prcparing a slope cross section fi'om topographical map on 1: 

50,000 and for road cut procuring cross section on 1 :350 scale from the Project 

Authorities. -Ole geometry of slope (SL8) is shown in Figure 5.3. 
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iii) The shear strength parameters, cohesion 'C' and angle of friction '~' have been 

derived from RMR data collected from the field (Table 5.1) 

iv) TIle horizontal earthquake acceleration 'a' has been taken as O.08g, the derivation 

of , a' has already been explained in the previous paragraph. 

The input data sheet for critical slope section SL8 h<1ving wedge mode of failure is given at 

table 5.10. 

The Factor of Safety has been calculated for SL8 critical slope sections having possible 

wedge mode of failure under static and dynamic conditions for varied water saturation 

conditions. The re:;ults thus, ob\:,ined Hr·; pp;sentcd iI, Tab\< ;, ! I. 

Table 5.10 Input Data Sheet for Wedge failure Analysis for SL 8 Slope Section 

Input paramners Road Cut Section Entire Slope Section 

Plane J Dip Direction N318° N318° 
-----_.---- .--- - --- --._- ._- ----------- ------- -_.-
Amount 82° 82° 

i . -- ----- ---_.- ---, - -. ---
Plane 2 Dip Direction N213° N21JO 

Amount 67° 67" 

Upper Slope Surface DIrection N270° N270° 

Jncl/llatioll 32" 32" 

Slope Face Direction N270° N270° 

Inclillation 67" 32" 

Height of Slope meters 10 900 
--.----- - .. --... -------.-- .. --.-. ----.- "----

Cohesion fe' Tonslll(----- II 

Angle offriction '¢' degree 20° 

Unit weigllt of Rock TOIIslm" 2.454 

Unit weigllt of Water TOIIslm' 1 

Earthquake I/Orizolltal -
acceleration la' 0.08 

Correspollding - 7 
earthquake magllitude 
(Richter Scale) 

Pore water pressure factor No units O( dry), 0.5 (moderately saturated), 1.0 (fully saturated) 

Perusal of table 5.11 indicates that the road cut slope section is stable for the existing 

condition (static dry) and will remain stable even for dynamic conditions when it is dry but 

the entire slope section is not stable for existing and other anticipated conditions. However, 
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for anticipated worst condition represented as dynamic moderately saturated, both road cut 

slope section and the entire slope will be unstable, as for these conditions the FOS is zero. 

Therefore, there is a need to design suitable remedial measures for this slope section so that it 

will remain stable under the anticipated worst conditions. 

Table 5.11 Stability Condition of Cdtical Slopes baving Wcdgf: Mode of Failure 

.--~ 

Section Line FACTOR OF SAFETY 

Static Condition Dynamic Condition 

Dry Moderately Fully Dry Moderately Fully 
Saturated Saturated Saturated Saturated 

~.-~.------ ... -. ---- ~--------- 1----- -··-cc-::- -----
Rm'u Cut Slo!", :>2.8 0.0 0.0 70.9 Of) 0,0 

SL 8 I-- . -- ----- -------------- 1-. __ ._- - .-.- - .. __ .. - .... - .. -
EntIre Slope 0.57 0.0 0,0 0,56 Ii.O 0.0 

5.7.1.3 Circular Mode of Failure Analysis 

The conditions under which circular failure will occur arise when the individual panieles in a 

soil or rock mass are very small as compared with the size of the slope and these p811icles are 

not interlocked as a result of their shape. In the case of soil, well defined stmctural pattern do 

not exists and the failure surface is free to find the line of least resistance through the slope. 

According to Hoek et al (1977), for circular failure analysis dIe following assumptions are 

made; 

i) The material forming the slope is assumed to be homogeneous, i.e its mechanical 

properties do no! vary with direction of loadillg, 

ii) The shear strength of the material is characterized by a cohesion (c) and friction angle 

($) which are related by the equation, ,= c + a.Tan $ 

iii) Failure is assumed to occur on a circular surface, which passes through the toe of the 

slope. 

iv) A vertical tension crack is assumed to occur in the upper surface or in the face of the 

slope. 

v) The location of the tension crack and of the failure surface is such that the factor of 

safety is minimum for the slope geometry and the ground-water conditions considered, 

vi) A range of groundwater conditions, varying from a dry slope to heavy recharge, are 

considered in the analysis. 
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The northern part of the study area is covered with soil and according to tlK' Total estimated 

hazard (TEHD) values, most of the soil covered areas fall under moderately hazard zone and 

low hazard zone. However, little soil covered areas fall under high hazard zone. In these 

zones based on the field manifestations of instability (as discussed in para. 5.2), two critical 

slope sections, namely SL9 and SLIO, were identified (Fig. 5.1). 

Road Cm S1!ctlon 

2250 

2000 

T 1850 --- - ---

1700 

1550 

I,jOO 

Slope Section SL 9 

Road Cut Section ~~~ Residl1al Soil 

HfJight (m) 

/ 1850 

1750 

'. 
1650 

1550 
. __ .-c-_,_~.:---

1450 

l~! 1350 

Slope section SL 10 

Fig. 5.7 Critical Slope section for Rotational Mode of Failure 

For the detailed stability analysis cross sections has been prepared (Fig 5.7) along both the 

critical slope sections, i.e. SL9 and SLI O. 
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The Geometry of slope sections includes slope direction and inclination, upper slope direction 

and inclination and the height of the slope. 

The stability analysis for circular mode of failure has been carried out by SARC computer 

program, This program is based on the Bishop's method of determining Factor of Safety for 

circular failure. The program calculates factor of sarety for all possible slip circles and finally 

it workout slip surface for which factor of safety is minimum. It also provides the center and 

radius for the slip surface for which factor of safety is minimum. A brief description of SARC 

is given at Annexure V. 

. 
Plate 5.3 Critical soil slope section SL 10, 

In order to perform the ~;lability ilnalysis, 

cross sections for each of the slope, has been 

prepared. The geological details for these 

cross sections were visually observed along 

the road cut and the natural outcrops, Further, 

the geological cross section prepared by the 

Project Authorities for the twmel alignment 

has also been utilized to project the geology 

along the critical slope sections. 
having possible circular mode of failure 

both the critical slope sections. samples were For the identification of soil present on 

collected and classification tests have been conducted. According to AASHTO classif­

ication, both soil slope sections has clayey soil with dry unit weight 16.7 kN'm3, and natural 

water content of 47.3% and 48.6% for SL9 and SLIO slope, respectively. The soils have also 

been classified as inorganic clay of low to medium plasticity with LL=46%, PL=25,9%, 

PI=20.1 % for soils on SL9 slope section and LL=48,5%, PL=23.3%, PI=25.2%) for soils 

present on SLI 0 slope section. The input data required for SARC has been presented in table 

5.12, 

The Factor of Safety has been calculated for both critical slope sections having possible 

Circular mode of failure under static and dynamic conditions for varied water saturation 

conditions. The results thus, obtained are presented in Table 5,13. Besides, the factor of safety 

has been calculated for the conditions when the cohesion will be zero, i.e, the worst condition 

which may occur in combination of other static and dynamic conditions under varied water 

saturation situations. 
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Table 5.12 Input data sheet for possible circular mode of rai\lII·c . 
. 

Parameters Critical Slope Sectios 
Slope sectloll SL 9 Slope sectioll SL 10 

N 20 24 
X{I), Z(I) (O, 1364),{3, 1364),{6, 1365),{7, 1366),{8, 1367), (0.1946),{1.35, 1947),(2.8, 1948),(6, 1949), 
I ~ 1 to N (I O,1368),{ 12,1369),{15,1372),( 19,1375), (21, (8.6,1950),(11,1952),(13.6,1952.7),{17,195 

I 377),{24, 1379),(25, I 380),(27, 1381 ),(29,1383) 4.4),(18,1955.5),(20.3,1956.6),(23.5,1958), 
,(32,1384),(34,1385),(36,1386),(39,1387),(43, I (26,1959),(32,1961 ),(35, 1963),(38, 1964),( 
387.5),{45,1387.8) 43.1 %4.4),(47,1964.3),(51 ,1964),(54,1964 

,(56,1964 ),(59,1963.8),(62,1963.7),(65.196 
3),(68,1962.4) 

C 0 0 
PHI 25 25 

GAMA 1.7 1.7 

GAMAW 1 1 
... _-

0:0 (bry>:O.1'(MS),02·{I'SL.~=~~~==:·· 
---- ----- -._-----"--- .. -- ----------- _. ---- - _.--

BBAR 00 (Dr),), O.l(MS), O.2.([S) . . -. __ ... _--- .. 
AH 0.4 (Dynamic), 0 (Static) 0.4 (Dynamic),O (Static) 

AVR 0.08 0.08 
EQM 7(Dynamic), 0 (Static) 7(Dynamic),O (Static) 

NENP 0 0 

ENTX (I) 0 0 

ENTY (I) 1364 1946 
_._------------------ -------- ----------- ~----.- .. -. ------------ -----------

NEP 0 0 -- .....• _ .. __ ... _ .. -------- -_._------ ---- - ._.0 ______ -._--.-_. 

NOPT 0 0 
.-

XEXlTI 10 11 

XEXITL 36 62 
GAP 26 51 

N Number of profile coordinates «50) 
(X,Z) Coordinates of profile points 

C Cohesion of soil 
PHI Angle of shearing resistance 

GAMA Unit weight of soil 
GAMAW Unit weight of water 

BBAR Pore water pressure! (GAMA'Average Height of slice) 
AH Horizontal component of earthquake acceleration near crest of slope 

AVR Vertical component of earthquake acceleration !AH 
EQM Corresponding earthquake magnitude on Richter Scale 

NENP Number of entry points of slip surface 
ENTX X-coordinate of entry point of circle 
ENTY X-coordinate of entry point of circle 

NEP Number of exit points (0, when no individual point is given) 
NOPT o when only minimum factor of safety is required, 1 when all FOS 

XEXITI X-coordinate of first exit point of circle 
XEXITL X-coordinate of last exit point of circle 

GAP Horizontal distance between consecutive exit points 

Pemsal of table 5.13 indicates that slope SL9 is stable for existing conditions (Static dry 

condition) as the factor of safety is 2.53. The slope will remain stable even for anticipated 

worst condition (dynamic moderately saturated condition) as the FOS for this condition is 

1.23. However, if somehow, the cohesion for soil mass becomes zero the slope will be 
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unstable for all static and dynamic condition, though practically it would be very mrc chance 

that cohesion becomes zero. 

Table 5.13 Stability Condition of Slope having possible wedge mode of failure 

Slope Condilion FOS Welglttof Coordinate of center exit point of slip Radius of 
Section wedge of critical slip eire/e circle slip circle 

SO, C-7.IT/m- 2.53 .50E+03 ( 10.17,1387.81) ( 36.00, 1386.00) 25.89 
SD,C~ 0.79 .S6E+03 ( -1.05, 1406.18) ( 36.00, 1386.00) 42.19 
SMS, C-7.ITlm' 2040 .52E+03 ( 10.47,1387.32) ( 36.00, 1386.00) 25.57 
SMS,C~ 0.69 42.19 ( -1.05, 1406.18) ( 36.00, 1386.00) 42.19 
SFS. C~7.IT/m' 2.26 .S2E+03 ( 10.55, 1387.20) ( 36.00, 1386.00) 25048 

SL9 SFS,C~ 0.58 .56E+03 ( -1.05, 1406.18) ( 36.00, 1386.00) 42.19 
DO,C-7.IT/m- 1.31 .5SE+03 ( 1!.l8,1386.17) ( 36.00, 1386.00) ._.- 24.82._ 
DD,C-O 0.39 .56E+03 ( -LOS, 1406.18) ( 36.00, 1386.00) 42.19 
DMS.C-7.ITlm" 1.23 .55E+03 ( 1!.l8, 1386.17) ( 36.00, 1386.00) 

.-r' 24.82 
OMS.C~O 0.33 .56E+03 ( -1.05, 1406.18) ( 36.00, 1386.00) 42.19 
DFS. C-7.ITlm" !.lS .SSE+03 ( 1!.l8,1386.17) ( 36.00, 1386.00) 24.82 
OFS.C~ 0.39 .S6E+03 ( -LOS, 1406.18) ( 36.00, 1386.00) 42.19 
SO, C-7.!T/m' 3.70 .14E+04 ( 22.09, 1986.06) ( 62.00, 1963.70) 45.74 
SO,C-O 1.10 .IOE+02 ( -6.12, 1970.30) ( 11.00, 1952.00) 25.06 
SMS. C-7.!T/m' 3045 .14E+04 ( 22.09,1986.06) ( 62.00,1963.70) 45.74 
SMS.C~ 0.94 .IOE+02 ( -6.12, 1970.30) ( 11.00, 1952.00) 25.06 
SFS .C~7.1 Tim' 3045 .1lE+04 50.63 ( 22.06, 1994.82) ( 62.00, 1963.70) 

SL 10 SFS.C~ 0.89 A9E+OI ( 2.88, 1958.23) ( 11.00, 1952.00) 10.23 
DO, C-7.IT/m- 1041 .18E+04 ( 25.64, 1973.62) ( 62.00, 1963.70) 37.69 
DD,C~ 0.47 .IOE+02 ( -6.12, 1970.30) ( 11.00, 1952.00) 25.06 
OMS. C-7.IT'm" 1.25 .14E+04 ( 21.42, 1988040) ( 62.00,1963.70) 47.51 
DMS,C~ 0040 .IOE+02 ( -6.12, 1970.30) ( 11.00, 1952.00) 25.06 
DFS.C-7.!Tlm' l.l8 .15E+04 ( 22.89, 1983.26) ( 62.00,1963.70) 43.73 
DFS.C~ 0.31 .IOE+02 ( -6.12,1970.30) ( 11.00, 1952.00) 25.06 
Notations used in tlte table 

SO Static Dry 
SMS Static Moderately Saturated 
SFS Static Fully Samrated 
DO Dynamic Dry 
OMS Dynamic Moderately saturated 
OFS 
C 
FOS 

Dynamic Fully Saturated 
Cohesion 
Factor of Safety 

From the results, the stability condition of slope SLl 0 is similar to that of SL9 as for existing 

condition (Static dly condition) the slope is stable as the factor of safety is 3.70. The slope 

will remain stable even for anticipated worst condition (dynamic moderately saturated 

condition) as the FOS for tlus condition is 1.25. However, for the condition when cohesion of 

the soil mass becomes zero the slope will be critically stable (FOS = I.l) for the existing 

condition, but for anticipated worst conditions tlus slope will be wlstable. 
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CHAPTER- 6 Slope Design and Remedial Measures 

The slopes which are susccptible to failure by various modes like, plane, wedge or circular 

mode of failures can be stabilized by various methods. These methods could be as simple as 

altering the geometry of the slope or comparatively complicated and difficult like providing 

reinforcement and retaining structures. The important factors which influcnce the stability of 

the slope are; i) slope angle ii) dip of the failure plane or plunge of the line of intersection of 

two wedge fanning planes iii) shear strength parameters, cohesion and angle of internal 

friction and finally the water saturation condition .. 

For the stability condition either of the above mentioned factors may have comparatiye\y high 

or low influence. Some of the factors may be responsible in inducing the forces for sliding 

where as, the others may contributes in providing the resistance to the sliding. TIle net result 

of these factors will defines whether the slope is going to slide, under the given conditions, or 

it will be stable. TIle relationship of the factors responsible for inducing sliding and the factors 

responsible to provide resistance to the sliding is defined by the limit equilibrium. Factor of 

safety can be defined as the ratio of the total forces available to resist sliding to the total 

forces available to induce sliding. If the factor of safety is less than unity, it implies that the 

resistive forces are less than that of the forces which induce sliding. Thus, for the condition 

when the FOS is less than 1.0 the slope may fail, provided it is subjected to a triggering 

factor, natural or man made. The factor of safety of a potential unstable slope may be 

improved by providing several methods such as, safe slope design by altering the geometry of 

the slope, reinforcement by providing rock bolts, retaining structures, shotcreating etc. 

6.1 Overall Stability Condition 

In the present study it has been identified that there are ten critical slope sections out of which 

7 slope sections have potential plane mode of failure, I slope section accounts for wedge 

mode of failure and remaining 2 slope sections are potentially unstable for possible rotational 

mode of failure. Figure 6.1 shows the overall stability condition of critical slope sections. 

The detailed stability analysis of the critical slope sections having possible plane mode of 

failure indicates that for the existing conditions i.e static dry, only 2 slope sections (SL2 and 

SL 7) are stable, the remaining 5 slope sections (SLl, SL3, SL4, SL5 and SL6) are unstable. 

For the anticipated adverse condition (AAC), represented by moderate saturation with 
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dynamic condition, slope SL2 is stable and slope SL7 is critically stable. However, the 

remaining slope sections (SU, SL3: SL4, SL5 and SL6) would be unstable for AAC.· 

Therefore, there is a need to provide some fonn of remedial measures to the slope sections 

which have a FOS less than 1.0 for the anticipated adverse conditions (AAC). Though, slope 

section SL 2 and SL 7 demonstrates a FOS of 1.45 and 1. 13, respectively for the existing 

slope geometry, but these may become unstable for other geometric configumtions. The 

change of slope geometry is very likely to happen as the road is still in construction and the 

road widening is in progress. Therefore, keeping all considemtions an attempt has been made 

to workout a'safe design for all critical slope sections, including SL 2 and SL 7. 
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Fig. 6.1 Overall Stability of critical slopes under existing and possible worst conditions 

The stability condition of road cut section having wedge mode of failure (SL8) will be stable 

for the existing conditions. However, for the entire slope section of SL8 demonstrates a FOS 

less than one, indicating slope is unstable for existing condition. For the AAC the road cut 

section and the entire slope section of SL8 is unstable. Therefore, some form of remedial 

measure has to be provided to this slope section. 

The stability condition of slope sections having rotation mode of failure indicates that both the 

slope sections (SL9 and SL 10) are stable for existing and anticipated worst conditions. The 

slope sections are even stable for the dynamic full saturated conditions. However, for the 

worst condition when cohesion is taken zero both the slope sections become unstable. Though 

practically cohesion can never be zero, particularly for the soils present on these slope 

sections, which are clay soils (CL). 
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6.2 Remedial Measures for Slope Sections Having Plane Mode of Failure 

6.2.1 Slope Desigl/ 

The safe slope angles for a given slope can be obtained by adopting techniquc proposed by 

Hoek and Bray, 1989. In this technique, the factor of safety is obtained by asswning different 

slope angles and slope heights. TIle factor of safety, as calculated for each combination of 

slope angle and slope height, is marked over a graph sheet by taking slope angles on X-axis 

and height on Y-axis. Later, a contour curve corresponding to a factor of safety equal to 1.2 is 

drawn. Thus, the safe slope angles for different slope heights are obtained from this graph. 

Based on these safe slope angles a slope cross section is prepared in which height of the slope 

is considered from top to bottom. 

In·the present study for the critical slope sections having plane mode of failure a safe slope 

design has been worked out by adopting the technique proposed by Hoek and Bray, 1989. For 

this purpose for each critical slope section the height is varied from a minimum to a maximum 

value for a given slope angle. Similarly the slope angle for each slope has been varied from a 

minimum (more than failure plane angle) to a maximum upto 85°. The factor of safety has 

been determined for the anticipated adverse conditions represented by moderately saturation 

with dynamic condition. Thus, the calculated factor of safety for each combination of slope 

angle and slope height is plotted over a graph in which the slope angle is taken on the X axis 

and the height is taken on Y axis. Further, a contour representing a FOS of 1.2 has been 

drawn over the graph to work out the safe slope angles. Hoek and Bray (1989) have 

recommended safe design FOS equal to 1.2 for the road cuts. The safe slope angles for 

different heights, as determined by the above techniques are presented in Table 6.1. Figure 

6.2(a,b,c) shows the design for SL I, SL2, SL3,SL4,SL5 and SL7 slope sections. 

6.2.2 Rock Boltil/g 

Rock bolts are used to reinforce jointed rock much as reinforcing bars supply tensile 

resistance in reinforced concrete. In rock slope, twmeling and underground mining, steel rod 

inserted in a hole drilled in the face of a rock fonnation to support the sides or roof of the 

excavation. These are equally effective in natural and cut slopes, as these rock bolts act as a 

binding tools between the two rock blocks on the either sides of the discontinuity plane. The 

bolt may be provided with an expanding device to grip the rock at the far end of the hole or 
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may be bonded to the rock by means of expanding cement. Rock bolts may be used singly or 

in rows. There are static 'and tensioned rock bolts. Tensioned rock bolts should- be used only 

where a force is needed to counteract the forces making the structure unstable. 

Table 6.1 Safe slope Design angles for different height 

Slope Section Height' (m) Slope Angle Slope Scction Height' (m) Slope Angle 

0 - 15 54° 0 - 15 83° 

SL 1 15 - 30 47" SL2 15 - 30 75° 
30 - 50 44c 30 - 50 71° 

0 - 10 45° 0 - 15 49° 

SL3 10- 20 34° SL4 15 - 30 43° 

20- 30 30C 30 - 50 41° 

o - 15 54°--~ 
------------I- o - 15 

c------ ---------
69° 

1-- 15 - 30 --f------
SL5 15 - 30 47c SL7 63° 

30 - 50 44° 30 - 50 61° 
• Height is measured from top to bottom 

In most cases static bolts should be used. The logic behind a static bolt is that if the structure 

is safe enough to drill into and install rock bolts, it already has an inherent factor of safety. If 

the stability of the structure is adversely affected in the future the static bolt will automatically 

go into tension with the exact amount of force and in the exact location that it should. 

~. 

Tensioned bolts with resin point anchorage Prestressing stccl Anchorage with Anchor Nut 

Untensioned dowels fully resin grouted Reinforcing Steel Anchorage with Defonned Plate 

Fig 6.3 Different Type of Rock Bolts 

Slope Section SL6 can not be stabilized by altering its geometry, as the factor of safety 

calculated for various combinations of slope angle and slope height is less than unity. 

Therefore, this slope section may be stabil ized by providing rock bolts. An attempt has been 
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made to work out the reinforcement force and the number of rock bolts required to stabilized 

this slope section. For this purpose a factor of safety is considered as 1.2 and the required 

reinforcement force has been calculated by using eq. 6.1 or eq 6.2. The reinforcement force 

has been calculated for anticipated adverse conditions. However, the other factors like weight, 

area, uplift water pressure and the water pressure in tension crack has been calculated by 

using equations 5.8 to 5.18 (Chapter 5). 

The reinforcement force for static condition is determined by using eq. 6.1. where the FOS is 

taken equal to 1.2 

CA +(W cosa 0 -u -v sinap)tan? 
F = . .. . ........ 6.1 

Wsina p +Vcosap -TcosfJ 

The reinforcement force for static condition is detennined by using eq. 6.2. where the FOS is 

taken equal to 1.2 

CA + [W(cosa -asina ) -U -Vsina p]tan¢ F = p p . . .. " .. . ........ 6.2 
W(sinap +acosap )+ V cosap - TcosfJ 

Where, C is the cohesion, a is the horizontal earthquake accelerations, '/3' is an angle of the 

bolt installed from plane of sliding plane and 'T' is the bolt tension. The horizontal 

earthquake acceleration has been taken as 0.08g, since the study area falls in 'v1M intensity 

scale 7 (Fig. J.4) therefore, the horizontal acceleration for MM intensity 7 will fall in 0.07 to 

0.1 ranges (Johnson et aI., J 988). An average value 0.08g has been considered for the present 

analysis. 

Table 6.2 Recommended bolt number and separation of bolts for SL 6 slope section 

Installation Angle (/3) Total No of Bolts of Separation of Bolts (m) 
Reinforcement II Tons/m' 
Force (fons) 

45° 38.74 4 3.56 

51° 41.27 4 3.34 

57" 44.68 4 3.09 

65° 51.19 5 2.70 
73° 61.30 6 2.25 

79° 73.08 7 1.89 

83° 84.42 8 1.63 

89° 111.32 10 1.24 
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After calculating the amount of tension required to support the sliding rock mass f0f different 

installation angle for a design ·FOS. 1.2, for anticipated adverse conditions, the number and 

spacing between bolts is calculated fOf 11 ton bolt capacity. Table 6.2 shows the 

reinforcement force required to stabilize the slope section SL 6. 

A perusal of table 6.2 indicates that if a Rock bolt is installed at an angle of 45° the required 

reinforcement force will be minimum i.e 38.74 Tons. This is the total force required to 

stabilize the total slope face of length 12.54 m. Therefore, if 11 tons capacity rock bolts are 

used, total 4 Rock bolts will be required at 3.5m in one section. Further, these Rock bolts may 

be provided laterally 3.5 center to center as per the plan shown through Figure 6.4 

I Slope section SL61 

Road Cut Section 
Plane Mode of Failure 

r9m 

Rock Bolting i"Plan I 

I Rf I ill 

PoIen!ial 
Fawre plane 
inc!ina#orF 58" 

Fail",. PianeN 094"149" 
____ ~ ____ -d~_L~s~~a~~~=_{~b_" __________ ~ 

Cross Section 

Fig. 6.4 Rock bol( plan for Slope Section SL6 Designed for Anticipated Arlverse 
Condition 

6.3 Remedial Measures for Slope Section Having Wedge Mode of Failure 

The stability condition of road cut section having wedge mode of failure (SL8) will be stable 

for the existing conditions. However, for the entire slope section of SL8 demonstrates a FOS 

less than one, indicating slope is unstable for existing condition. For the AAC the road cut 

section and the entire slope section of SL8 is unstable. Therefore, some form of remedial 

measure has to be provided to tllis slope section. 

As indicated from the stability results, slope section SL8 in it's road cut section is stable when 

there is no influence of water saturation i.c. when slope is dry. Even under dynamic condition 
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when slope would be dry the FOS is as high as 20.9. Howevcr, when there is an inOucnee of 

water saturation the slope section becomes unsatable for static and d)'1!amie conditions. 

Therefore if somehow, the drainage is controlled the slopc section ma)' demonstrate stable 

condition. 

In order to improve the drainage conditions horizontal collection drain in the crcst region on 

upper slope may be provided which may collect the rain water and drain it away from the 

slope face. In addition to this on the upper slope surface and on the slope face shotcreting with 

wire mesh and random Rock bolts, may also be provided. In addition to this it is suggested to 

provide perforations in between the shotcreting surface, so that the water if any trapped, in 

between the shot creating layer and the slope face, be drained out. 

6.4 Remedial Measures for Slope Section Having Rotational Mode of Failure 

As already discussed in the previous paragraph there are two Critical soil slope sections SL 9 

and SL 10, both the slope sections are stable for existing and anticipated wo"t conditions. 

However, if somehow, the cohesion for soil mass becomes z~ro the slope will be unstable for , 
all static and dynamic conditio\l, th6ugh practicaily \t would be very rare chance that cohesion 

becomes zero. As such there is no ,ineed to provide any remedial measures as the slopes are 

stable for all conditions, however, there may be small soil failures of localnatu,re in the road 

cut sections, and this may be due to the toe support removal, particularly during the rainy 

season. Therefore, it is suggested to provide r"tainillKWaUs along the road cut. The retaining 

wall may be provided with perforated weep holes, this may hclp in draining any excess watcr 

trapped in between the wall and the soil face, which lIlay generate pore water pressure. In 

addition to this along the road side, just at the junction of the wall, a lined drain should also be 

provided. This will help in draining the water whieh may damage the foundation of the 

retaining wall. However, presently the Project Authorities are using gabion wall to retain the 

soil cut sections along the road. 
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CHAPTER-7 Conclusion 

A landslide hazard zonatio:, (LHZ) map is an important tool for designers, field engineers, , 
and geologists. It is llsed to classify the land surface into zones of varying degree of hazard, 

based on the estimated significance of causative factors which influence the stability .The 

LHZ map is a rapid technique of hazard assessment ofthe land surface. 

The LHEF rating scheme is a numerical system which is based on major inherent causative 

factors of slope instability such as geology, slope morphometry, relative relief, landuse and 

land cover and ground water conditions. Factors like rainfall and seismicity are not included 

for the purpose of landslide hazard zonation mapping. Thus, for the present study the facet 

map was prepared and according to the LHEF rating scheme various other thematic maps 

were prepared utilizing the facet map as base map. 

The project area is dominated by three geological units, rhyolite, dolerite intrusions with in 

rhyolite and rhyolitic tuff. There are also trachytes interbeded with rhyolite. The area is also 

cut by northeast-southwest trending major lineaments "ith subordinate north-west oriented 

ones identified on air photographs. 

Based on the TEHD values. 54% of the slopes in the study area falls in High Hazard, 34% in 

the Moderately Hazard and only 12% of the area falls in Low Hazard. From these results it 

can easily be concluded that the study area, in general, is prone to landslide activity. However, 

a slope may only fail wher: the driving forces exceeds the resisting forces and the orientation 

of discontinuities is such that they favor sliding, either on single discontinuity or on a wedge 

formed' by two intersecting discontinuities. Slopes may also fail when the slope material is 

homogeneous like soils or slope material comprises of highly weathered and fractured rock 

mass. Moreover, even if slope is potentially unstable, it does not mean that slope is actually 

going to fail, until or unless there is some driving force which triggers sliding, such as heavy 

water saturation or earthquake loading. 

For the present study, about 54% of the area falls in the High hazard zone, indicating that tlus 

area is most susceptible to land slides With an intension to study the slopes falling in High 

Hazard zones, 8 critical slope sections in rock slopes were identified as potential unstable, 

based on certain field manifestations of instability. In addition to this two slope sections were 

. identified to posse instability in soil sections. A detailed stability analysis has been carried out 
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by limit equilibrium method. In the present study it has been identified that there are ten 

critical slope sections out of which 7 slope sections have potential plane mode of failure, I 

slope section accounts for wedge mode of failure and remaining 2 slope sections are 

potentially unstable for possible rotational mode of failure. 

The detailed stability analysis of the critical slope sections having possible plane mode of 

failure indicates that for the existing conditions i.e. static dry, only 2 slope sections (SL2 and 

SL 7) are stable, the remaining 5 slope sections (SLl, SL3, SLA, SLS and SL6) are unstable. 

For the anticipated adverse condition (AAC), represented by moderate saturation with 

dynamic condition, slope SL2 is stable and slope SL7 is critically stable. However, the 

remaining slope sections (SLl, SL3, SL4, SL5 and SL6) would be unstable for AAC. 

Therefore, there is a need to provide some form of remedial measures to the slope sections 

which have a FOS less than 1.0 for the anticipated adverse conditions (AACl. Though, slope 

section SL 2 and SL 7 demonstrates a FOS of 1.45 and 1. 13, respectively for the existing 

slope geometry, but these may become unstable for other geometric configurations. The 

change of slope geometry is very likely to happen as the road is still in construction and the 

road widening is in progress. Therefore, keeping all considerations an attempt has been made 

to workout a safe design for all critical slope sections, including SL 2 and SL 7. 

The northern pan of the study area is covered with soil and according to the Total estimated 

hazard (TEIill) \'alues, most of the soil covered areas fall under moderately hazard zone and 

low hazard zone. However, little soil covered areas fall under high hazard zone. In these 

zones based on the field manifestations of instability two critical slope sections were 

identified. The stability analysis for circular mode of failure has been carried out by SARC 

computer program. From the results, the stability conditions for both soil slope sections are 

stable for existing condition (Static dry condition). The slope will remain stable even for 

anticipated worst condition (dynamic moderately saturated condition) as the FOS for this 

condition is 1.25. 

In the present study for the critical slope sections having plane mode of failure a safe slope 

design has been worked out by adopting the technique proposed by Hoek and Bray, 1989. For 

this purpose for each critical slope section the height is varied from a minimum to a 

maximum value for a given slope angle. Similarly the slope angle for each slope has been 

varied from a minimum (more than failure plane angle) to a maximum up to 85°. Slope 

Section SL6 can not be stabilized by altering its geometry, as the factor of safety calculated 

83 



for various combinations of slope angle and slope height is less than unity, therefore, this 

slope section may be stabilized by providing rock bolts. 

In order to improve the stability condition of wedge failures the horizontal collection drain in 

the crest region on up~r slope may be provided which may collect the rain water and drain it 

away from the slope face. In addition to tillS on the upper slope surface and on the slope face 

shotcreting with wire mesh and random Rock bolts, may also be provided. 

In the case of soil slopes, it is suggested to provide retaining walls along the road cut. The 

retaining wall may be provided with perforated weep holes, this may help in draining any 

excess water trapped in between the wall and the soil face, which may generate pore water 

pressure. 
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Annexures 

Annexure- I List ofearth quakes between l.t4° OON and 10° 00 N and Ion 35° 00 E and 40"00 E since 1900 to 1993 

No LAT. LON. ML No LAT. LON. ML 

1 8.02 38.41 3.3 45 8.9 39.86 4.1 

2 8.02 38.41 3.3 46 9.1 40 4.3 

3 9.72 38.58 3.5 47 9 39.94 4.2 

4 9.6 39.65 4 48 9.1 40 4.1 

5 5.5 37.43 4.9 49 9.1 40 4.4 

6 8.85 38.7 4 50 9.1 40 4 

7 5.62 36.57 4.1 51 9 39.94 4.2 

8 8.7 39.75 4.1 52 8.7 39.75 4.3 

9 9 39.94 4 53 9.1 40 4.2 

10 8.7 39.75 4.5 54 9.1 40 4 

11 9 . 39.94 4 55 9 39.94 4 

12 8.9 39.86 4 56 9 39.94 4 

13 8.9 39.86 4 57 9.1 40 4.3 

14 4.3 36.7 6.2 58 8.9 39.86 4.52 

15 6.9 36.9 6 59 9 39.94 4 

16 5.1 36.9 6.3 60 9.1 40 4 

17 5.8 37.2 5.9 61 9.1 40 4 

18 5.8 36.8 5.3 62 7.95 38.7 4.2 

19 5.6 37.2 5.1 63 7.56 38.98 4.5 

20 4.3 35.7 5 64 9.75 39.5 3.7 

21 5.6 36.9 5.7 65 7.03 38.59 

22 5.5 36.1 5.4 66 5.2 36.75 4.5 

23 6.2 37.8 5.3 67 8.95 39.95 4.9 

24 5.4 36.8 6.2 68 5.2 36.76 4.3 

25 5.1 37.2 5.8 69 5.66 37.47 3.8 

26 5.7 36.7 5.6 70 7.67 38.96 4.5 

27 8.5 39.6 4.3 71 7.65 38.93 4.6 

28 8.9 39.86 4.2 72 7.61 38.95 4.6 

29 9 39.94 4 73 4.3 35.7 5 

30 8.7 39.75 4 74 6.0 36.3 4.8 

31 8.7 39.75 4.5 75 5.26 36.84 5.2 

32 9 39.94 4.3 76 4.25 37 4.5 

33 9 39.94 4.1 77 5.15 36.7 6.25 

34 8.7 39.75 4.1 78 5.6 37.24 6.2 

35 8.9 39.86 4.3 79 5.5 37.35 4.75 

36 9 39.94 4.4 80 8 38.5 6.75 

37 9 39.94 4.2 81 8.67 37.65 4.1 

38 8.7 39.75 4 82 8.71 37.66 5.1 

39 8.9 39.86 4.4 83 8.67 37.41 4.9 

40 8.9 39.86 4 84 5.75 36.8 5.5 

41 8.9 39.86 4 

42 8.9 39.86 4 
43 8.9 39.86 4 

44 8.7 39.75 4 
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Annexure- /I Landslide hazard evaluation factor (lHEF) rating scheme 

factor Category Rating Remarks 

LITHOLOGY Correctioll/actor for weafherirt£ 
Rock type 

-Ope -/ a) Highly wearhered ~ 
, rock discolon.-d, joints 

Quartzite anJ limestone 0.2 with weathering 
Granite and Gabbro 0.3 products, rock fabric 
Gneiss 0.4 aJtered to a large 

extent; correction 
Type II factor CI 

b) Modcratly weathered- ccxk 
Wcll-cemcntN terrigenous sedimentary rocks. discolouored with fresh r~"k 

dominanry sandstone v.ith minor beds of patches, weathering morc around 
claystone joint planes. but rock in u.:t in 

Poorly cemented terrigenous sedimentary 1.0 nature; correlation factor ('2 

rocks. dcm.inantly sandstone with minor c) Slightly weathered - rod. 
clay sha}.;: beds discolored along joint pl2:1cs, 

which may b.! moderatel~ tight to 
Type -11/ open, in-tact rock; corrclsrion 

I.J factor CJ 

Slate and Ph~lIite The correlation factor for 
Schist ",u.thering should be multiplied 
Shale with If):>!rbcdcd claye~ "ith the fracsh rock rating (0 get 

and nonchy rocks 1.2 the corrected rating 
Highly weatb;:red shale, I.J For rock type I 

phyllite a:.d schist C l= 4, C 2= 3, C;= 2 
1.8 For rock II 

Older well o.:mpacted fluvial C l = 1.5, C 2= L25.C3=I.O 
matcr-.li ( alluvial) 2.0 

Soil1jp<? Clayey soil \\ith naturally 
formed surface (elu\'ial) 

Sandy soil wah naturaJly 0.8 
formed s:.rrfacc (allU\'ial ) 

Debris comrosing mostly rock 1.0 
pieces m[{<Xi with 
clayey/sa::.dy soil (collu\'iaJ) 1.4 

older well o...---mpacted 
younger I(){'IS;! material 

I., 
2.(, 

STRUcruRE 
Relation of structural 
discontinuity with 
slope aj= dip direction of joint 

3,.= direction oflin.! of two 
Relation of discontinuities 
parallelism between I. > 30° o~o ~= direction ofsil--pe inclinati~-":1 
the slope and the II. 21°_ 30° 0.::5 BJ= dip orjoint 
discontinuity Ill. 11°_ 20° 030 Bs= inclination of slope 
Planar (~-a.) IV. 6°_ 10° 0.40 
Wedge (a,- a,) V. <5' 0,51) Hi = plunge oflitX- ofintersecn~'O 
Relation of dip of 

of discontinuities discontinuity 

I. > 10° 0' Category 
Relation of dip of II. 0_10° 05 I ~ \'cry favorable 
discontinuities III. 0' 07 II = favorable 
and inclination of IV. 0°_(_10°) 08 III = fair 
slope V. <-10 10 IV = unfavorable-
Planar (BrB.) V = Ycry unfavorable 
Wedge (8,- D.) 
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1 <150 0.2 
Dip of disconmuity II 16°.25° 0.25 
Planar (Bj) III 26°· 35° 03 
Wedge (Bi) IV 36°.45° 0.4 

\' >45~ 0.5 

Depth pf soil rover <5m 0.65 
6-10 rn 0.85 
11-15 m 1.30 
16-20 m 2.0 
>20m 1.20 

Slope Morpbomtfry 
Escarpment >40' 2.0 
Stei!p slope 36-1if 17 
Moderntly steep slope 26°-35~ 1.2 

Numbers of con:uur lines oyer Slope angJe Gentle slope 16°.25° 0.8 
Ver), gentle sk'Pt! <150 0.5 

lem length 
>12 >400 

9-12 36°-40° 

Rtilltin Rdid 
8-{> 25°_35° 
3-5 16°_25° 

Low <100 03 <3 <150 

Medium lOl·}!)) 0.6 
High >3/);) 1.0 

Land USE' aDd land cone 
Agriculturallandl populated flat land 0.65 
Thickly vcgctzred forest land 0.80 
Moderatly \'~tated area 1.2 
Sparsely Ycgel'..J.ted area with lese:- ground cover 1.5 
Barren land 2.0 

.. . . 
'j 
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Annexure- III - Rock n~ass Rating System (After Bieniawski 1989) 

A CLASStFlCATION PARAMETERS AND THEIR RAnNGS 

Parameter Rar\1J7 01 values 

PoInWc.ad >IOW.l 4 - 11) MPa 2-4Wa 1 -2Wa 
For ttts hv rang<: -

Stffigth 
~tren¢l OJ.ex unia.xt..-i CO"Jl)r~<.'d 

vi l};:st is Ixelened 
1 hla:t rod<: Uniax~ romp_ "250,.,po 1 00 - 250 "-Fa 50 -100 MPa 25 - 5(1 hPa f. - 25 1 - 5 < • 

ITL~I slren.1h MPa MPa 'f', 
RaIng 15 12 7 4 2 1 , 

Cril core Cu..ltity ROD 90%·100%. 75% -00% 51}% - 75":-, 25"-~ - EO'. -:25% 

2 Raing 20 17 13 8 3 

SP'Ling of (Jis,con'irtitta5 >2m 0.6-2. m 2((j - 600 mm 00 - 200rml o:Wmm 

3 Raing 20 15 10 8 5 

ery r(~~~.~ares 
Not conlruous I~~~~ugn I ;:'!r,'! mugn 

stxf>= 
I';'''''''''''';;;' SUlares 1~';'1 ""'le >!> mm 

ec....;000 of dw)ntO.itics No S4-.Yatioo Sep..lratkJn.: 1 nYn Ser-.araton < 1 rrrn Gouge" 5. rnm thld<. or 

4 
(See E) Um',-1O.atheredwall SIi(jlUy \'~~ed H~y ....aJthered Of Sep~.:ikm ;. 5lTIfr 

rock walls wals. Sep~J.ion 1-5 mm Conlrwus 
ConliltloU$ 

Rali19 30 25 20 1(1 0 

Irtlow per 10 m 
tl.l"l"l-elleolfll (1m) 

t+"" < 10 10- :IS 25-'15 ;> 125 

Grco-d (Joint water ~o(ess.y 
0 " 0.1 li.1. - 02 02 -V.::- :-0.5 5 w:1.F:( f t-Aljor pcif)::ipai (1) 

Geneml o:mtions 0)mrkt~tydry Domp Wel Drrt~J)oJ fIO\',m.J 

Raing 15 10 7 4 0 

B, RATING ADJUSTMENT FOR DISCONTINUITY ORlENTATlONS ,See F) 

stri';e an:: cip ~ntation~ Vif( !cwOIJabie Favour~ Far U nfo\'Ura t.Je Vff""5 Unfa'NUrat • ..;, 

T~ls & nines 0 -2 -5 ·10 -12 

Ratings FoundaitYlS 0 -2 -7 ·15 -25 

Slopes 0 -5 ·25 ·50 

C, ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS 

Raing ,,)) (- 81 SO .'- 61 60 ~- 41 40· 21 < 21 

aass o..nter I 1\ lit IV V 

Oescrlpti)'l V,::[y good rod Good rock F:it rod: Poor roo.: Very poor rod 

D. MEAtHNG OF ROCK CLASSES 

a ass run ter I 1\ lit I'i V 

A Yefag<; Stand -u p tine 20 ,)Thfor 15mspJ1 1 year for to m span 1 'w";.::k for 5 m ~.;j1 10 hrs for 2.5 m span 30 mn for 1 m H'.1I 

Cohesic"" of ror..k mass ,kPaj :> 400 300 _ 400 XO_ 300 100· ~(I <: 100 

friction ;rg,e of rock fllC6$ cde9) >45 35 -45 25-35 15 -25 .: 15 

E. GUIO=UNES FOR CLASSIFICATION Of DlSCOJ\TINUITY conditions. 

[)jS{;ortir....ity 5eo'jh (pE'fssio::oce) < 1 m 1 -3m 3-10m 10 - ].:, m :-2Om 
Ralin<! 6 4 2 I 0 
Sepocm.lI (ap-ertlXB) He"", ~ 0.1 mm D1-1.0Inm 1 -Srrrn :>5mm 
Ralm 6 5 4 1 0 
Roug~ 'jelY rough Roojl Slgltly rOU</> Sm:.oth Si--:kensi(j.~ 

Ralm 6 5 3 I 0 
Infilingl~\ None. H<1I"d f~finQ': 5 mm Hal'] 1i1i1g:- 5 rr,- Soft filtin] <: 5 flYTl ~c,fj Ii~ng " 5 nr 
R.11ng 6 4 2 ? 0 
'-'leah?"1g IJn.·;enthffe.j Sl~j1ly\'..wt~ed Moderately H-;Jhty ,'.-..-atffed o.,-c.omj::_)5e-: 
R.1liogs 6 5 fie<lloored I 0 

3 

F, EFFECT OF DISCONTINUITY STRIKE AND DIP OR.IENTATIOU IN TUNNELLING" 

Strt;€ ~-erpt",n(ku\'Y to tunnel a>:~ 'sTike p..lran-el ~) tumel <Dis 

Orin: 'i'rtth dp _ Oip 45 _ 90"' Orr.'€:: "lith .;:,[:; - Dip 20 - 45- ~45-9:' I Dip 20 - -43' 

Very fa\~)urat;J,:, f;h :urablc V-:rt IJlfavour.xj~ I Fa~ 

DrNt ag.anst ap _ Dip 45-90' Dri\oe .)gains: dip - Dip 20-45' Dt ·) ... 20 -Irres~jhe of strike
o 

fa .. UnEa.<::oIJratole F~1ir 

• Sc-:H>o- :,:,n.jti005 are mUll.llly exdu:sr."'tc F."X (;)'011'1""" if inf~lifl'J i~ f'f~e·nt. the rcotYjv.;;:s.s of the s.Jfaoe will be o'~~Jk'ldc'\H;d by tho} fnAlI~flo:'; :1 
he 9':'-';;160 In SLY..n cases use AA dir.;.:tty. 

" Mc .... Jf~·j after W-I(:Jo;harn et al (1 972, 
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SL4 I Rl',1",R,-l -j ___ 16 i __ 1",O+_- _________ 2'-1 +_---"'10'_+---1"'0'_4 _____ 1~5'+ _____ -----'-4='0"__ ______ 4~ ___ ~: ;'--ii 
~ 1_-+ __ ~1~6-t-_12 1 _____ 21 10 _________ Jo..r---12. _____ -4L ___ 4 

i~-+-- 2194 40 ~.L 10 10 15 _40 _____ 7~ ____ 1 .. 7-i 

r-----t---r--....E'-+----'5L _ 21 10 __ 1,,0,-+-_ 15 1 _______ -4..-0'----_ --,1.2 ____ ......1L 
Average 18_8 

RMR2 4 25 18 8 ° 15 _40 4 17 

12 54 18 8 ° 15 _40 12 17 

r-_~---+--~12~-~W'_+----~18~--'----8~---~0~--~1~5+_--------4~0~ ___ 1~2~ ____ 1~7~ 
AveraQe 9.3 

RMR3 24 58 20 10 10 15 _40 - 12 17 

24 W 20 10 10 15 _40 12 17 

1-_-+ ___ 1-_--"16'_+---=4$"'-+-----"2"-0+----'-'10'-+---1"'0'+---'15"-+------4=0------"-4 c-___ l~7_i 
24 50 20 10 10 15 _40 12 17 

j Averaae 22 

!-,S",L",5'____t-"R",M",R,-1 _r-__ 2~0'-+'____1'.L2+ _____ ~19'-+ __ ~8-+-__ ~1"_0+---1~5+------4~0'----------7 ____ 2.,.0'__1 

20 42 19 8 10 15 _40 __ ~7 ____ ... 2,,-0-j 

t------1l--_-t-__ ... 2".5-t-____ 48"-i _____ 1,,9'_t_- 8 10 15 _40 12 20 

1-------1!----t----'1--7 -t----"-26"-+ ____ 1 __ 9, 8 1 ° 15 _40 4 20 
: 20 34 19 8 10 15 _40 7 20 

! Average"--t_'----2.,.0"'.4,_+ __ t--____ -I ---+_---+----t------.------- --------.--.---

: RMR2 20 58 18 __ -'8'_+--'----5"__i----"15"-+----.--.--4~0~---1~2.- _____ ....l.0_ 
i 12 44 18 8 5 15 _40 4 20 

! 15 4$ 18 8 5 15 _40 7 20 

15 40 18 8 5 15 _40 7 20 

i AveraQe 15.5 

SL6 ! RMR1 22 34 16 8 25 15 -50 7 17 

27 54 16 8 25 15 -50 12 17 
I--+----I~-"'-'--I----'''-+--- -- ---'-"-+-------"-+-----""-+_-----"'-- ---------"""---'-"~-----"-1 

27 48 16 8 25 15 -50 12 17 

t-_---='~A.!.'v~e'_'rn~Q'e+--=25~."-34-----4------+-----+----4---~----------------I 
I RMR2 25 52 18 8 25 15 -50 12 15 

20 30 18 8 25 15 -50 7 15 

r-_~---+--~2"-5+_-24"--8+_----1"'8'_+----'8'_+---=25"__i--~15~-------=-~50~ ___ '____1'.L2 _____ 1~5'_4 

r------~--~~ 581 ____ ~18'_+-----'8'_+---=25"__i--~15~-------=-~50~--1~2~----1~5'_4 
20 34 18 8 25 15 -50 7 15 

17 18 18 8 25 15 -50 4 15 

: Avera~e 22 

SL7 RMRl 16 22 21 10 10 15 _40 4 17 

r-_____ +--~1-o6+_---"-3"-2+_----~2-cl'_t_----"10'_+---'1"-0+--.--!~-- ______ -4~0"_ ____ . ..:"4 ____ _'1-'-7-i 

r-_______ r-__ -'1_o6+_----=2".6+------2-c1'_t_----"10'_+----'1"--0 15 _40 4 17 

19 36 21 10 10 15 -40 7 17 

16 24 21 10 10 15 -40 4 17 

, Average 16.6 

RMR2 19 28 33 10 10 15 _40 4 20 

19 32 33 10 10 15 _40 4 20 

19 20 33 10 10 15 _40 4 20 

22 4$ 33 10 10 15 _40 7 20 
~-~-~I--="-i-~"-+---=__j--~+--~'_i_---'~----~-~~---='__1 

19 30 33 10 10 15 _40 20 
, Averaae 196 1 f----'==-+---'-"'·"'+----I-----I-···----+---+----+--------------: 

RMR3 32 58 9 8 20 15 -40 12 17 , f----:-="""--+----"-'+---""-t-------"-+-- .. ---''+---''''--j------'''+-----==-----~--~'__i 
27 38 9 8 20 15 _40 7 17 I 

i 
L-_____ -L __ -"2-'-7-L~4$~ ____ ~9"--1 ____ ~8-L __ ~2.,.0~l ___ 1,,5~ ____ -=-4~0 ___ 7'____ ____ 1~7~1 
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32 4$ 9 B 20 15 -40 12 i 17, .. _-- - -
4 I -- 24' 20 : 9 B 20 15 -40 -- ____ 11_j , -~ .. 

f--. 22 16 I 9 B -.~ 15 -40 2 
---:~ I ----~ - -- ~--- ---~ 

24 32 9 B 20 15 -40 4 -
I J...eraQe 26.9 

! SLB "IJR1 10 38 10 B 0 15 -40 7 20 

I 10 46 10 B 0 15 -40 7 20 

15 46 10 B 0 15 -40 12 20 -------"-- -----'-"- ---
J..terage 11.7 

"IJR2 34 44 20 10 25 15 -40 7 17 

34 34 20 10 25 15 -40 7 17 
, 29 16 20 10 25 15 -40 2 17 

34 42 20 10 25 15 -40 7 171 
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Annexure- V: A Brief outline of S.·\RC computer progmm 

The computer program SARC is prl'rared by Prof. Bhawani Singh, Department of Engineering. 

Indian Institute ofTechonology. The program (x) is written in Fortran 77 and EXE files work in DOS 

environment. The users' manual is also indexed as IX.NEW for preparation of input data files. 

Further, typical input data files are also given as IX.DA T beginning \\ ith I. The corresponding out put 

files OX.DA T are added, beginning with O. 

The typical computer commands are: 

NE IX.DAT- To open input file 

'JE OX.DA T- To open out put file 

X- Name of computer program 

IX.DAT-Input file name 

OX.DA T - Output file name 

2- For execution 

1- For help menu 

NE OXDAT- To see the output file OX.DAT 

SARC 

This program facilitates to compute the factor of safety with circular failure surface emerging at tr.e 

toe. It analyses any general profile of the slope surface and for various forces that is pore water 

pressure, depth of tension crack at the top of the slope, depth of water in tension crack and e3l1hqua);.: 

force. In the first step it draws the various slip surfaces along which failure can take place. Then it 

calculates the radius and center of each slip surface. 

In the next step, the factor of safety is computed using Bishop,s equation for various slip surfaces umil 

a minimum factor of safety is obtained. The analysis evaluates critical acceleration for slopes II ith 

factor of safety less than unity and compute dynamic displacement utilizing coorclation de\'cloped by 

Lavania et al. (1987). 
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Annexures 

An nexure- I List 0;- :arth quakC!'lx:tween lat..jC no Nand 1('; 00 N and Ion 35<J 00 E and .HY' 00 E si--.:c 19f1O to I'NJ 

No LAT. , LOI'\. ML 1'\0 LAT. 1.0"'-. ML 

I 8.02 38.41 3.3 45 8.9 39.86 4.1 

2 8.02 1 38.41 3.3 46 9.1 40 4.3 , 
3 9.72 1 38.58 3.5 47 9 39.94 4.2 

4 9.6 
, 

39.65 4 48 9.1 40 4.1 
I 

5 5.5 , 37.43 4.9 49 9.1 40 4.4 , 

6 8.85 i 38.7 4 50 9.1 40 4 

7 5.62 36.57 4.1 , 51 9 39.94 4.2 

8 8.7 , 39.75 4.1 52 8.7 39.i5 4.3 

9 9 39.94 4 53 9.1 40 4.2 

10 8.7 39.75 4.5 54 9.1 40 4 

II 9 39.94 4 55 9 39.94 4 

12 8.9 39.86 4 56 9 39.94 4 

13 8.9 39.86 4 57 9.1 40 4.3 

14 4.3 36.7 6.2 58 8.9 39.86 4.52 

15 6.9 36.9 6 59 9 39.94 4 

16 5.1 36.9 6.3 60 9.1 40 4 

17 5.8 37.2 5.9 61 9.1 40 4 

18 5.8 36.8 5.3 62 7.95 38.7 4.2 

19 5.6 ~ 37.2 5.1 63 7.56 38.98 4.5 

20 4.3 , 35.7 5 64 9.75 39.5 3.7 

21 5.6 36.9 5.7 65 7.03 38.59 

22 5.5 , 36.1 5.4 66 5.2 36. i 5 4.5 

23 6.2 37.8 5.3 67 8.95 39.95 4.9 

24 5.4 36.8 6.2 68 5.2 36.'6 4.3 

25 5.1 37.2 5.8 69 5.66 37047 3.8 

26 5.7 36.7 5.6 70 7.67 38.96 4.5 

27 8.5 39.6 4.3 71 7.65 38.93 4.6 

28 8.9 39.86 4.2 72 7.61 38.95 4.6 

29 9 39.94 4 73 4.3 35.7 5 

30 8.7 39.75 4 74 6.0 36.3 4.8 

31 8.7 39.75 4.5 75 5.26 36.84 5.2 

32 9 39.94 4.3 76 4.25 3' 4.5 

33 9 39.94 4.1 71 5.15 36.7 6.25 

34 8.7 39.75 4.1 78 5.6 37.24 6.2 

35 8.9 39.86 4.3 79 5.5 3735 4.75 

36 9 39.94 4.4 80 8 38.5 6.75 

37 9 39.94 4.2 81 8.67 37.65 4.1 

38 8.7 39.75 4 82 8.71 37.66 5.1 

39 8.9 39.86 4.4 83 8.67 37.41 4.9 

40 8.9 39.86 4 84 5.75 36.8 5.5 

41 8.9 39.86 4 

42 8.9 39.86 4 
43 8.9 39.86 4 

44 8.7 39.75 4 
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SASW computer program 

This Program Calculates The Faclor of Safety of Tetrahedral Wedge With Horizontal Slope Crest 
and With No Tension Crack 

Name of Program SASW ( Units Used Tonne - Meter - Degree) 

Give Input Data In The Following Sequence 

NO (Please repeat all follo\\ing lines no times for no slopes) 
Title of problem in one line «80 characters) 
NJT,NCASE 
SAI(I),ALPHA(l),C(I),I'HAl(l) (Please repeat above line l\JT times) 
SAI3,ALPHA3,S &"14,ALPHA4 
H,GAMA,GAMA W,ETA,ACCN,R WL,PORE,EQM (Please repeat above line NCASE times) 

The discontinuities are denoted by I and 2 , the upper ground surface by 3 and the slope face by 4 

NO 
NJT 
NCASE = 

SAI(I) 
ALPHA(I) = 

cel) 
PHAI(I) = 

= 

SAI3 
ALPHA3 = 

SAI4 
ALPHA4 = 

H 
GAM A = 

GAMAW 
ETA = 

= 

ACCN = 

EQM = 

RWL 
PORE 

Number of slopes 
Number of joint sets 
Number of cases 
Dip of I th joint plane (deg.) 
Dip direction off thjoint plane (deg.) 
Cohesion of! th joint plane (T/sq.m) 
Friction angle ofl thjoint plane (deg.) 
ARC TA'I(Jr/Ja) for clay coated joints 
Angle of slope of upper ground surface 
Dip direction of the upper ground surface 
Angle of rock slope 
Dip direction of the rock slope 
Height of the crest of the slope above toe of intersection 
Unit weight of rock (TICU.M) 
Unit weight ofwater(T/CU.M) 
-I means slope face overhangs toe of the slope 
+ I means slope face does not overhang 
Coefficient of horizontal acc. of earhquake near crest of slope 
Corresponding earthquake magnitude 
Water Ic\"el above toe of intersection 
Pore water pressure factor - 0 (for dry slope) or I (tor wet slope) 
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