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ABSTRACT 

In Soulhern Elhiopia in Adola Precambrian rocks, the Legadembi primary gold 

occurrence have been under exploralion and feasibility study wilh in a period of 1975·-

1990 G.C .. In 1990 G.C the Legadembi Gold Mine has been established and official I), 

started mining. In 1997 the mine has been privatized to Midrock Gold Private Limited 

Company. 

The Adola area Precambrian rocks are regionally grouped into Awata, Marmora 

(dominanlly gneissic) and Ihe Adola Group (melavolcano-sedimentary) rocks. These 

Precambrian rocks have been intruded by pre to post tectonic maifc to granitic 

intrusives. The gneissic terrains envelope the meta vOlcano-sedimentary rocks. The 

contact between the gneissic and the metavolcano-sedimentary units is marked by 

horizontal, N-S striking, transcurrent shear fau lt. In the region the metavolcano 

sedimentary rocks occur in two zones, namely, the Kenticha and Megado belts. ThE! 

Legadembi Gold Mine occurs in northeaslern flank of the Megado bell. 

From east to west the main lithotypes are gneissic unit, talcltalc-actinolite-tremolit 

schists, quartz-biotite-actinolte talc schist, graphitic quartz mica schist, amphibolite! 

and gabbro intrusives. The gold mineralization is localized mainly in quartz veins, 

which forms discontinuous lenses, stretched parallel with the regional foliation (N-S). 

The auriferous quartz veins are hosted mainly in quartz-biotite-actinolite talc schist 

and some in graphitic- quartz-mica-schist. 

During privatization the mine gold resource has been estimated to be totally 83 tons, 

of which, 37 ton from Ihe open pil, 23 ton from Ihe underground mine, and 23 ton 

from Sacharo, deposit. . 
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The open pit mining has been active since 1990 G.G. In the present work, the 

stability of the open pit has been studied using: structural data, collected in the 

present and previous works; Geomechanics (RMR) rock mass classification; 

laboratory physical property test results, on samples collected during this study and 

the previous work results; hydrogeological studies around the open pit slope_ 

Accordingly the Eastern slope has been found to be stable for existing and possible 

worst conditions. Whereas the Western slopes (hanging wall) have been found to be 

unstable for possible worst condition represented by moderately saturated dynamic 

conditions. Based on the slope stability studies Safe slope design for FOS 1.3 and 

1.2 has been evolved. The western slope will be stable in possible worst conditions, 

with gener.al slope angle 35' _ 40' ,20 rn height and 6 m bench width at 50' _ 60' slope 

angle. 

The Legadembi UnderQround Mine geotechnical study has been started in 2000 G.G. 

In the period of 2000-2004 G.G. , 1.3 km access tunnel, 250 m North exploration 

drive, 250 m ore drive, 35 m South exploration drive, with turning and transformer 

bays have been excavated. The upper Legadembi ore body has been crossed at 

1770 m above sea level. The underground mining will be from the ore zone level to 

1990 m above sea level towards the surface. In the present study the geotechnical 

study has been carried out manly on the ore zone rock mass, between 1770 m and 

1990 m. 

The geotechnical study has been conducted in steps involving; geotechnical 

database compilation; geological and geotechnical mapping; structural data analysis; 

hydrogeological study, 'Iaboratory physical property determination tests; computer 

based wedge failure stability analysis, and empirical calculations to determine the 

rock mass rating values, maximum excavation span, and deformation modulus. 
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The underground rock mass Q-rating average value result indicated that the ore zone 

rock mass quality is within Fair to Poor class (average Q is 5.8). At its present 

excavation dimension (6-9.5 m diameter and 6-8 m height), based on the Q-rating 

support system, it has been found that it does not require permanent support and it 

can be supported with spot bolting. The maximum excavation span, empirically 

calculated, from Q- rock mass rating is 15 m. 

In the underground mine excavation there are two major and two random joint 

planes. The major joint strike is parallel with the main drive. These discontinuity 

planes are in unfavorable conditions with the excavation. The ore zone excavation 

roof is manly constituted by quartz vein with uniaxial compressive strength greater 

than 100 Mpa (grou ped as strong rock). In places where the quartz vein is mined out 

the sidewalls are constituted by quartz-biotite-actinolite-talc schist rocks, with uniaxial 

compressive strength ranging 20-50 Mpa (grouped as weak rock). 

With the Legadembi underground ore zone rock mass conditions, in permanent 

development excavations systematic bolting and shotcreeting will be required. The 

cut and fill mining method has been recommended as the safe mining system. 
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1.1 PREAMBLE 

CHAPTER 1 

INTRODUCTION 

The Legadembi Gold Mine is located in Oromia National Regional State, Borena and 

Guji zone, Odo Shakiso District, 500 km southeast of Addis Ababa. Midroc Gold 

Private Limited Company owns the Legadembi Gold Mine. 

A systematic search for economic gold deposit at Legadembi started in 1975 after 

the accidental discovery of gold in quartz veins. Between 1980-1 987 G.C. intensive 

exploration work has been conducted and 30 ton of gold reserve has been proved 

(EMRDC, 1990). 

The Legadembi Gold Mine was established in 1990 under the former Ethiopian 

Mineral Development Corporation (EMRDC, 1990), to mine the Northern part of thE! 

deposit, using open pit mining method and Carbon in Pulp Absorption (CIP) 

processing plant with a capacity of processing 3000 ton of are per day. 

The Legadembi Gold mine was privatized in June 1997. Midroc Gold Private Limited 

Company took the acquisition of the mine right. During the privatization process 

resource inventory has been made and the total minable reserve was estimated to bH 

83 ton , of which 37 ton from open pit, 23 ton from Sakaro, and 23 ton from 

Legadembi Underground deposit (unpublished report). 

At the time of privatization totally there were 625 employees. Since then the number 

of employees increased" to 1286 as of March 2003 (unpublished report) . The minin(l 

and exploration agreement was signed on March 1998 between the Ethiopian 

Government Ministry of Mines and the Midroc Gold Private Limited Company. As pe r 
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this agreement the production is scheduled for fourteen years. However, Midroc Gold 

Private limited Company aims to optimize the benefit by increasing the annual gold 

production up to 15 ton envisaging the development of the Sakaro and the 

Legadembi underground mine. 

1.2 LOCATION & ACCESSIBILITY 

The area is bounded by geographic coordinates, latitude 5' 42" to 5'44· N and 

longitude 38'52' to 38'55' E, on the Southeastern slopes of the Ethiopian Highlands. 

The area falls within the topographic sheet 0538 B4 of the Ethiopian Mapping 

Authority. 

The project site is accessible from Addis Ababa by 315 km asphalt road up to Abosto 

(Yirgalem) and there after through 185 km gravel road. 

The nearest town to the Legadembi mine is ShakissQ, which is 7 km northeast. It is a 

residential place and administrative head quarter of the Legadembi Mine. The 

nearest large town is Kibre Mengist, 27 km northeast from the project area. The 

location map of the study area is presented as Fig 1.1. 

1.3 CLiMATEOFTHEAREA 

The climate of the area is subtropical with moderate temperatures (Fig.1.2). The 

precipitation and temperature data (1974-2003) of the area has been collected from 

National Meteorological Service Agency. The daily average temperature varies 

between 11 ' C-27'C. The average annual temperature ranges between 15' -20' C, 

with maximum daily temperature variation being during the rainy seasons, Le. March 

to May and September to November. 
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Fig.1.1 Location Map of the project area. 
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Based on the ra infall distribution the 12 months are categorized into four: (i) June to 

August, average rainfall of 30 mm; (ii ) September to November, average rainfall 108 

mm; (iii) December to February, average rainfall 26 mm; (iv) March to May, average 

rainfall 171 mm, The area has 1000 mm annual average precipitation. The highest 

month,ly average precipitation was 415 mm in May 1987. The precipitation graph 

(Fig.1.2) shows that, there are two distinct rainy seasons from March to May and 

from September to November. The maximum daily rainfa ll of 83.6 mm was recorded 

in Shakisso in March 1980. Showers and thunderstorms are not uncommon during 

the dry season, and the Southern part of the area is characterized by low air humidity 

during the winter dry season. 

The observed seasonal variations are best explained by reference to the position of 

the Inter Tropical Convergence Zone (ITCZ). Seasonal oscillation of the ITeZ causes 

variation in the wind pattern . Belween June and September, the area comes under 

influence of westerly and southerly winds, whilst from October to May; the Easterly 

air currents dominate this part of the country (BRGM, 1991). 

Mean annual evaporation recorded in the Adela area is 1,235 mm, ranging from 90 to 

130 mm per month (BRGM, 1991). 
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Fig 1.2. Precipitation and temperature at Kibrem engist and Shakisso towns. 

1.4 PHYSIOGRAPHY 

The region is known as the Adola Gold belt. It is approximately 180 km long and has 

10-12 km width. In the region the altitude ranges from 2250 m to 2300 m at the 

Awata-Mormora watershed and to 1600 m in Upper Bore Valleys. The watershed rise 

about 250-300 m above the adjacent valleys in the northern part where areas are 

covered by basalt flows and that have been deeply dissected by the erosive activity 

of the rivers. In the central and Southern parts, the local relief is 100-150 m. 

The territory has an overall tilt from northwest to southeast, which has been a 

controlling factor in the formation of the drainage system, especially the main 

streams of the area , the Marmora and Awata rivers and their major tributaries 

(Wellebo-Sedakessa and its tributaries Alem Tshay and Donkoro, as well as left-bank 

tributaries of the Marmora River mid reaches). In contrast the young erosion valleys 

gulches and gullies developed on the planation surfaces (Upper Sore Valley, 

Kelecha, Legadembi, Sakaro and others) are controlled by the underlying geology. It 
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comprises undulating hills and valleys with a relief of some 300 m. Most of the 

valleys in the area are dry. The two perennial rivers, the Awata and Marmora, which 

are about 10km and 20km north and south , respectively from the project site, are the 

main sources of water. 

The Awata and Marmora rivers and their tributaries (Bedakessa, Kojowa, Legadembi, 

Wollena) are characterized by long profiles. In the region the volume of water within 

the rivers is mainly controlled by annual precipitation. Throughout the year the run-off 

occurs only in the Awata and Marmora River beds and in Bedakessa creek, a right­

bank tributary of the Awata River. In the vicinity of Shakisso the width of the Awata 

river is 20 m, with the average depth being 0.7m and the velocity 1.5 mlsec, the 

water discharge is 21 m3/sec (BRGM, 1991). The Mormora River, near Megado 

village, is 18 m wide, 0.8 m deep, its velocity being 1.2 mlsec, and discharge being 

17.3 m3/sec (BRGM, 1991). 

Springs are not uncommon in the valleys where ground and vadose water is being 

discharged onto the surface, and as a rule confined to tectonic fractures. The springs 

are important source of water supply for local inhabitants. There are marshy plains, 

known as Wellebo, Bedakessa , Wollena, and Lega Dembi representing groundwater 

discharge areas. Shakisso and Megado recives water from the Awata and Marmora 

rivers respectively. 

The Legadembi deposit is situated 7 km Southwest of Shakisso on the eastern 

slopes of Wosho Mountain, which is 2200 m high above sea level. This mountain is 

the southern salient of the Meleka Planation surface, and forms the watershed 

between the Awata and Momora Rivers. Its width in the central part (a t the latitude of 

Shakiso) is 7 km to 8 km. Before the open pit mining activi ty the eastern slope has 

been presented on the topographic sheet as having well defined erosion scarps. At 
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present the open pit mining activity has changed the Eastern flank of the Wosho 

Mountain. At the top where the soil cover thickness ranges 30-35 m, the topography 

is marked by gentle slopes with gradient upto 30°. Just below the soil cover at 

elevation level below 2150 m the working slopes are steep ranging between 50 0 and 

70°. Being on the Southeastern flank ' of a massif, the local relief within the 

Legadembi drainage system varies from 350 to 400 m, within the upper reaches of 

the Legadembi River. The Legadembi river course at the eastern flank of the 

mountain is now serving as a tailing pond . The drainage map of the area is presented 

as Fig.1.3. 
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A slope 1 to 2.5 km long characterizes the western erosion scarp with a gradient 

ranging between 15" and 45". The valleys, and gullies of the western slopes are 

rather developed and mature in aspect; they have gentle slopes and wide floors in 

sites where it is vividly pronounced . 

The l-egadembi (Wosho) mountain demonstrates a vivid examples of recent 

landforms strongly controlled by underlying geology. Being comb-shaped in plan it is 

cut into separate blocks by tectonic fractures. These faults break the whole ridge into 

Upper, Northern, Central, and Southern part. The faults bordering the blocks are 

sites of active erosion processes. Gulches and gullies of the Legadembi basin are 

developed along these fractures. 

1.5 PREVIOUS WORKS 

Gelogical investigation in the Adola area dates back to 1940 with the discovery of 

placer gold in various valleys. Astrup (1948), made the earlier attempt to prospect the 

placer gold potential of some of the valleys. As part of the search for economic 

mineral deposit in all parts of Ethiopia, Jellenc (1966) conducted systematic work in 

the region. After Jelienc, the Ethiopian Government in collaboration with international 

organizations and foreign Governments have conducted systematic regional 

mapping and detail mineral exploration and prospecting in the Adola belt and other 

parts of Ethiopia. 

The geology of the Legadembi Gold Mine area, have been mapped in detail during 

the pre·feasibility, feasibility stages, and after the development, by different 

researchers under different objectives. The discussion in chapter II has well 

addressed the geological aspect of the previous works. 

At the early stage of the mine, geotechnical studies have been conducted to design 

the open pit mine slope. Consultants from France (BRGM or Bureau de Recherches 
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Geologiues et Minieres) conducted the geotechnical studies during the feasibil ity 

study to design the open pit The study included collecting fracture data, sampling, 

and laboratory strength test on intact rocks and fractures. The fracture survey was 

conducted on data collected from surface outcrops, core samples, and former 

exploration ad its. Analysis of the stability of the slope of the pits using charts and 

computer calculations have been made to design the open pit slope at Factor of 

safety 1.2. The resu lt of the BRGM (1991), study is summarized below: 

(i) In the top weathered surface (35 m th ick), the slopes will be stable at an 

overall angles of 35°, these slopes will be arranged in benches, 10 to 20 m 

high, incl ined at 40°, with berm widths varying from 2.5 to 5 m. 

(ii) ,In unweathered rock mass and with the exception of the west side of the 

central Legadembi, the slopes will be arranged at an overall angles of 70°, 

with benches 10 to 20 m high inclined at 80° and berm widths; varying 2 to 

4 m. 

(iii) On the west side of the Central Legadembi open pit the overall slope angle 

will be reduced to 50°, and the slope will include benches inclined at 60°, 

with berms of 2.6 m (for 10m high). 

(iv) The consultants recommended additional investigation involving 

geotechnical boreholes and pizometric survey to obtain more details of the 

mechanical characteristics of the rock mass and the presence or absence 

of groundwater. 

Since 2000 G.C the Legadembi Gold Mine has been conducting geotechnical 

feasibility study to dev~lop the underground mine. During the fi led work of the 

present study (January, 2004) it has been advanced to a level of opening the are 
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body located at 1770 m above sea level. The conceptual development of the 

underground resource has been designed and being implemented in th ree phases: 

(i) The first phase envisaged the excavation of the access tunnel with turn ing and 

transformer bays. The access tunnel portal is located at pOint 05' 43' 02" North and 

38° 53' 47" East, with in the footwall gneiss at elevation 1900 m. The excavation for 

the access tunnel started in the year 2000 G.C., from eastern flank of the upper 

Legadembi footwall, towards west at 5% gradient. The 1.35 km long excavation and 

the associated structures have been completed at the end of the year 2003. The 

access tunnel aimed to cross the upper Legadembi lower ore zone perpendicularly. 

The tunnel is Horseshoe shaped with average dimensions of 6 m diameters and 6 m 

heights. The ore zone is intersected almost perpendicularl y after 1.2 km drive, at 

1770 m above mean sea level. The layout of the underground mine is presented in 

Fig 6.2. 

The geological and geotechn ical mapping of the underground access tunnel work 

was conducted by Teshome Legesse and others of the Mine Geology division at 

1 :200 scale. This data has been used for the engineering geological rock mass 

characteriza tion of the access tunnel and associated structures. 

(ii) The second phase envisaged the excavation of exploration drives north and 

south parallel to the ore zone. The excavation has been within the footwall gneiss. 

The aim of the construction of these drives has been to acquire drill core samples 

from the ore zone and the host rocks for geological , geotechnical studies, and gold 

content assay. The excavations are Horseshoe shaped and has the same dimension 

as that of the access tu·nnel. The portal of these drives is located within the access 

tunnel. 
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The North drive has been excavated to explore the Upper Legadembi ore body. It 

consists 12 m long, 10m wide and 6 m high four cubbies at 50 m intervals. Within 

each cubby, vertically fan shaped exploration drill holes of 54.7 mm diameter, have 

been drilled towards west to the ore zone. The drilling array is presented in Fig. 6.2 . 

The drilling holes have an average length of 80 m. The dri lled core samples from the 

North exploration drive have been geotechnically and geologically logged. The 

geotechnical logging involves determination of geotechnical parameters, such as 

ROD, hardness, jOint filling, joint set numbers. joint opening and joint roughness. For 

9 boreholes geotechnical data have been supplied to this work from the Mine 

Geology Department. These borehole data has been used to evaluate the rock mass 

between the footwall gneiss and the ore zone in the underground geotechnical study 

(Chapter VI). 

The South Exploration drive would have been the other major excavation, but the 

excavation has stopped at 39 m from the access tunnel towards south, parallel to the 

ore zone . The purpose of the excavation was to explore the Central Legadembi 

Underground ore body. The excavation has stopped within the footwall gneiss. 

(i ii) The third phase envisaged the development of the underground mine. This task 

involves the excavation of the ore zone drive. The drive is within the ore zone parallel 

to the regional foliation direction. 

Currently, most of the geological and geotechnical work is concentrated on the 

Northern exploration drive. The ore zone drive is located about 1.2 km from the 

access tunnel portal at an elevation 1770 m above mean sea level. The major 

orientation of the drive is N330° and at places north south. It is Horseshoe shaped 

with width varying 6 to 9.5 m and height 6 to 8 m. As on January 2004 a total length 

of 242 m was completed. 
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The development of the underground mine will include installation of permanent 

dewatering system, raise boring to the surface for reliable ventilation system, ramps 

and drifts for di ffe rent levels of future ore stops. 

1.6. BACKGROUND 

In mechanical or civil engineering practice it is customary to ensure the stability of a 

structure by designing it so that the stresses in each element of the structure are 

always less than the strength of that element, defined in some appropriate way. The 

criterion that the stress should always be less than the strength would certainly 

appear to be adequate to ensure the stability of a st ructure and to be applicable to 

those structures in the fo rm of underground excavations. However the options 

avai lable for underground mining excavations designer are fewer than the 

corresponding counter civil-work designer. These options even are often 

ci rcumscribed by other considerations, especially in mining, where the major 

excavation results from the extractions of the are body. 

In mining it is not possible to keep the stresses everywhere in the rock less than its 

strength. The rock fails in parts surrounding many underground excavations, but only 

occasionally does this fact impair the stability or safety of the excavation. The 

criterion that the stresses must always be less than the strength may therefore be 

sufficient to ensure the stability of a structure, bu t in mining it may not be acceptable, 

as it would preclude mining in many situations where it is practiced with comparative 

safety. 

According to the studies of potential mining companies (Ashanti, 1996), the current 

open pit mining method in Lcga-Oembi will be practiced economically up to 1930 or 

1920 m above sea level. below which the mining method should be underground. 
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In the previous works, during the exploration, pre-feasibility and at the feasibility 

stage it is indicated that the area consists different sets of fractures and lithological 

units, which imparts a highly heterogeneous mechanical properties to the rocks 

around the underground excavations. Hence the stability condition of each 

excavation in the underground mine development should be based on a clear picture 

of the mechanical properties of the rock mass. If the afore mentioned condition is not 

met, any failure within the underground mine structure may cost the lives of the 

people on duty, loss of expensive machineries and eventual failu re of the 

underground mine. Even if the failure condition may not endanger the safety of 

humans and machineries, it can cause dilution of ore and waste making the mining 

activity uneconomical. In order to counter act these problems in the Legadembi 

underground mining development, it is necessary to understand the cause of 

instability and to design measures, which minimize these problems. 

After the design life of the open pit mine the excavation has to be made stable for 

long time. The slope stability analysis will provide the safe slope angle with 

acceptable Factor of safety. The slope design is based on the shear strength 

property of the rock mass and its discontinuity plane orientation with respect to the 

excavation orientation. 

1.7 OBJECTIVE 

This research in general aimed to: 

• Indicate the state of the stability of the underground excavations based on, 

sampling results. field measurements and observations; 

• Slability studies of excavated slopes in the open pit, determination of factor of 

safety for static and dynamic conditions; 

• Based on the stability studies to work out a sa fe cut slope design for open pit; 
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• Collecting the existing geological, hydrogeological and geomechanical 

information of the under ground mine; 

• Recommend the best remedial measures for problems related with the 

geotechnics of the underground excavations. 

Thus by achieving the above objectives the following may be produced: 

i) Geologica l map of the open pit and underground mine. 

ii ) Engineering geological map of the underground mine. 

iii ) Assessment of the effect of the hydrological and hydrogeologica l 

condit ions of the study area on the stability of the slopes of the open pit 

and underground mine excavations. 

iv) Safe slope design for the open pit mine. 

v) Identify potential problem areas and recommend possible remedial 

measures. 

1.9 APPROACH AN D METHODOLOGY 

The fo llowing methods have been employed to achieve the above-mentioned 

objectives: 

i) Literatu re review on geology, structure, geomorphology, hyd rology, and 

engineering geology of the Legadembi gold mine from both published and 

unpublished reports, maps and journals. 

ii) Prepare geological map of the study area with emphasis to surface and 

subsurface lithologies and structures available from previous work and 

refine the map by undertaking fieldwork. 

ii i) To acquire good understanding of the hydrological and hydrogeological 

conditions of the area, hydro-meteorological data of the area had been 

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

collected to fill the gap between the available and the required data. The 

field investigations have been concentrated on geological , structu ral, and 

geotechn ica l mapping. sampling, on site measurements, and tests. 

v). To determine the mineralogical 'and geotechnical properties of some of the 

rocks in the study area, laboratory analysis has been conducted on 

samples. 

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

the data has been systematically grouped and analysed using available 

techn iques and computer programmes. 

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 the result, conclusion and recommendations have been drawn 

and the thesis is fina lized. 
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CHAPTER -II 

GEOLOGICAL SETUP 

2.1 REGIONAL GEOLOGY 

The study of the Geology of Ethiopia goes back to 1860 by Blanford, and since then, 

major advances in the understanding of the geology of Ethiopia have been made from 

the works of various researchers, e.g. Danieli (1943); Mohr (1971 ); Kazmin (1972 , 1974, 

1978). The outcome of these studies outlined the lithostratigraphy of Ethiopia into three 

major categories: 

1. The Precambrian Basement 

2. The Late Palaeozoic to Early Tertiary sediments 

3. The Cainozoic volcanic and associated sedimentary rocks. 

The Precambrian rocks of Ethiopia contain a wide variety of metamorphosed 

sedimentary, volcanic and intrusive rocks. They are localized in four major regions: in 

the north , in Tigray ; in the wes t, along the Sudan border, in Gojam, Wall ega, and 

Iliubabour; in the south , in Kibre Mengist, Hagere Maria m, Moyale and Bale; and in the 

east, Harar highland areas. 

The Ethiopian basement rocks, to the wes t, along the Ethio-Sudan border are mainly 

gneisses and migmatites known as Baro Group and to the East of the Baro Group it is 

dominantly the vOlcano-sedimentary succession known as Birbi r, Tu lu Dimtu, Tsaliet, 

Tambien Groups and Didikama and Shiraro Formations and associated plutoniC rocks. 

!n the southern part of the country the vOlcano-sedimentary belt (Adola Group), with its 

attendant intrusives, occurs enclosed by the gneissic terrains (Marmora and Awata 

Group). 
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Recent works classify the Precambrian rocks of Ethiopia in to two major lithotectonic 

assemblages (Ayalew et aI. , 1990; Teklay et aI., 1993; Hailu Worku ,1996): 

• The Gneissic terrains (pre-Pan-Afri ca n Crust) of upper to late Proterozoic 

age. 

• Metamorphosed Volcano-Sedimentary Belts (the Pan-African juvenile 

crust) associated with minor ultramafic bodies and intrusives ranging from 

mafic to granitic in composition . 

The blocks of gneissic terrains are considered to be older than the vOlcano-sedimentary 

belts, and the metamorphism ranges from the upper amphibolite to granulites facies. 

Metamorphic facies in the low-grade volcano-sedimentary succession typically ranges 

from green schist to lower amphibolite facies. 

The general foliation trend is north south wi th exceptional deviation to the northeast and 

northwest. The boundaries between the gneissic and volcano-sedimentary sequences 

are of tectonic origin, represented by sheared mylonitized and tectonically highly 

deformed ultramafic rocks. 

The Precambrian shield in Ethiopia occupies a unique position in th is part of the Africa n 

continent situated between the predominantly gneissic rocks of the Mozambique Belt, to 

the south, eastern and southern Africa, and the volcano sedimentary-pluton iC complexes 

(the Arabian-Nubian Shield), along a strike to the north bordering the Red Sea. The 

Mozambique Belt has been recognized as a polycyclic complex, comprising units of 

highly varying lithology, metamorphic grade and augens (Almond, 1984; Chaen et aI., 

1984). It contains gneisses of at least Early Proterozoic and possibly Archaean age. Fig. 

2.1 shows the distribution of the basement rocks of Ethiopia. 
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Fig.2.1 The Precambrian rocks of Ethiopia (Modified from Ministry of Mines, 1994). 
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Two major structural zones are identified in the Adola Belt: 

i) A folded and refolded gneisses and schists with complex structural and lithologic 

relationship in the western and eastern part of the Adola Belt. 

ii) A linear N-S trending belt made up of intercalated metavolcano-sedimentary, 

mafic-ultramafic and gneiSSic rocks that form the Megado, Shakisso, Kentcha 

and Zembaba Terrains. 

The lithostratigraphic associations of the Adola Belt are outlined in different works of 

Gilboy (1970), Charter (1971), Kazmin et aI. , (1978), Kozyrev et al. (1985), Worku et al., 

(1992), Wolday Ghebreab (1992) and Woldehaimanot (1995). The high-grade rocks 

comprise the Awata and Mormora Groups. 

The Awata Group constitutes gray gneiss , which contains syn-to post-tecton ic 

concordant and discordant granite and pegmatite intrusions. It is considered to 

represent the pre-Pan-African continental microplate (Kozyrev et aL, 1985) and overlai n 

by Mormora Group. 

The Mormora Group constitutes the Zembaba, Aflata and Kenticha Formations (Kozryev 

et ai, 1985): 

• The Zembaba Formation Consists of extensively developed and strong.ly 

schistose quartzo-feldspatihic and leucocratic biotite gneisses of bot.h 

sedimentary and volcanic origins. 

• The Kenticha Formation constitutes amphibolites, graphite-staurolite­

kyanite and si1imanite bearing mica shists, sulphide-bearing pelitic and 

psammo-pelitic metasediments and marble. 

• The Aflata Formation constitutes interlayered biotite gneiss, biotite­

horn blend gneiss, amphibolite, and mica schists. The rocks of this group 
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crop out to the east and west of Megado Graben that is filled with the 

Adola Group rocks wh ich are the most important ore bearing formations. 

The interfaces between the Marmora and Adola Groups are straddled by the occurrence 

of ultramafic bodies. 

Grani~oid intrusive rocks occur both in the high·grade gneisses and schists as well as 

the metavolcano-sedimentary sequences of the Adola area. In general the intrusive 

rocks range in composition from mafic to granitic. 

The lithostratigrahic association of the Adola Belt is summarized by Kozyrev et al. 

(1985) and modified by Worku Hailu (1996) is presented in Table 2.1. 

Table 2.1 lithostratigraphic association of the Adola Gold Belt. 

Lithostratiaraphv Litho lo ies Comments Inter retation 
Post-and syn- Post-and syn 
deformational collision 

granitoids in trude granitoids. 
aU form ations. 

Kajimiti Kajimiti Beds: Arkosic Contains dasts Foreland 
Low-grade Beds metasandstone and with basin 

meta- metaconglomelerale predepositional association 
volcano - schistocity, 

sed imentary preserved 
terrain primary 

sedimentary 
features. 

Finkilcha Formation : No dear Inter-arclback 
Adola Phyllite, metasiltone and boundary basin 
Group metasandstone. between the two association and 

Cheketa Formation : formations. subduction 
Amphibolite, plagioclase- Ultramafic rocks, related 
chlori te-actinoli te schist, tonalite and granitioids_ 

phyllite, quartzite . gabbros are 
integral part. 

Kenticha Formation : Mica Mafic-ultramafic Passive 
schists, garnet-staurolite- rocks are continental 

gneiss, amphibolite, associated with margin and 
graphitic schist and Kenticha ocean floor 

marble. formation. rocks, 
Mormora AfJata Formation: Biotite Most of those Associated-
Group gneiss, biotite hornblende- rocks which are subduction 

High-grade gneiss with found to be related 
gneiss inter-bedded amphiboliles. Aftala granitoids. 

and schist lTlica-schists, quartz- formations are 

Terrain kvanite-muscovite schists. found to be 
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Zembaba Formation : subduction 
Quartzofeldspathic gneiss related 

and leucocratic biotite intrusives. 
gneiss. Zembaba 

formation 
constitutes 
clastic shelf 

sediments and 
an orogenic 

granities 
Awa!a Buluka Formation: Both formations May represent 
Group Migmatilic biotite gneiss are gray pre-Pan-African 

Bore Form ation : banded gneisses continental-
hornblende or biotite- and are microplate 
hornblende migmatitic considered as 

gneiss. the 
same formation 
(Buluka or Bore 

Formation). 
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Fig.2.2 The regional geology of Adola Gold Belt (After VVelday Gebreab. 1992). 
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2.2 GEOLOGY OF THE LEGADEMBI DEPOSIT 

The regional and structural setting of the Legadembi deposit is confined to a deep 

fault separating the rock units of the Marmora Group from those of the Adela Group. 

The auriferou s quartz veins occur in the zone of a tectonic suture in the eastern limb 

of the Megado graben·syncline. This ore-controlling structure has a N-S strike and 

represented by mylonitized and brecciated rocks. 

The ore field is chiefly composed of VOlcano-sedimentary sequence of the Adela 

Group (Late Proterozoic- Early Palaeozoic) and underl ying gneisses of the Mormora 

Group (Late Proterozoic). 

Within the deposit area, the stratifi ed rocks form four successive lithostratigraphic 

members which are (from the base upward): 

1. Biotite gneiss member; 

2. Biotite·Quartz-Feldspar Schist member; 

3. Graphitic quartz mica· schist member; 

4. Amphibolite. 

The biotite gneiss member crops out in the eastern part of the deposit. Its colour 

ranges from light gray to pinkish, some times dark green, medium grained, commonly 

very quartzose and with schistocity well developed at places. It contains quartz (40· 

60%). plagioclase (albite to oligoclase 1-5%), feldspar (microcline 20-30%). and 

biotite (1-5%) (Worash Getaneh, 1994). It is commonly associated with amphibolite. 

and hornblend·biotite-feldspar schists. All members elongate parallel to the regional 

fol iation direction (N-S). It's contact with the volcano sedimentary series is marked by 

ultramafic rocks and quartz sericite schist. The following rock unit are observed in the 

gneiss: 
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• Quartzo-Feldspathic-Gneiss: Its colour varies from light gray, to pinkish, 

and dark gray, partly varigated, highly sil icified and at places, altered to 

quartzite. Near the ore bearing low-grade rocks, it is intercalated with minor 

biotite-actinolite-schists and talcouse crushed soft rocks. At places affected 

by fault zones manifested by brecciation and features of polished surfaces. 

Discontinuities are normally filled with alteration products like, chlorite, 

biotite, and carbonates or impregnated by pyrites. 

• Amphibole/Biotite/Hornblende schist: Greenish dark coloured, slightly to 

moderately silicified; locally al ternating with light to pinkish coloured 

quartzo-feldspathic gneiss; characterized by porphyroblastic texture and 

giving the uni t light to pinkish coloured bands in the greenish dark schist. 

Quartz veins (glassy), veinlets and stringers are observed in places. 

Sample from this rock have been petrographically analysed, in Ethioipian 

Geological Survey Mineralogy and Petrography Laboratory and it consists 

Quartz 39%, Biotite 20%, Plagioclase 25 %, Epidot 7%, and calcite 3%. 

• Amphibole Gneiss: light to dark grey, sometimes greenish; medium grained 

and poor schistocity; the gneissosi ty is formed by bands of feldspars and 

quartz along the gneissocity plane. Needle like hornblende occur as a 

massive body and coarse grained. At places there are spots of quartz 

stringers. 

The biotite-quarlz-fe/dspar schist member consists talc biotite-actinolite schist, quartz 

sericite schist, and quartz biotite actinolite talc schist. The talc tremolite actinolite 

schist and quartz sericite schists marks the transition zone between the high grade 

rocks and the low grade rocks. 
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• Talc·B iotite-Tremolite Actinolite Schist: represent the shear zone marked 

by the highly mylonitized unit forming an impermeable zone for the gold 

mineralization. It is light to dark greyish green with pinkish spots, medium 

to fine grained and at places intercalated with amphibolite. Samples from 

th is unit have been petrographically analysed and they have Tremol ite 

50%, Talc 40 %, and Biotite 7 %. 

• Quartz·Sercite schist: also th is unit represents the shear contact between 

the high grade and lowgrade rocks at Upper Legadembi. It is white gray, 

medium grained, silicified with in tercalation of mica schist. Sulphide 

mineralaization such as pyrite, chalcopyrite and pyrhotite are impregnated. 

At places it consists mineralized quartz veins. 

• Quartz Biotite Actinolite Talc schist: commonly mineralized with sulfides as 

points and impregnations. It is light to dark greenish, highly sil icified 

consisting 30% to 70% quartz veins, stringers and networks. The 

schistocity dips at 50 to 70° towards WNW. Intercalated wi th this unit 

quartz graphitic/carbonaceous mica schist occurs with scattered 

mineraliza tion. 

Graphitic Quartz Mica schist members: these units constitute the western part of the 

volcano-sedimentary series. In places it is replaced or intercalated with 

carbonaceous.mica schist but the graphitic material is dominantly observed. It ;s 

black to dark gray, fine grained, slightly silicified consisting of quartz veins, vein lets 

and stock works. At some places it is mineralised with spots and impregnations of 

sulphides. Locally intercalations of quartz-feldspar-mica schist and talcous· 

biotite/actinolite schists are observed. During this work three rock samples have been 
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petrographically analysed and it has Quartz 27- 35%, Graphite 10-25 %, Biotite 20-

25 %, chlorite1 -8 %, Plagioclase 5%, and calcite trace to 3%. 

The intrusive rocks of the are field and its vicinity consist of metamorphosed 

ultra basic rocks, amphibolite and gabbros. Bodies of fine-grained gabbros 

disco r~antly intersecting the schistose series outcrop on the west side. 

A major part in the geological and tectonic evolut ion of the deposit area was played 

by faults, which are extensively developed in both space and time. They considerably 

modified the folded structure of the ore field. Three systems of faults are recognized : 

one N-S-trending system comprises deep faults initiated in the Late Proterozoic. At 

the surface these fau lts are represented as linear bodies of quartz-serci te schist, talc 

and talc-tremolite-actinolite rocks. The other two trends are the WNW-ESE, and 

ENE-WSW faults. All the fracture types intersect one another at differen t angles and 

form fau lt blocks with various relative displacements. 

Apart from the above fault sets, individual near E-W-trending fractures are also 

observed. They extend from the major fault systems and complicate the overall 

structural pattern of the study area. The geological map of the area is presented as 

Fig 2.3. 

Alteration 

The rocks in the area evidence different alteration products among these silification, 

feldspathization, sulfid ization, sericitization, actinolization, argill iza tion, chloritization, 

biotitization, carbonization and talciza tion are identified and addressed in Worash 

Getaneh (1994). Due to alteration the permeability and strength of rocks considerably 

change. The intensity and dominance of the alteration type, in the area. shows 

variation from the centre to the periphery of the ore zone. Sil icification, 

feldspatization, sulfidization, actinolization , sericitization and biotitization overlap with 
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the richest gold and sulphide-bearing zone. Argilization sercitization and biotitization 

are bounding alteration products dominant at the periphery of the reach ore-bearing 

zone. Chloritzation, amphibolization, and carboniza tion are al terations dominant at 

the outskirts of the shear zone, near the contact with high-grade rocks. 

Mineralization 

The Legadembi ore body occurs in the N-S trending shear zone and consists 

numerous tabular and lens shaped bodies parallel to the shear zone, regional 

foliation and lithologic contact. The gold mineral ization is concentrated within quartz 

veins, vein lets, intervening silicified rocks with quartz stockworks mainly within 

Quartz Biotite-Actinolite-Talc schist members and the lower part of the Graphitic­

Quartz-Mica-schist members. 

The rocks in the area experienced progressive deformation (0,-03) and various 

degree of metamorphism (Gebreab, 1992). The first original lithological layering (5, ) 

is deformed by F, folds whose, axial surfaces (S,) are regionally dominant. During 

the O2 deformation event, F, folds have been folded about tigh t close, upright to 

steeply inclined, subhorizontal F2 folds. In OJ deformation event generally E-W open 

upright to steeply inclined, subhorizontal moderately westerly and easterly plunging 

F3 cross folds were produced. Through out the ore zone and the non-mineral ised 

rocks, quartz veins occur in discontinuous asymmetric arrays parallel to the shear 

zone. They represent boudnaged quartz veins, which are the product of successive 

regional tensile, ductile and brittle-ductile deformation of the country rocks. 

The vertical and longitudinal dimensions of the veins ranges from few to hundreds of 

meters, and their width varies from few centimetres to 7 m. The ore-bearing zone is 

about 1.3 km long and 200 m wide (EMRDC, 1995). Gold mineralization is 

associated wi th sulphidization, generally in pyrhotite and chalcopyri te- rich quartz 
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veins, with minor amounts of pyrite galena and arsenopyrite and traces of sphalerite. 

Wall rock schists between veins have a considerable amount of fine disseminated 

gold (Hailu Worku, 1996), 

During the exploration stage the deposit has been grouped into three ore bodies, 

namely, the 'north', 'cen tral' and upper Legadembi zones (NLD, CLD and ULD), 

separated by late, en-echelon brittle faults trending ENE-WSW, which displace 

earlier north-south sets parallel to the shear zone. With an overall north plunge they 

comprise relatively linear steeply dipping bodies. Currently the mine geologists had 

regrouped the three deposits to two deposits, after grouping the North and Upper 

Legadembi ore as Upper Legadembi. 

The ore body is open at depth (with the deepest drill in tersection at around 1500 m 

above sea level, 700 m below surface), particularly in the North and Upper sections 

of the mine, extends to depth at grades and width that could support an underground 

mining operations (Ashanti, 1996). 

Different Mining companies evaluated the mine (in their tender document) and 

estimated that the ore can be extracted by open pit method up to 1930 m or 1920 m 

above mean sea level. Ore below this level should be mined by underground mining. 

Based on seven deep drill ings, below the Northern and Upper sections of the mine, 

the underground resource has been estimated to posses some 20 ton of gold from 

2.9 million tonnes of ore at 6.84 glt grade (Ashanti, 1996). 
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CHPTER III 

SEISMICITY OF THE PROJECT AREA 

.1 INTRODUCTION 

alural Hazard is defined as "the probability of occurrence with in a specified period 

f time, within a given area of potentially damaging phenomena" (Johnson et al., 

988). Earthquake is a natural hazard resulting seismic waves (dynamic loading) that 

lay damage natural and man made structure around the epicenter. The damage can 

e manifested as ground failu re in the form of landslides, ground cracking . 

ubsidence, and differential settlement. 

lalural hazard analysis is part of engineering geologica l feasibility study of a project. 

's objective is to determine weather the natural risk is at acceptable level or not and 

) consider the risk in the design parameter of the structure. The determination of the 

sk involves, measurement of the ri sk. and judging weather the risk is acceptable or 

01. The engineering geologist is responsible in defining natural hazard in the area of 

lterest. The definition of natural hazard requires a statement of probability of 

ccurrence. This prediction of future events of a given magnitude usually depends on 

asic geologic and seismic studies. These studies usually relate present and past 

onditions in an effort to identify some empirical relationship. which may serve to 

,redict future events. The engineering geologist typically is forced to make the most 

,f existing information to predict expected risk (Johnson et aI., 1988). 

Vhen important engineering structures are to be constructed. in seismic risk areas. 

1e peak earthquake ground acceleration will be a variable useful in the evaluation of 

1e response of the structure to earthquake motions. The magnitude of past 
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arthquakes along with generalized curves on attenuation of generated motion for 

ifferent regions can be combined to provide estimates of expected peak ground 

cceleration (Johnson et aI., 1988) . 

. 2 SEISMICITY OF THE PROJECT AREA 

he Seismic zone of Ethiopia have been delineated by Gouin (1979) and later 

pdated by Laike Mariam Asfaw (1986). In the later work previously omitted 

arthquake parameters measurements of Southern Ethiopia were included; strain 

:! Iease and seismic risk maps has been produced for earthquake from year 1400 to 

985 and 1900 to 1985; the probable return period of destructive earthquakes has 

een considered and a discussion of some unique features of earthquake hazard in 

1e Afar Depression has been presented. 

1 the same study, a graph for attenuation of intensity with distance, based on the 

urves for North Ameri ca (Fig.3.1) has been formulated. 
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=;g 3.1 Intensity Attenuation curve. (After Laike Mariam Asfaw, 1986). 
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1 the curve M.M is the intensity in Modified Meracali and M is the magnitude. The 

ttenuation curve indicates the intensity attenuation from the earthquake epicenter. 

he Legadembi area regionally flanks the southern extension of the Ethiopian Main 

:ift. In the works of Fekadu et al. (1996) the Southern main Ethiopian Rift (SER) (Fig . 

. 2) has been characterized as a region of large and intermediate size earthquakes. 

he stated notable earthquake occurrences were the 1906 Langano earthquake 

vlaximum 6.8), the 1928 earthquakes (6.0) and the 1987 southernmost rift 

arthquake (6.2). 

Eritrea 

14'1---I=~2fSil'-

LEGADEMBI GOLD MINE 

5'1--/-

33' 40' 48' 

:ig.3.2 The main Ethiopian and southernmost rifts earthquake sources. 

Fekadu et aI. , 1996). 

'he project area is within the influence area of the SER earthquake sources (Based 

n the attenuation relation) hence. the effect of dynamic loading on the stability of the 

ite has been considered in this study. 
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'!le 'Seismic Risk Map' produced by Laike Mariam for a hundred year return period 

nd 0.99 probability shows that the sludy area fails with in 7 to 6 M.M scale. The map 

howing the Seismic Risk zones of Ethiopia and the location of the Project area is 

resented in Fig. 3.3. 
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lased on the chart presented in the book of Johnson et al. (1988). for proposed 

elations of intensity to ground acceleration, for intensity level 7 M.M., the ground 

Icceleration range from 0.07 to 0.1 g. 

:or the slope stability and underground excavation stability analysis, dynamic 

:ondition, to be on the conservative side the ground horizontal acceleration has been 

,onsidered as 0.08g. 
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4.1 INTRODUCTION 

CHAPTER 4 

HYDROGEOLOGY 

Water is the most essential natural resource for mankind . It is needed for irrigation, 

drinking, industry and other domestic purposes. In order to meet the daily needs of 

life, water is taped by various engineering techniques. For engineering structure 

groundwater is considered to have a negative impact. The scale of the effect has to 

be determined and accounted in the design of the structure. For this purpose 

hydrogeological study has been considered as a part of the site investigation in the 

present study. Groundwater can affect the stabil ity of a rock mass in five ways 

(Abramson et.al. 1995): 

I. It reduces the strength of the rock mass; 

II. It may change the mineral constituents through chemical alteration and 

solution; 

III. II may change the bulk density of the rock; 

IV. It may generate pore water pressure; 

V. It may cause erosion. 

Groundwater is derived from many sources but primarily originates from rainfall. 

Groundwater level is rarely static and it varies with the rate of recharge or discharge 

of the groundwater. Rainfall in a given area rarely have uniform distribution, hence 

fluctuation in groundwater level may vary with geology, topography. and proximity to 

local centres of discharge, such as springs, rivers. and dams that store water or 

pump water from the ground. 
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The infil trated water can move with ease in soi ls, rocks and typical fractures of rocks. 

These are called aquifers. Aquifers are ei ther confined, by two impermeable strata, or 

unconfined, if exposed or not overlain by an impermeable layer. 

The extent to which infil tration from rainfall, reduces the stabili ty of slopes is 

dependent on a number of factors, such as the original position of groundwater table, 

the intensity and duration of the rain fall , the antecedent rainfall within the 

groundwater catchments, the recharge potential of the area, the geology, the degree 

of saturation, and the topography. In the book of Selby, (1993), the groundwater flow 

in 10 m2 rock mass has been classified as sl ight < 251/min , moderate 25-1 2S lfm in; 

and great> 125 I/min. 

There are two possible approaches to obtain ing data on water pressure distribution 

within a rock mass: 

a) Ded uction of the overall groundwater fl ow pattern from consideration of 

the permeability of the rock mass and sources of groundwater. 

b) Direct measurement of water levels in boreholes or wells or of water 

pressure by means of pizometers installed in boreholes. 

During the feasibili ty and development stage of the mine, the hydrogeology of the 

area has been studied. The study included an observation and investigation of 

springs, measu rement of groundwater in mine workings, fractures, and shears zones. 

During the prospecting and exploration work it was found that none of the workings 

contained significant amounts of water throughout the year, including the rainy 

season. This along the reported frequent encountered loss of drill ing fluid during the 

dip drilling exploration phase, indicated high degree of fracturing in the rocks of the 

Legadembi deposit (BRGM, 1991). 
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No springs occur at, or in the vicinity of, the Legadembi deposit apart from one area 

situated 600 m east of the southern Hank of the deposi t, where swampy area occurs 

in the Chameti va lley (right-bank tributary of Legadembi creek). The swamp lies at an 

altitude lower than the southern section of the Legadembi deposit, and is active 

throughout the year, apparently fed by groundwater seepage from a deep fault zone 

developed in the fractured gneisses and variable schistes underlying the locality. 

Water appears in the Legadembi River channel only locally during the rainy seasons. 

4.2 THE OPEN PIT MINE HYDROGEOLOGY 

The existence of groundwater around the open pit and underground mine is 

manifested by wetting bands on the western slope of Ihe open pit, at the Upper and 

Central Legadembi. This fact can indicate that in the open pit, the groundwater depth 

is located almost entirely above the local erosion base. The groundwater is mainly 

unconfined and is associated with fissured zones in all the lithological rock varieties. 

The depth varies from 10 m to 50 m. It is fed by atmospheric water infiltration, and 

discharge is via springs and drainage through the underground workings. 

The former underground exploration ad its are now open both at the western and 

eastern flanks of the open pit mine. The discharge is mainly observed in the 

openings located in the western flank. The discharge rates measured in the former 

exploration Adit No1 and No2, of the central Lega-Dembi area, ranges 0.37 lis (22.2 

I/min ) and 0.066 lis (3.96 I/min ) in March and 0.49 lis (29.4 I/min) and 0.11 li s (6.6 

I/min) in November, respectively (BRGM, 1991). 

The groundwater drippi~g from the western wall accumulated and formed a pond of 

few centimetre depths. There is also groundwater flow from the walls and roofs of 

older and recent underground workings, into the open pit excavation floor. This 

discharge has made ponds at central Legadembi. 
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In Ihe Upper Legadembi western pil wall there are vivid wet bands almosl al Ihe 

same elevation, within weak highly fractured rock mass. At the bottom of these rock 

mass slopes, the groundwater have been dripping from fractures and wetting the wall 

surface. This dripping flow have been accumulated on the pit floor and made a pond 

of very shallow deplh. 

4.3 THE UNDERGROUND MINE HYDROGEOLOGY 

In the underground mine workings groundwater effects have been observed in the 

access tunnel, the exploration drive, and the ore zone excavation. The groundwater 

is transmitted through major fault fractures, boreholes. and rock bellholes. 

The groundwater surface within the underground mine could have been correctl y 

defined if pizometers were installed at different part of the excavation. With the 

absence of the groundwater and pressure level measuring device it is very difficu lt to 

measure the effect of groundwater on the stability of the excavation. However the 

effect of groundwater is indirectly accounted in the rock mass classification. In 

general in the excavation high groundwater inflow has not been observed. 

In the permanent excavation the groundwater chemistry may have effect on the 

support strength. In the underground mining, the main support system is rock bolting 

and around the portal area it is shotcreeting. To determine the effect of the 

groundwater chemistry and inflow, observations at different groundwater occurring 

locations, has been made and two representative samples have been taken for 

chemical analysis. In 9 locations groundwater occu rrences have been observed 

(Fig.4. 1 ). and Ihe details of each loealion is presenled below: 
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• Location 1 is at the southern most part of the ore zone. The water flow has 

been estimated by measuring the time elapsed to fi1l1 liter bucket. The flow 

has been estimated to be 1.0 11m. It nows from a weak faulted folded and 

. sheared quartz vein of the roof. The fracture dips in N250·/80· . 

• Location 2 is at the Western extreme of the access tunnel. It has been 

observed that the groundwater is not in amount of flow but it has made the 

roof wet. It is coming through a shear zone filled with quartz vein. The shear 

zone dips in N270"170· . 

• Location 3 is in ore zone excavation, on the eastern wall. The groundwater 

has been observed in the form of droplets falling from a fault fracture. 

• Location 4, is in the ore zone excavation at around 80 m from the opening. 

The water has been dripping from a down ward plunging exploration drill hole, 

drilled from the north exploration drive and crossing the ore drive eastern wall. 

The flow amount is consistent and approximately 2 liVsec. 

• Location 5 is located in the northern extreme of the North exploration drive. 

• 

• 

The water has been dripping from a bolthole and through fra ctures. The rock 

is highly fractu red and brecciated. The dip direction and dip of the fracture is 

N270·/60· . The now is in droplets and approximately a liter per second. 

Location 6 is located within the North Exploration drive on the eastern Wall. 

The water has been weUing the rock mass around a joint sets dipping towards 

N270"1 70". The groundwater is not nowing but welting the wall. 

Location 7 is located within the North Exploration drive in cubby 2. In the 

cubby the water has been flowing mainly through exploration dnll holes. 

number BH 1009, and BH 1011 . These drill holes plunge upward crossing the 
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regional foliation. There is also a wider fracture parallel with the regional 

foliation direction. The rate of flow from the boreholes has been approximately 

111m. For chemical analysis about 1 liter wa ter sample has been collected 

from th is site and submitted to Laboratory (S7) . 

• . Location 8 is located in the North exploration drive cubby 1. In this cubby 

water flows from the drill holes 1002, 1003, 1006 at a rate of 1 liVminule. 

These boreholes are plunging upward with 60" to 70". 

• Location 9 is located in the access tunnel. The area is a shear zone with fault 

plane crossing perpendicularly the tunnel roof. The groundwater flows from 

fractures on the north wall and the roof. The rate of flow was approximately 

1.0 11m. On the wall the watercourse has made red and yellowish stains with 

color gradation red on the top and yellow on the lower part. On the other hand 

there was a rock bolt near the roof and groundwater is also flowing into the 

excavation from the rock bollhole. The groundwater from the boll hole has also 

made red stain on the wall. For chemical analysis Water sample has been 

taken from this location (S8). 

4.4 THE CHEMICAL PROPERTY OF THE GROUNDWATER 

The corrosiveness of groundwater affects the weathering intensity of rocks, buried 

pipes and structures. Total sulphate content of 300 ppm (75 mil ligramflilre) in 

groundwater has been classified as potentially aggressive in Abramson et.al (1995). 

Sulfate when present in large amount, is aggressive to concrete/metallic structure, 

like rock bolts. Sulfide .mineral contained in rocks will be oxidized into hydrogen 

sulfide. Hydrogen sulfide may result sulfuric acids by the action of oxygen and water. 

The sulphuric acid wi ll facilitate the weathering process of the native rock causing 

decrease in strength. 
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Chemical analysis of the underground water has been made during the 

environmental impact assessment in the feasibility stage (BRGM 1991). The report 

indicated that the groundwater from the old adits has been found to be salt free (up to 

0.3 gIl); in exceptional cases, when the groundwater has been stagnant, the 

mineralization was found to be as high as 3-4g/l. The chemical composition of the 

water was found to vary from sulphate-hydrocarbon ate potassium-magnesium to 

hydrocarbonate-sulphate magnesium-potassium: total hardness of the water varies 

from 3.1 to 44.8 mmolll; the carbonate hardness is 1.1 - 4.9 mmoil i. 

During the present study two groundwater samples have been collected from the 

underground mine north drive (S7) and the access tunnels (S8). The samples have 

been tested at the Ethiopian Geological Survey laboratory. The results are 

presented in Table 4.1 . 

Table 4.1 Underground mine groundwater chemical analysis result. 

(Concentration in ppm) 

Field No. 57 58 

Sam ole Location North exoloration drive, Cubby 2 Access tunnel 

Lab. No. 1100 1101 

Carbonate ICO, ) - -
Bicarbonate (HCO~' 139 328 

Chlroide ICI 17 99 

Sui hate SO.; 1146 717 

Flouridem 0.24 0.18 

Nitrate-CN03 
22.2 15.51 

Sodium (Na 25 60 
32 13.5 Potassium K 

295 Calcium Cal 330 

MaanesiumlMq) 110 75 

Silica ISiO, ) 13 32 

0.28 3 
8romide 18r) 

0.Q1 0.23 
Iodide I 

13 23 
Carbon dioxide CO,) 7.52 I p-H 7.4 
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4.4. 1 Corrosivity of the underground mine groundwater 

The coexistence of sulphate and chloride ions in groundwater causes deterioration of 

reinforcement (concrete or rock bolt). The corrosivity of the groundwater can be 

determined from the corrosivity ratio coefficient. CR (Mahadevaswamy. 2002). If the 

CR value is > 1 the groundwater is corrosive. In corrosive groundwater conditions, 

while doing excavation, a proper precaution has to be taken to reduce the effect of 

corrosion, especially in permanent excavations. According to Mahadevaswamy 

(2002). the value of the corrosivity coefficienl can be determined from: 

CII = 0.028Cl + 0.02 ISO, 
0.02(HCO, + CO, ) 

Thus by applying this relation. CR value for samples S7 and S8 are 8.8 and 2.71 

respectively. 

The groundwater analysis data shows that both in the North exploration drive and the 

access tunnel the groundwater has high content of sulphate (> 700 ppm ) and 

chloride (> 17 ppm) with corrossivity coefficient, CR > 1 . According to Abrahamson 

et.al 1995. if total su lphate content of the groundwater is greater Ihan 300 ppm the 

groundwater can be classified as aggressive to concrete/metallic material. Thus the 

groundwater leaking in the underground stru cture is corrosive with respect to 

concrete/metal materials. The same conclusion has been drawn from samples taken 

during the feasibility stage. also. 

Thus while suggesting the support measures care has been taken to account for the 

corrosiveness of the groundwater for concrete and metallic materials. 

In general the groundwater flow observations indicated that the flow is through the 

regional folia tion of the rock mass. This conclusion is based on the fact that 

groundwater flow has been mainly through structures, drill holes and boltholes 
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crossing perpendicularly the regional foliations. The regional foliation has been 

regionally continuous and intersected by different fracture sets; hence it can be 

suitable for groundwater movement. 
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CHAPTER V 

SLOPE STABILITY STUDIES OF THE OPEN PIT 

5.1 INTRODUCTION 

Open, excavation for mining or other purposes involves the removal of earth material 

to a greater depth. In order to accomplish this economically the character of the rocks 

and soi ls invo lved, their geological setting must be investigated. 

One of the main characteristics of open pit mining economy is the stripping ratio, 

which is relatively numerical volume of barren rock per ton or mJ of mineral 

excavated. Generally when the slope is cut steep the amount of overburden to be 

removed will be reduced. However, the economic benefits gained in this way can be 

negated by a major slope failure. Hard rock masses are liable to sudden and violent 

failure when the excavated slope is very steep or high and exceeds their peak 

strength. On the other hand soft materials tend to fail by gradual sl id ing. Evaluating 

the stability of the ultimate slopes is an important part of open pit design. 

The design of slope excavation in rock must be based on understanding of geological 

set up of the site and spatial relationship between contained discontinuity planes. 

These input data will help to identify the basic dominant mode of failure in the area 

and shear strength along failure planes, which are important for the stability analysis. 

Besides making the over all slope steep the stability of individual bench slopes 

should be considered. The benches have 10 be stable and wide enough to 

accommodate heavy mining machineries. The stability of individual benches is 

controlled by local geological condition, the shape of the overall slope in that area, 

local groundwater conditions and also by excavation condition (Hoek et al., 1977). 
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While the overall slopes are clearly important in terms of the economics of the entire 

mining operations, the stability of individual benches is usually a matter of more 

immediate concern to the engineers and for the day·to-day mining operations. 

Identification of potential unstable slopes in the initial stage helps the designers and 

engineers to plan further excavation of the mine in such a manner that the risk to 

human and machineries is minimized. Based on the stability results. a safe slope 

design can be generated, which not only maintains the economy of the mine but 

fulfi ll ing the safety considerations for man and machinery. 

In the present study the stability of excavated slopes in open pit mine has been 

carried out by limit equilibrium method. The stability study for slopes has been carried 

out for static and dynamic conditions, of dry. moderately saturated and saturated 

water conditions. Safe slope design has been evolved for a possible worst conditions 

i.e. a slope in a moderatety saturated dynamic (earthquake toading) condition. 

5.2 SURFACE GEOLOGY OF THE OPEN PtT 

The Legadembi gold mine lies in the eastern flank of the Megado Graben syncline 

within Adola gold belt. The open pit lies at the western slope of the Wosho Mountain , 

partly fo rming the Legadembi valley. The contact between the different units is a N-S 

stretching horizontal shear zone. The main rock types exposed in the open pit mine, 

from east to west, are gneiss, talc tremolite-actinolite schist (quartz serdte schist), 

quarz biotite actinolite talc schist, graphite quartz mica schist, amphibolite, and 

gabbro. The detail of the geology of the Legadembi gold deposit has been addressed 

in chapter II. 

In general from top to bottom the pit consists: 

-a few meters of red reworked clay, lateritic on the surface: 
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-a clay-silt weathering mantle, resulting from the in situ decomposition of the 

parent rock varying from 10 meters to 30 meters thick. 

-a zone of weathered and fractured rocks, 10m to 15 m thick. 

-the fresh rock. 

5.3 TOPOGRAPHY OF THE OPEN PIT 

The Legadembi open pit mine is located at the western flank of the Wosho Mountain. 

The Wosho Mountain lies at 2200 m above sea level and it is a N-S stretching 

mountain. The mining activity started roughly at the level of 2200 m above sea level 

(BRGM, 1991). The are body is aligned with the regional foliation direction, which has 

a N-S strike with 100 to 150 deviations from North. The pit layout follows the strike 

direction of the ore body. For work convenience locally the pit has been divided into 

two parts namely, the northern pit, known as Upper and the southern part, known as 

Central Legadembi. During this study the bottom level at Upper Legadembi was at 

1999 m, and at Central Legadembi it was 2020 m above sea level. The topography of 

the pit is presented as triangulated network 3D view map, Fig. 5.1 . 

5.4 GEOMETRY OF THE SLOPE SECTIONS 

In order to carry out the stability studies in the open pit area, totally 7 slope sections 

have been selected. The selection has been based on the topography and the 

geometry of the slopes. Section line 2, 4, and 5 were further divided into subsections 

based on the lithologic and topographic difference. Fig . 5.2 shows RMR data 

observation locations and the distribution of section lines in the open pit. Cross 

sections along the secti'on line were prepared, which indicates the overall geometry 

of the slope (Fig.S.3 to Fig. 5.5) sections. Tabte 5.1 presents the slope geometry 

(collected from slope sections) data. 

49 



Table 5.1. Details of 5/0 e Qeometn and litho/o rv at various section Lines. 
Slope Slope fa ce Upper slope Height of lithology 

section angle angle the slope 
ImU' 

5L1 50" 25" 40 Graohitic uartz mica Schist 

5 L2A 50" 5" 40 Graohilic uartz mica schist 

5 L2B 35" 20" 40 Graohitic uartz mica schist 

5L2C 30" 0" 35 Soil 

SL3 45" 20" 115 GranhiliC uartz mica schist 

SL4A 50" 25" 90 Gra hilic uartz mica schist 

SL4B 30" 0" 60 Am hibolite 

SL5A 53" 20" 45 Graohitic uartz mica Schist 

5L5B 50" 25" 58 Amohibolite 

SL6 40" 0" 40 Gneiss 

5L7 40" 0" 55 Qtz.Biotite.Aclinolita.Talc. 
Schist. 
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Fig. 5.1 Triangulated network (TIN) model-a 3D view representation of the open 

pit. (Source data from the Mine) 
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5.5 ENGINEERING PROPERTY OF ROCKS 

Rock mass generally show different deformation behavior based on the rheological 

(stress-strain relation ship) properties of the constituting rock forming minerals, 

degree of weathering, degree of fracturing and orientation of discontinuities. The 

intrinsic physical property of the intact rock is an input in the slope stability analysis. 

The main physical properties of intact rocks are specific gravity, unit weight , 

compressive strength, tensile strength, modulus of elasticity, and poisons ralio. 

The physical properties of the intact rock of the open pit mine has been determined 

from: 

a) During the present study, boulder sample, collected from the gneiss. 

Graphitic quartz mica schists, and talc-actinolile-tremolite schists. These 

boulder rock samples have been cut into cubes of 38 mm3 and measurements 

of unit weight, uniaxial compressive strength tests were conducted in the 

Geological Survey of Ethiopia, Physical Laboralory and the results are 

presented in Table 5. 2. 

b) During th is study core samples from abandoned borehole have been taken. 

The diameter of the core has been 54.7mm. Compressive strength , unit 

weight, and elastic modulus tests have been conducted in Constru ction Design 

Share Company, Material Testing Laboratory. The result is presented in Table 

5.2. 

c) During the feasibility study core samples have been taken and compressive 

the been done The test results are strength and unit weight measuremen av . 

presented in Table 5.2. 
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Table 5.2 Phvsical proDerties of rock 
Rock Type Density (Tim' ) s. 

Compressive Source 

Gneiss 2.64 
Strength (Mpal 

356 
S,ube t~~t 

Biotite Gneiss 2.65-2.75 237 
this woflit 

Biotite Plagioclase 2.67 263.4 
EMRDC' 

schist Cube test 

Hornblede Schist 2.66-2.8 108.6-172 
Quartz Sercite 2.6 

EMRDC 

Schist 
95.86 Core sample 

Biotie Talc 2.85 
(lhiswor1!.) 

Tremolite Schist 
38.83 Cube test 

TalcfTalc Tremolite 2.82-2.92 13.2-59 EMRDC 
Sch ist 

Quartz Biotite 2.86 31.5 Core sample 
Actinolite Talc 

, 
Schist 

Quartz Biotite 3.0 101 .11 Core sample 
Actinolite Talc 

Schist with Quartz 
vein 

Quartz Biotite 2.7-3.03 81.3-216 EMRDC 
Actinol ite Schist -Quartz Vein 2.64-2.79 88.5-119.9 EMRDC 
Graphitic Quartz 2.97 143.97 Cube test 

Mica schist 
Carbonaceous 2.72-2.87 88.5-1 19.9 EMRDC 

Quartz Mica Schist 
• Ethiopian Mmeral Resource Development CorporatIon, (1995). 

5. 6 SHEA R STRENGTH OF DISCONTINUITY PLANES 

At shallow depth the deformation property of rock mass is controlled by the density of ~ 
discontinuity planes and their spatial relation. In order to analyze the stability of a 

rock mass one has to understand the available shear strength between adjacent ! 
discontinuity planes. The factors that control the magnitude of the shear strength are 

the degree of cohesion (c) and angle of internal friction ($). The shear strength of 

discontinuity planes is represented by the equation: 

t = C + O"ntan¢ 
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Where c is the cohesive strength of the surface, 0 , the normal stress and 9 is the 

angle of interna l friction. Both these parameters can be determined by laboratory 

shear tests on a rock containing discontinuity planes. 

The natural discontinuity surface in hard rock is never been smooth. The undulation 

and asperities on a natural jOint surface have significant influence on its shear 

behavior. Generally the surface roughness increases the shear strength of the 

surface, and th is strength is extremely important in the stability analysis. Barton et al. 

(1973, 1976, 1977,1990) have studied the behavior of natural rock jOints in great 

details and have proposed the shear strength of discontinuity planes by a relation 

(Hoek, eLal. 1995): 

1= 0, tan [ ~b + JRC log " (JCS/o,) ] 

Where JRC is the joint roughness coefficient; JCS is the jOint wall compressive 

strength; T is peak shear strength; an is effective normal stress and $b is basic friction 

angle. 

To estimate the shear strength of the discontinuity planes the above empirical 

relation has been used . For this relation the joint roughness coefficient has been 

determined on site, by comparing the surface roughness proflle with the table 

presented in Hoek et al (1995) and giving the corresponding JRC rating. The data is 

presented in Table 5.3. During the feasibility study of the open pit, laboratory shear 

. 't I s contained in core samples tests have been conducted on discontinul Y pane 

(BRGM 1991) the result is presented in Table 5.4. 

fi Id . alobservation Table 5.3 Joint rouahn~ss d~ta fro~o~~t R:~~~ness Coeffic ienl 
Site Fracture Orientation ;;r-iJRC) 

Dir/Dio 4.6 
N2700160° 10.12 

Fool Wall N040onSo 
6-8 N2600165° 

12-14 N1000120° 
4-6 N8001 20° 
4-6 N2800165° 
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Site 

Hanging Wall 

I N1 

I N1 

~ 

~~~: 
I N1 

~;~~: 
I N1 

~ 

'--__ -'-"tIm '"'30' 

JO in, 

. (JRCl 

6·8 

a e T bl 54 Sh ear s rengl c arac ens ICS 0 se S 0 t th h t . f f f t S ructura IscontlnU/lIes. 
Site Wall side sets of stru ctural Shear Strongth 

discontinuities 
DirlDip 

Residual Ang le of 
cohesion friction 

(kPa) 

West face N160°·N21QoI 15°· 200 40" 

30" 
Central N300"·N32S"' 200 40' 

Legadembi SO°·90· 
N45°·N8S"' 200 40" 

50°·70' 

South Face N230"·N26S"' 200 40' 
50"_90· 

N20"·N90"' 200 40' 

10'-65" 
N 1SS"·N200"' 200 40" 

65°.90' 

East Face N 1350 -N 155°' 200 40' 

60"·90" 
40' 

N230"·N26S"' 200 

SO"·90" 
N260"·N270"' 200 40" 

35°-65" 
N20"·NOO"' 200 40' 

10°_65" 
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Northeast Face N 1 55· -N200·' 200 65·_90< 40' 

N13S·-N1SS·' 200 40' 60' ·90' 
N260·-N270·1 10.000 40' 35' ·65' 

West Face N260' ·N270' / 11 .000 
35' -65' 50' 

N230· -N26S·' 200 40' 50·-65· 

North Face Upper N230' ·N26S'/ 200 40' 
l egadembi 50°_65. 

N20' ·N90' / 200 40' 10°-65. 
Nl 55· -N20001 200 40' 65·_90· 

East Face N20o-N90·1 200 40' 
10·-65· 

5.7 GEOMECHANICAL (RMR) CLASSIFICATION OF THE ROC K MASS 

Rock mass classification schemes are in application as an engineering structure 

design input for more than 125 years. When little or no information is available to 

estimate the strength and characteristics of a rock mass, rock mass classification 

systems are ideal means. Among the various ctassification systems, Bieniawski's 

RMR (rock mass rating) and the NOlWegian Geotechnical Institute Q-systems are 

widely used. 

To characterize the rock mass and for stability analysis, Bieniawski's Rock Mass 

Rating system known as the Geomechnics Classification (1989) has been adopted. 

The data pertaining to RMR has been coliected at 53 locations. The RMR data 

locations are presented in Fig. 5.2. Bieniawski's 1989, RMR is modified for mining 

I 

purpose giving more weight on factors that control the stability. The five main t 
parameters of the RMR, and the reduction are discussed below. 

1. The strength of the intact rock mass was considered from laboratory uniaxial 

tests perfomned on samples coliected durin nd during the 

feasibility stage. 
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2. RQO or Rock Quality designation was determined using the PalmestrOm's, 

Volumetric count method Th 's th d . " 
. I me 0 gives three-dImensional picture of the 

joint spacing. In this system RO~ is related with Joint count number (J,) by the 

relation: 

ROO= 115-3.3J, 

ROD= tOO% when J, ~ 4.5. 

In areal mapping this system has the advantage of averaging out some of the 

anisotropy of the ROD term and gives representative value. 

3. Joint spacing: jOint spacing were measured in each cubic (1 m X 1 m x 1 m) 

volume of rock mass. The measurement was taken using a steel meter tape. 

Based on the different ranges in the classification system as threshold, ratings 

were adopted for each jOint set within the location. The rating ranges from 5 to 

20. 

4. Conditions of discontinuities: in this parameter the roughness of discontinUIty 

surfaces, the continuity of discontinuity planes, separation of discontinuity 

openings, the weathering conditions of the walls of discontinuity planes were 

considered. 

5. Groundwater conditions were also considered in the rating. Most of the pit 

slopes are dry and the rating values were mainly fo r completely dry (15) and al 

few places for damp condition (10). 

6. Rating adjustment was considered according to the influence of the 

discontinuity orientation with respect to the excavation slope face. The 

O t 50 " of the RMR calculated value. adjustment rating ranges from a 10 
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7. The two shear strength parameters Cohesion (C) and angle of internal fnctlon 

va lue (~). for each RMR locations. are empirically calculated from the relalion 

developed by Bieniawski (1989). Geomechanic classification: 

~= 0.5 RMR + 5; C= 0.05RMR 

Based on their proximity to the section line the 53 RMR locations have been grouped 

into 7 section lines. The average RMR, cohesion and angle of internal friction value 

for the rock mass around each section lines are presented in Table 5.5. 

Table 5.5. Average values of RMR and shear strength parameters of section 
lines 

Section Line Average RMR ('!o) Cohesion Angle of internal friction 
(kg/em' ) ( ~) 

SL1 57 2.83 
. (degr·ilL 

33 
SL2 49 2.45 30 
SL3 46 2.28 28 
SL4 43 2.15 27 
SL5 48 2.41 29 
SL6 50 2.47 30 
SL7 51 2.54 30 

According to the Geomechanlcs classlflca tion Bieniawski, 1989) result. the ro ck 

mass around the open pit, is rated as class II I (Fair Rock) with average cohesion 

value ranging 200-300 kPa and friction angle 25' -35'. 

5.8 FRACTURE ANALYSIS 

. .' . h ery important influence upon the The presence or absence of discontinUIties as a v 

.. d th detection of these geological features are most critical stability of roek slopes an e 

parts of the stabil ity investigation (Hoek et al. 1977). 

.' rf ces dipping towards the slope face When the rock mass contains discontinUity su a 

• . I rd'ng can occur and the stability of the slope at angles between 30° a,nd 70 , Simp e S I I 

. " h" h Iy horizontal and vertical discontinuities 
IS significantly lower than those In W Ie on 

are present. 
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The rock mass forming the Legadembi open pit mine consists discontinuity planes 

mainly, joints, faults, and schistocity planes. To determine the main discontinuity 

sets, around the open pit, 954 dip and dip direction measurements of joints have 

been taken and analyzed using Spheristat 2. and Dips computer programs. The 

conve.ntion used to measure the fractures· has been, the azimuth of the 'Dip-Direction' 

clockwise in relation to magnetic north from O· to 360' and amount of dip. 

For data analysis the data were feed in Spheristat 2. , data table as Dir/Dip, then the 

poles of the measu rements have been plotted on a circular diagram (Schmidt 

projection, lower hemisphere). Using the density analysis facility of the program the 

poles were contou red on Schmidt counting net. The major planes dip directions and 

dips are plotted in Dips computer program. The fracture analysis has been used for 

the Kinematic check of each slope section. 

The contou r density analysis of all the fracture data resulted four major clusters. The 

dip direction and dip measurement of these planes, on decreasing percentage are: 

N 

80-

Fig. 
. .' . I es measured around th e open pit 

5.6 Plots of poles of dIscontinUity P an 
mine. 
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Line 

line 
2A 

Section line 
28 
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Plane 

1. N1 3S'/S2' 12.98% 
2. N1 8S'/80' 10.84% 
3. N1 00'/SS' 9.67% 
4. N27S' /3S' 9.36% 

1.N270' /70' 31.30% 
2.N090' /30' 30.19% 
3. N140' /80' 6.29% 

1. N270'/70' 3S.22% 
2. N090'/30' 30.24% 
3. N14S'/80' 6.26% 
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1. N265' nO' 23.51% 
2. N090'/35' 12.84% 
3. N355' nO' 11 .21% 
4. N140'/55' 6.58% 
5. N020' n5' 6.54% 

1. N270' /65' 48.19% 
2. N090' /40' 24.43% 
3. N010' /80' 11.46% 
4. N356' n5' 6.59% 
5.N082'/10' Faull 1 
6. N290'/65' Faull 2 

1. N266'/65' 30.70% 
2. N090'/30' 15.21% 
3. N010'/80' 7.17% 
4. N350'/80' 7.17% 'I 
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1. N280'/60' 19.3% 
2. N07S'/30' 14 .3% 
3. N1 78'173' 4.1S% 
4. N350'/80' 3.26% 

1. N270'/6S' 24.33% 
2. N1 00'/30' 19.0S% 
3. N1 80'/70' 6.81% 

1. N270'/60' 12.7% 
2. N1 2S'/2S' 12.33% 
3. N310'/SS' 11 .92% 
4. N010'/70' S.8S% 

S.9 KINEMATIC CHECK 

Rock mass can rarely be homogeneous, it contains different sets of discontinuity 

plane along which a . wedge of rock mass can slide from open slope face. 

Discontinuity plane, slope face, and angle of internal friction along sliding planes can 

be plotted on circular projections for Kinematic analysis. The spatial relation of these 
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planes can be interpreted for the possible mode of fa ilure. On hard rock mass slope 

the main modes of failures are wedge failure , plane failure, or toppling failure. 

Markland developed a criteria (Hoek et ai , 1977) to decide the dominant mode of 

failure from wedge or plane failure mode, along the intersection of two or more than 

two planar discontinuities. According to ' this test , wedge failure can prevail if the 

contact of two discontinuity planes dipping towards each other dayli9ht on the slope 

face at angle greater than the angle of internal friction (9) of the intersection plane. In 

other words, the plunge of the line of intersection must be less than the slope angle, 

measured in the direction of the line of intersection (Hoek et ai, 1977). Similarly, a 

plane failure may take place if the potential fa ilure plane dips towards the slope and 

is less than the slope angle. 

In general Markland's conditions are: 

• Plane failure .... .. ........ .. . .. ...... cl.t>ap>~ 

• W~dge failure .......... ......... ...... ctf > Cti > $ 

Where '" is the slope angle; 0, is the dip of the potential failure plane; <Xi is plunge of 

the line of intersection of the two wedges forming plane; ~ is the angle of internal 

friction. 

To determine the possible mode of failure at each section line of the open pit, the 

structural data and the slope face are plotted on equal area projection 'Schmidt Net' 

. O' t m The Legadembi open pit rock mass has been rated as fair In IpS compu er progra . 

d· t the RMR classification table (Bieniawski , 1989), for 
rock (Table 5.5) and accor 109 a 

. . . I f internal friclion ($) value is 25°. This value has 
this type of rock the minimum ang e a 

been used as angle of internal friction in plane fai lure analysis . 

. I I mode of failure , 8 wedge mode of 
The kinematic test indicated 6 posslb e pane 

. re cases The Kinematic check plot for each 
failure, and one circular mode of fallu . 
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section lines are presented as Fig. 5.7 and Fig.5.8. The Kinematic Check resul ts are 

represented on Table 5.7. 
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Fig. 5. 7 Kinematic check plot of SL1, SL2A, SL 2B, SL 2C, SL3, and SL 4A. 
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Fig.5.B Kinematic check plot of SL 48, SL 5A, SL 58, SL 6 and SL7. 
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Fig. 5.9 Pit layout, and main failure modes. 
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Table 5.7. Kinematic ch k ec result of section Line 1 to 7 
Slope 

Section 
Fa ilure Plane 

Plane 
Data 

Wed e Circular 
SL 1 · · · Pr282"/6S" 

SL2A P, 
P 280"'45" 

· · P -000"/30" 
SL28 P, · 
SL2C 

· P -090"130' 
· · Possible 

SL 3 P, W1,W2 · Pz- 090"140' 
W,-090"/40' & 356"175" 

SL4A 
W;.o90"/40" & 010"/80" 

P, W"Wz · Pr 090'/30' 
W,-090"/30' & 350"'80' 

SL48 
W:.o90"/30" & 010"/80" 

· · · 
SL5 A P, W"W2 · P,- 075"'30' 

W,-Olso/30' & 350"/80' 
W ~75'/30' & 07S"I73" 

SL 58 P, W"Wz · P,- 075"'30' 
W,.(J7S"'30" & 350"'80' 
W,.<J15"/30" & 018"/13" 

The Kinematic check result indicate that in the western wall section lines. the release 

joint sets are the sub vertical joint planes, the dip direction of which varies from 

N280' to N356' and dip amount 65' to 80'. The sliding plane is genlly dipping plane 

which dips from N90' to N100' and dip amount varies from 30' to 40'. 

5.10 SLOPE STABILITY ANALYSIS 

The slope stability analysis has been done for the existing open pit feature. The slope 

layout of the mine is presented in Fig.5.2. The analysis has been carried out for the 

slopes represented by the section lines, distributed all along Ihe periphery of the pit. 

Section lines SL 1 to SL 5 are located at the hanging wall or Western part of the pit. 

while section lines SL 6 and SL 7 are located on the footwall or the Eastern side of 

the pi t. 
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A· Vertical JOints. 

B· Regional Foliation and gentle subhorizontal Joints. 

C· Wedge Failure. 

D· Plain Failure. 

E. Soil slope, Circular Failure 

Plate 2. Open pit structures and failure modes. 
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The unit weight for each rock unit has b een taken from th I bo e a ratory analysIs result 

during the feasibility study and from th I b 
e a oratory analysis of the samples coliected 

during the present study. 

The cohesion of the failure plane is ba k I c ca culated from one of the failed slope 

(Plate 2. 0), for which the observations . were made dUring the fieldwork. For the 

present study condition, where there is limitaf t Ion 0 measure the shear strength of 

failure planes directly, back analysis provides a valuable information for design 

purposes. The observation data for back analysis of 'C' I . va ue are presented In Table 

5.8: 

Table 5.B. Field observation data " '1 d I 0 al e s one. 
Parameter Value 

Heinht- 20 m 
Failure plane anale a,) 40' 
Slope face analefa, 50' 
Upper slope face a,) 10' 
Tension Crack (at 60' 
Unit WeiQht of the rock(y) 26.6kN/m' 
Unit WeiQht of Water(yw ) 10 kN/m 
Horizontal earthquake 
acceleration -f~l 

0.08 

Basic Friction A;;Q[e (" l 30' 

FOS 1 
Cohesion (c) ? 

The back analysIs calculation has been based on the factor of safety for critical 

condition, i.e FOS= 1. Other parameters needed for the factor of safety calculations 

are calculated by the modified technique of plain failure analysis (Sharma, et.al . 

1995), which has been presented in detail in the latter parts of Ihis chapter. 

The Geometry and the annotation of the various parameters of the slope are 

presented in Fig . 5.12. The back analysis result of cohesion (c) value is 36.84 kN/m'. 

To estimate the shear strength of joinls, the empirical low of friction (Barton 1973) 

has been used. The input data have been: Basic friction angle (90) = 30' (from Table 

of Hoek et aI., 1977); Joint roughness coefficient (JRC) = 5 (from field observation 
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based on Hoek et at., 1995)' Compres . , slve strength of w th . . ea ered )OlOt sUifaces (JCS) 

= aJ4 (based on note of Hoek et.al 1977 
. ' , Rock Slope Engineering); G, 

compressIve strength of unweathered rock surface (Laboratory test results); G, 

effective normal stress acting on the jOint surface. 

1 . 
a " = -2yH(cola , -cota )sina cosu . , , 

Thus substituting these values gives: 

t =cr, tan[~ . + JRC log" (JCS)] 
cr, 

: = tan[~ . +JRClog,, (JCS)] 
, cr. 

The failed slope mobilized cohesion (c) value has been back calcu lated from: 

C 
F[JV(sina,+acosa,)+Vcosll ]-[(W(coSCt - <lsin<l ) - U - VSIll<l )tan" j = p p , , 'If 

A 
Where C is the cohesion; F is the Factor of safety; W is the weight of the sliding 

block: V is the horizontal water force; U is the uplift water force; up is the failure plane 

angle, and A is the area of the sliding block. 

5.10.1 Plane Mode of Failure Analysis 

Plain failu re occu rs when the strike of the discontinuity plane nearly parallels the 

strike of the excavation and daylight on the excavation face. 

In the Legadembi open pit some of the upper slopes are inclined and the tension 

cracks dips at 50· to 70·. Hoek et al (1977), in their analytical technique for plane 

failure analysis, made a'n assumption that the upper slope is horizontal and tension 

crack is vertical. The modified technique for plane failure analysis proposed by 

Sharma et.al, (1995) considers the effect of the inclined upper slope and non-vertical 
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tension crack. Thus, the modified technique of Shanma el.al, 1995 has been utilized 

to carry out the plane failure analysis. 

The factor of safety, for slopes having plane mode of failure, has been carried out for 

static and for dynamic conditions, under varied saturated conditions. While 

calculating the Factor of safety (FOS) the saturation conditions has been represented 

as; dry slope; tension crack half fi lled; and tension crack completely filled with water. 

Plane failure analysis input 
parameters 

• Slope face inclination, (a,) , n. 
• Upper slope face inclination, (as), r). 

Fa ilure plane inclination,(op), (0). 
• Release plane inclination,(ot), n. 

Cohesion, (c), (kN/m'). 

• Angle of internal friction, $, (0). 
• Unit weight of the rock, (y), (kN/m' ). 
• Unit weight of water, ('(w) . 
• Height of the slope, H (m). 
• Horizontal earthquake accelerations, 

(a ), (g). 

Fig. 5. 10 
1995). 

Geometry of the slope for modified technique (a fter Sharma 

Line 5' 30' 60' 36.84 40.43' 29.8 10 
SL 2A 50' 20' 30' 70' 36.84 42.77' 29.8 ~ ~ 
SL 28 35' 20' 40 ' 65' 3684 41.22' 29.8 

SL 58 50' 25' 30' 60' 36.84 39. . 
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The factor of safety for the 6 slope sections has been carried out for static as well as 

dynamic conditions under varied saturation conditions, based on the modified 

technique of Sharma et ai, 1995. The mOdified technique applies the limit equilibrium 

method in calculating the factor of safety (FOS). 

The FOS is the deciding factor for one to say the slope is slable or not. When the 

FOS is 1 the slope is critically stable and in a very sensitive condition that. if some 

parameters of the rock changes failure is an eminent thing. Thus in slope design the 

FOS required can be increased to more than one, depending on the degree of safely 

required for the structure. In mines for economical consideration FOS for open Pit 

mines is usually 1.3 (Hoek et ai , 1977). 

During the Legadembi open pit feasibility sludy, for economic benefit the open pit 

layout design has been based on FOS;1 .2 (BRGM, 1991). 

In the modified technique of plain failure analysis, the following main assumptions 

have been made; 

1. For saturated condition the tension crack is fully fi lled 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. 

2. There is no resistance to sliding on the lateral boundaries of the sliding rock 

mass. 

t d d'tion the tension crack (Zc) is half filled and the 3. For moderately satura e can J 

. k Z - 0 5Z The water in the tension crack seeps along water level In the crac '11-. l· 

. d out on the slope face via the sliding plane, day 
the failure surface an escapes 

lighting on the slope face. 

4. For dry condition the rock mass is completely dry and 2..;0. 
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5. The slope geomelry and the allocation of various parameters involved in Ihe 

calcu lation is presented in Fig 5.10. 

As per the modified technique of plain failure analysis (Shanma eLal, 1995) the area, 

weight, horizontal and uplift water force are calculated by the following equations; 

1. Area of sliding mass: 

Zsina, 
Where: 2, = ,-,------'--_--;­

(sina, -tanupcosa,) 

2,=2,-IG 

cola I 
2 = "[(1---)+ 

cota , 
_co_,_a_1 x (_co=-,.:.o.,-, _co_,-;-a!., ) ) 
cal ex" cota .• - \ 

2. Weight (IV) of the slid ing mass is calculated from: 

w = -'-y[(" + a)X - D2, ) 
2 

Where y is the unit weight of the rock , X and 0 are the slope distance 

. Ih h ighl EF as shown in Fig. 5.10. AF and GF respectively and a IS e e 

cota I tana p - lana r 
X = ,,(-)x( ) 

cosa , tanas -tana , 

2 
D = -----=---:,'-in::o.::-, tana , cosa , 

'
a -tana l tana an p ) 

a=II( ' )x(tana -tana " 
lana I • 

3.Horizontal water force, V 

1 • . , 
V= -y .. Z,.: sln-a , 

2 
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I 
Where, Yw is the unit weight of water and z.. is the water level in the 

tension crack. 

4.Uplift water force, U 

The Factor of safety, FOS, is determined as: 

For static condition: 

cA + (Wcosa - U- Vsin a ) tan A F = p p'" 

IV sina + V cosa. , , 
For dynamic condition: 

cA +{W(coSCt - a sina. )- U- Vsin a jlan '" F = p p ,,, 

W(sina , + 0. COSet ) + V coso: , , 
Where, c is the cohesion and a. is the horizontal earthquake accelerations. 

The factor of safety has been determined for existing conditions and possible worst 

conditions, which may occur. These conditions are; static and dry conditions; slatic 

and moderately satu rated; static and fully saturaled; dynamic and dry; dynamic and 

moderately saturated; dynamic and fully saturated. 

The results obtained for existing and possible worst conditions for plane mode of 

failure are presented in Table 5.10. 

Table 5.10 '1 A I . Resul ts of FOS for Plane Fal ure naIYS /S. 

Section FOS Stat ic Condition FOS Dynamic Condition 

Line Water Saturation Water Saturation 

Sd' MSd*1I' Dry Sd' MSd" Dry 

SL 2A 1.09 1.40 1.63 0.92 1.18 1.37 

SL2B 1.59 1.73 1.8 1.33 1.46 1.56 

SL 3 0.81 1.00 1.17 0.68 0.85 1.00 

SL 4A 1.17 1.32 1.40 0.99 1.11 1.1 7 

SL 5A 1.29 1-.40 1.48 1.08 1.19 1.24 

SL 5B 1.39 1.42 1.43 1.16 1.19 1.20 
' saturated; " moderately saturated 

The results of the FOS calculation indicate that for the existing condition (static and 

. I bl However under static condlhons If the slope IS 
dry) ali lhe 6 slope secllons are s a e. 
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fully saturated, slope SL3 would be unstable as the FOS is 0.81 . Even for moderately 

saturated conditions this slope would be critically stable as FOS is 1.00 

5.10.2 Wedge Mode of Failure Analysis 

In wedge failure mode the slope slides 01) structural planes striking across the slope 

face and dipping towards each other. The sliding is on the intersection of the two 

planes. 

_. 

a) View along line of intersection b) View at right angles to line of 
intersection 

----~~ 
\ 

c) Stereo plot of wedge failure geometry 

Fig 5.11 Geometry of wedge b F'lg 5 11 a band c. The slope 
fd · theaove . , The geometry of the wedge, is de Ine In 

·s the inclination of the slope face, "' is the dIp of 
will slide when ar > 0.1 :> $. where ar I 

the line of intersection. 
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In wedge failure analysis the simple case is when assuming the sliding IS resisted 

only by fri ction angle, and that the friction angle 9 is the same for both planes. In this 

case using Hoek et al (1977), analytical method the FOS can be calculated from: 

F = (R, + R.)Tan9 
Wsina l 

Where RA and RB are the nonmal reactions provided by planes A and B: 'W. is weight 

of the wedge, and U i is the dip of the intersection plane. 

The slope stability analysis will be complicated further when cohesion and water 

pressure are included. 

Plane A Upper slope surface 

Slope 
H 

v 

,.­
,"I, 
~, 

b) View normal 10 the line o( I~~:: 
a) Pictorial view of wedge showing the intersection 5 showing the total wedge 

number of intersection fines and planes height and the water pressure 

distribution. 

fI e of cohesion and water 
Geometry of wedges including in uenc Fig. 5,12 

pressure (Hoek et al .. . 1977). . . '11 occur only along the hne of 
Hoek et al (1977), assumed that the sliding WI . 

f f ty of this slope is derived from complicated 
intersection number 5. The factor 0 sa e 

. . d the final equation is: mathematical manipulation an 
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F= 3 (c, X +c,.Y) +(A -y" X )tan A +(B- Y" Y ) A 
yH q V, 2Y .an •• 

Where CA and Ca are the cohesive strength of planes A and B; ,. and " are the 

angles of internal friction on planes A and B; Y is the unil weight of the rock; y. is the 

unit weigh t of water; H is the total height of the wedge' x . . . y, A, and Bare 

dimensionless factors which depend upon the geometry of the wedge. 

Since the base areas of both failure planes as well as the normal forces on these 

planes must be known, the manual calculation of the factor of safely is more 

complicated than of plain failure. There are softwares, which are created to handle 

the mathematical manipulation of the wedge failure analysis. One of these softwares 

is SASW, developed by Bhawani Sing of Indian Institute of Technology, Roorkee. 

In the kinematic check 8 possible wedge failures cases are identified. The wedge 

failure stability analysis input data has been derived from slope seclion lopography, 

physical property data, and structural analysis data. The input data for each slope 

sections is tabulated in Table 5.11. 

In this study, the wedge fa ilure FOS calculation has been done with the help of 

SASW software. The FOS has been calculated for static and dynamic conditions 

under dry, moderately saturated and saturated slope conditions. The results obtained 

are presented in Table 5.12. 

The SASW Software input parameters are: number of slope; number of joint sets; 

'" .' I (deg)' c (I) cohesion of I" joinl plane number of cases; dip of the I Jo.nt pane , 

(Ton/m,); friction angle (~ ) of I'" joint plane (deg); angle of slope of upper surface; dip 

f k slope' dip direclion of the rock slope; 
direction of the upper surface; angle 0 roc . 

. b toe of intersection; unit weight of the rock (,/,): 
he.ght of the crest of the slope a ave 

. t f horizontal acceleration near the crest of the 
unit weig ht of water (Yw); coefficlen 0 

quake magnitude; water level above toe of 
slope (a); corresponding earth 
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intersection; pore water pressure factor (0, for dry; 1, for wet slope).The SASW 

Software out put is the FOS value. 

The results of the FOS calculation indicated that slope SL 3 is unstable for 

moderately saturated static conditions. The FOS further decreases when it is fully 

saturated. For dynamic conditions SL 3 slope remains stable when it is dry but 

becomes unstable when it is saturated. 

Slope SL 2A and SL 4A are unstable when it is fully satu rated under static and 

dynamic conditions. The rest of the slopes are stable for the existing and possible 

worst conditions. 

Ta ble 5, 11 S/~e stability wet!£, e failure analysIs mput data. 
Slope Wedge Joint 1 Joint 2 Slope face H 'f e • (dig., Eq ICC E 

Dip (m ) (Ucm1 '-;,:""'i,mr,'':-t..---r.:-i •. ( II) q Secti r ... 
Dip Dire Dip Dire. Dip Dire. c., ell.. .,., 

40 ' 90' 75' 356' 45' 59' 11 5 2.98 3.68 20 40.08' .0' 0.08 

• • , 
7 

~~.i>M~-i,".f9Q--t8Qo-rW'-t~-trur-~~~~-t3n.68t20ot"40~''''~'~'',or'l'0>'.08 -rr 40' 90' 80' 10' 45' 69' 115 2.98 SL 3 W2.l 

SL 4A W~ .• 30' 90' 80' 10' SO' 75' 90 2.98 3.68 20 40.08' 40' 0.08 

Sl5A W'.J 30' 75' 80' 350' 53' 71 ' 45 2.98 3.68 20 40,08' 40' 0.08 

Sl5A W,. , 30' 75' 73' 178' 53' 71 ' 45 2.98 3.68 20 40.08' '0' 008 

SL 58 W"l 30' 75' 80' 350' 50' 70' 58 

SL 58 W,._ 30' 75' 73' 178' SO' 70' . 58 

Table 5.12 Results of we<!fl!! failure anap'lS . 

Section Wedge FOS Static Con~ ltlon 
Water saturation Line 

SL3 
SL3 
SL4A 
SL4A 
SL5A 
SL5A 
SL5B 
SL5B 

W" 
W" 
W" 
W" 

Sd' 

0.0 
0.0 
0.96 
1.3 
1.27 
1.26 
1.16 
1.07 

MSd" Dry 

1.06 
o 
1.3 
1.65 
1.65 
1.58 
1.5 
9.66 
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1.95 
1.67 
1.64 
1.99 
1.97 
1.91 
1.93 
1.76 

2.95 3.68 20 'O.OS' 40' 

2.95 3.68 20 ' 0.08' ' 0' 

FOS 0 namic Condit ion 
Water saturation 

Sd MSd. Dry 

0.00 0.88 1.69 
0.00 0.00 1.46 
0.78 1.08 1.38 
1.04 1.35 1.66 
1.05 1.37 1 .~5 
1.04 1.33 1. 1 
095 1.25 1.61 

0"' 
008 

0'88 1.18 1.48 
'sat~rated ; "moderately saturated 

7 

7 

7 

7 

7 
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5.10.3 Circular Mode of Failure Analysis 

Wedge or plain modes of failures are the result of rd ' 5 I In9 of the rock mass along one 

or more discontinuity planes. In soil mass th b . e a ave consideration does not work, the 

failure surface is generally ci rcular, Circular fal ad ' lure m e IS the result of loss of 

contact between individual soil particles . . 

According to Hoek et al (1977), for circular failure analysis the following assumptions 

should be made: 

a) The material forming the slope is assumed to be homogeneous, i.e its 

mechanical properties do not vary with direction of loading. 

b) The shear strength of the material is characterized by a cohesion (c) and 

friction angle (~) which are related by the equation: 

1 ;;; C + a.Tan ~ 

c) Failu re is assumed to occur on a circular surface, which passes through the 

toe of the slope. 

d) A vertical tension crack is assumed to occur in the upper surface or in the face 

of the slope. 

e) The location of the tension crack and of the failure surtace are such that the 

I II - , 

II 

III ' 
factor of safety is minimum for the slope geometry and the ground·water el" 

conditions considered. 

f) A range of groundwater conditions, varying from a dry slope to heavy 

recharge, are considered in the analysis. 

In the Legadembi open pit the top most portion of the slope (35 m) is highly 

weathered and its beh~vior is like a soil mass. During the feasibility geotechnical 

st d I f th there
d surface have been taken and Identification 

u y, samp es rom e wea 

(Att b L
' 't) 't 'ht and shear tests have been conducted. As a result. the 

er erg Iml ,un! welg . 

84 

• 



soil has been reported as silty clay with dry unit we·'ght 12 9 kNI J 
. m , and natural water 

content of 38%. It has also been classified as highly plastic clay (LL=83%, LP=37%, 

IP=46%) and with slight swelling property (SRGM, 1991). 

The result of the shear strength test on fifteen samples showed that the 50,1 has very 

low cohesion (5 kPa), and angle of intermil friction of 30'. In this study section line 2C 

passes on the soil overburden of the open pit mine. In the stability analysis of th is 

homogeneous soil mass the main failure mode is considered to be as circular. During 

the field vis it there has been a failed soil slope close to the section line. 

The factor of safety for circular failure analysis has been calculated with the help of a 

SARC, Computer Program Package developed by Shawani Singh of Indian Institute 

of Technology, Roorkee. This program has been developed to calculate the FOS on 

circular failure planes emerging at the toe of the slope. The input parameters are the 

coordinate of the slope profile line; pore water pressure; depth of tension crack althe 

top of the slope; depth of water in tension crack and earth quake force. The input 

data is presented in Table 5.13. 

The factor of safety calculation is based on the Bishop's equation for various slip 

surfaces until a minimum factor of safety of less than unity has been found . The , 

calculation was for both dynamic and static conditions. The result of the factor of 

safety analysis is presented in Table 5.14. 

Table 5.13 Circular mode of failure stability analysis SARC program input 

_ parameters. 
INPUT OATA Parameter 

N=Number of prolile coordinates «501. Value 
ROCK= Reduced leVel of hard strata W.rt nver N 10 

ROCK 0.0 bed level {mI· 
RWL= Reduced level of GWT (m) XS 0.0 X5= x-coordinate of point from where surcharge 

W, 0.0 starts (m). . (T) 
WI= Uniform surcharge IntenSity 

ZC 0.0 ZC= Depth of tension crack ('.") 
ZWR 0.0 ZWR= Depth of w~ter in JenslOn crack (ml_ 
C 0.5 C= cohesion of sod (TIm. I . 
PH' 30 PHI= Angle of internal f"cllOn (d~) 
GAMA 1.26 GAMA= Unil weight of rock (TIm ) 
GAMAW 1.00 
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BBAR 0-0,2 GAMAW- Un't ' 
o (dry); O,1(lor AH- - , I Weight 01 water (Tfm) 

mOdera~li: saturated); 
- Honzontal 

acceleration. component of earthquake 
and 0.2 Saturat~i AVR= Vertical 

AH 0.08 acceleration. 
component of ealthquake 

AVR 0.5 EQM= Corresponding e rthq 
EOM 7 Richter scale, a uake magnitude on 

NENP 0 NENP= N b 1 
XEXITI 70 ENTX= X~~O~~i~a~n~~y points ~I slip clr,des, 

XEZITL 100 « 10). entry POint 01 slip Circles 

GAP 30 ENTY-Y COO d' NOPT~O' ~ Inat e~ ~I entry point of slip circle. 
r uired ~ W en minimum factor of salely is 
. eq . 1 when factor of safely of all slip circle 
IS required. s 

NEP=O when no individual point is given 
XEXIT1- X rtf ' . cI - -coo mate of lirst eXi t point of slip 
en e (m). 

Table 5.14 SARC circ~/ar failure analysis FOS calculation result. 
Slope Statl ~ Condlt.l~n Dvnamic Condition 

Water SaturatIon condition (SSAR Water Saturation condition (BBAR 
SL2C Drv Wet BBARI D", WeTIBBAR) 

0.00 0.10 0.20 0 10 020 
0.09 0.00 0.00 0.07 0:00 0:00 

The result of the SARC, analysis showed that the slope is not stable at static and 

dynamic conditions. This is further evident with the field observation of a failed slope 

in close vicinity of this section (Plate 2.E). 

5,11 SLOPE DESIGN 

Whenever a slope stability analysis is done the two important issues that must be 

addressed for safe slope excavation are how high and how steep the slope face 

should be. The answer to these quests is presented in the slope design. After 

identifying the main mode of failures in the excavation area and condition, the safe 

slope design parameters under the prevailing field condition can be derived from the 

plot of slope height and corresponding slope face. The resulting FOS values will be 

contoured for particular safety factor. The contouring work results a curve, which 

indicate the safe slope face angle at particular slope height. 

R6 
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I 
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From the kinematic check and factor of safety analys 'ls fa L d b' 
, r ega em I open Pit , the 

two dominant mode of failures are plain failure and wed f 'l T d . 
ge al ures. 0 eSlgn the 

safe slope, based on the present slope conditions, the slope section SL 3 and SL 4A 

parameters have been selected. The design was on FOS value of 1.3 and 1.2 based 

on the recommendation of Hoek et al (1977). Based on the stability analysis the sa fe 

slope design curve has been produced for section 3 and 4A rock mass condition at 

FOS= 1.3 and 1.2. 

The design curve indicated the safe slope angle at the respective slope height, 

(Table 5.15 and Table 5.16) fro slope condition of SL 3 and SL 4A. 

For moderately satu rated dynamic conditions, the western slope hard rock sections 

wi ll be stable at FOS 1.3, with 35' to 40' overall slope angle and 50' -60' bench slope 

face, 20 m bench height and 6 m berm width. The Eastern slope has been found to 

be stable for existing and possible worst conditions. 

Table 5. 15 Slope desian for section 3 slope profile. 
FOS 1.3 Suaaesled SloDe desian FOS 1.2 sUciilested Slope Desi.g~ 
Heiaht (m) SlaDe Anale Heiaht Im\ SlaDe Anale 
o - 35 85' 0 - 45 85' 
35 - 55 54' 45-65 54' 
55 - 75 44' 65-80 44' 

75 - 11 5 40' 80-115 40' 
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CHAPTER VI 

GEOTECHNICAL STUDY OF THE UNDERGROUND MINE 

6.1 INTRODUCTION 

A preliminary assessment of the deep drilling results and the g I . I d I ' 
eo oglca ata fe atlng 

to the open pit ore bodies indicated that there is a sufficient tonnage of mineralised 

body at grades suitable to warrant the development of an underground mine al 

Legadembi Gold Mine. The underground resource has been estimated to be 2.9 

million tonnes of ore at an average grade of 6.84 glt. The minimum thickness 01 the 

ore body has been estimated to be 5.5 m (Ashanti, 1996). 

Geotechnical study of an underground mine forms an important part of the feasibility 

study. The study provides information that can help to selecl appropriate mining 

method, input data for mine design, identify potential risk associated with the mining 

methods, support requirement, and enables to envisage the project finance. The 

study must be carried out systematically in steps, comprising mainly data collection, 

site characterization, and risk assessment. 

6.2 SITE CHARACTERIZATION 

There is unanimous agreement that engineering design must always start with a 

good understanding of the site geology, rock mass structure. and interpretation of 

possible fa ilure modes. The procedure of interpreting site conditions and giving 

values to the various featu res of the rock mass can be called site charactenzat.on 

and should not be confused with rock mass classification. Rock mass classification 

used in conjunction with engineenng 
systems are design tools, which are 

assessment and other design approaches. 
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Rock mass characterization consists of quantifying the parameters goveming rock 

mass behaviour. These properties can be expressed as intact rock charactenstlcs, 

discontinuity Ooint) characteristics and the density and pattern of discontinuit,es. 

The approach can be in phases of data coilection, site characterization, modelling, 

analysis and design. The main elements Elf the site characterization are summarized 

in Fig6.1. 

/ Field Observations or 
Characterization Application 

Measurements 

,..--__ .l.L.- -
I Intact Rock 

Characteristics I 

I Giving Values to 

Density and 1 
the various Rock 
Mass Features 

Pattern of Joints , 

i 
Rock Stress or \ 

Stress Level 

: H Classification •• ..1 -'--"'J:( .. 

I 
= Systems I Groundwater -::> 

Numerical 
Modelling 

Project Related 
possible Behaviour 

of the Ground 
Other Calculations Features 

. . (P Imstrom , 2000) 
Fig 6.1 Site characterizatIon. a 
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In Ihe geolechnical sludy of Ihe Legademb' U d 
I n erground Gold Mine. the same 

procedures have been fallowed. The geolechnical d lb . 
a a ase has been compiled fnom 

Ihe open pil feasibility study, exploration drilling dala, geotechnical mapping of Ihe 

underground mine ore zone, and rock testing The Slruclural d i d . a a an excavation 

orientation have been analysed to assess· the potentl'al mode f f 'l B ed o 81 ure. as on the 

characterization of the underground rock mass around the ore zone the appropriate 

mining method and support system have been recommended. 

6. 3 GEOTECHNICAL DATABASE OF THE UNDERGROUND MINE 

6.3.1 Geology of the underground mine 

The undergrou nd excavation lies directly below the Upper Legadembi are zone. The 

excavation consists of 1.34 km access tunnel , 250 m North exploration drive: 250 m 

ore zone drive, turning bays and generator stations. 

The access tunnel portal is located in the easlern part of upper Legadembi deposit. 

The excavation is from east to west. It is Horseshoe shaped, generally 6 m wide, and 

6 m high . 

The North Exploration drive opening is localed 1.15 km from Ihe portal wilhin Ihe 

access tunnel. The general excavation Irend is N330°. inclined at 40° (approximately) 

and 250 m long. The excavation is Horseshoe shaped. 

The ore zone excavation lies 1.3 km from the portal. The general trend of the 

excavation is N330°. The dimension of the excavation varies from place to place. The 

6 I 9 5 m Ihe height ranges fnom 6 10 8 diameter of the excavation ranges from mo . , 

. . d The layout of the underground excavation IS 
m. In general It IS Horseshoe shape . 

presenled in Fig 6.2. 
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The geology of the Legadembi underground gold d '. 
epasl! IS the continuation of the 

open pit geology. The major part of the access tunnel and th N .. 
e orth exploration dnve 

lies within the footwall gneiss. The are zone e r '" 
xcava Ion IS within the hanging wall 

quartz-biotite- actinolite- talc schist. The detail ge I r h . 
a ogy 0 t ese umts has been 

addressed in chapter 2. 

In the access tunnel for about 30 m from the portal the footw II . . . , a gneiss IS highly 

weathered. The gneiss at places is highly fractured and banded . There are 

amphibole schist and amphibolites intercalated with the gneiss. The intrusive rocks 

range from intermediate to granitic, concordant and discordant rocks. At some places 

the intrusive rocks are highly sheared. Near the hanging wall there are shear zones 

marked by the occurrence of talc-actionolite-biotite-schists. At the contact between 

the hanging and the foot wall there is quartz-sercite-schist. 

The ore is with in quartz biotite-actinolite-talc schist. In the ore drive most of the 

excavation is within the quartz vein. There are places where the quartz vein IS 

completely mined out from the walls and the host rock ( quartz- biotite- actinoli te-talc 

shist), is exposed. The roof is dominantly quartz vein and in places where the host 

rock is exposed it is highly silicified. 

As a part of the geotechnical study. the are zone has been mapped at 1 :200 scale. 

covering a length of 200 m. The geological and geotechnical maps are presented 

from Fig. 6.3.1 to Fig. 6.3.4 The vertical geological sections of the region between the 

North exploration drive and the ore zone have been drawn from the exploration drill 

holes logging data and is presented as Fig. 6.4. 

6.3.2 Geotechnical d~ta of the access tunnel 

I th roject geologists have mapped and 
During the excavation of the access tunne, e P 

. tern The result shows that Within the 
classified the rock mass uSing the NGI Q-sys . 

93 

j " . , 



total length of the 1.3 km access tunnel, the rock mass is very poor for 4 m stretch, 

poor rock for 136 m, good rock for 823.5 m, fair rock for 302 m, very good for 36 m, 

and extremely good for 4 m. 

In the access tunnel the poor rock mass is located mainly near the portal area and in 

highly. sheared rock mass, mostly with more than two joint sets and random fractures. 

The fracture openings are filled with softening clay, chlorite, talc, and carbonates. At 

some places the rock mass is highly weathered. The joint wall surface varies from 

smooth planar to smooth undulating. Close to the portal area it has been observed, 

that there is moderate inflow of ground water. 
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6.3.3 Exploration drilling data of the shear Zone 

The exploration drilling has been conducted in the North drive, in four cubbies 

located at 50 m intervals (Fig.6.2). The drilling core size was 54 7 Th . 
. mm. e pnme 

target was to access the are perp,endiculany and determine the size and gold conlenl 

of the mineralized quartz vein. The project geologists have done the geolechnical 

logging. After the logging the core samples have been splitted and the half samples 

were sent to the laboratory for assaying the gold content. For this reason the core 

sample were not made available for geotechnical study for the present work. 

The geotechnical logging data comprises the intact rock and discontinuity conditions. 

The rock logging data consists of hardness, weathering, ROD, while the fracture 

conditions data consists information on the planarity, roughness, infill, discontinuity 

angles with respect to core axis, closeness of openings, and number of fractures. 

The dri lling array in cubby 1 and 2 of the underground excavations are presented in 

Fig.6.4. 

The characterization of this rock mass gives the picture of the rock mass condition 

upon which, ramps, adits and ventilation ~hafts are to be constructed during the 

mining activity. To characterize this rock mass, rock mass classifications using the 

NGI O-system have been adopted in the present study. 

. t authorities In total data for nine 
The logging data has been procured from the pro)ec . 

. h' h' located wilhin cubby 1 and 2. These 
boreholes were made available, W Ie IS 

1007 1009 1011 1013 and BH1 015. 
boreholes are BH 1000, 1002, 1003, 1006, ' ' ' , 

ted in cubby 1 , while boreholes 1009 to 
Exploration boreholes 1000 to 1008 are loea 

1015 are located in cubby 2. 
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The result of the Q-system ratings on these bareh I I' 
o e Ines have been considered 

separately for each rock unit and the qualitative rating h b 
save een warl<ed out (Table 

6.1 ). 

Table 6.1 Rock mass auality between the footwall and th 
rvp~ e ore zone. 

Rock T e . Q-Range Qualitv 
Foot wall Gneiss . 17 - 62 Good to vervaood 
Quartz-Serclte Schist 8 - 36 Fair to ac d 
Talc-Biotitte-Actino lite Schist 8 - 40 Fair ."O:: 
Graphitic-Quartz-Mica 10 - 92 Good to Very good 
SchisVCarbonaceous-Quartz-Mica Schist 

.' I, 
I't l 

According to the characterization result the future excavation within this rock mass • • 

may require support measures depending on the excavation type and dimension. For 

permanent excavation in poor rock mass, support measures, such as systematic 

bolting with 40 - 100 mm unreinforced shotcrete or systematic bolting may be 

required. Where as for temporary excavations support measures are not required. 

6.3.4 Geological mapping of the are zone 

The ore zone is 250 m long. 6.5 to g m wide, and 6.5 to 8 m high. The ore zone is 

fully excavated within the mineralized quartz vein and quartz-biotile-actinolite-talc 

schist rocks. 

The geological mapping has been done at 1:100 m scale. The purpose of the are 

rt the geology the structure and the zone underground mapping has been to po ray I 

· . rtz"n In places where the quartz vein is 
rock mass quality. The roof IS mainly qua vel. 

· nstituted by quartz-biotile-actinolite talc 
completely mined out the Sidewalls are co 

· . . II deformed rock. The host rocks and 
schist rocks. The are zone IS In a tectonlca Y 

. . f f Id' g and faulting. stringer veins shows a series a 0 In 

-''''' • 
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Fig .6.4 Vertical Geological sec tions from Cubby 1 and 2 boreholes. 
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6.3,5 Rock mass classifications of the are zone 

Rock mass classifications are tools to estimate the t th 
s reng and characteristics of the 

rock mass. They are used to group areas of similar geomech . I . . 
anlca characlenstlCS to , 

provide guidelines to select appropriate support Recently I 'J' . 
. ' c aSSI Icatlon systems are 

being empirically used to estimate the deformation property of th k 
e roc mass. There 

are several classification systems used in underground mining deSign, however, the 

two classification systems, RMR and Q- systems are widely used. Both systems had 

thei r root in tunneling. The important difference between the two systems is that the 

Q-system is more sensitive for minor changes in rock property than RMR. The 

support method of the Q-system is more upgraded to include the recent 

developments. 

In the Legadembi Underground mine the main excavation is in the ore zone and its 

host rock. The mining activity will start from 1770 m (its level during th is study) 

upward to 1990 m on the surface (the open pit boUom design limit). The are body is 

steeply dipping (N60° _700 W), average width (6-7 m), with consistent mineralization. 

The surrounding rocks are highly silicified. 

In the underground ore zone geotechnical study, both classification systems have 

been applied. The rock mass quality index Q- system has been considered as main 

d Ck mass in the are zone. In the tool to characterize the complex undergroun ro 

I t RMR and Q system. For this present study an attempt has been made to carre a e 

'ed' the underground mine for length oJ 
purpose both the systems has been appll ,n 

100 m along are zone. 

, ,. 
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6.3.5.1 Application of the Q-system in th 
e ore zone 

The Q-classification system IS expressed as a 
function of six independent 

Q = RQD x J,' x.:!:::. 
In Ja SRF 

parameters: 

Where RQD is rock quality designation' J is based on Ih b . . . 
. • ,n e num er of Jotnt sets; J

r 
IS 

based on discontinuity roughness; Ja is based on discontinuity alteration; J
w 

is based 

on the presence of water; SRF is the Siress Reduction Faclor 

The rock mass index Q- paramelers relation refiects block size (RQDIJ", friclion 

angle (J,IJ,), and effective stress conditions (J')SRF). 

The RQD value has been determined based on Palmstram's (1982) volumelric counl 

method. This method averages out the anisotropy of Ihe RQD lerm and gives more 

representative value. It is expressed as the number of joints present in a cubic meter 

of rock mass and designated by J,. RQD is calculaled from Ihe relalion ROD = 115-

3.3J" The RQD values calculated in the are zone vary from 49% to 98.5%. The 

average value is 86.5%. 

The jOint numbers varies between 2 and 3 plus random fractures. The jOint 

roughness varies from undulating slightly rough to irregular rough. The alteration 

varies from tight healed joints to softening or low friction clay filling . Dominantly the 

fractures are coated or filled with chlorite, talc, and calcite. 

In most of the length of the ore zone the excavation is dry but there are areas with 

damp cond itions. The ground water effect has been observed 10 be minor throughout 

t· At two locat',ons minor inflow through fault planes and the ore zone excava ron. 

exploration drill holes, h9ve been observed. 

. Ih fact that the excavation can be The SRF (Stress Reduction Faclor) IS based on e 

ndilion is moderate. The excavation Considered as shallow depth and the stress co 

,,, 
(It' 

., 
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-U'I 



depth is greater than 50 m and it is a shear zone A . 
. Ccordlng to Barton et 01 1974, for 

this condition the rating value is 2.5. 

Since the ore zone excavation dimension will vary w'th th 
I e advance of the mining 

activity, the are zone excavation ESR value has been co 'd 
nSI ered as 4 for lemporary 

excavation condition. The excavation dimension dominantl . b 
. Y vanes etween 6 and 

9.5m. 

The rock quality index a - classification system result shows thai Ihe rock mass 

quality around the are is rated from poor 10 fair. The rock mass qua lily index raling 0_ 

values for the 200 m (Annex-F) long are zone excavalion and the value of the 

equivalent d imension (D.) has been used to determine the suggesled support 

categories from Grimstad et al 1993. The result showed that, Ihe underground are 

zone rock mass suggested support category, with its present dimension, falls within 

the unsupported region. 

6,3.5.2 Applications of Geomechanics classifications (RMR) 

The RMR rock mass rating system is based on the six rock mass quality controlling 

parameters. These parameters are: uniaxial compressive strength of rock material: 

rock qual ity designation (ROD); spacing of disconlinuities; condilions of 

discontinuities; groundwater conditions; and orientation of discontinuities. 

Since 1973 the RMR or Geomechanics classification system has been modified 

present work the RMRl989 version has been utilized to several times. For the 

characterize the 100 m excavation The RMR I989 rating table is long ore zone . 

presented as Annex-A. 

. f the first 100 m stretch of the are 
The result of the RMR rating shows that, out a 

72 m Fairrock (RMR (%) 60 -41), and 22 
Zone, 6 m is Poor Rock (RMR (%) 40 -21 ), 

m Good Rock (RMR (%) 80-61). 
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6.3.6 Maximum unsupported span 

The stabil ity of an underground excavation depend th . 
s on e qualrty of the rock mass 

and the dimension of the excavation. Based on th . . 
elr expenence and the relation 

between rock mass quality and unsupported excavat' d' , 
IOn Imenslon, Barton eLal 

(1980.) formutated empirical relation to estimate the maximum unsupported span ,... • 

(Hoek et al., 1995): 

Maximum Span (unsupported )= 2ESR 0 0.4 

,,, ,,,, 
Where ESR is the Equivalent Support Ratio and it is related with the intended use of ~ 

,I 
the excavation and the degree of security, which is demanded of the support system. I ' 

The estimated value of ESR for different excavation has been given by Barton et al 

1974, in this work the value of ESR for the are zone excavation is taken 4 (Barton et 

aI., 1974). In the analysis of permanent excavation the suggested value is 1.6. 

In the Legadembi underground excavation, using the Barton et.al (1980) relation, . 

the minimum unsupported span as estimated from the a-system comes out to be 9 

m, and the average unsupported span is 15 m Annex-F (Under ground a-Rock mass 

rating data sheet), 

6.3.7 Modulus of deformation determination 

f dTons as in mine-and tunnel-roof Engineering projects that require fail-sa e can " , 

spans, open pit mine slopes, and highway and railroad cuts design, needs input data 

on the strength and rock mass deformation property, 

, ' f the closure of discontinuities and the 
Rock mass deformation results prlmanly, rom 

. t k that comprise the rock mass. The 
elastic-plastic deformati.on of the Intac roc 

sure of intact rock elastic deformation. 
modulus of elasticity typically is used as a mea 

f r n is defined as the sum of the 
In rock mechanics the modulus of de orma 10 

. . t "n the rock mass under compression 
deformation that occurs with closure of Jom 5 I 
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(plastiC) and the deformation that occurs with r con Inued stress applicaUon after crack 

closure (Johnson et ai, 1988). 

Determination of the modulus of defonnation at site . requires large· scale in-situ stress 

tests in which the rock mass has to be subjected for s I . evera cycles of loading and 

unloading. The test has to be pertonned in such a way that simulates both the 

magnitude and direction of structural loads at depth and volumes of rock appropriate 

for the structure . Such in situ tests reqUire the mobilization and utilization of large 

equipments to the site, which is impractical for the present scale of war!<. Hence 

indirect method of estimation of the defonnation characteristics of the underground 

rock mass has been adopted. These methods are empirical calculation from rock 

mass rating values, and laboratory intact rock strength tests. 

6.3.7.1 Empirical estimation modulus of deformation, Ed 

Since 1960 several attempts have been made to empirically relate E., with rock mass 

classifications . Serafim and Pereira (1983) proposed the following relation between 

RMR and Ed, based on case histories: 

E d::;; 10{RMR.10)140 

Barton et.al (1980), Barton et.al (1992), and Grimstad and Barton (1993) developed 

relation to estimate Ed from tunnel quality index 0 : 

Ed= 25 Log" Q 

. k ass have been dassified using 
The Legadembi Underground mine ore zone roc m 

. b th k mass classification data and 
both RMR and Tunnel Quality Index-O. USing a roc 

. E has been estimated. The results 
the above relations, the rock mass deformation d, 

h presented as Fig. 6.5. 
from both systems are plotted on a grap 
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Fig 6.5 Graph of Modulus of deformation 'or th 
II e ore lone. 

The perusual of Fig 6.5 indicales Ihat the average I f E f va ue 0 d or underground ore 

zone excavation is 17219 Mpa. 

6.3.7.2 Laboratory test for modulus of deformation 

The are zone is dominantly Quartz-Biotite-Act.Talc schist. For the underground or. 

zone intact rock strength test, core samples of Q-Sercite schist and Quartz-Biotite-

l , 

• 

Actinol ite Talc schist has been collected with the permission of the project authori ty. (:;1 
The core diameter of the rocks have been 41 mm and 36 mm. The core samples .,. 
were from the borehole abandoned for technical reason. The boreholes drilled in the I t I 

exploration drive are designed in such a way that the hole crosses the ore zone 

almost perpendicularly at different elevations. For this reason the orientation of the 

borehole was assumed to be horizontal. The uniaxial compressive strength lest was 

conducted in the Ethiopian Construction Design Share Company, Material Testing 

Department Laboratory . The elastic modulus has been determined from the uniaXial 

. . h Th test data is presented in Table 62. compressive test, stress versus ~traln grap. e 
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Table 6.2 Laboratory strength test of th 
e underground ore ZOne 

Sample Type Diameter Length UCS (cm) E, (cm) (MPa) y 
Q_Seri-Schist 4.1 8.2 (GPa) (KNlm'j 95.868 Q_Si_Act.Talc 4.1 8.2 5.326 25.538 
Schist 

101.1 14 7.222 29.439 
Q_Si_Act.Talc 4.1 8.2 31.506 
Schist 5.251 28.077 
Q.Si-Act.Talc 3.6 7.2 15.229 
Schist 4.351 21.677 
Q-Si-Act.Talc 3.6 7.2 40.976 
Schist 

2.969 22.344 
uncon mea I..ompresslve suenglf1; ""asuc MOOU us or rOUl'lg S MOO 

6.3.8 Th e correlation of RMR and Q- systems in the underground mine 

Soth the Q and RMR classification systems are based on a rating of three principal 

properties of a rock mass. These are the intact rock strength, the frictional properties 

of discontinuities and the geometry of intact blocks of rock defined by the 

discontinuities. For the Q system. the intact rock strength is only a factor in the 

context of the induced stress in the rock as defined by the SRF term. 

In order to investigate the influence of these parameters, the approximate total range 

' '''I 

,_ 
in values for RMR and Q has been adopted as a basis of comparison. Table 6.3, I"" 
shows the degree by which the three principal rock mass properties influence the 

values of the Q and RMR classification (Miline et al., 1995). 

Table 6.3 . Influence of basic rock mass properties on classification. 

a RMR 

Basic Range in Values 0.001 to 1000 8 to 100 
19% 16% 

Strength as % of the total Range 
44% 54% 

Block size as a % of the Total Range 
39% 27% 

Discontinuity Friction as a 

% of the Total Ranqe 

. . . the weightings given to the three 
Table 6.3. shows the surprising Slmllanty between 

. th 's there is no basis for assuming 
ba . . 'dered Desp,te I. 

SIC rock mass properties conSI . 



the two systems should be directly I re ated The 
o • •• • assessment for intact rock strength 

and stress IS significantly different in th 
. . e two systems. In spite of their differences, it 
IS common practice to use the rating f 

. rom one system to estimate the rating value of 

the other. The following equation propos d b B· . 
e y lenlawski (1976) is the most popular 

relation between Q and RMR: ' ' 

RMR = 9 In Q + 44 

Based on Beniawski's RMR and Q relation d·ff . 
I r eren! countnes modified the above 

relation to suite the overall intact rock and d· r· Iscan mUity properties of their respective 

local condi tion . Choquet and Hadjigeorgiou ((Miline 

correlation relation between RMR and Q (Table 6.4). 

Table 6.4 Correlation between RMR and Q, 

Correlation Source 
RMR- 13.510gQ+43 New Zealand 
RM R 91n Q + 44 Diverse Oriqin 
RMR- 12.5 log Q + 55.2 Soain 
RM R=5 In Q + 60.8 S.Africa 
RMR-43.89-9.19In Q Soain 
RMR- l 0.5In Q + 41.8 Spain 
RMR- 12.11 log Q + 50.81 Canada 
RM R- 8.7 In Q + 38 Canada 

RMR-l0 In Q +39 Canada 

et aI. , 1995) compiled the 

Comments 
Tunnels 
Tunnels 
Tunnels 
Tunnels 
Mining soft rock 
Mining soft rock 
Minino hard rock 
Tunnels, sed. rock 
Minina hard rock 

To establish the correlation between RMR and Q system an attempt has been made 

in the present study. For that purpose in are zone both the systems has been applied 

in a zone of 100 m. The observation has been made at an interval of 2 m. The ROD 

parameter has been common for both classification systems and it has been 

determined based on the volumetric count (J.) method . The RMR rating has been 

based on Bieniawski's' ,1989 rock masS rating system. The result of the two­

claSSification system has been correlated graphically (Fig.6.6), and the following 

correlation has been established: 
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RMR= 4.721n Q + 47.8 

The above correlation is close to the correlation developed for South African tunnels 

(Table 6.4). South African underground mines are one of the World's known deep 

underground excavations with complex stress and geological setup, therefore with all 

the limitations in this work, the correlation'can be said sOund. However, it is based on 

the single study, therefore it cannot be generalised. There is further scope to apply 

both the rating schemes in different parts of Ethiopia to establish a generalized 

correlation. 

.' . 

Fig 6.6 Correlation of the RMR a nd Q system as applied in ore zone 100 m. 

AT A ANALYSIS 
6.4 STRUCTURAL D . rock mass by dividing 

creates anisotropy In the 
The presence of discontinuity planes d blocks may fall or 

blocks can be loosened an 
it into blocks. The contact between n Ihe surface of the 

. f the shear strength 0 
agnltude 0 'Ih slide depending on the m . of disconlinuily planes WI 

. f the orientatIon . evaluatIon 0 dIscontinu ity planes. Hence, 
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respect to the intended excavation is 
an important aspect of undergrOUnd 

excavations. 

The Legadembi are zone is stnucturally disturbed ar 81 . 
ea. ruclural geological sludies 

conducted on the area outlined four phases of deforma!' (0 
Ions I-D.), Gebreab (1 GG2). 

These deformation phases have been identified to be a re ted h 
pea p ases of folding 

and faulting resulting the present folded faulted and I'ointed d d ' un ergroun ore zone 

rock mass. 

During the underground mapping, structural data of the discontinuity planes has been 

collected. The discontinuity planes have been faults and joints. The tolal 

observations for joint and fault measuremenls have been 144. The contour analysis 

of joint planes has been done with the help of computer sofiware 8pherislal 2 .. The 

resulting contour and major joint set are presenled in Fig. 6.7. The fault planes have 

been marked by their smooth and continuous surfaces , crossing or running parallel 

with the roof and side of the excavation. When ever possible the dip and dip direction 

of these fault planes has been measured during the fieldwork. The rose diagram of 

the fault planes (Fig. 6.8) has been plotted wilh Ihe help of the same program. The 

rose diagram plot shows that there are three sets of fault planes. The major fault sets 

are NE _ SW and NW-SE trending. The third one is the E-W Irending Faults. 
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Plate 3. Underground structures. 
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,.. --
Pole density plot 

, 

Major joint sets and 
excavation orientations. 

ore zone 

Fig. 5. 7 Density plot and preferred orientation of d· .. IscontmUlty planes in ore 

zone. 

Fig. 6. 8 Fault planes strike rose diagram for ore zone 

To determine the possible mode of failure the major discontinuity plane data has 

been plotted on Dips ~omputer software. The major discontinuity planes and the 

excavation orientation plot is presented in Fig. 6.7. 
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In underground excavations when jOinted strata di . . 
p Into the Side at more than 30' or 

more, the up dip side may be unstable. Especially when th d' . 
e Ip IS more than 45' the 

wall rock may slab and fallouts from the roof may ca b 
USe pro lems (Bell , 1980). The 

Presence of flat lying joints may also lead to blocks b . . 
ecomlng dISlodged from lI1e 

roof. When the axis of the excavation is parallel to the t 'k f . '. 
s n e a vertically dipping 

rocks, then the rock mass above the roof is held by the friction along discontinuity 

planes. The roughness of these planes plays in reducing the effect of the overburden 

stress (Bel l, 1980). 

In underground ore zone the excavation orientation varies from North-South with 20' 

to 30' deviations. The two joint sets dipping towards N265'/60' and N090'/40' are 

major sets. The other two joint sets dipping towards N020' 170' and N350'170' are 

random sets . The two major discontinuity planes are almost parallel with the 

excavation orientation. The structural description of these jOint planes is presented in 

Table 6.5. 

Table 6.5 Fracture description of major joint sets of the underground ore lon e, 

Set Dip (') I Dip direction (') Description 
Set1 65 :': 5 265:,: 5 Planar, smooth to slightly rough. Persis t~n t 

throughout the excavation length. SpaCl~ 
20 - 60 em. Chlorite, talc, an? calCite 
infillings with some gouge matenals. The 

I joint is parallel with the ore zone . . 

Set2 40 .: 5 090 :,:10 Planar less persistent than JOint Set 1. 
Spacing 6·20 em. Sligh~IY ~ough surface. 
Talc calcite and pyrite Infilhn~s : al s.om: 
plac~s without infilling .. The Jomt set IS 

I parallel with the tunnel aXIs. 

Set 3 70 :': 5 020 
Planar. Considered as random. At p~~~ 

t Saang 20·60 em. IQ, 
persisten . P t 'ke is almost 
slightly rough. The Sri . 

I oeroendicular with the tunnel aXIs. 
e . d 5 random At places 

Set4 70 :,: 5 350:,: 10 Planar. Consld~re ;. 60 em. right. slightly 
persistent. spac.mg ~ Imost perpendicular 
rough. The stnk~ IS a 
with the tunnel aXIS. 
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6.5 IN SITU AND INDUCED STRESS CONDITION 

In underground mining it is important to unde t d 
rs an the stress condition of the rock 

mass. The rock mass has usually been Subjected t 
a numerous epochs of loading and 

unloading through out the geological time produCing f t 
rae ures and fault systems of 

different orientations in space, which results into inte 
(connected blocks. 

In rock mass at depth, the applied loads and spatial load d' t 'b . 
IS n utlons are unknown. 

The Quter boundary of an underground excavation or series of excavations is often 

essentially infinite, so that loads initially concentrated close to the face of the 

excavations tend to be redistributed into the solid rock mass as the rock near the 

face starts to disintegrate. Excavation within a rock mass will intensify the stress 

difference due to inhomogeneities and discontinuities and may lead to instability and 

ground control problems around the excavations (CENTEK, 1986). 

The underground mine geological setup is complex, and the rock mass has passed 

through a sequence of deformation phases. In this rock mass it is expected that in­

situ rock stress will vary from place to place within the rock. Computation of rock 

stress within a rock mass on the scale of isolated excavation is, in general 

impossible. However, with all th is difficulty, the knowledge of the magnitudes and 

directions of these induced stresses is an essential part of underground excavation 

design . 

6.5.1 In -situ stress measurements 

. . itu stress in rock masses. The 
A variety of methods have been used to determme m-s 

. and hydraulic fracturing. 
two most popular methods are, borehole overconng 

Each of 

. . . f circular hole into the stressed rock 
these methods relies on the fact that dniling 0 a 
. . nd associated displacements in the wall 
mduces stress (and strain) concentrations a 

of the hole. 
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In borehole overcoring transducers or deformation ' . 
gauges are Inserted Into the hole 

in order to determine minute changes in the dimens' f h 
Ion 0 t e borehole, when the 

hole is relived from in-situ stress, by larger diameter annul d 
us aroun the hole. 

In hydraulic fracturing, a reg ion of the borehole diameter will be isolated by 'packers', 

and the packed off intervat subjected to progressively increasing radial fluid pressure, 

until a fracture develops in the borehole wall, propagating away from the hole driven 

by penetration of the pressurized fluid into the crack (CENTEK, 1986). 

In the case of the present study due to the lack of measuring instruments and 

resources , it was not possible to use both methods to determine the stress condition 

on site. Hence the in-situ stress determination has been based on developed 

empirical relations. 

The vertical in-situ stress cry is due to the overlying rock mass weight. The overlying 

rock mass stress is a function of the depth and the average unit weight of the rock. II 

can be estimated from the relation: 

cry= yz 

Where cr, is the vertical stress; y is the unit weight of the overlying rock; Z is the depth 

below surface. 

. the average unit weight of the In the Legadembi Underground Mme ore zone 

. . ' (BRGM 1991) Before the mining activity started the top overlYing rocks IS 26.8kN/m , . 

200 m above mean sea level. The ore zone 
of the mounta in surface was at around 2 

I I Hence because of the residual 
excavation lies at 1770 m above mean sea eve. 

2200 m and 1770 m has been 
stress condition the vertical height between 

considered as 430 m. 

The vertical or gravitational stress cr~ ca 
n be calculated from : 

I ' -11524MPa _ = 26 8kN/m' · 430m=5896kN m - . 
cr~- yZ . 
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The horizontal stress acting on an element of k 
roc at depth z below Ihe surface are 

much more difficul l 10 eslimate than the vertical I 
s resses. The ratio of the average 

horizonlal stress 10 Ihe vertical stress is denoted by k A. 
su~ , Ihal: 

Where crh is the horizontal stress. To calculale Ihe magnilude f th h . 
o e onzonlal stress. 

Ihe ralio of Ihe horizontal stress to the vertical stress (k) should be delermined . 

There are arithmetical ways, related with the deformation property of k a roc mass, to 

delermine Ihe value of k. The relation based on Ihe Poisons ralio (v ) has been found 

useful to approximate the value of k. The magnilude of Ihe coefficienl of geeslalic 

pressure (k) can be determined from k = (I ~V) (Hoek el ai, 1995). This implies Ihal 

v 
cr ~ = - - X G . ' In the Legadembi underground rock mass the Poison's ratio has not 

(I-v) , 

been determined, hence the value of the Poisson's ratio (v) has 10 be adopled from 

Ihe standard table given in Selby 1993, (Table 6.6). The value of Ihe Poisson's ralio 

for the underground ore zone rock mass has been considered as 0.2. Accordingly the 

horizontal stress in the underground ore zone has been estimated as 2.88 Mpa. 

Table 6.6 Elastic properties of rocks. 

Rock Type Dens ity Modulus of Shear Modulus Poissons Rat io 

Tim' Elasti~~ty (Gpa) 
(Goa 0.2 . . 38 

Gabbro 55·90 20·40 3.0 .21 
Gneiss 2.7 · 2.8 55 . 

8 ·25 0.1 · 0.3 
Schisl 2.4 • 2.8 20·60 

6.5.2 Induced Stress Analysis 

Most underground mining 
. . regular in shape and are frequently 

excavations are Ir 

grouped close to other excavations. In 
addition ore bodies are associated with 

rfes are seldom uniform within the 
geological fealures, such as faulls, the rock prope I 
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rock volume of interest (Hoek et aI., 1995) Th 
. ere are COmputer based numerical 

methods that have been developed for obt .. 
a'OIng the approximate value of the 

induced stress effected from the underground . 
excavatIons. In rock mechanics, the 

boundary and domain method are the two nu . I . 
menca analySis methods of stress 

driven problems. In boundary method only the bou d f 
. 'n ary a the excavation is divided 

into elements and the interior of the rock mass is rep t . 
resen ed mathematlcaJly as an 

infinite continuum. Whereas in domain methods, the interior of the rock mass is 

divided into geometrically simple elements each with assumed properties. 

Since there is no data pertaining to the stress conditions of the underground rock 

mass, and the softwares are also not accessible, it was not possible to approximate 

the magnitude and directions of the induced stresses. 

6.6 STABILITY ANALYSIS OF THE UNDERGROUND ORE ZONE 

In shallow depth underground excavations, in structurally affected rock mass, the 

most common types of failures are those involving wedges falling from the roof or 

sliding out of the sidewalls of the openings. Generally in mining excavation are 

opened in different directions and different rock mass. When the excavation of the 

opening creates a free face, the restraint from the surrounding rock is removed. 

Depending upon the relation of the fracture, the friction between blocks, the 

excavation size and orientation, wedges can fall from roof, or slide from the 

sidewalls. 

. . I wedges the back and walls of 
Unless measures are taken to stabilize these oose , 

the opening may fai l. 

. . uired to deal with th is problem. 
Hoek et al. (1995) recommended steps, wh,ch are req 

These steps are: 

" It' 
, , ., 
.' 
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0" 
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1. Determination of average dip and di . . 
p drrectlon of significant dis t' . . =~~-In the rock mass. 

2. Identification of potential wedges who h . 
, IC can slide or fall from the back or walls 

of the opening. 

3. Calculation of the factor of safety of th d ~ I ese we ges, depending upon the mode ~ , I 

of failu re. 

4. Calculation of the amount of reinforcement required, to bring the factor of 

safety of individual wedges up to an acceptable level. 

6.6,1 Iden tification of potential wedges 

The size and shape of potential wedges in the rock mass surrounding an opening 

depends upon the size shape, and orientation of the opening and also upon Ihe 

orientation of the major discontinuity planes. 

In Legadembi Underground mine, WO major consistent joint planes and two random 

jOint planes have been identified. The excavation orientation is N330° at places north 

-south. Eventhough there are only two major joint sets, there is still wedge forming 

possibil ity at places where three joint sets intersect at the roof and the sidewalls. The 

stability of the resulting wedges has to be considered. 

In underground openings in blocky hard rocks, like the Legadembi underground 

mine, during or some time after the opening of excavation, wedges can fail without 

giving sign. Wedges on a roof can fail as soon as the base of the wedge is fully 

exposed by excavation of the opening. For sidewall wedges, sliding of a few 

th I
'ne of intersection of two planes is generally 

millimeters along one plane or e J 

th O
f these surfaces. This means that the 

sufficient to overcome the peak streng 
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movement along the sliding plane has t b '" o e minimized b t b" . Y s a Ihzatlon measures 

(Hoek et.al, 1995). 

Rock bolting is an ideal stabilizing measures' th In e case of wedge failure. Rock bolts 

generally consists of plain steel roads with . a mechanical anchor at one end and 

facep late at the other. They are always te~sioned ft· . a er installation . 

In Legadembi Underground ore zone the two maJ'or a d tw . . n 0 random Jomt sets are: 

-------
Joint set Dip (0) Direction (') Remark 

J1 60 265 Major 

J2 40 090 Major 

J3 70 020 Random 

J4 80 350 Random 

In the wedge stability analysis it is assumed that the discontinuity planes are planar 

and continuous and the shear strength of the discontinuity planes can be represented 

by angle of internal friction (~ ) and a cohesive strength of zero. The underground rock 

mass is rated as fai r rock (in both rock mass quality index-Q and the rock mass rating 

RMR systems). At places the fractures are filled with softening or low-friction mineral 

coatings like chlorite, talc and graphite. The angle of internal friction (9) value for fa ir 

rock varies between 25° - 35° (Annex A). 

To study the stability of the wedges in the underground excavation, UWEDGE 

computer program has been used. The softWare is prepared by Shawani Singh of 

Indian Institute of Technology, Roorkee. 

th 
the excavation orientation and 

The joint set orientations, the shear streng , 

dimensions were feed to UWEDGE computer softWare. 
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The input parameters for UWEDGE program . 
are. number of cases Le. analysis for 

Ihe roof, right wall and left wall; dip of the J'oi t I .' . . 
n panes, dip dlrechon of the joinl 

planes; cohesion along the jOint plane; angle of friction along th .. I I 
e JOin pane (degree): 

average seepage water pressure on jOints' dip of the ex t d f '" , cava e ace; dip direction of 

the excavated face; plunge of boundary edges' trend of bound d f f ' ary e ges or ree ace; 

Irend of bolt force (Upward=-1); span of free face or heighl of free face between 

boundary edges of walls; unit weighl of rock mass (Tim'); capacity of individual bolts; 

spacing of bolt in square pattern. 

The program out put are: the weight of the wedge; the position of Ihe wedge from Ihe 

centerline on the roof and side walls; the faclor of safety of unsupported wedge: the 

faclor of safely of reinforced wedge; the possibility of overhanging of the wedge on 

opening of ils base. The calculation envisaged that the disconlinuity can occur any 

where in the rock mass. The result can also be considered as conservative since the 

possibility of the wedge depends on the persistence, spacing and the occurrence of 

wedge forming fractures within Ihe actual rock mass. 

6.6.2 Stability analysiS of wedge in the are zone 

. r N330' and N360' 
For the Legadembi underground mine ore zone onenta Ion 

. II dge stability analysis of excavation 
orientation, for the roof, left wall and nght wa we 

have been made using UWEDGE computer program. 
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6.6.2. 1 F or tunnel orientation. N330 0 , 

Table 6.7 General input data and values for UWED GE stabili ty analysis of 

excavation orientation N330°. 

Input Value Input Parameters 
Parameters 

Value 

Joint set number 4 Right Wall 

Excavation soan 6.0 m 
Trend N330 ' 
Plunge 0' 

Roof trend N330 ' Excavation dip N240 ' 
Roof plunge 0' direction 89 ' 

DiD 
Left Wall 

Trend N330' 
'Salt Length 6m 
ISwellex-) 

Plunge 0' ' Solt Caoacity 11T 
Excavation face N060' Bolt Grid 2m 

dip direction 
Dip 89' Seepage ~~ter 

Pressure U)-
0 

Unil weight (l ) 2.68 
TIm' 
'IE.Hoek e181 .. 1995} 

Table 6.8 Join t set input data for underground excavation. 

Joints Dip(' ) Direction(' ) Cohesion Friction" (' ) 

set (TIm' ) 

Jl 60 265 0 30 

J2 40 090 0 30 

J3 80 350 0 30 

J4 70 020 0 30 

The numbers of telrahed ral wedges, which can be formed from Ihe four joinl sels in 

each case, are four. 

e . Wedae-formina 'oint sets com ma Ions. 

Joint Data WI W2 W3 W4 

Joinl Plane 1 2 .3 1 2 4 1 3 4 2 3 4 

Tabl 6 9 
b' f 

DiD (') 60 40 70 60 80 70 60 80 70 

60 40 80 

DireClion( ' ). 
gO 020 265 350 020 265 350 020 

265 90 350 265 
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Table 6 10 UWEDGE software stabilitv ; . analVSls results for N330" . Of/entatIon: 

Roofwedae 

Wedge WI Separation Perpendicular Failure Mode 
Distance from 

'FOS.U " FOS.S 

apex, 

WI 3T J3 0:58m Fall 0.0 7.29 

W2 3 T J4 

165T 

0.59m Fall 0.0 6.6 

W3 Jl & J4 6.47 m Fall 0.1 3.12 

W4 74 T J2 7.8m Fall 0.61 15.26 

Left wall wedge 

Wedge Separation Failure Mode *FOS.U "FOS.S 

Wl Jl slide 0.85 7.82 

W2 I J4 & Jl slide 0.69 9.00 

W3 I Jl slide 0.77 12.09 

W4 I J2 Fall 0.77 12.90 

Riaht wall wed e 

WI Jl Slide 0.33 0.95 

W2 J2 & J4 Slide 0.33 2.5 

W3 J4 Slide 0.39 5.4 

W4 Siable 

'FOS.U= Factor of safety of Unsupported Wedge; "FOS.S= Factor of safety of Supported wedge 

In the analysis the FOS of the roof wedges , W" W, and W,are zero. Which implies 

that when their bases are exposed, unsupported wedges will immediately fall, . In the 

right wall W " the supported FOS is less than 1.5. Th is implies that for the N330' the 

right wall will need additional support than that considered in Ihe analysis. For Ihe left 

wall and the roof wedges, the support measure considered in the analysis will be 

enough . 
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6.6.2.2 For tunnel orientation ~ N360 0. 

Table 6.11 General input da ta and val ~ 
ues or UWEDGE stability analYSis of 

excavation orientation N360°. 

Parameter 
Joint set number , Value 

. Excavation span 4 

Roof trend 6.0 m 

Roof plunae N360' 

Left wall trend 0' 

Left wall plunae 
N330' 

0' 
Excavation face diD direction N90' 
Excavation dip 
Riqh t wall trend 

0' 

Riaht wall plunae 
N360' 

0' 
Riaht wall diD direction N270' 
Riaht wall dip 0' 
Bolt length' 6m 
Bol t capacity 
anchored bolti • 

(Swellex. mechanically l1T 

Bolt arid 2m 
Seepage water pressure(U) 0 
Unit weiaht y 2.68 Tim' 

Joins set Di p(') Direction(' ) Cohesion Friction, ~ (' ) 

J1 60 265 0 30 

J2 40 090 0 30 

J3 80 350 0 30 

J4 70 020 0 30 

' (Hoek et al., 1995) 

Table 6. 12 UWEDGE software stability analysIs resu a 01 n a f It f 360' r"e t (on 

Roof wedge 

Wedge Separation Perpendicular Failure 'FOS.U "FOS.S 
Wt 

Distance form Mode 

apex 

WI 630 T J3 Fall 0.0 1.24 
3.37 m 

W2 585 T . J4 
3.29 m Fall 0.0 1.18 

W3 49 T Jl & J4 
6.47 m Fall 0.1 3.88 

Fall 0.77 27.92 
W4 65 T J2 7.44 m 
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Left wall wedae 

Wedge Separation Failure MOde 
°FOS.U o'FOS.S 

W1 J1 slide 0.85 2.56 
W2 J1 & J4 slide 0.09 3.6 
W3 J1 slide 0.77 4.84 

W4 J2 slide 0.77 2.77 

Riahl wall wedoe 

W1 J2 & J3 slide 0.33 

I J2 & J4 

0.32 

W2 slide 0.33 1.00 

I J1 & J3 W3 slide 0.39 2.10 

W4 stable 

'FOS. U= Factor of safety of Unsupported Wedge; "FOS.S= Factor of safety of Supported wedge 

The roof wedges W1, W2, and W3 will immediately fall when their base is exposed. 

The supported wedge FOS of W1 and W2 are less than 1.5. The result indicates that 

for the roof wedges W1 and W2 addilional support will be requ ired. The right wall W1 

and W2 supported FOS is less Ihan 1.5. For these wedges additional wedges will be 

required. 

6.7 MINING 

In hard rock underground mining the mining system has to be effective in assuring 

the safety of persons and equipment, and minimizing dilution of the ore due to failure 

k Underground mining systems are very diverse and 
of the su rrounding roc mass. 

th . type and location of development; 
further divided into subsystems based on e. 

. . . . b d . stage and method of support of the 
direction of stopping, relative to the ore a y, 

. . . of Ihe stopping face; methods of breaking 
stoPPing areas; organization and shape 
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and haulage of ore in stopping Th . . e basIc classificat . Ion systems and th . . . 
have been summarized from A hk elr subdivision 

gas ov et aI., (1988) an 
bf 6 1 ' d presented in T bl 9. 

To e ' 3 Minina systems 
a e 6. 

System Descriotion Grou 
I Open stope 1 Underh ~ rOUD descri tions 

systems 2 
an systems 

3 
Overhand system 

4 
Longwall systems 

5 
Room·and·PHlar systems 

6 
Sublevel sloping systems 

II Shrinkage 1 
Room-and-Ievel sYstems 

Systems 
Sttems with blasting from shrinkage 
5 opes 

2 Sy~~ms with breaking from special 
wo Ings 

3 Systems with breaking by deep holes 

III Supported stope 1 Systems with reinforced stuns and 
system square sel 

2 Systems with stone and composite 
SUDDort 

IV Cut and fill 1 Ho~zontal. s.licing system with filling 
systems 2 Indined slicmg system with filling 

3 Overhand system with filling 
4 Descending slicing systems filling 
5 longwall systems with filling 
6 Systems with sunoort and fill ino 

V Rock Caving 1 Slicing and caving systems 

systems 2 Sheild systems 
3 Pillar systems with roof cavinn 

VI Ore and rock 1 Sublevel caving systems 

caving systems 2 Level self caving systems 

VII 
3 level forced cavinQ syStems 

Combined system 1 Combined room open slope systems 

2 Combined room shrinkage systems 

3 Combined room sloping and fi lling 

systems 

The shape of the deposit has much more effect on the mining method because it 

usually changes more abruptly. Apart from the shape of the deposit its contact with 

the country rock is also important, weather it has clearly defined or indefinite 

boundaries . 

The angle of dip and the th ickness of the deposit also have a considerable effect on 

the choice of the mining method. According to their angle of dip, deposits are divided 
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up from the point of mining method into ge tI I . 
. ° n y s oping (up to 25' ), inClined (25' -45' ), 

and steep deposits (45 _gOO), (Agoshkov et aI., 1988). 

Accord ing to their thickness, are deposits are d" . 
IVlded 1010 five groups: very thin from 

0.6 to 0.8 m, thin from 0.7 to 2 m, medium thO k 2 5 . 
IC - m, thick from 5 to 20 m, and 

extremely thick more than 20 m (Agoshkov et aI., 1988). 

In metal mining the mine take is divided into horizo h' h " 
n5, W Ie have a vertical Interval 

between 25-30 m and 80-100 m. 

The upper Legadembi underground ore zone has been considered as having 

consistent gold grade with average width of 5.5 m and 225 m length. Based on the 

Agoshkov (1988), the are body can be classified as steeply dipping moderately thick 

lense. 

The Legadembi Underground are is mainly the quartz vein, hosted within quartz 

biotite- actinol ite-talc schist. In the underground ore zone excavation the roof is 

constituted dominantly by quartz vein. The mineralized quartz vein can be considered 

as strong rock with uniaxial compressive strength of 100-200 Mpa (Sell by 1993). On 

the other hand, the host rock constituting the sidewalls can be classified as weak 

rock with uniaxial compressive strength of 20-50 Mpa (when unsilicified), (Sellby 

1993) . 

In the structu ral analysis it has been addressed that, the ore zone contains faults and 

jOints which strike paraliel and dip angle> 45". These planes are considered as 

t· Th UWEDGE analysis has showed 
unfavorable for the stability of the excava Ions. e 

'1 h wedge forming fracture occurs. 
that there is a possibility of sliding fal ure were -

k 5 can be safely excavated for 15 m 
The Legadembi underground ore zone roc mas 

t bolting. However during the actual 
span with temporary support systems of spa 

'ncrease to 25·30 m, th is in tum will 
mining operations the height of the span may I 
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affect the deformation property of the rock around th 
e ore body. The stability of the 

rock mass of the hanging wall and further back into th f 
e ootwall should be main 

concern. These with the increase of the excavation d· . 
Imenslon the long-term stability 

of the working depend in maintaining the sidewalls from sl·,d·,ng . 
or caving. 

Cut and fill mining method comprise a system where the spac ted b . e crea ecau se of 

the removal of the ore, will be filled by rock from surface works or mill tailings. The 

filling is used to prevent the caving or subsidence of the surface. This system allows 

mining a deposit with a fault and jointing in a branching ore body. Both regular and 

reinforced supports of various types can be applied during opening the stop. The cut 

and fill systems ensure a high degree of mineral extraction, labor safety under 

difficult geological conditions. The most significant disadvantages are high cost of the 

filling material in transporting and placement. 

The detail advantages and disadvantages of the other mining systems may not be 

addressed well in this work because of limitations, but with its high operational cost 

the cut and fill mining system is more safe for the long term stability and safety of 

persons equipment and machineries in a rock mass condition of the Legadembi 

Underground ore zone excavation. 
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CHAPTER VII 

CONCLUSION AND RECOMMENDATIONS 

The Legadembi Gold Mine is located in southern Eth ' . . 
,op,a In Adola area. The Adola 

area Precambrian rocks are grouped into Awata Mar d 
. , mora an Adola Group. The 

Awata and Mormora Group rocks are dominantly repeatedly folded and sheared 

gneissic rocks intercalated with schits and intruded by pre to sy t t ' 't' n ee onle granllc 

rocks. The Mormora Group rocks surround the Adola Group rocks. The Adola Group 

rocks are dominantly metavolcano- sedimentry rocks with patches of mafic-ultramafic 

rocks intruded by syn to post tectonic intermediate to granite rocks. The gneissic 

rocks are Late Proterozoic age, metamorphosed in granulite to upper amphibolite 

facies , and they are the oldest rock in the region. The metavolcano-sedimentary 

rocks are the younger basement rocks, and metamorphosed in greenschist to lower 

amphibolite facies. 

The Adola Preca mbrian metavolcano~sedimentary rocks and the associated mafic­

ultramafic rocks occur in two N-S striking zones, separated by gneissic terrain, the 

Kenticha and Megado belts. The Legadambi gold deposit is located in Megado zone. 

The main lithotypes and their distributions from east to west are: quartzo-feldspathic, 

. . h t· quartz biotite actinolite-talc-schist quartz-biotite and amphibole gneisses In t e eas , 

. h tal ' and amphibolite and gabbro and graphite-quartz mica schist rocks, In t e cen r , 

rt The auriferous quartz veins are hosted in 
intrusives at the western pa . 

. .' uartz_biolite-actinolite talc and graphite-
metavolcano-sedimentary units (mainly In q 

heared rocks. The contact between the 
quartz-mica schists) and mafic-ultramafic 5 

. horizontal transcurrent shear 
gneiss and the schist rock units are marked by a 

thrusts, with transverse or oblique brittle structures. 
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The Legadembl gold deposit are bOdies are separated b th . 
Y e oblique faults trending 

ENE-WSW and at present it has been regrouped int U 
0, pper and Central Legadembi. 

The are bodies are structurally controlled and plunge t d N 
owar s orth at low angle. 

The geotechnical study conducted during the feasibility t d t 
s u Y s age and the present 

work indicated that the footwall gneiss rocks are strong w'th . . I ' . , I unlaXla compresSive 

strength of 200-300 Mpa. The hanging wall rocks strength varies from strong to weak 

rocks. In the hanging wall rock units the graphitic quartz mica schist is a strong rock 

with uniaxial compressive strength of 50 -140 Mpa. The quartz biotite actinolite talc 

schist rock's strength varies from weak to strong. When it is silicified, its uniaxial 

com pressive strength is 50-1 00 Mpa, and falls in strong rock group. Otherwise, it's 

uniaxial compressive strength is 20-50 Mpa and falls within weak rock. The lalc-

actinolite-tremolite rocks are located at the contact between the footwall and the 

hanging wall. The uniaxial compressive strength of this rock is 15-40 Mpa and it fa lls 

with in the weak rock group. 

The ground water flow, at the open pit and underground excavations has been found 

not to be in amount, which can create water pressure that can cause stability 

problem. On the other hand both from the feasibility and the present study, the 

f nderground workings has showed high chemica l analysis of the water samples rom u 

d hl 'd which makes the ground water highly corrosive 
amount of sulphates an c on es, 

with corrosivity ratio up to 8. 

. h wed that the rock mass falls within the 
The open pit average RMR rating has s a 

d' g to the Beniawiski's RMR, the shear 
FAIR rock mass class (RMR= 60-41). Accor In 

es 25'-35' and 200-300 kpa, respectively. 
strength parameters, ~ and c, values rang 

·t has been carried out based on 7 
. d the open pi 

The slope stability analYSIS aroun 
. 'th the slope geometry and the 

o r check analYSIS, WI 
slope sections. From the kmema Ie 
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954 structu ral measurements analysis 6 I ' 
, palO mode of failures, 8-wedge mode of 

fai lure and one circular mode of fa ilure has b . . 
een Identified. The Factor of safety 

analysis for these critica l cases showed that sl . 
ope section SL3 and SL4A are not 

stable for possible worst condition defined by dynamic moderately saluraled 
, 

condition. Based on the rock mass conditions of these I . s opes, safe slope deSign for 

FOS = 1.3 and 1.2 have been worked out by varying the height d I an s ope angle. The 

slope design for moderately saturated dynamic conditions indicated that, the weslern 

slope hard rock sections will be stable at FOS 1.3, with 35° to 40° overall slope angle 

and 50°-60° bench slope face, 20 m bench height and 6 m berm width. The Easlern 

slope has been found to be stable for existing and possible worst conditions. 

Geotech nical study conducted for underground mine was focused to characterize the 

are zone rock mass from 1770 m to 1990 m above sea level. The present are drive 

level (1770 m) is the starting level of the underground mine and 1990 m is Ihe 

ultimate level. To characterize the rock mass around the ore zone, geotechnical and 

structural data from previous work and the present work have been collected and 

analyzed. In the ore zone excavations two major and two random joints have been 

identified from the structural data analysis. The ore zone excavation is almost parallel 

to the two major discontinuity planes. The wedge fonming possibilily in the are zone 

excavation has been considered and analyzed with UWEDGE computer software. 

The results indicate that there is four wedge fanning combinations of the discontinuity 

planes. From the analysis it has been found that mosl of the wedges can be 

. . k bolts. However, from the analysis it 
stabil ized with 11 T capaCities and 6 m long roC 

sent which may require additional 
has been found that there are heavy wedges pre , 

. e excavation is considered as a temporary 
supports, like shotcreetlng. The are zan 

Ratio) value of 4. Using Ihe ESR value and 
excavation with ESR (Equivalent Support 
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the excavation dimension ratio versus the Q t' 
.' ra mg value, on the Q - support graph, 

the ore zone excavation doesn't need p 
. . ermanent support. However, for safety 

purpose spot bolting IS required in wedge formin d . 
g an Susceptible sliding wall places. 

The maximum excavation span has been em .. II 
p,nca y calculated from the relation 

developed by Barton et al 1980. Accordingly the m' . . 
Inlmum and maxImum excavation 

span has been estimated to be 9m and 15 m respectively. 

When permanent development excavations (ESR=l 6) such h I' ., as au 109 ramps, are 

to be excavated within the rock mass between the footwall and the are zone, the 

excavation may require permanent support of categories 4 and 3 of estimated Q. 

support graph. Category 4 is systematic bolting with 40·1 00 mm unreinforced 

shotcrete and category 3 is systematic bolting. 

During Ihe mining activity the excavation height may increase considerably (20·30 

m). The increase in the excavation dimension will alter the stress condition around 

the ore zone rock mass. The stress conditions around the underground rock mass 

could have been approximated with finite element analysis. Because of the lack of 

measured values of the magnitude and directions of principal stresses, rock mass 

deformation properties and the limitation in acquiring computer programs, which 

facilitates this analysis, the ore zone deformation behavior could not be determined . 

. d d rground mining excavations depends 
The long-term stability of the open pit an un e 

I ted From the underground 
on the mining system, which is going to be imp emen . 

. . t has high operational cost but it has 
mining systems, the cut and fill mining sys em 

k mass condition. Hence, cut and 
been found that it provides more safety for the roc 

h b st suitable mining method for the 
fill mining system is considered to be tee 
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Legadembi underground works. However u I th . 
, ness e deformation property of the are 

zone rock mass is determined properly other .. 
, mining systems may not be justified. 

The ground water corrosive action can affect bolts b th . a In the access tunnel and the 

future excavations. Hence, support measures should b e protected from corrosion by 

grouting with the right cement or at least should be galvanized. 

To monitor the movement of the underground mine rock mass, deformation­

measuring instruments such as extensometers, should be installed in the access 

tunnel and the future hauling ramps. 

In the underground mining work, as the mining progresses upward to the surface 

there will be a reduction in the normal stress across discontinuity planes, this may 

re su lt in the reduction of shear strength, which practically resists the down ward 

movement of blocks of rock mass. Hence, in the future mining activity the occurrence 

of discontinuity planes and the ground reaction with the excavation should be closely 

studied and the proper support measures should be immediately adopted. 

For the Legadembi underground mine, the following stabilization method should be 

adopted to prevent the wedge failures (Hoek el.al, 1995): 

1. For roof wedges the total force, should be applied by the reinforcement, 

should be sufficient to support the full dead weight of the wedge, plus an 

d or qual 'lty support installation. The 10101 tension 
allowance for errors an po 

Id b 1 3 to 1 5 x W giving factor of 
applied to the rock bolts or cables shou e. . , 

safety of 1.3 to 1.5. 
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2. When the wedge is clearly identifi bl 
a e, some aHempt should be made to 

distribute the support elements unifonml b 
y a out the wedge center. This will 

prevent any rotations, which can reduce th f e actor of safety. 

3. In selecting the rock bolts to be used aHentio t b . . ' n mus e paid to the length and 

location of these bolts. For grouted cable bolts th I th , e eng through the wedge 

and the length in the rock behind the wedge should both be sufficient to 

ensu re that adequate anchorage is made available. When mechanically 

anchored bolts with faceplates are used, the lengths should be sufficient to 

ensure that enough rock is available to distribute the loads from these 

attachments. 

4. In the case of sidewall wedges, the bolts can be placed in such a way that the 

shear strength of the sliding surface is increased. More bolts have 10 be driven 

to cross the sl iding plane than across the separation planes. Where possible, 

these bolts or cables should be inclined so that the angle 0 between the bolt 

and the sl id ing plane is between 15' and 30', since this inclination will induce 

the highest shear resistance along the sl iding surface. 

During the mining activity, to be saved from unprecedented problems, the 

engineering geologist and the mining engineer should work closely logether. 
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