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Abstract 

For the devolopmant of Addi s Ababa c ity's water suppl y, there needs to 

des ign a project of constructing two dams and a 4.8 km transmi ss ion tunnel 

through the Entoto ridge, by the Addis Ababa Water and Sewrage Authority 

(AA WSA). On the basis of the demand to construct a detail ed engineering 

geological and geotechni cal investigation for the proposed Entoto tunne l, the study 

was ca rried out after defining a tunne l corridor of about 10 km2 The study focuses 

on the engineering geological investigation o f thi s tunnel corridor. 

The study area li es in the Shoa plateau that is formed of Tertiary rocks 

be longing to the Trap series. It is composed mainly of tuffs and trachytic lava 

flows which are called the Entoto si li cics of Addis Ababa area. There a re also 

basaltic lava flows outcropping on the top of the Entoto silicics as patches which 

area products of Tarmaber basalt. Undiffe rentiated Quaternary sediments which 

include residual , colluvial and alluvial depos its occur in v31ious parts of the area. 

Aerial photo interpretation, field traverses , insitu tests of rocks, as wel l as 

joint analysis from core orientation and surface observation and subsequent 

laboratory analysis were conducted. A number of exploratory boreholes drilled 

along the hlllnelline indicated that a significant number of trachyte / tuff interfaces 

OCCUlT in the defined tunne l zone. From the borehole drilling and the geophys ical 

investiga tion data, the area of the tunne l corridor appeared to be highly fau lted and 

weathered. The position of the water tab le, which is above the tunne l zone, and the 

permeability of the rock masses were detelll1ined. 
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Enginee ring geological map at the scale of I : 10,000 was prepared. The rock 

mass strength was determined us ing Schm idt halllmer and point load tester 

perf01111ed during fie ld work and laboratory in vesti gati ons. I n additi on to this in 

the fi eld , rock materi al strength was done w ith field identification by using 

geological hammer and scratching by pocket knife . 

The borehole data a long the tunnel l ine, whi ch is combi ned with surface 

mapping, confi rmed the general geological assessment and allowed the choice of 

construction methods. The borebole data was used as a basis for detailed des ign of 

the tunnel. Us ing all the avail ab le information on the rock mass and its 

hydrogeological characteristi cs, rock mass class ifi cation schemes are developed. 

From all the existing methods of rock mass classification, the Rock Mass Rating 

(RMR) and the Rock Mass Quality Index (Q - system) are se lected . Cons ideling 

all the rock mass propelties, using the above classifica ti on systems the Illost 

economic and suitable excavation Illethod would be by drill and blast. The 

respective supporting method woul d also be by bolts and shotcretes. 

It is hoped that this study will provide a sound geologica l bas is during the 

des ign, and excavation stages of the tunneli ng. However, it should be emphas ized 

that detail ed geotechni cal investigation on stress conditions of the rock mass and 

stab ility analys is, and furth er works at the pOItal areas and fault zones are very 

im portant. 
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geological hammer and scratching by pocket knife. 
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the tunnel. Us ing a ll the available information on the rock mass and its 

hydrogeological characteristics, rock mass classification schemes are developed. 

From all the existing methods of rock mass classification, the Rock Mass Rating 

(RMR) and the Rock Mass Quality Index (Q - system) are selected. Considering 

a ll the rock mass properties, using the above classification systems the most 

economic and suitable excavation method would be by dri ll and blast. The 

respective supporting method would also be by bolts and shotcretes. 

It is hoped that this study wi ll provide a sound geological basis during the 

design, and excavation stages of the tunneling. However, it should be emphasized 

that detailed geotechnical investigation on stress conditions of the rock mass and 

stab ili ty anal ys is, and further works at the portal areas and fault zones are very 
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1. INTRODUCTION 

1.1 GENERAL BACK GROUND 

Addis Ababa, the capital city of Ethiopia, is expanding in all directions. Its 

population is also increasing in an alarming rate. The rapid increase in population 

has resulted in an increased demand and serious shortage of water in the city. The 

present water supply of the city from Gefersa and Lege Dadi reservoirs could not 

meet this growing demand. To alleviate the water shortage problem, the Addis 

Ababa Water and Sewerage Authority (AA WSA) which is responsible for the 

city's water supply has embarked on a large project named, "The Water Supply 

Project Stage III An. 

The main task of this project is the construction of dams on Sibilu and 

Gerbi rivers, which are located 40 kms and 20 kms away respectively north of 

Addis Ababa. Since Entoto ridge, which is 3200 m.a.s. l. , situated between the 

proposed dams and the city, it would be hard and costy to transmit the water from 

these dams through pipes by pumping. Hence, it needs to construct a transmission 

tunnel of 4.8 kms under the Entoto ridge. 

The surface route generally follows the profile of the ground, thus requiring 

gradients in alignment. But absence of such gradients in the tunnel, for it follows 

short and direct route, may reduce operational and total cost depending on the 

length of project life. 
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Nevertheless, without careful geotechnical investigations prIor to design 

and construction, and equally important, intensive continuous monitoring by 

geologists during construction, tunneling can result in completely uncontrolled 

and, at times, disastrous experience. Hence, if good geological and geotechnical 

investigation is carried out, tunneling is cheaper and safer than other means. 

Therefore, the desirability and necessity of constructing a transmission tunnel 

through the Entoto ridge is unquestionable. 

The proposed tunnel aXIs was chosen in 1991 based on topographic 

conditions and shortest length of the tunnel during pre-feasibili ty study (unpubl. 

report, AA WSA, 1995). The proposed h'eatment plant site is located on the 

northern side of Entoto mountain range, hence treated water will be transmitted 

through the tunnel. 

The current geological and geotechnical investigation work was started by 

first defining a tunnel corridor which covers an area of 10 km2
• Construction of the 

dams and the tunnel is scheduled to be finished around the year 2004. 

1.2. LOCATION 

The Entoto ridge is the southern margin of the Shoa plateau and a water 

divide of Awash and the Blue Nile river basin . The proposed tunnel axis is located 

across Entoto ridge just less than a kilo meter from Addis - Debre Markos road. It 

extends in the north - south direction for about 4.8 km. The out-let and inlet portals 

are situated at a distance of approximately 7 and 12 km north and northwest of the 

capital. The intake portal lies at a place where a small seasonal river emanates. 
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The study area, which covers a 10 kn1
2 tunnel corridor, is bounded between 

latitudes 9° 30'48"- 9° 06'44" N and longitudes 38° 41' 52"- 38° 44" E (fig.l.l). It is 

situated between altitudes 2560 and 2904 m.a.s.l. 

1.3. CLIMATE AND VEGET A nON 

The climatic condition of Addis Ababa region is variable ranging from sub­

humid to dry. In most cases it ranges from moderate to humid. The rainy season 

extends from July to late September. These wet periods, especially July and 

August, are the periods at which 80% of the total rainfall. The mean annual 

precipitation of Addis Ababa is around 1000 mm . 

Thc summer has warm sunny days and cool nights. The highest temperatures 

are during the months of March, April and May and the lowest are in the months 

of July and August. November and December also have low temperatures with low 

rainfall. The average annual temperature is 16.450C. 

The entire part of the Entoto ridge is covered by different types of 

vegetation. The proposed tunnel alignment is densely vegetated with eucalyptus, 

juniper, etc. This dense forest makes the area somewhat inaccessible to 

investigation. 

1.4. PREVIOUS WORKS 

The general geological information concermng the present area of 

investigation has been furnished by many researchers. Mohr (1971), Kazmin, 

(1975), Morton, et aI. , (1979), Haile Sillassie Girmay and Getaneh Assefa (1989) 
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are some of them. The engineering geological mapping of Addis Ababa, at a 

regional scale, is also done by Kebede Tsehayu and Tadesse Haile Mariam In 

1990. However, the various rock types and structures are not indicated at that scale. 

The general tunnel alignment was initially chosen by Seureca (Consultants) 

111 1991 based on topographic conditions and length of tunnel. There was no 

geological investigation conducted during the feasibility study by Seureca. 

A more recent work on the geology and geotechnics of the area is that done 

by Addis Ababa Water Supply Project Stage III A (1991). It was a feasibility 

investigation consisting of drilling and geotechnical studies. During this 

preliminary investigation, two alternative dam sites (upstream and down stream) at 

Sibilu and a dam site at Gerbi rivers have been studied. However, the 

investigations carried out were not sufficient to make a final choice of the dams 

and the tunnel route. Hence supplemcntary geophysical investigation and test 

drilJings were recommended. 

The surface as well as subsurface investigation of the area was conducted 

with the help of geophysical investigation by the Ethiopian Institute of Geological 

Surveys (EIGS, 1995). Drilling investigation consisting of 28 borehole along the 

tunnel axis is also performed by AA WSA in two phases in 1995. The investigation 

conducted by AA WSA for the project also includes a brief study of surface 

structures at the proposed dam and tunnel sites . The geophysical survey consisted 

of Seismic Refraction, Vertical Electrical Sounding (VES) and Transient 

Electromagnetic Surveys (TEM). 
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1.5 OBJECTIVE 

This study is aimed at determining geological, hydrogeological and 

geotechnical properties of rocks of the surface and subsurface underlying the 

proposed tunnel route leading to a preparation of an engineering geological map 

of the area at the scale of 1: 10,000. 

Available information about the geotechnical condition of the tunnel zones 

anticipated helps a great deal during designing and construction. The classification 

of rock mass for tunneling according to the rock mass rating (RMR) and rock mass 

quality CQ) systems is another objective. This will hclp during excavation and in 

designing supporting systems for different rock types. 

Suggesting the appropriate methods for tunneling and to gIve design 

parameters for different lithologies and supporting mechanisms is also another 

focus of this study. 

1.6. METHODOLOGY 

Different investigation methods which are useful to provide information 

regarding the engineering geological, geotechnical and hydrogeological conditions 

have been conducted. These include: aerial photo interpretation, field geothecllical 

investigation and various data compilation. 
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Aerial photo interpretation was made using black and white photographs at 

the scale of 1 :8,000 and 1 :33 ,000. The mapping was conducted by taking 

additional traverses in the field. Some measurements of discontinuities and rock 

mass strength tests using Schmidt hammer were conducted. 

Joint analysis from core orientation and surface observation was an 

important step in the evaluation of fracture flow and directional strength. 

Interpretation was carried out after fieldwork by introducing the field observation 

and laboratory results . Point load strength test, slake durability test and water 

chemistlY tests are the laboratory tests used in the study. Mineralogical analysis 

for some rock samples is also performed. The final engineering geological map 

was made on topo map at the scale of 1: 10,000. By using measurements of 

ground- water levels from piezometric installations, the groundwater contour map 

showing the form and elevation of the water table is constructed. 

Geophysical investigation, borehole drilling, packer permeability test, 

piezometric data were obtained from the Addis Ababa Water Supply Project Stage 

III A. Based on these data rock masses in the study area was classified using Rock 

Mass Rating and Rock Quality Index (Q) classification systems. The design 

parameters, available methods for tunneling and supporting mechanism, are 

recommended by using the rock mass classification systems. 
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2. PHYSIOGRAPHY AND GEOMORPHOLOGY 

2. 1 GENERAL 

Morphology of Addis Ababa and its surrounding areas is quite complex. 

Starting from relatively flat and undulating central pat1 with an increase in 

elevation towards the north and the west and of gradual decrease in topography to 

the south. 

There are many volcanic topographic features, which vary in elevation from 

about 3200 m in the north to 2500 m in the south. Among these volcanic features , 

the most important ones are Rntoto ridge (3200 m), Mt.Yerer (3100 m), Mt. Furi 

(2839 m) and Mt. Wachacha (3385 m) (fig.2-1). 

The steep slopes of Entoto ridge are located to the north of the city where­

as to the south, though there are some hilly features, quite gentle slopes which 

extend to the Ethiopian Rift. Deep gorges, frequent rapids and waterfalls which 

clearly show evidences of a young morphology are also the morphological 

features present in Addis Ababa and its surroundings. 

2.2. TOPOGRAPHIC FEATURES OF ENTOTO RIDGE 

The steep slope of Entoto ridge, is the water divide between the A wash and 

the Blue Nile basins. Almost all the main rivers (like Kotebe, Akaki, and Kebena) 

originate mainly from Entoto ridge. 

-8-
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The landscape of the whole area of Addis Ababa reflects a complex 

geological structure which has been further modified by the action of erosion. 

1.3 DRAINAGE SYSTEM 

The texture of the drainage system is influenced by rock type and structure, 

the nature of vegetation cover and the type of climate (Bell, 1993). Rock type has a 

strong influence on the drainage texture, that is a low drainage density tends to 

form on resistant or permeable rocks; whereas weak, highly erodible rocks are 

characterized by a high drainage density. 

Except for small streams, all the main rivers originate in areas of highest 

elevation (mainly the Entoto ridge) and flow to the south and southeast direction to 

join the Awash river. 

The steep slopes of the northern part of the city are characterized by a 

drainage pattern of dendritic behavior. Towards the south, due to the morphology 

of the area, the drainage pattern is constituted by the main rivers or big tributaries 

characterized by wide meandering type of flow. In the west, southeast and central 

parts of the city, they form telTaces and alluvial deposits. In the tunnel corridor, 

there are only seasonal steams flowing to all directions from the top of the ridge. 
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2.4. EROSION 

Since Addis Ababa is on the Shoa plateau where almost 80% of the rainfalls 

during the three months of the rainy season, erosion is intensive. The other factors 

which also give high erosive capacity, for the runoff of the city is the presence of 

steep slopes . As a matter of fact there are a number of rill and gully erosion on 

slopes of Entoto ridge and Wechacha (Kebede Tsehayu and Tadesse Haile 

Mariam, 1990) 

Addis Ababa is built just on the foot of Entoto, where all the streams are 

emanating. Frequently, the velocity of the streams is higher to make the erosion 

high. 

Entoto ridge and other hilly areas are densely covered with eucalyptus tree 

that can retard erosion, but due to expansion of the city settlements started on 

slopes and illegal deforestation, some part of these areas are becoming bare. In 

addition, the presence of weathered rocks like tuffs and residual soils facilitate 

erosion. That is why the development of rill and gully eros ion is so fast and 

common in the area. 

The tunnel corridor shows highly rugged topography with some gullies . 

Particularly, the presence of extremely weathered trachytic and basaltic lava flows 

that are almost changed to residual soils, at the pOttal areas facilitate the intensity 

of erosion . That is why the portal areas are composed of thick soils of residual , 

colluvial and alluvial deposits. 
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3. SITE INVESTIGATION 

After the proposal of the Entoto tunnel, geological and geotechni cal 

inves tigations were conducted by different groups and organizati ons as part of 

Addi s Ababa Water Supply Project Stage IIIA .. 

The different in vestigati ons conducted include: geophys ical survey, 

borehole drilling, packer test, piezometer install ation and laboratory tests. 

3. 1. GEOPHYSICAL SURVEY 

Geophys ica l survey was can'ied out along Entoto corridor, which covers 

an area of 6 km .2, by the Ethi opian Institute of Geologica l Survey (EIGS) in 

1995 , and thi s section re lies heavi ly on the res ul ts of the su rvey. 

The geophysical survey consisted of Seismic Refraction, Vertica l 

Electri cal Sounding (VES), Transient Electro Magneti cs (TEM) and Magnetic 

Surveys. These investigations were aimed at obtaining subsurface geological 

information fo r the des ign of the tunnel route. 

The geophysica l data ga ined fi-om thi s survey is used for determining the 

hydrogeologica l and phys ico-mechani ca l properties of rocks of the subsurface 

underl ying the proposed tunne l route. The geologica l structure preva iling in the 

study a rea are al so obtained from the survey. The geophys ical investigation 

was done after leveling geophys ical observation points a long the follow ing 

profi les (see Fig. 3-1 ). 
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Table 3- 1:- Survey lines a long the proposed Entoto tunne l sitc. 

Main Profiles ITi e Lines Cross Profi les Total length Station 

Tie line 200 E (4700 III Seven parall el profil es 

long) and ti e line 800E wi th 1000 III length 

(4400 III long) both each and one with 940 16040 III 10 III 

parall e l to the base line m length 

3.1.1. Seismic Refraction 

The refraction se isllli c survey conducted at the tunnel portals in line 

profiling system (i.e. shot points and geophones in the sallle line) with 5 III 

geophone spacing was used during the survey. 

The se ismic data sampl ed at a record tillle of 200 III for direct, central 

and reverse shots and 500 III for the far shots were recorded in the Ten'a loc's 

hardware and then analyzed. The depth of investigation in the portal areas was 

35 III and the geophone spac ing used was 5 Ill. 

A. Intake Portal Line 

The line extends in NN W-SSE direction with a length of 400 III and 

passes just over the proposed intake pOlial. 

According to the report cOlllpiled by EIGS, the intake portal depicts three 
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layers, that are characteri zed by differcnt ve locities (fig. 3-2) . The first layer is 

characteri zed by ve lociti es between 630 m/s and 1000 m/s and thickness 

reaches up to I I m. The layer indicates higher va lues (900-1000 mis) in the 

extreme NNW pmi of the area and in the thickest SSE extreme zone. It thi ns 

out towards the center and gradua lly p inches out between pi ckets (reference 

points) 90E and 180E (fig.3-2a). The observed ve locities may be attributed to 

highly decomposed rock and clay. 

T he second laye r exhib its widely varying ve locities ( 1360 m/s - 2800 

m/s) . The maximum thickness of this layer is 2 1 m and is found near picket 

115, while the maximu m velocity (2800 m/s) corresponds to the zone of rock 

exposure. To the east of thi s zone the longitud ina l wave ve locity decreases and 

the laye r thins out and completely pinches out near pi cket 320E. 

The observed w ide ve locity variations ind icate the variation in the 

degree of weathering of the upper pali of the bedrock. The intermediate 

ve lociti es ( 1950 - 1960 m/s) may indicate that the associated weathered rock is 

pal1ia lly sa turated. 

The bottom velocity layer shows w idely vary111g longitudina l wave 

ve locity (2530 - 6900 m/s). This ve loc ity vari ati on coul d be attributed to 

poss ible change in lithology and lor degree of weathering of rocks. The 

probable fault associated with a weak zone at picket 190E (near borehole 2) 

seems to be continuous. Moreover, the lower ve locities observed between 

pickets 160 and 290 could probably be indicative of groundwater percolation. 
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B. Outlet Portal Line 

Th is profile extends in the WSW-ENE di rection and passes the proposed 

outlet portal. The length of this line is 400 m, li ke in the intake portal. 

According to figure 3-2b, the se ismic section corresponding to the outlet pOltal 

line discerns three main layers (refractors). The uppermost layer, covering the 

whole profil e except between pi ckets 70 and 90, is characteri zed by lower 

ve locities generally varying between 300 m/s and 700 m/s and thicluless 

reaching a maximum of 6 111. The relatively high velocities (500 I11/ S - 700 l11/ s) 

correspond to the western zone while the thicker zone is found in the central 

part of the a rea near picket 320. T he zone around picket 80 shows rock 

exposure wh ich could probably be associated wi th a possible low flow 

probab ly, of basic compos ition through the indicated fault. 

The second layer generally exhibits ve locities ranging between 8 15 I11/ S 

and 1100 m/s to the east of picket 90. Towards the west, huwever, a 1770 m/s 

ve locity is noted. The tll ickness of this layer varies from 7 to 15111. The pOltion 

east of picket 320 may be considered as a fOllr layered zone, the third horizon 

of whi ch has a 1310 m/ s velocity. The thickness of the later varies between 14 

and 29 m. The bottom layer is characterized by widely va rying velocities (1820 

m/s and 4760 m/s) . 

The extreme western P31t of the profil e, between pickets 0 and 120 

exhibits the hi ghest ve locity (4760 m/s) whi le the western portion between 

pi ckets 120 and 400 shows lower ve locity (1820 - 2700 m/s) . The lowest 

ve locity corresponds to the zone between pickets 120 and 160 ( fig.3-2b ) . 

The observed low bottom refractor ve loci ti es could probably be 

attributed to weathered volcanic rocks , whil e hi gher ve locities reflect 

moderately to sli ghtly weathered and fresh rocks. Moreover, on the basis of the 
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refracted ve locities weak zones associated with probable faults are identifi ed. 

1. 1.2. Vertical Electrica l So unding (VES) 

Data was collected from 24 YES points around the tun nel corridor wh ich 

are fa r apa rt. Their loca tions were determined to be at critical points where 

subsurface information required. Low res ist ivity zones were observed in some 

geo-e lectri cal sections. From the availabl e res isti vity data , interpretation was 

made. 

Accord ingly, some geoe lectric sections (YES 11 and YES 16) show four 

res isti vity layers, while some consists of three geoelectric laye rs (fig. 3-3 and 3-

4). The surfacia l layer hav ing res istivity varying between 195 and 570 ohm-m 

conesponds to the top soi l (a lso 140 - 180 ohm-m). 

The underlying layer is characterized by lower resistiv ities ,ranging from 

13 to 22 ohm - m; at some places it reaches up to 35 ohm-m . It is probably 

con elated to highly weathered volcanic rock. It has a wide variation 111 

th ickness ranging from 20 to 140 m. The observed resistiv ities as well as 

widely va rying thickness are interpreted to be the response of a highl y 

weathered rock. The large thickness of the highly weathered secti on under YES 

6 may be the result of structural effect. 

The fourth layer has res istivities of 54 to 68 ohm-m, which possibly 

indi cate that the rocks at depth are moderatel y wea thered and lor fractured . The 

res isti vities in the eastern part are genera ll y higher that those in the western 

portion. 
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Th is high resistivity contrast might be an indication of a lithologic contact. 

3. 1.3. Transient Electromagnetic Survey (TEM) 

Transient electromagnetic survey was conducted by EIGS. This method 

of investiga tion is se lected for its large penetration depth. There are a total of 

10 profiles, with a length of 1.5 kill up to more than 2 lall . The spacing 

between profiles at north and southern part is 400 m and 4 profiles the at central 

p31i each with 500 m spacing. TEM has helped much in showing the subsurface 

geo logicaa l condition of the tunnel corridor. Fa ults are indirectly detected by 

this method. The location of first phase drilling was guided by TEM 

inves tigation. 

3.1.4. Electromagnetic Survey 

Electromagnetic measurement was made uni forml y at every 5 m interval 

all over the survey sites. It covers about 3369 observation points. From the 

magnetic survey some results are observed. 

An abrupt latera l shift linearly trending magnetic anomaly is observed 

just north of line 3600 (fig.3. 1). Thi s lateral shi ft ing indicates the lithologi es 

having different anomali es which might be the contact between the trachyte and 

the basalt at the northern NE-SW fault. Another remarkable structure is also 

indicated. These two magnetically hi gh regions distinguished by a thin and 

sharp fall in magnitude may indicate a fault. 
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Generall y, the magneti c data indi cate the ex istence and approx imatc 

position of major and minor geological structures. Faults and shear zones as 

well as contacts have been outlined by the magnetic survey. 

3.2 . CORE DRlLLING 

Drilling is the most important and expensive method of inversigat ion. A 

total of28 boreholes with varying depths were drilled at Entoto proposed tunnel 

corridor. In all the holes, double core drilling was conducted upto the tunnel 

zone, which is about 30mts. or 20mts. above and IOmts. below the center line 

(table 3-2). 

Drilling methods utilized to drill the holes along the tunnel corridor were 

tricking (at the beginning of bore holes) , double core barrel (with HQ and NQ 

sizes for non tunnel zone), tliple core barrel drilling (with HQ and NQ size 

with in tunnel zone) and mud drilling. 

Most dri ll ings were in HQ size and when there was problem in the HQ 

hole s iz e, it was reduced to NQ size. Both vertical and incl ined drillings were 

conducted. The depth of boreholes drilled range from 20 m up to 290 111. The 

inclinations of the boreholes range from 50 to 75 degrees . A careful logging of 

cores was carried out by AA WSA. Hence, lithologies, Total Core Recovery 

(TCR), estill1ation of strength and fracture frequency, Rock Quality 

Designation (RQD), and angles of discontinuities with core axis were described 

from the borehole logs. From all the boreholes drilled in the area, only some 

located at the tunne l zone and sOl11 e others are selected for interpretation in thi s 

work. 
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Table 3"2 Details of boreholes drilled in the tunnel corridor( ~o~r,e: A~ "'SA) . 
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3.3. PACKER TEST 

Packer tests have been carri ed out by add ing pressurized water to the 

bore- hole sections under pressure. The rate at which water fl ows into the 

surroundi ng ground through a response section sea led off by cas ing or packers 

was measured. Such tests were carried out in almost all Entoto tunne l 

boreholes, except some porta l boreholes. 

Both s ing le and doub le packer tests are perfo rmed. In double packe r 

testing the vari ation in hydraulic conductiv ity throughout the test hole is 

determined. The zone of rock to be tested in a drill hole is isolated by using two 

packers which seal off the dri ll hole, the water being pumped in to the space 

between the packers. The tests are performed from the base of the hole up­

wards. J n sing le packer test, the zone between the bottom of the packe r and the 

base of the drill ho le has been tested. T he response section was from 3 m to 6 m 

and length of zone interest varied from 20 m to 60 Ill. The permeab ility is then 

calcu lated from a flow fracture curve. 

A sing le packer test was carried out foll ow ing each interva l of dri ll ing 

process for fi xed response secti on, whi ch vari ed fro111 3 111 to 6 m. A double 

packer test was carri ed out after the completion of drilling where a secti on was 

not tested by using s ing le packers due to a techni ca l reason or where requi red to 

test a certain doubtful section after the dri lli ng. This was conducted after 

choosi ng the response section sea ling it off by doub le packe rs at both sides. 

The tota l number of single packer and double packer tests along the 

Entoto tunne l corridor was 14 1 and 11 , respective ly. The detai l is provided in 

tabl e 3-3. 
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Table 3-+ Peiziometric Installalion( AIIW 5 A ) 

1<0. eORE 'HOLE ANGLE (0) PIEZOMETER ZONE 

DEPTH (m) VERTICAL DISTANCE (m) 

ENT·95-1 SO Pl-63 - 66 63 - 66 
p2- 78-81 ______ 1-______________ ~--------~~~~~----------~78~-8~1--------------------~ 

2 ENT - 95-2 60 9 1.30 -9'L30 79.07 - 87.67 

9a 115-119 :; G-.JI-95-3 116-119 
._-- - --.-------!----.---+--------+---,-----------I 
I, EN't - 95 -4 i 60 ! 199.60 - 202.50 ~_ 199.60 - 202.60 
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11 ENT - 95 - 1 r 50 59.00 - 52.00 53.47 - 55.19 

12 ENT - 95 -12 55 135.50 - 138.50 53.93 - 56.64 

13 ENT - 95 -13 65 12.85 - 15.55 12.85-15.85 

:4 ENT-95-~4 55 17.10-20. 10 15.52-19.42 
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• 
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3.4. PIEZOMETER INSTALLATION 

In order to monitor seasonal ground water fluctuation , piezometers were 

installed in all the boreholes drill ed by AA WSA . The piezometers installed 

with their tips located in the tunne l zone. Single piezometers were put in each 

of the boreho les dri ll ed except in borehole I , where two pi ezometers were 

installed at different levels . 

The total length of 2935.96 m dia . 3/4 " PVC pieozometeres pipe was 

installed in a ll the boreholes drill ed. No major problem has been encountered 

during insta ll ation of piezometers except loosing pipes, 180 m long In 

boreholes 5 and 9. The number of pi ezometers and their loca tions are shown In 

tab le 3-4 . 

3.5. LABORATORY TESTS 

In addition to fi e ld identification or visual inspection, different 

laboratory tests have been conducted . In order to know measured strength by 

un iax ial compress ive test, poi nt load index tests were conducted for trachytes, 

basalts and tu ffs. Due to their weak nature, moisture content, volume, weight 

and density , s lake durabi li ty test was conducted only for tuff to know the 

durab ility. 

Groundwater samples, were taken from eight tunne l ax is boreho les and 

tested in AA WSA laboratory. The laboratory result of some borehol es is g iven 

in Appendix -B. 

M ineralogica l ana lys is fo r some rock sa mples is also perform ed. Some 

rocks thought to be rhyo litic lava fl ows were mapped late as trachyti c lava 

fl ows. 
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3.5 .1. Point Load Strength Test 

Point load test is a silllple field and laboratory testing Illethod fo r rapid 

class ifi cation of strength of rocks. 

Salllp le of irregular size or borehol e cores are p laced between the two 

cones in such a way that the load is applied in the direction of the slllallest 

diallleter. Wi th a hydrauli c hand pUIllP oi l, pressure is given to the piston to 

which the lower cone is Illounted. 

Failure load can be calculated frolll the Illax illlulll oil pressure recorded 

on the oi l pressure gauge. After correction of the fi ller load for shape factors 

and s ize of the irregular salllple, the point load strength index is ca lculated. The 

point load strength has an "index" va lue. The test result data can be used to 

class ify rocks into d ifferent strength categories . But the data can not be 

corre lated directl y with uniaxial cOlllpress ive strength data as obtained frolll 

carefully prepared cyli ndrical salllpies in laboratory testing. The point load test 

resul t of sOllle boreholes is given in tab le 3-5. 

3.5 .2 Slake Durabi lity Test 

Slack durability test is a test where the durability and/or res istance to 

eros ion of a rock Illass is Illeasured. [t is used to estilllate the resistance to 

wetting and drying of a rock salllple, pa rticula rl y for weak rocks wh ich exhibit 

a certa in degree of alteration. 
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Table 3-5 point load Test Results for Entoto Tunnel 

sample Strength designation 
Uniaxial Strength based 

No. Rock type Deptll D(m'l1) Is Compressive on 
no based on point load 

Strengtll(MP ) compressive 
1 en95-7 trachyte 22(;.6(; 61 .2 4.3 very 11i~h 106.253 R5- very strong 

trachyte 226.99 61 .2 ~4 very high 108.724 R5- very strong 
trachyte 232.54 61 . 4 very high 98.7 R4-stroQft rock 
trachyte 232.83 61 2.8 high 6909 R4-strof!.9. rock 
trachyte 23ti.56 61 1.3 hi~h 32.0775 R3-medium stre 
trachyte 236.8 61 3 high 74.025 R3-medium stre 
trachyte 263.04 63.5 6 v~!yh!.8.h 150.675 R5- very strong 
trachyte 235.09 63.5 7 very high 175.7875 R5- ver.y_ stron~ 

2 en95-13 basalt 40.8-41 .1 56.8 7.5 very hiQh 179.55 R5- very strong 
basalt 6343-63.04 63.5 6.tl very high 170.765 R5- v<=f}' strong 

Vitric tuff 61 .72 63.5 6 veryh!.8.h 150.675 R5- very strong 
Vitric tuff 61 .95 63.5 7 very hi~h 175.7875 R5- very strong 

3 en95-2 trachyte 31.05 60.9 3 high 73.9725 R4-strong rock 
trachyte 32.29 60.9 3.8 high 93.6985 R4-strof!.9. rock -
trachyte 41.9 63.2 3 high 75.18 R4-strong rock 

1 ___ _ _ _ trachyte 4215 63.2 2.8 high 70.168 R4-stron~ rock I 

""Ie : D(I11111)- Snwllcsl di:Ullc' L'r ",',Ill' ""rr,lk irr ,lilli'"LlCr 

Is -~ point Inad stt 'L'n,Slh il ldv\ III \ 1 1';\ 



In the s lake durability test fragments arc placed in a sieve drum which 

rotates half immersed in a tank of water. The weight loss is measured after eac h 

cycle of wetting, drying and e rosion. The test is suitable on ly for weak 

wea thered rocks , there generally being too little effect on hard fi 'esh rock. S ince 

unwelded tuffs rocks are generally weak, slake durability test was conducted on 

such type of rocks. 

Table 3-6: Slack durability test results. 

Borehole Depth Rock Type Strength (Mpa) Remark 

BH. 2 11 3.00 Tuff (fine) 7.03 R2 (weak) 

11 3.20 Tu ff (fine) 6.83 R2 (weak) 

BH 4 141.60 Tuff (coarse grained) 3.33 RI (Very weak) 

141.90 Tuff (coarse grai ned) 
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4.CEOLOCY 

4.1 Stratigraphy 

4.1. I Regional Stratigraphy 

The studi ed area lies in the Shoa plateau , which is formed of Tertiary 

volca nic rocks belonging to the trap series. It is located in the western margin 

of the Ethiopi an Rift and consists of different volcanic rocks that range from 

basic to acidic composition (fig. 4-1). The geology of Addis Ababa and its 

surroundings had been studied by several researchers both locally and at the 

regional sca le. 

The seq uence of the rock units described by Haile Selassie Ginnay and 

Getaneh Assefa (1989) reveals the Miocene-Pleistocene volcani c successIOn 

ranging from older plateau volcanic to younger Rift volcanics . The Alaji 

Basalts are exposed at the crest of Entoto hills and across the Sululta plains. 

TIley form high topography (ridges) and are the oldest rocks belonging [u Alaji 

cycle (Zenettin et a!. , 1974). These basalts show variations in texture from 

porphyritic to aphyriti c. The age limit of these basalt is with in the range of 20-

28 Ma (Morton et a!. , 1979), and this form s part of the Ethiopian flood basalt of 

Tertiary. 

In the northern part, the Entoto mountain cha ins are composed of 

rhyolite and trachyte with minor amount of obsidian rich tuffs, which are ca ll ed 

the Entoto Si lic ics. They are assoc iated with Alaj i formation and rest on older 

basalt. The rhyolites are porphyriti c with phenocryts of qualiz, sanadine and 

andesine-oligoclase and a groundmass of devitrifi ed glass , iron oxide, 

plagioclase and quartz whereas the trachytes are composed of phenocrysts of 

anorthoclase, sanadine, oli goclase and magnitite and a grou ndmass of 

dev iliified glass and plagioclase (Haile selassie 
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GiJrnay and Getaneh Assefa, 1989). The age range of these rock units is 2U-

22.6.Ma. 
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figure 4.1 Cross section showing regional sratigraghy (after lustin-Visc:ntio et 

aI .• 1979). 

The available evidence for Early Miocene silicic volcanism in the Addis 

Ababa region suggests an isolated centre at Entoto, with eruption thinning both 

Rift ward and Plateau ward, this centre was later strongly upfaulted as a NE-SW 

trending horst at the margin of the developing rift (Morton et a1., 1979) The Alaji 

Aphanitic basalt outcropping in the northeastern part near Entoto Kidanemheret 

church and the trachyte are separated by paleosol indicating time gap. 
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are filled by calcite. The K-Ar age determination of Morton et al (1979) , in the 

tributary of Akaki river at the southwestern part of Addis Ababa indicates that 

the basa lt is 3.6 Ma. Thi s age corresponds to the Yerer vo lcani sm, 3.5 Ma 

(Morton and Rex, 1975) which is assumed to be the source of thi s basa lt. 

T he youngest of all vo lcanic rocks outcropping In the Addis Ababa 

region is the upper welded tuff. It covers the south and southwestern part of 

Addis Ababa and extends to the Akaki town (15 km to the southwest of Addis 

Ababa) . T he age of thi s rock uni t determined by Morton ( 1974) is 3.2 Ma . It is 

overl ain by oli vine (Bora) basalt at Akaki river near Akaki town (2 .8 Ma). 
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Figure 4-2 Geological map of central Ethiopia( A~ l<atM.\')'I. /97Z 
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4 .1.2. GEOLOGY OF THE TUNNEL CORRJDOR 

4.1.2.1. Description of lithologic units of the studied area 

The study area constitutes the northern part of Addis Ababa on the Entoto ridge, 

and covers an area of about 10 km 2. The Entoto ridge is composed of rhyol ite, trachyte 

and tuff, w hi ch are ca lled the Entoto Silicics of the Addis Ababa area that are asssociated 

with Alagi formation (Zenettin , et aI. , 1974). The age of these Alaji rhyolite, trachyte and 

basalt is 2 1.5 Ma. They rest on older basalt. Volcani sm initi at ing the Alaji cycle occurred 

in Late O li gocene - Earl y Miocene times. 

The Entoto ridge is located along the normal fault of the E - W trend ing Ambo -

Kessam lineamcnt (Moore and Dav idson, 1978). It dominantly consists of trachytic lava 

flows at central part and basaltic lava flows as minor outcrops in northwest and southeast. 

The basaltic lava flow overlies the trachytic lava flows. Both welded and unwelded tuffs 

are rare as outcrop on the surface but frequentl y observed along the road cuts and on 

borehole logs underl y ing and overl y ing the trachytic flow. There are also quaternary 

sediments which includ residual, colluvial and a lluvia l deposites in va rious parts. Paleosol 

is found near the the northen porta l of the nmne l. 

A. Tuff 

Both welded and un welded tuffs are not wide ly outcropping on the su rface like 

trachytic lava fl ows due to remova l by erosion. But they are only found as patches in the 

north central part and along the road cuts . Be low the surface, there is a s ignifi cant amount 

of nlff alternating with trachytic lava flows. As seen on the core dillings, in the subsurface 

it covers even in a larger extent compared with the trachytic flow. 

There are both thick un welded tuff mainly in the upper part and a thin welded zone 

at the base of the subsurface of the study area. The laye ring between the soft unwelded 
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tuffs and hard welded tuffs is gradational and non uniform for whi ch they are mapped 

together. The welded tuff has obsidian whi ch appear as weavy lenses and I or complete 

layers of dark g lass. This welded tu ff with rock fragments and g lasses (obsidian) is 

stronger than the fin e unwelded tuff. The fine tuff wi th ash size material is generally 

weaker. Lapill i tuff contains very large rock fragments reach ing upto 50 mm of trachyte 

and other acidic rocks. The rock fragments are sub-rounded to sub angul ar in shape. 

Tuff is the least res istan t type of rock to weathering in the study area . Weathering of 

tuff grades from slightly weathered to hi ghly weathered. Due to its weak nature, it is 

susceptib le to weathering and erosion. It di sin tegrates when it comes in to contact with 

water. In highl y weathered state it is fri abl e. That is why it is not seen outcropping on the 

surface. B ut lapilli tuff with rock fragments is seen on the road cuts in the studi ed area , 

which is not in a mappable scale. Therefore, for the weathering of tuff in the m'ea, texture, 

structure and topography play important role. 

Generally, joint spacing ranges from 2 mm to 3 m, In most cases in tuff joint 

spacing is w ider than in hard rocks like trachytic and basa li c lava flows . From point load 

test results, the strength of the unwelded tufff va ries from extremely weak to weak .. Fin e 

grained tuffs are very weak and soft. Most of the welded tuffs are hard , with mediulll 

strength scale and hi ghly jointed. 

B. Trachytic lava flow 

The trachyte in the Entoto ridge is the result of lava flow along east west trending 

Ambo - Kessam regional fau lt erupted during the lower Miocene (Moore and Davidson, 

1978). It is the most dominant rock in the study area . Except in some parts of either ends 

of the tllllnel, it covers the entire pal1 of the tunnel corridor. In the subsurface it is found 

alternating ma inl y with unwelded tuff. 
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D. Quaternary Sediments 

Undifferenciated Quaternary sediments wh ich include res idua l, co lluvial and 

a lluvia l deposits occur in various parts of the area. The residual depos its occur both in 

mappable scale and as patchs in most parts of the study area. The co llu via l deposits are 

limi ted to the foot of northern and southern hill s. But the alluvia l deposit whi ch is partl y 

affected by landslide occurs in the southeastern and northern part of the area probabl y 

covering the basa lt near sma ll streams. The alluvial sediment found along the seasonal 

Weserbi stream (near the northern porta l) has a thickness ranging from 0.2 m to 13.5 m. 

From core drilling some paleosols are also observed in te rcalat ing between 

unconsolidated rocks. The pal eosol present near the northern portal, which has a thi ckess 

of abou t 13 111 is mapped in the cross section.(fi g. 4.3). 
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4, 1.2.2. Geological description of selected boreholes 

A total of 28 borehoels were drilled int the studied area by AA WSA 

along the tunnel corridor. For detailed analysis nine boreholes are selected 

from different parts of the tunnel corridor. Both vertical and inclined drilling 

was conducted. The inclined boreholes targeted faults and other geological 

fractures and had inclination of 500 to 750 . The depth of the boreholes drilled 

ranges from 20 m to 290 m. In each borehole, a zone of 30 m (i.e. with 20 m 

above and 10m below the center of the tunnel axis) has been carefully cored 

using triple tube arrangement. Permeability tests and core orientations were 

conducted in most boreholes. 

Sixteen boreholes along the tunnel axis or adjacent to the axis are taken 

for drawing the tunnel zone geological cross-sections. The defmed tunnel zone 

is 20 m above the crown and 10 m below the invert line, the length being about 

4800 m. Invert elevation is 2635 m.a.s.! at upstream portal grading and 2631 

m at down stream portal. The proposed tunnel alignment represents the 

shortest distance across Entoto ridge for the given invert elevation. Some 

boreholes do not reach the tunnel line. For example, borehole 27 does not reach 

the tunnel position while boreholes 25 ,26 and 16 go only halfway or less of the 

tunnel section. From the boreholes selected for analysis borehole 2 and 11 are 

selected for they are adjacent to the fault zones. Boreholes 19, 20 and 22 are 

taken as representative for the northern part. Borehole 25 is representative for 

the central part and boreholes 16, 17 and 18 represent the southern part. 

The geological information above and below the invert line is very 

important for engineering design. Hence, a brief description of selected 

boreholes with special emphasis on the tunnel zone is given below. The 

description goes from northern part of the tunnel axis to the south. 
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; The strength of the rocks ' in the boreholes is described interrns of 

Intemational Society of Rock Mechanics (rSRM) classification system: (see 

Appendix c). 

BH-19 

In borehol e 19, the lithology is trachyte, the rock is moderately weathered and 

the strength varies ti-om R2-R3 (weak to medium strong). The joints are close 

and in addition , there are also broken cores. Its sUlface elivation starts from 

2G5.51ll. <l.s .1. 

Depth in meters 

below the su rface 

0-12 .00 

12. 00 - 3 1.00 

Rock 

trachyte 

trachyte 

Description 

• gray to dark gray, highly to 

moderately weathered, weak to 

medium strong (R2 - R3), fme 

grained, poor RQD. 

• gray to dark gray, moderately 

weathered, medium strong (R3), 

porphyritic with plagioclase 

phenocrysts, good RQD. 

* Rock SI rCllglh is given ;15 RO. R I. Rl. R.1 and R4 we<lk rocks with stren~lh range of 5 to 25 Mpa are 
I"IIr1 ilcr slIllcli,·iclccl illla: Rl . = 5 - 10Mpa. R2= 10 - 15 Mpa and R2· = Ij - 25Mpa. 
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~H-20 

In this borehole, the lithology is trachyte, dark gray to gray and pinkish color, 

moderately weathered, the strength is weak (RT-R2), close to moderately close 

jointing. At elevation of 2626 m.a. s. l. and below fine tuff is encountered which 

is weak aJld with moderately close jointing. Its collar elevation is 2667 m.a.s .l. 

Depth in meters 

below the surface 

0- -UO 

4.50 - 10.00 

10.00 - 12.55 

12.55 - 18 .75 

I 'l.55 - <I UO 

trachyte 

trachyte 

clay (altered tuff) 

trachyte 

trachyte 

- t::,-

Description 

• grayish brown, highly 

weathered, velY weak (R I), fine-, . 

grained, poor RQD. 

• gray; moderately weathered 

weak (R2), close jointing, fine­

grained, poor RQD. 

• reddish brown, velY weak (Rl), 

fine grained, poor RQD. 

• light gray, fi ne (Trained o , 

moderately weathered, weak 

(R2), poor RQD 

• grayish to pinki sh, fine grained, 

moderately weathered, weak, 

c lose jointing, good RQD. 



'41.30 - 46.45 
• 
\ 

46.45 - 47.05 

BH-22 

tuff 

trachyte 

• 

• light gray, greenish, slightly 

weathered weak (R2+) fine to 

medium grained, good RQD. 

• greenish, slightly weathered, 

weak (R2 +), moderately close 

jointing, flne-grained, good 

RQD 

The co llar elevation is 2713 m.a. s.L It mainly consists of trachyte up to the . 

depth of 2622mts, that is about 9 1mts fi·om the sUlface. From a depth of 

73 .20 to 90.73mts it is predominantly vesicular trachyte with yellowish gray, 

ye llowi sh brown, and light gray co lors. The weathering grades from fresh 

stained to moderately weathered, and tlle strength varies from very weak to 

mediulll strong (R I-R3). There are also broken cores at some deptlls below the 

surface. The following weak materials are encountered. 

Oepth in meters 

below the surface 

000 - 6.00 

6.00 - 37.45 

co lluvial soil 

trachyte 

44 

Description 

• reddish brown. 

• yellowish gray, highly 

weathered, weak (R2), close 

jointing, fine to medium grained, 

velY poor RQD. 
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~7.45 - 63 .00 
I 

Trachyte 

63.00 - 88.50 trachyte 

R.50-RS.70 trachyte 

88 70-8R ')0 clay 

)1)190-)19 10 tutT 

90. 10-90.35 tu ff 

1)0 .75-1)0.94 tuff 

90 .1)4 and below lapilli tuff 

4:' 

.. " 

• light brown, slightly to 

moderately weathered, medium 

strength (RJ), close jointing, 

[me to medium, very poor RQD. 

• yellowish gray, strained, 

moderately weathered, medium 

strength (R3), fine to medium 

grained, poor RQD. 

• highly weathered, extremely 

weak (Ro), very good RQD . 
• 

• gray color, highly weathered, 

velY weak(Rl), fine to medium 

grained, close jointing, poor 

RQD 

• highly weathered, very weak 

(R 1), close jointing, silicified 

trachyte, broken core. 

• moderately to highly weathered 

silicified trachyte, the strength is 

weak(R2--R2+) , good RQD. 

• greenish-gray, moderately 

weathered, weak(RT), poor 

RQD 



-~-" t 

f3H-2 

Collar elevation is 2738m.a.s.1. 

Depth in meters Rock 

below the surface 

0.00 - 2.90 scoraccous basalt 

2.90 - 64.00 

64.00 - 72.60 

72.60 - 99.00 

99.00 - 130.05 

130.0S-134.50 

134.50-1,3600 

trachyte 

welded tuff 

trachyte 

lapilli tuff, 

welded tuff 

indurated clay 

welded tuff 

Description 

• slightly weathered, strong to 

very strong (R4 - RS). 

• gray, moderately weathered, 

medium strength (R3), poor 

RQD., 

• greenish gray, moderately 

weathered, weak strength (R2-), 

open jointing, poor RQD. 

• moderately weathered, medium 

strength (R3). good RQD. 

• moderately to highly weathered, 

weak to medium strength 

(R2- - R2+), good RQD 

• when exposed to sun light 

slu-inkage cracks is developed 

and it is semi plastic material. 

• dark pinkish, slightly weathered 

moderately strong (R3), fine to 

medium grained. 

[ 
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136.00- 136.43 hlff 

136.43-137.21 welded hlff 

137.2 1- 140. 95 tuff 

140.15-144.05 welded hlff 

144.05-160.00 tllff 

47 
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• grayish to light green, fresh to 

slightly weathered, weak (Rl+), 

with close jointing. 

• grayish color, fresh to slightly 

weathered, weak(Rl) 

• gray to dark gray, moderately 

weathered weak (Rl-) , some 

rock fragments and phenoclysts 

are observed. 

• light gray, greenish gray and 

pinki sh color, slightly to 

moderately strong and fine­

grained tuff 

dark brown, greenish and 

green ish gray, slightly to 

moderately weathered, very 

weak to weak (RI-Rl), close 

jointing and fin e grained, poor 

RQD 



~-- --- """""']'"" 

BH-25 

The elevation of the top of the borehole is 2807 In.a.s.l. 

Depth in meters 

below the surface 

0.00 - 5.00 

5.00 - 840 

840- 18. 15 

18. 15-42.15 

42 . 15 - 48 . 15 

43. 15-53. 10 

53 . 10 - 59.25 ' 

Rock 

pilty clay 

trachyte 

trachyte 

vio'i c t1lff 

o'achyte 

lapilli tuff 

trachyte 

Description 

• reddish brown. 

• highly weathered, weak (R2} 

• yellowish gray, slightly 

weatllered, strong (R4), fine­

grained, good RQD. 

• ye ll owish gray to dark grayish, 

slightl y weathered, weak to 

medium sO'ong (R2- - R3 +) willi 

grass shards, poor RQD. 

• dull gray, slightly weathered, 

weak to strong (R2- - R4), good 

RQD 

• ye ll owish gray, moderately 

weathered to weak (R2+), good 

RQD 

• ye ll owish gray; moderately 

weathered, weak to medium 

soong (R2+ - R3). 



26.30 - JO.OO tuff 

30 .00 - 50.35 trachyte 

50.35-53.35 

53.35-53.70 complete loss 

53 .70-6 1.20 trachyte 

51 

• slightly to moderately 

weathered, weak to medium 

stomg (R2- -R3). 

• light green-gray, fresh stained to 

slightly weathered. At J3 places 

there are broken cores, strength 

ranges from weak to medium 

strong, close jointing, RQD is 

poor. 

• light pink-grayish pink, highly 

weathered, weak, c lose joints, 

velY poor RQD. 

• greeni sh-yell ow to light gray, 

slightl y to moderately 

wea thered, weak (R2), close 

joi nting and broken cores 

observed, poor RQD. 

• 



BH-17 

Co ll ~ r c l ev~t i o n is 2644m.a .s.1. only tT~ chyte is encountered. 

Depth ill meters 

be low the surface 

0.00 - 2.50 

2.50 - 1000 

1000- 1205 

1205- 1 (,00 

1 (,00- 1 )lO() 

res idual so il 

basalt 

tTachyte 

trachyte 

trachyte 

Description 

• slightl y weathered, strong to 

very strong (R3 - R4), good 

RQD. 

• highly· broken core, reddish 

brown, moderately weathered, 

velY weak to weak(R l-R2), 

close jointing, poor RQD 

• greeni sh gray, slightly to highly 

weathered, velY weak to 

medium strong (R I-R3), from 

13.48-14 . 10 broken core, core 

loss exists. 

• pinki sh gray, sli ghtly to 

- 52- -

moderate ly wea thered, weak 

(R2+), contain s broken core and 

core loss , poor RQD . 



I R.00-25.8:1 

2S. R2-:l 1 00 

:l 1 00 -

BH-16 

trachyte 

trachyte 

trachyte 

• gray slightly to moderately 

weathered, weak to medium 

strong, medium grained, closely 

jointed, good to very good RQD. 

• greeni sh gray, slightly to 

moderately weathered, medium 

stTOng (R3) fine to medium 

grained. It is closIy jointed. 

• gray, moderately weathered(R3), 

fine-gra ined, close jointed, good 

RQD 

The eleva ti on of the top of the borehole is 2642 m.a .s. 1. The borehole didn ' t 

pen etrate th e proJlosed tunnel line. 

[)epth in m eter s 

below th e surfa ce 

0 00 - 0.90 

0.90 - 1000 

10.00- 1 1.85 

Rock 

res idual so il 

trachyte 

trachyte 

Description 

• reddi sh. 

• pinki sh, gray, highly weathered, 

poor ROD 

• gray, moderately to highl y 

weathered, extremely weak to 

weak (RO-R2), close jointing. 

There IS broken core from 

10.82-1108, RQD is poor. 



~ ... 

11. 85- 13.45 

13.45-1 6.45 tTachyte 

1 <i45 -1 ().45 trachyte 

19.45-22.45 IT3chyte 

22.45-25.00 trachyte 

.:J't 

• greeni sh gray, slightly 

weathered, medium strong close 

joints. Very good RQD 

• greenish gray, slightly to 

moderately weatllered, very 

weak, medium slTong, contains 

broken core at deptlls of 13.90-

14. 11, 11 5.68- 15.90.20% core 

loss. 13.45 -1 3.95. RQD is 

good. 

• greenish gray, sli ghtly to 

moderately weatllered, wea k to 

med ium strong (R2-R3). Close 

Jo ining, velY good RQD. 

• greeni sh gray, slightly to 

moderately weathered, weak to 

medium stTOng, close jointing, 

broken core at 19.69-1 9.80 and 

2 1.66-22.40. RQD is poor 

• greeni sh gray, moderate ly 

wea thered, weak(R2) broken 

cores at depths of 22.45 -22.93 

and 23.25 -23.3 0 47% good core 

lo ss, RQD is velY poor. 
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11. 85- 13.45 trachyte 

13.45- 16.45 trachyte 

1(i.45-1945 tra chyte 

19.45-22.45 trachyte 

22 4 5-25.00 trachyte 

-.- -_._-- -=~--~ 

• greenish gray, slightly 

weathered, medium strong close 

joints. Very good RQD 

• greenish gray, slightly to 

moderately weathered, velY 

weak, medium strong, contains 

broken core at depths of 13.90-

14. 11 , 115.68-15.90. 20% core 

loss. 13.45- 13.95. RQD is 

good. 

• greenish gray, slightly to 

moderately weathered, weak to 

medium strong (R2-R3). Close 

Joining, velY good RQD. 

• greenish gray, slightly to 

moderately weatllered, weak to 

medium strong, close jointing, 

broken core at 19.69-19.80 and 

2 1.66-22.40. RQD is poor. 

• greeni sh gray, moderately 

weathered, weak(R2) broken 

cores at depths of 22.45-22.93 

and 23.25-23.30 47% good core 

loss, RQD is velY poor. 
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BH-18 

The top of the borehole has an elevation of 2637m.a.s.1. Unlike the other 

borehole consists of thick soil with thickness of 5. 10mts. Significant depth for 

tunne l zone is I 0-20mts, below th e surface. 

Dept h in meters 

below the slIrfnce 

0 00 - <)5 

9.')- 12 05 

12.05 -1 3 .80 

13RO- 1 iUO 

Rock 

res i d lIa I soi I 

trnchyle 

trachyte 

ITachyte 

Description 

• redd ish brown, ye llowish brown, 

hi ghly weathered, extremely 

weak to velY weak (RO-RI), 

broken cores and poor RQD. 

• reddish-brown, moderately 

weathered, close jointing, 

26%core loss RQD is poor 

contains broken cores at 12.4-

12.5 nnd 13. 15-1 3.3 0 

• reddi sh brown, moderately 

wenthered, weak(R2+), close 

.J ointing, contain s broken core at 

15.57- 15.64 and 17.79-1 5, core 

loss 7- 10%, RQD is poor. 

I 
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J 8.3 0- 19.33 

19. 33-20.00 

.------ --.. ' . -------

trachyte 

trachyte 

• reddi sh brown, moderately 

weathered, weak(R2+), close 

jointing, RQD is veIY poor, 

broken core at depths of 18.53-

18.72 

• reddish brown, weathered, 

moderately close jointing, 

contains broken core 19.33-

19.60& 19.79- 19.90. VeIY poor 

RQD. 

Generally, the tunnel zone consists of volcanic rocks, such as trachytic 

lava frow and vaIi ous types of tuffs (mainly~welded) differing in grain size, 

degree of weathering, RQD value, and j ointing condition. The tunnel zone 

passes mainly through unwelded tuff as compared to trachytic lava flows (see 

Fig. 4-3). 

The northern part about 700 m from the northern portal is trachyte rock 

but in the boreholes 20 and 22 there are fi ne tuffs and lapilli tuffs respectively 

at the bottom paI1 a little below the tunnel invert . In the central pm1, the tuff 

extends from 700-3800 about 3100 m and in the southern paI1 from 3800A800, 

which is 1000 m oftrachy1i¥~va fl ow. 

There are two faults near northem portal at 1000 at borehole 2 and at the 

south central part 3900 at borehole 11. All the portal holes lie in trachy1ici~va 

flow. But the trachy1e at the southem portal shows deep weathering. It has 

also lower RQD value than the northem and the central part h'achytic lava fl ow. 

56 

:: _ r 



The sourthem half of the tunnel has short slop length and sharply 

decreases in altitude towards Addis Ababa. The trachyte flow is thicker in this 

part of the tunnel. The pyroclastic material (tuff) gets thinner and disappears 

towards borehole 11. The upper part of this area consists predominantly of 
U"fl \J<l.ldld 

trachyte and some Awelded tuff. The bottom part is maily,tuff (fig.4-3). There 

are five main deposits of tuff with few thin layers intercalated within trachyte 

flow. The main tufflayers are dipping towards nOlih following the topography. 

The tufflayer at the bottom has the largest extent than the others. The tunnel in 

the central part mainly passes through this tuff units. 
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4.2. STRUCTURES 

4.2.1 Regional Structures 

Structural studi es of central Ethi opia, where the Add is Ababa area is 

located, have been carried out by some researchers using satell ite images, 

topographic map and aerial photo interpretations, and statisti cal anal ys is (Mohr, 

P. , 197 1, Tsegaye Abebe, et ai, 1995, Tsegaye Abebe, 1995). Most of the detected 

lineaments are dominantly related to fau lts, open fractures, basins and 

morphological depress ions, defin ing extensive fracture systems wh ich correspond 

with the three main Rift system trends of the Horn of Africa : the Red Sea (NW­

SE), Ethiopia Rift (NE-SW), and the Gu lf of Aden (E-W) and the fourth one is N­

S trending (usuall y ca lled the Mozambique belt sys tem , commonl y associated with 

the Pan African basement rocks) (Tsegaye Abebe, et ai, 1995 ). 

There are a number of faults in Addis Ababa area, most of whose trend 

coincide with the main Ethi opian rift faults. (Kebede Tsehayu and Tadesse Haile 

Mariam, 1990) . 

The western Rift margin boundary is marked by the Addis Ababa-Ambo E­

W trending fault , in wh ich the Addis Ababa area is the down thrown side. The 

elevation and slope is higher in the Entoto. The Filwoha section becomes nea rl y 

flat lip to Mojo, with an inclination of less than 30°, except for the topographic 

highs related to volcani c center of Wachacha, Yerer, Furi and scoraceous cones 

and crato r lakes in Debre Zeit - Akaki area (Haile Selassie Girlllay and Getaneh 

Assefa, 1989). 
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The E-W trending Entoto ridge is affected by tectonic events that could be 

related to the Ambo - Kessem fault structure. The N-E trending Fil woha fault 

sepa rates, to the north, the 7 Ma old basa lt overla in by welded tu ffs from strongly 

by welded trachytic tuffs to the south (Morton et aI. , 1979) . 

For Ea rl y Miocine sili cic volcan ism in the Addis Ababa region, Morton et 

aI. , (1979) suggest an isolated center at Entoto, with eruption thi nni ng both the 

Rift ward and plateau ward: thi s center was later strongly upfaulted as a NE-SW 

trending horst at the margin of the developing rift. 

4.2.2 Loca l Structures 

The proposed Entoto tunnel corridor has been affected by fa ults and joints. 

F low bands which are re lated to lava fl ows occur in the trachytes. The closely 

spaced, ti ght fl ow bands which are commonly present in trachytic lava fl ows are 

defin ed by various color bands. In strike and dip they differ from place to place. 

4.2.2 . I Faults 

There are two major fa ul ts in the studied area that are recognized from 

aeri al photo in te rpretation , geophysicial surveys and borehole inte rpretations (Fig. 

4-2). One fault trending NE-SW is traced at the northern part of the tunnel 

corridor, c ross ing the tunne l axis near borehole 2. The other fa ult which is also a 

tectonic contact between trachytic and basa ltic lava fl ows crosses the tunnel axis 

and located at the southern part of the studi ed area near borehole II. The E-W 

trending fault is characterized by exceptiona ll y hi gh broken cores, hav ing the 

lowest RQD value. 
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I. Jo in t analysis from surface observation 

To appl y a sui tab le c lass ifi cation in a rock mechani cs fo r tunneling, 

careful fi e ld work must provide bas ic data on the characteristics of 

di scontinuities (joints) in rock mass (Bien iawski, 1976; Bosscher and Conne ll , 

1988). 

Preferred joint orientation , which can introduce anisotropy JJl 

permeability and strength , has been detected through independent and random 

measurements of joint ori entation combined with sta ti sti ca l techniques. 

Detect ion of preferred orientation is of parti cular importance as it influences thc 

rock mass property and can affect slope stabi lity. Hence, the orientation of 

joints for the li thologic uni ts was recorded. After the detection of preferred 

j oint o rientation, the data was analysed by computer with the help of Dips 

software (Hoek, et aI. , 1997). 

Joint spaclllg was measured as the perpendicular distance between 

adjacent jo ints or the overlapp ing ends of joints of a sing le set. Measurement 

was done as close to the exposure face as possible to prevent bias of the 

measurement towards sm a ll er spacing (Wheeler and Dixon, 1980) . For an 

accurate estimation of joint spacing, large size exposure was chosen. 

Condition of joints whi ch includes openlllg or separation of joints 

(distance between joint surfaces), continui ty and roughness of joints as well as 

gouge material was typi ca lly asessed. As joints g ive an indication of their 

relati ve age, identifi cation of their thickness, and abundance have also been 

noted in the field. T he continuity of joints influences the extent to which the 

rock material and the jo in ts separately affect the behavior of the rock mass. For 

exampl e, open continuos j oi nts fac il itate u nrestli cted in fl ow of groun dwater. 
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projection is plotted . This has given an idea about a possible instability 

problem from different joint systems with given direction s and amount of dip. 

Rose diagram shows the stri ke di rections of joints whereas the stereograhic 

projection indi cates amount of dip and dip direction. 

Rose di agram and stereoplotting of joints of selected borehol es that are 

combined in group is attached in Appendix A. They can represent northern, 

central and southern patis of the tunnel alignment. Therefore, borehole 6, 19 and 

12 represen t the notihern part, boreholes of ,7,9 and 25 the central pati, while 

bore- holes 12, 13,14,17 and 27 represent the southern part. 

Each of these borehole data is interpreted from structural point of view 

as fo llows : 

A. Northern part 

Borehole 6: Eighty joint planes are plotted. The rose diagram show preferred 

orientation in N - S direction and secondary orientation in NE - SW direction. 

The stereoplotting indicates joint planes are dipping in the east direction. There 

are also joint planes dipping towards west at 200-350 . 

Borehole 19: Contai ns 22 measured joint planes. The rose diagram shows N-S 

preferred orientation with other minor direction in NE-SW direction . The 

stereo- plotting indicates east and west dipping joints at higher angle and 

southeast dipping at about 150- 500. 
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Borehole 22: Has a measurement of 31 join t planes. The rose diagram 

displays prefe rred orientation of NE-SW direction. The other minor ones are in 

E-W and NW-SE d irection. T he stereoplotting shows southeast dipp ing j oints 

at about 450- 800 and others dipping north about 300 -500. 

Bore ho les 6,19 and 22 with 133 joints p lane numbers are being plotted 

to represent the northern part. T he rose diagram shows preferred N-S 

ori entation. The stereoplotting indi cates high concentration of contoured poles 

in the west direction with join t planes gently dipping to the east (see appendix 

A). 

B. Central part 

Borehole 7: In borehole 7 the numbers of j oint p lanes are 128 . The rose 

diagram displays orientations in ENE-WSW direction and NNW-SSE 

directi ons. The stereoplotting shows two clusters, one dipping to the south at 

sha ll ow angles 20-150 and another dipping to the nOlih at about 500-750. 

Borehole 9: In borehole 9 there are 63 j oin t planes, mai n di rection be ing in E­

W direction and others in all directions or not preferred orientation. [n the 

ste reo-plotting it is scattered a ll around tl1e circle with concentration d ipping in 

south and north directions. 

Borehole 25: Borehole number 25 contains 107 j oint planes. The rose 

diagrams show two main pre fe rred orientations NE-SW and (E-W) di rections . 

There are also other j o int planes. with random orientation. The ste reoplotting 

has more joint planesdipping in southeast d irection than other d irect ions . There 

are few join ts d ipping at a small angle in northwest direction. 
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Central pmi boreholes are 7, 9, and 25 and consists of 298 joint poles. In 

the rose diagram there are various directions but major ones are E-Wand NNW 

- SSE directions. The stereoplotting displays high density of contoured poles in 

the central part of the circ le with about similar dip angles , indicating shallow 

joint p lanes but directions are being scattered all over the area. 

C. Southern part 

Borehole 12: In borehole 12 only 20 joint planes were measured. Rose 

diagram shows two main preferred orientations in N-S and NE-SW directions. 

There are other minor directions scattered randomly. In stereoplotting 

northwest dipping planes have more concentrations. 

Borehole 13: It has 24 joint planes. The rose diagram shows main direction 

in NE-SW and another set shows preferred orientation in E-W . There is another 

minor orientation in other direction. The stereoplotting shows southeast and 

nOtiheast dipping joint planes. 

Borehole 14: Consists of 138 joint planes. It shows a maJl1 preferred 

orientation of N-S and secondary direction striking from 25 0 to 700. The 

stereop lotting shows east and west dipping planes at higher angle. 

Borehole 17: Borehole 17 contains 55 joint planes. Main direction is N-S 

direction and secondary ones in NE-SW direction. The stereoplotting displays 

E and W dipping joint planes at higher angle and southeast joint planes dipping 

at low to gentle angle. 
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Borehole 27: Borehole 27 comprises of 74 joint planes. In rose diagram 

they have many directions but N-S and NE-SW are more pronounced than the 

others. East and west steeply dipping joints are more clustered than others. 

The southern part boreholes include 12,13,14, 17 and 27. The number of 

joint poles is 299. Joints strike in N-S direction. The stereoplotting shows high 

concentration of po les in the east and west margins of tbe circle, whi ch infers 

steeply dipping joints in east and west directions (see appendix A). 

4.2.3 . Significance of the structures for proposed Entoto tunnel 

Tectonic structures are developed both in large and small scales in the 

rock mass. They have either direct or indirect effect on the design and cost of 

the tunnel. The presence, activity, orientation, intensity, and frequency of 

tectonic di scontinuities have a strong influence on the fina l development of a 

stability probl em as we ll as on leakage through the rock mass (Broch, 1985) 

Therefore, joints occurring along the proposed axis of the tunnel, flow 

bands on the rock mass and fau lts can reduce the stability of the tunnel. Almost 

all the rocks in the tunnel corridor are affected by discontinuiti es including 

faults and joints. As mentioned earl ier the presence and genera l condition of 

such disconti nuities have significant effect on the permeabi li ty, shear strength, 

compressibil ity, and slope stability of the rock mass with respect to the 

direction of the axis of the tunnel (Cording and Mahar, 1977) 
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The low angle between the proposed tunnel axis and the gently dipping 

joints in the basalt may reduce the stability of the tunnel. The commonly sub­

horizontal closely spaced flow banding (sheeting) in the trachyte may also reduce 

the stability of the tunnel. 

The presence of strongly jointed rocks at the northern portal and central part 

of the tunnel axis may cause unstable condition. The variously oriented joints 

resulted in the decrease of the resistance to erosion ,and the tectonic slicing ofrock 

gave ri se to the easiest way to gravity movement and deposition as colluvium. 

FIG. 4-4 Joint sets in the study area (photograph facing to the west) . 
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Table 4.1 Characteristics of sets of major joint concentrations 
of Entoto tunnel al"ea 

Section JOINT ORlENTATION TIGHTNESS SPACING 
SET (strike) 

extrel11ely closely to 
SET I N25°E-35OE widely spaced 

SECTION A 0-2mm wide! ( 5 I11m- 1.5111) 
very closely to 

SET2 N450E-N550E medium spaced 
0-5mm wide! (20mm - 400mm) 

close ly to very widely 
SET 3 N60oW-N75OW spaced 

(O-20mm wide) (80mm-3m) 
extremely closely to 

SETI N30oE-N40oE medium spaced 
0-20mm wi de) (10-600mm) 

SECTION 8 very closely to 
SET2 N60oE-N80oE (O-IOmm wide) widely spaced 

(40-640mm) 
Closely spaced 

SET3 NIOoW-N20oW (0-2mm) (70-200mm) 
extremely closed to 

SET I N30oE-N40oE 111edium spaced 
(0-20mm) (30-60 111111) 

SECTION C extremely closed to 
SET 2 N40oE-N50"E (2-5mm) ' l11edium spaced 

(50-850m111) 
SET 3 N60 W-N80 W very closely to widely 

(O-IOmm) spaced 
(60-180mm) 

N20vE-N25vE extremely closely to 
SET I (0-5111111) widely spaced 

SECTION 0 (20mm-2m) 

closely spaced to very 
SET2 N50oE-N70oE (5-10111) widely spaced 

(70111111 - 3111) 
extremely closed to 

SET3 NIOoW-N30oW (0-20ml11) medium spaced 
(20-600111111) 

Rel11ark: With respect to tightness all110st all joints range from tight to open, 
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5. ENGINEERING GEOLOGICAL AND GEOTECHNICAL 
PROPERTIES OF ROCKS. 

5. 1 Engineering Geological Mapping 

Engineering geologica l mapping is a type of geolog ica l map which provides 

a generalized representati on of all those components of geological environment of 

signifi cance in land use p lanning, des ign, constructi on and maintenance as applied 

to civil and mining engineeri ng (Anon, 1979) . 

In engineering geological mapping, the class ificati on of rocks and so il s are 

based on the principl e that the physica l or engineering geological properties of a 

rock, or so il , in its present state are dependent on the combined effects of mode of 

orig in, subsequent d iagenetic and tectonic hi story, and on weathering processes 

(Dea11l1an, 199 1). This approach makes it poss ib le to determ ine the reasons not 

only fo r the ir spa ti al d istr ibuti on as shown on the map, but also the reasons for the 

lithologica l and physical characteristics of the rocks and soils involved. 

Thi s is a bas ic prin cipl e of eng ineering geological mappmg as or other 

geological mapping and impli es not only the classification of ind ividual rock 

samples but also the use of many in div idual rock samples, fi e ld observat ions and 

measurements to delineate uniform and continuous rock un its (Anon, 1976). 

A full description of a so il or rock for engi neering purposes involves giving 

an appropriate geological name together with as much deta iled information as can 

be ga ined from the examination of sampl e or exposure. The description may be 

systematic for a limited range of standard descripti ve terms, and fo r ease of 

application should place the soil or rock in a lim ited number of groups with 
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definable properties, thus providing a good guide to engineering performance. 

In unified class ification system for both soil and rock uni ts on engineering 

geolog ical map each c lass represent a soil or rock uni t with a narrow range of 

eng ineering properties (Dearman, 1991) .. 

Consequently, in thi s work, engmee r111 g geological description and 

class ification was adopted, involving only: 

I . A li tho logical class ification , 

2 . A descri ption of rock and soil material and mass and the assignment of 

descriptive names for rock and soil types. 

There is an obvious need to make the class ifications and descriptions simple 

so that they can be readily understood and appli ed, even by those with l imited 

geological knowledge. 

The class ifi cation in thi s work is based on both the fi e ld and laboratory 

results. The same lithological unit may be subdi vided in differe nt sub-units in an 

engineering geological map, if there are differences of weathering state, j oint 

deve lopment, etc., which are influencing geotechnical property . However, 

concerning the studied area, the weatheling state is not unifornl to classify the area 

in different zones. 

Geomorphologica l and hydrogeological conditions , land slips, borehole and 

fie ld test information are recorded as much as poss ible on the map (F igA- 3). 
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slake durability test is su itable only for weak weathered rocks , there generally 

being too littl e effect on hard fresh rock. Since tuffs are genera lly weak slake 

durabili ty test was conducted on such type of rocks. The resu lt of point load tester 

gives the splitting resistance of the rock material which can be correlated only velY 

roughly w ith uniaxial compress ion strength. Geophysica l investigation and dri lling 

data have also given va luab le ass istance in the determi nation of subsurface 

condi tions, especially in areas in whi ch the so lid geology is poorly exposed. 

Seismic refi'action has been used in measuring depths of overburden in the portal 

areas of tu nne ls, in locati ng fau lts, weathered zones, and in estimating rock quality. 

Based on in s itu and laboratory tests, rocks in the proposed tunne l area are 

classified into four zones. The strength of trachytic lava flow mainly ranges from 

medium strong to strong (R3-R4) but some samples of trachyte show weak 

strength , that could be due to joints and/or weatheri ng of the rocks. 

Unwelded tuffs in general fall between very weak and weak (Rl-R2+), but 

the welded tuffs attain a strength of medium strong (R3). From the results of 

Schmidt hammer test performed in the field the strength of the basaltic lava flow 

range from 640-880 kg/cm2. But highly jointed and scouraceous basalts have low 

strength. 

T herefore, the basalt has higher unit weigh t and strength than other rock 

types in the study area. In hard rock moi sture content is very low but in weak 

rock like tuffs some times moisture content may have a sign ificant effect on 

strength. 
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For the correlat ions mentioned, there are exceptions wh ich could be 

attributed to joint weathering that causes decrease of strength and/or unit we ight. 

Other factors, which increase rock strength , are fil ling of joints, fractures and 

cavities by s ilica. When rocks are s ilicified they become strong. 

5.2.1 Rock Classification Systems for Entoto tunnel 

5.2.1.1 General 

In estimating the pre liminary costs and in the excavation of a tUllnel, factors 

such as design of the route, cross-sections, construction ti me, and method of 

excavation playa crucia l role. Hence, the classification of rock types in relation to 

their su itabil ity for tunneling is a very important aspect and required the 

identification of rock masses with similar behavior fro m the engineering view 

point (Arogyaswamy, 1992) . 

A c lassification system for rock masses is essential to e nsu re understand ing 

and communication among those concerned with a g iven tunneling project, such as 

the owner, the engineer, the conh'actor, the rock mechanics engineer and the 

engineering geo logist (Bi eniawski , 1978). 

These aims should be fulfi lled by ensuring that a c lass ification system has 

the fo llowing attri bu tes. 

a) is si mple and understandable; 

b) each term is clear and the term inology used is widely acceptable; 

c) only the most sign ifica nt properti es ofrock masses are included. 

d) is based on measurab le parameters , which can be determ ined by 

relevant tests quickly and cheapl y in the field. 
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e) it is based on a rating system, wh ich can weigh the re lative 

importance of class ification parameters. 

f) is general enough so that the same rock will posses the sa me 

class ification, regardless of how it is be ing used. 

In genera l, a rock mass classification has the following purposes 111 the 

tunneling appli cation. 

1. To divide a pm1icular rock mass into groups of similar behavior; 

2. To provide a basis for understandi ng the characteri sti cs of each 

group; 

3. To yield quantitative data for the design ofnll1nel support; 

4. To provide a common basis or communi cation. 

The need for a sui tab le class ification in the fie ld of rock mechanics has long 

been recognized and, in fact, numerous proposals have been made. Nevet1heless, 

a lthough some of the ex isting c lass ifi cati ons have a considerab le potential some 

are fu ll y satisfactory in terms of the above pre-requis ites (B ieniawski, 1979) . 

For example, the rock mass class ification systems currently in use 

intemationa li y in the fi e ld of tunneling are : Rock Load (Terzhagi, 1946), stand- Up 

Time (Lauffer, 1958), Rock Quality Designation or RQD (Deere et a i, 1967), Rock 

Structure Rating or RSR (Wickham, et ai, 1972), Rock Mass Rati ng-RMR or 

Geomechanics (B ieniawski, 1973), and Q-sys tem (Barton et a i, 1974) to mention. 

But, many of these class ifications a re based on rock material characteristics only 

and do not fi.dl y explain the property of rocks for tunneling purposes . 
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The two classi fica ti on systems that appear to be in widest use on an 

international bas is in tunneling and which do not rely on performance moni to ring 

(though they can be used in conjunction with monitoring) are the RMR and Q­

systems. For tunnel support se lecti on purpose these two systems are therefore 

considered in the study. 

B ieniawski' s( 1973) Geomechani cs class ifi cation evolved from several 

earlier system s and has undergone severa l changes ( 1974,1 975, 1976, 1979 and 

1989) s ince its first introduction in 1973, Bi eniawski (1 989) rates the following 

six parameters in hi s RMR sys tem: uniaxial compress ive strength of rock materi al, 

RQD, spacing of joints, conditi on of jo ints, groundwater condi tions and 

ori entation of j oints . 

The common parameter used in both systems is RQD. Bieni awski a lso 

inc ludes joint spaci ng and orientation, while the Q-system considers the number of 

jo in t sets . Orientation is inc luded impli citly in the Q-system by c lass ify ing the j oi nt 

roughness and alteration of only the most unfavorabl y oriented jo int sets or 

di scontinuiti es (Balton, 1988) . 

The very detailed treatment of joint roughness and alteration, perhaps the 

strongest featu re of the Q-sys tem, is not parti cularl y emphasized in the RMR­

Geomechanic classification. In addition , in the RMR system, rock stress is not 

used specifi cally as a parameter though it is apparentl y used when select ing 

support measures (Bieni awski, 1979) 

In the Q-system, the ratio (unconfined compress ion strength! major 

principa l stress) is eva luated when treating rock stress problems. T he rock burst 
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problem can be qu ite accurately predicted in hard rocks. The Q - system also 

accollnts for loosening caused by shear zones and faults , and squeezing and 

swelling ground. (Barton, 1988). 

According to one report of compari son between rock mass classification 

systems for tunneling, only the Q-system was found to be appli cabl e to the worst 

cond it ions encountered during excavation. When considering stand-up time vers us 

unsupported span. Bien iawsk's system still seem to be conservat ive compared with 

the Q-system (Einstein et aI. , 1983). 

The Q-system is more detailed than any of the other methods as regards the 

factors such as joint roughness (or degree of planarity), joint alternation (filling), 

and relative orientation. The use of joint roughness and joint alteration represents 

one of the strongest features of the method. It also seems to be a factor that is 

vi liually ignored in the other classification schemes. For example, in the RMR 

system, although data for all joint set and discontinuities are co ll ected, only the 

average data are incorporated in the numerical ratings. Furthermore, in the RMR it 

is impossible to separately vary the degree of joint roughness and the degree of in­

fi II i ngs as obviously may occur in practice. The Q-system is essential I y a 

weighting process, in which the positive and negative aspects of a rock mass are 

assessed. 

Much of the problem in proposing a class ificati on system is to select a set 

of parameters of greatest significance. It is believed that there is no s ingle 

parameter or index, whi ch can fu ll y and quantitati ve ly describe a jointed rock mass 

for tunneling purposes . Va rious facto rs have different s ignificance and on ly if 

taken together can they descri be sati sfactoril y a rock mass. 

77 



materi al is weak, the rock matelial properties wi ll in fluence the behavior of the 

rock mass. T he determination of the un iaxial compress ive strength of rock material 

is a simple process for which standard techniques are ava il able. Hence, point load 

test was applied fo r trachyte, basalt and hlff. The result is given in table 3-5. 

• Rock Quality Designation (RQD): is a measure of drill core quality as obta ined 

fro m boreholes. The RQD is a quantitative index based on a mod ified core 

recovery p rocedure which "incorporates" only three pi eces of hard, sound core 

which are 100mm or greater in length. Shorter lengths of core are ignored as 

they are considered to be due to close shearing, join ti ng or weatheri ng in the 

rock mass (B ieniawski , 1979). RQD can vary from 0 to 100, but in achlal case 

RQD values of 0 and 100 are uncommon.The average range of RQD for each 

borehole is given in ( tabl e 5-1). 

• Spacing and Orientation o/joints: are of paramoun t imp0l1ance for the stab ili ty 

of structures in join ted rock mass. The presence and spacing as well as the dip 

and stri ke of joints reduce the strength of a rock. The da ta on spac ing of join ts 

was obta ined fro m a j oin t survey descussed before. Considering joint spacing 

and j oint orientation , there is a big vari ation in the proposed tunnel zone. Three 

joint sets and other joints, which are randomly oriented, are observed in the 

area (see tab le 5- 1, and appendix E). 

• Condition 0/ Joints: includes separation of join ts (d istance between joint 

surfaces), continui ty and roughness of joints as well as gouge material. Tight 

joints witll rough surfaces and no gauge have a hi gh strength. On the other 

hand, open continuous joints will fac ili tate unrestricted infl ow of ground water. 

The conti nuity of the join ts influences the extent which the rock materia ls and 
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Table 5 -za. RMR Classification for Entoto Tunnel 

---_. __ .-
I 

RMRValue 

'sample No. Rock Type Depth (m) strength RQD 
Spacing of Conditions of Ground Adjustmen Total 

Discontinuity Discontinuity Water t for Joint 

-En96-21 Trachj'te 4·15 4 8 8 25 7 -5 47 --.- . . 
-5 47 : En96-19 Trachyte 6-31 4 8 8 25 7 

. En96-20 Tuff and Trachyte 22-47 2 8 10 25 7 -5 47 
: En96-22 uff and Trachyte 73-98 2 8 8 20 7 -5 40 
: En96-15 Tuff and Trachyte 135-160 2 13 10 30 7 -5 57 
i En96-2 uff and Trachyte 130-160 2 8 10 25 7 -5 47 
~ En96-24 Tuff and Trachyte 113-143 4 13 10 25 7 -2 57 
: En96-25 uff and Tracnyte 152-182 2 13 10 30 7 -5 55 r- Tuff and Trachyte 220-250 2 8 10 25 7 -5 47 ~. E~96:?6 
: En96-10 Tuff 200-230 1 17 15 25 7 -2 63 
[En96-27 -ruff and Trachyte 75-105 2 13 8 25 7 -5 50 

En96-11 . Trachyte 60-89 4 3 8 25 7 -10 37 
I En96-12 Trachyte 20-25 4 8 8 30 7 -5 52 
I En96-17 Trachyte 10-31 4 8 8 25 15 ·5 55 
. En96·16 Trachyte 5·25 4 8 8 25 15 -5 55 

En96-18 Trachyte 10-20 4 8 8 25 7 ·5 47 



Note 2: Tab le of append ix D, gives a description of "FAIR" or the condi tions assumed where the 

tunnels to be driven against the dip of a set of joints dipping between 45-90 llsing the 

description for "Tunnels and Mines" in table of appendix D gives an adjustment rati ng of -S. 

Even though, the RMR class ificat ion fa ll s on the FAIR ROCK boundary 

some modifications have to be made for highly fractured and extremely weak and 

friable tuffs. In some boreholes hard trachyte was encountered. For thi s reason 

recommendations for GOOD and POOR condi tions of rocks should be considered 

due to the high variabili ty of the Entoto tunnel zone rocks. 
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5.2. 1.3 . The Rock Mass Q uality Index (Q-System ) 

The concept of rock mass quality (Q) system whi ch is introduced by 

Barton et a I. , (1974) is used for determination of rock mass character istics and 

tunnel support requirements. This method is considered to be the one tllat 

provides the best approx imation to the actual conditions to be encountered in 

the tunne l. The llumerical va lues of Q ranges from 0.001 in the case of very 

poor, very weak rocks to 1,000 for very competent massive rocks (Barton et al., 

1974) . 

The six parameters taken into consideration for class ify ing the rock 

mass qu a li ty are the fo ll owi ng: 

I . By the RQD system the intensity of the jointing is estim ated 

2. The number of joint sets (In) present. It is often affected by fol iati on, 

schi stocity, cleavage, bedding, etc. 

3. The roughness of the most unfavorabl e joi nt faces (Jr). 

4. The extent of alteration and the nature of the fillin g in the unfavorab le 

jo in t (Ja). This examination provides an approximation of the shear 

strength of the rock mass . 

5. The estimate of joint water reduction factor (Jw) whi ch again affects the 

shear strength. 

6. The stress reduction factor (SRF) which accounts for the loading on the 

tunnel ca used either by the di slodging of rocks containing clay parting or 

due to unfavourable stress str'ength ratios in the case of massive rock. 

Taki ng into account the sum total of the above mentioned 

observat ions, the rock mass quality class ifi cation system is g iven by: 

Q = (RQD/Jn) * ( .Ir/Ja) * (Jw/SRF) 
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The th ree pairs of ratios (RQDIJn, JrlJa and Jw/SRF) represent block 

SIze, minimum interlock shear strength , and active stress respective ly. These 

are fundam ental geotechnical parameters (Barton , 1989). In explaining the 

meaning of the paired parameters used to determine the va lue of Q, Barton et 

a I. , (1974) offered the fo ll owing comments which are helpful in the es timation 

of rat ings in the study. 

I . The first quotient,i.e ., (RQD/Jn) represents the over all structure of the 

rock mass, and it happens to be a crude measure of the relative block s ize, 

wi th the two extreme values ( 100/0.5 and 10/20) differing by a factor of 

400. 

2. The second quotient (Jr/Ja) represents the roughness and the degree of 

a lterati on of the joint wa ll s or fillin g materi als. This quoti ent is high for 

rough, unaltered joints in direct contact. But when rocks have thin clay 

mineral coatings and fi ll ings with no rock wall contact, the condi tions 

are extremely unfavorable to tunnel stability. 

3. The third quotient (Jw/SRF) consists of two stress parameters. The 

parameter Jw is a measure of water pressure, which has an adverse effect 

on the shear strength of joints due to a reduction in effective normal 

stress . Water may in add ition cause soften ing and possibl e outwash in the 

case of clay fill ed j o in ts. The parameter SRF is a measure of: (1) 

loosening load in the case of excavation through shear zones and clay 

bearing rock, (2) rock stress in competent rock, (3) squeezing or swelli ng 

loads in plastic incompetent rock. 

Undoubtedly, there are several other parameters, 'Nhich could be added to 

improve the accuracy of the class ification system. One of these would be joint 

ori entat ion. Although many case records in cluded the necessary informat ion on 
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structura l orien tation in relation to excavation ax is, it was not found to bc thc 

important genera l parameter that might be expected . The parameters In, Jr and 

Ja appear to p laya more important general role than ori entation, because the 

number of joint sets determines the degree of freedom for block movement and 

the fri ctio na l and dilational characteristics can vary more than the down-d ip 

gravitational component of unfavorably oriented joints. If joint ori entation had 

been included, the c lassification system would be less genera l, and its essential 

s impli city lost. 

The detailed rock mass descripti ons of the six individual parameters and 

the ir numerical ratings are given in tab le 5-3 and table 5-4. The Tu nneling 

Qua lity Index Q, for a rock mass of the proposed tunne l was obtained from 

fie ld observation and borehole logs 

When refe rring ratings given by Bar10n, et aI. , (1974), the rating value 

fo r three joint sets p lus random is 12(tabl e 1, Appendix E) . But for the portal 

areas it becomes In x 2 (see table 5-3). The j oints in the study area are rough or 

irregular (some are smooth, planner and highly weathered with sur face 

staining), whose rating val ue given by Barton , et a l (1 974) of the rock mass is 

1.5. 

The nume ri ca l value of RQD is used directl y in the ca lculation of Q. 

The RQD va lues ranging from 20% to 85% . For the rock masses in most part 

of the tunnel zone, the average va lue of RQD is va ri ab le. It ranges from 

VERY POOR to GOOD quality . Based on its va lue the tunnel axi s can be 

c lass ifi ed into four zones. The Q- System c lass ifi ca tion is made for each zone 

separately . But the average Q value of three of the four zones is simil ar. 

l-ience, the recommended support ing method will be si mil ar for these zones 

(table 5-3 and table 5-4) . 
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Considering joint alteration number, the rock mass in the study area is 

hig hl yweathered having sil ty or sandy clay coatings whose rating is 3 .0. From 

the packer permeably test results, there is large inflow or high pressure in 

competent rock mass with unfilled joints. The rating designed for such rock 

mass is 0.5. A Ithough it needs to measure the stress conditi on oftbe area , from 

the topographi c condition, it is estimated to have medium stress, with til e rating 

va lue of 1.0. 

T herefore, by applying the rating va lue of these parameters the total Q 

va lue calculated for each zone ranges from 0.1 to 4 (see tabl e 5-3 and tab le 5-

4) . 

T he recommended suppOlting methods are discussed in the next chapter. 

5.3. GROUNDWATER CONDITIONS 

5.3. 1. The effect of groundwater in tunneling 

Groundwater frequently provides some of the most di fficult problem 

during tunne ling operat ion. The problem may be directly or indirectly caused 

by the percolation of water towards the tunnel (Be ll , 1993). The greatest 

groundwater hazard in underground work is tbe presence of unexpected water 

bearing zone, depending on the location of hydro logica l boundaries. Obvious ly, 

the location of the water tab le, and its possible flu ctuations are the maj or 

considerati ons. 
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Table 5-3:- The value ofQ-System parameters along the Tunnel axis boreholes. 

borehole Zone 2 Zone 1 Zone 4 Zone 3 
12 19 20 22 15 2 24 25 26 10 27 11 12 17 26 18 

Tunnel 
Det>th 4-5 0-3 1 22-47 73-98 135-160 130-160 113-143 152-182 220-250 200-250 75-105 60-82 20-50 10-31 5-25 10-2( 
ROD 40-45 45-50 25-30 40-45 70-75 65-70 70-75 60-65 45-50 80-85 65-70 20-25 35-40 35-45 30-40 25-3( 
IN 24 24 24 24 12 12 12 12 12 12 12 12 24 24 24 24 
If 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
la 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
Iw 0.5 0 .5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
JRF 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 



"'" 
Table 5-4:- Rock mass classification with Q system along the tunnel axis boreholes. 

Zone 2 Zone I Zone Zone 3 
4 

Borehole 21 19 20 22 15 2 24 25 26 10 27 II 12 17 16 18 
number 
RQD/Jn 1.77 1.97 1.14 1.77 6.04 5.62 6.04 5.62 3.95 6.87 5.62 1.87 1.50 1.66 1.45 1.14 
JoIJ. 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Jw/SRF 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

IQ.... 0.44 0.49 0.28 0.44 1.51 1.40 .51 1.40 .98 1.72 1.40 0.46 0.39 0.41 0.36 0.28 
SpanlESR 2.34 2.34 2.34 2.34 2.34 2.34 .34 2.34 .34 2.34 2.34 2.34 2 .34 2.34 2.34 2.34 

0.41 1.42 0.46 0.36 



As a genera l statement, which is va li d for this type of geological 

environment, it is possible to say that the main aquifers that cou ld be found in 

such a pecul iar area are : 

- elluvia l and allu vial sediments , 

-weathered volcanic rocks, 

- permeable or pervious laye r between lava flows, 

-unconsol idated tuffs and ashes, 

-joints and fractures in the volcanic rocks, 

- shear zones and major tecton ic di scontin ui ties. 

The main groundwater reserve of the reg ion is localazed in the fractured 

volcani c rocks(Vernier et aI., 1985; Kebede Tsehayu and Tadesse Ha ile 

Mariam , 1990) . Several different flows with unconformity favored the 

occurrence of mult-i layer aquifer system. Several contact springs concentrated 

on the northern part of the c ity showing mu lti- layer volcanics. 

The groundwater fl ow of the region is mainly govellled by the present 

day land form of Addis Ababa which inhlIll , is influenced by geologica l 

processes especially fau lting and denudation. The layers of lava flows are 

dipping nea rl y southwards and so do the unconformity surfaces. For this reason 

the general groundwater flow is from the north to the south. The flow of eastern 

side is from east to west and that of the western part is from west to east. The 

main groundwater reserve exists to the south of the city following the lower 

topography. 
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5.3 .3 . Groundwater along the tunnel alignment 

The data used for groundwater studies relating to aquifer characteri stics, 

groundwater head va riation and groundwater flow were obtained from in-situ 

packer pe rmeab ility tests and pi ezometri c measurements that were surveyed by 

AA WSA and geophys ical exploration done by ElGS staffs for the project. 

5 .3.3. 1. Groundwater flow and pi ezometry 

Groundwater table monitoring was carri ed out by cont inuous water level 

recorder to analyze seasonal fluctuation of groundwate r in boreholes drilled at 

Entoto tu nne l. The nature of the aquifer is also ana lyzed [rom the geophys ical 

survey results. 

The aquifer in the studi ed area consists of volcani c rocks . This area is 

generally characterized by highly weathered and s lightly fractured to fresh 

trachytic lava flows, tuffs and basaltic lava flows. Permeability is hi gher in the 

intensely weathered and fractured zones. The massive rocks are v irtua lly 
. . 
ImpervIOU S. 

Perm eabi lity of n·achytic lava flo w is hi gher than that of the unwelded 

tuff. In n·achyte the average va lue is 10-4 cm/s. Whereas in hlff the dominant 

va lue is 10-5 cm/s. But in some zones where the re is intensive fracturing of 

rocks , the va lues are higher than this (tabl e 3-4) . 

The data on grou ndwater head measurements shows that at the portal s and 

tlle cenn·al part o f the tunnel ax is, minimum and maximum water leve ls are at 

25.25 m and 100 m respective ly above the h111nel axis (F ig. 5- 1 ). 
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5.4. MASS MOVEMENT 

Stability of slopes is a critical factor in the excavation of tunnels. Under­

ground excavations cause subsidence in overlying rock and occasionally 

continuing gradual surface deformations (Kelly and Mares, 1993). The intensity 

and extent of instability depends on the physico-mechanical propeliies of the 

rocks , strike and dips of beds; the shape, s ize and depth of excavation , the rate and 

the method used for driving and supporting the slope. 

Instability of a s lope is the result of gravitational movement of rock mass 

induced by a disturbance of the equilibrium in a slope. Slope movements are 

controlled by the geological structures, the hydrogeolog ical regi men and any 

changes in that regime, the geomorphological history and human activity. These 

can, intut11 be caused by various factors, such as changes in slope inclination and 

height, changes in wate r content, rock weathering or seismic activity. Therefore, 

the stab ili ty of adjacent areas must be assessed including likely surface 

deformations and changes in the hydrogeological regimen. 

Mass movements can occur in terrains ranging from veliical cliffs to slopes 

as gentle as one or two degrees. Having a complex morphological feature, the 

Addis Ababa region has been an active zone of sliding, even though the degree of 

movement varies fi'om place to place. The nOlihern morphological unit (with a 

s lope of 30-35 degrees) is cJlaracteri zed by rock slides (Lulseged, 1990). Scree 

deposits (debris) so il and rock matelials are seen in the northwestern part of the 

city at the foot of steps of Entoto ridge . The various ly oriented joints cutting the 

rocks resulted in the decrease in the resistance to erosion and the tecton ic slicing 

of the rocks gave ri se to the easiest way to gravity movement. 
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The work by the same author indicates that the seismicity of Addis Ababa 

and its surroundings, by virtue of its proximity to the Eas t African Rift (EAR) 

system, is related to the overall process of rifting and extens ion . From seismic risk 

map of Ethiopia, Addi s Ababa lies in the second risk zone (see Fig. 5-3 ) . 

According to histori cal se ismic occurrences, and interpretations worked by 

Laike Mari am Asfaw (1990), tremors have been reported in Addis Ababa si nce its 

foundat ion ncarly a hundred years ago. For example, an earthquake that occurred 

in 1906, south of Addi s Ababa, caused panic in the city. However, it was noted at 

that time that the damage due to this earthquake was light mainly because the 

Ethiopian mud houses withstand strong shaking (Kebede Tsehayu and Tadesse 

Hail e Mariam, 1990). 

The main centers of activity in other directions, notably to the NE, lie 

farther away. Although these centers are re latively remote, the strongest shakings 

in Addis Ababa, in recent times were caused by earthquakes originating in the 

region. The 1961 and 1977 earthquakes that occurred about 200 km northeast of 

Add is Ababa (near the western escarpment) were sh·ong ly fe lt in the c ity. 

The intens ities felt in the d iffere nt parts of the city vary. Fo r exa mple, the 

196 1 Ka rakore earthquake, whi ch had a magnitude of 6.7 was felt in Addis and 

caused light damage to buildings and other structures. But the Abware area had 

consistently felt the strongest shaking than most other parts of Addis Ababa for it 

li es on the Filwoha fault. 
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On earthq uake shook the city of Addis Ababa, on 28 July 1979, the tremor 

was felt more strongly in the southern subrubs of the city, and at Kal iti and Sebeta 

an intensity as high as 6 was reached. Some regions notably Entoto, the 

Southwest, Yeka, Abware and Filwoha districts felt the tremor more strongly than 

others. Thi s might be due to topographic difference and the effect of fau lting. 

Therefore, the intens iti es felt in different parts of the city reported were interpreted 

in terms of topographic, geologic and tectonic formation s. 

The Entoto area is the oldest part of the city, where in the past been 

reporting re latively high intens ities following earthquakes that occurred outside 

Addis Ababa. It is a well known phenomenon that topography plays an impOt1ant 

role in amplifying se ismic motion and the high intensity felt in this district IS, 

therefore , considered to be owing to the topographic conditions. 

Hence, cons idering the se ismic ity and earthquake risk of Addis Ababa and 

its surroundings, it is better to take an appropriate hazard mitigation measures. 

This can poss ibly be done by des igning the lining that can resist earthquakes, 

especially at the localities, which are most vulnerable. 
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6. EXCA V A TION AND SUPPORTING METHODS 

A careful design of water tunnel reqUIres the use of engmeenng 

judgement with a clear evaluation of the geotechnical and insitu stress conditions. 

There are a number of theoretical analysis that should lead to a safe design only if 

the local conditions and local inherent changes are properly evaluated and 

understood (Broch et aI., 1987). Based on the evaluation of the ground conditions 

and the rock mass classification, selected excavation and supporting methods have 

been recommended. 

6.1. EXCAVATION METHOD 

Excavation of a tunnel is a very complicated and co sty process . The 

method and mechanics to be adopted for excavation certainly depend upon the 

nature and types ofrocks present along the excavation route, which can be known 

only through geological investigation. This was one of the main objectives of the 

engineering geological investigation. 

Some specifications from the geological investigation allowed to select the 

method of excavation depending on the changes in the rock mass properties. 

However, tunnel excavation in volcanic terrain is velY difficult due to 

unpredictable nature of its property so it needs to define precisely what would be 

encountered during excavation. (Burgess and Knights, 1994). 

When considering the proposed site, the rock succession in the tunnel is 

heterogeneous. It is represented by intercalation of volcanic rocks (trachytes and 

tuffs) which are weathered and fractured to various degrees. At places, indurated 
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clays are found sandwiched between the volcanic rocks. In addition, week zones 

associated with faults are determined; discontinuities such as jointing properties 

are observed and analyzed for the purpose of rock mass classification. 

Eventhough, on the basis of the RMR classification and rock mass quality 

systems the materials fall on the FAIR ROCK boundary, some modifications have 

to be made for highly fractured and extremely weak and friable tuffs. Near 

boreholes 2 and II at the fault zone, the condition is very poor. On the other hand, 

at some boreholes hard trachytes were encountered. For this reason 

recommendations for GOOD and POOR conditions of rocks are considered due to 

the high variability of the Entoto tunnel zone rocks. 

Mechanical cutting using moles or blasting is used in hard rock tunneling 

(Bell, 1995; Kumar, 1983). Excavation using rock blasting methods involve 

exploding suitable quantities or right type of explosive usually followed by a 

mucking period during which the blasted fragments are removed. Tunnel boring 

machine is more sensitive to changes in rock properties than conventional drilling 

and blasting techniques. Consequently, their use in rock masses which have not 

been thoroughly investigated involves a high risk. Apart from ground stability and 

support, the most important economic factors in machine tunneling in hard rocks 

are cutter costs and penetration rate. 

Hence, depending on the RMR rating and Q value of the rock mass in 

the area, the excavation teclmique recommended is by drill and blast, either as full 
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face scale blast or as a crack blasting (see tables 6-1 and 6-2). However, full face 

driving should be used with caution because the rocks in the tunnel zone are 

geotechnically variable. 

Top heading and bench with 1.5-3 m advances in top heading is necessary. 

The tunnel can be excavated from portals, using drill and blast and direct hoe 

excavation. The majority of the tunnel will be excavated in hard grade R3/R4 that 

can be easily excavated although requiring blasting. 

6.2. SUPPORTING METHOD AND LINING DESIGN 

Rock mass quality, together with the support pressure and the dimensions, 

and purpose of the underground excavation, are used to estimate the type of 

suitable support (Bell, 1995). 

The proposed 4.8 krn Entoto tunnel is designed to the horseshoe cross 

section of 3.75 m width by 3.3 m height. Its invert elevation is 2640 m.a.s.1. at 

upstream portal and elevation 2631 m.a.s.l. at down stream portal, after reviewing 

the upstream portal site it has been recommended that the invert be lowered to 

2635 m.a.s.l. 

The general design criteria for the pressure tunnel is based on the evaluation of 

the rock conditions and the COlTect assessment of rock mass behavior. Hence, the 

following three foremost fundamental aspects are properly considered 111 
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connection with the geological and geotechnical environment of the proposed area: 

stability of the tunnel walls, leakage due to high permeability of the rock mass, and 

hydraulic fracture of the surrounding rock mass. 

1. Stability Conditions 

Tunnels with no lining are normally accepted where rock is self-supporting 

and no possible rock loosening is expected due to internal pressure or to action of 

water, the rock being able to withstand all pressure conditions. The same criteria 

are applied for a shotcrete lining, as long as the deformation of the rock mass does 

not induce major cracking of the shotcrete layers (Broch, et .al 1987). 

Following the aforementioned criteria, shotcrete can be used as a lining 

in sector of very jointed and weathered rocks to avoid progressive erosion of the 

rock; in zones of fractured hard rock for controlling the falling of small rock bolts 

and in order to prevent a continuous loosening of the mass. In disturbed zones, 

where the RQD value of the rock mass falls in the VERY POOR class, shotcrete 

lining with a certain thickness is used. 

2. Water Leakal:e 

Most of the serious difficulties encountered during tunneling operations are 

directly or indirectly caused by the percolation of water towards the tunnel and 

most of the techniques for improving groundwater conditions are directed towards 

its control. This may be achi eved by using drainage, compressed air, grouting, or 
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freezing techniques (Bell, 1995). 

Hence, design criteria consider, with respect to water leakage, the 

imperviousness of a water tunnel in the rock mass itself. Unless an impervious 

lining is placed in areas of high permeability or the pemleability of the rock mass 

is reduced by means of grouting, there will always be the possibility of having 

water leakage into the rock mass that could reach the ground surface. As the 

permeability of rock is normally negligible, it is the jointing and the faulting of the 

rock mass and the type and amount of joint infilling material, that are of 

importance when an area is evaluated for leakage. 

When assessing the expected water leakage conditions of the proposed 

tunnel, in addition to the permeability of the rock mass, it was essential to consider 

the location of the water table with respect to the tunnel internal water pressure 

head. The average permeability of the rock mass at the proposed tunnel is > 10 5 

m/s. and the water table is above the tunnel axis. Whenever, tunnels enter such 

saturated bodies of rocks below the surface, water is likely to flood the excavation. 

Therefore, a considerable grouting program can be implemented to reduce the 

permeability of the rock mass around the tunnel , where the degree of fracturing is 

very high. 

3.Hydraulic Fracturinl: 

Hydraulic fracture of a rock mass sUlTounding a water tunnel occurs when 

the tensile stress , induced by the water pressure, exceeds the confining stresses 

within the rock and causes rupturing of the mass, either along pre-existing 
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Table 6.1 Tunnel Support condition using RMR 

Tunnel Rock Condition Tunnel Support. 

Conditions 

Good Hard lrachyte Rock Bolts 

Fair Fairly (Competent tuff Rock bolts,Shotcrete or 

and highly jointed Steel sets and shotcrete 

trachyte 

Poor Extremely and Very Steel sets,Spi lling and 

weak,friable tuff, and shotcrete. 

in some cases highly 

fractured weathered 

trachytes 
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Table 6-2.- Support Recommendation using the Q - system. 

Zone Support Q - value De=(SP AN/SR Tunnel support 
category F) 

I 21 2 - I 2.34 Rock Bol! s and shotcrete ; a systematic 
(Central) 1.42 bol!ing (untensioned , gro uted) (at 1m 

(poor) spac ing) with a 50 - 90mm reinforced steel 
fiber (mesh). 

2 25 0.41 2.34 untensioned , fully grou ted systematic 
(Northern (very poor) bol!ing (at 1m spacing) and shotcreted w ith 

portal) reinforced mesh 50ml11. 
3 25 0.36 2.34 untensioned , fully grouted systematic 

(Southern (very poor) bolting (at 1m spacing) and shotcreted w ith 
Portal) reinforced l11esh 50mm. 

4 25 0.46 2.34 untensi?>ned , fully grouted systematic 
(fault zone) (very poor) bolting (at 1111 spacing) and shotcreted with 

reinforced mesh 50ml11. I 



between categories, additional classification system is used to rationalize the bolt 

spacing and shotcrete on concrete arch thickness for each category. This 

compromIses solution uses tailored to fit the case records giving detailed 

dimensions of bolt patterns and shotcrete or concrete linings used in volcanic 

terrain of Nairobi Water Supply Project (Burges and Knights , 1994). The simple 

design concepts for rationalizing the support recommendations are given in 

Appendix F. Based on the value of "Q", classes of support were designed to suit 

the expected site conditions. The classes were based on the use of shotcrete as 

permanent support. (table 6-2). 

Small variations in support methods also occur in each category and are due 

to rock mass differences, since a given value of Q is not unique, but a combination 

of several variables. In order to separate the more important variations in support 

practice, the additional factors (RQD)/Jn and Jr/Ja should be evaluated in addition 

to the overall quality Q. Two excavations having the same rock mass quality Q, 

may in one case be bolted and in another only shotcreted (Cording and Mahar, 

1978). 

The conditional factor RQD/ In describing block sIze will normally 

separate these two cases. For instant, rock masses with RQD/ In values larger than 

10 will tend to be massive to blocky requiring only bolting, while values less than 

10 are likely to represent blocky and jointed rock which can often be adequately 

treated with shotcrete (Barton. et aI, 1974). 

The conditional factor Jr/ Ja describing inter block shear strength may play 

an impOliant role. In some cases the equivalent dimension (De) which is equal to 
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7. CONCLUSION AND RECOMMENDATION 

Geolog ica l mapping of tbe proposed Entoto tunnel corridor indicated 

that the area is mainly composed of trachytic lava flow and tuff; basaltic lava 

flow and Quaternary sediments as minor outcrops. These Entoto silicic rocks 

are assoc iated with A laji form ation, whose volcani sm ended in Late Ol igoc ine­

early Miocene times. 

The rocks of the studied area have been affected by discontinuities such 

as jo ints and faults. Prim ary flow band developed mainly in trachytes . 

Entoto ridge, through which the tunne l passes, is loca ted along the 

normal faults of the E-W trending Ambo - Kessam I ineaments, which 

determ ines the orientation of some discontinuities in the area. The orientation 

of NE-SW trending j oints and the faults crossing the tunnel ax is near the 

northern portal , coincide with the Main Ethiopian Rift. There are also other 

structures which trend in the N-S di rection. 

The major intersecting fa ults that were determined by aerial photo 

interpretation , geophys ical investigation and bore hol e data have signi ficant 

effect on the fracturing of the rock mass in the tunnel zone . There is an 

increase in the intensity of jo inting near fa ults indicating that they are broad ly 

synchronous. 

Joints OCClllTlI1g parall e l to the proposed aXIs of the tunnel, sub­

horizontal j oints, and the weakness of the rocks near and at fau lts can reduce 

the stability of the tunnel. Eventhough the chemi stry of the groundwater at the 

proposed area has no s ignifi cant effe ct on the tunnel support, the permeability 

of the rock mass and the presence of the wa ter table above the tunnel zone is a 

problem for the tunnel work. 
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Consideration of the rock mass properties indicated that the most 

preferable tun neling excava tion method are drilling and blasting. For hard , 

fractured rock materi a ls, the principa l means of support used can be bolti ng , 

and shotcrete . The support and excavation methods are selected usi ng the 

RMR and Q- System c lass ifi cations . 

The rock mass of the tunnel zone is predicted to have a RMR value 

fa lling in the FA IR ROCK class. But with some modifi cation loca lly, 

recommendation is given also for GOOD and POOR condi tions. T he Q- va lue 

is a lso between 0.4 and 4. Two different standard primary support c lasses were 

therefore need to be cons idered . 

To fulfill the requirements for a smooth li ning for the proposed water 

tunnel , a lining of concrete is recommended. [n addition some parts of the 

tunne l are loca ted in fau lted zone and permeable rock mass conditions. 

Grouting the lining needs to be designed to resist nil] hydrostatic ( leakage) and 

geostatic loading. Preliminary calculations indicate that a 50-90 mlll thick 

concrete lining woul d be suffic ient for the tunne l of 3.75 III fi ni shed diameter 

(appendix G). 

It shou ld be recognized that, at present, many of the index propeliies in a 

rock mass are difficult to assess full y at the exploratory stage. Moreover, it is 

even more difficult to predict the ground behavior in volcanic terrain based on 

the index properties particularly during exploratolY phase. Besides, w hen the 

drilling is poorl y executed and ho le alignment is bad, the degree of over break 

and need fo r support ing may increase considerab ly. 

Therefore, the recommend excavation and supporting method based on 

the evaluation of the ground cond itions and the rock mass classifications Illay 

11 2 
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Appendix A: Figures showmg rose diagram and stereo plotting ot~ 5tlt~l~ bortholt& 
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Appendix B:Chemistry of the groundwater taken from some boreholes along the lunnel axis 
( source: AA ..... I . 

No.BH2 . Physic Chemical Paremeters Value 

I Temprature'C -
2 Turbidity (F.T.U) -

3 Colour (Pt.Co.Units) -

4 Odour -

5 Taste -

6 PH 12.3 
7 Total Dissolved solids (mgll) 11 5 
8 Conductivity (us/em) 167 
9 Total Alki!limity CaCoz 46 
10 Tota l Hardness as CaCo, 32 
I I Carbon Dioxides as CaCo, 30 
12 Magnessium Hardness as CaCo 2 

13 Carbon Dioxides' as Cal Nil 
14 Oxygeodissolvcd 5.3 
IS Naitrate as No, 0.6 
16 Nitrate as No, Nil 
17 Ammonia as NH, Nil 
18 lronasFc Nil 
19 Mangansse as Mn l\il 
20 Chloride as Cl 5.0 
21 Fluoride as F 0.06 
22 Hexavalent Chromium as Cr Nil 
23 Copper as Cu 

) 

24 Phosphate as P04 0.826 
25 Silica as Sial 22.4 
26 Sulfate as S04 11.7 
27 Saturaetion Index (SI) 
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Appendix B(Conl inued) 

No.BH27 Physic Chemical Paremelers Value 

I Temprature'C -
2 Turbidity (F.T.U) -
3 Colour (pl.Co. Units) -
4 Odour -. 
5 Taste -

6 PH 10.8 

7 Total Dissolved solids (mg/I) 67 

8 Conductivity (us/em) 97 

9 Total Alkalimity CaCo z. 30 

10 Total Hardness as CaCo 3 104 

II Carbon Dioxides as CaCo, 40 

12 Magnessium Hardness as CaCoj 
64 

13 . Carbon Dioxides as Co, 
14 Oxygepdissolvcd 6.6 
15 Naitrate as N03 4.) 

16 Nitrate as No, Nil 

17 Ammonia as NH~ Ni l 

18 Iron as Fe 0.21 
19 Mangansse as Mn Nil 
20 . Chloride as CI 10.0 
21 Fluoride as F 0.19 
22 Hexavalent Chromium as Cr I Ni l 

23 ) Copper as Cu I 24 Phosphate as Po. I 0.077 

25 Sil ica as Sio, , 26.6 
26 Sul fa te as So. 

I 
8.6 

27 Saturaction Index (SI) 



Appendix B(Continued) 

No.BHI2 Physic Chem ical Paremcters Val ue 

I Temprature 'c -

2 Turbidity (F.T.U) -
3 Colour (pt.Co.Uni ts) -
4 Odour r 

5 Taste -
6 PH 11.9 
7 Total Disso lved solids (mg/I) 853 
8 Conductivity (us/em) 1244 
9 Total Alkalimity CaCo l 252 
10 Total Hardn ess as CaCo, 120 
II Carbon Diox id es as CaCo, 100 
12 Magnessium Hardness as CaC"J 20 
13 Carbon Dioxides as COL Nil 
14 Oxygeodissolved 6.2 
15 Naitrate as No) I 

16 Nilrate as No, 
17 Ammoni a as NH J I .1 'i1 
,8 Iroll as Fe (L~2 

19 Mangansse as Mn Nil 
20 Chlori de as CI 4 .5 
21 Fluoride as F 0 .35 
22 Hexavalent Chromium as Cr Nil 
23 Copper as C u 0.5 
24 Phosphate as Po , O.OSO 
25 Sili ca as Sio, 10.7 
26 Sulfate as So, 9.5 
27 Saluraetion Ind ex (S I) 
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Appendix C: Field estimates of uniaxial compressive strength(AF HDf-I<-, u. ol, 1901) . 
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Appendix D: Ratings for Rock Mass Rating system. 
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lendix F: Support of under ground excavations in hard rock. 

, 
1 

~jdelines for c:-:.cavat ion and ~uppon o f 10 m span rock tunnels in accordance with (he RMR sys lern (A fter 
Bieniawski 1989) 

Rod mass class EJ;Cavalion Rock bo lts Shotcrele Slee l sets 
(20 mm d ia meter. fully 
~routed) 

I - Very good FuJI face. Genera ll y no suppo rt required e:-:.cep' spot bo il ing 
rock ) m ad vance 
RMR: 81·100 

11- Good roc k Full face . Loca lly. boilS in crown) 50 mm in N one 
RMR: 61·80 1-1.5 m ad vance. Complete support m long.. spaced 2.5 m crown where 

20 m from (ace with OCC;lsionaJ wire required 
," 

mesh 

,11 - Fair roci.; Top headi ng and bench Sysremalic bolls -4 m 50-IOOmm None 
RMR: 41 -60 1.5- 3 m advance In hlp heading . long. spaced l .s· 2 m in in c row n and 

Commence su ppon after each b l a.~1. crow n .:lnd walls wi th )0 mm in 
Com plete suppor: 10 m rrom face wire mcsh in crown .~ide.~ 

II V - Poor r!Xl Top heading and benc h Sysiem::uic boI lS 4-5 m 100-1 50 mm Light to medium 
,N,lrIR 21--10 I 0-1.5 m advance In. {OP heading . long, .~p.accd , - I :) m In in c rown and ri bs sp.l.:..:d 1 5 rn 

Il15lall suppon con ... ·urre nlly wjfh crow n .and WJ)I~ w;lh 100 m m in w he re r~4u i rcrl 
ex-ca va li nn. 10 m from face wire me"h qdes 

\ . - Vc::ry POOf Multiple:: drjfl~ Sysl c:: mJli c bolt s 5 -6 m I ~O - 200 mrn f\1c::dium to ht:av), 
fud: 05 -1.5 m ad vance In lOp he,)djn~ lonq. ~PJccd I - I :) rn In In crown_ I SO rib~ sPJ.:cd 0 7S m 
R;'vfR: <: ~C InSla l1 support co r.c urTently ..... lIh crown .1nd W:lII ~ wilh rnm in sides. ..... lIh stee l iJgging 

C:.\C;lViuiun . Shmcrl: tc a.s soon :h wire !1Ic~h eOl1 Invert ;.Ind 50 m rn and fOfe polrng if 
poisib1e .lflcr hl <l51ing on r .lee rt!quired . Close in-

ven 

12.8 



CJ!.C , DE5C'UI'TlON Of ROCK M"S ~ SrA .... · He.):'" f)eplh Surpo" .QO }, }. Q rs. SrAN ' Roof 
No. 2 N.rult of ,nJ,ubi';IY u .... ·.J J. }. '" '" Suppt)r! 

) . PUI[>OIoC of ClIUUIJQn, 'O(:aUon. m llu"mrntndJ' 
rderence I,un 

I.. SO In klllih of do~Jy sp~ C1:d. I,,,hl :-.ion" CJ'~or!" 0 
diaton:al joint' '" kplitt . PI",o::!I, " 1.0 1..0 
smOOlh jo.nl,. I joinl KI. S-lO em, , • "" I.. L' 
Iplun,. No ...... cr p(CKni . ,. M,no. O\lcroruk when bb,fln,. 

) . T:aih .. cec nln .... l. Seuc"lle Hydru, 
N . Sweotn {.ef. C((01 ]970). " '6 H 

" I.. 60 m Itnllh, indudi", I I m w,de -i;;;boh;:--- _. ---------.. 
CHe~o.v 21 

• hu. 1:0~ in mylun;lc. C'u. h"d ,,'IIC rnc$l'1 :and bO L' L' ~61m 

mylon;lC' and non·.ohC'nmjl dn' !l. _ b.; '" \),OI.:rtU: , U t-S 1m!) 
sum. Jnd jOint hUm,. •. InlefSc':lInj; ~ . .!i - j Cm 
jnlnl SCI. I join, KIS plus .andom. 
5-JO ,..., .padlti. Minor WJlel 
il'lnow~ I <] l 'minJ. 

2. Wcole ~h"ped roof blL 
J . He.duel: IUl'lo(l. \I,cus H r<.lro, 

N. SWCdCTl {Ief. Cccil 19701 J.J 1.6 " " I.. ·SO-';' ';~';h. ·Ih-;;. lO~" in Qu,nillc. C:;;;Cn-~~-
.---- .. 

L.ucIIO' Y II 
~III'JC Cllbc'& .od: $U .. (tUIC. P):anJ f. :ardl. ,mme",· 2. L' •. " _Cr." l()-](k-n, 
,mOOlh, IInlll",,,d join, •. 1 Joinl !OO lldy Iff~( " 1.(j , +. ' m 
\ttl. "S cern. SplcinS. 5-10 IImi" mlld:in,Ollt 
war"r inflow. 

2. ~hiDr '001 fllb'J'ro"eUi"t fo'm~ -
non of doln(" In ""ult'Jh'pcd 
ce,o.n. Also bUs "001 Ihc fa.:t, 

. '- H ead.a.:c lunnrl. Rendal H )·d.o . 
Notw,1.r (.ef. etcrt 1970), !I. III ... ; n 

" I. 25 m Iensr", j m wid" 'ih,,~c- '" Otll!,n"If>- 1I Cl lfl(otr JI 
rhooly hnllnaled Khl". ~"""'h nl: • m .h()I ~ .ele 20 " l,Jl __ () :A (HI \Oem 
monrmol,l!onltic day ,urn in shu. "" ... k J. I'C."'3· " !.J • Rim 
lune, 'lome: chlotllc 10tll[ c03,inl!.~ ' n ~ru ~upf't)rI 

rill'll! 'il.ekcnsidcd lOoot ..... Jlh. lU"I f.t,I"r~ 
I joine seT, 5-10 em 'p"c,n,,, "'11], ea~r 
G'Ollnd "'11Cr >CrPJr;~ .. I.l n): ':J,,,J .;{'<"~ re(c lr~hc' 
dl!'·ai. holc mil' hl.r .-onrrlhu! .. d 
10 )w.,]lJng p.occ ... 

, C .. mpl".c ~..,Ibr'" uf lunnd \J ullng 
op(fuion of po,,·e. pl)I"I" Vlllh· 
shapcd cefown optml1lt. 

) . T"il,ac .. ulnnd. Stlh,1i Hydro, 
L. < .• N . SWtdc:n (rtf. C"dll'i'7(1) . . '" --'-'-- ._ .. _._--- .. _. ---_. -

'" 
, 1 ~ m l"nK't., ovctthru~ !"nr Hille It, ... ). t>olt<. CJI~ttO 'Y 1I 

in lie:hl) l. Irl which Ihere wu a J .:n. ''Ire ",,,,I< Jnu ,,) I.' 1..0 ... f\lm 
,h.ek day {non ~f"'nind :and l'Iu, (,,5 H ;" 1 .. '0 ",o,~"r,( 1.0 .< ... (mIl S,,", 
phie" seam. Shr.t 'Zo .... was jO- .lrrh~,!." , .n, 
100 em .... ide and cO"I~il\cd 'llIOdlll. 
slickcmjd«lllnphi,c' (o<lrcd jUffll 
~url~ces. I JOInt ~cr. 5-10 em Spl ~' 
in&. InJ'Snlfie:aOl WIlef ;nflo ..... 

_. W~d,,,·shapcd .oul hit. 
) . T li l • .1'c lunnd, 1k,,,,,~ttn(1 /-from. 

N . Sweden (.ef. C e ol 1970) 0.10 1..' ' . 1 
- _._---

" I.. 10 m l(nl,II. 10 m ", .de: "crri'JI :-;" ~ ul'p .. 1r! C.J'CRorf J-4 
,lIu, 'lone: in 'flnur. ROC"k .:r ll,hcJ .mmcdlud) _ S (m,) ' .5 (0'1 

and ffctcnrlr "I(cted 10. c:ar'h~ · 'liter bIJs"n~ . 
AflvcJ. me rtmn~n e ;o.nl Jucfue> F.I'cmuall,· 10 U 0 .. 1\ 
COJrcd wilh eby {non·,ofltn;nJ). <., ~ . ; ,,~ '''0 ~h.ol ~rc. t ,. , 1.5 
Rock :adj.cem IU roll<' blocky Jnd Jrt"l ;~ ",,, ,,,~ 
10010(. 1'"lul,1t )llcl<"nsio .. d I."n. 
$urhcec ~, S- lO em sr~cemA . brfllC 
wale' ,"UOw.~ ,!rtf MUlintt c,,"~J 
f~ ul( lO"", dcbti~ lorO fun nd. Jd! 
Iltxn v<mls lip IU t m I .... d.· f\:"". 
Tunnc:IIO(~lcJ "',lh'lI 10 km u f J 
1113)0 ' "Hlfh,u}! .h.-cr. I<K'Jlk "u,,· 
':JI ~nd low 301t'" $h"l1 UJI\U .,.:.:ur. 

PrOarCH"'C .u,,1 I .1I.nu' III IUln! J 

J~r,~ uulr·.hJrc,1 o",·nmllo. , t/(JJra,c lunn,,). ~rr""ohll<f f-hJ, ... 
:-: . ~""~Jcn (rd. Cc," '''-0 •. " 11)- " 

,. 

..... "'r · R.jo:h, ·h:and ..-u lun,, : wR",.f ""1"1" '" 1I. .· ... nl'\, • • " f .• , ,,"' - ".,j',." n,·J Ir"n , 1',,],1," 1 t . I~. J; .. " ,.1 'i 
'; .. ).,} .. sh .... , .. rclt . U .. ' :!lem.If ', "" IIII' ~. ,/'0 ~ '1'", 1 ••• llInj.:. ( , ~ '-- . ..... , '11 ';',,. " "h,· • . " .. . OI..,h r'·"'("'H'I.., " eel '<II,f"r,,,1 
elm - ,I<31n ],nk mc,h 

Buh '''~C1n,.s ,,:,,'cfl.n n,,'ff<, - !lh"f"~'" " I '"II. ' '''' ,) ... lne>\" . " t ll '1\ ,' ( " "'1'.1 .". 
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Clauil,cllion Ind Prcdi("!ion of SuppOrt for Sill o( Tlu~ Case Rc c ollh O CH.d'H'(j by ( ted (l9 7 ()) 

ut.SCJUPllON OF ROCK MASS 
L Nalure. of ,nsrabilir, 
J. Pur~ 01 n:a"luon, localion. 
rd~ncc 

r.i'I II : 20 m lenseh. I m wide zone of 
\..:;I $huf~ Iranile ",Ih d.,. _ .. , 

{nGII-sollcni",J t heft bourubry II • 
Ihin « I em) d ay Kim Ind th'lIly 
dw:.~d mareOal that lit In (01l1&({ 

with maui.t rode.. Plana •• "lidcC'n. 
IIkd ;o,",s. 1 jOim Uf, S- JOcm 
'pac,,,,, Insisn,hc.IIm irlflo ... of 
... ter. ~ nOle, cue 56. 

2.. ·Wtds:c.th:J.ped roof fall. 

3. Hnd'lce runnel . Slm'j6blkt Hydro. 
N. S~tn (rd. CH i. tJ70) . 

66'-~ lena''', o~n horito-;;;i ,hte{- ~ 
irIJ jointS in Innllt;, partially Iilln! 
wllh n.nd sned mareri.1. Planu, 
rOLl.h aurbetd joints. 2 join! ~U. 
1- .10 em Ipacin,. Insi,nifi<:anl 

6' 

" 

,. 
" 

-, 

... ,lel inflow. Sn note. nse 5', 
1. OVHb .. nk ,bovc springhnc. 

1. AC:ce» IU!IIJC"I, Slemjofalkf Hydro. 
fIoI . Sweden (rd. C ecil 1'70). 

I. j O ~ l~n'lh. dose v(uie.! jOlnunR 
C\llnn, a(ro..<;. ..chlsroSt: lock l !rU(' 
lure in khlS10!l<: m~IIJrC)'wad:e. 
SandY.IUVi:!Iy jo ,nt f.lhngs, Pl.n~r 
smOOfh lurf2C( loinrs, I 10int )1:1 
plu~ undom (for schilloc:iry pbnc)), 
5-3O.:m ,p~cinl ' Wucr inflow'! 
up 1000 l/ m.n 

, ~e ovcrbrcak In ;n!fados, some 
bits. 

J . It.,lruc lunnt!. S lcn'lbf~IIC'1' H)·dra . 
N. S_dnl (rci . C ecil 19701. 

.. 10 m len" , Iron~;)' dlUr~d l , a ' 
nuc. very "l!I\' ,"crti" l Slfll(fUH. 
Planar. roush 'Iurhc~, llulr(fcd 
loinl~ 1 joinl !>Cr, S-JO cm ~padn, 
lntl&nifiuOI "' .lLIef infl.:.w 

2. Sublc. minor o vcrbruk , " 0 root 
lalb. 

J . Co/lcnor wnod. Mo i Rlnl Hydro. 
N. Norway (rei. Cecil 1'70). - ---- . . .. -_._._ .. - .-

L ApprOli . 1 km l"I'I&,h. mol"iv" gu · 
oile, "'idely ,pace-d. l ia;hl, venlul 
ioio'~ Pbou. Jftloo.rh·~urf;J.Ced 
I.Ina lfCred jo,,,u. I joinl ~e-r, 1- ) m 
,pujol. Insll.oific:lnr wlter mllow. 

2. No overbre.d c. .o chllTLbcn. bU I 
oYC1'break U ,o,t'rsc(t,onl . 
W.nlr ,.. l lf l "Cllmcnr phnl, 
KiprJIJ . S ... 'c~etl fltf C H i! " '01 .. - -. ---.--- --

1. JOO m lenKlh. mJsuve «nt"". few 
iu,na . rl~ .. u. (o",h-~u .hced . un · 
alle,.d i O ln' ~. :>0 1 m ' pac,nl.. I "~ '~' 
lIifiC3nr ""l ICS .nfl" .. · 

2. Minor OH lt-.O\:;. no b lh ur , hJn 

I W, .... .Ind Ii"u ... , ,funse 'oom,. 
S.ockt.o lm (,d . {'cc i l l':l70) 

SPAN He,sn, DCf>lh Support u~d !tQD j. Q ESR. SPAN I Roal ~uppon 
ESR ,rtommcndllion 

m m 

S •• ' .J 

• . S 

.i .1I ..• 

... 7 

12 IU 

20 1i i 

" 

J~ J. 

Rock bohi, 
and ,hornefC 80 O.S 1.0 

l 6 2.5 

m 

I.J I 6 .).7 

u'(joryll 
_111m 
+5 l .S em 

Rode: bohs C~lclorT 21 
~nd IhOlcrelc 70 1.5 1.0 _ B 1 In 

15-~" .. 2 j + 5 1.S em 

o.~ 

"'0 1.0 

:-':onc 

. 0 I .j ,. 
1.\ LO 1.S 

None in 
chambers 

100 1.0 LO 
:i 100 , LO 1.. 

Boh, " 100 1.0 1.. 
,n.erK CI,nns Z" .\ 1 . 1.0 

-- --- -_ . 
SO SPOI b<J lrs 
to ",boul 
.\oom nf 
,h.l ,"~ 1 I ~' 1.0 

" 1.0 I.v ~ i 

------ .. -.. 

1 f, I.J i 4 

.. ) .. , ) .i 

" L' 5.0 

5. Il " 
if: 7 1.0 I ! 0 

''''' " I i . ~ 

C~IC3ory 21 
-5 l .j em 

e llelor), 0 

No(C : V«, li,hl 
~ !runurc ma), 1m· ,I, higher nrn~ . 

, e. SRf - LO H,,,,, Q .. JO 

.. __ .. _--
:aNAN~ O~~ Ib 

C alt"IJotv 14 
_flU_ 2m 
...cI." 

C~'c'<JIY D. I 
_ None Or .to. 

NU(f ' R"t., ·hanJ C"()lumn - R' )(If SUPP"" Ih·,,,mn'cnd~ (f! ," ·,, "bumc.! hnm 1'a" le, II . 12. 13, .I mJ H . 

K,.·· !i .. . \hl)l':'(I( . }\ :: " ' " ' ''1.1''' b"I''''j:. ,t;. .. ' P'" "'.Iuntt- . c.:C ... _ ;; .1 " ,,,,,,-,ef t' J I.he l. 'tlr = ."c ~h ,,·,n f· " ,·d . ' . '" "ed """ •••• e, 1. 
elm = charn I.nk ""'1n. 

.1~j 

z .. · 
o 
? 

.... 
• , 
~ · 

'" , 
". , 
~ ,. 
~ 

Sl 
!!L 

~ o· , 
2-

" ~ 
~ 
~ 
f 
g. 
a' 
'J 
~ , , 
"-
~ 

] 
I 

I 



Support Q Cond,lloral beror1 p f.·ANI ESR. 
CI<C&O'r ItQDII. I~'J. SPAN/Hit em) klhm l 10' 

(applO"' ) 

@ I .O~.4 ». ;>0.5 l .ZS 1.$--4.2 .,. ;>0.5 
:i O.S 

" 1.0----\,).~ 2.25 .J.l--.~ 

17 1.0-{}. 4 ~12 m l .lj 6- 111 

< 11m 

". I~ m 

<12m 

28- 1.0--0.4 ~JOm !.2.$ I ~-J!I 
S" 
nOl' XU 5;:10, <30 

'" 20 m 

1.'/" tl.~ .. (l. , , , ".n . .!' ,. 1.0- U 

::0' >U.!~ 

!iO.!5 

J. UA--{I.I , , , .. 1.2-0 
« 

" 0.4--<1.1 >. J .• 4-14.5 ... ;,:U 
., 1. 5 

.!~ 0 4 - -11.1 ';::!Il n , H' 1 : - 14 
S" 
not~ :\11 .. !.lm 
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8 (utll I m -+ ~ (mr) j en, 
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f.nllt'>C'crmg Cl3uific;lllon of Rode MnKi for Ihe DC'~ i&1l O/T"'''lti \"1'1"'" 

SlIppl,,,.,,,'Qry Nor,s/or S"ppott Tabfn 

I. ~or cues of h~ .. vy rodt bursting or "pOpplIlgM, lemioneJ hoh~ \\111, 
enlolrg~d ~:arin, plale$ often ust'd, with ipolcing of JboUI I tI. (n,( .• . 
sioll:ally down to 0.8 m). Fin:a! support wh~n ~poppj ,..g M :a"lIviI 1 <C.N" . 

II . ~veul bolt !~ngths often u.std in same ':)(c.3v:a'io" , i. c . . 1, .\ .,",1 7111. 

III . ~vet:ll bah lengths oh~n used in 5,lm~ eJo;cnatlon, I . e. 2., 3 ~lItj ~ Ill. 

IV. Ten ... ioned c.3ble :.nchon often u~d to suppl~n\('n' bolt suppurt pr~'~-
sllru . Typic:.1 sp:aein, 2--4 m. 

V. Sc"'~ral bolt lengch$ oftc=n used in some u:c~v.1li'H1:., i.c. 6, 8 JnJ JO Ill. 

VI. T~nsjone:d c:able anchon ofr~n uscd to ~upplelllelH hnll suppOrt pres­
lur~5. Typical spacing 4--6 m. 

VJI. Sever.ll uf ,he older gcn~r.ltilJn power sf:alions ill this C31((!Or}' emrlnr 
s),stt'matic or Spot bulting wilh :are::as of ch.lin link mesh, :lnd ;\ free 
sp:an COII(rtIC aren roof (25--40 crnl 35 perm3ncnt support. 

VIII. C3S~s involving swdli ng, for insuncc mOLlullorillonite cby ( ..... il~ :le~c.~s 
t1f w:alcr) . Room for c)(p:ansion behind Ihe suppOrt I~ \lscd 111 C.l)CS 
of heavy swelling. Dr3in:age mC3surcs :Ire uted wh..:r..: pcHsil-lc . 

IX . C:lSCi nOI in ... olving swelling d:ay or squeC:l.ing ro,k . 

X. c.:.~s involving squeczing rod .. HeJvy 1I!!"l surpun iu ~ell'· I .ll1r u~cJ 
~s J>(rm:ln~nt suppa". 

Xi. Ac(ordillg to ,he: authou' uperi~ncc , in GISt'S of swelling or squ~'nin(:, 
fh~ temporary nippon rcquirro hefore conClelC (Dr ~hO(crele) 3lchl'~ 
:a re formcd may consiu (J( bolting (ren5i0l1cd shcll -ck p:tusiun IfPC) Ii 
the value of RQDIJ,. is sufficienTly high (i. e. > 1.5), possibly (am­
bined with shotctete. If thc rock. mass is \'ery huvily iuinted or crush~d 
(i . c. RQDII. < 1.5. lor example J ".sugar cube" she:lr zon~ ill '-Iuan1.' 
ilc), rhen ,he I~mpor,uy suppa" may consisl of up (0 ",vcr:ll :lpplic .•. 
iions of ,hotcr(te. Syucmatic bolting {Iensioned) nlJy be added .lher 
Cluine: thc COncrete: (or ,horclelc) :arch u) reduce Ihe uncvcn 10aJIIlS 
on the connCIC, bur it m .. y nOT be elfeellve whel\ I<QDIJ. < 1.5. or 
when :a 101 of cia)' is pUSC"nl, unless Ihe holt~ .ue grolfteJ hc(nrl' leu. 
siuning. A ,oHieielU !tnglh of '!dIchored hul! mighl llso Iw IIhfainnl 
using quid: setting resin 3nrnors in these c)(tremdr poor '-Iu:1li\)' lock. 
m:asscs. Serious occurrcnces of swcllin~ .lnJ/ur squeezinG ruck 111,1)" 
requirc that thc ConCfttt arenes :arc t-liten righ! up to Iht bee, po~. 
siNy usinS a. shield is temporary shuuering. Tenlporary surpOri 01 
Ih\ .... orkins face m:ay also be uquircd in these cases. 

XII. For re:aiOnS of safelY 'he multiplc drift mcthod will ohen t-c need~'d 
during (")((.lvation :and supporting uf ruof .lret.. Calt'goric~ 16, 20, 24, 
28, )2, J5 ISPANIESR> IS "' onlyl, 

XIII . MultiJ'lle drift metho>d usually needed !.luring e .1(;1V;111011 and Supporf 
of uch, walls :and floor in cases of heavy squeumg. C:lrcgor~ n 
ISP,I, NIF.5R> to m only). 
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REINfORCEMENT CATEGORlES 
I) Unsupport<d 
2) Spol bo lting 
~) S: ... 'siemal ic boil ing 1, -. 
.. 1) S;.s tcmJlic boiling \~i l h 40-100 mm 

unn:lnforced shOlcrele 

. ) 

....... 5) Fibre relnforcet! :,:holcrctc, 50 - 90 mm , .:tnd bolting 
6) F,bre reinforced ~h o t c re t c. 90 - 120 rnm, nnd boiling 
7) Fihre rein forced shotcrc te , 120 · 150 mm. and bo llin~ 

R) Fibre reinforced sholc rclc , > I SO nun , With reinforced 
n bs of shotc rclc and lXlltmg 

9) Cast concrete luung. 

13 .. 
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