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Abstract 

For the dcvolopmant of Addis Ababa c ity' s water supply, the re needs to 

des ign a project of constructing IwO darns and a 4.8 kill transm ission tunnel 

through the Entoto ridge, by the Add is A baba Water and Scwragc Authority 

(AA WSA). On the basis of the demand to construc t a detai led engineeri ng 

geological and geotechn ica l investiga tion for the proposed EnlolO tu nnel, the stlidy 

was carried out after defin ing a tunnel corridor of abou t 10 k1112. The study focuses 

0 11 the eng ineering geologica l in vestigat ion o f thi s tunnel corridor. 

The study area lies in the Shoa plateau that is fonned of Tertiary rocks 

be longing to the Trap series. It is composed mai nly of tuffs and trachyti c lava 

nows which arc ca lled the En lolO sili c ics o f Addis Ababa a rea. There arc also 

basa ltic lava flows outc ropping on the top o f the Entoto sil ic ics as patches which 

a rea products of Tannaber basa lt . Undifferentiated Quaternary sediments which 

include residual, co lluvial and a lluvia l deposits occur in various parts of the area. 

Aerial photo inte rpretation, fie ld trave rses, ins ilu tes ts of rocks, as well as 

JO int ana lys is from core orientation and surface observa tion and subsequent 

laboratory analys is were conducted. A number of exploratory boreholes dri ll ed 

along the tunnel I ine indica ted that a signi ficant number of trachyte / tufT in terfaces 

OCCUlT in the defined tunnel zonc. From the borehole drilli ng and the geophys ical 

investigation data. the area of the tunnel cOITidor appeared to be highly fa ul ted and 

weathe red. The position of the wa le r table, which is above the IlI nnel zone, and thc 

pel1llcabi lity o f the rock masses were determined . 
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Eng ineeri ng geologica ll11ap at the scale of I: I 0,000 was preparcd. The rock 

mass strength was determ incd using Schmidt hammer and point load tester 

pcrfoJ111ed during fi e ld work and laboratory investigations. In addition to this in 

the fi eld, rock materia l strength was done with field identification by lIsing 

geological hammer and scralCh ing by pocket knife. 

The bo rehole data along the tunnel linc, which is combined with surfacc 

mappi ng, confi rmed the general geological assessment and a llowed the choice of 

construction mcthods. The borebole dala was lI sed as a basis fo r deta iled des ign of 

the tun nel. Using a ll the ava ilable information on the rock mass and ils 

hydrogeological characte ri stics, rock mass class ifi cation schcmes are developed. 

From all the existing methods of rock mass classifi cat ion, the Rock Mass Rat ing 

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

a ll the rock mass propert ics, using the above class ifi ca tion sys tems the most 

economic and sui tab le excava tion method would be by dri ll and b last. The 

respec ti ve sup port ing method wou ld also be by bo lts and shotcretes. 

It is hoped that this study will provide a sound geolog ical basis during the 

des ign, and excavation stages of the tunneling. However. il shou ld be emphasized 

that detailed geotechnical investigat ion on stress condit ions o f the rock mass and 

stab ility ana lys is, and further works at the po rta l areas and fault zones arc very 

importan t. 
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J. INTRODUCTION 

1.1 GENERAL BACK GROUN D 

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

population is also increas ing in an alamling ra tc. 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 allev iate 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 proj ect named, "The Water Supply 

Project Stage 111 A". 

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

Gerbi ri vers, which are located 40 krns 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 darns through pipes by pumping. Hence, it needs to construct a transmiss ion 

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 fo llows 

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

length of project life. 

- 1-
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Nevertheless, without careful geotechnical inves tigations prior to design 

and construction , and equally important, intens ive cont inuous monitoring by 

geologists during construction, tunneling can result in completely uncontrolled 

and, at times, di sastrous expe ri ence. I-Icnee, if good geological and geotechnical 

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

Therefore, the desirability and necess ity of constructing a transmission tunne l 

through the Entoto ridge is unquestionable. 

The proposed tunnel aXIs was chosen in 199 t based on topographic 

conditions and shortest length of the tunnel during pre-feas ibility study (unpubl. 

report, AAWSA, 1995). The proposed trcatment plant site is located on the 

northern s ide of Entoto mountain range, hence treated wate r will be transmitted 

through the tunnel. 

The current geological and geotechnical investigation work was started by 

fi rst defining a tunne l corridor which covers an area of 10 km2
. Construction of the 

dams and the tunnel is scheduled to be fini shed 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 ile river basin. The proposed tunnel axis is located 

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

extends in the north - south direction for about 4 .8 km. The out-let and in let portals 

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

capita l. The intake portal lies at a place where a small seasonal ri ver emanates. 

-2-
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The study area, which covers a 10 km2 tunnel corridor, is bounded between 

latitudes 9' 30'48"- 9' 06'44" N and longitudes 38' 41' 52"- 38' 44" E (fig. 1.1 ). It is 

situated between altitudes 2560 and 2904 m.a.s.1. 

1.3. CLIMATE AND VEGETATION 

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 rai ny 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 . 

The summer has warm sunny days and cool nights. The highest temperatu res 

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 

rainfal l. The average annual temperature is 16.45°C. 

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 inaccess ible to 

investigation. 

1.4. PREVIOUS WORKS 

The general geological infonnation concernmg the present area of 

investigation has been furni shed by many researchers. Mohr (197 1), 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 arc not indicated at that scale. 

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

In 199 1 based on topographic conditions and length of tunnel. There was no 

geological investigation conducted during the feasib ili ty study by Scureca. 

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 ri vers have been studied. However, the 

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

and the tunnel route. Hence supplementary geophysical investigation and test 

drillings were recommended. 

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

wi th the help of geophys ical investigation by the Ethiopian Inst itute of Geological 

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

tunnel axis is also perfonned 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 Soundi ng (VES) and Transient 

Electromagnetic Surveys (TEM). 

-5-



I 

1.5 OBJECTIVE 

This study is aimed at dete rmining geological, hydrogeo logical and 

geotechnical properties of rocks of the surface and subsurface underlying the 

proposed tunnel route leading to a preparation o f an engineering geological map 

of [he area a[ [he scale of I : 10,000. 

Avai lable infonnation about the geotechnical condition of the tunnel zones 

antic ipated helps a great deal during designing and construction. The classification 

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

quality (Q) systems is another objective. This will help during excavation and in 

des igning supporting systems for different rock types. 

Suggesting the appropriate methods for tunne ling and to gIve design 

parameters for different li thologies and supporting mechani sms is a lso 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 interpretat ion, field geothecnical 

investigation and various data compilation. 

-6-



Aerial photo interpretation was made us ing black and white photographs at 

the scale of I :8,000 and I :33,000. The mappi ng was conducted by taking 

additional trave rses in the fi eld. Some measurements of discontinuities and rock 

mass stTength tests using Schmidt hammer were conducted. 

Joint analysis from core orientation and surface observation was an 

important step in the evaluation of fTacture fl ow and directional strength. 

In terpretation was carried out after fi eldwork by introducing the fi eld observation 

and laboratory results. Point load strength test, slake durabil ity test and water 

chemistry tests are the laboratory lests used in the study. Mineralogical analysis 

for some rock samples is also perfonned. The fi na l engineering geological map 

was made on topo map at the scale of 1: I 0,000. 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 inves tigation, borehole dri lling, packer permeabi lity 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 class i tied using Rock 

Mass Rating and Rock Quali ty Index (Q) classifica tion systems. The design 

parameters , available methods for tunneling and supporting mechanism, are 

recommended by using the rock mass class ifica tion systems. 

-7-
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2. PHYSIOGRAPHY AND GEOMORPHOLOGY 

2. 1 GENERAL 

Morphology of Addi s Ababa and its surrounding areas is quite complex. 

Starting from relatively flat and undulating central part 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 fea tures, which vary in e levation from 

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

the most important ones are Entoto ridge (3200 01), Mt.Yerer (3 100 01), Mt. Furi 

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

The steep slopes of Entoto ridge are located to the north o f 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 waterfa ll s which 

clearly show evidences of a young morphology are also the morphological 

fea tures present in Addis Ababa and its surroundings. 

2.2. TO POGRAPHIC FEATURES OF ENTOTO RIDGE 

The steep slope of Entoto ridge, is the water di vide between the Awash and 

the Blue Nile basins. Almost a ll the main ri ve rs (like Kotebe, Akaki , and Kebena) 

originate mainly from Entoto ridge. 

-8-
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The landscape of the whole area of Add is Ababa refl ects a complex 

geological structure which has been further modi ti ed by the action of erosion. 

1.3 DRAINAGE SYSTEM 

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

the natu re of vegetation cover and the type of climate (Beli , 1993). Rock type has a 

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

fonn 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 fl ow to the south and southeast direction to 

join the Awash river. 

The steep slopes of the northern part of the city are characteri zed 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 ri vers or big tributaries 

characteri zed by wide meandering type of flow. In the west, southeast and centra l 

parts of the city. they form terraces and all uvial deposits. In the tunnel corridor, 

there are only seasonal steams fl owing to all directions from the top of the ridge. 

-\ 0-



2.4. EROSION 

Since Addis Ababa is on the Shaa 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 capaci ty, for the runoff of the city is the presence of 

steep slopes. As a matter of fact there arc a number of rill and gu lly eros ion on 

slopes of Entoto ridge and Wcchacha (Kebede Tschayu and Tadesse Haile 

Mariam, 1990) 

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

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

high. 

Entolo ridge and other hilly areas arc 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 

add ition, the presence of weathered rocks like tu ffs and res idual soils faci litate 

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

common in the area. 

The tunnel corridor shows highly rugged topography with some gullies. 

Particularl y, the presence of extremely weathered trachytic and basaltic lava flows 

that are almost changed to residual soi ls, at the portal areas faci litate the intensity 

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

colluvial and alluvial deposits. 

-11 -
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3. SITE INVESTIGATION 

Afier the proposal of the Entoto tu nnel. geologica l and geotechnical 

inves tiga tions were conducted by different groups and organizations as part of 

Addis Ababa Water Supply Project Stage lil A .. 

The different in vestigat ions conducted incl ude: geophys ical survey, 

borehole drill ing, packer tes t, piezomete r insli.ll1ation and laboratory tests. 

3. 1. GEOPHYS ICAL SURVEY 

Geophys ical survey was c:micd out aiong Entolo cOITidor. which covers 

an a rea of 6 klll.2, by the Ethiopian Institu te o f Geologica l Survey (E IGS) ill 

1995. and thi s sect ion reli cs heavily on the results of the survcy. 

The geophys ical survey consisted of Seismic Refraction, Verti cal 

Electri c,il Sounding (VES). Transient Electro Magnetics (TEM) and Magnctic 

Surveys. These investigations were aimed at obtaining subsurfacc geological 

informat ion for the design of the tunnel route. 

The geophys ical da ta ga incd from this survey is used for dete rmi ning the 

hydrogeological and phys ico-mcchanical propertics of rocks of the subsurface 

underlying the proposed IlInllci route. The geologica l structure prcvailing in the 

study area are also obtained from the survey. The geophysical invcstigation 

was done a fter leveling geophysical observation points along the roJ1ow ing 

profil es (see Fig. 3·1 ). 

12 
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Table 3-1 :- Survey lines a long the proposed El1Iolo tunnel sile . 

Main Profil es rr ie Lines Cross Profil es TOIal length Station 

Tic I inc 200 E (4700 III Seven parallel profi les 

long) and tic line SOOE wi th 1000 III length 

(4400 111 long) both each and olle with 940 16040 111 10 III 

para llcllo the base line 111 length 

3. 1.1. Seismic Refracti on 

The refraction seismic survey conducted at the tullnel portals in line 

pro liling system (i.e. shot poin ts and geophones in the same line) with 5 111 

gcophane spacing was used during the survey. 

The se ismic da ta sampled al a record ti me of 200 111 for direct. central 

and reverse shots and 500 III for the far shots were recorded in the Tcrraloc's 

hard ware and then analyzed. The dept h of in vestigation in the portal areas was 

35 Jl1 and the gcophanc spacing used was 5 Ill . 

A. illwke Portal Line 

The line extends in N W·SSE direction wilh a length of 400 III and 

passes just over the proposed intake pOl1al. 

According to the report compiled by EI . the in take pOl1al depicts three 
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layers, that are characle ri /ed by dirrcrcil t \ eloci ties ( fi g. 3-2 ). The first layer is 

characterized by ve locit ies bet\\een 630 ill 'S and 1000 m/s and thickness 

reaches up to 11 m. The layer indica tes higher va lues (900- 1000 m/s) in the 

ex treme NNW part o f the area and in the thickest SSE extreme zone. It thins 

out towards the cenler and gradua ll y pinches out between pickets (reference 

points) 90E and 180E (figJ-2n). The observed velocities may be attribu ted to 

highl y decomposed rock and elclY. 

The second layer ex hi bits widely va rying velocities (1 360 m/s - 2800 

m/s). The maxi mum thickness of this layer is 2 1 111 and is found ncar picket 

115 , while the maximum veloci ty (2800 m/s) corresponds to the zone of rock 

exposure. To the cast of this zone the longitudi nal wave ve loc ity decreases and 

the layer thins out and completely pinches out ncar picket 320E. 

The observed wide veloci ty vari ations indicate the variation 111 the 

degree of weatheri ng o f the upper pa rt of the bedrock. The intermediate 

ve loc ities (1950 - 1960 m/s) may indicate that the associated wea thered rock is 

part ia lly saturated. 

The bottom ve locity layer shows widel y varymg longitudi nal wave 

ve locity (2530 - 6900 m/s). This vc loc ity varia tion could be attributed to 

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

probable fault associated with a weak .wnc at picket 190E (ncar borehole 2) 

seems to be continuous. Moreover, the lower veloci ties observed between 

pickets 160 and 290 could probably be indicati\ e of groundwater percolation. 

15 



Il. Oil/leI Portal Line 

This profi le extends in the WSW-ENE direction and passes the proposed 

out lct pOl1al. The length of thi s line is 400 Ill , like in the intake portal. 

Accord ing to figure 3-2b, the seismic section corresponding to the outlet porta l 

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

whol e profi le except between pickets 70 and 90. is clwraclcrizcd by lower 

veloc ities generall y varying between 300 m/s and 700 m/s and th ickness 

reachi ng a maximum of 6 111 . The relati vely high veloci ties (500 m/s - 700 m/s) 

correspond to the weste rn zone while the thicke r Lone is found in the central 

part of the arca ncar pickel 320. The zo ne around pickel 80 shows rock 

exposure which could probably be associated with a possible low n O\\ 

probably. o f bas ic composition through the indica ted fau lt . 

The second layer gencra ll y ex hi bits ve locit ies ranging between 8 15 m/s 

and 11 00 m/s 10 the cast of picket 90. Towards the wes t. however. a 1770 m/s 

velocity is noted. The th ick ncss of thi s layc r va ri es from 7 to 15111. The port ion 

cast of picket 320 may be conside red as a fOll r layered lonc. thc th ird horizon 

of which has H 13 10 m/s velocity. Thc thickness of the later va ri es betwccn 14 

and 29 111 . The bottom layer is charac teri zed by widely varying velocities ( 1820 

111/5 and 4760111/5). 

The extreme westem pm1 of the profile, be twcen pickets 0 and 120 

exhibi ts the highest velocity (4760 m/s) while the wes tern portion bCl\\cen 

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

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

The observed low bottom refractor velocit ies cou ld probably be 

att ribu ted to weathered volcanic rocks. while higher veloci ties reneci 

modera tely to slightly wealhcr~d and frcsh rocks. Moreover. on the basis of the 

16 
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refracted velocities weak zones associated \\ ith probable faulls arc identified. 

1.1.2. Venical Electrical Sound ing (VES) 

Data was co ll ec ted from 24 YES paillls a round the tunne l corri do r \\ hi eh 

a re far apart. Their loca ti ons wcre determined to be at c ri ti ca l points where 

subsurface in formation required . Low resistivity /oncs were observed in some 

geo-e lectrica l sections. f-ro l1l the avai lab le resistivity data , interpreta tion Wf!S 

made. 

Accordingly, some geoelectri c sections (VES II and YES 16) show four 

res isti vity layers, while some consists of th ree geoelectric layers (fig. 3-3 and 3-

4). The surfacial laye r having resistivity va ry ing between 195 and 570 ohm-Ill 

corresponds to the top so il (also 140 - 180 ohm-m). 

The underl ying laye r is characterized by lower resis ti vities ,rangi ng from 

J 3 to 22 ohm - Ill ; at SOl11e places it reaches up to 35 ohm-Ill. It is probably 

corre lated to highly weathered volca nic rock. It has a wide va riation 111 

thickness ra nging from 20 to J 40 111 . T he observed resistiv ities as we ll as 

wide ly va rying thickness are interpretcd to be the response of a highl y 

weathered rock. T he large thickncss of the highl y weat hered sec tion unde r YES 

6 may be the result of structural effec t. 

The founh layer has resistivi ties of 54 to 68 ohl11 -l11 , which poss ibly 

indica te tha t the rocks at depth are moderatel y weathered and lor fraclUred. The 

resisti viti es in the easte rn pa l1 are genera ll y higher tha t those in the western 

porllon. 

18 
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Th is hi gh resist ivity cont rast 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 in vestigation is selected for it s large penc tra tion depth . There arc a total o f 

10 profi les, wi th a length o f 1. 5 km up to more than 2 kll1. The spac ing 

be tween profiles at nol1h and southern part is 400 m and 4 profiles the at cen tral 

part each with 500 m spaci ng. TEM has helped much in showing the subsurface 

geo logicaa\ condition o f the tunnel corridor. Fau lts arc indirectl y detected by 

thi s mcthod. The location of fi rs t phase dril ling was guided by TEM 

invest i galion. 

3. 1.4. Electromagnetic Survey 

Electromagnetic measurement was made uniformly at every 5 111 in terval 

all over the survey sites. [ t covers about 3369 obscrvation points. From the 

magncti e survey some rcsults arc observed. 

An abrupt lateral shift linea rly trending magnctie anomaly is obscrved 

just nort h of li ne 3600 (figJ. [). This latera l shi fti ng indicates the li thologies 

having diffe ren t anomalies wh ich might be the contact between the trachyte and 

the basalt at the northern NE-SW fau lt . Another remarkab le structure is a lso 

ind icated. These two magneti ca ll y high regions di stingui shed by a th in and 

sharp fa ll in magn itude may indicate a fault. 
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Generally, the magnetic data indicate the ex istence and approxlmatc 

position of major and mi nor geological struClUres. Faults and shear zones as 

we ll as contacts have been out lined by the magneti c sun cy. 

3.2. CORE DRI LLI NG 

Drill ing is the 1110St impol111nt and expensive method of inve rsiga lioll. A 

tota l of2 8 boreholes wi th varying deplhs were drill ed at EntolO proposcd tunnel 

corridor. In a ll the holes, double core drilling was conducted UplO the tUllne l 

zone, wh ich is about 30111ts. or 201111s. above and 101111s . below the center line 

(,able 3-2). 

Dri ll ing methods utili7ed to dri ll the holcs a long the tunnel corridor were 

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

sizes for non tunnel zone), triple core barrel drilling (with HQ and NQ siFe 

with in tunnel zone) and mud drill ing. 

Most drillings were in HQ size and when there was problem in the 1-1 0 

hole s ize, it wus reduced to NQ size. Both vertica l and incli ned dri ll ings were 

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

incl inat ions o r the boreholes range Ii'om 50 to 75 degrees. A careful logging of 

cores was carried out by AAW A. 1-lel1ce. lithologies. Tota l Core Recovery 

(TC R), esti mation of strength and fracture frequency. Rock Quality 

Des ignation (RQD), and angles of discontinuities with core axis wcre described 

from the borehole logs. From all the boreholes dri ll ed in the a rea, on ly some 

located at the tunnel zone and some others are selecled for inlerprelat ion in thi s 

work. 
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Table 3·2 Details of boreholes drilled in the tunnel corridor( ~outc: t : A~WSA ) . 
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3.3. PACK ER TEST 

Packer tests have been carri ed ou t by adding prcssuri7cd \\ ater to the 

bore- hole sections under pressure . The f alC at wh ich water nows jnlO the 

surrounding grollnd through a response section scaled orf by casing or packers 

was measured. Such tests were carried out in aimosl a ll Enloto tunnel 

boreholes, except some portal boreholes. 

Both single and doub le packer tes ts arc performed. In double packer 

testing the variation in hydraulic conductiv ity throughout the lest hole is 

determ ined. The zone arrack 10 be tested i ll tl dri ll ho le is isolated by using two 

packers wh ich seal off the drill hole, the wa le r being plIlllped in 10 the space 

between the packers. The tesls arc performed frol11 the base of the ho le up­

wards. In single packer test. the zone between the bottom of the packer and the 

base o f the drill hole has been tested. The response sec ti on was from 3 m to 6 III 

and length of zone interes t varied frol11 20 m to 60 111. The permeabi lity is then 

calculated frol11 a now frac ture curvc. 

A single packer test was carri cd out followi ng each interval of drilling 

process for fi xed response section, which varied frol11 3 III to 6 111 . A double 

packe r test was carried out after the completio n of drilling where a section was 

not tested by us ing single packers due to a techn ical reason or where required to 

test a certain doubtful section after the drilling. This was conducted after 

choosing the response section sealing it offby double packers at both sides. 

The total number of si ngle packer and double packer tests along the 

En toto tunnel corridor was 141 and 11 , respectively. The detail is provided in 

table 3-3. 
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3.4. PIEZOMETER INSTALLATIO 

In order to monitor seasonal ground wa tcr nuctuation. piC/ol11clcrs \\ ere 

installed ill all the boreholes drill ed by AA WSA . The pic/omctcrs insta ll ed 

with their tips located in the tunnel zone. Si ngle pic/olllclcrs \\c re put in each 

of the boreholes drill ed except ill borehole I, where two picL.ol11clCrs \,cre 

insta lled at di fferen t levels . 

The tota l length of 2935.96 111 dia . 3/4 ., PVC pico/Ol11clcrcs pipe was 

insta lled in all the boreholes drilled. No major problem has been encountered 

during installation o f piezometers except loosi ng pipes. 180 III long 111 

boreholes 5 and 9. The number of piezometers and their locat ions arc shown III 

table 3-4. 

3.5. LABORATORY TESTS 

In addit ion to fie ld identification or visual inspect ion, different 

laboratory lests have been conductcd. In ordcr to know mcasured strcngth by 

uniax ia l compress ivc lest, poi nt load index leSIS were conducted for trachytes. 

basa lts and luffs. Due to their wcak nature, moistu re conlent, vo lulllc, wc igh t 

and density, slake durabil ity tcst was conducted only for lu ff to know the 

durabi lity. 

G roundwater samples, were taken from eight tunnel axis boreholes and 

tested in AA WSA laboratory. The laboratory result of somc boreholcs is given 

in Appendix -8. 

Mineralogical analys is for somc rock samplcs is al so performcd. Somc 

rocks thought to be rhyolitic lava nows were mapped late as Irachytic lava 

nows. 
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Table 3-1 Peiziometric Installation( AAW ~ A' 

NO [JORE-HOLE ANGLE (0) FIEZOMETER ZONE 
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3.5. 1. Point Load Strength Test 

Poi nt load lest is a simple field and labormory testing method for rap id 

classi !ical ion of strength of rocks. 

Sample of irregular SiLC or borehole cores arc placed be tween the two 

cOlles in such a way that the load is applied in the di rec tion of Ihe sma llest 

diamete r. Wi th a hydraulic hand pump oil , pressure is given 10 the piston 10 

whi ch the lower cone is mounted. 

Fai lure load can be calculated frolll the maxi mulll oil pressure recorded 

on the o il pressure gauge. Art er correction of the fill er load for shape fac tors 

and size of the irregular sample, the point load strength index is c~llcul atcd. The 

point load strength has an "index" value. The lest result data can be lI sed to 

class ify rocks into different strength categori es. But the data can not be 

correla ted direct ly with uniaxia l compress ive strength data as obtai ned from 

care full y prepared cylindrical samplcs in labo rutory testing. The point load tcst 

rcsult o f somc boreholes is given in table 3-5. 

3.5.2 Slake Durability Test 

Slaek durability test is a test where the durability and/or resistance to 

erosion o f a rock mass is measurcd. It is used to estimate the resistance to 

wetting and drying of a rock sample. particula rl y for weak rocks which exhibi t 

a certain dcgree of alteration. 
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Table 3-5 point load T~st Results for Enloto Tunnel 

" 

sample Strength designation 
Uniaxial Strength based 

No. Rock type Depth O(mm) Is Compressive on 
no . based on point load 

Slrenolh(MP \ compressive 
1 en95-7 trach e 226.66 61 .2 4.3 very hioh 106.253 R5- very strano 

Irach e 226.99 61.2 4 .4 very hiah 108.724 RS- very strana 
trach e 232.54 61 4 ve-rv-hloh 98 .7 R4-strono rock 
tractwte 232.83 61 2.8 hi h 69.09 R4-slron rock 
Irach Ie 236.56 61 1.3 hiQh 32.0775 R3-medium sir 
Irach Ie 236.8 61 3 hiah 74.025 R3-med ium sir 
Irach e 263.04 63.5 6 very hioh 150.675 R5- very strano 
Irach e 235.09 63 .5 7 very hioh 175.7875 R5- very siron 

2 e 095-13 basalt 40.8-41 .1 56 .8 7 .5 verv-hl(]t, 179.55 RS- verY si ron 
basalt 63.43-63.84 63.5 6.8 vervhiOh 170.765 RS- very siron 

Vitrie tuff 6 1.72 63.5 6 vervtliOh 150.675 RS- very strona 
Vitrie luff 61 .95 63 .5 7 verv-hiOh 175.7875 R5- very strano 

3 en95-2 trachYte 31.85 60.9 3 hioh 73.9725 R4-strana rack 
tracFiVte 32.29 60.9 3.8 hiah 93.6985 R4-strona rock 

,. 
traclwle 41.9 63 .2 3 hiah 75.18 R4-strono rock 
trachVte 42.15 63 .2 2.8 hklh 70.168 R4-slrono rock 

Note: 0(111111)- Small est diametcr ur th e sample in millimcter 

Is = point load strength indc .... in MPa 
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In the slake durability lest fragments afC placed in a sic\c drum ,"lIch 

rolales half immersed in a tank of \\ atef. 'I he \\eight loss is measured aftcr each 

cycle of wcning. drying and erosion. The test is suitable on ly for \\cak 

WCalhcrcd rocks. there generally being too litt le efTec t on hard fresh rock. incc 

ullwcldcd tu ffs rocks arc genera lly weak. slake durabi lity test \\3S conducted 11 

such type of rocks. 

T abl e 3-6: Slack durll oil ily ICS I rcs \lll ~. 

Borehole Depth Rock Type Strength (Mpa) Remark 

BH.2 11 3.00 Turr (tinc) 7.03 R1 (\\ cal..) 

11 3.20 TulT(fine) 6.83 R2 (\\ cak) 

BH 4 141.60 Tu fT (coarse grained) 3.33 R I (Very \\ cak) 

141.90 TufT (coarse grained) 
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4.GEOLOGY 

4. 1 Stratigraphy 

4. 1.1 Regional Stratigraphy 

T he studied area li es in the Shoa pla teau, which is formed of Tcniary 

volcanic rocks belonging to the ITap seri es. It is located ill the wes te rn margin 

of the Ethiopian Rift and consists of different volcanic rocks thai range from 

basic to acidic composition (fi g. 4- 1). The geo logy of Addis Ababa and ils 

surround ings had been studied by several researchers both locally and at the 

regional scale. 

T he sequence o f the rock un its described by Hai le Sclassic G irmay and 

Gelanch Asscfa ( \989) reveals the Miocene-Pleistocene volcanic sliccession 

ranging from older plateau volcanic to younger Rift volcanics. The Alaj i 

Basalts arc exposed at the crest of Entoto hills unci across the Sul ulta plai ns. 

They form high topography (rirlges) and are the oldest rocks belonging to Alaji 

cycle (Zenetti n et aI. , 1974). These basalts show variations in tcx ture from 

porphyritic to aphyri ti c. The age limi t of these basalt is with in thc range of 20-

28 Ma (MOl1on et aI. , 1979), and thi s forms part of the Ethiopian nood basa lt o f 

TCl1 iary . 

In the northem part, the Enloto mountain chains arc composed of 

rhyol ite and trachyte wi th minor amount of obsidian rich luITs. which are ca lled 

the Entoto Silic ies. They arc assoeialCd with Alaj i formation and rest on oldcr 

basalt . The rhyolites are porphyri tic wilh phcnocryts of quartz . sanad ine and 

andes ine-ol igoclase and a groundm3ss of dev itrified glass. iron ox ide, 

plagioclase and quartz whereas the trachytes arc composed of phenocrysts of 

anorthoclase, sanadine, oligoclase and l11a gnit ile and a groundmass of 

dcvirtifi cd glass and plagioclase (Haile sc lass ic 
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Ginnay and Getaneh Assef'a. 1989). The Ige raDge of these rock units i. 21.5-

22.6.MA. 
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f igure 4.1 Cross _tion showinS regional sratigraghy (after 1ustin-Visentin et 

.... 1979). 

The available evidence for Early Miocene silicic volcanism in the Addis 

Ababa region suggests an isolated centre at EnlolD. with eruption thinning both 

Rift ward and Plateau ward, this centre was laler stronSly upflulted as a NE-SW 

trending horst at the margin of the developing ri ft (Morton et aI .• 1979) The Alaji 

Aphanitic baaalt oulA:ropping in the northeastern part near Entoto Kidanemheret 

church and the trachyte are ,eparated by paleosol indicating time gap. 
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Volcanic centers slich as W I h . . . < ac laC a III south wes tern . Fun III southern 

and Verer in southeastern part of Addis Ababa arc mainl y trachyt;c in 

composition. (Kebede Tschayu and Tadessc Haile Mariam, 1990). The 

Volcanic activity giving these Inlchytic hills is related 10 the Ethiopian Rift and 

they are the last stage of volcanism. 

The Addis Ababa basalt olltcrops at the N and NW 1" "1 or Addis Ababa 

extending frol11 the sOllthern Oanks of Enloto ridge to Fil woha area. This basa lt 

overlies the Entota silicics and is overlapped in turn, by young ignimbrites. BUI 

it is overla in by welded tuffs to the soulh of the Fil wolm region. These subuni ts 

arc porphyritic in texture. The age of this alkali·oli vinc basa l! un it ranges from 

6.4 to 7.3Ma (Zanetin and Justin-vcscntin , 1974). 

The mode of eruption and the source of thc Addis Ababa basalt arc not 

knowll. It erupted after a long period of eruption of the A laji formation (Kebede 

Tsehayu and Tadesse Hai le Mariam, 1990). There is ignimbri tc which is 

overlain Llll conformcably by the Addis Ababa basalt outcropping nonh of Bole 

and around Lideta. 

The lower welded tuff is exposed mainly in the central and sOllthwestern 

part of Addis Ababa. It is strongly we lded, composed of glass with abundant 

fi ammc. The age of this unit is 5·5.4 Ma (Monon et 1.1 1. , 1979). Th is age 

corresponds to the Wachacha volcan ism dated 10 be 4.5 Ma (Miller and Mohr, 

\996). According to Haile Sclassic Girmay and GClanch Assefa ( 1989). il may 

have thus be enderivcd from Ihis volcano. 

Aphanitic basalt is exposed mainly around the Bolc In te rnational Ai ll>ort 

and in the upper rcachcs of Akaki rivcr valley. It is vesicular in tex ture and the 

ves icles 
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are filled by calcite. The K·Ar age determinat ion o f 1\llonoll ct a l ( 1979). in the 

tributary of Akaki river at the sou thwcSlcm pan of Addis Ababa indicates that 

the basalt is 3.6 Ma. This age corresponds to the Vercr volcanism. 3.5 Ma 

(Morlon and Rex, 1975) which is assumed to be the source f th is basal t 

The youngest of a ll vo lcanic rocks outcropping in the Addis Ababa 

reg ion is the upper welded luff. It covers the south Hnd southwestern part of 

Addis Ababa and extends to the Akak i town (1 5 km to Ihe southwest of Addis 

Ababa) . The age of this rock unit determined by Morton ( 1974) is 3.2 Ma. It is 

overlain by olivine (Bofa) basalt at Akak i rive r ncar Aka ki town (2.8 Ma). 
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Figure 4-2 Geological map of central Ethiopia ( ~ Jl •• " - ' ) .,-. ""~m,,,, , IllL 

o 40 Km 
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4 .1.2. GEOLOGY OF THE TUNNEL CORRIDOR 

4.1 .2.1. Description of lithologic unit s of the studied area 

The study area constitutes the northern pa rt of Addis Ababa on the EnlolO ridge. 

and covers an area of about 10 km 2, The Emoto ridge is composed of rh yolite. trachyte 

and tuff, which are ca lled the Ell toto Sili cics of the Addis Ababa area Iha l arc asssociatcd 

with A lag i fo rmation (Zencttin , et al. , 1974). The age of these Alaj i rhyo lite. trachyte and 

basa lt is 2 1. 5 Ma. They rest on older basalt . Volcanism initiat ing the A laji cycle occurred 

in Late Oligocene · Early Miocene limes. 

The Enlotc ri dge is located along the normal fault of the E - W trending Ambo -

Kessam lineament (Moore and Davidson, 1978). It dominan tly consists of trachyti c lava 

nows at central part and basaltic lava fl ows as minor outcrops in northwest and southeast. 

The basaltic lava fl ow overlies the tr;]ehytie lava fl ows. Both welded and ullwcldcd tu ffs 

arc rare as outcrop on the surface but frequcntly observed a long the road cuts and on 

borehole logs underl ying and ove rl ying the trachyti c flow. There are a lso quaternary 

sediments wh ich incJ ud residual, co ll uvial and alluvial deposi tcs in various parts. Pa leosol 

is fou nd ncar the the northen porta l of the tunnel. 

A. Tuff 

Both welded and unwclded lUffs arc not widely outc ropping on the surfHce li ke 

trachyti c lava flows due to removal by erosion. But they are onl y fou nd as patches in the 

Ilonh centra l part and a long the road cuts. Below the surface. there is a signifi cant amount 

o ftuffa1tcrnating with traehytic lava flowS. As seen on the core dillings. in the subsurface 

it cove rs even in a la rger extent compared with the traehyti c fl ow. 

T he re arc both thick uJlwclded tufT mai nly in the upper part and a thin welded zone 

at the base of the subsurface of the slLldy area . The layering between the soft un we lded 
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turfs and hard welded lu ffs is gradat ional and non uniform for \\ hieh they arc mapped 

together. T he welded tuff has obs idian which appear as WCU\ y lenses and or complete 

laye rs of dark g lass. This we lded tuff with rock fragments and glasses (obsid ian) is 

stronger than the fin e 1I1lwclded luff. The fin e lU ff with ash sile material is generally 

weaker. Lapilli tuff contains ve ry large rock fragments reaching lIpl O 50 111111 of trachyte 

and olher acidic rocks. The rock fragmell ts arc sub- rounded to sub angular in shape. 

Tuff is the least resistant type of rock 10 wea thering in the study area. WCHlhcring of 

tuff grades frol11 slightly weathered to highly weathered. Due to its weak nature, it is 

susceptible to weatheri ng and erosion. It disintcgralcs when it comes in to contact with 

water. In highly weathered state it is friable. That is why it is nOI seen outcropping 011 Ihe 

surface. But lapilli tuff with rock fragments is seen on the road cuts in the studied area, 

which is not in a mappable scale. Therefore, for the weathe ri ng of tuff in the area, tex ture. 

stlllcture and topography play importan t rolc. 

Generally, joint spacing ranges frolll 2 mm to 3 Ill . In 1110st cases in tuff joint 

spac ing is wider than in hard rocks li ke lraehytic and basalic lava nows. From point load 

test results, the strength of the unwclded Illfffvarics from cxtremcly weak 10 wcak .. Fi ll e 

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

strength scale and highly jointed. 

B. Trachvtic lava now • 

The trachyte in the EntolO ridgc is the result of lav3 now along east \\cst trcnding 

Ambo . Kcssalll regional fault enlpted du ring the lo\\ er Miocene (Moore and Davidson. 

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

h . J1 r tile tUllllei corri (io r. In the subsurface it is found 
of the tunnel it covers t e entIre pa 0 , 
alternating mainly with un welded luff. 
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When the rrachytic lava now is fresh it is gray and white gray color but when 

weathered it may have light brown, greenish brown, ye llo\\ ish green. pink and reddish 

brown colors . Texturally. it is very fine to fine grained. Fine grained trachyte hl\a has no 

visible phenocrysts, while pOll'hyri lic trachyte has plagioclase feldspars the common 

phenocrysts and some dark mafic mineral s. Only in some places, vesicular trachyte has 

been no ted. 

Weathering is intense on the surface and up to few meters below the surface. In 

gentle topography where soil is developed wCHl hcring goes deep. In some places red soil. 

which is the weathering result of trachyte, lip to six meters in thickness was noted. 

Genera lly, weatheri ng decreases with depth but in somc borcholcs wca the ring is notcd at 

dcpth. This is due to high fracturing and joint ing of rocks and due to thc in nucl1 cc of 

ground water. In sharp cliffs, on the top of the ridgc and nlong streams relatively frcsh 

outcrops are observed. 

The trachyte has variable joint spacing ranging from 2 mill to 2.5 111 . J-I owc\cr, 

except at the fau lt zones where it is excptiona lly high, the opening of thcse joints rungc, 

from I 111m to 15 CIll. Along the joi nts reddish browll stai ning is observed. In some placcs 

i, shows now banding. The fl ow bands arc closely spaced and tight. Sometimes they give 

sheeting appearance to the rock. The orientat ion of these band ing is mainly parallel to the 

direction o f primary structures. 

The !"rachytic lava now has less density and strcngth than the basalts in the arca .. 

and hence it is less resistant to weathering than the basalt . , 

In some literature the area was said to be covered with rhyolite ( Mohr. 1971: 

Monon et al.. 1979). But what was confirm cd with thin section nnalysis was quict 

different. The result shows that the rock is trachytc. In addi tion, some of the rocks thought 

to be t rachy ~ basa lt arc identified as trachytes froll1 lh in section results. 
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C. Basalt ic lava flows 

The basaltic lava flows which cover the EllIolO ridge as patches arc considered as 

Tannabcr basalts (Morton, ct al. 1979). The geology suggests that wi thin immense flows 

of trachyte and tuff there arc some centers of basa lt flows covering different areas at 

different times. It was difficult to know the source area of the basalt in the northern part. 

but in sOllth east the small hi ll at the north eastern lip of the basa lt outcrop appears to be 

the source for basa lt fl ow in that area. It oUlcrops in the north eas tern and sout h eastern 

corners of the area, at fOOl hills of EnlOiO ridge overl ying the trachyte. In addit ion 10 

outcrops on the surface basalts arc encountered at boreholes 4, 5. 6, 7, 8. 9, and 19. The 

thickness of these basalts range from 2 to 20 m. 

These basa lts are aphantic and I or porphyri ti c in teX !lJre. In most places they arc 

found in slightly to modcrately wcathered state. The basalt has higher resistance to 

wcathering than other rock types. Among thc basa lts the aphan it ic basalt has higher 

resistance to weathering than porphyriti c ones. Highl y jointed rind scoraccolls basrlits arc 

more susceptib le to weathering. 

The basa lt is affccted by two well defi ned and olher ra ndom sets of joints. At SOl11e 

places join t spacing ranges fro l11 10 CI11 to 2 Ill . The opcning of these joints range from 2 

mm to 8 cm. These joinls arc gently di pping to sub-hori/ontal. In fresh and slight ly 

weathered condition the basa lt is strong to very strong. 11 has very high mass strength . But 

highly joi nted (fractured), weathered and scoraeeous basalts posses low strcngth. 

From thin seclion analys is the minera logical rl sse rnblage of the basalt is: 

plagioclase, andes ine (55 %), oli vine (25 %), clinopyroxene (15 .4 %). opaquc minerals 

(5. 1%). 
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D. Q uaternary Sediments 

Undifferenciated Quaterna ry sediments which include residua l, collu via l and 

all uvial deposits occur in va rious pans of the area. The residual deposits occur bOlh in 

mappable scale and as patchs in Illost pans of the slUdy area. The coll ll\ ial deposits arc 

li mi ted to the fOOl of northern and sOll thern hi lls. But the alluvial deposit which is panly 

arrected by landslide OCC llrs in the southeastern and nOl1hcrn part of the area probably 

covering the basalt ncar small streams. The alluvial sediment found along the seasonal 

Weserbi stream (ncar the northern portal) has a thickness ranging frolll 0.2 III to 13.5 Ill . 

From core drilling S0111e paleosols are also obscn cd intercalating between 

unconsolidated rocks. The pa lcosol presellt Ilear the northern portal. which has a thickcss 

of about 13 111 is mapped in the cross scction.( 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 vertic:ll and inclined dri lling 

was conducted. The inclined boreholes targeted faults and other geological 

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

ranges from 20 m to 290 m. In each borehole, a zone of 30 III (i.e. with 20 111 

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

using triple tube arrangement. Permeabi lity tests and core oriemat'ions were 

conducted in most boreholes. 

Sixteen boreholes along the tunnel ax is or adjacent to the axis arc taken 

for drawing the tunnel zone geological cross-sections. The defi ned tunnel zone 

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

4800 m. Invert elevation is 2635 m.a.sJ 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 runnel line. For example, borehole 27 does not reach 

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

tunnel section. From the boreholes selected for analysis borehole 2 and II 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 rep resent the southern part. 

The geological infonnation above and below (he invert line is very 

important for engineering des ign. Hence, a brief description of selected 

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

description goes from northern part of the runne l axis to the south. 
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The strength of the rocks ~in the boreholes is described intenns of 

International Society of Rock Mechanics (lSRM) classification system: (see 

Appendix c). 

BH-19 

In borehole 19, the lithology is trachyte, the rock is moderate ly weathered and 

the sn"en!;th vari es from R2-R3 (weak to medium strong). The joints arc close 

and in addition. there are also broken corcs. It s surface elivation starts from 

2655m.a.s.l. 

Depth in meters 

helow the surf:tce 

0 - 11 .00 

12.00 - 3 1.00 

Rock 

o"achyte • 

trachyte • 

Description 

gray to dark gray, hi ghly to 

Illoderaleiy weathered, weak to 

medium strong (R2 - R3), fine 

grained, poor RQD . 

gray to dark gray, moderately 

weathered. medium strong (RJ), 

porphyriti c with plagioc lase 

phenocl)'sts, good RQD. 

. .. RII RI R2 R] anti R-' wC:lk rocks wllh Sl rClll!lh range of 5 10 25 Mpa :Ire 
Rock strengt h IS g l\'CIi :15 ' ' . • ... 5" . ' " I d · IU ' =5 · HlMp<l, R2- 1O·15 Mp:1 :'II1d R2 -1 .. · 2 lVP<', 

Imllicr ~nbdl\' I ( C nl1 0 
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~H-20 

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

modera te ly weathered, the strength is weak (R2--R2). close to moderate ly close 

jo inting. At e levation of 2626 m.a.s. 1. and be low fin e tuff is encountered which 

is weak and with moderately close jointing. Its collar e levation is 2667 m.a.s.l. 

Depth in meters 

below the surface 

0 - -1 50 

4.50 - 10.00 

10.00 - 12.55 

12.55 - 18 .75 

19.55 - 4 U O 

trachyte 

trachyte 

clay (altered tuff) 

trachyte 

tr achyte 

. t 3 ' 

Descr iption 

• grayish brown, high ly 

weathered. very weak (R I), finc-, 
gra ined. poor RQD. 

• gray : moderate ly we:lthercd 

weak (R2), close jointing. fi nc-

grained, poor RQD. 

• reddish brown, very weak (R I), 

fine grai ned, poor RQD. 

• light gray, fin e grai ned. 

moderately weathered, weak 

(R2), poor RQD . 

• grayish to pinki sh. fi ne grained. 

moderate ly weathered, weak, 

close jointing, good RQD . 
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'4 1.30 - 46.45 ruff • light gray, greeni sh, slightly 

weathered weak (R2) fine to 

medium grained, good RQD. 

, 
• 

46.45 - 47.05 trachyte • greenish, slightly weathered, 

weak (R2 +), moderately close 

joi ntin g. fi ne-grained. good 

RQD. 

BH-22 

The collar elevation is 271 3 l11 .a.5.1. II mainly consists of trachyte up to the 

de pth of 2622mts. that is about 9 1mls from the SUlface. From a depth of 

73.20 to 90.73 m15 it is predominantly vesicular trachyte with yellowish gra y, 

yellowish hrown. and light gray colors. The weathering grades from fresh 

stained to moderately wemhered, and the strength varies from very weak to 

med iulll strong (RI-R3), There arc also broken cores at some depths below the 

surface. The followi ng weak tll<1terials afC encountered. 

Hcr' h in meters 

below t he surface 

0 00 - 6.00 

6. 00 - 37.45 

Rock 

colluvial soi l 

o-achyte 

44 

Description 

• reddish brown_ 

• ye llowish gray, highly 

weathered. weak (R2), close 

jointing, fi ne to medium grained, 

velY poor RQD. 

, 
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;17.45 - 63.00 
• 

Trachyte 

63.00 - 88.50 trachyte 

~.50-~8.iO n"achyte 

SS.70-88 90 clay 

88. <)0 -89 I () mff 

90. 10-90.35 miT 

90.75-90.94 mfr 

90.94 and helow lapill i mff 

40 

• light brown, slightl y to 

moderately weathered, medium 

strength (RJ), close jointing. 

fine to medium, very poor RQD. 

• yellowish gray, strained, 

moderately weathered, medium 

strength (R3), fi ne to medium 

grained, poor RQD. 

• high ly weathered, extremely 

weak (Ro). VelY good RQD. 
, 

• gray color, highly weathered, 

VCIY weakeR I), fi ne to medium 

gr:lined, close jalln ing, poor 

RQD. 

• hi~hly weathered, very weak 

(Rl ), close jointing, silicified 

trachyte. broken core. 

• moderately to highly weathered 

sil icified trachyte, the strength is 

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

• greenish·gray, moderately 

weathered, weak(R2\ poor 

RQD. 



-
IlH-2 

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

Dept h in meters 

below the surface 

0.00 - 2')0 

2.90 - 64.00 

64.00 - 72.60 

72.60 - 99.00 

99.00 - 130.05 

130.05-1 34.50 

134.50-1.3 6.00 

scoraccous basalt 

n"achyte 

welded tuff 

trachyte 

I.pilli tuff, 

welded " ,ff 

indurated clay 

welded tuff 

Description 

• slightly weathered. strong to 

very strong (R4 - RS). 

• gray, moderately weathered, 

medium strength (RJ), poor 

RQD. , 

• greenish gray. moderately 

weathered. weak strength (RZ), 

open jointing, poor RQD. 

• moderately weathered. medium 

stw,gth (R3). good RQD. 

• modera tely to highly weathered, 

weak to medium strength 

(R2' - Rn , good RQD. 

• when exposed to sun light 

shrinkage cracks is developed 

and it is semi plastic materiaL 

• dark pinkish , slightly weathered 

moderate ly strong (RJ), flOe to 

medium grained. 
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136.00·1 36.43 tuff 

136.43· 137.2 1 welded tll ff 

137.2 1·14095 tuff 

140. 15·144 .05 welded lu ff 

14405·16000 luff 

47 

• grayish to light green, fresh to 

slightly weathered, weak (R2"), 

with close jointing. 

• grayish color, fresh to slightly 

weathered, wcak(IU) 

• gray to dark gray, moderat.ely 

weathered weak (IU ·). some 

rock fra gments and phcnocl)'sts 

arc observed. 

• light gray, greeni sh gray and 

pinkish color, sli ghtly \0 

moderate ly strong and fin c~ 

Ijrai ncd lUff. 

dark brown, greenish and 

greenish gray, slightly to 

moderately weathered, VCIY 

weak 10 weak ( R I· R2), close 

j ointing and fine grained, poor 

RQD. 
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BH-25 

The elevation of the top of the borehole is 2807 m.a.s.1. 

Dept 11 in meters 

below the surface 

0.00 - 5.00 

5.00 - 8.40 

8.40 -1 8. 15 

18. 15-42. 15 

42. 15 - 48. 15 

43. 15 - 53. 10 

53. 10 - 59 .25' 

pilty clay 

trachyte 

trachyte 

vitric tuff 

trachyte 

lapilli tuff 

trachyte 

Descr ipti on 

• reddish brown. 

• highly weathered, weak (IU) 

• yellowish gray, slightly 

weathered, strong (R4), fine· 

grained, good RQD. 

• yellowi sh gray to dark grayish, 

slightl y weathered, weak to 

medium strong (R2" - R3') with 

grass shi'mls, poor RQD. 

• dull gray, slightly weathered, 

weak to Sl rong (R2' - R4), good 

RQD. 

• yel lowish gray, moderately 

weathered to weak (R2.). good 

RQD. 

• yell owish gray; moderatel y 

weathered, weak to medium 

SI1'ong (R2' - R3). 



------

59.25 - 69. 25 lopi ll i tuff 

69.25 - 72.25 trachyte 

72.25 - 93 .30 lapilli tu ff and 

fine tuff; 

, .1 9:1.:10 - 99.10 trachytc 

• 

99.30 - 135.25 Japilli luff 

135.25 - 152.00 trachyte 

152.00-173.00 trachyte 

173.00-175. 18 Japill i tuff 
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• grceni sh gray, moderately 

weathered, weak (R2'), good 

RQD. 

• dark gray, fresh 10 slrai ned, 

strong (R4). 

• greenish gray. moderately 

weathered, weak 10 medium 

strong (R2' - R3), good RQD. 

• gray, fresh 10 strained; strong 

(R4), finc-grai ned, VC IY good 

RQD. 

• green ish, modcnucly weathered, 

weak to medium strong (IU ' -

R3), contains angular rock 

fragments, poor RQD. 

• fresh 10 strained Slrong, fin e­

grained. 

• gray, fresh strong (R4 ), close 

jointing and fine grained, good 

RQD. 

• grayish green, modcrately 

weathered, weak to mediulll 

strong (R2 - R3), widely-spaced 

JOints. 



• 
• 

175 . 1 R- 17S.GO fine tu ff (ash) 

176.00-179.26 consolidated finc • moderately weathered, weak to 

tuff medium strong (R2 ' R3), 

shows lamination and wide 

joi nting. 

179. 80-182.00 Japi lli luff • dark grayish; modera tely 

weathered medium su·ong (R3) 

wi th angular rock fragments, 

widely spaced joints . 

BH-ll 

8 11-11 was drilled to know about a fau lt running E-W, which was interpreted, 

fro m aer i<l l photos. The borehole confirmed the presence of a fault by 

excepti onal ly high broken cores, almost in all of its length. Loss of circulating 

wa ler is common. The collar elevation of the borehole is 2675111 .<1 .5.1. 

Depth in meters 

helow t he s urf"lcc 

0.00 - 0.08 

0.08 - ]J .6 

11JJ - 2G.10 

residual clay 

hasalt 

rcs idll<ll clay 

DC!luinli uli 

• brown. 

• gray to dark gray, highly to 

slightly weathered, medi uJIl 

st rong(R3). 

so 
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26.3 0 - }o.oo tuff 

30.00 - SO.}S trachyte 

I" I 
50.15-51 .35 

• 

5:1.:15-53 .70 complete loss 

Ir<l chyte 

51 

• sliglll ly to moderately 

wea thered, weak to medi ulll 

Slomg (Rl- -RJ). 

• light green-gray. fresh stained to 

slightly weathered. At 13 places 

there arc broken cores, strength 

ranges from weak to med ium 

sirong, close jointing, RQD IS 

poor. 

• light pink-grayish pink, highly 

weathered, weak, close joint s, 

VC IY Jloor RQD. 

• greenish-yellow to light gmy, 

slightly to moderately 

weathered, weak (R2), close 

joint ing and broken corcs 

observcd, poor RQD. 
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BH-17 

Collar elevation is 2644m.a.s. 1. only trachyte is encountered. 

Dept h in mete rs 

helow th e surface 

0.00 - 2.50 

2.50 - 10.00 

10.00- 12.95 

12.95-1 (, .00 

1 (,.00- 1 x .OO 

residual soil 

haSilll 

trachyte 

tmchytc 

ITll Chytc 

Descrip ti on 

• sligluly weathered, sirong to 

very Sirong (R3 - R4), good 

RQD. 

• highly broken core, reddish 

orOWII , moderately weathered, 

very weak to weakeR l-R2), 

close jointing, poor RQD 

• greenish gray, slighl ly 10 highl y 

weathered, very weak to 

medium strong (R l-R3), frolll 

13.48- 14. 10 broken core, core 

loss exists. 

• pinkish gray, sliglllly 10 

, 52. -

lIlodcmlcly weathered, weak 

(R2·). contains broken core and 

CO IC loss, poor RQD. 
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I ROO-25 82 trachyte 

25 .R2-J 100 

J 1.00 - tr<l chyle 

BH- 16 

• gray slightly to moderately 

weathered, weak to medium 

strong, medium grained, closely 

jointed, good to ve lY good RQD. 

• greenish gray, slightly to 

moderately wea thered, mediu lll 

strong (R3) fin e to medilllll 

grained. It is closly jointed. 

• gra y, modera tely wcathered(R3), 

fine-grained, close jointed, good 

RQD. 

The elevation of the top of the borehole is 2642 lIl .a.s.\. The borehole didn' t 

penetrat e the proposed tunnel line. 

Dept h in meters 

helow the surf:lcc 

0.00 - 0.90 residu<l1 soil 

0.90 - 10.00 trachyte 

10.00- 1 I.R 5 trachyte 

- 53 · 

Descrin ti on 

• reddish. 

• pinkish, gray, highly weathered, 

poor RQD 

• gray, moderately to highl y 

weathered, ex tremely weak 10 

weak (RO-R2), close JO llltlllg. 

Thel e IS broken core from 

1082- 11 08, RQD is poor. 
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11 .85- 1:1.45 trachyte 

1:1.45- 16.4 5 trachyte 

,- . 
I' " 

IO.45 · l t) ,45 lJ'fl chYle 

19.45-22 .45 Irachytc 

22.4 5-25 .00 trachyte 

b 

• greenish gray, sli ghtly 

weathered, medium strong close 

J OIllI S. Very good RQD 

• greenish gray. sli ghlly 10 

moderately weathered, VCIY 

weak, mediulll sirong. cOillain5 

broken corc at depths of 13.90-

14.11 , 11 5.68- 15.90. 20% core 

loss. 13.45- 13.95. RQD IS 

good . 

• grecllish gra y, slighlly 10 

moderately weathered, weak 10 

IIlCdiullI slrong (IU -IU). Close 

joining, \lelY good RQ D. 

• greenish gray, slightly to 

moderate ly weathered, weak 10 

medium strong, close join ting, 

broken core at 19.69- 19.80 and 

2 1.66-22.40. RQD is poor 

• greenish gray, modera tely 

weathered, weak(R2) broken 

cores al depths of 22.4 5~22 . 93 

and 23 .25-23 .30 47% good core 

loss, ROD is VCIY poor. 
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BH-18 

" --­--

Th e top of the borehole has an elevat ion of 2637m.a.s. 1. Unlike the other 

borehole consists of thick so il with th ickness of 5. IOmls. Significant depth for 

tunnel zone is 10-20mls, below the surface. 

Dept h ill meters 

helow th e !' tlrf<1ce 

0.00 - 9 .5 

9 )- 12 05 

12. 05 -1) .80 

IJ .RO- 1X.30 

residufll soil 

trachyte 

trachyte 

trachyte 

Descrip ti on 

• reddish brown, ye llowi sh brown, 

highly weathered, extremely 

weak 10 velY weak (RO-R I), 

broken corcs and poor RQD. 

• reddish-brown, moderately 

weathered, close jointing. 

26%corc loss RQD is poor 

contains broken corcs at 12.4-

12.5 and 13.15-1 3.30 

• reddish brown, moderate ly 

weathered, weak(R2'), close 

joirlling. cOllwins broken core at 

15.57- 15.64 and 17.79- 15,eole 

loss 7- 10%, RQD is poor. 
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18.30- 19.3:1 trachyte 

19 .3J -20.00 trachyte 

• reddish brown, modera tely 

weathered, wcak(R2 °), close 

joint ing. RQD is very poor, 

broken corc at depths of 18.53-

18.72 

• reddish brown, weathe red, 

moderately close jointing, 

conta ins broken core 19.33-

19.60& 19.79- 19.90. Ve,y poor 

RQD . 

Generally, the tunnel zone consists of volcan ic rocks, slich as trachylic 

lava frow and various types of tuffs ( Jl1aiI11y~rvc lded) differing in g rain size, 

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

passes mainly through unwclded tuff as compared to !rachytic lava fl ows (sec 

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 fine lUffs and lapilli tuffs respecti vely 

at the bottom part a little below the tunnel invert. In the cent ral pal1, the turf 

ex lends ITom 700-3800 about 3100 m and in the southem part from 3800-4 00, 

which is 1000 m oftrachyticJava flow. 

T here are two fau lts ncar northem pOl1al at 1000 at borehole 2 and at the 

south central part 3900 at borehole II. All the portal holes lie in lrachyticlava 

flow. But the trachyte at the southern portal shows deep weatheri ng. It has 

also lower RQD value than the northern and the central pan trachyti c lava flow . 
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The sourthem half of the tunnel has short slop length and sharply 

decreases in altitude towards Addis Ababa. The trachyte fl ow is thicke r in thi s 

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

towards borehole II. The upper part of this area consists predominantly of 
U'n 1J"'4td 

trachyte and some Awelded tu ff. The bottom pari is maily .tu ff (f1 g.4-3). There 

are fi ve main deposits of tuff with few thin layers interca lated within trachyte 

flow. The main tuff layers arc dipping towards north following the topography. 

The tuff layer at the bottom has the largest ex tent than the others. The tunnel in 

the central part main ly passes through this luff un its. 
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4.2 . ST RUCT URES 

4.2.1 Regio nal Structures 

Structural studies of centra l Ethiopia, where the Addis Ababa area is 

localed, have been carri ed out by some researchers lIsing satell ite images. 

topographic map and aerial photo inleq)relalions, and stat isticHI analysis (Mohr. 

P., 1971 , Tsegaye Abebe, e. ai, 1995, Tsegaye Abebe, 1995). Most or .he de.ee.ed 

lineaments are dominantly related to faults, open fractures, basins and 

morphological depressions, defin ing extensive fracture systcms which cOITespolld 

with the three main Rift system trends of the Hom of Africa: the Red ell (NW­

SE), E.hiopia Rift (NE-SW), and .he Gul ror Aden (E-W) and .he rour.h one is N­

S trending (usually called the Mozambique belt system, comll1only associated with 

.he Pan African basemen. rocks) (Tsegaye Abebe, e. al. 1995), 

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

coi ncide with the main Ethiopian rift fa ults. (Kebcde Tschayu fi nd Tadesse lI aile 

Mariam, 1990), 

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

W trend ing fau lt , in which the Addis Ababa area is the down thrown side. The 

elevation and slope is higher in the Entoto. The Fi lwoha section becomes nearly 

nat up to M ojo, with an incl ination of less than 30°, except for the topographic 

highs related to volcanic center of Wachacha, Yerer, Furi and scoraceolls concs 

d I k ' D b le,'. Akaki 'lrea (Hailc Sclassie Girmay ami GClanch all crator a cs III e re . - < < 

Asse ra, 1989), 
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The E- W trending Entoto r'd . f' . 
I ge IS a lcctcd by ICCIQI11 C events that could be 

related to the Ambo - Kesscm r: 1 . . au t SlnlCl ufC . The I -I:. Ircndlllg Flh\ aha fault 

separates, to the north, the 7 Ma old basalt overla in by \,clded turfs fr III strongly 

by welded trachytic tuffs to the south (Monon CI al.. 1979). 

For Early Mioci nc si licic volcanism in the Addis Ababa region, Morton ct 

a1., (1979) suggest an isolated center at En tolO, wi th eruption thinning both the 

Rift ward and plateau ward: this center was Ialcr strongly upfauhed as 11 NE- \V 

trending ho I'S! a l the margin orlhe developing rin. 

4.2.2 Loca l Structures 

The proposed Entoto tunnel corridor has been affected by fault s and joints. 

Flow bands whi ch are related to lava nows occur in the trachytes. The closely 

spaced, tight fl ow bands which are common ly present in trachytic lava nows are 

defined by vario lls color bands. In strike and dip they dirfc.: r from place 10 plncc. 

4.2.2. 1 Faults 

There arc two major fa ults in the studied arca that nrc recogni/cd from 

ae rial photo intcrpretat ion, geophysic ial surveys and borehole inlcrpretalions (Fig. 

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

corridor, crossing the tunnel axis near borehole 2. The other fault which is also a 

tecton ic contact bctwcen trachylic and basa ltic lava nows crosses the tunnel axis 

and located at the sOllthern part of the studied area ncar borehole II . The E-W 

trending fault is charactcrized by exceptionally high broken cores. ha vi ng the 

lowest RQD value. 
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The faults resulted in displacement of the rocks and lhey are nonnal faults 

related to crustal extension. These faults can be considered inactive, but U1C rocks 

within the fault zones arc strongly fractured and unstable. 

4.2.2.2. Joints 

Jointing can have significant effect 0 11 the permeabi lity, sh?ar strength, 

compressibility and slope stability of rocks and soils (Bosschcr and Connell , 

1988). Spacing, opening and orientation of joints arc of paramount importance for 

the stabili ty of structures in jointed rock masses. The presence, spacing as well as 

the orientation of joints reduces the strength of a rock mass (Bicniawski , J 976). 

For example, a rock material with a high strength bu! intensively jointed will yield 

weak rock mass. Continuity and roughness of joi nts as well as gouge (a materia l 

occuring in joint surfaces ) has effect on the strength of a rock mass. For example, 

tight join ts with rough surface gouge have a high strength. On the other hand, open 

continuous joints will facilitate inflow of groundwater. 

Detailed core orientation and field measurcments of joint ing charactcri sti cs 

are important steps in the development of models that stimulate fracture fl ow and 

directional strength. Therefore, the accurate and unbiased estimation of joint 

parameters is dependent on careful and independent measurement of join ts in the 

fi eld and good analysis of borehole data. 

Characteri zation of joint orientation, joint spacing, joint frequency and 

intensity, and surface characteristi cs of joints are necessary for evaluation of the 

property of the rock mass and its classification for tunnel ing. TIlis characteri za tion 

b . . d also based on dcscri ption and classificat ion. Hence, may c quantItative an 
. . . . f C ce investigation and core orientation have been carried Jomtmg propertlcs 0 sUfia 

out. 
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I. J oint analysis from surface ob ' ser\'3 t lO ll 

To apply a suitable classification in a rock nlccl,."n,'cs .. for llInncling, 

careful field work must pro 'd b ' VI e aSlc data on the characteri sti cs of 

discontinuities Uoints) in rock mass (Bicniawski , 1976: Bosschcr and Connell. 

1988) , 

introduce anisotropy 

permeability and strength, has been detected through independent and rand 111 

Preferred joint orientation, which can 111 

measurements of joint oriental ion combined wilh statisti cal techniques. 

Detection of preferred ori en tation is ofpanicular imp rtunec as it innuenccs the 

rock mass property and can affect slope stability. I-Icncc, the orientation of 

joi nts for the lithologic units was recorded. Aner the dClCclion of preferred 

joint orientation, the data was analysed by computer with the help of Dips 

software (Hoek, et aI. , 1997), 

Jo int spacmg was measured as thc pcrpcndicular distance between 

adjaccnt joints or thc overlapping ends of joints of a singlc sct. Mcasuremcnt 

was done as close to the exposure face as possible to prcvcnt bias of thc 

measurement towards smaller spacing (Wheeler and Dixon. 1980). For an 

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

Condition of joints which includes OpCTllllg or separation of joints 

(distance between joint surfaces), continuity and roughness of joints as we ll as 

gouge material was typica lly asessed. As joints give an indica tion of their 

re lati ve age, identification of their th ickness, and abundance have also been 

notcd in the field. The continuity of joi nts inOuenccs thc ex tent 10 which the 

rock matcrial and the joints separately affcct thc behavior of the rock mass. For 

example, open continuos joints fac ilitatc unres trictcd innow of groundwater. 
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The rocks occurring at II . . . . lC proposed s lIe have been affected by different 

sets of Jomts. The trachytic lava no h' I < \V \V Ie 1 covers almost the entire surface of 

the runnel corridor, is strongly affected by joints. 

The basaltic lava fl ow \ h' I ' I ' V Ie 1 IS aealed 111 the northern and southern 

ends of the study area is less aN' I db ' , , (lice e Y JOllltmg. In these areas, the spacing 

and orien tation of some of the .. . . eX isting JOIllIS was measured and analY/cd 

.Commonly the spacing of )'0' t ' I d III S III t lC Siu y area ranges from 2 mill 10 3 Ill , 

which varies from extremely closed to vcry widely spaced (Table 4· 1). In most 

places. the joints are impregnated with vcry fine grained material \\ ilh the same 

composi tion as the host rock. The joints arc cOllll1lonly steepl y dipping. vary 

from tight to open (Table 4- 1) . In some places they form big cracks ( lat eral 

separation). 

II. Core orientation 

The purpose of analyzing core orientation is to know the attitude f 

Jomts 111 the tunnel zone which is helpful in the stabilit y analysis o f the 

proposed tunnel. Core orientat ion was carried out by sc riber barre l. after 

obtai ning the true dip and dip direction. The data was ana lysed by compute r 

with the he lp of Dips software (Hock, et a1. ,1997). The da ta which was 

obta ined at the site during drilling along the tunnel axis wus transferred fo r 

goniomete r (with reference of borehole inclination and Cl/imuth) reading in 

office and thi s was later ana lyzed by computer with the software. 

Hig hl y broken or shanered rocks and so ft rocks like tufT which rotate in 

the core ba rrel made orientat ion detcminat ion difficult. Due to problems in 

ru nning the part ofsofhvare module. slope stabili ty analys is was not done using 

th is method. For 20 boreholes with core orientalion daw. rose diagram and 

ste reop lotting 
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projection is plotted . This has given an idea abou t a poss ible instab ility 

problem fro l11 different joint systems with given directions and amount o r d ip. 

Rose d iagram shows the strike directions of joints \\ hereas the stereograhic 

proj ection indicates amount of dip and dip direction. 

Rose diagram and stereoploning or joints of se lected boreholes that are 

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

central and southern parts or the tunne l alignmcnt. Thererore, borehole 6, 19 and 

12 represent the northern part, boreholes of ,7,9 and 25 the ccntral part. while 

bore- ho les 12,13, 14,17 and 27 represent the southern par1 . 

Each o f these borehole da ta is interpreted rrom structural point o r view 

as follows: 

A. Northern pa rt 

Boreho le 6: Eighty joint planes arc plotted. The rose diagram show preferred 

orientation in N - S direction and secondary ori entat ion in NE - SW direction. 

The ste reoplotting indicates joint planes arc dipping in the cast di rection . There 

are also joint planes dipp ing towards west at 20°_35° 

Boreho le 19: Contains 22 measured joint planes. The rose diagram sho\\ s N­

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

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

southeas t dippi ng at about 15°. 50°. 
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Borehole 22: Has a mcasurCIl1CIlI f 31 .. o JOII\I planes. The rose diagmm 

displays preferred orientation of NE-S\V d·'· TI . . 1n.;ctIOIl . lC o Lhcr 1111110 r o nes arc In 

E-Wand NW -SE direction The t · 1 . . s crt:op 01l 1l1B shows southeast dipping joints 

at about 450- 800 and others dippi ng north about 300 -500. 

Bore holes 6, 19 and 22 with 133 joints plane numbers arc bei ng plolted 

to represent the northern part. The rose diagram show pre ferred -S 

orientation. The stcreoplotting indicates high concentration of contoured poles 

in the west direction with joint planes gent ly dipping to the cast (sec appendix 

A). 

n. Central part 

Borehole 7: In borehole 7 the numbers of joi nt planes arc 128. 1 hc rose 

diagram d isplays orien tations in ENE· WSW direction and NW-SSE 

directions. The stereoploning shows two cl usters, one dipping to the sOllth at 

shallow angles 20.150 and another dipp ing to the nonh at about 500-750. 

Horchole 9: In borehole 9 there arc 63 joint planes. main direction being in E­

W direction and others in all direct ions or not preferred orienta tion. In the 

stereo-plotting it is scattered all around the circle with conccntral ion dipping in 

south and north directions. 

Borehole 25: Borehole number 25 contains 107 joint planes. The rose 

diagrams show two main prefe lTed orientations NE-SW and (E·W) directions. 

There arc also other joint planes with random orientation . The stercoplotting 

has more joint planesdippillg in southeast direction than other directions. There 

are few j oints dipping at a small ang le in northwest direction . 
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Central part boreholes are 7 9 d ?5 . . . , , all _ and conSIS15 of 29 Jom! poles. In 

the rose diagram there are various directions but major ones arc E· Wand Nl\ W 

- SSE direct ions. The stereoplott ing displays high density of COlllOUfCd poles in 

the centra l part of the circle with about similar dip angles. indicat ing shal1 o\\ 

joint planes but directions are being scattered all over the arca. 

C. So uthern part 

Bo r eho le J 2: In borehole 12 only 20 joi11l planes were measured. Rose 

diagram shows two main preferred orientat ions in N-S and E-SW d ircclions. 

There are other minor di rections scallcrcd randoml y. In slc rcoplolling 

nonhwesl dipping planes have morc concentrations . 

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

in NE-SW and another set shows prererred oricnlHtion in E·W. There is another 

minor orientation in other direction. The slcreoploll ing shows SOll theast and 

northeast dipping joint planes. 

Boreho le 14: Consists of 138 joint plancs. It shows a main prererred 

orientation of N.S and sccondary direction striking rrom 250 to 700. The 

stereoplott ing shows east and west dipping planes at higher angle. 

Boreho le 17: Borehole 17 contains 55 joint plancs. Main direction is N·S 

direct ion and secondary ones in NE-SW direction. The stercoplotting 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 f 74 .. I o JOint panes. In rose diagram 

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

others. East and west steeply dippingjoinls arc more clustered than others. 

The southern part boreholes include 12,13, 14,1 7 and 27. The number of 

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

concentration of poles in the cast and west margins of the circle, wh ich in fers 

steeply dipping joints in cast and west directions (sec appendix A). 

4.2.3. Significance of the structures for propo ed Entoto tll nncl 

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

rock mass. They have either direct OJ' indi rect clTcct 0 11 the design and cost of 

the tunnel. The presence, acti vity, orientat ion, intensity. and freq uency of 

tecton ic discontinuities have a strong innuence on the fi nal development of a 

stabil ity problem as well as on leakage through the rock mass (Brach, \985) 

Thercforc, joints occurring along the proposed ax is of the tunnel , now 

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

all the rocks in the tunnel corridor arc affected by discontinuit ies including 

faults and joints. As men tioned earl icr the presence and general condition of 

such discontinuities have significant effect on the pCTl11cabili ty. shear strcngth , 

compressibi lity, and slope stability of the rock mass wi th respect 10 the 

direc tion of the ax is ofthc tunnel (Cording and Mahar, 1977) 
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The faults in the area arc 'd d conSI cre 10 be inacti ve but the rocks \\ ithin 

the fau lt zone arc strongly fi I I rae urc( and ull stable. Hcnce, whether they afC 

active or inactive, faults general1 . y mean non-lInifonn rock pressures on the 

tunnel. And also a problem increases 'IS tile ' trOk f r i b ( I C a a l au t eCQIllCS m orc 

para llel to the tunnel opening. Problems tend to increase \\ ith increasing of 

width of the fault zone. 

The faults in area cross the tu nnel and assumed to have a sleep dip , 

which may not cause an unfavorab le condi tion during cxcavalioll . Large 

quantity of watcr in a permeable rock mass is being impounded by a fault 70nc 

occupied by impervious gouge and 

penetrates through the fault zone. 

released when Illllncling operation 

According to the joint analysis made from field surveys and frol11 core 

orientat ion, the main strike directions are N·S, E·W and Nl::'SW directions. In 

terms of dipping most joint planes di p in the di rection of SOlltheast, cast ancl 

west. The tunnel ax is has a direction of 345· 165 (NNW· SE) which is almost 

sub-parallel with most joint planes. Joints thaI arc para llel to thc Hl l1 llei axis and 

dip more than 45 will cause instability problems. There arc also joints normal to 

the direction of tunnel ax is, whose di p is less than 15 degrees that causc 

instabi lity. In tunnels where jointed strata dip into the side al 30 or morc. the up 

dip side may be unstab le. 

There is also an increase in intensity of jointing ncar faul! planes \\ hich 

indicated that they are broadly synchronous. This is inlurTl another problem for 

tun neling. In addition, some selS of joints in the northcm part of the area occur 

closely parallel to the longi tudinal ax is of the tunnel and these may create a 

problem. 
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The low angle between the proposed tunnel axis and the gen tly dipp ing 

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

hori zontal closely spaced flow banding (sheeting) in tltc trachyte may also reduce 

the stability of the tunne\. 

The presence of strongly joi"nted rocks at the northern portal and cent ral part 

of the tunnel axis may cause unstable condi tion. The variously oriented joi nts 

resulted in the decrease of the res istance to erosion ,and the tectonic slicing of rock 

gave risc to the easiest way to grav ity movement and deposit ion as colluvium . 

FIG. 4-4 Joint sets in the study area (photograph fac ing to the wcst). 

- 6& . 



The low angle between the proposed tu nnel axis and the gen tly dipping 

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

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

the stability of the tunnel. 

The presence of strongly joi nted rocks at the northern pOl1al and central part 

of the tunnel axis may cause unstable condi tion. The variously orien ted joints 

resulted in the decrease of the res istance to erosion ,and the tectonic slicing of rock 

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 ma ·or ·oint con ·cnl,- ;) ions 
of Entoto tunnel ar a 

Sectio n JOINT OIUENTATION TIGI ITNESS SPACING 
SET (strike) 

SET I N25°E-3SoE 
extremely closely 10 

\\ uJcl y ~paccd 
SEClION A 0-2mm wldel ( 5mm- l .5m) 

vcry closely 10 
SET 2 N45OE-N5SoE medlUlll spaced 

0-5 mm wldcl (20mm - 400mm) 
closely 10 \ cry \\ldcly 

SET J N600W-N751)W sl>:lccd 
(0-20111111 \\ Ide) (SOmm-3 m) 

c:m cl1lcl y clo!>Cly 10 

SETI NJO' E-N40' E medIum spaced 
0-20mm .... Ide) ( IO-600mm) 

SECTION Il very closely to 

SET 2 N60IJE-N80oE (O-IOmm \\ Ide) wIdely "paced 
(.JO-MOmm) 
Clo~cly "paced 

SET 3 N I OOW -N20oW (O-2nun) (70-200mm) 

extremely closed to 

SET I NJO' E-N40' E TlledlUm spaced 

(O-20mm) (30-60 mOl) 

SEC n ONC 
ex tremely closed to 

SET 2 N40oE-NSOoE (2.5mm) medium spaced 
(50-8501l1!ll) 

SET) N60 IV-NBO IV \ cry closely to \\ idcl y 

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

N20 E-N25 E 
ex tremel y closely to 

SET I (O-SOlm) widely spaced 

SECTION D 
(20mlll-2m) 

closely spaced to \ cry 

SET 2 N50oE-N70oE (5- IOm) \\ Idel ), spaced 
(70mm - 3m) 

extremely closcd to 

N I OoW _ N300W (O-20Illm) medium spaced 
SET J (20-600mm) 

II " "n ls mnue from ught 10 open. 
Remark: With respect to ti ghmcss almost a JOI e 
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5. ENG INEERI NG GEOLOG ICA L A D GEOTECI-il ICAL 
PROPERTIES OF ROCKS. 

5. 1 Engineering Geologica l Mapp ing 

Engineering geological mapping is a type of gcologicalmup which pro\ ides 

11 genera lized representation of all those components of geological environment of 

significance in land use planning, design, construction and maintenance as applied 

to civil and mining engineering (Anon, 1979). 

In engineering geological mapping, the class ificat ion of rocks and soi ls arc 

based on the principle that the physical or engineering geological propcI1ics of a 

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

origin, subsequent diagenetic and tectonic history, and 0 11 wea theri ng processes 

(Dcarman, 199 1). This approach makes it possible to dctCnllinc the reasons not 

only for their spat ial distribution as shown on the map, but also thc reasons for thc 

li thological and phys ical characteristics of the rocks and soi ls involved. 

This is a basic princ iple of engineering geological mapplllg as or other 

geological mapping and implies not onl y thc classification of individual rock 

samples but also the use of many individual rock samplcs, fi cld obscr\ alions and 

measurements to delineate unifonn and continuous rock units (Anon. 1976). 

A fu ll description of a soil or rock for cngineering purposes in\'oh cs gi\ ing 

an appropriate geological name togcther with as much detailed information as can 

be gained from the examinat ion of samplc or exposurc. Thc description may be 

sys tematic for a limi ted range of standard descripti ve terms. and for ease of 

appl ication should place the soi l or rock in a limited number of groupS \\ ith 
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definab le properties thus providin a ood . , g, g gUI de to engineering perfomlancc. 

In unified classification system for both soil ""d rock l,n,', . on engineering 

{ r roc umt wi th 11 narro\\ range of gcological map each class represent a 50,' 1 0 k . 

engineering properties (Deannan, 1991 ) .. 

Consequently, in this work. C'lg,'"cc,·,','g I ' I I .' d , geo oglca (cscnpllon an 

classification was adopted, involving onl y: 

I. A lithological classifi cation, 

2. A description of rock and soil ma terial and mass and the assignmcnt of 

desc riptive names for rock and so il types. 

There is an obvious need to make the classifications and descriptions simple 

so that they can be readi ly understood and applied, I.:vcn by those \\ ilh limited 

geological knowledge. 

The classification in this work is based on both the fie ld and laboralOry 

results. The same lithological uni t may be subdi vidcd in different sub-un its in an 

engineeri ng geological map, if therc arc differences of weathering state. joint 

development, etc., which are influencing geotechnical property. I-I o\\cver, 

concerni ng the studied area, the weathering state is not unifonll to classify the area 

in different zones. 

Geomorphological and hydrogeological conditions, land slips. bOfchole and 

field tes t in fon11at ion afe recorded as l11uch as possible on the map (FigA- 3). 
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5,2 Ella ineering Geolog',ca l CI ' I" , . e ass! Ica llon of roc ks III the study ~lfca 

Although it is logical to class ify rocks in geological terms regardless of 

phys ical state, it has to be accepted that there is a clear difference in the 

engineering properties, and hence engineering behavior of those rocks \\ hich the 

engineer may call the engineering soils. and other Ilalural maleria ls. fhi s 

distinction has both a practical and historic basis that led 10 the dc\ clopl11cnt of the 

science of soi l mechanics by Tcrzaghi in 1925. in which the theory and 

experimental data were applied to practical engineering design (Dearman, 199 1). 

A simi lar quantitative approach to the design of engineeri ng stnlcturcs in 

rock mechanics has developed rapidly in the last thrce decades. The division may 

be made, for example, on the basis of hardness or strength. porosity and dcnsity. 

penlleability and compressibi li ty, all of which nre important engineering 

properties. 

In the study, the area was divided into four rones where rock mass strength 

could be considered to be homogeneous in each zonc. This permits outlining un its 

with low, medi um, high and very high rock mass strcngth . 

During the fi eld observat ion, the units out lined by aeria l photo 

. . quallll'lall'vely cll',1f',lclCrized by considering rock material 
Interprctatlon were 
strength and discontinu ity condit ion as parameters. For the detennination of index 

va lues for the mate ri al strength, Schmidt hammer test \\as made. Besides. the 

f h 
" load lester taken by AA WSA staff \\ ere considered. The 

mcasurements 0 t e pom < 

results of slake durab ili ty tests conducted for iliff were also used to kno\\ their 

durabil ity. 1 IS durabili ty and resistance to erosion are of grea t importance. The 
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slake durabi lity test is suitable only for weak \\ cmhcred rocks. there generally 

being too little effect on hard fresh rock. ince tuffs are generally \\cak slake 

durability test was conducted on sllch type of rocks. The rcsult of point load tester 

gives the splitti ng resistance of the rock mmerial which can be corre lated only very 

roughly with uniaxial compression strength. Geophys ical investigat ion and drilli ng 

da ta have also given valuable assistance in the dcterm ination of subsurface 

conditions, especially in areas in which the solid geology is poorl y exposed. 

Seismic refrac tion has been used in measuring depths of overburden in the portal 

arcas oftullnel s, in locating faults, weathered lones, and in estimat ing rock quali ty. 

Based on in situ and laboratory tests, rocks in the proposed tunnel area arc 

class ified into four zones. The strength of trHchytic lava now mainly rangcs from 

medium strong to strong (R3-R4) but SOI11C samplcs of trachyte show \\ cak 

strength, that could be due to joints an(Vor weathcring of the rocks. 

Unwelded tuffs in gencral fall betwecn ve ry weak and wcak (R I-R2+). but 

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

Schmidt hammer test perfonned in the fi cld the strength of thc basaltic lava now 

range fro m 640-880 kg/cm2. But highly jointcd and scouraccolls basalts have low 

strength. 

Therefore, the basalt has highcr unit weight and strength than other rock 

. d I hard rock moisture content is ve ry low but in \\ eak 
typcs In the Stll y area. n 

. ·sttlre contcnt may have a significant effect on 
rock like tuffs some tImes mOl 

strength . 
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For the correlations mentioned, there arc exceptions which could be 

attributed to joint weathering that causes decrease r 1 dJ . . 1 < 0 strcngt 1 an or lln1t \\ cig H, 

Other factors, which increase rock strength , arc filling of joints . fraclUrcs and 

cavities by silica. When rocks arc sil icified they become strong. 

5.2.1 Rock Classification Systems for E lllolO IUllnci 

5.2.1.1 General 

In estimating the preliminary costs <md in the exca\ alion of a tunnel, factors 

such as design of the rou te, cross-sections, construction time, and method of 

excavat ion playa crucial role. Hence, the classiti c.Hion of rock types in rda tion 10 

their suitability for tunneling is a very imporlant aspect and required the 

identification of rock masses with similar behavior from the engineering view 

point (A rogyaswaIllY, 1992). 

A classification systcm for rock masses is essent ia l to ensure understanding 

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

the owncr, the engineer, the contractor, the rock mechanics engineer and the 

engineering geologist (Bieniawski. 1978). 

These ai ms should be fulfilled by ensuring that a classification system has 

the fo llowing attributes. 

a) is simple and understandable; 

b) each term is clear and the tenni nology used is \\ idcly acceptable; 

c) only the most significant propert ies of rock masses arc included. 

d) is based on measurab le parameters. \\ hich can be determincd by 

relevant tests quickly and cheaply in thc ficld . 
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e) 

f) 

it is based on a rating t I . sys em, W lleh can \\ cigh the relati\ c 

Importance of classification parameters. 

is general enough so that the same rock will posses the same 

classificat ion, regardless cf how it is being used. 

In general , a rock mass classification has the following purposes 111 the 

tunneling application. 

I. 

2. 

3. 

To divide a pal1icuiar rock mass into groups of similar behavior; 

To provide a basis for undcrswnding the clwmctcristics o f each 

group; 

To yield quantitative data for the design oflllnnci support : 

4. To provide a common basis or comlllunication. 

The need for a suitable classificat ion in the licle! of rock Ill cchan il;s has long 

been recognized and, in fact , numerous proposals have been made. Nevert heless. 

although some of the existing classificat ions have a considerable potcnti <l l sOllle 

are full y satisfactory in tenns orthe above pre-requisites (Bicniawski . 1979). 

For example, the rock mass class ification systcms currcnt ly in usc 

intcmationall y in the fi eld of tunneling arc: Rock Load (Tci-lhagi. 1946). stand- p 

T ime (Lauffer, 1958) , Rock Quality Des ignation or RQD (Deere et a i, 1967), Rock 

Structure Rating or RSR (Wickham. ct ai, 1972), Rock Mass Raling-RMR or 

Gcomechanics (Bieniawski , 1973), and Q-systcm (Barton et <II. 1974) 10 mention. 

But, many of these classifications arc based all rock material characteri stics only 

and do not full y explain the property of rocks for tu nneling purposcs. 
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The two classification systems that 1.Ippcar to be in \\ idesl usc on an 

international basis in tunneling a d 'h' I d < n \\ Ie 1 0 not rely on pcrfomwllcc moni toring 

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

systems. For tunnel support selection purpose these 1\\0 systems aTC therefore 

considered in the study. 

Bien iawski 's(1973) Gcomcchanics class ifi c3ti n evolved from several 

earl ier systems and has undergone several changes ( 1974,1975, 1976. 1979 and 

1989) since its fi rst introduction in 1973, Bicll iawski (19 9) rates the fo llowing 

six parameters in his RMR system: uniaxial compressive strength ofrock material. 

RQD, spacing of joints, condition of joints, groundwater condit i ns and 

orientation of joints. 

The common paramcter uscd in both systcms is RQD. Bieniawski also 

includes joint spacing and orientation, whi le the Q-SystC111 considers the number of 

joint sets. Orientation is included implicitly in the Q-systC1l1 by cl<.lssifyi ng the joint 

roughness and altcration of only the Illost unfavorably oricntcd joint sets or 

discontinuities (Barton, 1988). 

The very detai led treatment of joint roughness and alteration. perhaps the 

strongest feature of the Q-SystCIll , is not particularly cl11phasiLcd in the RMR­

Gcomcchanic classification. In addi tion, in the R.!\tIR sys tem. rock st ress is not 

lI sed specifica lly as a parametcr though it is apparentl y used when selecting 

support measures (Bieniawski , 1979) 
In the Q-system, the ratio (unconfined compression strength! major 

principal stress) is evaluated when trea ting rock stress problems. The rock burst 
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III lar rocks. The Q - system also problem call be quite accurately prcdiclCd ' I d 

accounts fo r loosening caused by shear zones and fau lts, and squcc/i ng and 

swell ing ground. (Barton, 1988). 

According to one repan of comparison between rock mass classi fication 

systems for tunneling, only the Q-syslcm was found to be app licable 10 the worst 

conditions encountered during excavation. When considering sland-up lime versus 

unsuPPol1cd span. Bieniawsk's system still seem to be conscrvfl l ivc compared with 

Ihe Q-sySlem (Einslein el aI. , 1983). 

The Q-systcm is more detailed than any orthe other methods as regards the 

factors such as joint roughness (or degree of planari ty), joint ahemation (fillin g), 

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

one of the strongest features of the mcthod. It also seems to be it factor that is 

virtually ignored in the other class ification schcmes. For cxample, in the RMR 

system, although data for all joint Sc I and discontinuiti es arc collected. only the 

average data arc incorporated in the numcrical ratings. Furthcrmore, in the RMR il 

is impossibl e 10 separately va ry the degree of joint roughness and the degree of in­

fillin gs as obviously may occur in practi ce. Thc Q-system is essentiall y a 

weighting process, in which the positi ve and negi.uive aspects of a rock mass arc 

assessed. 

Much of the problem in proposing a classificat ion system is to select a SCI 

of parameters of greatest signi fi cance. It is bclic\ed that there is no si ngle 

parameter or index, which call full y and qua nt itatively describe a jointed rock mass 

for tunneling purposes. Various factors have different significance and only if 

taken together can they describe satisfactorily a rock mass. 
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Although the significance of s r: ' .. Qllle .actors may be different In different 

cases, for example, in roof stabi li ty and in blustability or drillabili ty, certain 

parameters are related to onc another and can be used in different app lications. 

Thus, for practical applications using the Illost important pa rameters. which arc 

signi fi can! in the behavior of rock masses, both RM Rand Q-systcllls arc used. 

5.2. 1.2 . Rock Mass Rating Classilicatioll System 

In applying a classification of such heterogeneolls and anisotropic 

assemblage, it was necessary and convenient to di stinguish a number of structu ra l 

regions in a rock mass, each region having certai n unifonn fea tures and simi lar 

characteristics. Hence, the rock mass was divided into a Il umber of structu ra l 

regions usually coincide with a major structu ra l reature sllch as ;:1 rault or wi th the 

change in rock type. 

In some cases, significant change in discontinuity spacing or characteristics. 

within same rock type necessitates the divisions or the rock mass in to a number of 

small structura l regions or domains. Once structural regions have been deiincd, a 

rock mass classification should be applied to each region. 

All the six parameters used in this c1assiiical ioll system were measured in 

the fi eld from surface observations and rrom borehole cores. 

• 
The Uniaxial Compressive Srrellgill of II/ wct Rock A/areriai: is included for a 

number of reasons. I f the discontinuities <l rc widely spaccd and the rock 
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material is weak, the rock mater' I ' . " 1a plOpcrtlCS will mflucncc the beha\ ior of the 

rock mass. The determination of the ' ' I ' umaxia compressIVe strength of rock material 

is a simple process for which standard techniques arc available. lienee, point load 

test was appl ied for trachyte, basalt and lUff. The result is gi\ en in table 3-5. 

• Rock Quality Designatioll (RQD): is a measure of dri ll corc quality as obtained 

from boreholes. The RQD is a quantitative index based 0 11 a modified core 

recovery procedure which "incorporales" only three pieces of hard, sound core 

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

they are considered to be due to close shearing, jointing or wCcl1hcring in the 

rock maSS (Bicniawski, 1979). RQD can vary frol11 0 to 100, but in actua l case 

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

borehole is given in ( table 5- 1). 

• ~/){lcillg amI Oriellwlioll of join IS: arc of panunount importance for the stability 

of structures in jointed rock mass. The prescnce and spacing as well as the dip 

and strike of joints reduce the strength of a rock. The da ta on spacing of joi nts 

was obtained fr0111 a joint survey dcscussed before. Considering joint spacing 

and join t orientation, there is a big variation in the proposed tunnel zone. Three 

joint sets and other joints, which arc randomly oricntcd. arc observed in the 

area (see table 5- 1, and appendix E), 

• Conditioll of Joints: includcs separation of joints (distance bel\\een joim 

surfaces), continui ty and roughness of joints as \\ ell as gouge material. Tight 

joi nts with rough surfaces and no gauge have a high strength. On the other 

hand, open continuous joints wi l1 facil itate unrestricted inno\\ of ground water. 

Th 
.' fth ' 'nts innllcnces the ex tcnt which the rock matcrials and 

e continUIty 0 e JOI 
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the joints separately affect the behavior of the rock mass. In the EnlolO tunnel 

zone, due to li thological change and fracturing va riation in the subsurface, there is 

a big variation of the joint condition. 

• Groulldwater Condifioll : Groundwater is known \0 have an impol1unl effect on 

the behavior of jointed rock masses. Detai ls about the permeabi lity of the rocks 

permeabi lity of the rocks along the ax is and of relationship of proposed tunnel 

axis with watcr table is discussed in section 4·3. 

The Rock Mass Rating value of the EnlolO tunnel lone from sixteen 

bore- hole data is presented in table 5-1 , giving the rating for each of the six 

parameters above. These ratings are summed to give 11 total average RMR value of 

57, which is the value of FAIR ROCK mass class tunnel condition (table S-2a 

and 5-2b). 

Table 5 2 b'- The RM R value is detemlined as follows: -

Item V"luc (A\'cnlge) Ralin o 

" 

Point load index 
4- IOMPa 12 

RQD 
43.5% 8 

Spacing of discontinuities 
200-600 111111 10 

Condition of discontinuities 
Notc I 25 

wct 7 
Ground water 

Adjustment for joint orientation 
Note 2 -5 

Total 57 

, ' s,,-<,,,s and for slightl), "eathcred "ails. 
. d i d disconunull)' " , h 

For sl1gbtly rough an a tere Note 1: 

a table of appendix O. gives a ra ting of 25. 
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Table 5 -za- RMR CI ••• mcatlon for Entoto Tunnel 

--------

I 
'sample No_ Rock Type Depth (m) strength 

, En96-21 Tractwte 4-15 4 
:en96-19 Trachvte 6-31 4 
, En96-20 uff and TrachY' 22-47 2 
; En96-22 uff and Trachy 73-98 2 
, En96-15 uff and Trach 135-160 2 
, En96-2 uff and Trachvtel 130-160 2 
, En96-24 uff and Trachvt& 1 13-143 4 
~ En96-25 uff and Trachyta 152-182 2 
, En96-26 uff and Trachvte 220-250 2 
;- En96:.1.0 - Tuff 200-230 1 
i.. En96-27 uff and TrachytE 75-105 2 

En96-11 TrachY' e 60-89 4 
L En96-12 Trachyi e 20-25 4 
I En96-17 Trachy e 10-31 4 
, En96-16 Trach e 5-25 4 

En96-18 Trachyte 10-20 4 _L 

• • ~ 

RQD 

B 
B 
B 
B 
13 
8 
13 
13 
8 
17 
13 
3 
8 
8 
8 
B' 

Spacing of 
Discontinuity 

B 
B 
10 
8 
10 
10 
10 
10 
10 
15 
8 
8 
8 
8 
8 
8 

RMRV.lue 

Condltlons 0 Ground 
Discontinuity W.ter 

25 7 
25 7 
25 7 
20 7 
30 7 
25 7 
25 7 
30 7 
25 7 
25 7 
25 7 
25 7 
30 7 
25 15 
25 15 
25 7 

Ad/UStmen Total 
tfor Joint 

-5 47 
-5 47 
-5 47 
-5 40 
-5 57 
-5 47 
-2 57 
-5 55 
-5 47 
-2 63 
-5 50 

-10 37 
-5 52 
-5 55 
-5 55 
-5 47 



f 

Note 2: Table of appendix D, gives a description of "FAIR" or the condlllOIl assumed "h~rc 1M 

tunnels to be driven against the dip ora SCI or joinls dlppmg bet\\~n 45-90 115mg th~ 

description for "Tunnels and Mint.'S" in table of appendIx D &1\ es an adjustment !':lIlIlg or ·5. 

Even though, the RMR classi fi cation falls on thc FA IR R CK boundary 

some modifications have to be made for highly fractu red and ex tremcly weak and 

friable tuffs. In some boreholes hard trachyte was encountered. For this reason 

recOlllmendations for GOOD and POOR conditions of rocks should be considered 

due to the high variability of the Enlolo tunnel /one rocks. 
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5.2.1.3. The Rock Mass Quality I d . (Q n ex - YSlcm) 

The concept of rock mass r (Q qua lI y ) system \\ hich is in troduced by 

c Crl1llllallon of rock mass characlCrislics and Barton et aI. , (1974) is used for d t . . 

tunnel support requirements. This method is considered to be the one that 

provides the best approximation to the actual conditions to be encountered in 

( II 11 . In 11C case 0 \ cry the w nne\. The numerical values of Q I"Ingcs "·0 1 0 001 · I f 

poor, very weak rocks to 1,000 for very competent massive rocks ( B 3I10 n CI a1.. 

1974) . 

The six parameters taken into consideration for classifying the rock 

mass quality arc the following: 

I. By the RQD system the intensity ofthcjointillg is estimated 

2. The number of joint sets (In) present. It is ollen affected by fo liation. 

schistocity, cleavage, bedding, CIC. 

3. The roughness of the most un favorable joint faces (Jr). 

4. The ex tent of alteration and the nature of the fillin g in the un fa vorab le 

joint (Ja). This examination provides all approximation of the shen!" 

s trength of the rock mass. 

5. The es ti mate of joint waler reduction faclor (Jw) which aga in affects the 

shear strength. 

6. The stress reducrion factor (SRF) which accoun ts for the loading on the 

tunnel caused either by the dislodging of rocks contai ning clay parting or 

due 10 unfavourable stress strength ratios in the case of mass i\ c rock. 

Taking into account the slim Iota I of the abo\ e menlioned 

observati ons the rock mass qualit y classi fi c;'lI io ll system is gi\ en by: , 
Q = (RQD/Jn) * ( Jr/J. ) * (Jw RF) 
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The Ihree pai rs of !'alios (RQD/J ., n, J./J,I and JW/SIU ) represent block 

Size, mi nimum interlock shear SIre 11 d . ng 1, an aellvc stress respectively. "\ hese 

arc fundamental geotechnical para1l1 "ICrS (8 19 9 .. < t: anon, ). In c\pla llllllg the 

c cnnlllC t 1C H I lie 0 • Barton ct meani ng of the pai red parameters used to d I . I I f Q 

ai., ( 1974) offered the following cOlllments which arc helpful in Ihe estimation 

of ratings in the study. 

I. The first quotient,i.c., (RQD/Jn) represents the 0\ cr ull structure of the 

rock mass. and it happens to be a crude measure or the rdati, c bloc"- si/e. 

with the two exlremc 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 

altera tion of the joint wa lls or fi ll ing materials. This quotient is high ror 

rough, unaltered joints in direct conl<lct. But when rocks IU1\ e thil1 clay 

mineral coatings and fillings wi th no rock wall contact, the conditions 

are extremely unfavorable to tunne l stability. 

3. The third quotient (Jw/SRF) consists of tWO Sln.:ss par<l111cters. "I he 

parameter Jw is a measure of wate r pressure, which has an advcrsc effect 

on the shear strcngth of joints duc to a rcduction in cffccti vc normal 

stress. Water may in addi tion cali se softcning and possiblc out" ash in the 

case of clay filled joints. The paramcter SRF is a measure of: ( I) 

looseni ng load in the case of excavation through shear lones and clay 

bearing rock, (2) rock streSS in competcnt rock, (3) squec/ ing or swelling 

loads in plastic incompetent rock. 

Undoubtedly, there are scveral othcr paramcters. \\ hich could be added to 

improve the accuracy of the classification systcm. One of these \\ ould be joint 

ori en tation. Although many case records includcd thc necessary infonnation on 
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structural orientation in relation 10 C · " " xca\ al lon aXIS. 11 was not found 10 be the 

important general parameter that migll b . 1 C expected. lllC parameters In. Jr and 

Ja appear to play a morc importa I I ( n genera role than oricil lalion. because the 

fcC( a m lor ock 1110\ Clllen l and number of joint sets detemlines the degree of r, I 'bl 

the frictional and d' la!' I I , Ilona C laraClcristics can vary more than the down-dip 

gravitational component of unfavorably oriented joi nts. I r joint orientation had 

been included, the classification system wQulel be less I I . . I genera I une liS cssc ilua 

simpl icity lost. 

The detailed rock mass descriptions or the six individual parameters and 

their numerical ratings are given in table 5-3 and table 5-4. The Tunneling 

Quali ty Index Q, for a rock mass of the proposed lUnne\ was obtained from 

field observation and borehole logs 

When refe rring ratings given by Barton, ct aI., ( 1974), the rming \a luc 

for three joint sets plus random is 12(tablc I, Appendix E). But for thc pOl1al 

areas it becomes In x 2 (see table 5-3). Thc joi nts in the study arca are rough or 

irregular (some arc smooth, planner and highly wClllhc red with surface 

staining), whose rating value given by Barton, et al ( 1974) of the rock mass is 

1.5. 

The numerical va lue of RQD is used di rectly in thc calculation of Q. 

The RQD values ranging from 20% to 85%. For the rock masses in most part 

of the tunnel zone, the average va lue of RQD is variable. \I ranges from 

VER Y POOR to GOOD quality. Based on its value the tunnel axis can be 

classified into four zones. The Q_ System class ifica tion is made for each lone 

separatcly. But the average Q value of thrce of the four Lones is similar. 
. Il od will be similar for these lones 

\'Ience the recomll1ended supporllng me 1 , 

(Iable 5-3 and lable 5-4). 
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Table 5-3;- The value ofQ-System parameters along the Tunnel axis boreholes. 

bore 0 e ZoDe2 Zone 1 

12 to 20 22 IS 2 24 25 26 

T""",,1 
,Oeod> 4·5 ()'31 22·41 73·98 135·160 130-160 113-143 152·182 220-250 

ROD 4Q..4' 45·50 25-30 4Q..4' 70-15 65·70 70-75 6().65 45·50 

IN 2' 24 2. 24 t 2 12 12 12 12 

J, \.5 I .S 1.5 1.5 I.S \.5 \., \.5 I.S 

" 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 

Jw 0.5 0 .5 0.5 0.5 0 .5 0.5 0.5 0.' 0.5 

JRF \.0 \.0 \.0 \.0 \.0 \.0 \.0 \.0 \.0 

Zo ... Zon.3 
10 27 11 12 17 26 18 

200-250 75 · 105 60-82 20·50 10-3 1 5-25 10-2( 
80·85 65·70 20-25 35-40 35-45 3().40 25-3C 
12 12 12 24 24 2. 2. 
1.5 1.5 1.5 I.S 1.5 \.5 1.5 
3.0 3.0 3.0 3.0 3.0 3.0 3.0 
0.5 0.5 0.5 0 .5 0.5 0.5 0.5 
\.0 \.0 \.0 \.0 \.0 \.0 \.0 
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Table 5-4:- Rock mass classification with Q system along the tunnel axis boreholes. 

Zone 2 Zo,.. I Zone Zo.,. 3 
4 

Borehole 21 19 20 22 15 2 2. 25 26 10 27 II 12 17 16 18 
.wnbe< 
ROD/Jn 1.71 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.J4 
JDlI. 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.' 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.' 0.' 0.' 0.' 0.5 
Q.. 0.44 0.49 0.28 0.44 LS I 1.40 .51 1.40 .98 1.72 1.40 0.46 0 .39 0.4 1 0.36 0.28 

R 2.34 2.34 2.34 2.34 2.34 2.34 .3' 2.34 .3' 2.34 2.34 2.3 .. 2 .34 2.34 2.34 2.34 
0.41 1.42 0.46 0.36 
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Considering joint alteration b . nUIll cr, the rock mass in the study area is 

n yc ay CO<ltlllgs whose rating is 3.0. f rom hlghl yweathered having silty or sa d I' . 

. lefC IS argc lIlnO\\ or high pressure 10 the packer permeably test results 11 " . I . 

J OlllIS. lC raung designed for such rock competent rock mass with unfilled " '1"1 . . 

g 1 nee s to measure the stress condition of the area, from mass is 0.5. Althou h " d 

o ' 1 cs Imate( to lave lllCCh1l1l1 stress, \\ ilh the rat ing the topoaraphic condition it 's . .. I I . 

value of 1.0. 

Therefore, by applying the rating va llie of these parameters the total Q 

value calculated for each zone ranges from 0. 1 to 4 (sec I"ble 5-3 and table 5-

4) . 

The recommended support ing methods a f C di SC LI ssed in the next chapler. 

5.3. GROUNDWATER CONDITIONS 

5.3.1. The effect of groundwater in tunnel ing 

Groundwater frequently provides some of the most di rti cuh problem 

during runneling operation. The problem may be di rectl y or indi rectl y caused 

by the percolation of water towards the tunnel (Bell , 1993). The greatest 

groundwater hazard in underground work is the presence of unexpected water 

bearing zone, depending on the location of hydrological boundaries. Ob, iously. 

the location of the water table, and its poss ible fl uctua tions are the major 

considerations . 
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Not only does water make working conditions difficult , but also plpmg, 

up! i n pressures and flow of w'lter ' t ' ' , , ( III 0 nn eXCaVa1 10n can lead to erosion and 

fa ilure of the sides. Subsurface wn ter is nOllna ll y under pressure. \\ hich 

increases with increasing depth belolv tile bl U I ' water In c. ndef lIgh·prc~surc 

gradients weakly cemented rock can disintegrate. High pic/Olllctcric pressures 

may cause the floor of an excavation to heave or. worse ,sli ll cause a blo\\ out. 

ConSITllction of a tunnel al so may alter the groundwater le\ ci, as a tunnel 

generally acts as a drain. The amount of water held in a rock mass depends on 

its reservoir storage propert ies, which in turn innucnccs the amount of \'incr, 

which can drain into a tunnel. Flow of wa ler Jll ay occur ill association wi th 

fa ults, solut ion pipes, and cavities, from pockets of gravel , from a perched 

water table, etc. Stabili ty problem may also occur dependi ng on the chemistry 

of the groundwater. 

Therefore, groundwater is a major govcrning factor in computations of 

overhead loads in tunnel excavat ion, and also in the choice of method of tunnel 

construction (Kumar, \983). Hence, all data relating to the ground \\ ater 

conditions obtained is analyzed below. 

5,3,2, Regional groundwater flow 

The complex stratigraphic silllatioll of Addis Ababa area. due to the 

'rr. . . pyroclastics and eJluviaJas well as 
occurrence of lavas of dl Icrent ages, . 

nlake ,'t e .~trc11lc l y difficult to dcpict the hydrogeological 
alluvial sediments, " 

panern of the area (Vernier ct al., \985). 
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As a general statement, which is va lid for this type of geological 

environment, it is possible to say that the main aquifers that could be found In 

sllch a peculiar area are: 

- elluvial and alluvial sediments. 

-weathered volcanic rocks , 

- penneablc or perviolls layer between laHI 00\\5, 

-unconsolidated tu fTs and ashes • 
-joints and frac tures In the volcanic rocks, 

- shear zones and major tectonic di scontinuities. 

The main groundwater reserve of the region ;s locahu:cd in the fractured 

volcanic rocks(Vernicr et aI. , 1985: Kebede Tschayu and Tadcssc Il ai le 

Mariam, \990). Several different flows \\ ilh uilconf0ll11ity fa\ored the 

occurrence of mult- i layer aqu ifer systelll. Several contact springs concentrated 

on the northern part orthe city showi ng Illu lt i- layer vo1cn n;cs. 

The groundwater flow of the reg ion is ma ;nly governed by the present 

day land form of Addis Ababa which inlllrTl , is ;n flu enced by geological 

processes especially faulting and denuda tion. The laye rs of lava flows are 

dipp ing nearl y southwards and so do the unconformity surfaces. For this reason 

the general groundwater flow is from thc north to the south. The fl ow of castcll1 

side is from east to west and that of thc wcstcrn part is from \\ cst to cast. The 

main groundwater reserve exists to the south of the ci ty follo\\in g the lo\\cr 

topography. 
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5.3.3. Groundwater along the tunnel alignment 

The data used for groundw' I . . d' . ,I CI stu les relating to aquifer charnclcrislics, 

groundwater head variation and groundwater flow were btaincd from in-si lu 

packer pcnllcability tests and piezometric mcasurCIllCIllS thm wcre sUr\cycd by 

AA WSA and geophysical exploration done by EIGS st.rrs ror thc proJect. 

5.3.3. 1. Groundwater fiow and pi ezometry 

Groundwater table monitoring was carried oul by cont inuous wa ter le\ cI 

recorder to analyze seasonal fluctuation of groundwater in boft.:holcs drilled al 

Enlow tunnel. The nature of the aquifer is also 3n<l] Y/cd frol1l the geophysica l 

survey resu lts. 

The aquifer in the studied area consists of volcan ic rocks. This arCH is 

genera lly characterized by highly weathered and slightly fractured to frc:,h 

tTaehytic lava nows, tuITs and basalt ic lava fl ows. Permeability is highcr in thc 

intcnsely weathered and fractured zones. The massive rocks arc \ irl ually 

Imperviolls. 

Permeability of lrachyt ic lava now is higher than thaI of the UI1\\cldcd 

tu ff. In trachyte the average va lue is JO-4 cm/s. Whcreas in tuIT the dominant 

va lue is JO-5 cm/s. But in some zones where thcre is intensi\ c fracturing of 

rocks, the va lues arc higher than this (table 3-4 ). 

The data on groundwater head measurements shows that at the portals and 

the central part of the tunnel ax is, minimum and maximulll "alcr Ic\cls arc at 

25.25 m and 100 m rcspectivcly above the tunnel axis (Fig. 5-1 ). 
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The level of ground water above I . . • t lC IUnllcl aX Is lIlcrcascs from tunnel mlet 

10 the lOp 11011h portal howevc II · . , r lC maXlIllllIll \c\cl is ncar borehole 2. From 

borehole 2 the level decreases towards s I I . Out lout ct portal. 1 he flucluallon 111 

weI season is approximately 5 fi . III rom smIle wate r Ic\c1 ( fi g. 5~ 1 ). The flo\\ of 

ground water is mainly in the directi on. which is totall y gO\crncd by the 

topography. 

5.3.3.2. G roundwater quali ty tcst 

G roundwater samples for laboratory testing wcre collected by tak ing 

from eight of the tunnel axi s boreholes by AA \V A stafT (sec appendix B). 

Accordi ng to the laboratory analysis most of the waler samples ha\c high p'I 

value which ranges between 10 to 12 except boreholes II and 20. 

The high pH va lue cou ld be the result of the chemical composition of 

g round-water, which is relatcd 10 soluble producls of rock weathering llnd 

decom position. In addition , the seal matcrial used for g routing (ccmcnt and 

bento mite s lurry) espec iall y ccment has mainly the combi nation of aC0 3· At 

the top and bottom of response section (where it Clln huvc conI act wilh the scal 

material) it might give high pH va lue . 

The amount of sulphate in the watcr sampled for analys is is highl y 

variable range ing frolll 2.5 to 23.2. Howcver. thc concentratio n o f sul ph ide is 

not expected to be as such significant to ancct the concrete stnleturc of the 

tunnel after construction. Because in most Cllses. adverse effect of sulhpides 

ex is ts in g round- waler comi ng from arcaS covered by gypsum and anhydritc. 

94 



p 

5.4. MASS MOVEMENT 

Stability of slopes is a crt ' I C.' • I lea lactor III the excavation of !llnnels. Under-

ground excavations cause subsidence in overlying roc\.. and occasionally 

continuing gradual surface deformations (Kelly and Mares, 1993). The intensi ty 

and ex tent of instabi lity depends on the physico-mechan ical properties of the 

rocks, strike and dips of beds; the shape, size and depth of excavation, the rate and 

the method used for driving and support ing the slope. 

Instability of a slope is the result of gravitat ionalm \ Clll c nt of rock muss 

induced by a disturbance of the equilibrium in a slope. SI pc movements urc 

controlled by the geological structures, the hydrogeological regimen and any 

changes in that regime. the geomorphological history and human activit y. 1 hese 

can, inturn be caused by variolls factors, such as changes in slope inclination and 

height, changes in water content, rock weathering or seismic activity. Therefore. 

the stability of adjacent areas must be assessed including likely surface 

deformations and changes in the hydrogeological regimen . 

Mass movements can occur in terrains rangi ng fro111 vert ical cl iffs to slopes 

as gentle as one or tWO degrees. l'laving a complex morphological feature. the 

Addis Ababa region has been an acti ve zone of slidi ng, even though the degree of 

movement varies from place to place. The northcnl morphological un it (\\ ith a 

slope o f 30-3 5 degrees) is charactcri zed by rock slides (Lulscgcd. 1990). cree 

deposits (debris) so il and rock materials are scen in the northWCSICnl part of the 

city at the foot of steps of EntoW ridge. The variously oricnted joints cutting the 

rocks resulted in the decrease in thc resistance to erosion and thc tectonic sli cing 

of the rocks oave rise to the easiest way 10 gravity mo\ cmcnt. 
o 
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In the portal areas of the tunn l "d . c com or a CCl13111 mass rno\ cment IS 

observed. Particularly the southwest . I r em 51( C 0 the tunnel corridor is kno\\ 11 by 

earth sliding. This was one of the . causes to change the tunnel axis slightly to the 

castem Side and the treatment pi t t d an owar s the northern portal. E\en at that , care 

on 0 t l C tunnel at the sou thern portal side. should be taken during excavati r I 

5.5 SEISMICITY AN D EARTHQUAKE RI SK 

When planning the construction of big infrastructures, in earthquake areas. 

the seismic risk map of Ethiopia is lI sed as a general reference. From safety point 

of view, critical construction should therefore be designed under careful 

considerations. 

Seismic risk analysis is based on historical records and the regi nal and 

local geology. Statistical procedures cao be applied to know the probable 

locations, magnitude, occurrencc and frequcncy of earthquakes. Gouin (1979) has 

givcn very important information about scismicity of the wholl! of Eth iopia by 

collecti ng many histori cal records and recent instrumental observa tions. From his 

epiccnter location map ( Fig. 5·2), it is obvious that epicentcrs in Ethiopia and in 

the I-lorn of Africa are almost exclusively related \0 the major ri ft structures. Most 

shocks originate along thc rift stnlctu res of Red Sea, Gul f of Aden and the 

Ethiopian Rift. 
Si nce the establishment of the World· Wide Seismograph Station ( \VWS ) 

at the geophysical observatory in Addis Ababa. in 1962, it has bcen possible to 

locate carthquakcs in the immediate neighborhood of Addis Ababa using the 

si ngle stat ion mcthod, and macro.seismic reports. These earthquakes arc mostly in 

the micro eal1hquakc range with magnitude less than 3. As a result ani) fe\\ of 

I d
· Ab b 'ally in the sOllthern subrubs (Laikc 

t lcm have been fclt in Ad IS a a espcCI 

Mariam Asfaw, 1990). 
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Fig.5-2 - Epicentet" l oc atio n of ea rthquakes ""i th 
magnitude equal to or g r ea ter than 5 
(Pierre Gouin, 1976). 
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au or In Icatcs thaI the seismicity of Addis Ababa The work by the same th . d' 

and its surroundings, by virtue of its prox imity to the East African Rill ( l:.AR) 

system, is related to the overall process of ri fting and extension. From seismic risk 

map of Ethiopia, Addis Ababa lies in the second risk lone (sec Fig. 5·3 ). 

According to historical seismic occurrences, and interpretations worked by 

Laike Mari am Asfaw (1990), tremors have been reported in Addis Ababa since its 

foundation nearly a hundred years ago. For example, an earthquake Ihal OCclilTed 

in 1906, south of Addis Ababa, caused panic in the ci ty. lI owever, il \\a5 n ted al 

that time that the damage due to this earthquake was light mainly because the 

Ethiopian mud houses withstand strong shaking (Kebede Tsehayu and 1adcssc 

Haile Mariam, 1990). 

The main centers of activity in other directions, notably to the Nl:., lie 

farther away. Although these centers are relatively relllote. the strongest shakings 

in Addis Ababa, in recent times were caused by earthquakes ori ginating in the 

region, The 1961 and 1977 earthquakes that occurred about 200 km northeast of 

Addis Ababa (near the westclll escarpment) were strongly felt in the city. 

Th
' .' t: I ' the dl'N'erent I)afts or the eity vary. For exa1l1ple. the 

e mtensltles Ie t 10 II ' 

1961 Karakore earthquake, which had a magni tude of 6,7 was felt in Addis and 
, b 'Id ' and other struClllrcs. But the Ab"ure area had 

caused light damage to UI mgs 
< • 

I k
'ng than IllOSt other parts or Addis baba for It 

consistently felt the strongest s 1a I 

li es on the Filwoha fault. 
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On earthquake shook the city of Addis Ababa, on 2 July 1979. the tremor 

was felt more strongly in the soulhem subrubs of the cit y. and al Kaliti and cheta 

an intensity as high as 6 was rcached. Some regions notabl y 1:.nI010. the 

Southwest, Yeka, Abware and Filwoha districts felt the trClllor morc strongly than 

others. Th is might be due to topographic difference and the efTect of faulting. 

Therefore, the intensiti es feil in different parts of the city reponed wcre inlCrprclcd 

ill terms of topographic, geologic and tectonic formations. 

The Entoto area is the oldest part of the ci ty, where in the past been 

reponing relatively high intensities fo llowing cal1hquakcs that occurred outside 

Addis Ababa. It is a well known phenomenon tha t topography plays an impOl1ant 

role in amplifying seismic motion and the high intensity relt in Ihis distri ct is. 

therefore, considered to be owing to the topographic conditi nS. 

Hence, considering thc scismicity and c3l1hquake risk of Addis Ababa and 

its surroundings, it is bettcr to take an appropriatc ha /a rd Illltiga lion mca~ urcs. 
Th is can possibly be done by designing the li ning Ihal can rcsist earthquakes, 

especially at the localities, which are 111 0st vulnerable. 
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6. EXCA V AnON AND SUPPORTI G METHODS 

A careful design of water tunnel requires the usc of engineering 

judgement with a clear evaluation of the geotechnical and insitu stress condi tions. 

There are a number of theoretical analysis that should lead to a safe design only if 

the local conditions and local inherent changes arc properly evalua ted and 

understood (Broch et aI. , 1987). Based on the evaluation of the ground condit ions 

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 cesty process. The 

method and mechanics to be adopted fo r excavation certainly depend upon the 

nature and types of rocks present along the excavation route, which can be known 

only through geological investigation. This was one of the main objecti ves of the 

engineering geological investigation. 

Some specifications from the geological investigation allowed to selcct the 

method of excavation depending on the changes in the rock mass properties. 

However tunnel excavation in volcanic terrain is very difficu lt duc to , 
unpredictable nature of its property so it needs to dcfine 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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. n a I lon, wee zones clays are found sandwiched between the volean,'e rocks I dd 't' k 

associated with faults are detennined; discontinuities such as jointing properties 

are observed and analyzed for the purpose of rock mass classifica tion. 

Eventhough, on the basis of the RMR classification and rock mass qua lity 

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 11 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 Of right type of explosive usually fo llowed by a 

mucking period during which the blasted fragments arc removed. Tunnel boring 

machine is more sensitive to changes in rock properties than conventional dri lling 

and blasting techniques. Consequently, their usc in rock masses which have not 

been thoroughly investigated involves a high ri sk. Apart from ground stability and 

support, the most important economic factors in machine tunneling in hard rocks 

are cutter costs and penetration rate. 

d d
· the RMR rating and Q value of the rock mass in 

Hence, epen IIlg on 
. d d is by drill and blast, either as full 

the area, the excavation techlllque recom
men 

e 
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a es - and 6-2). However full face face scale blast or as a crack blasting (see t bl 6 I 

driving should be used with caution because the rocks ' in the !unncl zone nrc 

geotechnically variable. 

Top heading and bench with 1.5-3 rn advances in lOP heading is necessary. 

The tunnel can be excavated from portals, using drill and blast and direct hoc 

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 DESIG 

Rock mass quality, together with the support pressure and the dimensions, 

and purpose of the underground excavation, arc used to estimate the type of 

suitable support (Bell , 1995). 

The proposed 4.8 km Entoto tunnel is designed to the horseshoe crosS 

section of 3.75 m width by 3.3 m height. Its in vert elevation is 2640 m.n.s .1. at 

upstream portal and elevation 263 1 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.! . 

The general design criteria for the pressure tunnel is based on the evaluation of 

the rock conditions and the correct assessment of rock mass behavior. Hence, the 

following three foremost fundamental aspects arc properl y considered III 
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connection with the geological and geotech ' I . mea environment of the proposed area: 

pcrmca I Ity 0 the rock mass and stability of the tunnel walls, leakage due to high b'I' f 
. ' 

hydraulic fracture of the surrounding rock mass. 

I. Stability Conditions 

Tunnels with no lining are normally accepted where rock is sclf-supponing 

and no possible rock loosening is expected due to internal pressure or 10 action of 

water, the rock being able to withstand all pressure condit ions. The same criteria 

are applied for a shotcrete lining, as long as the deformation orthe rock mass docs 

not induce major cracking of the shoterete layer.; (Broch, et .al 1987). 

Following the aforementioned criteria, shaleretc 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 thc fa ll ing of small rock bolts 

and in order to prevent a continuous loosening of the mass. In distu rbed 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 Leakage 

Most of the serious di fficulties encountered during tunnel ing operations nrc 

dt
'reetl . d' I d by the percolation of water towards the tunnel and 

y or 10 treet y cause 
most of the techniques for improving groundwater conditions arc directed towards 

its control. This may be achieved by using drainage, compressed air, grouling, or 
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freezing techniques (Bell , 1995). 

Hence, design criteria consider, with respect to water leakage, the 

I e . n ess an mlpcrvlous imperviousness of a water tunnel in the rock mass 'ts If U I . . 

lining is placed in areas of high permeability or the pcmlcl.lbil ity 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 fault ing of the 

rock mass and the type and amount of joint infilling material, that arc 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 esscntia l to consider 

the location of the water table with respect to the tunnel intcmal waler pressure 

head. The average penneability of the rock mass at the proposed t'll nnel is > 1
0 

' 

m/s. and the water table is above the tunncl 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 Ihe 

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 surrounding a water tunnel occurs when 

th
'l . d d b the water pressure exceeds the confining stresses 

e tenst e stress, 10 uce Y , 
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 Supporl. 

Conditions 

Good Hard l rachyte Rock Bolts 

-
Fair Fairly <tompetent tuff Rock bolts,Shotcrete or 

and highly jointed Stee1sets and shotcrete 

trachyte 

Poor Extremely and Very S tcelsets,Spi II i ng and 

weak,friable tuff, and shotcretc. 

in some cases highly 

fractured weathered 

trachytes 

, 
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discontinuities or through intact rock . , creatmg water channels lhal increase 

progressively, as the water under pressure reaches zones farther away from the 

tunnel, resulting in uncontrolled loss of water. The additional forces exerted on the 

surface of joints and faults within the rock mass can have an adverse eITect on the 

stability of the tunnel work. 

Since hydraulic fracturing is related to the insitu structures, ;t is likely 10 

occur along a plane perpendicular to the orientation of the minor stress direction. 

Which intum is considered to be a function of the rock cover, the topography and 

the residual tectonic stresses within the rock mass. From table of appendix , a 

design ESR value of 1.6 is chosen. Hence, the tunnel is classified as a permanent 

water tunnel (appendix E ) 

As it was explained in section 4.2, the studied area is generally weathered, 

with some faulted zones. Particularly the southern tunnel portal side appeared to 

have low rock mass ratings thus requiring support (table 6-3). 

Therefore, for the proposed Entoto tunnel , based on the assessed geological 

conditions and expected behavior, both rock bolting and shotcrctc lining a TC 

recommended. 

The rock bolts used arc recommended to be 20 rom in diameter fully grouted 
diS 2 m in crown and walls with a 

bolts. Also systematic bolts 4 m long, space . -

wire mesh reinforcement in crown arc required. 

dations consistent and continuous 
I n order to make support recommen 
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Tnble 6 . 2. . S uppo rt RecomJllendation using the Q . system. 

Zone Support 
category 

1 2 1 
(Ccntrnl) 

2 25 
(Northcrn 

po rt al) 
3 25 

(Southcrn 
Portal) 

4 25 

(fau lt zone) 

Q . value 

2 - I 
1.42 

(poor) 

0.4 1 
(vcry poor) 

0 .36 
(very poor) 

0.46 
(very poor) 

De- (S PA NiS R 
F) 

2 .34 

2.34 

2.34 

2.34 

,,... -- .. 
~ 

Tunnel support 

Rock Goll s and shotcrctc; a systematic 
bolling (untcns iollcd • grollted) (at 1m 
spacing) with a 50 • 901ll1ll reinforced steel 
fiber (mesh). 
ulllcnsioned • fu ll y grouted systematic 
bolting (al 1m spacing) and sholcrcled with 
reinforccd mesh 50mm. 
untensioned • fuBy grouted systcmatic 
bolting (at 1m spacing) and shotcreted with 
reinforced mesh SOmm. 
untcnsiOned • fu lly grouted systematic 
bolting (at 1m spacing) and shotcreted with 
reinforced mesh SOmm . 



, . I 
~ , 

y em IS usc to ratlonahze the bolt between categories, additional classification s st . d . . 

Ie ness lor each category. ll1is spacing and shotcrete on concrete arch thO k l': 

e case records glvmg detailed compromises solution uses tailored to fit th . . 

ere c mmgs usc In voleumc dimensions of bolt patterns and shotcrete or con t I" d . . 

terrain of Nairobi Water Supply Project (Burges and Knights, 1994). Thc simple 

design concepts for rationalizing the support recommendations arc given III 

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 usc of shotcrctc ns 

permanent support. (table 6-2). 

Small variations in support methods also occur in each category and urc due 

to rock mass differences, since a given value ofQ is not unique, but a combination 

of several variables. In order to separate the more important variations in support 

practice, the additional factors (RQD)JJn and JrJJa 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 shOlcreted (Cording and Mahar, 

1978). 

The conditional factor RQDJ In describing block size wi ll nonnally 

separate these two cases. For instant, rock masses with RQDI 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). 

Th d
·' I' t Jrl Ja describing inter block shear strcngth may play 

e con It1011a lac or . h ·valent dimension (De) which is equal to 
an Important role. In some cases t e eqUi 
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SPAN/ESR can be used as a third conditional 'act t I ' d'ff . Ii or 0 exp am IlIcrcnccs In 

support practice. The proposed tunnel is expected to have a diameter of 3.7S m 

which this is considered in the ratio SPAN/ESR. Then the value of the ralio would 

be 2.34 (table 6-2). The supporting methods recommended using RMR and Q­

system are more or less the same. 

It should finally be emphasized that the support recommendations contained 

in this study are based for the most part on general engineering practice for a given 

type of excavation. If for some reason the quality of drilling and blasting is beller 

or worse than that in Donnal practice, then the recommended support wi ll Icnd 10 

be conservative or inadequate However, there is an additional complication in that 

the appearance of the excavated surfaces tends to suggest either an increased or n 

decreased RMR and Q value for these two cases. For instance when the drill ing is 

poorly executed and hole alignment is bad, the degree of over breaks and need for 

support may increase considerably. 
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7. CONCLUSION AND RECOMMENDATION 

Geological mapping of the p o d E r pose ntoto tunnel corridor Indicated 

, Ie ava 0\\ and tufT; basaltic la'l' that the area is mainly composed of trachy( I n 
flow and Quaternary sediments as minor outcrops. These Emoto silicic rocks 

arc associated with Alaji formation whose volcan 's d I · I 01 · • I In ell C( 10 .. ate Igocmc -

early Miocene times. 

The rocks of the studied area have been affected by discontinuit ies slich 

as joints and faults. Primary flow band developed mainly in trachytes. 

Enloto ridge, through which the tunnel passes, is ioc:Jlcd along the 

nonnal faults of the E-W trending Ambo· Kess<llll lineaments, "llIch 

determines the orientation of some discontinuit ies in the area. The oricll wtion 

of NE-SW trending joints and the faults crossing the tunnel ax is ncar the 

northern portal, coincide with the Main Ethiopian Rift . There arc also other 

stnlctures which trend in the N~S direction. 

The major intersecting faults that were determined by aerial photo 

interpretation, geophysical investigation and bore hole data ha\c significant 

effect on the fracturing of the rock mass in the Ill11nd lone. There is an 

increase in the intensity of jointing ncar faults indicating that they arc broadly 

synchronous. 

Joints occurring parallel to the proposed aXIS of the tunnel. sub-
k d at faults can reduce 

horizontal joints, and the weakness of the roc 's near an 
the stability of the tunnel. Eventhough the chemistry of the ground"ater at the 

d I 
. . fi cant effect on thc tunnel suppon . the pcm

1ca
biltty 

propose area las no sIgn! I f the water tablc abo\ c the tunnel 70ne IS n 
of the rock mass and the presence 0 

problem for the tunnel work. 
III 



Consideration of the rock " mass properties indicmcd that the mO~1 

preferable tunnelmg excavation th I ' .. . me O( ale dnlling and blasting. ~or hard 

fractu red rock matenais the principal ' . , ( means of support used can be bolting. 

and shotcretc. The support and cxca t" ,va Ion methods arc sclcclCd uSing the 

RM Rand Q- System classifications. 

The rock mass of the tunnel zone is predicted to ha\ c a RM R \ aluc 

fallinn in the FAIR ROCK el B ' h " o ass. ut \V1\ some tllodlfi Cllllon locall y. 

... on I Ions. lC - \11 lie recommendation is given also for GOOD alld POOl' e ,I't' 1'1 Q I 

is also between 0.4 and 4. Two different standard primary support classes \\cre 

therefore need to be considered. 

To fu lfill the requirements for a smooth lining for the proposed \\uter 

tunnel, a lining of concrete is recommended. In add it i n some parts of the 

tunnel are located in faulted zone and permeable rock musS condi tions. 

Grouting the lining needs to bc designed to resist full hydrostatic (Icakagc) and 

gcostat ic loading. Preliminary calculations indica te thai a 50-90 nun tluck 

concrete lining would be sufficient for the tunnel of 3.75 In fin ished diameter 

(appendix G), 

It should be recognized that, at presen t. many of the index propel1ies in l:I 

rock mass are difficult to assess fu lly at the explora tory stagc. Morco\Cr. it is 

cven more difficult to predict the ground behavior in \oicl.lnic ICIT'din bused on 

the index properties particularly during exploralOry phase, Besides, "hen the 

drilling is poorly executed and hole alignmenl is bad, the degree of over break 

and need ror supporting may increase considerably. 

d 
rt ' ng I11cthod based on 

Therefore the recommend excavation an suppo I , . . ' d the rock lllasS classifications ma) 
the evaluation of the ground condill

ons 
,til 
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not be enough to define pr . I h . eClse y t e apparent conditions encountered dunng 

tunneling. However, using the two mod 'd 'd ern .m \\ I ely used classification 

systems, two approaches can be take S · ·' II . n. peCht y, the tunnehng method adopted 

using Q-system would be less conservative that c II d'« , an a ow lucrenl opllons and 

some modi fi cations during tunneling. 

Duc to problems in running properl y some modules of Ihe Dip sofh\ arc. 

slope stability analysis was not made. Hence, detai led stabili ty condition or lhe 

slope shou Id be analyzed to determine whether the slope will be stable \\ ithoul 

support , or stable only if supported by the proposed methods. 

Since the main problem in the water tunnel is related to the pressure 

difference in the runnel and the rock mass surrounding the tunnel, insitu stress 

condition should be tested and detennincd. After strcss mcasurcmcnts, the 

SllpP011. amount and type of lining uscd for the tunnel roof and wall cnn be 

recommended well. 

The defined tunnel zone for classification methods uSl.:d is 20 III nbo\c 

the crown and 10 m below the invert line, which has Ihe total of30 111 di st:'lI1cc 

from the tu nnel line. Hence, the importunce of detail ed geological and 

. . .' . II b d ' e'lsing the tunnel lone to a cenain 
geotec I11 cai lIwestlgatlon especta y Y ecr < 

. . I' kcs the tunneling work morc nccuntte. 
dIstance from crown and Invert IIlC mfi 
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APpendix B:Chemistry of the groundwater taken from some boreholes along the tunnel am 
( 5 GII1'"C.t : AAHSA 1. 

No.BH2. Physic Chemical Paremeters Value 

I T empraturcdC · 

2 Turbidity (F.T.U) · 
) Colour (pt.Co .Units) · 
4 Odour · 
5 Taste · 
6 PH 12.J 

7 Total Dissolved solids (mgt\) 115 

8 Conductivity (us/em) 167 

9 Total Alkalimity CaCot 46 

10 Total Hardness as CaCoj 32 

II Carbon Dioxides as CaCos )0 

12 Magnessium Hardness as CaCo 2 

I) Carbon Dioxides as COl Nil 

14 Oxygeodissolvcd 5.J 

15 Nairrate as No) 0.6 

16 Nitrate as Noz. Nil 

17 Ammonia as NH 3-
Nil 

18 Iron as Fe 
Nil 

19 Mangansse as Mn t-:i l 

20 Chloride as C1 
5.0 
0.06 

21 Fluoride as F 
Nil 

21 Hexavalent Chromium as Cr ) 

II Copper as Cu 0.826 
24 Phosphate as P04 

22.4 
25 Silica as Si0l. 11.7 
26 Sulfate as $04 

27 Saturaction Index (51) 
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ADpendix B(Continued \ 

No.BH24 Physic Chemical Paremeters Value 

1 T emprature·C · 
2 Turbidity (F.T.U) · 
J Colour (pt.Co.Units) · • 
4 Odour · 
; Taste · 
6 PH 10.1 

7 Total Dissolved solids (mgll) 183 

8 Conductivity (uslcm) 267 

9 Total Alkalimity CaC", 85 

10 Total Hardness as CaCo, 125 

11 Carbon Dioxides as CaCos 116 

12 Magnessium Hardness as CaC~ 12 

13 Carbon Dioxides as Co l. 3.5 

l ~ Oxygeodisso}ved 5.7 

1 ; Naitrate as No} 
12.6 

• 

16 Nitrate as No z. 

1 i Anunonia as NH~ 
Nil 

18 Iron as Fe 
Nil 

19 Mangansse as Mn 
Ni l 

20 Chloride as CI 
7.5 

21 Fluoride as F 
0.35 

22 Hexavalent Chromiwn as Cr 
Nil 

) 

23 Copper as Cu 

24 Phosphate as Po. 
0.826 

25 Silica as SiD, 
38.2 
23.2 

26 Sul fate as So. 
27 Saturaction Index (SI) 



Appendix B(Continued I 

No.BH27 Phvsic Chemical Paremeters Value 
1 Tempraturc"C · 
2 Twbidity (F.T.U) · 
3 Colour (pt.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 l. 30 

10 Total Hardness as (aCo j 
104 

I I Carbon Dio)(ides as CaCo) ·10 

12 Magnessium Hardness as (aCoj 
64 

13 Carbon Dioxides as C Ol 

14 Oxygeodissolvcd 6 6 

15 Naitrale as No} 4.5 

16 Nitrate as NO l 
Nil 

17 Ammonia as NH ) Nil 

18 Iron as Fe 
0 21 

19 Mangansse as Mn Nil 

20 . Chloride as Cl 
10 0 

21 Fluoride as F 
019 

22 Hexavalent Chromium as Cr I Nil 

23 ) Copper as Cu I 
24 Phosphate as Po .. 

\ 

0.071 

25 Silica as Sio,l. 
26.6 

26 Sulfate as 504 
8.6 

27 Saturaction Index (51) 



. , Appendix B(Continued) 

No.BHI2 Physic Chemical Paremc\crs Value 

I Temprature'C · 
2 Turbidity (F.T.V) · 

J Colour (pLeO.Units) · 
4 Odour , 

5 Taste · 
6 PH 11.9 

7 Total Dissolved solids (mgt!) 853 

8 Conductivity (us/em) 1244 

9 Total Alkalimily CaCOt 252 

10 Total Hardness as CaCo~ 120 

II Carbon Dioxides as CaCo) 100 

12 Magnessium Hardness as CaC~ 2fJ 

II Carbon Dioxides as COl Nil 

14 Oxygeodissolved 6 2 

15 Naitrale as No) 
I 

16 Nitrate as No l 

17 Ammonia as NH) 
\ ISJ 
n ;2 

;8 Iron as Fe 

19 Mangansse as Mn 
Nil 

20 Chloride as CI 
4.5 

21 Fluoride as F 
oj; 

22 
Hexavalent Chromium as Cr 

Nil 

2l Copper as eu 
05 

24 Phosphate as Po~ 
0.086 
16.7 

25 Silica as SiOl 9.5 

26 Sulfate as S04 

27 
Saturaclion Index (51) 
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Appendix C: Field estimates of uniaxial compressive strength ('1"-' ~"" H 01. , " ,,) 

, 

"""'. T~ Uni ~li l' (""'!'- PoiII'! '-' 1'".<'Id eU;ma!t or ~ rrII"h ~ .. 'nf!Ic,,, 

~ lIynr.IIIC MPa ' i....xl( Mf';a , 

R6 E><Ln:~' ,. !SO 
,,, Rn.:~ ruIe';l l l,IIIl, , ... ifllld wl\<k. ~!t"" boNk. , ... n. ",.01>0". 

Iy won. ~pcllt1l...,.,.... bIoW>. ri'I' C"'a" ..... "'. IfIU"\ · oIt. 

lllllen IUllCt 

" Ver"! 100-250 ~ · IO R~;RS _r bIo'<Io',oll~' 
Anlp,,,IoIII.II . WOIN_ ... ~ -. ic:;d I\;oInmtI' co bn:a itlUICI no.:t • .obbf", ' ... " ... , . ............ K 

'lIK,mcM 
i,mo,&,« ....rt>Ic ,.., .. b .. . , .. ,.. 

" ~~, >0- '00 H 
H»CI hd1 'f«'1IICt'. hroIc~ h~' • 

l,~ ",I/t'k' pII. nil<: 

<i,,~bIo ... ol~JI-' 
.... "",_ . ...... "' ~k 

Rl M~vm :?5.!iO I · ~ 
Finfl bIo'* ,..jjh F'*Ioni poe' 

C1.~.- tNI. , _ ..... "" ..... 

,,*011 I'C(k IO} .. cn. tooff ",,,, .~,,~-

.~, 

, 

,;c~1 surfJ(( 

I 
" w'"' 5-25 

Kflife cuIJ .... ri:l1 boil_loW ~, , ,,",n ... nx'''' ptlIaoII 

dupe in"" uW.~ !fW"'-

I 
" V.ry ,., ", .. ,.,;11 , I'IOIIIbIu....ott ~, ... 

tf"hJ~ we;o.htro:" '" ~ .vel 

-,' 
bIoo>" ol,to!oSic.1 pod ...... b< 

.h.ptd ,.,tII klli'e 

" UU1: .... · 0.2S-1 
(" lIItII br ,1Mo/I'ItInI,1 

Cl.o~ p", 

() . .... ~I.: 



Appendix D: Ratings for Rock Mass Raling'system . 
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)(:odi.x F: Support of under ground excavations in hard rock. 

Guidelines fOf Clcavaliol'l 3/ld w- of 10 , , , ' ,9'9) ~r-" m ~pu roc l~nMh . n :lCCOI"d&ne:c w.!h lhe RMR \ )'~"rn (Afltr 
8,,"IIW\ I . 

Roc" mass class EJcclvacion Rock bolts Sh04crtl( Sleel \(lI 
(10 mm dilmc l~l . fully 
roultdl 

1_ Very I co::xI Full face. GcnmUy no suppon requ ll ed Hcep1 \pIlC boll,n, 

"", ) m advance 

RMR: 81·100 

11_ Good rock Full flce . Locally. bolu in croliln ) }O mm in "O~ 

RMR; 61 ·80 1-1.5 m advance. Comple!/: support m Ion!. spaced 25m croW" .... here 

20 m from face with OCQsionl' wire requ, red 

" mesll 

.11 _ Fai t ro:.:i. Top tr.;w!in! J~ ':lencll SY$lCmllit bolls .t m 50· 100 mm N_ 

I\MR: .q .6(1 I.S-3 m advancc In top hcMiinl 100,. spxcd I ~ · 2 m ,n '" crown JNI 

ComlnC'nce suPf<' i'I. ~ f1cf n ch bll~1. (11)"" 1'1 3r.c1 ,..aUI .... " ,.. '0 mm ,n 

Compkte Wppot:. 10 m from hec .. ne mesh ,n ~Io"'n " dc ' -
I IV - POOl r..:..: l Top headint ~nO bench Sp lcmllic boIl \ " ·5 m 100 l<,(l mm I "hi 10 me.!"I'" 

• I(MR 21·Jt) I 0· 1 5 m JU" lnce In top Mold;n~ Ion/:. <p~td I I , m ," ,n C'('I ... n and flb\ (d IS'" 

IMIIII suppan con~u ITcntly with clOwn and ""all ' ",nh 100 mm.n "'Mle ,c<rJucd 

Clc3\-Jti(>ll. 10 m from f~ ...... c m(\11 " lk l 

\ _Vel) f!O"'r Mul tiple driftS 
Sy\lcmal OC: bolts 5·6 m t <.()200mm Med,umwh' I" 

• 
,"ero"," . I'\() fib ' Ip)o;cd I) 7\ I'll 

, IV\. \.: OS -1 5m advallCe In IQP hc~d,n~ lon~_ 'p:Kcd I 1 5 m ,n 

RMI: < lC In ~lIn ~upport CQr.cuITcnlly .. ·"h 
{I(l"' " ~nd ... ~ n< ... ,111 ,nn, ,n ~ ,Ik:'. .. 'Ih \Ietl ll".nl 

ncaVIIIQn. ShQt(f(te 3S soon 3~ 
... ;re I'IIc,1I fl.Q!! ,""(11 .nd SO ",m Jnd 101"(1'01,,,, ,f 

0fI I .K~ 'cll'I1Icd kxc,n 

po>~ib lc Jf,CI hl;minl >til 

11& 



F: Support of under ground excavalions in hard rock. 

<AI!de1incs (<W clcaVllton and suwon of 10 m spin rock tunnels in OIccordance with the Rftlft. syMem (Arter 
Biuliawski. 1989). 

Rod:. mass dass Ekcav&lion 

1- Very lood 

"" RMR: 81 -100 

II-Good rock 
HAIR: 61 -80 

,II - Fair roeL: 
kMR: 41-60 

IV - Poor rocl 
RMR; It --lO 

. \' - Vcr)' poor 
i ruck 
I RMR; c: ~O 

Full (ICC. 
J m Idnncc 

Full (ace. 
1-1.5 m advance. Complete support 
20 m (rom (ace 

Top heilding and bench 
1.5-3 m advance in lOp he.!ing. 
Commence support afltr cxh bbSi. 
Complete $VPpon 10 m from racc 

Top hc::adin!, ~nd bench 
1.0- 1.5 m ad"ance in lOp he~lng. 
InsI; U support conr.:urrc:ntly with 
c.eav;t!ton. 10 m from face 

Multiple: driflS 
0 .5-1.5 m advance in lOp hc:adinx 
In~ .. 11 5I,1ppon concurTcnlly 1O.'llh 
ClcaYilion. ShotcrO:lc as soon a§ 
possiblc lflcr blasling 

Rock boils 
(20 mm diall"lCter, full y 

routed 

Sleel sets 

Generally no support required u cepl spot bol',n, 

locally. bolts in crown) SOmm in No« 
m Ion!. spaced 2.5 m crown .....-here 
"'im occ.:asional wire requ ired 

""'" Syslcmlilic bolls 4 m SO- IOOmm NOM 

long. spxed 1.5·2 m in in cmwn.llnd 
crollln 3nd wOIl1s with JO mm in 
wire mesh in crown ~ idc.~ 

Syslcm:nk: boilS 4·5 m IOO- ISO mm Light 10 rTl(d,um 
long. spaced J. J .5 m In ,n crown and nbs spxcd I oS m 
crown and walls .... ith 100 mm ,n where ~ulred 

.... ire mesh SideS 

Systemal ic bolu 5·6 m l SO-200 mm Mcdium 10 heavy 
lon4' spaced I- 1 5 m ,n In ero ..... n. I:K) nb1 ~p~d 0 75 m 
cro .... n and w:. lIs wilh mm ,n S,delo . w,lh ~cc:ll)",n, 
wire mc~h . 8011 ,n \'cn and SO mm and fOfCpol,n, ,f 

on fxc required, Close ,n, 

"" 

128 
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EXC:lV3tion category ESR 

A Temporary mine openings 3.5 
B Permanent mine openings. water tunnels for hydro power 

(excluding high pn:ssun: penstocks). pilot tunnels. drifts and 
hoadings for large excavations 1.6 

C Storage rooms. water treatment plants. minor road and ra ilway 
lunnels. surge chambers, access tunnels 1.3 

D Power stalions, major road and railway tunnels. civil defence 
chamben. portal intersections 1.0 

E Underground nuclear power stalions. railway stations, sports 
and public facilities. factories 0.8 
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