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AIlSTRAc r 

In Sibil u dam catchment geomorphological , geological hydrological and engineering geologica l 

studies were conducted 10 characterize the limitat ion and importance of the area for the new d:un 

construction. 

Using main ly Ihe, aerial photos and lopo-maps of the area relie f and landform, s lope and 

geomorphological maps of the catchment afC produced at the sca le of I :50,000. Topographic features 

clearly show that all s urfncc water converges to the reservoir. Hydrological eva luati ons also indicate 

that there is no out now of groundwater from Ihe catchment through other rou les, which is in fa vor of 

the reservoir condition 

Gcologlcal 11l 3pS of Sibi lu catchment and reservoir area arc produced al the scale of 1.50,000 and 

1 12,500 lespecti veiy. Basalt. t rachyte, pyroclasti c depOS its, rhyolit e, ignimbrite and recent 

Quatern ary deposits arc exposed III the area The sln/ctmal featu res of the catchmen t arc mapped 

from aerial photograph in terpretations. Th~ N\V-SE alld NE-SW ll11e:unents arc found to he the 

d0l111113nt lineaments in the catchment Bul the meas urcments and int erpretati on of the Jomt sets 

orient atIons in the reservoir area, conformed that the N-S and E-W arc the dominant jOin t sets over 

NW-SE and NE-SW. Bes ide their concentrat ion th ese Joint sets, especial[y the E-W, nrc op..:n and 

cont inuolls 

-n le rock and so il s IIni ts of the reservOIr were described usi ng the ir lithology and genetic type a.<; the 

main classes for engineering geologlca[ purpose But det.:ul engineering geological descn ptlons lelay 

on Ihe assemb lage of basic engineenng behaviors of these l11a1l1 g roups So eight engmccflnf; 

geologlca[ subgroups of the roc~ IIl11tS arc Identified by their textural, jo in t and compaction nalures 

aphanallc, scaraCIOUS, ves icu lar and halocrystalhne basalis; masS ive and colum nar jOlilted tf:lchyte; 

unwcldcd friab le and welded pyroclastiC deposl1s Rod units III the area are fractured and JOlllted by 

different sets The strength of basaltic rock ranges from strong to extremely strong With weathcflllg 

grades or I to IV. Columnar trachyte show very strong nature and weathering grade II Welded 
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pyroclastic depos its and massive trachytc show medium strong nature wilh weathering grades of II 

and IV respect ive ly. Friable pyroclastic deposit is the only rock un it show weak mass strength. Soi l 

units wcre descri bed into fi ve engineering geological subgroups us ing their grain size distributions 

and index limi ts : clay, s ilty clay, sandy clay, gravelly clay and clayey gravels. Clays have 1·3% 

gravels, 3-9% sands, 25-32% silts and 57-68% clay fract ions; with 65- 106% liqu id limit, 30-85% 

plas tic limits and shrinkage limit 8- 15%. Silty clays have 4-5% grave ls, 6- 11 % sands, 37·41 % sillS 

and 46·5 1 % clay frac tions; with 28-34% liquid limit , 5-6% plas tic limit and 5 I · 57% shri nkage limit. 

S;Uldy clays h3ve 2-4% grave ls, 38·39% sands, 22·25% s ilts and 34-36% clay fra cti ons; with 43-48% 

li quid, limi t 12- 18% plastic limi t and 20-25% shrinkage limi t. Grave ll y clays have 22-3 1% gravels, 

13· 17% sands, 23·24% silts and 3 I -39% clay fractions. with 3 I -38% liquid limll, 6· [1% plasti c limit 

and 15- 19% shri nkage limit. Clayey gravels have 54-61 % gr.wels, 8- 18% sands, 16% s ilts and 12-

15% clay fracti ons. 

With these deSCri ptions, It was possible to classify rock uni ts as IlIgh, Illedllllll and low roc!. mass 

s trength ; and so ils class ified us ing the UCS as lIlorganic clays of lugh to extremely high plasticity 

(CY, CE, ClI) , organic d ay of high plasti city (all), inorganic s ilts and clays of low plasticity (CL, 

ML), inorgan ic sil ts of intermediate plasti city (M I) and clayey gravels, poorl y graded gra vel-sand­

clay mi xtures (GC) All these are presented oil lhe engineering geological map of th e reselvoi r area at 

the sca le of I : 12,500 

Blac k clay soi ls are found in flat terra ins with poor drainage conditions, whil e red clay soils were 

developed on s loppy and gentl e areas with good dram age conditi ons. These SOil s have formed over 

th e volcani c rocks m the area. Chemi cal analYSIS shows th at the black clays have an average of 4 1 % 

sihca, 14 1% of Iota I Iron and 25.7% ofalu lllma Red clays havegol an average of34% Silica. 24 5% 

of tot al iron and 24 9% of alum ina. The average COll1pos ltion of basalts of the Ethiopia plateau (Barlh. 

1962) is 44% silica. 13% of total iron and CJOIo of alumina Through this, It IS clear that the loss of 

si lica III blac k clays is s light , but more evident III red cl ays. Their phYSIcal geotechlllcal analysl"; 

exhibits that black clay so ils show moisture conlent of 38. 75-57.2%, li qUid Ililli t of 89- I 06% and 69-

83 plas ticity index and have 57-68% clay fractions While the red clay so il s with 28.6-47% moisture 

IX 



corllent, 28·70% liquid limit and 5·32 plasticity index have 34·65% clay fracti ons. In th e plastic ity 

chart tIlost of the black clay soil s plot near U· hne and the red clays at nnd below A·line. Comp3rison 

of the acti vity of these so ils indicates that bl ack clay soils arc more active than the red clay soi ls. 

Most of the black clay soil s arc also potentially expansive while the red clays do not . 

The bl ack clay soil s conta in monti morillonite and red clay soil s contain kaolini te as the principal and 

dominant clay minerals in the reservoir. The main concern of deal ing the clay minerals in the dam 

engineering is to deline th cir dispers ivity and the black clay soils, contain high Illontirnori ll onite, arc 

found to be potentially dispers ive. 

Sibil u reservoir intersects ridges and hills, which shows small ·scal ed mass movements The tec tonic 

and weathering reatures on these terrarns seem not to create considcrable problems for the reservOir 

and dam condrt ions. But the one on the Ascre rrdge hab le to cause stability and storage problems 

duri ng the establishment of the dam 

From the borehole daw it was ab le 10 IdentLfy three gcotcchn ical layers III th c dam site. sod matenals~ 

highl y weathered and fragment ed basalIs; and jointed sound basalt 

The rock and soi l material s for the construction of the dam arc almost avail able in the vicinity o f the 

area For thc clay core the reserVOlT soils arc cxami ned and the red clay soil s arc pre ferred tha n the 

black clay saris by their geotechnical propertIes. The Buba hills basalIs fullill the requirements as the 

construction material for the dam In the construc ti on matenals only sands for li lter material are not 

ava ilable III the surroundlllg area 
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C HAI'TER-I I TRO llUC n O 

1.1. Back GI"ound 

The importance of geology 111 cnglllccnng pract ice IS highly appreciated for large hydraulic 

structures. parti cu larly during th e inve.<. tig:l.tion and construct ion of dams and tunnels v>·here many 

re[cvanl prob lems arc closely associated wi th the geologica l conditions of th e area. Investigat ion is 

not limit ed to the dam si le on ly, but it Illust 31so involve the reservoir and catchment area in order to 

gather enough and re liable informat ion for the success of the project. The stud ied arC3, the Sibilu 

catchment , is the catchment of th e newly proposed rock-fi II dam site to so lve the Addis Ababa water 

s Llpply problem. In this new dam s il e d irrerent consu ll an ts conducted IIl ves tiga tions. however there is 

11 0 final rcport The present work is des igncd to support the final and detall geotechn ical 

in vestigation. 

Despite Illany works done on the dam site, there is no cng inecring geologica l map III the reservoir and 

the catchmcnt. To achieve Ihis basiC reqUlremcnt :Jnd eharaetenzlng the geologic Ill:ltcnals of th e 

area, il was deSired to study thc cngincering geologica l propert ies of the rocks and soils of the area 

Soils, which are the weathering prod ucts of volcani c roc ks, afC the Ill ost wide spread types of soi ls 

that cover the S ibilu catchmcnt Studying the environmental and geological innuence of these soil s, 

on the genesis and engineering geologic propel1ies, is crucial in understanding their llnportance and 

limitation in the cngi neering practices. The influenccs of these factors on the phys ical properties of 

soi ls are the main concern in cnglneering geology. '111ere is also a vital need in iden tifYlllg Ihe type of 

clay min erals and their effect on the d:llll engineeri ng of the area 

In addition, there IS an Increasing practical mleresl in characterizing the geoteclmical propertlcs o f the 

clay soils comparing with tropical soils All these considered Im tiallllg thiS research on the S lbliu dam 

catchment 
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1.2. Locati on and Acccss ib ility 

' J11C S ibilu dam sitc is located west or Chaneho, a snlJII town situated along Addis Ababa- Ocbre 

Markose road :11 a distJllce or 45 km rrom Add is Ababa. Its catchment IS round in tilc central pan or 

th e Ethiopian plateau bounded by the Entoto ndges to the south and basJ ltic ridge to the cast It IS 

enclosed within the limits or 9005"_90 IS" N lalltude and 3S033 "·3S050"E longi tude (F ig. 1.1) Thc 

catchment covers 486 k1ll2• whil e the reservoir area, which lies within the Sululta plain, covers 33.6 

km2
. 

The AddiS Ababa-Chancho road consti tut es th e major access to the study area A dry weather road 

rrom Chancho to Derba th:l.t branch orr the main road reaches the dam Site. The reservoir area IS al so 

accessed by dlrrerent subs idialY dry weather roads As a whol e, accessibility in the area is good 

1,3. Phys iognl l' h ic Sell iug 

The Studied area lics in the cent ral pJrt o r the Ethio pian plateJu III the southeastern AbJV basi n It 

ex tends westward into Eastern Wollega and ro rms a crescent shape that drains into the Abay River to 

th e north Except with rewer scattered III1Is and ndges, IllOSt of the catchment is nearl y nat and 

surrounded by continuous Entoto rhyolmc and b:Jsa lu c ridges to the south and cast respecti vely I e It 

IS domin ated by nat pla in with undl1latmg topography. Elevati on generally drops to wards the no rth 

(M ohr, 1967) It is ma inly bisectl!d by the Slbill1 River, whi ch ongll1 ates rrom Ihe EntolO Range In 

th e reserVOir area, the Sibilu Ri ver meanders in the n at-l ying Suluha plai n. Most of the streams thaI 

drain the stud ied catchment now to the northeast or no rthwest and arc dlY except III the main rainy 

season 

Vegetation IS sparse cons isting main ly Eucal yptus and AcaCia tree togethcr wllh scattered bushes and 

1ll1ll0r other kind o f plants which is mostly concentrated III the mountamsldes of Entoto ridge. The nat 

pla in part of the catchment is malll ly a pastureland and crops wuh scattered trees '111e S lbllu 

n!sc r\'OIf, at presetll, is be ing used mamly fo r grazlllg and small scale famllng by local people I e Ih e 

low ly1llg areas are le n fOf grazing whi le the relatively lu gh areas 011 the gentl e slopes arc generally 

cultivated 
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1.4. Previo us W o r ks 

Relevant investigati ons were carried Ollt s ince 1984 when the need o f water suppl y for the Add is 

Ababa became an impo rtant issue The prevIous s tudl cs made on the Sibilu Dam and rcservOi r 

include prelimi nary ide ntifi cation of reg ional water resourcc by Addis Ababa Water Supply and 

Sc wer3ge Authority (AA WSA) project slage II , ([984); fe3Sib ility swdy by SEURECA (French 

consul tant) assoc ia tcd wilh Brit ish consultant· Sir Alcxandcr and Palrcss, (1 99 [) and part o f dCl3il 

investigation by AE· HBT Joint Vcnture whi ch was int crrupted without fina lized report. 

Morin and Parry (1 971 ) in vestigatcd the geotechl1l c31 propert ies o f Ethiopian vo lcanic sOils, to whi ch 

thc studied area is included. The reg ional geology of the arca were described by many authors: Mo hr 

( 1967, 197 1), Zancllin el al. ( 1973 , 1974, 1977), Kazllli n cl (I I ( 1975), Morton cl (I I ( 1979), and 

I ial le Se llasc Glnnay and Gctanch Assefa (1 989) 

There IS also unpubllshcd recent geological worh III the area dOlle by Tcfcra Eshetc (1 995), whi ch 

was sponsored by Ethiopian Geological SUI vey (I.:. IGS) and AA WSA 

1. 5. Obj ecti ve of th e Work 

The main objectives of the present s tu dy nrc. 

• 

• 

• 

To map nnd analyze the engineenng geolog ical and geotechnica l propert ies of geo logical 

materials and struc!u ral features in the c3tchmcnt, rcservoir 3nd darn s ite of S ibilll Dam 

To Id entify and exami ne the cl ay soil s min erals and their effects in the reservoi r and fo undallon 

conditions of the dam. 

To 3Ssess construction mnterinls for the proposcd dam structures 

Under these bas ic objecti ves morc e mphas is IS g iven to 

Desc ribing and class lfYlllg the rocks and sods o f the reservo ir arC3 accordmg to 

their eng ineering geological properties to produce eng ineerin g geo logIcal map, 

Defin ing geolechl1lcal propert ies o f different clay sOil s III the reservoir area, 

Iden tify ing cl ay Ill inerals In the reservOir and dam SlIe to diSCUSS theI r cfTt!cts 0 11 

the constru ction of the dam and, 
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Describing the limitations and il1ll>Oftancc of the availab le clay soil s as th e 

cons truction materials for the dam 

1.6. Matcl"ials and M cthods 

This work was carried out using different materials and cq lllpments 

• 

• 

• 

• 

• 

Eighteen aerial photos of the catchment and T wenty-fou r of reservo ir area produced by the 

Ethiopian Mapp ing Agency in 1974 and 1996 at the scale of I :50,000 lind 1 :8,000 

respectively, 

Topographic maps (North cast A A , NOrl ll west A A. , Derba :H1d Chancho sheets) 

Geological map of Addis Ababa at the sca le of 1 50,00 by Morton ef a/ , 1979 

GPS (garmi n model) to locate the area during field works 

Compass and meter sca les to measure stnlctl/ral features 

Geological picks and hammer in assessi ng the st rength of rock mass, 

Illeitminary int erpretation ofaenal photographs and preparation of base maps were done III the office. 

followed by a fieldwork. which was condu cted , from April 24 to May 03, 1999 Dunng the fi eldwOI k 

surface mapping, structural meas urements, s imple fi eld man ual IllSllu testlllg and sal11plmg were 

conducted Twenty soi l samples for phYSical and gcotccllll ical ana lysis, eight sod samp lcs fOI 

chemica l analysis and three water samples from surface/ri ver, spnng and dug well were taken and 

analyzed in Kaj l111a site office laboratory, Na tional Sod Laboratory and EIGS laboratory respectively 

Oth..!r d:lta like hydrometerological daw or the three stations (AddiS Ababa ObservatolY, I;ntoto and 

Chancho) and Slbrlu ri ver discharge data wcrc collected from fhe EthIopian MetrologIcal Servrce 

Agency and Ethiop Ian Vall eys Development Studies AuthOrity respecllvely. 

])ata processing :lnd presen tation was done \\-itll Ihl! help of different computer sortwares~ word tex t 

documents using MIcrosoft Word , s~'nt hcs rs o r hydromcterologlcal data uSlllg EXCEL. dlgrUl...1tlllg 

,md edlll ng or maps USing AtlasGIS , £mphs. ch:u'ls and ~eCllon plOll lllg uSlIlg j\utol AD R 14 , and 

plolti ng or rose diagrams using SsW III gco-sofi 
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CHA I1TER_ 2 C LIMAT E ANI) GEOl\'IORI' I-IOLOGY 

2.1. C li matologica l C ha racteris ti cs 

The Sibilu catchmcnt has the samc general cl imatological characteristics as that of Addis Ababa . 

Globally it is a pari of tropical humid climatic region, wh ich is characterized by warm temperat ure 

nnd high rainfnll with higher ahitude. 

The broad climati c characteri stics of the studi ed area, with its alternating wet and dry seasons, arc 

determined largely by the annua l movcments across the country o f equatori al low pressure zones 

caused by the conve rgence of dry nOr1h-easterly wi nds with moist winds of sou th-easterly or south­

westerly origin . During October to Febmary when northeasterly winds persist long periods of dry 

weather arc ex perienced. Between Febn l:lry and the end o f April the weather becomes Illore unsett led 

and a con vcrgence of moist sou th-easterly winds originating from Indian ocean with a weakening 

north -easterly air strcam causes ligbt ra ins-collllllon ly re ferred to the "BeIge Rlli ns". The mllin rai ns 

fa lls oct ween June-Septemocr when moist winds fro lll the Atlantic and Indian oceans COil verge over 

the Ethiopian his h[ands. Th us the year is characterized by II major rainy scason four month s long, 

from Junc to September, during which about 65% of thc all ll llal rainfa lls, followcd by a dry season 

fo ur months long unti l the end of January and then a Illi nor rainy season from Feomary to thc end of 

April (Admllsll Gebyehu , 19%). 

A twenty-fi vc yea rs ra infall record from NMSA for Sibi [u catchment is analyzed (chapter 4). It is 

found tha t the ann ual rainfall is I 228.31ll111 . The mcan annua l mi nimum temperature 8°c and 

maximum temperat ure is 18° c. Using thesc average clima tic values, its alt itude above mean sea levcl 

and gcographic locat ion of the catchment , it is possi ble 10 suggest that the area hns humid Iropica l 

cl imatic condition . 

2.2 . Geo morphological Charac teri stics 

Phys iographically, the Sibilu dam ca tchment is part o f the Eth iopian cent ra l plateau , which is 

characteri zed by hi gher alt itude (above 2000111 o f mean sea levcl). With fewer peaks at the Entoto 
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ridges, most of the catchment consists of plains covered by clays. It is dominated by fl at to undu lating 

topography with a general elevation drop towards the Ilonh . The reservoir and su rround ing area 

characterized by scattered hi ll s and ridges with flat flood plain (Mohr, 1967). On the far south and 

ellst the catchmen t is bounded by cast-west trending Entoto range and a series of basa ltic mounlains 

respective ly. 

The alt itude of the catchment va ries between 2530rn above mean sen leve l (a.m.s. I.) at the riverbed at 

the dam site and 3180111 a. m.s. l. at it s highest po int of the EntolO Mountain . Over 60% of the total 

catchmen t area is above 2600m a.m.s.l. while the reservoir is below towards which the surface water 

converges. 

The Si bilu dam catchment has got different Iandronns, which is associated wi th volcanism i.e. the 

topographic features of the study area arc the results of yOllllg volcani sm (Kazmin , 1975). The 

basaltic rocks cover most of the area (except the rhyolitic Entolo ridges to the south) and govem the 

macro JclicfeondiliOlls. The Su lult" plain covcrs 65% oC lhc 10lal area, which is gcncrally nal with an 

undulating micro relief. The scallered hill s :Jrc wit hout craters and risc to the maximum average of 

40m above the plain while the Entoto ridge is built by nn accumulation of lavas and ash empt ions 

which show asym ll1etrica lna lure, wi th a steep froll l on th e Sibi lu side i.e. faulted and relat ively gen tle 

slope on the Addis Ababa side (Lulscged Aya lew, 1990). 

The landscape of the sludy area is furthe r obliterated by weathering and erosion giving rise to the 

different slope t)1,es and soi l fonna\ions. At places, erosion produces many sleep-sided gullies and 

ravines 011 the hi ll slopes. This is due 10 high concentration of the I1molT in the southern pan, which 

rapidly decreases toward the nat area. It also affects most of the rock bodies and sti ll acts in the 

1Il0unwi nous areas to accumulate thick layer of soi ls in the low-lying areas. The soil deve lopment in 

the reservoi r nat area is alhL \·ial while the rest is residual. 

[n the Entoto ridges, slope movements Ihat arc acted under the in nuence of gravity and water actions 

(include creep, slide, and fall) arc also observed and ab le to modify the morphology even more. As a 
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whole, the southem and eastcm part of the watershed is eharaeteri7..cd by sleep slope and rough lOp 

surfaces (at places the highland plateaus with Oat surface nrc observcd), while the hills in thc Sulu lto 

plai n show gentle slopes. Almost all the lower pan of the slope areas are covered by a thin layer o f 

co lluv ial deposits. 

2.2.1. Relier and Landforms 

Landform s usually described using slope degree, type and processes responsible for their shape 

modificati on. The dominan t slope is Ihe Illost impo rta nt eritcri on, followcd by relief intensity (Grac f, 

1996). Four main t)1' CS of landfonns characterizc th e S ibi lu catchment: level land, gelltly sloping 

land , steep land and composite landfonns (f ig. 2. 1). 

A. Levcl L:llld : it covers 116.3 Km2
, wh ich is mainly cx posed in the nonhem and centra l pan o f lhe 

ca tchmcnt nrca. II is bounded by slcep land to the west, gcnll y sloping land to the cast and composite 

landforms to the soulh. It is composed of Oat low lyi ng plain with small hills and foot slopes. 

S tructu rally it is horizontal or nearly and bisectcd by the Ilwin perennial Sibilu River in the north ­

south di rcction which is flowing to the north . In the northem and central part o f this level 13ndfonn, 

the S ibilu River has a broad and flat -Ooored v:l lley. Th is vaU ey noor is much wider thnn the ri ver 

channe l and characterizcd by extensivc fl oodpl nin , across which the river meandcrs. The flood plnin 

is a w ide flat plain o f alluviuJll deposit s nnd ident ifi cd by its I11n rshy cond iti on with sevcml swamps 

nnd sOllie ox bows an d mcander sca rs. Its tribu tarics that arc sma ll and sensonal streams flowin g in thc 

cast-west d ircction and also poorly dissected il. 

The elcvation of this landfonn varies between 2530 111 a.lll .s. 1. and 2604 111 a.m.s.1. i.e. its rclicf 

intensity (dirfercllce between highest and lowest elevation po ints within the land fonn) is 74m. It has 

a general, grad ua ll y descending slope o f about 2% in Ihe north direction. Thc cast and wcst sides of 

the rivc r sloped to the river wi th about 1% average slope. 

In this land fonn groups there arc scattered small hil ls (max. of 15m high above the plain) with the 

slope o f 2-5% and grouped under genlly undul ating slopes :lccord ing 10 FAO-UNESCO slopc 

gradient c lass ification, (1997) (table 2.1). The slopes arc almost uniform and have longe r length (O.S-

2 kill) . The foot slopes, which arc mostly covered by transported materials from slope land. arc low 
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topographic relief and found immediately next to slope land in the west port ion . Its slope is very 

gen tle with about 1-3% and grouped as nat to gently undulating. 

B. Cenlly slopi ng Lund: it covers 81.1 Km2, which comprises the southwestern and westem part of 

the wa tershed. It bounded by composite landronns from southeastern side and level land from 

Ilortheastem side. It is composed of gentle slopes and hill slopes with a small portion of the nat 

plateau at the top pari . It is hi ghly dissected by large seasonal streams, which arc nowi ng in the 

northeastern d irec tion , with marshy lands at the pl nteau . 

Slope class Slope grad ien t classification 

0-2% Flat 

2·5% Gentle undulating 

5-8% Undulating 

8-15% Rolling 

15-30% Moderately steep 

30-60% Steep 

>60% Very steep 

, 
Tab le 2.1. Differen t slope gradient elassdl catlon, ;Jfter UNESCO-F 1\0 (1997) 

The eleva ti on o f this ln ndfonn varies between 2600111 a.lIl .s. 1. 11l1d 2720m a.m.s.1. i.e. its re lief 

intensity is aboui 120m. It has a general slope o f I 5% desccndi ng to Ihe cast. The southern part of this 

landform, which consists of the fiat plateau , has lower slope gradi ent 5-7%, while the central ponion 

has higher gradient up to 20% al places. 

The hil1 slopes o f this landform arc moderately steep slopes of 15-20%. The slopes are convex 1Il 

nature and has relatively medi um slope length (0.5-0.9 km), s0111etimes covered wi th unevenly 

d ist ributed boulders of micro relief. The nal pla tea u, 1·2 km1
, is nat to gently undulating surface (1 -

4%). II is poorl y drained marshy area . 
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C. Steep La nd: Most of the steep sloped lands of the ca tchmcn t arc grouped under this landform 

type. It covcrs 153.5 Km!, which is mainly exposed on the SQuthem and eastem boundary of the 

catchment. Usually it is followed by the level landform. It is composed of sharp steep Emoto 

cscaq)tncnts and steep gull ied slopes of basalti c mountains in the cast of the catchment. These 

mountains have been deeply dissected by radial vall eys and exh ibits large seasonal streams. The now 

direction of these streams is to the north and west, fo r those, which originate from Entoto and basalti c 

mountai ns respectively. 

The eleva tion of th is landform vanes between 2620111 a.rn .s. 1. and 3180m a.m.s.1. i.e . its relie f 

intensity is about 562m. It has a sharp descending slope of 32-65% to the north and to the west. The 

slope of the basaltic mounta ins is relatively gentle (38-50%) than the En toto ridge (32-65%). All 

slopes grouped under sleep to very steep. 

The slopes of the steep land arc Con\'ex ill nature and show uniform slOI>C direction . The slol>C lcnglh, 

shorter than other landfOOllS in the drainage ca tchment , is 0. 1-0.3 kill. II is well drained. Erosion 

develops first on the upper slopes and represcnts the early stage of di ssection followed by deep gu lly 

fo rmat ion. 

D. Compos ite La ndfo rm : it eovcrs 13 1.8 K1lI2
, which eomprisc the south central p;u-t of thc 

catchl11ent. The lcvelland in the north , gen tl y sloping land in the sOllth and eastem side, bOllUd it. It is 

composed of di fferent lnndfortns i.e. hill slol>C, VA ll ey noor, plAin llnd sloped parts withou t defin ite 

slopc direction. lIence, within the area there is 110 dominant morphologicAl fea ture nnd slOI>C 

dir~ct i on. It is dissected by fou r more or less S1Tnight perenn ial strcams, which arc almost p:lrallel 

nowing in the N-S direction . The strcams in this landform have Sleep sided vall eys with V-shal>cd 

cross-section . The valley is also highly gullied . 

Thc elevati on of this landform va rics between 2547111 a.m.s.1. and 2788m a.m.s. !. i.e. its relief 

intensity is 24 1m. It has high rnnge of slope gradient 1-72%, wit h relatively variable slol>C lengths. 

There is no defined slope direction in this landform. 

Plateau of this landfonll arc nat with slope gradient of I % but higher alti tude than the plain. The bill 

slopes arc gentler than the valley slopcs, which an: the stec!>cst in the eatchmenl (60-72%). 
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The slopes in this land show different nature, con vex faced and has irregular trend . The va lley floors 

represent the lowest relief in this landfonn . Generally this group shows irregular topographic relief. 

Landronn group 

Level land 

Gently sloping land 

Steep land 

Composite 

Area cover 

116.3 km 

SI I kml 

153.5 kml 

131.S km1 

Relierintensity 

74m 

120m 

562m 

241m 

Slope 
class 
1-5% 

5·20 % 

32·65% 

1-72 % 

Table 2.2. Summary of th e reli cf and landforms in Sibilu catchm cnt 

2.2.2. Dr:li ll age I'atlcrn a nd Vegeta tion Cover 

Slope length 

0.S-2 km 

05-09km 

0.1-0.3 km 

Variable 

Thc major river dmin ing in thc area is Sibilu . It j oins the Muger River, which is one of the mai n 

tribu tnries o f Abay. The Sibjl u Rivcr mcanders in thc nat topogmphy of $ ululta pl:! in. Thc drainage 

lillc$ trend to bc p:ua llel where the ground h:ts :t gencral slope in direction that is observcd in the 

castcrn s lcep iandfonns. Where the topography is more irregu lar, the drainage IXl tlem del"clops likc a 

brnnch ing trec, refcrred as dendriti c drainagc p:tltcm in thc sOllthcm and wcsten} po rtion o f the 

c:t tchmen l. Probab ly due to 10cal tcctollic effcct, the composite landform shows morc or less parallel, 

N-S ru nning pcrcnnial rivcrs with all jntenn iltcn! ,mel short dcndri tic tributarics (Fig. 2.2). 

Thc vegctil tion covcr is Illostly conccntmted in the mountainsidcs of Entoto ns Euca lyptus and Acacia 

tree togeth cr with scattercd bushes and lIlinor o ther ki nd of plnnts. The northcm plain part of the 

c:ltchmcnt is mnin ly a pasturcs :! nd alternati ng crops with few senttcred t rees. Thc Si bilu rcservoir, :l t 

present , is being used mainly for grazing and small scale f:l11l1ing by local peoplc i.c. the low lying 

areas arc left for grazing while the rclati vcly high arcas on the slopes arc gcnerally cu ltivated. 

2.3. Geomorp hologica l P rocesses 

Geomorphological processes \1\ any catchmcnt should be identified to employ any cJlglllcenng 

practices (Prince, 1983). 111C main geomorphological proccsses in the S ibilu catchmcnt may be 

groul>cd under two broad Iypcs: slope movcments and soil fo nnatiOI1 S. 
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2.3. 1. Landmass Movements 

Much o f the steep land and composite landfo mls of the Sibi lu catchment are characterized by hi ghly 

sloped areas. These slopes play an important role in the processes of mass movements, associated 

with its climatic conditions (Fi g. 2.3). Materials arc movcd down slopes by two main ways. These arc 

lllass wasting and down wash, which arc iml>Ortant in denudation . By the act ion of mass wasti ng and 

down wash, materi al is removed, so facilitati ng the cont inu ing work o f weathering (W ight , 1987). 

i) M ass lI'asrillg- is the crecpi ng, nowing, sliding or fal ling o f rock and weathered materi al dowl1 hill 

under the innuenee of gravity. The mn in types of mass wa sting favored in Sibilu catchment , due 10 its 

slope , cli lllnt ie and geologic character, arc soil and talus creep, rockslides and some rock fnll s. 

Soil a"d TalliS creep - Most of the basa ltic sloped mountains, which arc deforested and the 

unell !! ivnted hills, arc characterized by this types of mass wasting. 

Rorkslitle- Most o f the En toto ridges, due to steep slopes, fractured natu re of rock mnss, 

deforestation and other huma n :!etivit ies like road cuts, arc affected by rockslide. This is 

identified from aerial photos and large accumulation of rock fragments and debris masses. 

ii) 0 011'11 lI'ash- is the movcment o f material down slopes by nnll1ing wa ter as a resu!! o f he:!"y 

rai nfa ll. The impact of rain spl ashing on the ground may add to the effect of down wash by loosening 

individual p:lrtie]es . During to!Tential ra in fall it become domi nan t transpo rtin g agellt in the sloped 

arCIl S. In this catchment therc arc two types o f down wash processes, wh ich arc man ifested by 

diffe rent feat ures. 

• Sheer Wash- is a remova l of the lOp layer of the soi l and other fin e material s fro rn 

sloped areas. So most or the slope areas in the catchment, which arc not strongly 

vegeta ted, show thi s phenomenon. It is manifested by al1u vial fan deposits of the 

sloped streams nm to nat topography (to Sulu Jta plain). It is observed nt the foot o r 

Entoto and eastenl basalt ic mountain s. 

• GlIlIyi llg- is prominent on sleep slopes of Entoto ridges and composite landfonn of 

th e catchment. 



• 

2.3.2. Soil Format ion 

Th is is a natura l process facilitated by lhe degradation o f rock into somewhat disorganized sedimen ts 

or fragmented materials, which then is finall y transfonncd in to on organized materia l and II series of 

diffe rent soil hori7..ons comprisi ng the soil profile. Geomorphology and climate. wilhin a given parent 

materia l, drainage and vegetation types, arc the major contro ll ing fll clors in the soil fonnntiofi s 

(Gracr, \996). 

In Ih e s tudied catchment the volcanic terra ins arc subj ected to high rainfa ll alld temperat ure III 

desc ribed landforms, which explains the suitable conditions for distinct chelllical weathering to 

produce characterizing clay soils. Many resea rches h:l\'c been don e in tropical soils to model the 

inlcrrcln lion betwecn thc diffcrcnt controlling roctors lind thc product sOI l material by diffcrcnt 

:Ill lhors. Tricart , (1972) tried to relatc Ihe nnnlLn l rnin ra]] amount with clay type of the soil in s loped, 

well-d rained basa lt ic telTnins or humid tropics rcgion. Jenny (1964) also dcscrlbed the nnnua l 

tempera tu re :lnd clay contents of thc soil in diffcrcnt drain .. ge conditions of basic Tertinry bnsn ltie 

lOcks (c it ed in Tricor!, 1972). In Ethiopinn platea u especially in the northwest of Addis Ababa , there 

was a study conducted by Thompson , ( 1965) to dcfine thc rclationship between YOlca nic clay soi ls 

wi th the existi ng clinul! ic conditions. Also Morin and Parry ( 197 1) stud ied geotechnica l properties of 

Ethi opian volcanic so il related with their fonlllllion and contrOllin g factors. 

The clay forrn:l tion of the stud ied catchment is cont rolled by climnte, nature of the source malerin l, 

topography, drai nnge, yegctati on cover and time; like nny other ca tchment. The cnlchlllelll, as 

discussed be fore, is characterized by hum id tropica l climate and \'olca nic terrn in . Its topography can 

broadly g ro uped under slopcd area aroun d the watcrshed boundary and the remaining plain . The 

drainage can also be related with its topography i.e. thc sloped part with we ll-dra incd conditions, 

which f:lvor ex tremc leaching whi le the plain is poorly drnined which facilitates limited leaching. So 

al1 these conditions lead 10 tellt hc type of clay mincra ls fo rmat ion, i.e. kaolimte in the well-d raincd 

arca (Morin and Parry, 1971) bUI in poorly d mincd arcas the format ion of mont llllOrillonite is 

favored. Oett er characteri zation about their genesis. geotechnienl properties and their significa nce in 

da m engineeri ng practice will be discussed in chnptcr 6. 
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lA.Geodyna mic Evaluation 

The signil1eance of discuss ing in dctail the gcomorphological aspects, in relation to climate in a given 

catchment, is to iden tify the geodynamic phenomena, which nrc active at the present time. and to 

understand their future effects in Ihe engineering stmctures of the area (Socters and Rangers. 1985). 

The geologic features include those due to erosion and deposition. slope movements and volcanic and 

tectonic activit ics are important in the area. All these fealures can be shown in the geomorphological 

maps, which is thc way to rcpresent the geodynamic eva luations (Fig. 2.3). Then il is possible to see 

the condi tions favori ng their development, intensi ty and occurrence. 

In the Sibilll catchment erosion produces steep"sided gullies and ravines on hillsides. It crca tes an 

irrcgulur surfaces (as composite landfonns) and increase sediment load in the strcams. It also 

facilitates the increasing of the possibility of slOI>C movements. It is also favored by o,'er grnzmg, 

deforestation nnd other hUlllnn activilies at b lloto ridges. Due to the position of the reservoir to the 

Enlolo ridgcs, where erosion is predominant, mny enu se sililation problems in 5 ibilu dam in the 

fu ture unless prol>cr consideration is taken. So human aCli vilies in the sloped areas, which arc able to 

facilitule eros ion should be discouraged. Mass movements in the Sibilu caleillnent arc observed in the 

Enloto ridges and composite landfonns where there arc slopes. Most arc creep. sli di ng and some fa ll s 

in the areas with uppe r most Slll'faces. These small-scaled Illass movcments seem not to create 

considerable problems in the ncar future. Some rO:ld culS in the Entolo ridges needs stability 

considera tions and the quarry ncar thc reservoi r should be sccn it s effect in the reservoir cond it ions. 

This feature in terms of the reservoir water tightness is discussed in chaplcr 7. 

Volcanic and tecton ic features in the area ale expressed in the all the landfonns of Ihe area, which arc 

then modi fi ed by weathering processes. There is no active volcan ic event recorded in the area 

recentl y. Some tccton ie fealures: lineaments, fractures and joints arc considered in the dam and 

reservoir condition s and discussed in chapter 3. Generally the climate and geomorphological 

characteristics o f the catchmcnt has s ignificance roll in geodynamic evnhLll tions, which in tum be the 

main parameter in dealing with the engineering"geological in vestigation of the area (Prince, 1983). 

16 



Seismicity risk analysis is also incorporated with geodyno mic eva luation of the area during site 

investigat ion . Earthquakes impose additional loads to dams and cause instabi lity problems so seismic 

study should be considered (Price, 1983). Seismi city analysis is based on hi storical records and 

geology of the area . Statistical procedures can be applicd to know the probable locations, magnitude, 

occurrence and frequency of the earthquakes. 

From scismic risk map of Ethiopia the study area lics in thc second ri sk zone , which is characterizcd 

by micro-earthquakes with magnitude less than 3. Hence, considering the se ismicity and earthquake 

risk o f the area, it is bctter to include appropriate hazard mitiga tion measures in the des ign of the 

proposed dam. 

17 
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CHA I'TEn_3 GEOLOGY 

3.1. Regioll al Gcologica l Setting 

The Sibilu dam catchment is located in the plateau region o f ccntrnl Elhiopin. 'nlc volcanic 

success ions of the central plateau and adjacellt escarpment have been descri bed from the stratigraphy 

and leclonic viewpoints by differe nt researchers. Mohr (1967, 197 1), Zancnin e f 01. (1974, 1977), 

Ka zl1lin el al. (1975), Morlon el (II. (1979) , and Il aile Sell ase Ginnay and Gctnnch Assc fa (1989) nrc 

few to men tion . Accord ing to Kazmin e( al. (r 975) the plnteau region of central Et hiopia is occupied 

with less dominant Mesozoic scdimcrllary rocks, which belons to "nln la Group and "mba Arndom 

Formation. and the dominan t Cenozoic volcanic rocks. 

The Mesozo ic scdimclllUI)' rocks arc exposed to extreme north ~nd northwest of the study area 

(Figlll cs. 3. 1). They include Abay Beds, Allt~ lo Limestone, Aguln Shale and All1b~ Aradoll1 

Fonn~t ion. 

Aba)" /Jeds; nrc middle Jurass ic in ngc. They arc associntions o f S)1>SUIll, limcstone, dolomi tic 

limcston e, s:H1dstonc and shalc. Sometimes they M C va ricga tcd shalcs with gypsulll . 

AI/I(/Io Limeslolle: is uppcr Ju rass ic ill age. It is composcd o f oolit ic, detrial finc and micro­

grain ed limcston c nne! marls. 

IIgl/lo Shale: is uppcr Jllfassie-Killllllcridgiall III agc. It is an assoc iation of shnle, IIlllrl , 

claystone, limestonc, dolomite and gypsum. 

IIm/)(I ;//"(/(10111 Forma/iOI/: is lower Crc t~ceous in ngc. It is nn association o f clayey shale and 

lllarl with conglomeratic s~nds tone. This foo11a lioll al so includes the upper sandstone of Iinrar and 

Arussi. 

The Cenowic volcanic rocks occur within and adjacent of the studied area. These rocks ha\·c been 

broadl y divided in to two groups: 

Volcanic rocks be longing to the Trap Series of carly and nlidd le Teniary age. 

Vol cani c rocks younger than thi s age. 



5ca l,' 1: 2,000.000 

Q h- I loloeene. Conglomerates. Sand SlitS, CI:I)'S. reef I,mcstone 
QIl · Oasaluc flows and relmed spauer cones 

a) Tr:lI1Si!lonal t)'pe between alblmc and tholelltc bas.1lt 
b) Alkaline olivine basalt 

Q. Undlffercnll3!cd 

Q:I1" SiI,cous domes and flows NQ:I ' A far group: Basalts. subordinate aeld lal as. Ignlmbrnes 
i\' m· Magtlab group: Rhyoli tes. lrachytes. Ignl!11brucs and agglomctrales basalts 
Trap Scri l"s 

Ns· Shlcld group: Alkali basalts, luffs, agglomcrales 
I'g - Ashangi group' 

a) Alkali oh\lnc basalis. tuffs, rarc rh)'olliCS 
b) Dolenllc sills and gabbro·d,abase mll'USII'C 

A II/:I !O Grou!) 
Ka· Ambaradam formallon 
J I· Amalo IlIllcslonc 
Ja· Ad,gart sands/onc 

SC- 51bllu calchmenl 5" 51bllu dam 511,' 

J g. Agula shalc 
Jb· A~~ beds 

G Gcrbr dJnI SriI' I- Proposed SIIC of Enl% /unnel 

Figure 3. 1. The regIOnal geological sellmg of the sltLdy area (aner Kazllllll. 1975) 
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Thc volcanic rocks belonging to thc Trap Series include Ashnngi group and Shield group. These 

rocks hnve bcen eonsidcred to be related with extensive fractu ring that occurrcd synchronous ly and 

immediately fOllowing the uplift of the Ambo Ethiopian swell (Mohr, 1971; Kazmin , 1975). 

As/wlIg; Grollp: Paleocene-O ligocene_Miocene in age. This broad group is class ified into 

al ka li o li vine basalt and tuffs, rarc rhyolitcs nnd dolcri tc s ill s and gabbro-diabase int nlsive. As a 

fonlla tion it is cx plai ncd as a lkali olivinc basalt , pyroclastics and rare rhyo litc inj ccted by dolori tc 

sills, IIcidi c dykcs and gabbro-diabasc intmsioll . 

Shield GrollP: Mioccnc in agc. II is composcd of alkll ii oli \' inc basa lt, tuff and agglomcrates. 

Thc a lka li oli vinc basa lt in this group shows alllygda loidal tex tural fcatures. 

Thc volca nic rocks thought to bc youngcr than thc rocks of the Trap Serics arc Magdala grollp and 

Afar group. Thcsc youngcr volcanic rocks suggestcd to be rtssoc i.:l ted with the rift systcm faulting and 

occur wi th in thc rift and along thc adjaccnt plmcau (Mohr, 1971; KazlIlin , 1 975). 

Magdala Group; uppcr Miocenc- Plcistocene (1) in aHe . It is an association of rhyolitcs, 

trachytcs, rhyo litic and trachYlic tuffs in tcrbedded with lavas and aggloll1cr,lIes of bas..1ltic 

composition i.e. ign imbrit es, ilgg lolllcratc and basalts. 

Afro· GrollI'; Mi occnc-Pleistoccnc in aHC. This grou p consists of basalts, subordiJw tc acid 

(s il icic rocks) and ignimbrite. 

The S ibilu rcscrvoir and dam site comprises of volca nic rock be longi ng 10 the Ashang i group of the 

Trap Sc rics. Thcse rocks also occur in thc central and SOu thern pan ofthc Sibil u catchmcnt, whe/cas 

thc rocks inc/uding in the Shicld group of Ihe Trap Scries exposed to the wcst and cast of the Sibilu 

ca tchmcnt Mea. The Sou thcrn boundary ofthc catchment constituted by rocks of Magdala group. 

3.2. Geo looy o f Sibilu Ca tchm ent e. 

3.1.1. Lit hological Units of Sibilu Catch lI1 ent 

The gcology and volcanic sequences of most of the cen tral and SOllthem part was systcll1at icarry 

explai ned with thc analog of thc geo logy of Addis Ababa by Monon er 01. (1979) and Haile Sellasc 

Ginnay and Gctaneh Assefa ( 1989). 
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Il aile Scllase Girnlay and Gctaneh Asscfa (1989) proposed the stratigraphy of the area slart ing from 

Sululta (central part of the catchment) 10 NaUlrclh. They rede fined the litho-stmtigraphic un its and 

mod ified the existing stratigraphic sequence. The suggested Miocene- Pleistocene volc3nic 

successions in the area from bottom to top arc Alaji basalts, 1;11 \0 10 5il icic5, Addis Ababa basalts, nnd 

Naza reth group and Bofa basalts. 

In the Sibilu catch men t Ihe type o f rocks observed nrc basaltic lnva flows, rhyolitic lava flows, 

(rachylic !llYn flows and we lded (ign imbri tes) and un welded pyroclastic deposits (Fig. 3.2). The Sibi1u 

catchment parlinl geologic map a\ the scale o f I :50,000 was produced by Morton el (If (1979). Out 

this map covers the central and southcm part of the eatchmCIl t. To complctc thc geologic Illap to thc 

north , aerial photo intelvrctatioll and fic ld mapping wos done. 'n rc southem ond centnl J 1).1 1"\ of the 

catch ment is already in the defined zone of thc above st rat igraphy. To suit the rest of Ihe rock units of 

the catchment in the proposed stratigraphy the rocks tex tu ral features and geographic loca tions are 

cons idercd, and a pl ai n correlation was drawn. Most p:lrt of basa lt ic ullit is assoc iated with Alaj i 

basal! and some to Add is Ababa basalt; the rhyolites, trachytes [lI1d ignimbrites, to that o f Entoto 

silicic rock unit, and somc wc lded tuff (ignimbrite) to the Naza reth group (Hai le Scllase Girmay and 

Gctaneh Assefa 1989) and Quatcrnary deposits arc ol so noted. 

A. Alaj i Basalis 

These rocks unit is exposed at thc crest of En loto hill s which bounds thc southem limit s of Sibitu 

ca tchmcnt and across thc Sululta plain (Zancttin el (1/., 1974). The outcrop of A laji basalt ex tends 

from the crest of Entoto (ridges bordering the southclll 1).1 11 of thc ca tch mcnt) towards the north 

(Haile Sellase Ginnay and Getaneh Assefa 1989). 

This uni t is composed of basalts, which show variation 111 texture from highly porphyritic to 

aphanatic. I! is mai nly composed of labradorite, andesite, pyroxene and magnetite. Within this unit 

there is an interaction of pyroclastic deposi ts and g lassy welded tuff (ll aile Sellasc Girmay and 

Getaneh Asse fa 1989). It may be possibk to group the aphnn itic basnlts of the northem catchmcnt in 
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Ihis s trati graphic unit . This uni t is underlain by turfs and ignimbrites, on the other hand Its 

stratigraphic rela tionship with the [niota silicic! is difficult 10 detemline as il occurs in a fault 

contact. Mohr (1967) proved that En loto trachyte overlies thc Alaji basnh . The Alaji volcllnism in thi s 

pari was outpoured from the end of Oligocene until middle Miocene (Zanenin el al., 1974) and also 

samples collected from that area yielded an apparent age o f 22.8 Ill .y (Morton el al .• 1979), so that 

could be placed in Miocenc time. 

It Enl oto Silicics 

According to Zanettin and Justin-Visentin ( 1974) these rocks exposcd as a thi ck pilc o f nows 

accumu latcd along cast-west fi ssures o f EntolO ridges ;lIId uplifted northwards. There abundancc 

becomcs maximum on the Entoto ridges and Icss towards thc plateau . The [ntoto sdi cics is composcd 

of rhyo litc and trachyte with minor amount of ignimbrite (wclded luff) and obsidian (Hai le Scllasc 

Gi rmay and Getaneh Asscfa 1989). Rhyolitic and trachylic lava nows liTe difficult to scparate. 

However, they have gOI somc pecu liar fcaturcs whcn thcy arc freshly cx posed. 

Rhyoliles: the rhyolitic lava nows olltpoured on the top and fOOlhill s o f [ntoto ridgc. In thi s 

rock unit now banding, folding and jointing nrc common. It is forming ridgcs, rcl3tively stecp 

dissccted hill s nnd vnlleys. II is finc grnillcd, ligh t gray whcre it is fresh, reddish brown where its iron 

stai ned. Commonly it is strongly wcathered and in plnecs solut ion ca\'itics are devclopcd. Thc 

rhyolite is charactcrizcd by phcnocrystcs of plagioclasc, qUflrtz, sa nidinc. andcsinc-oligoc[ase and 

altc rcd rcbeckitc in 11 grolllldmass of devi lrified glass with iron ox idc. Thc rhyolitc rock unit was 

ovcrlain trachytc, and it is undcrlain by tuffs and ignimbrites. 

TmchYle: thc trach)1 ie lava nows outcrop on the top of Entoto ridgcs and foothill s, c}[posed 

011 thc farming hills and vallcys. It is light gray whcn it is fresh. It shows II quite uniformtexturc . It is 

vcry finc 10 fine grained and rarely is constitutcd by visible phenocrysts of onhoclasc, sanidi ne, 

oligoclase and magnct itc within a groundlllass of plagioclase iron oxidc and minor quanz and mafic 

mincra ls. With its textural rcscmblance thc trachytic rocks of the Ilonhcnl eatchmcnt may be 

compi lcd in this stratigraphic unit. 

Ignimbriles (welded IIfjj): arc incorportltcd with thc above t\\'o la va nows foons a gcntle slope 

and probably occurs as a lens within thc rhyoli te. [\ is moderately wcathercd (lnd crystal fragments arc 
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scattcrcd through a matrix of ash. Tuffs and ignimbrites show a sequence nature in the rhyolitic lava 

flow . T hcy arc welded and characterized by columnar jointing. They are usually composed of 

sanid ine, rebcckitc, anorthoclase, quartz and unidentificd volcanic fragments (Haile Sellase Gimmy 

and Getaneh Asse fa 1989). 

Thc Enlolo s il icics is unconfommbly ovcrlain by Addis Ababa b3S31t on the foot hills o f 12ntoto ridges 

and undcrla in by Alaj i basalt . The Entoto silieics arc dated 22 m.y by Morton el "I. (1979). Thus 

from the genera l stra tigraphy established by Zanettin el (II. (1974) both rhyolite and trachyte of the 

12lllOto si lieics belong to thc 'Miocene Alaj i rhyolitc and basalt ' sequences. 

C. Addis Ababa Uasa lls 

In the catchment, the oldest visible rock post·dating thc 12ntOIO silieics are thc Addis Ababa basalts. 

The unil, whi ch is mai nly present in the cent ral part of the Add is Ababa town, exposed in the Sululta 

pl ain is underlain by the 12ntoto silicics. It is nrnygdaloidal (vesicles fill ed with calcite) nnd of 

labradorite·bylownite, oli vine and augilc as phenocrystes. The ground mass is made up of andesinc, 

labradoritc, olivine, magnetitc and pyroxene (I-Iai le Sellase Girmay and Gelaneh Assefa 1989). With 

its tcxtural simi larity, the Ilorthem catchment vesieulnr basalti c rock may be grouped in this 

stratigraph ic unit. 

D. Nazareth C roup 

The units identi fi ed in this group arc denoted as ignimbrite (Iowcr welded tuff), aphanitic basalt and 

uppcr welded tuff. OUI of these on ly ignimbrite is exposed in the Sibilu catchment (ll aile Scllase 

Ginnay and Getaneh Asse fa 1989). 

Ignimbrite: it is also named as lower wclded tuff. It outcrops as a small discontinuous body in 

Suluha plai n. It is glassy with abundant fiamme and has columnar joints. The age of this rock as dated 

by Morton el 01. (1979) at Su lulta is 5.4 111.y. This age overillp with the pcriod of Weehecha volcano, 

4 .6 Ill.y. Wcchecha is located 15 kill west of Addis Ababa and probably the sources of ignimbrite in 

the catchment (M orton ef al., 1979). 
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3.2.2. Gcologica l Structures of SibiJu Ca tchm en t 

In the Sibilu cBtchment and adjacent area different authors reported the OCCulTences o f fault s, Joints 

and ot her structures within the different volcanic rocks (Zancltin el 01., 1977, Hailcsallasc Gimloy, 
1985). 

A great fault is running cast West via Kassam RiveT, and it cuts across Ihe western rift escnrpment 

(northern Addis Ababa) and uplifted its northern block (Za ncttin el al., 1977) III about 8 m.y ago. This 

fa ull marks Ihe outer boundary of the WCstcm Ethiopia rift margin im mediate north of Add is Ababa­

Ambo road (Zancttin ef (I/., 1977). The fli lato s ilicic5 confined nlong this raul! and fonn n ridge. 

This ridge bounded the catch men! in soulhcm direct ion. 'n lis fault has n down throw 10 the south in 

thc catchmcnt arca (Hailc Scllasc Girmay and Gctanch Asse r., 1989). 

In the prCScnt work the structu ral fea turcs, which are inferrcd in the catchrnclll, arc obtained from 

I :50,000 aerial photographs of the area. From these lorge-sca le photos lincaments arc mapped 

(Fig.3. 2). Thesc lincament s include straight COnlncts between various rock (lllItS, sudden and stra ight 

lith ologic contacts, straight river Courses and aligned topographic features. Through these attempt 

a rOll nd thirty-four lincaments arc mapped and they arc grouped in the fo ur sets of orien tation i.e . NW-

SE, NE-S W, E-W and N-S. 

NW-SE lineaments: are most domin ant ( fourteen) t)1)CS of the structures in the catchment. 

Three Of them follow straight topographic alignments and four of them follow straight river cou rses 

and the rest arc manifested by lithological COnlnc ts. 

NE-Slfllineamell!s: arc also abundant (thirteen) in the study area. Four of them traced from 

stra ight stream courses, five of them from lithological contacts and the rest are recognized frOIll 

straigh t topographic align ments. 

N-S lilleamellfs: arc four in the study area . Half of them arc observed in the western side o f 

the resc rvoi r area, whieh are traced in the basal L The rcst arc in the dam site as a straight flvcr 

COurses. 
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£.11' lilleamems: are almost observed in the Entoto ridges as a topography lineaments of 

possi ble fault scarps traccs and strai ght lithologic contacts between basa lts and rhyolite, rhyoli te and 

ignimbrite. One is found in the dam site as straight river course. 

3.3. Reservoi r Geology 

The reservoir area of 128.5 km2 is Illnpl>cd til the scale of I : 12,500. The mopping WIIS conducted 

mainly by taking traverses along and across the trend of the topographi c li neaments and occusiolllllly 

trllverses were taken parallel to topograph ic contou rs in the order to know the cx ten t of sub·llOri7..on tal 

rocks. 

Stl1lctura l data like lineaments; landslide and contacts between various rock units wcrc fi rs t infcrred 

from the aerial photographs of I :8,000 scale of the reservoir. Also aerinl photos used to locate 

observation poin ts were verified during fi eld in spections. FmcltJres and jo int s were measured from 

every exposure observed. 

Topographic map at the scale of I: 12,500, which is obtained by blowing up of the 50,000 topogra phic 

map of thaI particular area, was uscd as a base map 10 plot every observll iions, and during offi ce work 

computer software was used 10 prepare the maps and rose diagrums. 

3.3.1. Lithologica l Units of Sibilu Rese rvoir Area 

The S ibilu reservoir comprises of various types of Qua temary deposits, basaltic lava Oows, traehytie 

lava nows and pyroclastic deposits (Fig. 3.3) and their topographic appearance is shown on thrcc 

selected geological cross·seetions (Fig. 3.4). 

A. Q u ateTna ry Sed iments: of the aTCa include residual soi ls, all uvial and colluvial deposits. 

Res idual (ell uvial) deposits ranging in size frOIll silts to clay arc commonly observcd on the top ofthc 

ridges especially in the westem and sOlltheOl 1),111 of the mapped area. They arc formed from thc 

wea theri ng of the basalts and trachytes. 
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Alluvia l dCl)Osits consisting of gravels and sill to clay soils occur at the flood plains and channels of 

the Sibilu Rivcr and ilS tributaries. At southcrn part of the reservoir some oxbow and meander scar 

dcposits are formed . 

Colluvial dcpos its dqminantly occu r on the sloped hills found in the reservoir fon~ing gcntlc slope . . 
[ts thi ckncss varics from approx imatcly 1·3m and consists of predominantly of slopc wash clayey 

brownish soil and gravels to blocks of volcan ic rock fragments mixcd with gravels and sandy 

materials. 

B. Basa ltic Lava Flows: is thc most abundant rock typc cxposed utthc Sibilu rcscrvoir. It outcrops 

on most of the hill s and the rivcrbeds and occurs as th ick lavo now or as thin band intcrcaluting with 

pyroclastic deposits. In thc hand specimcn the rock is dark· to·dark gray, VCI)' fine to mcdium graincd. 

At placcs, plagioclasc and/or olivine occur as phcnocl)'stcs in the black mat riccs. Thc rock in the 

rcscrvoir shows diffcrent degrcc of wcathcring. from frcsh to strongly wcathercd; locally it shows 

sphcroidal weathcring (Fig 3.5). 

T hc rock also cxhibits diffcrcnt typcs of tex lures i.c . aphanit ic, scoracicous, vcsicular and 

halocrystaHinc basalts. The rock is also affccted by various sets of joint systcms including columnar 

jo ints, minor fracturcs, and lincamcnts and occasionally shows now banding. 

Aplulll ilic basalt is the most dominant textural variety in this rock unit. It is exposed in the dam axis, 

especially in the west abutmcnt and most of tile reservo ir nanks and upstrea m riverbeds. The color 

become darker and sometimes shows rcddish brown to high degree of weathering. It is massive. "ery 

fine.to. fine grained. It is composed of dark mafic minerals. 

It is hi ghl y weathered in most parts, around the dam site it shows spheroidal weathering and slightly 

weathered in the upstream. This basalt is strongly jointed including columnar joints. It shows now 

bandi ng at one place (al the junction point with Oeneba River) upstream of the Sibilu River bed . It is 

al so affected wilh minor fau lts trcnding E·\V around thcjunction with Deneba River. 
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ScoraciOllS basalt outcrops at the riverbed in the dam ax is and cast abutment close to Ochi hills. It is 

colored as light to dark gray. It is fine graincd with some phcnocrysles of plagioclase andlor olivine. 

It is fresh to slightl y weathered. Joints of various orientations also affected it. 

Vesicular basalt outcrops in the most top part of Asere ridge and becomes rich in plagioc lase. It 

contains amygdules fi lled with ca lcite or weathercd ullconso[idnted materia ls. It is sli ght to mcdium 

weathered; dark to dark gray, very fine to fine grai ned . Joints al so nffcct it and the non -systematic 

joints become dom inant over systematic olles. 

lla/ocl),stallinc basalt olltcrops only in the elliptical ridge found in the northwestem pan o f the 

rcservoir, showing E· W trends . This textural ullit cOll sists of visible mineral crystnls wi th Ihe 

groundmass consisting of small granules of the d:lrk mi nera ls i.e. granu litic habit. According to 

Wahlstrom (\966) such tex tu re is namcd, as halocryslalli ne basalt . II is dark green to black, medium 

gra ined. Megascopically. it contains feldspar and occasionally olivine. It is s lightly weathered. [I is 

j ointed by various sets of joints and fa ultcd by fau lt s running N-S and N I 0° E. 

C. Trachyti c Lava Flows: is encoun tered at Ihe cast nuutmenl of the dam site with limitcd wid th 

ex posure of 20 to 40m and show a stcep slope on the ex posed section to be seen as a linear fell ture 

fOfmi ng an esealVlllent in the plain. It also outcrops at a low topogmphy in the eastern part of the dnm 

site and well exposed to the cast of the bridge 011 the road from ChllllCho to Mugcr. The trach)1C is 

li ght gray in co lor; fi ne grained with some phenocyrsts composed of essential ly feldspar and minor 

mafic mineral s, and rarely contains amygdules fill ed with calcite. II is slightl y to highl y weathe red. It 

is affected by systematic joint sets including eolulllnar j oints (fig 3.6). 

I). )·yrocias tic J)cposil s: encountered in the Sibilu reservoir, in the dam s ite and Oehi ridge. il lS also 

ex posed at the westem side of Sibilu Ri ver on foothill s o f Asere ridge. They arc found intercalated 

with basaltic rock unit. This rock unit is highly fri able at the darn site (Fi g. 3.7), it is com plle t in the 

othcr exposures. It consists of intenningled tuff, agglomerate and local ly scoria. 
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Figure 3.6. Columl1:lr joints in trachyte ofSibllu reservoi r area 

"I he ILJiT is fine gra ined , light to pinkish gray in color, fliable 10 compact rock COlllpthcd 01 tll1!cI~ 

ash-s i7Cd panic les including aggregates of quart z grains. At places, sub rounded 10 sphenca l hasa lt lt 

ca rl y- folllled rock fragments (varying in diameter r .. 01112 -2&m) occur irregularly \\Jlhlll lhc lu lf 

rhe scoria lenses that arc highly vesicular and in places fill ed WI[h calcite and quarl7 U SUJfl~' found III 

lufr, wile n th e lurrgradcs up or dowl1. II is light 10 dark gray. occasionally th e "t'Slc k s and Jm Y1!d uks 

,Ife Ilaucncd. 

The agglomerates consist of welded ilggrcgates of scoraccous (comlTlonly basalti c) roc k fragrncllh 

The aggregates ,Ire rounded to elliptica l and range in dlallleter from 4cm up 10 IOem !'hough Lt h III 

sllla ll proportion ash also was noted 

Co ntacts bc!wecn the pyroclastic componcnts arc commonl )' gradational and occa~ionally ralcu~HLI 

\ arying in thickncss frol11 1010 20 COl occur separalLIIg the pyroc lastic dcpos lt from thl' Ulhkrl\Lllg 

basalt. In addition, thill bands of fine-grained basalt altcl1Iatc \\Llh these dcposLis 
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Figure 3.7. Friable pyroclastic deposits at the dam site 

3.3.2. GCHlog ira l Structu res of Sihilu Reservo ir An!:1 

The strltc tma l features (discontinuities) were fi r::. t Jllapped fLom <lenal phtltos of l,lIgc,sl.:.11t.: I i-i,OO() 

These aerial photos lineaments arc all stra ight features of topographic alignmcllIs. mer CIJlLrsc 

tkcp ly croeted gullies, conlaCts of various rock units or soi llrod units and n:gcl.1I11111 aIlOlIl.llll', 

Those, which arc vcrified in the ficldwork as structural chSConllllllltles, arc mapped (l-rg J .1) As ,I 

whole, Ihe recogn ized structura l fcalUres arc joints and fault s. 

A . .I 0illi s 

l h.~ rocks or the Sibilu rescn 'Olr area arc affected by different JOlllt sets. ;\ IUI,II (If "":!'; JOIllt 

measun.:mcnts of strike and dip along Wllh their apcl1ttrr.!s and spaclIlg ha\'c been mad\.· limn thlc.:~' 

reservoir palls i.c. non hem, cenlral and southem (anllex-A). In the Ilonhcm part whIch IS l'llrtsl(iclCd 

<IS th c dam slIe three sections arc chosen IIlterlllS orthel!" moq,hologlcal sell lllg I C thc lI~ht ;111,1 kli 

high land:. :lIld the central nat· laying part (Fig .3.8): sect ion 01, SCCILOIl 02 and st.!r,;llnn (H Ihh 

grouping used to charactcrizc the joint orientations in a detail f;lslllon and most of Iht.! IlLC.hllICIllr,;nh 

(415) \\crc done in this par1. Whi le the rest readings werc laken fmlll the ccnlr.al (6 t) .lflll !.IlUlhl.'m 

(48) pmt of the reservoir. They arc analyzed uSing SSWIIl computer sofiwarc and cxplalll..:J In 1\1 c 

diagrams. 
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No rtheru pa rI: In this part the measuremen ts of lhe three s«tions nrc differently processed (Fig.3.9). 

Major concentra tions of joints in section 0 1 nrc NW.SE. E. W nnd N.S trending. 

i) Jo ints strike aboul 280°·350° and dip 60°. 50 towards SW nrc the main joint set in till s 

section. They arc tight or open (0.5 2.1 Clll) and closcly to mcdium spaced (0.75. 7clll). 

ii) Joints strike approximately E· Wand dips steeply 10 the soulh arc the sccond mojor set 

of joints in thi s section. They Ilre Illrnost tighl and closely spaced (10.1 5em). 

iii) Joi nts strike nearly N-S and dips 50°·75° towar ds the cast arc al so observed. They arc 

moderately narrow to moderately wide (0.S·5cm) and widely spaced (61 . 240cm). 

In section 02 fo ur major groups of joint conccn trat ions are shown on the rosc diagram. 

i) A major tight to narrow «O.Scm) joilll set occurs striking nearly N.S and dipping 

stecply towards E. They arc closely sp..1ccd. 

ii) An Open (6.3 14cm) joint sel OCcurs striking E· \V nnd dipping 50°.65° towards north 

and arc very widely spaced (1.2.4m). 

iii) A wide (0.7· 1.8cm) joint SCI occurs striking NW·SE (320.350) and dipping 600.850 

towards NE. Thcy arc mediulll spaccd (25.42cm). 

iv) A tight to moderately wide joint set occurs striking NE·SW (10·30) Bnd dipping 

vertical ly. They arc closcly spaced (S· 12cm). 

In section 03 three nutior groups of joint sets arc observcd on the rose diagram. 

i) SCI 1 joints strik ing 10°·80° dipping commonl y stccply to 280-350. TIle joints arc 

usually tight and closcly spaced (0.S·5.2cm). 

ii) SCI 2 joints striking ncarly N·S arc also abundant in thi s section. '1lICY arc dipping 

60°· 85° towards E, tight 10 narrow (O-0.2cl11) and closcly to medium spaced (4-37 

cm). 

ii i) Set 3 joints striking approximatcly E· W dipping 20°-45° towards N. The joints arc 

widc open (8-llcm) and widely spaccd (35·72cm). 

Celli ra I pa rt : In Ihis part Ihe major concentrations of joints occur ill threc principal joint scts. 

i) A major open (7. 30cl11) joint sct occurs striking ncarly E·W Bnd dipping 30°· 

6So lowards N. TIlCY arc g·17cm wide and al places widely spaccd. 
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ii) A tight join! set occurs striking nc:arly ·S and dipping steeply towards E. 

They arc narrow (O.2·a.6cm) and closely spaced (1-4.2cm). 

iii) A commonly tight or rarely open joinl set occurs stnking 40°·50° Dnd dipping 

steeply towards SE. They nrc llledi ulll spaced ( -19cm). 

South ern part : In th is part very limited measurements nrc made due to less number of exposures. 

However three joints sct arc ident ified . 

i) Sci 1 joints striking E·\V dipping 30°.45° towards N. " IC join ts nrc wide (9· 14cm) 

and moderately to widely sp;Jccd (33-7Ocm). 

ii) Sct 2 joints striking nearly N-S arc also noted in this section. They arc dipping 60
0
.8So 

towards W, tight and closely to medium s".,ced (5-30 em). 

iii) Sct 3 joints striking 330°·350° dipping 50°.65° towards 30°·80°. The joints arc tisht 

and widely spaced (70· I 22em). 

All in all , to characterize the reservoir arca all the joint measurcmen ts arc ann lY7.cd together and 

showed that the N-S and E-W arc the dominant joint sets. This result is rou nd different rrom the 

ca tchment structurallincament interpretation observed from the aeria l photos i.e. NW-SE, NE·S W, E· 

Wand N-S is dominant lineament order. 

Secti on Joint sct Orientation Di ) Ti ,hlncss Snacin' 

01 NW-SE 280 -350 60 -80 0·2. le01 0.7·7c01 

E-W 80'· 100' 75°_90° Tight 10-15c01 

N-S 350°_ 10° 50°_85' 0.8-5el11 61 -12Ocm 

02 N-S 350 ·10 80 -90 0·0.2ell1 5·15cll1 

E-W 80°_1 00° 50°_65° 6.3-14e01 1·2.4m 

NW-SE 320°·350° 60°·90° 0.7- l.8cm 25-42cll1 

NE-SW 100_300 Vertical 10-12em 8· I 2el11 

03 NE-SW 10 ·SO Vertical Tight 0.8·5.2cl11 

N-S 350°_10° 60°_85' 0·0.2e01 4·37e01 

E-W s<f·\ooo 20'.45° 8·l lc01 35·72cl11 

Cent,,,t [.W 80 -100" 20 -45 7-3Oc01 8em·5m 

N·S 3500.10° Vert.cal 0.2-O.6cm 1-4.2ell1 

NE·SW 40°·50° 80°_90° Tight 8·19cm 

Soulhcm E-W SO ·100 30 .45 9-\ 4e01 33·7Qcnl 

N-S 350°_10° 60°_85' TIght I s·3Qcm 

NW-SE 330o .. t SOO 50'.65° Ti ght 70·I22cm 

II , lIons al Slbtlu reservoir 
Tab le 3. 1. CharacterIStiCs of sets of major J0ll11 concct rn 
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B.Fa ults 

In Sibilu reservoir the prescnce of faults is suggested based on the features md icated on reservOi r 

acrial photographs at the scale of 1 :8,000 and using some surface fea tures i.e. Slmight sheared rock 

fragments, straight contacts and relati vely straight lopogrnphic alignmen ts (Fig3 .3). 

Relati vely strai ght three faults arc observed in the fie ld and acrial phologrn phs at the ibi lu dam sile. 

These lineaments arc depressions along which Ihe Sibi lu Ri ver nows lind they have a NNE-SSW lind 

E-W trend. However the boreholes and geophysica l surveys at Ihe dam axis did nOI conform Ihe 

presence of these fau lts. 

In the central part of the reservoir the presence of faults is high ly probable due to their surface 

(eatures; and other faults in the reservoi r is manifested by st raight contacts and fragmented aligncd 

rock bod ies and high concentration of joints. 

There arc al so two fault s find in the northwestem part of the aren affecting the elliptical 

halocrystalline basalt, whi ch arc nearly N-S and NIOoE, str iki ng sini strol (le ft hand) fault lhal CuI and 

di spl aced the rock unit hori zontally for about 80m and w aight (null ?..one with shal1cred rocks of 20m 

respective ly. 

3.2.3. Sy nt hcsis of thc St ru ctural Feat ures in the I)alll and Hcscrvoir Comli I io ns 

All the rocks of the reservoi r area ha\'e been affected by discontinui ties including joints and faults. 

Rnrely primary flow bands were observed in basnlts o fthc rescn 'olr. 

The variously oriented joints, both systemntie and non-systematic joints, cutting the rocks resulted in 

the decrease of the resistance 10 erosion and weat hering which in tum gavc rise to the caslest way 10 

gravity movcment and deposition of weathered mBterints, These deposi ts can affcct different 

condit ions in the reservoir due to its nccul11ulalion o f unstable hmdmasses. Unstable landmasses can 

d t b·l· obleTlls in the reservoi r condi tions. Also during the Impoundmg of Ihe cn usc s torage an s a I lIy pI' 
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da m the p resence of unstable landmasses may initiate serious land sliding and then show the way to 

thc fai lure o f the dam. 

I\s it is noti ced from the joint sets oricntnlion intcrpretation the N-S and E-\V joint sets are the main 

concentrated jo int sets in the dam site. Most of thc E-\V joints arc open and continuous over the 

others in the dam sile. These joints arc hi ghly liable to bc leakage 1,.ones in the reservoir and under the 

darn . During impoundment of watcr thcy ini tiate furt her stubil ity problems. Some set of joints in the 

darn site let water to secp under the foundation and decrease the foundation s trength , which in turn 

lead to the collapse of the Slnlctme. But much cmphasis should be givcn to the more concentrated 

joints d uring construction. Evcn aftcr construction the dominant joint sets are able to cause 

differential sett lement since they affcct thc foundation rock strength unevcnly. 

All in all thc discontinuities in thc reservoir and dam site should be in vestigated in detail to fully 

characte rize the stability and leakage problem in the foundation and reservoir aren. 
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C BAPTER-4 IWDROMETIlOLOCY AND CIlOU ' DWATEIl 

4.1 . GCllcral 

Hydrology of a given region depends primnrily on climatc, topogrnphy and geology. Climatic factors 

of imponance arc precipitation and its mode of occurrence, humid ity, temperature , wind speed rind 

radiation (Wi lson, 1990). Hyd rological studies arc employed in different engineering prncticcs like 

land use planning, site selection for engi nccring puq>oscs in ossessing and even the safety of 

engineering structu res. Hydrometero!ogieal pammcters should be fully considered us irnl>ortanl 

parameters in dam engineering and in defining hydrological clements like precipi tation, evaporation, 

runoff and in filtrat ion (Wi lson, 1990). 

Surface waler and groundwa ter also play important role on geomorphological processes, weathering 

and slope move ments. Groundwater is Ilonnally under pressure, which increases with depth below the 

water tnble to vel)' hi gh values. Such watcr prcssures have a sign ifican t influence on the enginee ring 

behavior of rock and soil masses. Their vflriations arc responsi ble for changes in stress in Ihese 

I1l<1SSeS, whic!l affect their deformation characteristics und fni lure (Dell , 1993). 

In this section il is tried to assess the hyd romclcrologicnl, hydrological and partly hydrogeologica l 

cond itions in the study catchment frolll dam engineerin g perspective. 

The occurrence of surface and groundwilter is cont rolled by differcnt factors main ly by geology and 

climate. The prec ipi tation that falls on the basin enters into a number of pathways. SOll1e of the watcr 

will drain the basin and then leave it to enter the strcam channel as a runoff. If the surface mnterial ls 

porous, some waler will seep into the ground. The remain ing watcr will return to the atmosphere by 

evaporat ion from the water body. and transpiration frolllihe vegetation. The mfi ltrated water joms the 

groundwater system and it can accumulatc to give a promi sing groundwater I>otcntiai (Fetter, 1994). 

. I II ,. of dntn 011 IlTeclpitation. tcm l>CTOlUre, radia tIOn, The study of hydrology reqUIres t Ie co ec Ion 

humidity. wind speed, pan evaporation and nl11off. All of these main focto rs arc considered. 
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4.2. Hydrometeorology 

4.2. 1. Prec ipitation 

In the Sibi lu ca tchment, 25 years (1975.1999) rainfall records of the three sto lions of relevance for 

the study area have been collected from the NMSA. The Sululta station, which is located 01 on 

eleva tion of 2604m a. m.s.l., is the on ly stotion found in the entehrnenl. The other two, the Add is 

Ababa Observatory and Chaneho, arc the nea rby available stilt ions, which arc located 9002"N and 

38°45"E, at an alt itude of 2480m a.m.s. l. rmd 9020"N and 3 °46"E, ot IlJI alti tude of 2620m n.m.s.l, 

respectively (annex-B). 

The Sululta station has 25 years of complete dllta from which reliable tl l1nual avera{;e rainfall depth of 

1228.3 nun is calculated. The Addis Ababa observatory ond haneho stations recorded an nual 

averagc rainfall of 1223mm and I 22511l11l rcspeelh'ely. 'Illcse rainfall records represent point data In 

order to makc proper hydrologica l evaluation these point dnln have to be changed inlO orea l dcpt h of 

prceipitation. But they have al most the same annulll average records. Ilowe"er in the present work 

they arc cons idered as stated, and concluded thai there is no significant varintioll in the rainfall 

di stri bution in the whole cn tch mclIl and the surrounding areas. So it is possible to lake the $ululta 

station's record on ly for the ca tchment. Hencc, the annulil avcragc rainfa ll dcpth in the ca tchment is 

considered as 1228.3mm. 

Sialion 1" F,b Mu Ap' May 100 1" A'8 S'" 0" NO' D~ AnnUlI 

Sulula 6.7 57 76.5 90.6 58.8 167 273 6 2958 1758 '" 58 .02 t228] 

A.A Obs. 17 " 66,] 98.9 87.2 13' 26].5 282 J 1827 27' ,. 8 .]4 1222.8 

Cha""ho 15 .8 42.7 6].9 9].9 OJ "6 291.5 lOS) IllJ 'SI 28 2.2 t22$ 4 

, Table 4.1. Monthly average and annua l ramfall \alues 0 fthe three stations 

The mean monthly precipitation mnges from 5mlll 10 295.81l11ll, while total annual precipitation 

ranges frolll 1006mm to 16891ll1ll. The twelve months have been classified into two fnlllfall groups 

b d I · ., II fli ' ( C «,blc4 I) "111e result shows Ihnt nllny months are from asc on t ICl r ralnJa coe 1CICII - Itt"' .. 

Fcblllary to September when small rains ill 11I0llths Febnmry to May ond big rains from June to 
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September occur, the dry months are from Octobe t J Th ' ~ ... b r 0 Muary. e ramlall coefficient IS gl\'cn y the 

formula: 

CRF "" p(m)1 0.083 x P(Y):. where p(m) is mean monthly precipitation and P(Y) is 

mean annual precipitation. 

Where C RF < 0.6 represent dry months 

Station 

Sululta 
"" 

> 0.6 represent rainy months 

0.6-0.9 small rains 

> 1.0 big ra ins 

Feb Moe Apc MlIY 

0.07 0.6 0.75 0.9 0.6 

,,, 
1.6 

Tab le 4.2. Rainfa ll coefficient of Su lulta slat Ion 

4.2.2. E\'apora lion and Transpiration 

',I A", Sep 00, No\' 0" 

2.7 2.9 1.7 0.16 0.06 0.05 

The tot:J.l a11101lnt o f W.:lter which returns back to the atmosphere within n given time by means of 

c\':Ipor:tlion from bnd or free water bodies "lId transpiration frolll vegetation cover, is called 

c\Jpotranspiralion . Among the ctim:tlic f.1ciors that innucllcc cvnpolr:lllspimlion Tatc .ore temperature, 

hum idity, wind and solar radialioll . 

T em pe rnl II re 

Tempe rature plays impot1<lllt role in the Cvuportltion process. Twenty-fivc ycars (1975- 1999) 

lI.:mpcralurc d:l!:t recorded at Sululla station (annex-B) sho\'.'s that the minimulll tClI1pcrature varic 

slightly from the lowest va lues in Novemocr 10 JanU:IIY (6.7Soe -7 .30e) to the highest value of9.4°e in 

May and decrease in the following months. TIle highest maximum tcmperature in the orca 3rc 

recorded in March, April and May ( 19.4°c - 20. 1°c) and Ihc lowest \'alue in June, July and August 

(15.2oc - 16.4°c). The mcan yearly max imum tcmperature o f the catchment is ISoe, while the 

min imulll temperature is Soc. 
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,,, F,b M" Ap' May ,,, ',I A,. See 00, Nov D<c 
I e m>X . 18 19 \9.6 19A 20.1 17.4 I SA 15.2 16 • 18 19 IS 9 
Icmin 7.9 8. 1 8.7 9.2 10J 8.7 7.' 7.4 7.' 6.9 6.S 7.1 
Tab le 4.3. Summarized monthly values for tcmpcr:l.Iure data for Suluha station 

A. Poten tia l Evapot ranspiration 

Evapotranspirat ion is one of the most difficult components of the hydrological cycle to estimate. Its 

estimation invo lves climatic, soi l and vcgcIllIion factors. It is usua lly ca lculated using differen t 

empirical formulas, which consider different parameters. Due to the on ly avai lability of temperature 

(hIla in the catchmen t Thomth waite (1948) heat index method is used in the present work to estimate 

the l>otcllliai evapotranspiration of the area. 

Thornt h\\'aitc method lI ses air tcmpcrnturc as :'111 index of the energy ava ilable for c"npOlrnnsplrnllon , 

;1ssuTlling Ihnt air tetnpcrn ture is correlated wilh the 11llcgrated errects of thc nct rndm tioll and olhcl 

'I1n!ro ls of C \';'!potr:m~pimti ()J;, 2nd th:1I the O1\·ail:,I1I1· ener!.:)' is ~hared in fix ed proportion hc\wcen 

hl":lting Ih \.! :1lmosphcre and \.! vnpotranspir.llion The fonuuln is exprcsscd as: 

E= 16( IOlI)" 

Where: 13- monthly gross potentia l evapotrnnspirution iu !lun 

t- mean 1ll011thl y ai r tcmrw.:r:ll urc III °e 

1- :lv~ragc annual heat indc'\ 

a- (6.75,10-' 1')_ (7.7 1 x 10·'1 ' )' (1 ,729 x 10-' 1)i{).492 

1- is obtaincd by summing thc 12 valucs of monthly hcal indc,\: (i), whcrc i is givcn by: 

1_ (I 5)u l ~ 

Thc monthly calculated potcnti3 l c\'apotrnnspiration of thc catchmcnt (tablc 4 .4) using the abovc 

mcthod. It is adjusted by the c(lrrcct ion factor of monthly sunslunc dura tion of standnrd potcnu nl 

c\,apotranspiration (Lcopold and Dunne, 1978), which is a function of lati tude (lOON), It IS found to 

be 588,9 mJll . 
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,,, F,b M" Ap' r..h y ,,, ,.1 A •• Sop Oct '., Ike 
PET· 48.1 51.3 ,,, 55.8 55.8 46.9 426 416 44.6 46.7 ' 7.7 41.8 
10 N 0.97 0.98 to 10) LOS 1(" l OS I .. 102 099 097 096 
PET 46.7 50.3 5] .2 S7S 58.6 ." 44 7 4) .] ." 46.2 ' 6J ". 

PET- polC'mial cvapotnmspil1l tion, • uncorrected, 
Annu.t PET- S8Il.9 mrn 

Tab le 4.4. Potential evapotranspirat ion of Sib ilu catchmellt 

Il owcvcr, Ih is result is extremely low estimate compared to other fonvllrded estimates 111 the 

surround ing areas under more or less S3rne climat ic conditions. Therefore, it is lIot uscd for fu rther 

actua l evapotranspiration calculations. Instead the vulues promoted for Add is Ababa nnd surroundmg 

areas by Food and Agricultural Organiz..1tion of the United Nntiolls (FAO) is IIsed. FAO has 

dc\'!.::lopcd a comprehensive agricu lt ural and ellvironmenta l mfOrm:l lion da tnbase for the member 

stnh:s of the !ntergovclllmelli(li Authority on Drought and Dcvc lopmcnt (IGADD), IIlcludll1g 

Flhiopia, Sudan, Uganda, Kenya, SOlllu lin, Djibouti and FlLtrea (FA , 1995) clled til (Tennlclll. 

I 99S). The database con\,tins dctailcd maps of crop PI~KiUl,;tlOn !.y~\cm 70ncs, with ph)'s iea l and 

bi(llogie;!1 el1\ 'i rollmental da ta eompnring rainfnll, tcml)Claturc, Icfcn.;nce potential c\lapotrunSpll11110n, 

NOrtll:lIi/.-Cd Di ffe rence Vcgetntion Index (NOV I), agron omy, livcstod, biot ic and abiotic conditions 

(lab Ie 4 .5) . 

[",,,, Jail Feb MJr ApI May ,,, ',I A,S Sq! 0" Nov Ott Annual 

" .\ "I" '10 " '" 10~ 108 " )(, " " '02 90 " 1120 

T;lb le 4.5, ivlollt hly average nnd annun ] rninfal! va lues of the threc stati ons 

B. Actu al E\'apotranspiration 

AET is computed frOIll PET values by considering the nvailable moisturc in the root depth , III order to 

compute AET in th e Sibilu catchment, the monthly wnter bnlancc modcl dcvcloped by l llOmthwBltc 

and Mather (1957) as applied by Dingman ( I 99.t) is uscd. This method follows a simplc bookkeepin g 

procedure Ihat necds the monthly values of effective preciplln tion and PET. To apply this mClhod the 

soil and vegetation t)1)CS in diffcrent paris of the catchment should be known and estimated as 

foll ows. 
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On the steep land: the soil and vegetation types nrc clay loom with matured forest and covers 

153.5 km' (Fig. 2. 1). 

On the composite landfonn: the soil and vegetation types arc silty loam with deep roned 

shrubs and covers 131.8 km2 

On the gently sloping and leve l lands: the soil and vegetation types nrc cloy loam wi lh 

shallow rooted crops and cove rs 194.7 km2, 

Thornlhwailc and Mather ( 1957) suggested Ihe II vuilable WilIer capacities for combinations o f soil 

text ure and vegetation types . It is then found clay loams with motu red forcst has 3501l1nl, silty loa m 

wi th deep rotted shmbs 250111111 and clay loam with Sh31l ow rolted crops has loomm. lienee, AET 

value, for the S ibilu catchment, is compu ted using the procedure of Alley ( 1982) ciled in Din£lI1l1n 

(1994), (Tobie 4.6). 

Thc weightcd ;'!\'Cfil£C annUli AET of Ihl.: Sibil u c-atchrnl.:nt l'i ~'aku latcd 10 be and the di fferent ~od 

anJ \ .. .:.;d;lt ion types in thc :Jrea with thei r AET and :,ilL r pl us valucs :I re sUllullari7..cd III tah le 4.7 

Ve clation-soi ! com Icxes Acri al )rrn)orlion AET $U]1)III-5--' 

tjc11,~r~o~af~"iw~;~lht'~"~"~"~"~d~~~OB"~"~~====~~~ 0.32 863 151.4 . _ Silt loam with dee) rotted shlllbs 0.27 821 193 .4 
~ I ~y 10:n11 wirh shallow ro11eel ero )s 0.4.1 2 1.6 _ _~~8.~ _ 

1.0 791.5 nUll 222.9uuu~-;: Wei -hlr d Annl ' e 

Tab!,.: 4.7. Relati on between soi l types, \"cgct:ui on rOOI dcp th s, AET and moislure surplus III Slbllu 
Catchment 

4.3. Ihlll off 

Watcr tha t drains across a basin into a stream channel as ovcr land now and groundwater contribu tion 

to a stren rn as b.:ase now coll ccti\'cly known as runoff. In this work the tcnn is uscd as its collcctlve 

meaning. 

Sibilu pe rennia l stream, other perennial and scvcra l inlcnlll ttcnt streams drain Ihe stud icd catchmcnt 

. he Dcneba Ru'er, which is located at ~ 15" and This ri vcr is gaugcd upslream of the dam Sitc ncar I 

3~o 43.6" E and covcrs 376.6 km2• The now data rccord is obtained from (EVDSA) Ethiopian 
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Compuhng of A£T usmg Thornth,,;\,tc ;IIld \!;'Iher (1957) 5011·\\;\ter h;tI:mee method fo r Slbllu c:ltchl11cnl 
Clay loam with motu red forest. Ihe ma~rrl1UIl1 :1\:lIlable 50111110ISI\l:C C;!il~city is 350111111 (I), 
5111)' loam wllh deep ronC'd shrub~. lhe ma\lmum a\allablc ~oll mOIsture capacity IS 25001111 (2) 
Clay 103m with shallow rOl1W nops; Ihe ma~l!l1um ~vailablc sOli moisture capaci ty IS 10001m (3 ). 

mOl. J" Feb Mar Ap' r-. !3y lun J,1 Aug S'P "'1 No' Do< Year Remark 
-

Pm 5. 14 55 .fi 75.1 89. I 57.1 159.5 223.2 21 5.7 123 4 .7 J .O 3.3 10 14.4 

PET 90 96 1" IUS 1U8 SS 7G 7S S2 102 90 88 11 20 

P-PET -83.9 -40.4 -38,9 ·18.9 -50.9 7 1.5 147.2 137.7 4t -97.3 ·86.9 · 84.8 

Sm <83 1" 1" 129 to4 175.5 322.7 350 350 296 m 2<. ( I) 

l>Sm -33 -2< - tS -t5 -25 +7 1.5 +147.2 +27.3 0 -54 -41 -39 (I) 

AfT 38. 14 76.6 93.1 104. 1 82.1 88 7G 7S 82 58.7 44 42.3 863 (I) 

D 5 1.86 \9.4 20.') J.9 25.9 0 0 0 0 4J .J 46 45.7 2S7 (I) 

So< U 0 0 0 0 0 0 ] 10.4 4t 0 0 0 ]51.4 (I) 

Sm <t o 9t 77 6' 46 117.5 250 250 250 203 167 <3. (2) 

OS", -26 -1 'J -" ·9 -22 +7 1.5 +132,5 u 0 -4 7 -" -J< (2) 

AET 3\.J 4 74.6 89, I 9S, 1 79.1 sa 7G 78 82 51.7 39 34.3 ,2< (2) 

D 58.86 21.4 24,9 9.9 28,9 0 0 0 0 50.3 " 53.7 299 (2) 

,", 0 0 0 U 0 0 1'7 137.7 4t 0 I " " 19-, 4 I') 

Sm 29 18 9 2 I 72.5 100 lou 100 79 60 " (J) 

loSm -is - <t -9 _7 -I ·<7],5 +21.5 0 0 -21 -19 -I. I') 
AET 20 14 66 .• 841 961 58,1 sa 7. 78 82 2.17 22 19J ," (J) 

D 69,86 29.4 29,') 11,9 49,9 • • • • 76,3 68 68.7 ... (J) 

So< 0 • • 0 • • 119.7 117.~ 41 • • I· 2984 I', 
- ,, -

Legend Pm- e(feell,",c precip,tation (Iotal rronthiy prC'Clp'tallon· runom. PET_potenllal c:vapotnllnspmIIlQn. Sm-$OII moisture $Iongc. OSm-changc: In lOll molSI1.Ire stonle 
AET· actual c:vapotrlnJPU111110n. D- defiCit ~ Sur· surplus moistUre' 

Table 4 .6 Calculation of actual cvapotr.tnspunllon for Slbtlu calchmenl 
Null' the model has lilt' limilaljolts ItI sholl'jl1g Ihl! aclllal lemporal \'lJrjallUns of slIrph 

49 

-

-

r--

-



I 
I 
I 

Valleys Development Studies Authority for 1981-1999 though 19 5,1986 and 198 8.re not fully 

recorded (annex-B). 

Month Jan Feb Mar A r Ma Jun l ui Au. Sc Oct 
Nov Dec; 

Flow 0.52 0.49 0.47 0.5\ 0.57 2.42 16.8 26.7 17.6 ].72 
ml/s 0.93 0.59 5.95 

Table 4.8. Mean monthly flow data of Sibilu-Dcneba station (1981 -1999) 

The data indicate that high mean discharge occurs in the months of Junc, July, August nnd September. 

It corresponds with the high concentration of rainfa ll occurri ng in Ihnt period as it is confimlcd by the 

immediate correlation of rain fall and discharge . 

• 
'" ~ 25 
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- •• _ ' ••• • _' ••• _ J __ •• , _ •••••••. ' • , , 

---_._ -- -_._ .. _.-._ .. -.. _.- .. . . . . 
-- - -~ - -- -.- . --. - -. -. --, 

..... , 
c 

1 2 3 4 5 6 7 6 9 10 11 12 

1!tonths or lh f yu r 

Figure 4.I.Hydrograph of the Sibilu Ri ver at the gauged station 

The mean a!1lH!aJ runoff depth throughout the Sibilu catchmcnt h:ls becn calculatcd by Inking into 

account thc mean annual discharge of the river and surface are of the catchment. 

RUlioff dcpth= Q x t/A where: Q. mean annu31 mlloff, in ml/s 

t· lime in second 

• 2 A· area of the catchment III III 

O. 2 Runoff depth= 5.98 mlls x 86400 x 365 5/ 486 x I III 

= 0.388m = 388mm 

TI I IT deptl. of the Sibi lu catchment is found to be 388 mOl. This figure is the me3n le mean al1lma rullO 

. f ff and groundwater base flow. annual rulloff dcpth thaI mcludes sur ace rono 
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A variety of techniques have been d ' 
suggestc lor the separating basc flow and surface ru noff. For the 

problem at hand the surface runoff a d b n _ 
n ase ow components were scparnlcd uSing the fixed b:lse flow 

method, which uses a simple cmpiri I I ,-
ea rc a Ion to define the end of surfneo runoff from the recession 

limb of the bydrograph as described b L- I I _ _ _ 
y inS oy ct a (1982). It 1$ a charaClenS!lC graph of flow 

recession complied by superimposing the recession curve on the stream. (Fig 4.2) 

J 4 5 6 7 • • 
Months or iI yoar 

f igure 4.2. Base flow recession cUl've of lhe Sibilu River. 

It is found Iha\ 54 % oftbe lolal flow is contributed by base flow. 

388 mOl x 0.54 = 209.5 mm 

388 111111 - 170.7 = 178.5 111In 

Therefore, the mean annua l surface runoff is 178.5 1ll11l. 

10 11 12 

Comparison between the ca1cul:ttcd surplus value Bnd base flow shows that the surplus "Blue 

(222.911ltn) is greater than the base flow (209.5). '11lis condition indic.'l leS thai there is no oul flow of 

grou ndwater fronl the catchment throu gh other routes, whicll is in fa\'or of th e reservoir condition . 

Gcnera lly, the above hydrological va lues should be checked by other methods to deal furthe r in WB!er 

management evaluation of the area. 

4.4. Groundwater 

Grou ndwater is orten critical in vBrious engineering works. Due to th is, problems related to the 

subsurface water arc of prime importance in engineering geology. Groundwater has imp:1ired functions 
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in dams and also contributes a lot in stability of the reservoir slopes. These effects malee the 

understanding, occurrence, and di stribution of groundwater vital in dam engineering (Dell , 1993). 

4.4.1. Deptb to Groundwater Level 

In thc studied catchment, there are 30 boreholes (l9-at lhe Sibilu dam and spillway s ite, 9-lIt Gerbi dam 

site and two in the Sibi lu reservoir) at which piezometer was inst.alled for the short period o f lime. The 

objective was to measure the water level condition in dry and wet seasons, bUI only sta lie water level 

data was available fo r the present worlc. Beside the boreholes distribut ion within the en lehmenl is 

totally uneven (Fig. 5.4) and measurements taken in difTercnt time. These conditions restrict the exact 

detennination of the groundwater leve l depth in the area. So the groundwater leve l described in this 

work shows on ly loca l grou ndwa ter level depth i.e. the reservoir area. 

FrOI11 the data (ann ex-C) in th e catchmen t the deepest water Icvel is 27.52111 :'Ind shallowest is 1. l lm 

recorded. Cons idering on ly the reservoir area the depth of wnler le\'el recorded ranges from 1.81111-

20.lm (table 4.9). These data obt.:lined from Ihe measu red boreholes found in the reservoir (6 upSlream, 

19 at the dam si te and spillway) From the six upstream boreholes four arc dry till th e depth of 25m, 

while the rest show stalie waler le\'el at the depth of around 20m. Genera lly Ihe depth or groundwater is 

in rraetured and wCl thered top P.:lrt or the bedrock (fiS.7. l I). Out Ihe lack or continuous recording 

system of thc groulldw.:lter le\'e1s in the .:lrc.:l mnke it difficult 10 undcrst.and Ihe CX.:l.CI groundwater 

effects in rounda tion of the dam and slopes or the reservoir. This cond ition also affects the groundwater 

fluctuation assessment, i.e. to predict the time and magnitude or high and low watcr levcls, which nre 

more imp0l1an t in the engineering des ign or lhc area. 

4.4 .2. Gro undwater Flow 

Ground flow directions can be detennined using W.:lter level measured in the ca tchmcnt in lhe well­

distributed points, and all the readings shou ld refer one aquifer and made within a short period or time 

(Fette" 1994). 
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Jointed and fractured basaltic rock constitutes most part of the bed rock in the study area. The variable 

degree of jointing and fracturing intensity in thi s rock makes its hydraulic characteristics 

heterogeneous. Beside, there is no enough evenly distributed static waler level data. Even where the 

reading is available, there is no clear aquifer identification and the measurements tnken in different 

times. All these make the groundwater flow direction interpretntion in the study area diffi cult. Beside 

due their distribution the water table data used in thi s work, give only idca about local groundwater 

flow directions (Fig 5.5). The springs and seepage surfaces in the reservoir area nre also flow to the 

rescrvoir fo llowing local slope directions. 

" 
, i 
, , 

name 

, I 

" I 

Slatic waler lcvcl measurements area 

I. 

I. 

13asically from the catchment geomorphological setting and the availnble static watcr level data, the 

general flow direction is estimnted 10 be from sOllth to north as that of surf3ce water flow direction. 

Hence most of the surface water nnd groundwntcr cmerges to the reservoir, wh ich is in favor o f the 

rcservoir condition. 

4.4.3. Water Chemistry 

" "r, I trCC! on the development of an area. The presence of sulphate The chemistry of water has a Slgnl lcan e 

and ch loride ions in the soils and groundwater causes deterioration of reinforced concrcte structure. 
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Rcthati (1983) categorized materials Ihat arc corrcsivc 10 concrete, mortar, cemin nones and bricks 

according to their effects as follows, considering on ly the components of groundwa ter: 

Dissolved material s: those soft waters with a salt conlcnt of less than 200mgIJ, or of alkal ini ty 

less than 2.5. 

Materials causing double decomposition: those acidic water, water conlnining alkaline bases 

(PH>9) and salts that leach out. 

Materials causing swelling: those SOlutions containing sulph:nc ions concentration of 400mg/l 

and salts like sodium carbonate, which fonn crystn l in concrete. 

To test the suitabi lity of the walers in the study area using the above conditions, the chemistry of the 

Sibil u river waler, springs and dug water were considered. 111C watcr samplcs from thc abo\'c thrce 

watcr bodics wcrc sampled and analyzed in the EIGS lahor(ltory (tablc 4.1 0). 

Thc wa tcrs in the area nrc a little alkaline, hard watcr and less contcnt of sulphatc indicating thcy nre 

not causin g signifieant ncgati vc cffect in the concrete Slnlcture of thc dam. The rivcr water has high Na 

ca tion whilc the ground water has high content of Ca, whieh Illay bc associated with the mincralogy of 

thc clay minerals in the soi l fonllat ion and in tu m affect the geotcchnica l propcrties of thc soils 

(discusscd in section 6.4). 

Samples CO,' HCO, cr SO/l F' NOJ ' N. K C. M, IIDO, SiOJ 

Rivcr w. . lS ' , 2 0.35 1.3) 16 2 2. 7 <0.15 " Springs w. - '" 
,. 22 0.17 7.53 6.2 2.3 " " <0.15 12 

Ougw. , '68 9 7 0.20 14.18 9 4.' 37 10 <0.15 37 

PH vatu!: Sulphal!:(SOl) 

Ri v!:rw. 8.28 21. 
Springs w. 7. 11 )" 
Dugw. 8.49 l8l 

, 
" Table 4.10. Chclmcal compOSItIon of the waters III Slbllu rescn olr a c 
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C HAPTER·S ROC K AND SOIL DESC R IPTION AND LA IFI ATION Fon 

ENG INEE RI NG GEOLOG ICAL MA I'PING OF IIlIL U RESE RVOIR AIl EA 

5.1. Introdu ction 

Classification of rocks and soi ls on engineering geological maps shou ld be based on their physical and 

engineering properties of rocks and soi ls in their present stBIC. Engineering properties are dependent on 

the combined effects of mode of origin, subsequent digenetic, metamorphic and tectonic history. and 

weathering processes. This principle of classification makes it possible not on ly 10 determine the 

reasons for the lithological and physical characteristics of soi ls and rocks, but also for thelT spat ial 

distribu tion. This is a basic principle of engineering geological mapping; i, implies Ilo t only the 

class ification of individual rock/soil samples but :l lso the use of mony rock/soi l sCllllples. fi eld 

observation s rind merlsurcments to delineate uniform and continuous rock/soil unils (UNESCO-IAEG, 

1976). 

/\ futl descr iption of a rock or soil for engineering puq}{)ses im'ol ves thc designll tion of npproprintc 

geological llame together with as mueh de{(lilcd inform:lt ion as enn be ga incd from the ex amination of 

nn ex posure. The description may be systematic if a lim ited nl1lge of the standard desc ripti ve tenns is 

used and for ease of apillieation each descriptor may be elliss ified. On the othcr hand, n classifica tion 

shou ld pl ace the rock nnd soi l in a limited numbers of groups each with dcfin nble propert ies, which can 

give a good guide to engineering perfonnancc. 11lerc is a three-parI approach to engineering geolo1)ical 

description and class ificat ion, wh ich is practiced thcse days (UNESCO-IAEG, 1976) :lnd is involvcd : 

i) A taxonomic ci:lssi fi eation of rock and soil units delineated on engineerin g geological maps 

at various scalcs. 

ii) A lithological classification, find the identification of fundamcntal lithological names to 

rock and soi l units. 

iii ) A descripti on of rocks and soil m:llcriai and mass :l1Id thc assignment of descripti ve namcs 

for rock and soil types. 

I 1 d I f II fl t area is covered by thick (2-6111) soi ls. The distinction of such soils n t Ie stu y area mos 0 Ie a 

relat ive to rocks outcropping in the area is based on the work of Anon (1972). According to the aUllior. 
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"Soi l is an aggregate of mineral gr,,"", th,t C," be d " hi " , 
CXCtlVllIC WII OUI cxp 051\'C or equIpment lor 

loosing. Rock, on the other hand is a natural aggregate o f minera ls connected by strong nnd permanent 

cohesive forces", 

In the present work to determine engineering geologica l characteristics of the rocks and soi ls basic s ite 

in vestigation and fi eld analyses was carried out. 

5.2. Desc ription of Rocks and Soils in Sibi lu Reservoi r Area for fo: nginccrin l,: Purposes 

S.2.1. Rock Descriptions 

Rock mechanics is defined as the science dealing with the application of the principles o f mechanics to 

the understanding of the behavior of the rock mnsses. A rock Ill(lSS is rarely continuous, homogeneous 

or isotropic. It is usually in tersected by a varicly of structures and discontinuous such as faults, 

fractures, joints, bedding planes etc. In addition, there can be a number of different rock types, which 

lIl ilY have been subjected to vaI)'ing degrees of alter.ltioll or weathering. It is clear that the behtwior o f 

the rock mass depends Oil the characteristics of both the rock maleriAI and the discontinuities. 

A complcte engineering gcological rock llJass description contains detail s of the rock rntllerial And the 

nat ural d iscont inu ities . For the present work the descriptive scheme, which hAS bccn proposed by ISRM 

(1981), is fo llowed to fully characterize the rock musses (anllex-O). [n this rock desc ription the main 

cha raclcristics is g iven in the following order: 

i) Rock name: suppl ementary petrographic properties . 

ii) Rock material propet1ies: color, tcxture (grain size, other textural features and fabric), stale 

of weathering and strength. 

iii) Rock mass properties: structure, di scontinuities and weathering profile. 

1- II " I" d "t" I 'c tile rocks olitcrol' l)ing in the Sibil u reservoir area arc charnctenzcd ·0 oWlI1g t liS escnp Ion SC len , 

as follows. III the study area there are three lithologica l rock units: basalts, troch)1c and pyroc las tic 

deposi ts. 
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A. nasa It 

This rock unit shows different local .. h" hi " n " " " fi vanatlons. w IC wou d m uenee Its engmeenng Slgm Icanee. To 

describe it in detai l, an attempt is made to identify a pa rameter tlmt assembles most of 115 engi neering 

properties. It is found that most engineering properties lies within the sa me textu ral va riety. So here. 

tcxture is taken as a basic facto r to group this basaltic rock unit into its different engineering subgrou ps. 

These arc aphanatic basalt, seorae ious basalt , vesicular basalt and halocrystalline basa lt . 

AplulIUllic basalt: this tex tural variety o f the basaltic rock is the domina nt and widely distributed. The 

degree of weathering exhibits a good correlation with types of join ts i.e. a massive rock which is 

jointcd by various set of joints show high degree ofwC3thcring while col umnar jointed basalt is slightly 

weat hcred, and rarely flow banded basalt. 

i) Massive ap/wl/alic basall: it is fractured by lIIinor faults mostly run E·\\' and E-S W. and 

rarely NW-SE d ips and steeply to N, NW and SW rcspectl\'e ly. There arc fractures on th is rock, which 

are usually marked by straight shcUTcd rock ffllgmell ts, Cleill' stcui!;ht w!,;<lk zon!'; covered by breceinted 

sed iments and strong concentration of non· systemat ic joint systems in aligned zone. These fracturcs 

have got n strike length ! .Sm to Sm. [ t is also joi nted mainly by three sets o f joint systems; at pi llees 

non-sys tematic joint systems and N200W joint set arc observed. 

The com mon joint sets arc NE-S W, E-W and N-S. Around the dam site the NE·SW is continuou s over 

E-W whi lc in the upstream and eastern bank of Sibi lu river E-W joints 3re con muou s over NE-S W, 

wh ich might indicate the area affected by different phase of defonllations. Near the junction o f Deneba 

and Sibilu rivers, the riverbank is jointed by horizontal joints. 

NE-SW joinl sel is tight to moderately narrow (O-IOcm), medium sl)"1ccd (21-32cm) with an avcrage 

trace length of 13m where it is continuous. Their strikes vary from 110°_ 400E and stccply dip to SE. 

Mostly Ihey arc dry, rough, and planar (category VII) IlIld fill ed wi th soi l. 

) I I cd (5 17",,) d~ smooth undulating (ca tcgo~ V) 1' 11' " " I "d (6' 140 mill e ose y spac - ,'J" 'J > j011l S arc WI C,)- , 

" "d (1015 ) widely spaced (70-200cm). with an average tmee length o f arou nd the dam Slle; vel)' WI e - cm , 
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Sm.They arc continllolls in the central reservoir (FIg 5. 1). lllclr stnl.c \'3ne~ 800. 1000 and steepl) dip 

N. Mostly they arc wet, Sl11oolh , planar (category VIII ) filled with soil and tra nsponcd scdlll1ellh. 

N-S joint SCI arc moderately wide 10 wide (20· 170mm), closely spaced (40.270n1ln) Theil stnhs \ OIl} 

from 355° 10 05° and steep ly dip 10 E. They arc dry, rough, stepped (c3legory I) and 'filled \\llh SOIl .lIId 

rare ly with ca lcil e. The horizo ntal sets of joints al lhc nvcrbanl.s arc lI~ht 10 naITO\\ (0.5,11111), dusd) 

spaced (4-16el11), dry, smooth, undulating (C.:llego ry V) and bisected by \cnical jOll1t syslems nllmLll~ 
E· W with an ,lpcrture of 1.3cm 10 5cIll and GOcm 10 I III spacmg. The veIl lea l jOlllts arc dry, lough and 

planar (category VJJ) and fill ed with so il (Fig 5.2). There arc a lso IwO hOrizontal )OllllS, willeh sh~htl) 
dip 5°_ 15° to the cast, very wide (25 and 32em), s]>.:lced 30 to )Scm, pers lstence \\lIh st lll. e Icn1:

th 
III 

80m, ex posed at the caS lelll O.:mks of the ri ver III celll ral reserVOIr rh esc JOIl1'" arc fillcd \\ Hh \\111 and 

sho\\" growth of plants wilh smooth and planar su rface (FrC. 7.7). 

l ~ slIalJ)' the massive aphanatic basalts ex hibit l ar~e cqUldllllcllslon;11 blods (I q '1) PC) "unlnd th e d.u II 

slle. It shows medi um sized polyhedral blocks (l'o· lypc) III the OIhel IWI, ,tnt! at th.: centci III th l; 

rcsl..:lyoir due to those two long horizontal jOLllts Ihe blocl.mc:-.s nature 1'1 t.lbu];11 ( I a type), \\ ludl .II~' 

\ cry large. Th is rock vilriel), is strong and wcalhellng grade IV 'Hound the dam slIe wh ile \CI) SIIIIIIl! 

<llld weatheri ng grade I I in most oflhe reservoir p.:lr\s ,Iud rlvcrbank .. , whllc grilde 111111 the Icsel"lll 

nanks. 

I~- \V ,vide and COlltIllUC<; JOllltS III central rc:-.crYOlr FlgureS.I . _ 
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it) Co/ulIIl/ar aphanaric baStl/f ' it 's 
. 1 exposed 111 Ihe nverbcd and III northC3~lem nanK' nr the 

reservO Ir. Due to its columnar nat c '\ 'b' 
ur I ex 11 Its hexagonal sheet surraces 31 the rI\ crbcd~ Colul11n.1I 

Join ts di p vertica ll y and show !laITQ\\' aperture (0.22-0.6 e n1) . 

lhe olher places, smooth and pbnar (category VIII). 
They afC weI 31 the mcrbed o; and l.h~ ,11 

The co lumnar aphanatic basa lt ex hibits very large I 
co unmar bloc ks (Co-type), \CI)' sirollg and 

wea th ering grade II. 

Figure 5.2. Orthogonal Joint sets <llihe riverbank 

SCOl'{fciOIlS bawdt: thi s tex tural v:lricly is jointed wi lh Iwo dominant systematIc Jomt se ls :lnd at places 

the non-systematic ones are present. The systematic JOI11! sets arc ",. W and NI'-SW Ihe [- \\' JIIIIl! 

system is continuous. This sct of Joints is COlll1l1lLOUS Wllh on the a\'clage 1-1 .5111 trace Icnl!th. mcdlUlIl 

spaced (27-43cm), light to 11aITO\\ « 10111111). TheLr stnke vanes 85°_95° and steeply dLp ... {() the 1I\IIIh 

Ihe discontinuity surfaces arc rough and undu]:ltmg (category IV) while a Nl -S\\' JUII1I ~CI " 

lllodCf<IIc1 y llalTO\\ 10 wide (0.5-2em), widely spaced (O.5- I. lm). rhe.r strike \ anes 4 0 ·55 tlLp !'Ilcep" 

SE, mostly th ey are diY, rough, undulating (category IV) $coraclous bao;;ahs mostly c\luhll pol~ht'(h,11 

blocks (Po-Iype) and large in size: very strong and weathering grade II 

Vesicllla r basalt: this textural vanety is jomlcd \\ Ilh both S)'slem:ltlc and 1l0l1 ·syslcIl1J!I': JOIIII b nl 

wh ich th e non-systematic ones arc dominant Therc arc IWO systcmatlc JOIIII SCt:" ,. W .1nd ·"0 \\ 
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The discontinuity surraees arc rough and undula ting (category IV) wh ile an W- E JOint set 's 

moderately narrow to wide (0.6-2 . lcm). widely spaced (0.5-1.1 111). Their stnke varies 295°.) 40° and 

dip steeply SW. mostly they are dry, rough, und ulating (category IV). Vesicular basalIS mostly ex hibit 

polyhedra l blocks (Po-type) and large in si i'..e; very strong and weathering grode III . 

I/nlocrystllllillC basalt: this textura l variety is jointed by non-systellliltic j oints, E-W and 2800.2850 

running joill t sets. 

The E-W joints are moderately narrow (10. 15rnm), moderately sl>'1eed (2-6.8em), wilh average Imee 

length of 20m. It is continuous over Ihe other j oint sets but abnJ ptly CUI by N.S fau ll. l 11eir slnke vanes 

260°.280°, and arc vertical. They arc dry, steep (category I) joints. 

The 280°·285° joints arc moderately open (2 -2Ocm), very wide ly sl>'1eed (6-7.2m) wilh all average trace 

length o f 7m. They dip 20°·35° to NNE. They arc dry rough and undu lming (ca tegory IV) joililS 

The ha locrystalline basalt ex hibits very large polyhedm l bl ocks (PO-Iype). very strong and weathenng 

g rade II. 

B. Trachyte 

Thi s un it a lso shows local varia tions, wh ich influence its engin eering properties. lIere it is divided illlo 

massive trachyte and columnar jointed trachyte. 

Massil 'e fl'll chyte: due to its high degree or weathering il was difficult to observe Ihe j oint selS very 

clea rly. but it is possible to identiry thrce scts orjoin ts; nalllely E- W, N-S, and NE-SW runn ingjoinls. 

E·\V j oints arc moderately wide (2·5em), closely sp.1ced (3·16cm), dl)', rough lind undu lating (catcgory 

IV) . Thei r strike varies rrom 85°_90° and dip steeply 10 the non h. 

N-S joints arc tight to very narrow (0-4 mm), widely spaccd (77- 135cl1l), dry rough and undulating 

(category V). Their strike varies 25°_45°. 

h·b· II pol)'hedral blocks (Po- type). It is medium strong and Usua lly the massive trachyte ex 1 Its sma 

weatheri ng grade IV. 

I .. d' steeply to soulh and become \'ert lca lto the nonh It C()/lIlIIlIarjoillted trachyte: the co umnar Jomls Ip 

cxhi bits narrow apertu re (2-4111 t1l ), dry, smooth and plnnnr (ca tegory VIII). 
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The columnar jointed trachyte displays very large columnar blocks ( Ootype), very strong .nd 
weathering grade II. 

C. I'yroclastic I)eposit 

This pyroclas tic depos it is found in the s,tudy area in two (onns: fri able pyroclastic deposit and compact.; 

pyroc lastic depos it. The engineering proJ>cn ics of this unit arc also described in these two fonns: 

Friable fJyroc/ustic ileposir: is we ll exposed at the westen! riverba nk of the Sibilu dRill site Ilnd 

intercalated with the basaltic unit, which has 6·8 111 thickness. This deposit is banded (thin agglomerate 

bands wit h tuffaceous pyroc lastic depos it), fi ssured and mostly con tacts with the overlying and 

underlying basalt ic units, wh ich show shear planes. The fi ssures occasionnlly fill ed wllh 1)3loosoll (Fig 

5.3). One sct of fi ssures run 80°, which intersect with ngglomerate bands, show the sign of sceplIlg 

water and they arc weI. This condition llIay ex pin in the discont inu ity fi ssu res and the agglomerate 

bands, which promote the pcmleability of this deposit. 

Usually thi s depos it ex hibits friable scdiments in weathering, weak and displays wenlhering grade V. 

Weldcd pyroclastic deposit: is cx posed in the Ochi ridge. This welded pyroclastic deposit is j ointed by 

three sets o f joints: namely N-S, E-W and N200-N40oE. 

N-S join ts arc tight to moderately narrow «I.5CIll), med iulll sl>'1ced (20-3Ocm), cont inues nlld 

persis tence with an average trace length of81ll , dry, smooth rind plannr (category VIII). 

E-W joints arc narrow to moderately narrow (0.2· 1.1 5ell1), closely sl);Ieed (2- IOcIll), cu t by the N-S 

flllming j o ints, dry rough and undulatins (cntegOlY IV). N200·N400E join ts nrc modera tely wide to wide 

(3-IOcm), closely spaced ( 1O-14cm), non ·persistence, dl)'. rough nnd undulating (ca tegory IV). The 

open in g o f these joints fill ed wi th soil . 

This we lded pyroclastic deposit exhibits medium to Inrge polyhedral blocks (I}O- Iypc), moderately 

stron g and weathering grade n. 
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Figure 5.3. Fissured I>yroc hl.sllc deposit 

5.2.2. So il DcsCI"ipt ions 

SO il Ill l.!C hanlcs is the science dealing wit h the basic scientific 1>T lllelplcs to lImkr~ I ,IO{1 silil hch.l\ 10', In 

cng l!lcc ring pmc lices. In IlJlurc, soils occur lU:1 l11rgc vunc!)' Il o\\c\'cr, Ml iis CX lll bl1 ~lIllil.1I helM\ 1\11 

can be g rouped together 10 form a panicular class III cnglllccnng lI 'iCS, tests used IV , h .II,l ctC I I/1! the 

parti cular properties. The numerical results obtai ned 011 the bJSIS o f such lests arc ter med IUdc, 

prope rti es of so il s. The index propert ies of soils afC soi l g ra1l1 properties and 5011 a~ r Cbil lC IlmJlc rl ll.:~ 

Soil gr:lin properties arc th ose properties, which arc dependclI! 011 th e Lnd mdual gram" and mJ nner IIf 

SO il fOrtl Wtl 0 1l The propcrlies in this group arc Illlncl;l1 compos itIon. speclliL: g13\ II) . "lIe and sh .. pc III 

gra lll S. 

SOl I aggregates propcrl ics Jrc those propcl1ies, which arc delx:ndcnl o n the sml mJ"" as a \\ 11IIIe I h<:-., 

propCl1u.:s are of grea lcr sign ifica nce tlI engineenng construct lOIl. S1IICC cngllll!clln I ... llUdUlcs .11 ~ 

fOli lldeu o n undi sturbed, natural soil deposits. The IIIdcx propc I11Cs arc gram size dlstnbutlOlI, A IICI)'..:r~ 

litll lb ::lnJ Indi ces of consi stency. CharacteristIcs of sods such as Ihl! SI7C of Ihe pal1l":ics. share an.! the 

dcg n':l: l) f roundllcss arc in fluenced by the basis of Its gco logic;l ] ongln 
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fo llowed to fully characterize the soil rna ( D) . . 
55es annex_ . In this deSCript ion the main Char3Clensllcs afC 

explained in the following order. 

Soil name: genetic tVTll' and includ ,·ng ",. '0 . . I. ' ••• 
.,-- r r r const Jlucnls WII " thclr plastIc ity 11111115. 

Ii) Soil material properties' color I I ( . I I .. 
. • ex ure partlC C s lape, and compos .llon) suite of 

weathering, strength (consistency, shear strength , moisture content and cOll1p.'1ctncss.) 

i ii) Soil mass properties: structure, discontin uities, wCllIhcring profiles . 

The engineering geological soi l units in the Sibi lu reservoir tIrc grouped under their gCllctu: types: 

residual soil , alluvial soil and colluvial soil. 111C5C groups idelltified from thcir geomorphologic se lting . 

A. Res id ual Soils 

These soil s fIrc fonned by insilU wealhering of rocks. llicy are observcd in most of the high alt ltudc 

areas and gently sloped part of the study area. The most abundallt soi ls withill this genelie group nrc 

clays, sandy clay and gravelly clay (Table 5.1). 

Clay Soil: Most of the residual soi ls arc clay in the study arca. The grading chamcteristics of the 

particles s izc show that clay fractions «0.002mm) Tlmges 63-65%, silt sized (0.002·0.74111111) p:lrIicles 

range 25-32%, sand sized (0.74-2111111) particles arc 5% in nil samples while the gravel sized (>2mm) 

parti cles rangc 1-5%. The range of their liquid limit is 65-94%, whic h is of high 10 very high plnstic ity 

group. Even their plastic indexes (30- 77 %) confonn Ihatlhey nrc grou ]>cd in high plastic nature. The 

residual c lay soil is reddish gray andlor dark gray in color and slightly weathered. Its strength is found 

10 be fiml to stiff from field lest and also confomled by the laboratory results i.c. its consistcncy 

indexes ranges from 0.5 to 0.9. Thi s soil mass show fi ssures at places, which is usually filled by coarse 

roek frag ments and display weathering grade II. 

GrllI'ely Clay: These soil types constitute the upper most part of residual soli group, in relah\ely sloped 

areas. Thc particle s ize grading by clay fraclion ranges 37·38%, silt sized p.1l1icles around 2~' •. sand 

s ized particles 14-17% and gravel sized particles 22-24%. From their liquid limits (36-38'1.), they are 

of · d· I ·· Al II ·r plastic indexes show they lire moderately plastic III nature I.e. -mtermc .atc p aSllclty. so lei , 

II "' 1'1 ·d I I I . b own rcd in cotor' the grai ns show angular and irregu lar foml . wllh 10 . l C res t ua grave y c ay IS r , 
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rough surface characteristics. It is slightly weathered. Its strength IS found to be ' "lilT from field tests 

and laboratory results i.e . consistency indexes are 0.85 .. 0.90. This clay soi l type ex lublls weathenng 

grade II. 

S(lIU/Y Clay: This type is nOI much frequent as the above two ill the residual soil . The sieving analysis 

of thi s soil type shows: clay fraction 34-36%, sill sized particles 20-25%, SlInd Si7.ed jXll'l icles 38-391'10 

and gravel s ized 2-4%. From their liquid limi\s Ihey show intermediate plasticity grou p, bUI from their 

plas tic indexes, they have a tendency 10 show high plastic IIllturc (12-18%).TI1C residual sandy clay is 

browni sh red in color; the grains show angular edges wilh rough surfaces. It is slightly weathered. Its 

strength is soft from field lest and iaboralory results i.e. consislency indexes arc around 0.2 TIus so Li 

mass show some intercalation nature at places and ex hibi ts weathering grade 11 . 

B. Allu vial Deposit 

These masses of sediments, deposited long the I1ll1ill Sibil u Ri ver vnlley where there is a decrease in 

g radient from a hill or a moun tain to a pl3in . These deposits are di ssectcd by decp gully. Thcse deposits 

include soil s, which havc been deposited in the channels nnd fl ood plnins o f thc ri vers and Stre(lllls. 

Fi nc s ilts and clays arc depositcd in the thin laycrs characterize them. At the southclll part of thc 

rcscrvo ir arca some oxbow and mcander sCllr dCl>osits arc prcsent (whcn pmts of the mcanderlng 

channcl arc cut off from thc strcam) nnd arc charaetcri7.cd by fine-grained soi ls, which arc ncar 

normally consolidated and relatively highly compressible (Table 6 .5). 

Silly ClllY: thc upper most part of alluvial deposits characteri zed by this type of soil. Its grnding 

characteri stics are: clay fractions arc 46·51%, silt sizcd I~ rtlclcs 37-41 %, sand sizc J>articles 6- 11 % and 

gravcl sized 4-5%. From their liquid limits (28-34%), they arc of low to intemledinte plasticity. Their 

plastic indexes show they arc sligh tly plas tic (2·6%). The alluvia l silty clay is bro .... ,oish red, reddish 

d 1 d
· 1 th grain show roundcd fonn It shows a tcndency of high erodibility and high nn pa e re 1Il co or, e . 

wea therin g. Its strength is measured as soft to fi nn from field tcst and laboratory results I.e consistency 

indexcs arc 0. 15-0.35. They become very soft ncnr and around sccp.1ge surfaces. l11is SOil mass show 

cracks and fissures alld exhibits weathering gradc IV. 
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Cluy: most of the alluvial deposits in Ihe sludy area arc composed of Ihls 1)1)e of soil. In the Sibilu 

reservo ir this alluvial clay arc two types; Ihe black COllon clay nnd dark gray clay. 

The black Cotton clay show rclat ively high c1IlY fraction COlllenl nnd high liquid Imlll nnd 

plastic index. The sieving analysis of the black cotton cillY 65-68% of clay fmctions, 26% Silt 

sized partic les, 3-6% sand sized particles and 3% of gmvel s i7..ed p:lrl iclcs. 

The dark gray variety show clay fractions o f 57-64%, silt sizcd particles 27-3 1%, sllnd sized 

partic les 5-9% and grave l sized particles 3·4%. From Iheir liquid limit blllck COIIOII clay ( 104-

106%) arc of extremely high plastic group ond dll rk gmy cloy (92-94%) nrc a lso of extremely 

plast ic group. Even their plastic indexes (black COllon cloy 83-85 lind dark gray clay 74%) 

confoml their extremcly high plastic nature. 

The alluvial clay soil show high degree of compressibi lity and erodibility. "Ille blnck COllon soils nrc 

stiIT(CJ= 0.75-0.85) whi le the dark gray variety :Ire finn (CI" 0.5.0.75) nnd show decreasing in the 

strength ncar and around seepage surfaces from field lests. This nlilivia l soi l IIl IlSS show cmek! :lnd 

fi !>stlTcs, which arc often s lickensided. It also ex hibi ts wea thering grnde IV. 

C. Co l/uvial Deposit 

These deposi ts arc soi ls, whicll have been croded :lnd deposit ed ullder gravity forces o nen with the aid 

o f water. These depos its includc: 

So ils which arc admixture of clay, sand :lnd gravcl that, have been moved down slope by 

combined action of soil creep and erosion by water (slope wash soils). 

Soils wilh admixture of almost allt)1)Cs ofmnlerials from clay to large rock fragmen ts i.e. IIuge 

bou lders embedded in a clay matrix (land slidc debris). 

The sa mples collected in these deposi t show IwO types of soils gravely clay and clayey gravel (Table 

5. 1 ). 

I"{J1 '(' .r fly : IS Loun 111 , •• G {C{ . cd· less sloppy arcas i e of the most SOUl hem pan Ihe study aren . The SlcvlIlg 

analysis o f Ihi s so il give: 30-31% 0 cay ractlolls, - 0 • r I fi . 2324% of silt sizcd panicles, /3-15% of sand sl7..cd 

particles and 31-34% of gravel sized particles. From their liquid limits (31-37%), Ihey nre o f sl1gh t 10 
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moderately plasticity groups, but from their plastic indexes (6-7%), they have shown slightly plasllc 

nature. 

The co lluvial gravely clay is redd ish brown in COIOT, the grains show sub-angular to sub-rounded fonn. 

They are highly weathered and show high degree of erodibility and compressibi lity. Its strength is 

measured as st iff from its consistency index (0.75·0.80), but somehow son 10 fiml from fie ld tests . This 

so il mass show eroded profiles and cracks and also exhibit wClllhcring grade III. 

Clayey Gra vel: is a characteristic feature of high-sloped areas. Their sieving analysis result show 12-

15% Of clay fractions, around 16% of silt sized panicles, 8-18% SrInd Si7.ed panic les and 54-6 1% of 

gra vel sized particles. From their liquid limits ( 12-16%) they 3re of low plastic material s nnd their 

plastic indexes (0.5-0.8) . ind icate that they may be grouped under non-plastic types. 

This soil is dark gray in color; the grain s show sub-angu lar to sub-rounded fonn wi th rough surface 

characteri stics. Its strcngth is very soft from its consistency indexes (0.05·0.1) and exhibits weathering 

grade Ill . 

66 



• 

Table 5.1. Summary of soil sall1l)le ICSI res II h 
U 5 In I c reSCrvolr area 

Depth Orig in Color s 
Sieving analysis (%) 

In exnues{%) , 
:~) I No. (Ill) om, 

CP 
I L'·-" I'"·L~·;-T 1"_ 

S.14 16 aHuI'ial 

S~:\ 1.8 alluvial 

S~6 1.8 :llIm·ial 

Sa? 1.6 <lllul'iJI 

SJS 1.0 'lllul' ial 

S! I t4 residual 

Sr 2 12 lesidual 

I Sr 1 10 n:siduJ! 

I", - ~ 

O,S residuJ I 

I (i]{A V·J Y CL AY 

::: r : '(~ 
~~ ~ I' 

I S,2 I J.O 

fS JJ IYCI .A\ 

r '1:1 J I " 
Sa} I I 

, 

residual 

residual 

collu\ 1~1 

collunal 

a llll viJI 

n 1I111'ial 

~lillli~1 ,~J.~ J 1(1 

S}\ \J)Y CJ A \ h-

;:; i ~ ,2 - residua l 
~ 

S residuJ! 

, 
U .A YL\ (iRA VEL 

colllll'ill 

-
rurrll\~ 
~-

Black C 68 26 
Black C 65 26 
Dark g 62 29 

DJrk g. 64 27 

Black C 57 31 

Dark g. 63 32 

Dark g. 65 29 
Red. g. 6' 28 

Rcd.g. 65 25 

"d 37 24 

red 38 24 

rcddish 30 23 

rcddish 31 24 

Rcd gray 51 39 

I\r!e red 46 41 

brownIsh 4J 37 

red 36 22 

cod 3, 25 

Pale g. 15 16 

gray 12 16 

3 3 ''''-'-" 9 83 
6 l - I! - '11 ~ 85 106 
5 3 - -' 10- -8 9' 74 
5 , 

Il -92 ,,- -" 
9 3 ~9-

10 1 ,,- f~8J' ~ , I I! ~" 1'- 77~-

5 - 1-,-, - 1-,. - 20-- ..,--I 
5 - T- 14 70-"k- f'2 
5 5 IS 65 15 )0 

'-- -
17 ;2- 28 ,, - 24 19 JS 21 " 
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5.3. Classification of Rocks and Soils in Sibilu I{cscn 'oir Area for Engineer ing cologie:.1 

Mapping 

Engineering geological classification involves grouping of d ifferent rock and soillypcs in to cntegories. 

which possess similar properties. The classi fi cation should take into account both the field and 

laboratory results used as description parametcrs. So based on the full description of cngi neering 

geolog ica l materials, s imple classifications of rocks lind soils can be drawn by scleeting basic 

para meter (strength, genes is, etc.) in engineering geological Ill llpS (Price, 1983). Thc rock and soil units 

of the reservoir are mapped inlo diffe rent engineering geological units (Fig 5.6). 

5.3.1. Rock Mass Class ifi cat ion 

Mapping engineering geological rock units is possible bnsed Oil Ihe degree ofwealhenng wh Ich renccls 

the ir rock mass s trength. To estimate the rock mass strength in the study area, lithological and tex tural 

features, degree of wcathering and intensity of fracturi ng are discussed (scction 5.1). Those dIfferent 

engineeri ng geological subgroups of thc rock uni ts lire classified under low, med ium and hi gh rock 

mass strength units (Table 5.2). 

Low Rock Mass S trelJgth: in thi s class, fr illble pyroclastic deposit is grouped, According 10 

'·Iock ( 1995) classifi cation , it is weak rock mllss i.c. it is knifc cutllllltcrial, bu t too hard to shal>C into 

defined specimens. It is highly wcathered, friable and crodable. Due to its rare and thin (6·8 m) 

exposure in the rescrvoir it is not mapped, on ly symbol is used to show liS presence. 

M ediulIl Rock Mass Strellgth: in this class, wc lded pyroclastic deposits and maSS ive trachyte 

arc grouped. According to Hoek (1995) classifi cat ion they arc medium strong i.e. fiml blow of 

geological pick indents rock to 501111; or single blow gcological hammer broke the hand held 

speci mcns. They show moderate to high degree of wcathering. This rock mass strength Ulllt IS found on 

the dllm ax is and Ochi ridge. 

. S I . II ~st of thc rock ou tcrops belong to thi s group: all the basal tIC I"lIg" Rock M(lSS trellct I. Ie (I; 

d' to !lock (1995) cllISSlfic3tion, they exhIbit strong to 
unit varicties and columnar trachyte. Accor IIlg 

69 



, 1 

,I 

b 

extremely strong nature i.e. requires blow r . , 
S 0 geologu;a l hamlller to brea k the mtaci rock specnnens 

Number of blows used 10 dist inguish between 51 d 
rong an very strong. The fresh parts ahllosl always 

show extremely strong behavior because II I · 
ICy orc 011 y chIpped under repeated hammer blows and flll gs 

when struck. This unit is the most abundant rock Illass Sl I .. I . 
, rengt 1 Ilnll III t Ie reservOlf arca . 

Rock mass Engineering subgroups Strength Weathering 
strength 

profiles groups 
High Aphanatic basa lt Strong 10 extremely strong I-III 

Scoracious basalt Vcry sirong II 

Vesicular basal! Strong to very strong III-IV 

Halocrystallinc basalt Vcry strong II 

Columnar trachyte Vcry strong II 

Medium Massive trachyte Medium strong IV 

We lded pyroclastics MedIUm strong II 

Low Friable pyroclastics Weak IV 

Table .2 , 5 . Engll1cenng subgroups of Slbl lu resen olr rocks, theI r descflpllon and classIfi catIon . 

5.3.2. Soil Units C1assifiealioll 

An area is mapped as a soil unit, if the thickness exceeding 1m. (Seoters and Rangers, 198 1). If the 

thickness is less than 1m, the area is mapped as the bedrock. The thickness of 1m is chosen due 10 the 

follow ing reasons: fi rst the morphology of the underlying bedrock is usuall y recognizable when the 

thickness exceeds t 111; and second, the engineering geological importance of a soi l cover with less than 

1m thick is rather limited. 

E\,enthough t several soil classi fi ca tion systems 3re in lise, the unified soil ch,ssi fi cation system (US 5) 

is employed for classificat ion of soils of the study aren (annex-E). The classification method used IS 

based on grading of the constituen t particles nnd plasti city of the frnction of the matenal conSISt ing of 

particles finer than 0,425mm. 
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For the purpose of laboratory class ification of soils using US 
(fig. 5.6). 20 samples were selecu:d 

fro m d iITerent type of soils wi th an even distribution throughout the reservoir Ilrea (Fig. 5.3). They 

ex hibit clays and si lts of different plasticity groups and clayey grave ls. According to Ihis cinssi fictillOn 

sys tem the so il s of the studied area arc classi fi ed into MI, ML, 0 11 , L, CII , V, E and 
(Tobie 

5.3), 

II/orgallic Cluj'S of Very /Jig" 10 I;~\"trellle/y /-licit PillS/icily (CV/CJ:.j: these types of clny soi ls 

cover most of the dam site, cenlral and southem pan of the reservoir. They nrc black clny soi ls and 

alluvial and res idual in origin . They show extremely high plasticity. Their general propertIes includ ing 

their usc as a foundation material is Inrgcly dClcnnincd by their clay frnel ions and rtunemlogy. Smee 

the elay fract ion in these soi ls is greater thun 60% and mOlll illlorillonite is the dOllllllllnt 1ll1l1em l 

(section 6 .3); they have the ability to hold large quantity of wuter. This chamcteristie hilS a great 

in nucnce on thci r shear strength, shrinkage and swelling propert ies. 

Whcn they arc saturated their strength becomes poor, and rai l easily while they are compacted. III dry 

months, however, their strength in creases due to loss or moisture and shrinkage cracks or various 

dimcnsion appear. During the wet mon ths, they again Ilosoro water und swell 10 grea ter degree. This 

proccss or swclling and shrinkage arc not good as a foundat ion m:lIcria l and recommcnded to avoid 

them as poss ib le (Truitt, 1983). 

Organic C1ay~' of /Jigh Plasticity (all): these soi ls are the red clay varieties and rcs idual III 

origi n. They are dominant in the eastern pari or the reservoir fl anks. Thcir organic charnctcr may arise 

from cult ivation and Irec planting activi ties (no organic test is donc). They arc high in dry strcngth and 

hard enough and fall in the group of high plasticity. Gcncmlly, it is possible to suggest, on the b..1SIS or 

global properties of both eH and OH, for engineering usc Ihal they arc both impcnneable, poor quality 

" 'bl 0 "1>:Hed to other "roups (Truiu, 1983). as a construction materia l orlll gh compressl c as C I 0 
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Figure 5.5. P[OIS orthe reservoir soils on Ihc uses chan for finc-gralllcd sods 

II/orgallic Silts (l1If/ ClUJ'S of Low P1f1s(icity, G/,(/I'd~r C/np;, Smuty CllI),S, Silly CItI),S, (1//(/ 

Leo/l Clays (CL / AfL): These soils 3rc dominan t in the wcSlcrn parr of the reservoir orcn. I.. lind MI.. 

vary on ly with their dominant clay or si lt percentage rcspcclivcly. They nrc moslly light red, reddish 

brown and red varieties. They arc so n to stifr with low pJaslicity. In lenns of origin these soils nrc 

grollped mainly into two: thosc o f insi tu wC:lthcring products and those of alluvia l origin, rnrc colluvial 

origin arc also noted. Thc dcgrce of cracking as compared to those CE and 0 11 groups is low. 11lc 

engineering aspects of Ihese soils arc low penneable, low compressibi lity when compacted and 

saturated, fa ir as foundation compared with other groups (fmin, 1983). 

C/(f),CY Gr(lJ'cls, Poorly Grm/ef/ Grfll'eI...$om/·C/tfy M ixture (GC) : Ihls group o f SOils IS found 

in colluvia l dCl>osils and at depth underlying the clay soils. They nre rare in Ihc rescrvoir area and arc 

colluvial in origin. They are penneable, low compressible. fnlr workab ility as construction m3terlal s 

and fair to good fOllndation if sccpage is minimnl (TrllIlI. \983): ho\\evcr III two of thc boreholes at the 

dnm "xis s lich types o f soil s prcsen t at shallow dcpth. so thcy can :lct as (l seepage line through the 

roundation. Hence it is recommcnded to removc or cu rtn in groutmg beyond thci r depth . 
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Sample Soi l type Soil fractions (%) 

No. Gravels Sand(4.75- Sih(O.07S· 

(>4.75mm) O.075mm) 0.002mm) 

Sal 4 6 39 
S,2 Silty clay 5 8 41 

Su) 5 11 37 
S,4 3 3 26 
S,5 3 6 26 

S,6 3 5 29 
Sa7 4 5 27 

SaS Clay 3 9 31 

S" I 4 32 

S,2 I 5 29 

Sol 3 5 28 

Sr4 5 5 " S,7 22 17 24 

S,8 Gravelly 24 14 24 

Sol clay " 13 23 

S,2 31 14 24 

S,5 Sandy clay 4 38 22 

S,6 2 39 " S, ' Clayey 61 8 16 

Sol gravel 54 18 16 
. 1 able 5.3. ClassdicaiJOIl of the reservOIr solis uS1I1g uses . 
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LL PL uses 
Clay. 

« 0.02mm) 

Sf 34 5 ML 

46 32 6 Mt 
47 28 6 CL-M' 

68 1()4 83 CE 

65 106 85 CE 

62 94 74 CE 

64 92 74 CE 

57 101 83 CE 

63 94 77 CE 

65 89 69 CV -

64 70 32 0 11-

64 65 30 0 11 

37 36 8 MI 

38 38 11 MI 

39 31 6 MI .. 

31 37 7 MI 

36 48 18 "'- -
34 43 12 ML 

" 16 0.5 GC 

12 12 08 GC 
-
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CHA PTER-6 GEOTECHNICAL PROPERTIES OF SOILS IN SIIl ILU RESEIlVO IR 

AREA 

6.1. Evolution and Genesis of Soil Formati on 

Soil is fomled as a result of the interaction of many factors that act simultaneously, the most IIllportal1t 

of which arc parental material, climate, topography and lime. The processes of weathering pro fil es find 

soil fonnations are governed by the interactions of factors defi nin g the ini tial state of the soi l (onnat ion 

(parenta l material and rel ief), the environmental factors (climate and organisms) and the ex tent of 

reaction (time). 

Soil may be fomled by weathering of consol idated rocks Or by developing from transported or organic 

materials, and climate has a direct or indirect impact on soi l (onmll iOIl (Graef, 1996). Every climate 

type favors typical soi ls depending on the parental materia ls. Also topography has a role in the 

interaction of climatic and environmental factors. Time is a dimensional parameter that tics the climate, 

topography, parent material s and other factors to change the parental material to soil (Graef, 1996) 

One of the most important processes for soil fonnnt ions is the wea thering of the parentallllaterial. This 

includes wearing down of the landscape with the help of detachmcnt, transport lind inilinl 

fragmentat ion of rock as well. This physical di sruption thcn facilitales chemical changes with the 

constitllcnlminerais. Water initiates solution and hydrolysis as a chemical weathering facilitator. 

The soils in S ibil u catchment are principally residual, derived from the weathering of basic volcanic 

k h · I h fth a ea They do not foml siCtnificant gravel and sand si7..cd material upon roc ·S, w IC 1 cover muc ocr . to 

weathering. The soils are invariably clays or silty clays (Morin and Pony, 1971). 

The phys iography of Sibilu catch ment, as a part of the Ethiopi an plateau, refl ects the gcologieal 

. f Afi · a and Ethiopia was followed by the down c\'olution of the East Africa region. Uphft 0 cast nc. 

. d· · d ~s the count!)' inlO four distinct provlIlecs: the faulting of the rift vaUey system. The Tift system IVI ~ 

. E I · ·11 Rift lind Afar region (l\lohr. 1967). Ethiopia plateau, the eastern plateau, the Mam , t 110 1'1. • 
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The Ethiopian plateau is generally above IOOOm a.m.s.l., high except for the mlljor river "a lle)'l. and 

much of the area over 2000m a.m.s. l. (Morin and Parry, 1971). It has been covered by lava of 

predominantly alkaline flood basalts (Mohr, 1971). In Ethiopia, the areas of high rainfa ll 8rc rough ly 

coinciding w ith areas covered extensively by volcanic mailer (Thompson, 1965). So Ihe mean annunl 

rainfa ll of the area is 1228.3mm. the mean number of days having over 1 mm of rainfall is always above 

150 days (NMSA). And its annual temperature (max=- ISoc, min= gOc, averngc 130c) is above 120c. 

wh ich reflects the study area has a climatic condition of humid and wonn. Then, these climntic features 

o f the area are in favor of high rate of chemical weathering ns that of tropical climatic rcaions. 

Drainagc density of the catchment varies from I>oor to good. 111C Good drainage condition is typical (or 

southern nnd eastern part of the catchmcnt and becomc poor in the ccntra l plain . 11IUS, the dminl!ge is tI 

f,ood re neetion of the topography i.c. wcll dr:l incd arcas arc corresponding 10 sloped nreas, whi le the 

fbi und genlle terr.1ins are associated with I>oor dra inage cond ition. 

Though there arc 10e.:11 "flriclies and interactions of the soils of the area, they ca n be broadly grouped 

in to t\\'o {yves: the rcd clays and the black cl ays. The red clay \'arieties range frOIll red to reddish 

browll, whil e the black clays arc dark gray clnys, black colton clays nud dnrk brown clays. Thcse soil s 

arc also clearly associated with drni nage cond ition; the red clnys nrc mostly observcd in well -dmincd 

nren s and black clays observed in poorly dm ined arens. 

Under mi ld weathcrin£ condition5 clay minerals c.3n be inherited frolll primary silicates (primary c ll!Y 

mi nerals s lIch as mica and ehlontc). But usua y un er mo . II d re intense conditions like the study area, they 

arc rather fonned after hydrolysi5 of the primary silicates (neofOml:ltion to secondary clay minerals 

. . ) H fI 11 the gO\'emins para meters (climate, such as ill ite, kaolin ite and montimon Jlomte . enee fO! 

I b ble clay mi nerals fonnlltion Clln be deduced topography and parent material) of the area, I le pro l 

. . f ' II-drained areas kaolinite and ha lloysite arc (G rim, 1968) . In this premises, in volcame terrams 0 \\e . 

. . . . condition while monti morilion ite in poorly dr.::uned most abundant clay products In tropIcal cllTl1atle 

. and illites can be predominant (Grim , 1974). 111is areas. In between these extremes mIxed clays 

statement is mostly coinciding with the Ethiopian plateau volcan ic soils (Morin and Parry, 1971). 
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Therefore, the black and red verities of clay soils o f the area, which arc developed o\'cr the basalt and 

trachyte, may be characterized as follows. Montimorillonile is expecled 10 be the predominant clay 

mi neral in the black clays; and kaolinite and ha lloysite to Ihat of lhe red clays. The western part may be 

in between these two extremes and may be characterized by mixed clays and ill ite. But other tests like 

X-ray diffraction patterns or differentia l themlal analysis (DTA) or electro microscope shou ld be used 

for clear confo rmations. In this paper, thi s deduction is furthcr clarified by their geotechnica l properties 

(section 6.3). 

Part ial chemical an alysis of eight samples (four black clays and four red clo.ys) o f the Sibi lu reservoir, 

which arc atln lyzed in the National Soil Laboratory, show Ihtl\ the black clays hnvc an n"crage of 41 % 

sil ica, 14. 1 % of total iron and 25 .7% of alumina . Red clays h3\'C gOllln average of 34% silica, 24.5% of 

tol:!.1 iron and 24.9% of alumina. The ,!\'cragc composition of basalis of the Elhiopin plntcnu (l1o.rth. 

1%2) is 4..f'!~ silie:! , 13% or total iTO:] :lIld 9% ofolumina. The los ofsilico. in bl3Ck clays is slight, but 

nlll !"": c\'idcll! in red cbys . Wilh the;sc, the- ,jr,'::1 is simi],u to othl'r I:Ihiopi311 volcnnic soils nud 10 those 

tropical soils in general (table 6.1). 

The bonding IllcchaniSI11 presen t in eby llliner:J ls is exchangeable cations bondin g. The cations, which 

nrc held in the sp3ce betwcen shccts of clay minernls, can be exchanged for other cations, and in 

processes , thc propcl1ies of the clay con be altcred. The process is called cation exchange. Cation 

exch:lIlgc capaci ties n!ry from 5J-5G.S milliequi\'alcnls per loog of the red clay soils and from 59.6-

65.7 millicquivalents pe r IOOg of the black clay soils (table G.I ). Calcium is the ma.jor c\change 

cations; magnesium, sodium and potassium are also present. 

" " r I all lead us to consid.:r the gcncrol The overall conditions of the cby mlileral genesIs 0 t Ie area c. 

"" I ' ., by Morin and Parry. (1971) i.e. montimorillonite statement drawn to the Etinopl:!n vo camc 501 s 

"I developed over bas:1 lt, and in wcJl-droined areas the formed initia lly in all Eth iopi:m SOl s 

. . . - I"" 1 occurred and apparently is con tinuing at prcsent. transfollllati on of montmlonllort1l~ to kao 1111te las 

. . lera ls of red soils ind ica ting thM allerollon of Al so kaol in ite and halloys ite arc pred011111lantly elay 11111 , 
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monlimorillonilc is more complete in the . . 
SC sOl is. With these conditions they are SImila r to thnt of 

tropical soils. The red color orthe soils is assoc ' 1 d . hi ' 
In C Wit t Ie presence of Ira n. 

Sample No. Silica Total Alumina Exchangeable e.nions CatIOn udlangc 
(%) Ifon (%) captchy 

(%) C. Mg N, K (m111coqu IVlItntIpn 

lOOsohoil) 
SeDI (black) 41.5 12.6 25 38.14 6.2 9.26 0.92 60.) 
Scll2 40.5 15.1 26 35. 14 16.04 8.' 0.76 63.1 
Se ll3 40.8 13.4 26.6 38.12 13.9 ' .8 I.J 65.7 
SeDtI 4\.2 15.3 25 41.3 8.2 5.' 0.8 5' .6 
ScR I (rcd) 3' 23.8 26.2 41.5 8.88 0.57 0.4 5'; .85 
Sc R2 33.S 25.2 2:.9 44.2 6.' 0.96 05 54.0 
ScR3 34.3 24.1 2~ 1 4].7 9.2 0 8 0.7 56.8 
ScR4 3' 24.9 2-;.2 44.2 8.3 0.64 0.22 56.1 

l abk G. !. ]\u li3 ~1lli a ,. 
" 

'-,-c , ,-I eh c, ! cOIllpa. ,[lOll and cxch:l.llg~ab lc c.\llons of S.bliu Tcscn olr clay $0115 

6.2. 13 :lsic Phys ical Properlies 

The basic ph ysical properti es of soils arc very esseutial in :1IIy engineering practices (Celll icn, 1995). III 

dnlll cngin l:cring, soil propcrties of the rcservoir nud dam sit e inO ucnce foundn1lon cond itions, 

in teraction with the illlPounding water, si ltntioll problems :lnd their importan ce for Ihe constmction 

materials (Fell el ar, 1992). lnfon11ntion regardi ng the physicol properties of the soi ls of the studied 

ar~'a was adopted from the so il samples of the prescnt work thai arc nnal)'".lCd 11\ KOJ llna sile SOil 

IabOHltOI)'. 

Propert ies of soi ls vary not on ly \\ l1h so il t)1>Cs out also the gTD in :m 3ngeIllCn! and 1I10lsture con lent . So 

hef\: much emphases is given to th .. dominant soi1 groups of the reservoir and dam foundat ion clnys. 

6.2 . 1. Mo isture Co ntent 

The moisture content of the soil mass is defined as the mtio of Ihe weight of the water 10 the weight of 

so l 'd I ' I T I . 1 1 1 delermination was ca rried out in Mny. The result shows moistu re L par IC cs. 1C mO ls ure con ~n • • 
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content varies from 28.6·57% Black I ," . 
. cays \3net,cs have 1lI0lstu re conlenl (3 .75.571'1.) higher than red 

clay varieties (28.6-42.4%) (table 6 2) Th ' h' h ' . . 
' . IS IS capac ity of holding water In clays corresponds their 

higher content of clay frac tions. From these obsc " " 1 . 
rva Ions II IS C cnr that black clays higher moislUrc 

content values resu lted from their greater percentages of 1 r . 
cay fac tions 

Soil t , Color CI. fraction % Black collon clay Black 68 
NI'lInl mol,lure tonlC'llI % 
!i)AS Black 05 422S Alluvial clay Dark gray 62 l7 Dark brown " 47.6 Black gray l7 J8 .7S Residual etay Blaek OJ 47.8 Dark brown 

" 54.S 
Reddish gray " 41.2 
Red bro\\,'R 05 47 Alluvial silty clay Brownish roo 51 3) 2S 
Pale roo 46 lOS 
Red·brown 47 27.3 Residual granlyclay Reddish gr;1y J7 288 Roo J8 286S Rcsidu:ll sandy clay Dark red J6 ". Dark I!r.l.V " '06 , Table 6._ . t. IOlslure contcnt of dIfferent SOlIs 

6.2.2. Speci fi c Gravity 

Srx:c ifie grnxity is defined as thc ratio bCh\'ccn Ihe unit weight of a substance and umt weight of purc 

w;ltef" :it 4
0
e. The resu lt obtained from the presellt wort.. \nrics from 2.71-2.9 1 for clays nntl clayey 

gra\'c l 2.61-2.63 (Iablc 5.1); and Ihn! AA WSA's samples show Ihe specifi c gravity of Ihe rescn'Olr soils 

varies with a range of 2.60 to 2.94. This rangc is si lllilnr 10 the spcci fic gravitics of all tropical soils lind 

within the r<1 llgc of constitucnt clay mineral s as rcponed by Grill1 (1968). So the clay fraction 

proportion gO\'cms the reser\'oi r soils propeny. 

6.2.3. Crolin Size Distr ib ulio n a nd Clay Fractions 

Sieve ana lys is was calTicd out on the basis of dry a'ld wet sic"lIlg. It providcs 11 useful wily of 

clllss ifi eation systcm for soils. Under such condi tion, 20 ~amples were selected from each soil type at 

different depths and analyses were c<ln ied OUI to determ ine the mnge of sizes in which the 5011 samplcs 

fa 1l and thei r rclativc proportions (tablc 5.1). All soi l samples arc composed ofa rClall\'c proport l,m \·f 

differcnt size groups although one dom inates the other in relative percentages. Clay frncilons dOllllnatc 
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in all uvial and res idual soi ls and less abundant in transported coll uvial deposlts_ the coarse l:ralll 

propo rt ion: gravel and sa nds increase to depth within the so li pro liles 

Average g ra m size di stri but ions of difTerclII soi l types In the area are ploned ulimg their ,datne 

proport io ns. C lays have 1-3% grave ls, 3·9% sands, 25·32% SiltS and 57.680'0 clay frac tions Si lt y dah 

have 4-5% gravels, 6·11 % sands, 37·41 % silts and 46·5 1% clay fractIOns andy clays h:l\ c 2.4"" 

gra vels, 38-39% sands, 22 ·25% silts and 34·36% c lay fmctlons. ravell y c l:l Ys h3\C 22 . JI0,0 gr>l\ck 

13· 17% sands. 23·24% si lts and 3 1·39% cla y fractions. Clayey gra ve ls Iw \c 54.6 10'0 gru\cb. X.IX", 

sand s, 16% silts and 12·1 5% clay fractions. 

Co mparing the black and red clay varieties of the reservoir sOils; the black cl ays (57.68%) have sht!hlh 

higher clay frac tion than the red ones (34.65%). 
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6,2.4 . Consistency Limits and Index Va lu es 

For clays and silts the usual classi fication is derived from their engineering properties under \'arymg 

cond itions of moisture (Cemica, 1995), The AlIerbcrg limits I1re an empirically developed but widely 

used procedure fo r establishing and describing the consistency of cohesive soil. onsisleney IS a leml 

that is frequent ly used to describe the degree of finnncss (e.g, soO, mediu lll, fim,. or hard). The 

consistency of cohesive soils is greatly affected by the water contents at the soil. A gmduil l increllse of 

water con tent may lrans fonll dry clay from solid Slalc 10 semi·solid state, to plastic stllte ilnd "Ilcr 

fUrlhcr moisture increases, into liquid slate. The watcr contcnts at the corresponding junction points of 

these states call ed the shrinkage limit, the plastic limits and Ihc liquid lilll its respecti ve ly. Index 

properties were dctCnllincd in Transport Construction Design Enle'1)rise (TeOE) Il'Ibonllory for 

AA WSA samples and ill Kajillla sitc labora tory samplcs collectcd in this present work 130lh 

l:ibomtories followed American Association of Stnte IlighwOly and TranspOr1 l1 tion Official!i (A ASIITO) 

PlOC~'JUlo.: of a ir- dried s:lmpics, Also ti le degree of coherence bet\\ cen p3rticles of tht sOI l!> III the ~ Iudy 

an.:;! \\;l.~ ,,,ughl)' determ ined in the fieh.! liS so ft, fi lll!. tiff ,md hard using simple manua l fie ld 

identificati oll kst and strength eharnctcristics wcre delennillcd. 

TIll.: All o.: rberg limi ts arc of a sOl1lcwlwt empilienlnnturc, hut fl cq ucntly these lillll lS do provide use ful 

ill formal iO Il rega rd ing soil strength , behnvior, stnbi!ity alld stnle of consolidn tion (Cemiell, 1995). 

A. CO ll sistCIICY Limits: l iquid Limits, Plastic Limits and Shrinknge Limits 

The liquid lilllits (L L), is the water content at a poin t oftransitioll of the clay sample from liqu id slatc to 

plastic state. Liquid limits nppear to be d\fl:ctly proportionnlto the compressibility of the clay «('emi~. 

\995). T he liquid limits of clay soils in the sludy area val)' from 28· 106%, The black clay varieties 

ha\'l! values 89- 106% while the red clay va riet ies hnvc gOI lower values (2 _7()o;,) . TillS gIves a good 

. . . f I bl k I' so' is III Ihe study area, Thc less cohcS I\'e SOil c\'idencc fo r the high compreSSibIlity 0 tIC ae c ,Iy I 

. ' , ' "16'* si('nifying thai Ihey can be grouped under non· clayey gravels have a very low hqllld 11I11Its _. 0, 0 

cohesive soil s (table 6.4). 

I . I the so il begins to crumble, omparlson of The plastic lilllit (PL) . is the small est water content nt w lIe I 

. f I 'Is indicates Ihnt the soils were nbove thei r plastiC the plastic limit with the mOI sture contcnt 0 t IC SOl 
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state when they are sampled out Th I , . I· . . 
. c p as Ie Iml lS of the sOI ls range from 17-38% 10 whIch the lower 

plast ic limits are typical fo r black clays variety (17-21 %) and the rest higher values (26-38%)10 Ihe red 

varieties (table 6.4). 

The shrinkage limit (SL), is the smallest waler Content below which !I soil samples wi ll nOI reduce ils 

volume any further. The shrinkage limits of the clay soils of the Sibilu reservoir ranges from 8-25%. 

Also here the lower values arc attributed to bltlck clays i.e . 8-11% nnd higher ones 10 the Ted clllYs 

('able 6.4) . 

B. Index Values: Plasticity Index and Consistency Index 

The determina tion of liquid limits and plastic limits nrc main ly used to dClcnninc the vnlunble mdlces 

The plas/icily il/dex (PI) of soils is essentia l in dea.ling with their geotechnical propcrtlCs. It is uscd to 

ickn tify thc soil type and describes the soil stille of nature (Cemiea, 1995) II is gi\'cn by SUbll(lClIlIS thc 

liquid limit to the plastic limit. II is strictly related wilh its amount of clay fmetlon. 

Plasticily of thc soils under ill vcstigatioll shows great variations (ta.ble 6.4). All elllYs of the reSCf\'Olr 

soils MC high to cxtremely plasti c; the thin top layer of silty clay is slight ly plastIC lind the eoarsc 

grnincd soil s me non- plastic. It is possible to say that the high plasticit y groups of soils nrc alluvilll and 

residual in origin. 

Comparison betwcen the differcn t group of elays shows that e.\ tremely high plasticity IS typical 10 

black clays whi le the red clay soil s exhibit rclntl\'ely lower plasticity. This is clearly shown in the 

plasticity chari o f the rescf\'oi l" soi ls. Mosl of the black clay soil s plol above A·linc whde the red clays 

plOI31 and below the A·line of the Casagrandc plasticity chan (Fig. 6.2). 

·fl . . d 1( 1" f a soil helps to describe its strength or degree of finnlless. It IS IP,"en by IC COlls/slellcy 11/ ex / a 

LL-ml LL-PL, where III is its moisture con tent of the soil sample. Though II is an empirica l \'alue It IS 

degree Of finnllcss. It is also related to ItS cohcs\\c nature. comlllonly uscd in describing (he 

. ' rc ' iven in table 6.4. Most of Ihe clays show firm to Consistcncy indcxes of the sods 1lI the study arca (I g 
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sliff, while Ihe coarse-grained s 'l I h' 
• 0 1 S all ' I 111 layer of Ihe sIlly clay are son 111 naturc It IS also found Ihal 

111051 of Ihe simple Jield lest ·c lbo ' I su ts a lit Its strength malch wll h these laboratory \ allies 
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6.2.5. Acti vity of Hcsc rvoir So il s 

Ac\i\'i ty or so il s is defined :I S Ihc POlclltla l of the soils to intcract \\'I th \\:1Ier. II usually nppllcd to linl' 

gr:ll1lcd soils espec iall y to clays. II is :1150 used to describe its nalu lc when Illtcrnc tcd \\ Ith \\alel .\ , 

ckscribcd abo ve. thc plasti city of clay soi ls is innucnccd by Ihe amou nl of liS clay fraction slIlce d<l ~ 

1l111lCT.:lls gre.:ltl y <lffecl Ihe .:l1ll0unl of :lltraclcd waler III the SOIl. C'asagHl1ldc (1972) proposed a 

i'l'latiollsh ip bC I\\ cC lllhc plasticity indc:\ and Ihe perccnlage of cla~ ~i/es (iner than 2plll This is tcrtlll'li 

':h the aClivit y o f clay, which is expressed by: PL I 'X, liner 111 :111 2 11111 , li e proposcd the follo\\1Il ~ 

classlliclI lion (table 6.3 ). 

Aclivily 
< 0.7 
0.7- 1.2 
> 1.2 
Table 6.3, 

Clays 
Inac!I\·c 
Normal 
Act1 ve 

ActiVIty of clay SOils 
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Activities of clay soi l describe its behavior to volume change. Those described as inactive nrc slnblc 

while the acti ve clays arc unstable i.e. subject to large volume change during water interaction . It also 

provides information about the dominant type of clay mineral present. Using the above c)ossification, it 

is found that most of the black clay soils arc acti ve while the rcd clay soils nrc inactive (table 6.4). 

The activity of clay soils can be related to its expansive nature (Holtz and Kovacs, 198 1). Van dcr 

Merwc, (1964) had drawn a chart, which describe the relat ion between soil s (lclivi lY and their 

expansiveness potential cited in Carter and Symons (1989). Most of the clny snmplcs in the study orcn 

have got vcry high potential of expansion (Fig. 6.3) . Here also most of the black clays have higher 

potential of expansion than Ihe red clay soi ls. 

S:lmpJc Clay COll sistcl~cy limits Index values Activit Color 
no. rractions LL PL 51. PI CI Valuc Do 
5" 68 H)' " • 8l 085 1.22 ACII VC DIad. colton 
5" " 106 " II " 0,75 UO Aeli\'c lllad. COIlon 
5,6 62 " 10 , 74 0\ 1.19 NOlTlllll Darl.~)' 
5a7 " 92 18 12 74 06 1.1 6 Nomllili Darl. grJ)' 
5., " 10' " , 81 0.75 1.44 ACI1,'e Ulaek COIlon 
5" 6J " 17 " 77 06 1.22 Aell\'c Oarl. gray 
5,2 " S9 20 " 69 0.5 1.1 8 Normal Dal l. gra)' 
513 " 70 38 " l2 0.9 0.50 In aClivc Reddish gl'a)' 
51": 65 " J5 IS 30 0.6 0.46 Inaellvc Reddish gnay 
Sal 51 34 " 18 , O,IS 0.09 Inac tivc Reddish gra)' 
5,2 46 l2 26 " 6 025 0,13 II1DclI\'c p,lc red 

5,3 47 28 26 18 2 OJS 0." Inaellvc BroWnish red 

5,7 17 J6 lS 18 , 0.' 0.2 In aCll\'C Rol 
5,8 3S )8 27 " " 0.85 03 InaCllvc Roo 
Sd 30 3 ' " IS 6 0.7S 0.2 Inach\'c RcddlJh gra)' 

sa 31 17 30 17 7 0.' 0.2 Inacll\c ReddlJh~y 

S,5 J6 46 " 20 IS 02 " Inleh\'C Roo 
Sru .. 

" 43 31 2S 12 02 0.35 Inae\l\.:: Rol 

S<4 " 16 15.5 14.3 0.5 01 0.0] Inactl\'c P.1e red 

5" 12 12 11.2 10,1 O.S 0,05 007 Inach\'C G~, 

, imits Table 6.4, Summary of conSISlenC) I index values and acu vtty of the reservOir SOt Is 
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6.2 .6. Swell ing and Shrinkage of Reservoir Soi ls 

Swelli ng in soil s is a widely occu lTing natural processes caused by the wClIlIlg of clay and the 

consequent increase in ils volume. So the problem of swell and shnnka gc IS 13rgtly associated \\ IIh the 

clay po rti on of the soil (Carter and Symons, 1989). Accordmg to flead ( 1984) soils \\ .. th free ,\\dl 

va lues less than 95% are not likely 10 show expansive properties. Values of 100% or mOle all.: 

assoc iated wi th clays, whic h could swe ll considerably when welled ; these so il s arc named ;1) C'llalhl\ ,,; 

soi ls. [n Sibilu reservoir lhe clay soi ls arc tested 10 their swel ling properliCS (13blc 6 S) f'. Io!'! o r tht.: 

bl ack clay soi ls (97-160%) arc potentially expansive while th e red clay sa lls do not (12.68%). 
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J 

Figure 6.3. ACI1\"l IY and expansion pl01S of Sibilu rCSl'rVOlr 

6.2.7. Comp ressibility of I ~cscr\'oi r Soils 

So li s wilh " liquid limlt greater 1han 50 :m: usuall) sho\\ COlllprCSSLbllll). althou!!h tim IlItlJlCII~ 

Ilighly compress ible wlls Jfe lhll,lll l>cll~ r indicated direclh by compressibili ty 11l1.':l5UrC111cnts 

. I d alwJ)S c"llIbl! shnnkage and :-,\\clhn}: 
alltl'-I','I cla)ls and organic cays an 

;lssoc ialcd with .1 d SOl' It)S91 .1), ,h .. 1 l'! 

Changes in tllOiSllin': conlenl (Cartel' an )'111 , s. cilnraClcristlCs with se:lsona l I 

I ' I cha rt II IS l)Osslblc 10 C ... 111113h: 1", . I '[ 1\1 "0 using the p :lSIICl Y , reservoir blad: clay allUVIa SOl s. ;) b I . 
. . I ' I I compressIble SOIl s while plols C 0\\ .II ~ b A-h nc ale llg I Y compress ibility i.e . result s tend 10 plot a ovc 
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low 10 moderately compressi ble (C 
. arlcr and Symons, 1989). As seell In Fig 64, Ih~ blad. clay sod, III 

the reservOIr are highly compress ible Also ' . 
. . IllS clear thai expanSive propeny oflhe rCSCl"\OIr S(II"~ lend 

10 be aSSOCiated with soils of high com °bolo 
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Figure 6.-L Rangcs of compressibility plot s for Slbl lu reserVOLr sOil s (after Calcr and Symons. 1%9) 

6.2.S. S heaI' S trength of Rese rvoir Soil s 

Shcm" stre llgth is th e basic geotechni ca l properly orlile soils ;'l11d helps \0 undcrs{.wrJ their ll11POrt:l1I..:c 

and limi tatio n ill engineerin g practice (Cernie:! , 1995). There arc many SOplllStlC31cd s.'Hn pll1\~ 

techniques and laboratory analysis to determ ine the exact strength , however in the present work s tmple 

field observation and indirect quantification of laboratory resul ts I.e. ca lculatlllg the conslstcncy IIlde\ 

;tre used. It is found thatlhe silty clay and s:mdy cl<lYs <I re so ft , \\hlle the gravell) clay and da~ 'I I ... 

;11"0.: linn to sliff. Mosl of the black c lay soils :tre finn 10 sttff \\ htlc Ihe red clay \ anClte, a tc .. on 10 'illft 

But Ihe black clays show higll compressibility :1I1d lugh potential ofC\panslOn dunng \\Clltng Ihl.'''I: 

propo.:nics make most of the reservoir clays stlstatll thcir finn and sllff quallt) for a shon period of t111t\· 

\\ hen i1 is exposed to high moistu re condit ions (in fi lling of thc dam) . So thetr sltcnglh Jdi1111d\ 

d~(,:rcasl':' in the lont'-tcnn . 
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Sample LL Moisture CI Free ' well eon.."u,Ibll.ry ""'" No. content 
Value Strtnp V .... e E>.~l\Ii\"aIC:I1 

Sa4 104 60.25 0.85 Stiff 160 Expansive lhghly. Black cotton 
Sa5 10. 43 .25 0.75 Stiff 152 EXpanst\'e High ly OIack cotton 
5,. 9' 51 0.5 Firm I2J Expansive Ihghly Dark gray 
5,) 92 48.6 0.' Finn 126 Expansive llighly Dark grly 
5,8 101 41.25 0.75 Stiff 127 Expansive IIiShly Blick cOllon 
5,1 9' 45.4 0.' Fiml 101 Exp;msi\'e lI igh ly Da lk gny 
5,2 89 42.6 0.5 Firm 99 Expansive lIighly Dark sray 

5" 70 41.2 0.9 Stiff 86 Non-expansIve Modcl"lltdy ReddIsh Ifly 

5,' 65 . 7 0.6 Firm 82 Non-expansl\'c Moderutdy ReddISh BDY 
5,1 3' 33.25 0.15 son S. Non-expansive Low ReddIsh arty 

5a2 32 30.5 0.25 Soft 57 Non-e}, IIan5ive Low Pale red 

5a3 28 27.3 0.35 Fiml 51 Non-expansi\e Low OtoYoliish red-

51? 36 28.5 0.9 Stiff 
-

12 Non-expansIve Low Red 
--- -
5,8 38 28.65 0.S5 Stiff 56 Non-e},pallsivc Low -Red 

Sol 31 26.5 0.75 Stiff 32 Non-e},pansiH': Low Reddish gray 

5c1 37 31.4 O.S Stiff 37 Non-c>l pansive Low ReddIsh &IOly 

Sr5 ' 6 42 .-1 02 son 5' Non-expansive Moder-udy Red 

5rG '3 40.6 0.2 Soft 67 Non-CX l'anSII'e Low 'ed 

Tab le 6. , , 5. Summer) of SI bll u rcscl"\ 01r SOl is (strcngth, compre ·51\ C, swelhng and expanstve potelltlal) 

6.3 , Clay M inera ls in Sibilu Rcsc rvoir Area 

Engineerin g propcrties o f clay soils arc strictly rclaled to Ihe t}'J'C of clay minerals present. So clay 

minc ra ls identifica lion and Iheir behavior ill the water should be described in dealms and trea tment of 

r¢icrvoir soils in da m engineering (M itchell, 1976) . The properlles of soils ore detenmned by the 

propertics of the nature and quan tity of water in soi l. Which help in understanding of clay l1l1t1erals 

nature and their interaction cond ition with Ihe impounding water (Cemica, 1995). 
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6.3.1. Typcs of Clay M incra ls 

The nature of clays, particularly in soil -water environment is detennincd by the mtneralogy o f clay 

present. So clay minerals identification is a part of the main investigation m dam engineermg (Fell el 

al.. 1992). In Sibilu reservoir clay minerals identification is done fi rst from their origin and evolullon 

i.c. by observing environmcn tal conditions (climatic, geomorphologic and geologic fcatures) and thcn 

from their geotechnical propertics. (Fell et al., 1992) proposed clay mineral idcntificat ion . during dam 

and rcscrvoir soil evaluat ion, shou ld be calTied oul using any two of the following techniques: x-my 

diffracti on, DTA, eleclromicroscopy, allerberg limit s and activity of soils. Due to inadequate laborn tory 

facili ties only the last two methods arc practiced for the present work. 

AlI cl'!Jcrg Limits: As statcd above, the property of soils is strongly inOuenced by the minerll iogy of 

clay prcse nt ill finc-grained soils. Through ex perience and understanding of clay mmemls prope l1 les, It 

is poss ib lc to draw an empi rical relation with their anerbers limits. As shown in table 6.6, the allerbcrg 

limi ts th cmselvcs can be used as a guidc to clay minerals present (Mitchell, 1976). 

Mineral LL(%) PL (%) SL (%) 

Montimorillonite 100·900 50·100 8.5· 15 
Ill ite 60·120 35·60 15· 17 
Kaolinite 30· 11 0 25·40 25·29 
Halloysilc 35·55 30·45 
Chlorite 44·47 36·40 

Table 6.6. Atterberg hmlls of clay mmerals. 

" . I It f '0 ,· 1 " "'I, les of the Slud)' area wilh the above relation, il was fou nd Ihal I.>y co mparl!lg tlC rcsu 5 0 

. . . I bl k cl,y soi ls which have got high values of liquid 111mt (89· there IS no Stnel relatiOn howevcr tiC ac 

. I· . (8 1'°1
) and may show Ihat the dominance of 106%) and low va lues of shnnkage IIIlLt • ~ \I 

. . I I 'r rc l:lI ively lower va lues of liquid IlIml (28·7001.) and llIonlimorilloni lc while the red clay SOils wll I tlCI 

. . I h lrescnce of dominan t kaolinite IlIIneral. lower plastic limit (25-38%) may IOd lcate 1 101 t e l 

. . . chan can give on indication of the mmcro ls present The position of the SOils on Casagrande plastiCity 

(I'loh z and KQ\'acs, 198 J). As shown in Fig.6.S, there is a good confonnalion that the black clays 

I ed clay varieties plaited in kaolilll te mnge constitutcd by lIlontimoril1onitc and most of t le r 
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Figure 6.5 . Locations of Sibilu reservoir clay nHllemls on plastlellY ehaft (11 0hz. and Ko\acs, ll)b II 

Using the allcrbcrg limils, the Sibi lu reservoir clays show a good cOlTc::.polldencc With pIC\ l()u,l~ (hom 

observ ing their origin and evolution) deduclcd cla y mi nerals typc. 

Ac ti vi ty of Clay Suil s: l1 0ltz and Kovacs, ( 1981) done man y ex peri ments 111 dlffcrelH clay nllllel,ll~ til 

identi fy Iheir activity ranges: and dral\' the acti vl1 Y ranges forddTclent cla y llllllerais nable (, 7) 

Comparison of th e activity of soils wilh th e aclivitles ranges given 111 the lab Ie 6.3 , testifies 111:11 blad.. 

clay varieties (1.IS-l.46) mainly constituted by lllont imoril1onltc whil e the red clays (0.46-0.51 \,1111 the 

dominant kaolmi te mineral. Here also, the actl vlI)' ranges ftll1her confonll that the dOl1l1l1;UII d.l~ 

minera ls III Sibilu rcselYoirs arc 11l0nurllonltollitc and kaotLllltc, III black and Icd d,l~ \.1111:\11." 

respecti vel y. 

Minerals 
Na·J\lolllimonllonuc 
Ca_montimonllol1it~' 

Will' 

ACII\'ity 
> l.5 
[I ·U 
0;·l.J 
0.3·05 KaohuJ\(' 

Table 6.7 .Acllvtlics of c1:IY 1l111lcrals 
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6.4. Intcraclion of Clay Minera ls and Wa' ,r .", S·b·,,' . 
I I U \. CSt' f YOl f f\rCIi 

Much of the water in soil is adsorbed jell I " . " Ie C CC(nca charge of water dll)()les nnd electnc chnrgc 

assoc iated with the surface of clay minerals attrae' e,ch .,' 1~ h de h 
l eT. ntrt IS mue tVI nee t al water IS 

attracted to clay minerals which can be e'p'a· db · ' d .. . , IIlC Y Ion Iy ral iOll, os mOSIS, dipole nUrBc!IQn and 

hydrogen bonding (Fell el 01., 1992). The tendency of water anraclion of clay mmerals differ from one 

another, sequentially affects their importance in dam engineering and dispersivity is the mom property 

which needs caution in this matter (Fell el al., 1992). 

6.4.1. Dispcrsivity 

Dispersive soi ls afC susceptible to separation of the individual clny JXlrticles and subsequent erosion of 

th ese very sma ll particles th rough fine fi ssures nnd crncks in the soil under seepage nows. So 

dispersivity of a soil is directly relnted to its clllY minera logy and chemistry of water that IS gomg to 

impound i.e. low electrolyte salt concentrations lead to a Illrge di ffuse double layer nnd Srealer 

dispers iyily (Fcll el aJ., 1992). Di spersive soils nrc nlso show elTeels on their usc as a construction 

material (Mitchell, 1976). 

POl' many years it has been recognized thaI the presence of dispcrsh'e soils either III 5011 5 used to 

conslruet a dam, or in the dam fou ndation, greatly increase the risk of flli llll'e of the dam by 'piping 

fa ilu re' i.e. development of erosion holes for rapid loss of water from the storage (Cemica, 1995), 

There are four laboratory tests, which can be used to delenlline the di spersivity of Il soil : emersion class 

number (i n this method the soi l is sieved through a 4.75111111 sieve and collected 011 a 2.36nul\ sie"e and 

imll1ersed in distilled waler and water frol11 the dam area aner air dried to check 1\5 erull1bmg nature), 

doub le hydromete r (thi s involves two hyd rometer tests on sieved through 2.36111111 Slcve and carried out 

'V,·", d· d ., 1"' ecn' of dis,>crsion is the ratio of percentage of SOil finer than Ispersallt, all wlllOul. lC I>cr 

O 005 c, ., d · . ". ,"'Tcen!tI<'C of soil fi ner thnn O.005mrn for the test wi th . 111m Jor tIe tcst wit lout ISI>Clsen "- ' 0 

. '/': . (I' t ~st u"cd a I Omm din hole pcrfomlcd In SOil to be dlspcrsent), pinhole dispersive cJassllieatlOll t lI S ~ !'I • • 

d . , I cnds and for varying durallOns 10 check Its 
tested, and water passed throu gh the hole un cr varymg I 

dispcrsivi ly) and chemical tests (Fell el 01., 1992). 
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From laboratory results of AE·HBT 'oint v . 
J enture (1997), usmg double hydrotneler and pmhole 

dispersion, there are some soi ls that are I . II d' , 
po entia y ISperslve (annex-F). Beside, there IS also clear field 

evidence in reservoir and foundation 50' 1 ' h I S I.e. I e presence of deep erosion gu ll ies. With Ihese ground, 

an attempt is made to identify which clay so' l d ' , , I saTe IsperSl\'e, usmg chemical tests, In the presenl work. 

Chcmical test procedure is presented in annex-G. 

In th is premise, eight soi l samples (fou r black and fOUT rcd clay variet ies) arc anal Yl.ed in the National 

Soil Laboratory and three water samplcs (surface water, spring water and dug wells) in EIGS 

laboratory. Based on Sherard el al. (1984) relationship of dispersivity and sodium absorption roilO 

(SAR) (Iable 6,8), 

Disocrsivitv SAR 
<0.5 Non-dispersive 
0.5-1.84 Dispersive and non -dlspe rsin~ 
>1.85 Disocrsivc 

Table 6.S.DlspcrslvLly rangc III SAR values. 

The black clay varieties arc dispersive, while the red clays are not. This result even clearly shows thClr 

minera logical features i.e. soi ls with montimorillonitc clays tend to be di spersive, whi le knolinile and 

related clays arc non-dispersive. Illite tends to be moderately dispersive (Fell el aI. , 1992). lienee black 

clay soi ls assoeiatcd wilh montimorillonilc arc dispersive. 

Ingles and Metcalf, (1972) tried to estimate dispersivily from exchangeable sodium percenlage (ESP) 

i.e. soils with an ESP greater than 2% arc susceptible to be di spersive (citcd in Fell el aI , 1992). They 

suggested the dispersi\'ity potential of lIlontimorillonite and illi te clll)'s du ring the filhng of the storage 

of the dam i.e. to detennine the soil state and whether a change in the pore water chemistry dunng 

filli ng of the reservoir can lead to dispersion (Fig 6.6). 

Co ' r I 'I I 5 resr,lls (table 6 9) in the abo\'e relation , which show thllt all the black mpanson 0 I1C Sal samp e , . 

clays have ESP (9 .9.15 .36%), far greater thnn 2% and likely 10 be dispcrsi\'c while Ihe red clays (1.03 · 

I clay 50,'15 ',II in zone of polential dispersion wllh the total IOllle 
.78%) arc not. The black I , 
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concentra tion o f g roundwater or spring wa ter and becomc near to be III a lone of complete dl\pcr'lon 

state during th e filling of the reservoir: the red c lay so lis lie on state of stable noccul31cd lone .1II11 

those with considerable amount of illitc may bc liablc to be potclltlally dl spcrs l\ C \qlh Ihe future 

impound ment of the dam. 

,~ 

• " • · .. " ." • 
.2 

(FtCl~~llla!t·d lOnt) 
Slahlt "'tof~n l ah·d ~1 ~l r 

Zont or S"tltinl( and 

I ' enlial ()rOllffubllun 

(J)J~rltr~;. t Illnt ) 

Slal)lt I)tOU(fnlaltd )rarr 

nhlltnhllrafltr 
Infilling .,( Illt Ihou 

III )II XI XI 

Euha ug(":o h lc w .II"." 11I· ,t"t"III ~ l:I· 

Figure G.6. Estimat ion of dispcrs]\"Ity during 1I1fililllg of the dam. Ingles and Metacal f. 
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CHA I'TER-7 STABILITY AND GEOTECHNICAL FEATURES O F IIlI L RE ERVO III 

AND DAM SITE 

7.1 . S tability of Ba nks in Sibil u Reservoir Area 

Reservoirs usually intersect ridges and valleys, and these landscape features can be prone to slope 

stabi lity problems. These natural slopes that have been stable Illay fail du ring impoundment of water in 

the reservoir. This is because the impounding water causes loss in strength, stress change, weathering. 

erosion and change in groundwater flow (Fell et al., 1992). 

To understand this slope stability cond itions in Sibil u reservoir the basic environmental and gcological 

features; landslides in the reservoir and water lightness ortbe reservoir nrc considered in Ihi s section. 

7. 1. 1. Bas ic E nvironmental and Gcolog icall~calu rcs 

A. La ndfor m s a nd Soil m oek Ma teri als 

Site topography is the reflection of past landslides and potential instability. The dominant slope is the 

lllost important criterion. followed by relief intensity of the area . Thc Sibilu reservoir bonks nrc 

ch:lTactcrizcd mostly by gently sloping land and liu le portion by steep land . 

Gellfly Slopillg Lalld· most of the reservoir flanks arc composed of gcntly sloping Inndfomls, their 

slope angle ranges 5·20% and it is clnssified ns gentle undulnting· rolllns according to FAO-UNES 0 

slope gradient description (table 2.1). It is exposed in the west cen tral and southern portioll of the 

reservoir (Fig.2 .t ) . 

These s lopes cove red by soil 1lI3teriais i.e. mostly ela),ey in nature, which show hi gh degree of 

·b· l· d II · ,,·al The siOI"lCS exhibit less degree of dissection since its dmlllage comprCSSI I tty an swe illS po cn I . . 

density is low. Its relief intensity is a maximum of 20111 and slope length usually range 75- 150m. 

. n k d ,I c danl si te the northeastern P.1rt of cast central portion of the Steep Lalld- reservOIr an's aroun I • 

. I " 5-6001c Those steep lands with 10 angles 30-600/. reservoir arc steep. TheLr s lope an); c [(mgcs LTom _ o. 
~ . 

according to FAO-UNES 161 arc steep and those above 60% arc very steep _ 
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Colluvial deposits, rock bou lders and fragments cover these sleep slopes. Usually the sloped p3n 

exhibit jointed and frac tured basalts Their degree of d'ss, ,' , I ' 1 be h 
. I C Ion IS rc OII\'C y IIcr I 8n the gently 

slopi ng land but its drainage density is quile low. Most orthe modera tely steep part is gull ied, wh ile the 

rolling part is di ssected. Its relief intensity is a maximum of 100m. The slope length ranges 20 to 4001. 

n. I>cgrcc of Weathering 

Weathering of soil and rock materials destroys bonds and reduces shear strength. Weathering mny also 

be accelerated by slope disturbance and by exposure to atlllospheric and other agencies (Tholll l)SOn. 

1965), 

The gently s loping land is covered by soi l masses, which arc p:lT11y vegelnted and cultivated . Mostly 

these soil s arc res idual. The type of weathering is predominarlily ehemicnl rnther than physienl 

wea thering, The rate of chemical weathering can affcct both the short and lOlls-term stabili ty of slopes 

(Mathewson, 198 I ). lllOugh it is beyond the scope of thi s work to deal with details of chemical 

weathering, it is clear that the fonnation of clay minerals in the resen'oir is govemed by the ehemienl 

wcathcring, When these clay soil s arc subjectcd to high moisturc content, they might cause stability 

problems. Ba t at the presen t state, they nrc almost stable and very few portion show minor soil CICCI' 

deposits, 

The Sleep and genlly sloping lands show high degree of weathering: mechan ical weathering and 

erodibi lity. The lands with relati vely low slopc angles exhibit highly weathered basalt, rolled rock 

, ' \\'1 'I 1 rt overed by loose and transported eolluvi:'ll fragmcnts and COIlU\'lal matenals, 11 e t Ie steep pa c 

d ' , 'fi 1 r 1 'gh degree of wea thering (fig 7.1). During rcsen'oir eSlnbli slunenl CPOSlIs Slglll les t Ie presence 0 \I 

, " I ' 1 ' II es ~ areas and cause shorHeml slnb.llty problems. IIIIS type of weathenng W Ill ael at a liS ler rate III I !,; 
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Figure 7.1 . Rock rragments and lose colluvial deposits on the reserVOir nank~ 

C. Gcological Structures 

lhe exposed rocks in the reservoir flank s arc Jointed and fractured -nlC!)C )tlll1h .lIe snl\l hm' 

syste matic blll also almost always accom]l:lnicd by lion-systematic Jo mts. which can 1I111UCilLt Ihe 

stabi l it y of Ihe slopes. The now bands orland (hin i:ulIlnatlon or bas;) lt:; when JOllllcd and rt ,lcIUICt! Ih,\ 

become liable to slope stability problems (Fig 7.2). In these aspects the westem pan of the II,;Scr\nu, 

which already show rock rolling arc the main ones to mention . 

Most ly lhe join! orientations against the slope angle describe their probability IIl\\JHI 1.1111111) 

prob lems. Only the s lightly inclined central E· \\' jomts arc explainlllg such conditions !IIlhe Ie enull 

(ienera ll y Ihe gcological discolltinuillcs III the 31"1!a cause weak ennronment, \\h .. .:h '.111 hi.! c.'" I) 

affectcd by weathering and eros ion. Hcnce, Joints and rractures arc the main parameters III dcahn \\ Ih 

stability problems in the area. 
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Figure 7.2. Jointed :md fractured rock on the resen·olr nanks 

D. 1 1~'drogco l ogic!l 1 Co nditi ons 

The hydraulic properly of the basa ltic rock in thc reservOIr IS highly affected by \ ... ·cJlhcnng, .. lid 

sil1letural discontinuities. Thc weathered and fractured basaltiC rock is found to be III1;h ly permcahll' 

(see s~ction 7.2.). Then hydrogeology of thc reservoir is associated wuh wcathenng and ICI.:IOIIIl.: 

hislory of th e area . 

III the wcstcrn part ofthc dam sit e, at the ballolll pari of the rescrV01r nanks there are a SCIl C~ orilh),!n~d 

spn ngs. These springs cmcrge at the contaCI lin e of all uvial deposits and res.duallco lluvt;.1 dCpOSlh ,II 

the fOOl of Asere ridge. This condition may indicate Ihatthc alluvial clays are relall .... el) IIllpellllcahh: 

Ihan Ihat of residua llcolluvial deposits and al so theIr appearance cxplalncd by morphologICal ch .. nges 

l.e. /i·OIll steep slope 10 fla t land. li enee, on these sloped landmasses there might be a problem III 

stabi lity during watcr impoundment due to a change III pore pressures In the ll1atenals 10n1'lll11:) the 

slopes. 

rhe rise of groundwater level is expected during the establishment or Ihe dJrn, \\lnch CJU(( rc(luclIlHl 

I' I ' 'I I' I nlal ~ ri'lls To undersland liS overall effect ground\\atcr lc\cI11l01UIunn' o co 1(;$1011 III t lC geo oglca t;,. 
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should be done. Dctemlinalion of local r d 
g Oun water flow direction is also needed to define lhe ove,.,11 

hydrogeological conditions. 

E. Human Activities 

In reservoir banks the human activity in d' t b" I . . . . 
IS UT ms tIe stablhty COndlll0lls is very limited. The gent ly 

s loping land is cultivated by crops which . . l"I" ' •. 
• are a pos.llve CHCCI III slope stability. BUI 01 OTIC plnee the 

steep slope south cen tral part of the caste n k I ' , m an t lere IS a rock quarry; currently cxcavntcd for rond 

construction purposes by KaJ"ima Company 'h' h ' III ' , , ,\\ Ie W\ lave a negatIve effect unless proper ft l\CnllOIl IS 

given. 

All the above parameters should have an influellce, in the Slated manner, in the s lope stabi lity 

condi tions of Sibi lu reservoir area. Also data for grou ndwllIcr fluctuations have 8 grent effect in fully 

undcrstanding the slope stability condi tion s. 

7.1.2. Landslides in Sibilu Reservoir Area 

The prescncc of un stable slopes in thc reservoirs is a major coneclll for the designers o f the dams. 

wh ich is mostly associated with the mobilization of exiting lands lides as tl result of submergence of lhc 

slide toe during impounding of the reservoi r (Mtl thcwson , 198 1). Some of the Sibilu resen 'oir btlnks 

show mi nor landslides; these landslides arc creeping and roll in g, fa ll ing and toppl ing, and Sliding. 

A. C reepi ng and Rolling : are movements of soil and rock masses th:1I are slow. Creeping movements 

is assoc ia tcd with soi l materials, which is difficuil to dclcct cas ily, while roll ing is peculiar to the rocks. 

Th is type o f movement is vcry COllllllon in steep land and in some parts of sloping pans (Fig. 7.3). TIley 

are recogn i7..cd by the deposi ts produced i.e. colluvial deposits. They might not cause serious problems 

in reservo irs. 
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Figure 7.3. Loca l peoples protecting the crccpmg and roIling of geologIcal matellal III Slhlh. 

reservOIr 

B. Toppling and Falling: arc observed in Ihe Sibilu reservoir Topphng of colulllns SCpJ1JIcd frilln Ihlo: 

rock mass by steeply dippi ng slrUCluml features, \\ hich arc pJr.lllcllo the slope f~ICC I c CUIUlIlI);u JllllII 

of basa lI s. This type of movement is observed in not1hern central pall of the CaSlcnl n.l1lk'i of the 

n:SCfvoir (Fig. 7.4). Fall ing of rocks and boulders on the S[OI>C caused by the sleep slupe ,Hld ht}!hh 

JOInted and frac tu red rock nature. Rolli ng imd sliding of loose boulders, 011 lock ~ Iopcs. Iisuali x 

accompa ny il. This type of movement is observed in Delli ndge. At the southern pJrt, th(;. !;ItCIl slupe \., 

basal tic unit , which is hori zo ntally jointed, 31 so 3ITcctcd by vcnlcal JOlOtS 10 produce hlnd.~ 111 1:111 

do\\ 11 (Fig. 5.2 ). 

Figure 7.4. Toppling of columnar basa lts 111 Slbll u reservoIr 
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C. Sliding: arc observed in Ihe WCslC I11 bank of nOt,hcm part of the rescrvOir (Flg.7.S) 11 1\ 

clwracteri zcd by soil and heavily jointed rock slopes i.e. Ascrc bas:llhC ndge In the middle p;1I1 of th ... 

ridge there is a relatively gentle slope followed by thick dome like accumulatIo n thai IS the dhplacctl 

londslide debri s. This ridge has a slope in the north part I So.l~ and soulhem pJrt 14o-2cf\\'n1e the 

middle pari has the slope of a ma.',illlulll of 5° The dome sh:lpcd accumulation shows 200 slope III 111(: 

eastern face, wh ich constitute Ihe reservoir bank (Fig. 3.4. gcologlcal cross-sectIon across A.A) I1lh 

is cha ra c te ri zed by basaltic rock fragments and loose soi l matcn:lls whIch ovctJ .l 111 the Ihm and 

rela tively weak pyroc lastic rock unit. Even from the aerial photographs thi s convex spoon ~halXcl 

failure is clearly observed. The vegetation type ill displaced mass and the middle s lOI)C IS dlffcrclII Tile 

reli ef is al so surface vegetation type, clearly different froUl the adjacellt unstable slopes I he um lablc 

slope is well vegetated than the others characterized by big trees and shnlbs .... hlle the stJble slope shu\\ 

an i y grass and the displaced accllmulation charactcri zed by grass and sOllie shnl h~ and small trees Cl' III 

7.6). 

Figure 7.5. Rockslidc in Sibilu reservoir 

f a lands lide \\-ll h pa , t hl~tOl} .. I . e is a possibility 0 e>: H11lg 
Th e overall observations indi cate that Ilcr 

hlcills I I) dd·mo! \ en . ~servoir this area may cause scn ous pro 
(Fi n 3 4) Durino impounding of Ihe n,; d " I tnl": \UI.11 

.:.. • • ::> I . II angle and onenlaliOIl . dlp.lIl ~ \ n e 0 
d · 1 action slope lClg I , < c ll.!arly a nd propose a rcme la , 

. . . I pc arc discussed as follo\\ s 
features . and oroundwater dis \nhutlon III S 0 , . 
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The eastern fac ing Asere ridge has 130·200111 slope heights at Ihe northern and southern part" Ilh an~le 
of 14°_20° and it is N-S oriented in the northern part and NE-SW oncllIcd In the southern pan 111.: 

ridge is characterized by N-S, E-W, and NW-SE sets of Jomts and nOIJ.Systcm311 JOllllsl he lIuJdle 

part is jointed by mostly N-S joints, which dip to the cast at angle 0( 65°.85° h om ihe senC'$ 01 "p"n I 

also it is clear that the groundwater is at shallow depth and ItS now dlrCCtlon IS to the cast, wl1l(.:h 01.', 

cause inlcmai erosion duri ng rainy seasons. Also the displaced mass overlam on the relallvely \q:JI . 

pyroclast ic units, which might act as, a slippery planes during Ihe rise of the groundW311!t I e 

impounding of the reservoir. 

US ing Ihis and other geological and ellvironmental f:lctors il is poSSIble 10 develop acceplablr CUlel l;! lu 

reducc ils risk in the futurc. 

I~- - 7 6 Past land slide trace on Asere ridge of Slbtlu reservOIr Igurc .. 

7.2. Wate r T io.hlness of Sibilu Rescn'o ir Area 

from the rc~c[,\·oll thRill 'h tho.;: . . . the reservo ir area. Water can escape 
TillS is the b'::s lc investtgatlOn III k 'h 

Ilere the poSSible lea l(ln~S III C . I rvo·" and below Ihe dam _ . r. Its In I Ie rese 
flank s of the reserVOIr, au ~ d 1 on IS dIscussed 10 S(.'I:\lIl11 7 2 

asis. the pcrmeability oflhe dam olin a I reservo ir are given much cmpll< , 
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W hen s li ghtly incl ined jo ints affect the reservoir fl anks and Ihese JOllltS oncilled agam, t Ihe ,ltlplO~ 
d irection , Ihe impou nd ing water will have an access to escape a"<lY froOllhc reservOir So lO\ c!.IIB.lllun 

shou ld be can'jed Ollt in all reservoir fl anks to find OUllhc jOint oricnlatlon and WC3ther Ihe \ 3I1c) SIde 

covered by slope deposit's which arc either of low pcmlcabtbty or unpelllleable 50 Ihal the) call 

apprec iabl y reduce the loss of Water. It should be nsccnaincd a t the same Ilmc weather Ihe slab.lIl)' o j 

s lope deposits wo uld be d istributed by the rais ing water level. Seepage of W:lIer from the rC\Cr'oUII 

valley is also possible in the rocks, which arc CUI by cont inuous fi ssures Ircndlllg approxlln:lIcl), BI rl il lll 

angles \0 the valley (through the shattered rocks of broad fault zones). 

\Vater can escape from the Sibilu reservoir through ri verbanks of slIghtly Inc llncd permcablc JO l nl~. the 

slope covered by s lope wash; unstable river flanks; shattcrcd rocks. op( n Jomls and fral.:Hm:d IlIne~. 

and vcry fragme nted circular basa ltic domc. 

A. R ivcrbanks with Slightly Incl incd I'e rm eable Joints 

At the ccn tral part of the Sibil u reservoir, at Ihe junctiol1 of the Denha RIver with thc Slbtlu RI \CI thel!.: 

. . of the basa ltic unit wh ich show sli ghtl y inelillcd two hom:olllal, WCI JOlllb (1'11: 7 71 IS an ex posUle , , 

Th esc joints are dipping against the river course, close y SplCC 1 , I d (30cl1) With aJ>C11urc of 2Ciull <Ind 

32cm. They are con tinuous and persistence Ihroughoutthe e,\I>osurc of around 80111 1 hcy arc (lh~CI\ cd 

in the eastern ba nk orlhe river and covered by eby soi l, which are loose and soft 'Illesc rea lml.' c.ln he 

a po tential leilk zo ne. 

. .. in centrol pan OfSlb llu Ri\cr Figure 7.7. Slightly inclined OpCIIJ0ll11 
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n . The S lope Covered by Collu\'iaII)CI)Qs its 

Colluvia l deposits cover most of the river slope flanks. These deposits nrc characterized by: 

Rock fragments, which break o rr cliffs or areas of Sleep outcrops, and fall by grnv,,), rind roll 

down slope; and 

Ad mix ture o f clay, sand, gravel which have been moved dow" s lope by combined fi ctions of 

so il creep (due to gravity forces) lind erosion by water. 

These materials arc likely to be highly permeable, re necting the presence of voids IIlId loose stOieture. 

They arc also likely to be highly erodable. Impounding water into these Illateria ls eause development of 

debris flow; as a result unstable condit ions may be created in the slopes. 

C. Unstabl e Reservoir Flanks 

The unstable fl anks of the reservoir may also facilitate water movement outside the reservoir. 

Especially the unstable condi tions arise froll1 the join ts and fractures. which dips against the reservoir. 

In this respect the southern un stable basaltic un it. which is jointed by orthogonal set of joints will be 

prominent. In the Asere ridge, though some joints favor the water movell1ent ngninstthe reservoir, local 

groundwater flow direction is towards the reservoir. So this ridge might not be a problem for wa ter 

seepage olltside the reservoir. 111e quarry site dip orientntion i.e. agll ins\ the reservoir wilt faci litate 

wa ter escape from the reservo ir, so attention should be given du ring reservoir operations. 

D. S hat tercd Rocks, OpCI1 Joints and Fracturc Zoncs 

Shattered rocks are characterizing features of strongly jointed and fractured rock zoncs. In the Sibi lu 

reservo ir these shattered rocks obsen'ed in the rolling slopes and highly join ted rocks obsen 'ed usually 

by non-systematic orientation and minor fractures. Unless the penetration to the depth is known, they 

arc grouped under potcntialleakage zone. 

O .. I . I'd · tile central rcscryoirs covered by soi l malerials Ihat can be eroded pen JOints, W lie 1 arc Joun III 

during impoundi ng especia lly those E- W 01)(:11 joints. which have a strike length 40111 10 central 

reservoir shou ld be scaled or clarified there three dimens ion:!l conditions. 
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Fault zones are the most dangerous leak zo F . , 
nes. ' rom In lcrrcd fnu lls in the reservoir the one found In 

the eastern bank (Fig. 5.5) of the resc ' . S . . 
rvOlr running N· dIps 10 the West (against reservoir) 1I11gh i be • 

leak zone. The other faults that arc E. \V d NE SIV d. 
an • are Ip towards the reservOIr and 'OIghl nOI be 

leak zone, but their depth and fault plane should be clearly defined to underestimate their presencc . 

7.3. Geotechnical Features of Sibilu Dam Site 

7.3. 1. Geo morphological and Geologica l Setting of Ihlll Sile 

The Sibi lu Dam, which will have a length of 980111 with a height of 27m, is located al 9°17.7" Nand 

38°43. 8" E. An area of 2.8 krn
2 

around the dam is considered as Ihe Sibilu dilTll site (Fig.J .S). The orco 

li es between altitude 2,530m at the riverbed and 2,590m at the Oehi and Asere ridges above mean sea 

level. The mean slope of the river in the dam site area is 0.5% (SEURECA, 1991). The slOIJe o r the 

dam si te at the left abutment is quite steep while the right abutment is gent le wilh all I'Ivel'1lge slope or 

I I %. A s teep slope is encou ntered where the trachyte layer is cx posed. III the dam SLle reSIdual Bnd 

all uvial depos its of clayey materials and the bas..1l! ic and lrnch)1 ic rock units are encou ntered. 

Previously the dam site area was covered by thick lower Ashallgi basalt lhat overl ies Mesozoic 

sedi ments uncomfortably. Then, loca l deposit ion or trnCh)1e and basalt took place erererB Eshete. 

! 995). Parti cularly the dam site is made tip or dirrerent types or volcanic rock, residu al soi l and all uvial 

deposits CAE-HBT joint Venture, 1997). 

Around the dam axis there are II boreholes, to which three (Oh· IO, I I, 12) are located in lhe western 

side of S ib ilu Ri ver, while the rest (Bh·1 3, 14, 15, J 6, 17, 18, 19. 20) in the eastern side (Fig. 3.8) and 

their detail log and section presented in anllex-11 

Bh- IO, Bh- II a nd Bh-J2 

·1 r I II I III thick. It is plastIC, fi m l clays\\' 1111 These boreholes show reddi sh brown residual SOL S 0 ess Jan 

. b I, ' lIIi ts ex hibit seorac ious and aphanalle textures: liS silt and sand admixtures. The underlymg asa Ie I 

.. d Joints arc open and fill ed \\lIh clay and calclle; upper pa rt is hi ghly fractured, weathered and JOlllte . 

J • , The strongly rrnctured and wC4thered basalt th eir intensity decrease with depth , so do weallerlng. 

103 



" 

" 

,II ~I 

", 
II ,.' 

thickness is not exceeded 1 m in all three boreholes. The sialic Willer table is shnllow in these boreholes 

(2 .25m, 1.8 1 m and 1.63m respectively). 

BII-13, Dh-14 a nd Dh-IS 

These boreho les are located on the nilt plain of the eastern side of Ihe river 011 the nllu vin l deposils. 

They show thick (3.5.6m) deposits of black ex p.ltIsivc, highly plastic nnd compress ible clny SOils. " he 

underlying unit is fragmented and, weathered basalt, which is fol lowed by joi nted nnd frnclured basaltic 

un it. The intensity of fracturing and jOinting localized at dilTcrcIII depth. There is Illso l-Jm th ick. 

reddish, fissured and hard clay paleosoil intercalated wit hin the basalt ic IIl1 i l. The Si ll lie wnler table IS 

deep in these boreholes (12.17m, 11.7m and 14.69m respectively). 

Ilh -16 

This borehole is located on the sloped side of the eastem side or the river. It shows :l rouTld 9111 ,luck 

weathered trachyte, underlay by paleosoil . The rragmented and highly weathered basll llic rock 

undcrlying the paleosoil and then the fresh and slightly jointed basal! is shown. The stat ic wllter Ic\'cl In 

th is borehole is 19.34m deep. 

8h-17, Bh-18, Bh-19 and 8h-20 

Thesc boreholes show thick deposits orresidunl soi ls (- Sm). lt is redd ish brown , plnstie nnd fi nn. '1111s 

soil s unit overlying strongly weathered basalt ic fragments of 4-S m thi ck. Bh-17 lind I3h. 18 show 

around I III thick paleosoil underlying it. The slightly we3lhered Dnd jointed basaltic rock constitutes the 

depth orlhesc boreholes. The static waler table is deep in these boreholes (14 .801, 16.78m, 12. m and 

14.45111 respectively) . 

" I "b' scoraeious and aphanatic textures, II IS also Genera lly the basalt exposed at the dam slle ex II liS 

, " , < ,I 1 r. , "' ""-' -.... ., .. " 

outcrops in the dam sites arc: 

Clayey all uvial on the lowland with thickness nolmore than 6m. 

, h"11 d slopes thickness <1.5 111 . Clayey colluvial on the 1001 I s an , 

Clayey residual on lowland and plateau, thickness not morc than 5m. 

Basaltic boulders on the ridges and hilltops. 
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The boreholes results show a basa lt layer h' h ' . 
• W Ie Its upper part IS fragmented and highly we~uhered lind 

lower part being sounder underlie th l': • 

esc JormnilOIlS. Palcosoil was encountered underlYIng the 
aphanatic and scoracious basalt. 

7.3.2. Foundation Condilions ofSibilu Dam and Spillway 

Based on borehole drill ing carried OUI (annex-H) and obscrvn tioll of the surfaclal malerial , the 

following has been given: 

A. The Sibilu dam foundation co nsists of the following fea tures: 

Shallow depos its of residual and alluvial soil with thickness of O.S-6m nrc exposed (Fig 7.9). nle 

properties of these deposits a TC variable but can be generally described liS moist, dark gray nnd reddish 

brown, firm to stiff, highly plastic and expansive clays. 

Scorac iolts and aphanat ie basalts arc weathered but gCllcra lly the degree of weathering decreases wilh 

depth. The strength of the rocks varies from medium strong to very strong. The scomcious rock 

outcrops at the ri verbed at the right abutment close to Oehi hill and uphflnat ic rock oUlerops al thc cnd 

of the left abutment. 

Trachyte unit outcrops al lhe right abutmenl of the dam. The thickness of the ulli l is 9m. It is limned in 

width beillg exposed about 20m ill the dam ax is direction. The trachyte is medium stron g and highly 

weathered. It has a steep slope on the exposed section. II was observed from the borehole that the 

wea thering increases with depth. Presences of palco soil arc observed in somc of thc boreholes and ha\'e 

a thickness of 1-4m. 11 was encountered underlying Ihe aphflllfltie and scoraeious basalt. The paleosoil 

is reddi sh in color highly plastic when weI, clayey in composition. 

. d · E IV Sand W-SW trend. the L· . .. d· d ,I a' ,I,e 'raelures arc oriente III -. • -lIleament mterpretatlOll III Icate \ \1 

. d M f the )'oinl spaces arc closely spaced 1I11plYlllg thai the E· W hneamcnts nrc well pronounce. ost 0 

. . E Ware open and persistcnt. The N- IS also frequcotly 
fracture index is high. From the Jomt systems -

. I Other sets of joinls arc not thai much frequen t Jomts m 
observed an d closely spaced but most ly liS 11. 
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the dam site arc 1110sIIy filled with clay and rcall y wilh secondary Ollllcrais like cnlclle and qu.an.. I hI; 

open JOints can be the possib le routes of seepage under the dam foundation 

From relie f forms of the dam si le, it was interpreted thaI the presence of faulls I e 

The ridges approximate parallel 10 the river and covered by :angular bouldch and blt~'" ill 

basalts 

The difference in elevation between the Iwo banks of the fiver 

Howe\"er Ihe bo reholes did not conform the presence of fau lts. BeSIde, Ihe geophYSical survey U'IO~ 

VCI1ical Electrical Sounding (VES) gave the same result (SEURECA, 1991). though the dmll IS 111)1 

available fo r Ihe presen t work. 

257011 W 

2560n 

2550 

2540n 

2530n 

2520n 

2510n 

I . d 'cologlc cross-sectIOn FIgure - .S. Sibi lu dam siratlgrap lIC an h 

E 

W_I: 

RCSI(lual \ ll u\l31'011 

Scoraclous 1) ;\~ .lh 

AphanalL 1).1\:111 

Trachyte 

l)aleosOiI 

Dam AXIS 

Boreholes pos lt 10n 

\\>est-east 
secllon dlrecuon 

. I f th e followjlll: fea tures : 
11. The Sibi lu spi llwa y foundation corlSls SO l ' .wf portIon 01 the "pIJh". , 

.. cl ay was encountered 3\ t Ie UPI'~ . . f l · ,J ly expansl\c • 
A reSIdua l deposit 0 llg 1 r 11 to slIll aud hl1!hly pJJ ... tll.. 

. _ . . , light reddIsh 10 bro" n. 10 . . described a~ 11101S , foundation and generall y It IS 
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clay. The aphanatic basalts and SCorac ious basalts with minOr paleoSOl1 arc underlain b) the 'I,.' .dua' 

soil , and ha ve go t si milar propenics as the dam foundalion. Trachyte outcrop "ere al~ ob~tf\cd .lIthe 

midd le section of the spil lway to a maximum depth of 305m (FIg. 7. 10) 

Lineament interpretat ion included within the dam foundation 3nd here !llso most of the JOIOI p.lcC til 

the rocks in the area are closely spaced impl ying that the frac ture IIIdc)( .s IlLgh 

Z560m 

! S",Om 

2530rn 

S,·b,·'u sp,·,lway stratigraphic and geologic cross-section Figure 7. 9. 

Residual soil 

Trachyte 

Aphanallc basalt 

caraCIOus bdS.1I1 

Paleosoll 

Oorcholc 

5- I sou lh-noflh 
5CCilOll direc tion 

S f of the Dam Sil e 
7.3.3. Geo techn ica l Cross- ec 10 11 These arc sollmall:nah. 

. II rec layers at Ihe dam slle (fig . 7.11 >-. I . pomt there are \ From gCOIcclulica view 

tcd sort basa lts and joint cd sound basalls_ highly wcmhered and (ragmen 

A. Soil .'VI:lIcri a ls .,.. ~ clercd as the SOil rnJt4"f1JI-. thell 
. I . \ the arca ill!.: con~l . d 111\·13.1 m;lIcna s \I , I 

Deposits of reSIdual an a l • I I on gently sloped JI~.I\ Jnl lin 
d losc to the river e 13nnc . O - 6 and exposc c thicknl..::is varies between .)- III . 
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the right abutment allhe spillway axis The . f 
. properties 0 these clayey mlllen!!.!s nre "anable. ills slIIT In 

the deeper portions than the upper part (AE and HBT joint VCnlure, 1997). 

Laboratory lest results showed that the soil materials are highly expansive; such expanSi ve clay IS 

particu larly impelVious when saturated. At present, its pcnncabil ity is very low, in Ihe order of 10' 

em/sec, based on the packer penneabil ity lest result. These mrucrinls nrc found compressible. and 

become IllOTC compressible when they become darker in color. Shear strength results are good in shorl 

tenn because of cohesion. but arc likely to be weak in the long teml. 

B. Highly W ea thered and Fragmented BasalIS 

It is a hete rogeneous layer; some parts nrc composed of thin ly layered basalt. which are fractured and 

the rest arc made up of clayey sand (decomposed basalt) Illixed with fragmenlS of wenthercd rock. Its 

thickness \'aries from 0.5-2m. It's thickness become more and more in the upper Slrcnm in the lowland 

where alluvia l soil is encoun tered. 

To deal wilh the penneability of this layer three factors arc considered: 

The nature of the material: the clayey sand (decomposed basal t) is likely 10 fill the open 

discontinuolZs, cracks, fractures and voids between the fras ments of weathered basalts. This 

material is generally impervious (K< 10'8 m/sec) and semi-I>crviolls (10" < K < 10" Ill/sec). 

The results of packer tests: packer tests arc nol well adapted to this type of material. To dcri\'c 

exact pemlcability value from packer test, thc media tesled should be homogenous, lind \I is not 

the case. However the data obtained give a loss of water 6 to 17 lilers pcr meIer per mmute 

. . . Icr'al of l>crviolls matcrial of I 0" cmfsce whic h is compatible wI th sellll-pervlOlls J1l3 I 

'n le water table in boreholes: most of the water table is below this unil, and some of them show 

. . I I 's layer is imperviolls or selin-pervious. artesian nature, which might mdlca te 1 1111 111 

8 . k . ccordance wi lh all the above obsen'allon Hence, a penneability of 10' cm/sec IS ta en In a 

. I I ess of 30m high dam. Bul liS heterogene ity makes It This layer is not or lillie compress ible under lie s r 

. II I be lolerated by a too ng1d structure; so the possible to have differential settlement, whIch cou ( no 
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rock fi ll dam is the good choice. Shea t h . 
T S rcngt ]s high enough because of the fragments Included In the 

decomposed materials. 

C. J ointed Sound Basalts 

This layer is composed with scoracious and aphanatic h(lsah , which is overlnin by the above Inyers , The 

degree of weathering varies from high to fresh; but generally the rock is fresh to moderately weAthered 

The thickness of this layer is not known because only its top part has been reached by the boreholes and 

extended to depth . 

The pemlcabil ity of this layer varies from 10.6 em/sec to I O~ cm/sec. Mosl of Ihe woter table IS 

encountered around upper part this layer. It implies that the uPI>cr Ih1rt of this layer is perviOUS. The 

lower part is less pervious because less fractured and less weathered as shawn by the packer tests . 0, 

for design purpose the upper part is neglcctcd because in any case thc design wIll Include a grout 

curta in till the slightly fractured basalt wilh a pcmlcability of less than 10" cm/sec . TillS layer IS 

practicall y in compressible and able to use as a sound foundation rock. 

7.3.4. Permeability 

When dams arc constructed the foundation pcmleabi lity conditions should be thoroughly investigated 

and hclp to maintain the embankment stability including the effect on the soil strength , and to prevent 

seepage problems those arc erosion and piping failure through thc foundation (Fellel 01., 1992). 

Thc pcnneabi lity of the Sibi lu foundation cxposed and thc underlying sections arc high ly vanable. For 

top fine clays, Ix:mleabi lity of the foundation matenals arc case of understanding, exclud ing the 

categorized in 8m intervals. 

ffi ' 1 of pcnlleability of 10'" to 10-) cm/i« Thc first part, between depths of O·8m, has a coc IClen 

. rh · hi ~aetured basalt ic layer. on average, which consIsts 0 IS Y r 

6 I Clicient of 10"' em/sec on avcragc The sccond part, between depths of 8-1 111. 18S a coe .. 

4 I as a coe fficient of lx:mlcablillY of 10 Cll\ISCC on 
The third part, between depths of 16·2 III 1 

average. 
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The lower most part b I 
, c ow 24m is catcgom'cd to have a 

emlsec. coefficient or penneablhl), nl III' 

The above were categori zed bas d I 
C on tiC packc b 

r pcnnca l illY leSl results done by Al 
venture (1997). 

2570m 
W -

I 

2560n Dam AXIs ,< 
" - " '\ ' 

~" . <So'- 10.'':'0 ;)". " , JI .:::.." 0 -," -
2550m ~~\' 

~ " •• ~ I 
,,' . • • 

2540m ' . . ~,"'~~)./ ' .. ' . 
V . 

2530m ~. 
. --

\. . 
2520m 

- -

and lIB I Jlllni 

\.... 

Soillll:ltcrials Highly weathered ~&:: Jointed soulld 0:1)11 1. 
fragmented b:lSlI li 

groundwater table - Stahc walcr level \\calhcrcd IrachHC 

Fi gure 7. 10. Geotechnical cross-section of Sibilu dam 

7.3.5. ScclKl ge Loss T hro ugh Fo un dati on 

By virtue of viscous friction exerted on the water flowing through the SOlI porcs, an encr~y Intll!lfcr I) 

achieved between the water and soil, which is referred 10 seepage. The seepage of \\a lcr under the 

founda tion responsible for the phenomenon call ed quick sand and is of IInpona ncc In sub.IIIY anal) .. c 

of ea rt h Sln.elmes, wh ich arc subjected 10 the action of seep:lge (Cas.1grande. 1972) Sccp3l!C beneath .. 

dam foundation should be allowed to exit in a cOlltrolled manner (Fell l.:f 01. 1992). A '~~'PJl!c <111.11\ , ... 

in Sibilu dam foundatIon is done, using Seep/W so ftwa re by AE and I1BT JOIl1 I \~nlure (l'liP) ". 

determine water loss throug.h the foundation. Then it was eSIIIll:lIcd to be II1l he order of 1000111 d.e\ III 
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order to catcr for unforescen geological cd',' d ' 
on I Ions nn lunhcr lower the seep3ge, a one.hne ( unaln 

grouting is recom mended to be done close to the center of elny core. 

7 .3 .6 . FO li nda ti OIl Prcpar:lt iOI1 

Ih lll: The res id ual and <l lllIv ial soi ls pose a stabi lity problcm If they Me len undemeoth the dam I hClr 

existence will require very Oat upstream nnd downstream s lopcs. Therefore removal of all the res iduol 

and allu vial soils underneath the dam is recommended. Th e ITnchytie rock 0 11 the right nbu tment has n 

nearly verti cal slope and could pose a stability problem [Illd need to be removed or flnttened t 

acceptab le slope by removing thc material. The salllC is true for the basn ltic rock on the len abutment. 

riaHcll ing o f the foundat ion slopes is recommended to avoid also diITerentinl settlement in clay cores. 

Sp illwa)': The residual soil is highly expansive and could len the s lnb o f the spillway during saturntion. 

A crack and settlement could result if the clay Inyers are desiccated. In order to avoid 1111 . eilher the 

s lab shall be designed to counter act the swelling pressure or residual material needs to be removed and 

replaced by non·expansive material. At the lower portion, therc is a need for excavation of the basa ltiC 

material to accommodate the stilling catchment. This material will require blasting, IlS it is very strong. 

With controlled blasting, the basaltic material could be used in rock rill section of tile Sibilu dam. 

All in all it is needed to conduct general excavnl ion (o f compressible and low strcngth soil and 

weathered rock as is nC{;essary to fonn a surface surliciently strong to suppan the dam and 10 limit 

se tt lement to acceptable values) and cutoff excavation (be lOW the general excavation level to remove 

high ly penneable rocks). 



CHAPTER-8 
CONSTR UCTION MATE f{ IAI OF SIBIL DI-\ j\ 1 

8. 1. Ge ll er!'!1 

One of the main objectives of cnginccri nn IIco[ooicol invest' ttl " k fill d . fi d d b t> 0 Ig. 10 11 lor roc • l ams IS to In "equale 

rock and so il materials for the construction of the dam within reasonable distance of the "Ie. The rock 

shou ld ensure the stability and watertightness orlhe dam and 1101 liable to the volullle Ch:lngCi i c. the 

main requirement for the stone relates to its strength . MateriAls of poorer quality would break and crush 

under pressure, possibly givin g risc to undesirabl e scttlements. The shnpc of lhe rock malerial is also 

impOl1ant; elongated flat fragments arc undesirable in high d'lTllS since cavities 1n3Y remain under them 

Whi le the soil shou ld ensu re the impcnncabi lily quality for the core i.e. it should be ~onol1liC3l1y 

compatible and stable under future conditions (Prince, 1983). 

Thc Siuilu rock-fill dam is designcd to SJt isfy the topogrnphic and foundation condIt inns 01 the , ite 

(SEURECA, 1991) and the nced of construction materials around Ihe vicinity area "hou lo l>c c ... aminw 

for its economic workabi li ty. But before discussing the construction lI1:!terinl!l appnw • .11 in the Sibllu 

area, it is bctter to describe its parts and the gencrally accepted constnlction Illatcrlals, \\ hlch Ul> ual1y 

used as a guide in the cOl1stnlction materi als assessment. It is learned from the prelimmary de ign of the 

Sibilu dam (SEURECA, 1991 ), the following llJ. rts ilre incorporated (Fig 8.1). As shown m the design, 

the dam has got five main C0ll1pol1cnts: clay core, filtcr and drain, random rock-fill , well packed roel ­

fill and riprap. These components need specified construction mellcn:!is IYJlC dcpcnd1llg un tilClr utility 

Jovanovic (1974) described typical constmclion materials used for the different pa.m of the rock-fill 

dam (table 8. 1) 

C lay core is the component used to conlrol seepage through the (bm So it should be Imrcnneablc I nd 

bl I, k "II ' flank the core up:.1TCam Bnd downstrcnm j;\touh.l he !l lTOng well compacted to be sta c ..... oc - II zones, 

. d , . d ·n for the rocl..-fill dam pcrm.ancntly. hlt~r TlInC$ are and durable, to prOVIde stable an ITCC ral 

. k "III control inten131 crosion willie the IIpr:lp u 00 t..., prc ... cnt prOVIded between the core and the roc -II 0 

. r I k fiJI dam from the wilter wa'·e action (Fell ~I aI , 1992). 
erosion of the upstream slope 0 t \c roc - 1 



Ground 
Level 

255Sm 

8 III 

----"4'//7 7. "., 

Pania! Siripping 

CD Clay core 

,f. Fihcrand Drain 

10m 

, 
---

Complete SlnppllIl 

3 QUJIIIY fod.fiU 

4 ItllidomfOC'I.-1i1i 

Figurl..· S.I. Thl' prcillni nary design ofS ibdu rock· fi ll dam (SU JRH:\, 1991) 

Toe dlkh 

lJslIali} it is emphasized that good dam enginecring IIlvolvcs thC of Ihe Iltalenah <I\itllilhl .11 Ih III; 

rather than to look fo r the materia ls with preconcci \ cd ideas nceded. Then HI Ih..: Slhliu 1m 

construction the materials needcd should be cxamincd in the ncar dlslance like IIl lhe rCSCIVl1II ani lid.] 

yiSlI$ in the area showed prcscncc ofill1]lcrviollS clay Illatcllals and rock sources 111 close PIIIXlIIlII\ III 

the (i.un \\ ·lIh this in mind close Ill spcc tiOIlS werc done and the plc:ocncc of sunk lent .UIlIiUllt "itS 

n,:polll.:d by AE-I IBT jOint vcnlU re (1997) Thc present work trie:-. t~l assess the ir SUl1ahlhl~.1 .1 qu Iht\­

lllatcri:ll and Iheir limitation lor u s~gc li·om scienlific vicwpolnt. 

8.2. Core d;IY Illaterials 

The Illlpl.T\ lOll S corc is thc most Importanl clement III the dam As long a~ the mlpcr\lCltl cure r '" 
d I k h d . Ie I hcrcforc Lhe II1JlcrI,ll .. u J flU III inlact wllh no craeks or other conccnlm\C ca 'S, I e al11 1!.l>J . 

eore !lnllt:rial shou ld be gi ven priority. 

. . d I ·1· Is of alluvial and rc~J(Ju:tI ongm Ilte ellY WIT \\ Most of the reservOIr IS eovcre )y c ,ly SOl 

• .. • • _ I '. lOla I of four bolTOW lucas were uuJct III'IC tlgJllOO Ilv Investigated arc localed wllhlll th e rescJ\ oll . 1\ • 
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the AE- HBT joint Venture (Fig 5 4) d d -be _ 
. . an as CSCn d before these solis (alluvial ,ailments and re$idu:i' 

so il s) have different nature i.c. alluvial deposits OCCur along the ma in rivcr of ibi lu and itS IribuLtlriea 

upstream of the dam arc hi l'thly 1, Iaslic bl k _ I _ _ _ 
'"' , I 3C III co or, compressIble, IlIgh mOisture conlcnt and ach\'C . 

They arc more extens ive in the vicinity of the dam site to the ul:tSlrcam side. 111c thickness of thCK 
depos its varies from 2-Sm. 

Residual soils arc relatively less plastic, reddish in color, nOli-compressible, less moistures and IIUlChve. 

This cIay soil usually arc mixed with the rock fragmen ts of varying sizes nnd found wilh thicknc" run 

up to 6111. Reservoir soil s generally have low pcnncabilily, wh ich is good as core 1Il:lIcrin l. 1110 

suitabil ity of soil for impervious Core ean be appreciated in general from its grom-size dl~lnbution 
cum;: and more from its geotechnical propcnics. 

From soil mechanics viewpoint soils designated in GC, ML and CL m uses arc ,Sullahlc for 

iltJpcl'\' ious part of the dam (Ter7..aghi, 1968). CompJring wilh lhe resen 'oir soi ls it can be Scell Ihan 

most of the gravelly clay and silty clay (CL tlnd MI.), sandy clny (ML) and clayey grovel (Ge) arc 

su itable materials. Most of these soils nrc residual in origin but Ihe all uvial soils (CII) nrc 1101 rrcJcrrc<.l 

as a core material. l3eside th is, comparison showed that red clay soil varieties arc more suitable than the 

black clay soils. 

The moisture of the soi ls also aITccls thcir workabili ty. Soils with higher waler content arc usually 

difficult to compact them. Moreover, the u!luvial soils ofthc area have excessive ..... aler conll.::II1, which 

makes them even less suitable. Soils wilh a high con tcnt of clny panicles an: unsuilable fur 

impen11cable core, since they arc difficult to handle Cferzaghi. 1968). The liquid Inillt shou ld therefore 

not exceed 50% and the tendency to swclling is another unfa\,ol1lble properties ofll~ soils I.e !llaslh: 

clays cause shrinkage cracks within the core so lloll-pl3stic nlllure is preferred. 

J\ctl\-ity curves also give some I ca a ou Ie - -d b I II preference of soil~ for core IlIltc 

- - - I I- I the red Clll}' soils become n c- I~~rWl11lM bettcr Ihan the achvc solis, wI! 1 ( liS a so Xi . 

Othcr piOperly should to bc considered is dispersivity I.e. non-disp ivc soi ls nn: preferred . 

--- " I> 
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that the red clay soils arc nOI potentially dis >c ' . 
. I rslve, willie the black clay soils are dlSpersl\'C, 50 the red 

ones stili favored. Genera lly the residual '\ 1x: 
SOl S arc lIer than the all uvial soil s fo r con: material, In the 

Sibi lu reservoir. 

Componelll 

C lay core 

Filter 

Rod.:-fill 

Riprap 

Construction malerials 

Clay, sandy clay, Cl:l},,!), sand, silty clay l)()sSibly with gnvd Usually more: 

than 15% passing 75pm, perfectly more, 

S~nd or gravelly, wilh less Ihan 5% (pr~ rcrab[e less than 2%) finc~ passma 

75)Ull. Fines should be non-plas tic. Manufactured by crushing, 1Oo.l)hmg. 

screening and recombining sand-gravel deposits and qUlrned rod. 11](,'y IIC 

designed to slrict p:lnide size Srndmg limi ts to ac t as a filler. 

Qu:my run rock·till; possibly with OVCI ~IIC rcn)O\cJ ;lIld p'C 101M) d n'>C, 

sound, free drninmgancrCOlllIl3<:II0l1. Comlla.:ced in O.5It~ 1m I,y..°r 1\llh Iht' 

maximum PJrticic sile equa.l 10 comp3ch ... d layer IhlCl.ncu. !\-tn II ncous 10l l." 

and mctamorphic rocks yicld Ihest pTOpertU!$. 

Selected dense durable rock-fi ll wed to pre"e"t erO~!<Jn by '" Vt' 11;11. 11 \\I\h 

prcfcr3bly high dUr.lble quality than the rocl.. -fill. 

T:1hlc 8.1. RoclAi I I Jam typical conslrucllon lllalCllats, (JovanovIc 197~) 

1'0 \!~I.: the:;c soils for the neetlco purpose, thclr ge(J(cchmcal propertics 1Joh,lutJ I IUlth'r nnpro\ .. J L e 

'ItlVnIlling their engineering pcrfonn:lnce. The morc common technique 3\'3ilabl fo SOIl nnprovcmcn! 

is compact ion. 

COlllpaClio ll 

The plllllary objective of compaction IS to IIllpml'c th(~ cTl~inccrlng lll:ha\I')f of the 'and t has Ilccn 

r(;I.:O: I/cd that soil C01l1]l:Jction pro.;css anixts Ihe phpu;.ll IUllpcrtlCS. such a t rc.nd density 

llnd Ih "ngineering properlie:, include compression, pelmeability and stfCngth ( '"IP_UIOn or 11 lur 

Ihe imperml!able corl!, is needed to reJuc~ 1\S compressihility nnJ pcnn.:abllit) l:1d "I case: Its I>trcn h 
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To assist th e compaction effo rt for the core cal . . 
lstrucl10n \ismg thc rescrvoir soIls !lOOmtof)' rQull, .re 

requircd. 

Sample frolll C L, depth 120-200cl11 natural 0 

" mOISturc Content IS 4 1 .65% 
Wet densi ty 1.54 

1.59 1.68 1.70 1.82 18t 1.79 t~1.70 

fr'~';;O~;'"";"~OC;;Ci;0~',,";;C~"~' ,(0_"0_)_ +,'6:20,,':-, '"8,0 1, 1 _ _ 3,O-;.4;3:-3:3~0:O~'~3~'~09:.,.,...:36'!i J8.!i 40.78 4391 
Dry dens ity (glee ) I 22 J 24 I 29 

. . . 1.3 1 1.34 1.33 1.29 1,2S 18 

Sample fro m ML, d epth 190-250cm, na tura l moisturc COIHCIl! is 36.4% 

Wet dcnsity 1.50 1.58 l.os 1.70 1. 7!i 1.74 1.73 
1.70 

j"!oistun: content (%) 
4-12 

Dry density (glee) 1.22 1. 26 1.27 1.29 1.31 129 LlS 1.20 117 

S:llllpk fmlll GC, depth 190-250cm, natural mo isture content IS 27.5% 

Wct dellsi!) 1.54 !.57 1,64 1.68 1.73 1 ,S~ t ,83 1.7(, , 
1\\oisl1ire CUlllC Ill (%) 25.44 20.·H) 27.41 28,29 3 1.48 1-10 H.!i ]<).2 4211 

Dry dell~ilY (glce) 1.23 I 24 129 111 t.l2 I·W 1 33 127 I ' ----
Table I:U. I.aboratory results of dr)' density and moisture COntCnts 

,\lan)' compaction laboratory tests were conductcd by i\E-IIBT JOInI vcnture fmlll \llI'"h three 

n::pn:SClItJtlvc samples wcre selected from the soils thai are hc.:lu':\"l!d 10 I)I.! 11100e suitable (1\11 ,( I Irt I 

UC) f.ll' corc materials. This is done to show their uvcragl! lIlit\rmum dry dcn~iltt' an t Ilpt • \1 1 

1ll()lsIlll\~ ronll.!nis needed for thl.! prop<:r compaction of the eorl! \J in' Ihe rC~(\'oir ~lll 

\;rhj·· ,h()w$ the lnbofUlor), results of the ~d.:..;I<:d soil samplc~ 

rhc te~T l"I.'"ults plotted as dry den sity \"(:r~uS water conll;nl (FIg ti 2) and can I'C U IJ til 

COIllIK!dio" pJ'Ilc.:Jure. T he curvcs an.' UtHquc for the given \OIII)1IC and then compo: ·tllm 

o d I . dry d'l1srtlrs :\IlJ OptUlIlUlI 11101 hi peaks of the CIllTes corrcspon \() II': llIaXllllUm ~ . 

o t I tit II sOIb' plastic 1111111 r~ll!~, lIy. Ill:! t1pl!!llUm water cOlltcn! j.; • leI'. IlCfccn c,,-

I 80°!, salUralil),"1 8l'IJ Ih- 1.ertl aIr \\)Id Ii II ater ,'nI'::lll cnm::;ponds to arpm:\I:nat~ y 

clJ\clopc at s:l turalion of 100%. 
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I III, ' 

The va lues (below on the grallh) used , d . o ctcnll1[)C spec fi . I Ie compaction efTor!, type of compaction 
eCJUlpment type and amoull t of mOIsture Content ~ . 

. or the gLven soil at whi ch the dcslred compacllOnl$ 
effective. 

~ 
~ .I J 

u O~ I C- 36V. ) u eo i\ 11) I)", 1.34 Wee 
~ 

] ~ r " .~ 

~ Oi\ t(' J I.S'/. 

" 1.3 ~ II. i\11}f) u 1.32 Wee 
-0 -" 
to 1.2 '. ~-. '0 

-0 ' ( 
"-J. 

1.1 - ,°1,... 

20 2:' JU 35 40 45 51) 
moisture conten t (%) 

Fi~'u r..: H 2 Plots of moistu re contents H;rsCS dry dCl1situ.o:; 

8.3. Filler Materials 

'\s ,rd bdore, filters are provided III the darns to control I!ltcrrl,,1 \!ru~IOIi of Ih~ d.lIl1 .. ltl C from th' 

fi.ll(C) ~;en::fatcd by seepage throu~h and under the dam I hl,.'\c filll!fS rue csscnml t,llhe pcrl{)nn.UI~ 

of til( dam TheIr failure to pcrfoml salis factory, can kad 10 plpmg f:ulun: of the dlllI horn m311, 

fddlH 'S eXJlerience the fi ll er should be (lie mOSI important ~kl1l.!nl, wluch n~,,'d III "1lI1I1II tUlcnt lnll 

B .. PI,J\'HJmg a conservative filter. It is poss ible to qUJ! \\orl)'lf1!; aboul the po slhl (; :1ce1l1131OO h.·1~5 

throll!~h tll~ core (Sherard el nl.. 1976). 

! he ..Isle r~quircmenls of filh:rs are; they should bt,; !;uffi":ll!lltl ... tine gr.1ulCd ::J perm 11)( t 

pr.!\. 'Ill IJrosion of the 5011 and 10 allow drainage of s~pagl! wall!r \., d<!Scnboo 10 (,able 8 I lIut'f! II 

of nOll-plastic sand or gravelly, \qth less than 5% fine~ pi\!i"lIlg 7~1 III arc gCllcrallv Ilcc('koJ loc the 

fllte. 
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Cerlainly filt ers arc designed using Ihe grain size distribution of the soils Ihnt are bel n" IU\pectrd 1<) be 

eroded and dis turb the stabi lity or the darn. 

A source of high quality sand and gravel is necessary for the construction of filters. I-rom Ihr goology 

of the area and field inspections presence of sand close 10 the dam sue IS not nOleo No nl&lurall!lnd 

was found in the area. The only closest sand available and used for the c ns lruc llOII purpose w.\ 

located at Mojo Some 150km frOIll the sile. Th is makes the sand nn expansi\'e Opt iOn and aItL'rn,UI\C 

source is requi red. 

To recommend possible solUlions for this lies on Obtain ing filt er aggregates with u:lcc\cd I>h.1pC II In 

crashing and screening of the available igneous rocks since enlshm!; will he pnh:llccd fur nlhC"l p:l/l nf 

the dam construc tion. There is <llso other option Ihal is to Iil1lilt he width of filler :tnl1l'S and h,1\ t' 1\ fUTill 

sand 

SA. Roc k-fill and Riprap i\l:.J tcr ials 

The de!:. igning of thc rock·fill dam i ... u~ually associated With the a\3IJ,lhil,ly of .uck, "hKh 

qualTicd to yield free drai ning for the dam. Most igneous and l11allY lIIelall\orph.~ rod , c g 

n he 

It. 

diorite, granodiorite, granitc, Il mrble, grcy\\"acl\c, quanzilc wil l \\hcn frc.\h, ,idd free lir.ullil g ux:l III 

The b:ls.1itic rock in the <lfea is found 10 be :.uitable for the nxUiII dam frolll Ihe to.: (0111.1 

TI" tests "ocus on its strength and durability. Due (0 sampling. anJ I horallTY :\E-II!H joint vcnture. 

probkms it i~ Ilot possible to con fonnlhe results to othcr tests III the present study 

.. a rock quany I\all\d)" Huha, \\ hlch I 1(. t • '\1:·1111 r joint vcnlurc conducted 1I1\'c"lIgallon on 

, d I)" b J is SOI11<! 500m ,I,mll ucam tit t ~Olll of";" Ih...: road lhat conncct$ ( h:lI1dw 311 ~r a an . 

.. f I' 'c ~or;u;llIu .. ;.md <lphalldllc buot Bub.i lull is :JbOI I I 110m high and mamly conSbl:. 0 hi ~alll 

- 1 t n U ... III!' unl3.\I!1 r.: f h' 1~1.: was measurcd II) lC \ en !.. ro ~ rr~sh !lI1d m:.lssi\·c. The strength 0 t t.: f( 

k d bTly tests shO\\cJ thai (slaklll' dunab hI)' str..:ngth tcst (298-387 MPa.) also thc sla 'c ura II 

. . II' ~ sc as rock- fill. greater than 97.3%). The maleria l .s SlII ta ) C or u 
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The riprnp is an element of the dam thaI prevents erosion of Ihe Upstrealll [nee by waler v.nc acllon 

The rock source of the rock-fill can also suit to the fipmp too, since the IIll teria l IS dense and durable' 

The difference between the rock·fill and rirmp mainly lies on lite lf Sil..e. of which the npnp " gr~lcl 
Also the riprap materials should be resistant for the waleI' \\!lI; \'C IlC tion and such qunilly IS IQIOO ~Lth 
abrasion lest. The strength of the 13uba hill basalIs against abrasion is found to be exce llent flOIll the 

lest results conducted by AE-I-II3T joint venture in 1997. II clln be concluded thM Ihe rock IOIII\:C for 

the SiIJ il u dnrn construction is availab le in the required qua lity. 
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C'lAPTE R_9 
CONCLUSION AND I~ E Oi\ I i\ I EN I)AT I O~ 

In the studied catchmen t gcomo'li I . t 
) 10 oglea, gcologiC<ll, hydrological and engmeenng CeoLoglcal 

studies were conducted to characterize the 3rca in tefms f . . 
o engineering geology and to analyze It.e 

geological conditions cffect in the Sibilu dam. 

The catchment has cli matic conditions which can Ix: !'fou,lCd 's, n " d , , 
' ' <:> "ya n lUI111 tropiC! c unallC region 

In the catchment four landforms: level, gentle sloping, sleeping nnd composite lands 11111 thffcrcnt alopc 

classes were identified. With topographic slope analysis it was possible to show thaI _II ,urfacc tHief 

converges to the reservoir area. 

Using aerial photos interpretation it was also possible 10 dmw the rehef nnd !:uIIJlimn" lope and 

geomorpho logical maps of the SibiJu catchment al the SCJJe of I :50,000, 'I he WoIrm .nd humid chnule. 

\'olcanic parent malerials and its topogmphic features used 10 deduct Ih(' ]'IuS! Ihll! dol) mlnl.'ral 

fonn:uions, govcming the genesis of Ihe soil in Ihe area, For funher anal)'~I) lII<llllll!l.lIl11ttfHlc alld 

kaolinite were found to be the dominant clay minemls in the soils orthe Sibllu ellh.:hmcnl 

Sibilu catchmellt geo logical map was prl!pared at the sellle of I :50,000, The rtk:k 01 III lIU1thclI1 p.1r1 

arc corrdatcd with Ihe general siratigraphie units of Addis Ababa drawn by If'llk II .. c ( .. nnay and 

Getallch Asse!"a (1989) using their textuml featun:s, Geologlcalm3p of the re.>Cf'\OIf arc .llhe lealc 01 

I: 12,500 was dcvcloped through largc-scale (1:8,000) aenal photo mtcrprelailim and ml,""snc field 

surveys, 

. I " t 'n)T'led fr('lm acn31 rh0lt'f!rltlllS I e r\W-!ii1 and nIC structural features of the C31e 1I11enl \\ere III C'I C 

NE-SW , . , nd 10 b,' ",e dominant hnc3Illcnt;. in the cail:hll1l!'nt JIlInI IIlc:ll11cnls arc IOU OOl'UUUOQ 

. . d ' I \io.:J th31 the N-S and F-\\ 1!lICrpr<.!t<llillll in the rcscn'OJr and ,!m site s 10\ arl! th J )filll'Wlt ]lllnt scb 

, II e'~J'oinl sell espc'lall) the I O\l:r NW.SE <lnd NE-SW, l3eside IhClf concentration 1::.c , 
\\ an: (lpcD ~ 

, . blems in the rcsen'oir and dam ~u continuous which arc liahle 10 cause staulhty pro 
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By referring 25 years (1975-1999) rainfall records in Ihe catchmellt, the mcan annual ralnf. 1I depth of 

the catchment was calcu lated to be 1218 3mll1 Using tile 11 0 ntl 0 I' I (19 ' 8) he 
~ '. 1 I lWIUC cmpmca lonnu a .. t 

potentia l evapotranspiration of the catchment calculated 10 be 588.901ln. Ho ..... ever. Ihis raul! III 

ext remely low estimate compared 10 other forwarded estimates in Ihe surrounding areas under more or 

less same climatic conditions. Therefore, it is nOI IIsed for (unher Belunl C\lapolrnllspuallon 

calculations . Instead the values promoted for Addi s Ababa lind surrounding orcas by 1,000 lind 

Agricultural Organ izat ion of the Un ited Nations (FAO) is used. Applying this ( 11 20mll1) va lue wilh 

effec ti ve monthly rainfall, the actual evapotranspi ration is fou nd la be 791.5 nun using 1 homth ..... /ute 

and Mather ( 1957) sail-water balillicc mcthod. -n lc n.ulO ff dcpth calcu l.!llan III the catchment t:
1I

\'C 388 

111111. Graphic separation of thc surfacc nmafT and base flow of the two componcnts sho"ed thai !i4 '/e 

of the flow is cont ributed by base flow. Comparison oct wecn the cakuklted surplus valu.: and ilJ now 

sho\\-s Ih:lI the surplus val ue (222.91ll111) is grcatcr than the base flo\\ (2(19.5), 1 hIll condltmn mJu:A t~i 

that thcre is no out flow of groundwater from the catchmcnt thmugh other roules, ""hkh I 111 fa\Of 01 

the reservoir condition. 

Som!.! featu n.:s of the groundwater in the area arc also di scussed. 1 he depth of st,l lte .... ah .. r IC\I:I lit 

obscn'cd mostly in the weathered and fragmcntcd part of the bed rod III the dam site \lSIII" thl! I)(lrchok 

d:l1 a of ih..: a rea. These data was ~ l l so used to estimatc the general grou ndwater fl o\\ dm'rtlOn 10 I>c 

south to 111111 11 :lS that of the surface wnlcr. Thc lVa tcrs in thc arCJ arc a linlc alkalllll!. h,lIJ "ater and 

Ics~ COlH<.!nt of su lphate indicating they arc not eausmg sIgnifIcant ncgatl\ c cnecl In Ihe cuncrete 

o l Ot I as hOgl1 N, cation while Ihe ground waler has lu~h CtIClI":111 ofCa, struelun.: of the dam. r Ie rlvcr \Va cr I, I 

o 0 0 I f th' rescf\'oir solls fonlla l i(ln~ wh ich uscd to ex plain the Illmcr.t ogy 0 c 

I (" 13 cia <; ha lis trach}t..: lh..: rock:. o f the arca werc described using their lithologica Icaturcs J~ 11 lO 

o 0 • Ih n th ',;c m:l1n fTOUJ'II rclr. on Ihe d 
"'

01 engincenng d..::.cnpl lon \\ I I and jlvlI)clastic d<!IXlsi ts. Bu l e ' 1 ~ _ 

. I' Enginc<!ring subgloup_ of Ihe ba:w.IIIC. lrOlChytJe and assemblage of basic engin<!crtng be \aYlOrs. 

. .. . ,II ' in flucnced by thClr It.:.\ tural. JOlO l and ~lmr-ll;tlOn (Utuln pyrodastlc deposH umts arc hlg I ) 

. . . Ie to describe eight cngme.:rt nJ; ~uhsrour~ In Ihe rcscnOir area rcsp<.!.:ti\'dy. Through th IS It was posslb 
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aphana lic, scoracious, vesicular and halocrystallinc b I . 
asa IS, maSSive and columnar trachyte. fnahle and 

welded pyroclastic deposits; according ISRM (1981) d 'sc " h 
c np!!vc 5C COle. 

The so ils of the area arc geneticall y classified using: their morphologic SCI up as r~ldUJI. III1U\<111 and 

colluvi al. For better geotechnical description of the soil uilits in the area 20 soil sample Ie I rc.ullJ 

wcre used. Using the ir grain size distributions it was possible to describe fi ve engineenng subgroup. of 

the soi ls in the reservoir: silty clay, clay. gravelly clay, sandy clay lind clayey grovels; nccordm8 ISRM 

(1 98 1) descriptive scheme. 

These full descriptions or the rocks and soils arc used to claSSi fy them into basic englnccrlng l=-CQ]ogh:al 

units, which then represented on the engineering geological In:ll> of Ihe rcservoir Brca I hc rod. Unit 

classified based on Iheir slrcng,h :lnd weal/JCring grndcs as high, medIUm and low rod m.us !rt'Ili!th 

with spot wcathcring grades. The genetically dcsign:ltcd soils wcrc classified usmg !he IISCS, Ie" 1111 

thcir grain sizc analysis and plastici!y nature, as MI., MI, e l , 0 11, CII, CV, (T .:Ind (Je AII!hetC 

inform3!ioll were used to cstablish Ihe engineering geological Ill:lp of the rcsc"oir area lit till: scale of 

Ll2,SOO, 

The evol ution and "cllesis of soi ls in Ihe Sibilu catchment nrc discussed in tnm or the b.Ne o 

cOlltrolling factors : topographic, geologic, clima!ic and environmcntal feature 

soils of black and rcd clay vancties of soils hnvc been idcntified ill the area as the '''0 nllJnr 5011 

f0I1113lioIlS, w ith di fferent geotechnica l behaviors. Black cia)' SOils arc found in an:as of nat tenAln1 anel 

, ,,'I,,'lc thc rcd clay soils ha\e de ... cloped in sloppy and i!(ltld drainage arcu. poor drainagc conditions, 

.. r d h Ih I s of silica is slight In th" olad. day SOil!>, With Ihc hclp of chcmical analysIs. tl was Joun I at e os 

TI,c black Clay SOIls havc donlln3nt monllllllmllnntlC, .. hlle the r¢.l but more c\'idcnl in Ihc red clays. 

. I . ral lhts result is funl c-mforTnC'\l tlV their clay soils contain kaolinite as the prinCipal e ay IIlllle ' 

. 'd of Ihese argument:; it nmy be fc.l~lbl lu coocluJo that gcneral geotcchnical properlles. In the mt sl 

. . ' .. soils of the area and then WIth mlenSC' loehmg la.,lIml mOlltimorillonite fonned iOllwlly III volcaniC 

. TI 's was also dcscnbed in cI roKlcnnng lh!: 
fonncJ as the result of Illonlimori llonile alteratIOn. II 

. . lilar 10 other EthIopian \Ok.a.nh; SOils. . . .. '1 f the rcscrVOlr arc sin VolcalllC SOIls of the country. I he SO l s o 
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With regard to the geotechnical properties oC tile Sibilu reservoir sotls, 11 " as found thaI blacL cI~y 1011 

have higher moisture contents, higher clay fractions, higher values of liquid limits and 1)1 IICUY Inde. 

,lIld lower va lues of plastic and shrinkage Ii mils than the red clay soils. Comparison of the IClmty of 

these soil s ind icat es that black clay soi ls arc morc aClive than the red clay SOils. Most of Ihe blad. clay 

soil s are poten tially expansive, while the red clays do not. Sillce the expansive nat ure is assocloted With 

the compress ibility nature. the black clays arc highly compressible thBn the red ones. 

The main conCClll of dealing the clay mincmls in the dam engin eering is to defin e their dispcl1lVIIY. So 

the black clay so ils, of high content of Illolltilllorilionite, arc potenlially dispersive and need); more 

caut ion ns a foundation material. 

There arc small-scaled landslides in the reservoir nllnks of which the OTIC on i\sere IIdJ;:c mol) need 

serious attent ion. From the borehole data, it was possible to cstabhc;h the ~Irati!!rnrhy (If th ... dam and 

spillway siles. It \\as also possible to identify th ree soo technicalla)"..:r~ In the dam MtC· soil" h:Hal, 

highly \\·cathcrcd and fragmented so ft basa lts, and joined sound bac;all h:CJ\!JIIOn IS needed by 

considering these layers and observing the dam site geomorphological !tell ing. Thl! pcnncal'llit) and 

fmctu).: intensity of the foundation matct inls show thnt, the requLT·cmenl of further trealnwnl durin!: 

con~trl.lct i on of the dam is crucial to control seepage Ihrough the founrlal i(ln 

The rock and soil materials for the construction of the dam nrc almost available in the' ICllllty of Ih<' 

arc.:!. For the clay core, the reservoir soi ls arc e).arnined and the h:d clay sOIb arc preferred tittn the 

black day :;oils by their geotcellllica l propert ies. The compaction effort.~ for the prcfcm:J wlI an: 31 

di:)cll!"> ~:;d . The Buba hill s basalts fu lfill the requirement:) as the con~tru.:tion material for Ihe J.-un In the 

CO!l~uu .. ::\lon materials only sands lor filter material arc not !l\ailable in the fourroundmg area. Vihleh 

make Ih..: search of other sources, vital for economic consideratloll 
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Based on the this study the following recommendations arc forwarded: 

• 

• 

The analyses of the E-W open joints and fractures in terms of depth should be IdcnllfJOd In 

reservoir flanks and dam site to define the stabil ity tInd Icakngc problems. 

Proper water balancc assessment in the catchment should be done to analyze Ihe Wilier resource 

in the area. 

• Long- lem1 peziomctcric rendings in the reservoi r flanks and dalll site arc needed to evaluate the 

groundwater fluctuations in so lving the stability and gCOlcchnicul problems easily. 

• Depth of the unstable landmasses on the rescrvoir fl unks should be lnO\\.'1 by drtlllng to 

understand their cffect ill the reservoir and dam conditions. 

• Slope stability analysis should be done in the " sere ridge landslide to ddint" the remcdl31 

• 

• 

• 

mcasurc. 

Excavation is rccoillmende:d to the: depth of sound rock with curtain groutln" II r~duc~ SCt'Jl3i."t 

through the dam foundntioll. 

Filter design shou ld be made to determine the I)ropcr si7..e of the COl hl'd il!, rrCjlille In 

substituting the sand Ill<llcri<ll. 

Environmental imp:J.ct assessment shou ld be clarified before and after the PnlJCCI c. lahh .. hmcn( 
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ANNEXES 

Anllex-A: McaslJl'C lIlcnls of Joint Sets 0,' " . 
IICUt.1110 II S· (hps, :'pcrtlu'c ~1t1(1 spaci ng 

Stalion~Ol 

SInke Dip \)il' ApeltUn: Sp~cll1g 

<'l direction t) (em) 

<'l 

1 s~" ~p -nip A".,.._ 

c'J dU«11On c'J (em) 

c'J 
JJO 60 80 0.3 
335 65 75 0.2 
340 70 65 O' 
JJO 60 60 I 

300 
I ~:. " I I 

290 II 04 ", ", &0 31 
270 20 &0 1I 

3S1 81 75 I.. 1.5. 280 10 " 0 
355 85 65 I., "m '" 15 " 0 
355 265 70 0.8 280 190 II 0 
340 250 12 0.75 290 '00 II 0 
345 255 50 0.24 '" ", &0 " 345 255 51 0 '90 lI)O " ,. 
JJO 240 64 0.91 '60 llO 20 02 
350 80 10 1.2 '" OS lIJ O' 
340 70 75 0.' ", 110 " I 

'" IS' " OS 
JJO 240 50 5 4. 280 190 " OS 
340 250 55 1.2 5.2em '" 185 )0 O' 
70 340 65 0.4 '90 21., II 111 
80 350 55 0 0.4. 
75 345 65 0 2,m '" 2()S " OJ 

75 345 60 0 340 HO " O' 
335 245 60 12 
340 250 10 OS I·Scm 
350 240 65 04 
70 160 75 0 
80 110 70 0 
345 75 45 21 
335 65 45 2.2 ' Omm-
335 ,; 54 21 2,m 

BO 2<0 ., II I 
300 lIO (" fJ 85 
)]0 nil II 0' 
3Il '" 61 085 
J2l 23l II " 315 22~ 10 I • 
)]0 220 ~I IJ 
320 21O " " 3.'0 240 " I I 

2S0 190 70 2 
285 19; 75 0 
290 200 85 0 
285 195 80 0 
290 200 80 0 
2S5 195 85 0 
280 190 75 0.4 
m 185 10 0.5 
280 190 75 0 
280 10 65 2 

315 lH li' " lID 220 '" I 
3Il 215 II " 320 '0 '" OS 
320 .0 II 0' 
BO 60 II O' 
320 50 60 O' 
315 I' '0 0 
J2l " " 0 
BO 60 4' 0 
340 80 .. 0 

290 20 60 0.1 
285 15 55 1.2 270 Vnu,,' 90 00.\ 

285 15 60 1.4 280 · .. OOJ 
290 20 " 2 '" · ... 01 
295 25 15 0.5 '" · .. OJ 

300 30 10 04 290 · 911 • 
280 190 90 0 

2S5 195 90 0 1111-

290 200 90 0 lim 

290 200 85 0 

300 30 55 i2 

300 · 
~lh '''' · 

liS · .. . 
· 90 001 

'" 1; 001 _ _ , 
'90 · 
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Station --02 

Suike Dip Dip Aperture I S~mg 
t'l direction t'l (em) 

t'l 
I ::'If, f , 

"" A ........ ,...... 
t'l 6 1er:i,,,n I'J C 

05 95 65 1.2 t'l 
355 85 7S " 0 90 7S 1.5 
358 S8 80 0.2 
)50 80 85 I.. 
355 85 85 Il 2· , 9, 65 1.5 9.Scm 
10 100 7S 1.1 

340 ,,0 Of 02 
)40 2,. 75 b. 
3., 255 55 0' llO 260 60 U 

'" 255 65 U 
340 250 ,. 0 
llO 240 55 0 

0 90 70 0.8 )30 2' 0 55 0 
2 92 65 0.8 3' 0 250 60 0 
; 9; 70 0.9 
10 100 7S 0.' 
12 102 85 0.2 

'" 255 65 0 S lkm 
" 0 250 70 0 
3'0 250 " 01 
III 2' 5 75 (]I 

0 Venical 85 1.1 
10 .. 90 2 
0; " 90 0' 
36{] " 9{] 0.5 
355 " 90 1.2 
340 " 90 I.. O,J· 
355 " 90 Il , " __ Iem 
.~ 50 " 90 1.2 
0; " 85 I I 
0; " 87 0.9 
10 " 85 0.8 

no 230 75 II 
3Jl '" «I u 
340 250 75 !If) 
)40 250 60 0' 
llO 2'0 75 07 
350 260 60 .. 
III '" 10 06 
J<j 255 55 12 
350 260 50 1\ 
330 240 6U II 
340 250 65 ., 

355 " 85 0.9 
355- " 90 0.7 

il )55 4\ u 01 
9{] 0 ,. III 

0 " 90 0.5 I·I' m 
05 " 90 0.6 

9{] 0 40 o I~ 
95 18' 4\ 0) '0 

10 " 90 14 9{] 18. ). fJ .\ 1.-
]j " 90 I' 90 18. " 0 
10 " 90 J .2 85 l55 411 (] 

]j " 90 Il 9{] 0 45 U 
0; " 90 1.4 90 0 _lU II 
0 " 90 U 15 l55 .15 0 

"' " 90 1.6 
0 " 90 12 

8J 157 I ~O • 
" Jl8 ., II 

10 " 90 1.8 90 190 65 • 
355 " 90 1.5 OS- 95 18' 6l 10 21 
jjO " 90 1.4 ljenl 9{] 180 75 l<J ,"" 
0 " 90 Il 95 185 70 " 358 " 90 0.8 
357 " 90 0.75 
0 " 90 0.75 
355 " 90 0.75 
300 " 90 0.7 

! ~5; " 90 0' 
" 90 0 

10 " 90 0 
10 " 90 0 
]j " 90 0 
05 " 90 0 2·30cm 

l2 " 90 0 

9{] 190 65 11 
9{] 110 " " 05 l55 65 30 
90 )60 6l " 95 05 75 .,1 

" )55 75 II 
9{] )60 6' Il 
90 )60 ,75 12 
92 02 .. '10 
95 05 " 95 05 75 

i ~' 0 VtrtlQl 90 JO. 
05 " 90 0 .. 

I ; " 90 0 J55 " 90 0 
350 " 90 0 
_~ 55 " 90 0 

0 "" -'" 0 
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SWlion·02 

Strike D" Dip A.perture S~CI"' 
~) direction ~) (em) 

0' 90 ,. 
10 90 " ~) 

0 Ven ical 90 1.2 
05 " 90 I.J 
0 " 90 1.6 SOcm_ 

360 90 II 

" 90 ) • !an-
350 80 " " I_ 

'" " 80 !l 360 VU'lIyJ " " OS " 90 L6S 2.2m 360 ., 
" 0 " 90 2 360 " 3 

0 " 90 2. 3 '0 170 ., II 
355 ., 90 2.3 \lQ 110 ,. 21 
lSS " 90 2.3 " II, '"~ II 
05 " 90 I.S \lQ ". ., )I 

0 90 GS 1.4 " '" 70 )2 

0 90 " I., 
355 " 75 0.6 
360 90 70 0.7 
360 90 70 0 
0 90 75 0 
05 95 75 0 
10 100 " 0.5 
05 OS GS 0.65 I 's-
05 95 60 0.80 4cIlI 
10 100 GS 0.7 
10 100 75 0 
0 90 75 2.1 
360 90 60 1.2 
360 90 75 L5 
340 70 )0 0 

\lQ 180 " II 
\lQ ". ' 0 '" " " III ., II (,km 
9f) 190 '" '. Il '" " " \lQ ,"0 20 lU . ) 180 41 10 

" '" " '. Il '" 7. \4 
90 10' " " " IS' 

ill 
,. 

90 ' \lQ OS 16 
81 '" " \4 
80 ' 70 " " \lQ ' SO 80 ,. 

340 70 J5 0 
330 60 20 0 Stat ion 03 
335 65 II 0 
340 70 " 0 70em-
340 70 20 0 U m 
3-15 75 30 0 
350 SO )5 0 
340 70 II 0 

1111 J. I" A-r-e) tlll.;'\hon r, (1 m) 

(") ,. VCIII" '10 • 
340 70 20 0 Il . ' •• 

90 "' 01 

10 100 60 0.2 
20 11 0 65 0.' 

" lOS 75 0.3 
20 110 SO 0.5 
05 95 S5 0.6 
II 105 60 0.7 
10 100 65 0.4 10em-
10 100 75 0.2 2m 
II 285 75 0 
10 280 SO 0 
II 255 SO 0 
05 275 65 0 
20 290 c.o 0 

\lQ 'I" J2 
1\ 1M ' " 0 
20 )) 0 7\ 2 
21 )) ' " 4 

'0 130 ., • 
40 DO ., • , .. 
21 III , 10 lO<. 
40 DO 71 10 
Il I.' " 

, 
20 ))0 " " 21 11\ 10 I ~ . 9fJ Vemal '10 
70 .. II • 
90 .. 0 

10 211() 65 0 80 '" .\ 'l< 

90 0 81 " 0 Venical '" OA 
05 " 90 0.2 

81 'I' 80 •• 
0 .. 10 " 360 " 90 0.1 ~~S " .' 35 5 " '" 0.2 )0- ''''' '10 

., I 

360 " 90 0.1 II0mill ]5' " ' " 
05 " 90 0.1 
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Station-03 

• trike Dip D" Aperture ~p3cm& 

('J direClion ('J (em) 

~J 

0 Vertical ., , 
360 .. 10 " )55 2.' 10 I ) 

2 212 ., 
" , 215 15 " JO 280 80 " JO 280 80 " 20 290 15 0 2· 

25 295 85 0 40cm 
2; 295 15 0 
25 295 85 0 

40 1)0 65 0 
)0 120 15 0 
20 "0 15 0 
25 '" 15 0 5Ocm· 
); 125 80 0 )m 
)0 120 80 ; 
40 1)0 85 2 
45 1)5 80 JO 
)0 120 85 0 
); 125 85 S 
80 Vertical 90 1 
90 .. 90 8 
90 .. 90 5.' 
85 .. 90 5.8 
90 .. 90 12.3 
9S .. 90 6.' 
90 .. 90 1.5 15· 
S; .. 90 14 lOem 
9S .. 90 2S 
9S .. 90 )0 
9S 185 85 25 
90 ISO 85 12 
90 ISO SO 5-' 
90 ISO SO 8.5 

,I 0 90 6' 1.l 
.\55 85 15 2.3 , 9S 15 1.4 
JO 100 15 2.6 2· 
350 80 65 2.5 35cI11 

355 85 70 1.l 
5 9S 70 1.6 , 9S 65 I) 

360 90 SO 0.2 
)60 90 15 0.2 
0 2iO 85 0 
355 265 SO 0 
355 2(.) • 5 0 
340 250 65 0 
3.l0 250 60 0.8 
3(,0 2iO 40 0.9 )6· 
SO 350 )0 0.2 4Scm 

SO 350 )0 0.2 

0 90 ., JO 
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I 
160 .. " 

, 
)50 .. " " , 95 70 16 
10 100 .. 11 

" 10. IS IS 
10 100 .. ,. 
• 95 .. 11 
)50 .. 60 10 
J60 VtftlQl 90 • • 90 • )60 90 0 
10 90 0 

" 90 0 .. 90 0 
lS 90 • lS 90 0 

•• 90 • 
" ,. 0 
20 90 0 

" 90 0 
10 .. , 
" .. I 
lS 9<1 , 
JO 9<1 , .. ~I • 
J! .. I 

'0 .. , 
IS ~I I 
10 .. I 
90 180 61 01 

" '" 70 06 
91 11. 61 11 
SO I~I " 0' .. "0 7' .. 
" '" 7<l UI 
90 180 6l .. 
91 "' (,' 01 

In central TC':.enOtr Irta 

"i!n),t ,,,, 
"I~l /') ,,,,, ... 

(') 'C1II' 
/') 

0 "90 60 01 

• 91 " 02 

• " 7. • • ., .. 0 

J60 270 I. • 
JSS '61 20 • 
JSS '65 70 0 

'" • " " .. • .. 11 

'" 0 .. I 

91 OJ .. • 
" OJ " I 

91 OJ .. 0 

100 10 .. 11 

'" 0 .. 11 

-.!,5_ ~ ~.~. 

I 
01, .. 

, 
""'" 
, 
lO<m 

I 
I?em 

, 
"" 

01 
I , 

I 
11 



In central reservoi r area 

Strike Dip Dip A pc:rtun: Sp:lCing In SOuthern rCs.cn.'Olt IIQ 

<'> diT('c tion <'> (em) 

~) 
1 s_~ I'" 1 "r ....... fli'-; 

<'> d'fC'II:lkJtI I'J ''"'l 
.. 

" 325 20 1.2 
40 320 25 1.4 

" l25 25 2 0.2-
47 . 327 30 0 0.6em 
40 320 30 0 
40 320 30 0 
90 0 90 1.2 
80 350 90 1.4 
85 355 90 I.J 
90 360 90 l.l 
85 355 75 2 

I'J I • 
I )" :: lJl 10 ~-

llS 21 • ll. " 30 0 
117 17 II 0 
)J9 19 ' 0 0 " Jll " ' S 0 /I~ )Jl "S 20 01 
JJl 24l 21 .. 
llO 240 30 OS 
JJl '" II Oi 

" 355 60 5 lJO 240 20 '" SS J5S 75 ).4 JJl "S 21 • 90 360 75 2 0 90 10 10 
90 360 70 I 1.3-
95 05 70 ).4 17cm 
85 355 65 2 

OS " " ,. 
OS " 7l '0 
0 0 .. , 

85 355 70 2.6 OS " 7l 1 
90 360 65 0.7 
90 360 70 0.8 
90 360 70 0.5 
05 '5 70 0 
0 90 65 0 
05 275 75 0 
0' 275 70 0.3 
05 275 70 0.2 
10 280 70 0.1 O,S· 
360 270 65 0 Urn 
355 265 65 0 
360 270 GO 0 
0 270 90 0 

OS " 7l " 0\ " " I. 
0 270 " " o. 
10 '8' 7l II , ... 
10 280 70 II 
07 97 '" I 
OS 27l '" • 
OS 27l 70 , 
OS 27l " ,n 
9IJ 0 70 " 9IJ 0 7l ,. 
91 OS 9IJ 02 
9IJ 0 " 01 
91 OS " '14 360 270 90 0 OS OS '" 0'. 

0 270 90 0 '" 180 " '" 90 ISO 90 2.4 " 180 '" 
, 

85 175 90 15 97 187 '" 
, 

" 175 90 1.2 90 180 90 1 lO< 
87 357 90 30 SCtn- 91 I8S 90 • 'm 
S; 355 90 40 1.6m 85 I7l 90 1/ 
90 360 90 52 " )78 90 " 95 05 90 27 " )76 90 ,. 
90 360 90 30 8l I7l '" 0 

90 ,so '" 0 

90 '00 '" 0 

" 
)7S 90 0 

• 8l I7l 90 0 

" I7l 90 • 
90 • .. 0 

85 115 90 0 
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Anncx-B Hy d romct ro log ic::al Data I nd Sibilu Rh,t r f.l . d 
Monthly Rainfall Data ( in mm) 0 11 u. 
Station- Addis Ababa ObserYlItory 
Latitude 9:02:00N Longitude 38:<l S:OOE Altitude 240S

rn 
Year Jan Feb M" A", M,y ,,, 

"I A'I 1975 0 0.4 14.4 86.4 55.S 136 S<p "" No. 110< T"" 1976 19.3 61.4 44 170 312 228 213 ,7< 0 o 1011 I 83.4 121 1977 34.7 57.2 80 125 '" 278 15& , 93. Ul11 69.S 238 '\4 399 "0 1978 1.4 55.4 78.8 121 '5S 66 0 16191 49.6 131 196 376 '" 1979 128 19.1 73.6 84.5 '91 0 ,. 11917 103 I3S '89 ' 04 "5 0 0 16. lIn, 1980 23.2 36.6 4S.3 88,5 44.5 126 283 297 11 8 IS 0 0 1(6) 6 
19S! 0 75.5 176 82.9 73.6 50.1 ' 66 311 215 '" 0 " U7U, 1982 4.87 80.9 57.8 104 75.6 13 1.9 259 258 212 144 '32 119 I)sllt 
]983 18.3 21.7 48.7 117 237 109 199 '44 198 263 0 .. Ill7 I 1984 0 8 9.7 42.3 128 221 296 296 '" 9! " 163 117lS 1985 14 .2 0 l7.S %3 83.7 11 2 270 '28 '" 131 3J " 1096 1986 0 35.7 88 146 89.3 120 280 2., 128 143 0 0 11651 1987 0.5 63.4 249 82.4 97.4 92.9 296 '\4 1878 21, 48 103 11S911 198& 9. 7 53.4 53 88.6 46.3 106 278 299 '" 39.9 0 0 lOll' 1989 0.' 75 .9 76.5 96.3 " .7 120.9 257.6 ]01.6 1887 145 I 176 12211 1990 0.' 155.9 59.2 106.4 85.3 129 218.7 2686 I .. 162 • 0 11\0 I 1991 0 74 .5 106.6 54.7 75,3 191.] 2489 2626 126 4 " 0 lO 119} S 1992 20.2 33.7 20.2 44 85.6 109.1 248.5 244 7 209 , 697 0 " IOU 1993 10.8 67.2 16. [ 157.9 97.2 169 274 326.7 2433 621 0 ., 14211 1994 0 0 82.4 82.6 63.3 123.4 208.9 '" 141 3 0 147 0 9116 1995 0 69 41.5 174.4 68.2 102.9 190.2 314 9 136 I 0 0 ... II~\ 6 1996 23. 1 5.2 106.8 128.2 122 258.5 266.4 3388 2"2 0' 02 0 I S4S II 1997 39.2 0 24.5 51.3 38.5 101 272 6 '" 2138 624 lO' " 10$2 I 1998 55.2 205 49 48.5 154.2 124.4 2854 260 2J.l6 11 69 0 0 11217 1999 " ' 28.3 86.5 " .2 883 134 256.9 284 1408 71 1 0 16 1201 1 

__ .J 

Al"c, 17.263 43.956 66.2% 98.936 87.m m .85 26348 28228 1827 2714 940.1 11417 1222. 

Monthly Rainf:l ll Data (in mill) 
Statiol\- Sulllita 
Latitlldl! 9: 11 :OON Longitude 38:46:00E Altitude 2604rn 

Feb "', Ap' May ,,, 
"I A,S S<p 0" NO' "'" ,"", Year Jan 

SS 12221 27 22.5 72 [9.5 221 258 27J 266 1" 2$1 1975 0 
1S3 " 6l o 1(039' 82.8 " 6 225 24 257 2&4 376 1976 23.5 
270 '28 0 149 1197l 44.6 "' E},4 279 281 287 1977 I 52.5 

" 112 111 63.7 225 383 ' 00 102 lS I 1978 7 1 18.9 44.9 81.2 
1979 0 18. 3 23.6 74.4 109 202 275 301 219 '" 0' 97 11447 

130 I6S 168 160 1 45 0 195 1U99 1980 19.4 19.4 I7J 190 79. 1 
U.S 0 011147 22.5 10.5 II . 65 106 164.2 249 209 138 19S1 q 

1982 0 10.2 51.2 39.7 58 140. 1 278.6 379.5 161 Il " o 11"U 7 
1983 21.3 22.7 45.7 11 9 24.5 207 211 2" '" 27. 1 12 91 109'6 
19S4 0 70.6 9.2 10. 1 95.2 201 311 291 141 0 08 12' 11422 

" )) 12 11911 17.5 90.3 " .7 211 21' m 206 
o I 12 

1985 12. 1 22.7 
128 9j 0 32.5 270 293 261 

01 1218$ 
1986 0 35.2 80 192 

"' 193 12 90.9 299 257 1987 2 56.4 272 81.2 24.2 
275 301 231 30 0 o IBI S 1988 S5 63.1 3.5 126 93.2 100.2 

]21 3 191 7 141 0 76 1-420 4 0 79.2 81.2 135.2 11 0 101 379. 1 
211 162 • 0 ",7 1989 

18.9 11 2.2 212 <I 281 6 
0 \I 11021 

1990 12 160.9 60.2 11 6.4 

'" I 
1204 " 56.3 197. 1 257.6 

21 101' 2 
1991 0 71.2 11 1.2 2].7 

lH 2 136 , 2l 12 31.9 '7 53.2 101 ]10.5 
169.4 " 0 ,. 1271-4 1992 6.5 64.8 " 

'" I 1.6 96 44.9 121.3 371.3 
198 2 ,. 0 26 Ill" 2 

199] 31.2 68.7 
56 9 123 3144 3016 

" " 1006' 199·1 ' 7 9.76 48.9 151 
257 1 278.9 158 , ,., 

11 5.8 

" .. 11915 1995 4 3 9.75 51.2 " 61.4 
21 87 297 1953 97 

un 136.5 38.3 22.2 147 
m' IG< 46 21 1996 0 112.3 

125.6 221.3 321.S 

" " 121-4" 1997 0 1[8.3 123 53.3 126 

'" 2976 196 , 17 
27 120.:6 24 48.2 129.4 

1697 " " 1998 21 1\6.3 98.7 
197.3 207.2 J{I54 

"2 ~ 01(, I1l , [06.2 " )8.4 
29575 17581 ISIS 1999 2.' 105.3 

58.776 166.76 273 61 'h e. 6.73r, 57.072 76.492 90.632 
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Monthly Rainfall Data (in nun) 
Station-Chancho . 
Latitudc 9:20:00N Longitude 38:46:00E Altitude 2620m 

y= Jan Feb M" Ap, M,y J"" J" 1975 OA 55.3 47.2 108 26 206 A'S "" "" No< "" T..., 20A 1.7 45.1 32.7 260 247 167 0 " o 10094 
1976 6.2 79.9 2I S 1977 15. 1 42.6 30. 1 53 45.7 302 2718 26. 27 10) 10162 97.2 2ll 1978 19.3 0 14.7 139 81.4 )JS 

'" 27. II. 1)6 III)] ISO 428 '31 394 1979 13A L7 8A 287 61.5 .. 0 o 16~ ) "5 on 42S 1980 " 0 21.1 211 32.3 299 128 0 22 • 0 11642 398 4012 321 0 0 o 17194 
1981 0 0 65.2 10.7 75.9 I7S 347 30S 282 1982 0 1.8 19.5 92 93.8 lOS 199 01 02 12 ... 7 282 llS 83. 7 0 OJ 1100 
1983 0 20.4 41.3 126 26.8 ISS 277 300 186 I2S 3 OS 11115 
1984 33.5 0 25.5 55.8 73.2 1S9 lOS 369 lS7 219 II 169 I)IO} 
1985 0 I 97.5 45.2 65.3 I), 283 341 216 ." 0 o 1221) 
1986 67.5 109 1S3 95.8 123 128 226 300 109 0 OJ 01 1)117 
1987 0 OA 21.6 37.4 35.4 ". 31. ISO 988 0 0 225 95715 1988 80.5 29.9 80.6 67.4 108 1S8 290 279 108 22. S 0 1129 1989 21.3 28.2 108 57.6 122 75.9 243 241 96S 231 112 • 10)78 1990 28.5 36.5 54.7 55.8 56.8 212 3" l64 '44 III 0 0 12661 199[ 13.6 0 32.4 71.8 96.6 96.5 294 324 164 Il 0 18 1006 1992 0 95.4 67.4 67.4 149 68.9 143 1S9 216 J2 5 ' 94 0 101 1993 0 71.6 182 84.2 88.1 69.3 20S 241 82 .S ,.. 0 2' IIM9 ! 1994 0 44.5 112 96 23.8 I2S ". 278 I7S JS. .. 0 II~I 1995 2.1 63.8 163 112 25.3 158.8 2M.2 301 171 lB 0 0 12'192 1996 17.7 120.6 48.4 II. 37.8 103.6 2802 22J 1173 S8 12 11 10711 [997 0 270.6 62.4 116.4 45.6 165.7 2637 309 I lll 126 

" 
OJ I'll) .. 1998 28.5 36.8 54.7 55.8 56.8 111 3" 364 64. III 0 09 II .. 1999 I., 33.3 IS 147 17.5 1S3 2J8 17S 119 92 2 0 lOW • AVe. 17.024 42.604 62.832 93.64 62.952 156.15 290.48 306JJ 17329 1S1J6 278, 2198 12.254 

Monthly Mean Maximum Tcmperature (O"C) 
Sl.:Ilioll Sululta 

Jan Feb M" Ap' May 3" J,I A'8 "" 0" NO' Il" -Year 

1'\ 7 lOS IS ISS 117 1"75 18.8 20.2 21.1 19. 1 20.1 HI.I 14 2 
1976 20.2 18.7 22.2 18.? 21.2 17.1 15.5 lSi 16.3 lSI IS' ISO 

18.4 18. 1 19.7 22.[ 17.3 16. I 1S2 162 lSI II. 116 1977 17.6 
161 1S3 188 I8S 18. 1 19.2 19.6 21.1 17.8 15.1 lSI 1978 16.7 

ISJ 16.7 176 18.3 183 1979 18.2 20. 1 19.8 19.7 19.5 16.7 15J 
147 168 177 181 IS. 19.2 19.7 20.3 19.7 17,8 15.7 1980 18.1 

1981 18.7 19.1 18.7 2l.J 20.9 17.9 15.9 14 .6 169 177 181 180 
1982 19.2 19J 18.9 18.1 20.5 18.1 16. 1 lSI 16.S lSI 184 187 

112 lSi 171 " I8S 1983 IS. I 19.4 19.1 18.4 20.1 17.2 15.6 

" 19 195 18.9 17.3 15.2 IS 1019 1984 18.3 19.8 20.1 18.5 
, 

1985 IS.3 20.7 20.2 19.2 19.7 17.4 15.4 15.6 ISl " 193 199 
1986 17.2 21.7 19.5 19.8 20.1 17.6 15. 1 15.1 lSI 179 19.7 19) 
1987 17.4 18,) 19.4 19.5 20.1 17.8 15.6 15.1 15.2 181 197 201 
1988 19.1 20. ! 19.3 19.7 19.7 17,8 [5.s 16. 1 ISJ " 201 191 

15.6 II 181 19.2 19.7 20.8 17.5 15.3 IS) 
19. 

1989 18.8 19.1 19.1 
lSI 118 192 19.5 19.6 19.2 18.1 142 16.1 

182 192 191 
1990 19.2 19 

15.9 lS I ISJ 18.6 19.7 18.2 19.1 17.2 
171 182 19' 

J 991 17.1 
143 161 18.7 19.8 18.1 lSi 

171 18 , lIS 
1992 17.6 19.3 19.6 

152 171 20.1 19.7 19.2 17 152 
lSI 17' IS) liS 

1993 18.1 19.4 
19.5 17 IS' ISJ 

"' I .. 1994 18.3 19.7 20.1 19.8 
17.8 18& 19.2 20.1 17.2 ISS lSI 

182 ISS 117 1995 18.7 19.1 18.9 
IS' 178 IS.7 19.5 20.3 16.9 15.8 

174 185 I S 191 1996 18.4 19.4 
16.S 15.7 15.1 

'" 191 1997 18.7 19.2 19.4 19.7 19.9 
152 112 II. 20.4 17.1 1S2 

ISS 113 I 7 1998 18.6 19.1 19.6 20.1 
15. I ISJ 17.11 

916 I .,. 20.2 20.8 17.2 " .... 180-IS IS'" 1999 18.7 19.J 19.7 
15.4 15.168 19.588 19.432 20.112 17.44 Arc. 18.324 19.372 



Monthly Mean Minimum Temperature (O"C) 
Sllltion Sulult..1. 

y", Jan Feb M" Ap' May lUn 
1975 7.6 8 9 1" Aug Sep 
]976 7.5 8.1 9.2 

9 9.5 7.3 0" N" Do< 
8.8 9.6 7 .• 

7.2 72 7 ., ., -1977 7A 83 9. 8.7 7.\ 7.1 7 
1978 5.2 7.8 8.1 

9.1 7.1 7.J 7.1 
71 •• '7 " 8A 10.\ 74 74 

1979 8. 1 7.9 7.6 7 62 7J 8.3 8.9 8.9 71 " 1980 8 7.7 8.2 7.7 7.2 " 61 " 8.9 7.1 77 
1981 7.3 8.1 

8.9 8.1 6.9 7 ., 7 
9 89 7.2 

1982 7A 8.2 
10.7 7.3 7.3 

72 71 7 71 8A 9 9A 7.1 71 " 1983 6.1 7.2 7.2 74 " 8.3 85 9.1 9.3 7.1 74 72 
\984 6A 8A 8.9 8.8 

7 7.1 7.3 71 
71 77 

1985 7.8 
9.2 7.9 7.7 63 7J " 85 8.6 'A 10.2 

7.4 12 69 7 
1986 7.8 8.6 7.' 7.' 1.1 

7 
9.1 8.7 10.4 " 68 7 

1987 8.1 7.7 7.1 7.2 7.3 " 9.2 9.1 10.6 7.8 6' 6. 
1988 72 8.3 88 

7.9 7.J 7.2 78 
73 

9.2 9 1 7.5 61 71 
1989 7.3 8.1 82 9.1 

8 7.1 7.1 79 69 96 7.7 7.7 68 6. 
1990 7A 8.2 83 9.7 9.6 

6.1 76 7 68 8.1 8.1 69 
1991 7.5 7.6 9 8.9 9A 

6.9 77 74 62 71 
1992 7.7 7A 9 8.9 

8 8.2 6.8 7.5 7J " 9.7 71 
1993 8.1 73 81 8.8 

8.1 83 7.7 76 74 71 9.3 8.2 7.6 
74 

1994 7.1 7.3 8.2 78 7.7 69 " 8.' IO.s 8.2 7.9 1.2 78 
69 

1995 7.2 7.3 8.3 8A 10.4 
68 67 6. 

1996 6.3 7A 8.6 
7.8 7.8 7.J 72 69 6' .. 8.3 10.7 ' .1 

1997 6.9 7.2 8.7 
7.7 7.. 71 7 69 •• 8.2 10.2 12 

1998 '.9 8.1 8.' 
7.2 12 71 7 " " 8.8 9.3 

1999 7.3 8 8.6 
8.1 74 " 7.3 " .' (, , 

93 9A 73 7.1 " 74 •• •• I\.\'e. 7.9 8.06 866 9.2 10.3 
71 

'.7 7.456 74 7492 6932 67. ?lit 79967 

":f0~thly Flow d:lla of Sibilu River (cubic meter per second) 
StatIon I:umbcr: 1120\4 Name R. Sibilu ncar Dcucha 

i.Altltude 9: 15:00N Longitude 3S:43.6:OOE 
Arca 376.6 sq. k1ll Altitude 2S50m 

Year Jan Feb M" Ap' May Iw, 1,1 A"~ Scp "" N., '''' M ... 
1981 0,43 5 0.427 0.593 0.618 0.481 1.052 J2.! 2" 16.6 4 98 "" o SI~ 
1982 0.66 \ 0.432 0.435 0.4 59 0.481 1,068 13.69 25.2 " 2 232 10' 0'78 
1983 0.43'1 0.456 0.467 0.636 0.545 LJ4 17.89 281 17.7 " 65 0914 062-1 
1984 0.453 0.414 0.402 0.387 IJI 1.94 20.6 29.9 16' " 0688 o S18 
1985 0.425 0.346 0.353 0,405 U 14.1 279 
191;6 0.89 
1987 0.648 0.489 0.624 0.4 0.92 2.63 " 28,7 1928 " 078 061 
1988 0.467 0.458 0.425 OAI 1.42 114 319 15, 1 322 101 OS14 
1989 0.52 1 0.443 0.422 0.353 OA23 J.S3 11.5 Jl2 lSJ '" '" 0"'. 
1990 0.468 0.535 0.398 0.369 0.496 1.278 22.4 26.3 198 21 2 109 06" 
199] 0.68 0.529 0.397 0.387 0,447 1.0&2 16.7 23.5 216 3" 0" 0709 

1992 0.457 0.4 16 0.404 0,464 0.504 2.4 18.9 2" 243 347 122 0597 

1993 0.50 1 0.511 0.479 0.547 0.593 1.252 15.5 242 20,6 '" 1011 o (.Sl 

[99·[ 0.483 0.526 0.47 0.539 0.654 US "' 25 .5 17.3 " 0906 om 
1995 0.575 0.457 0.591 0,579 0,533 2.26 19.1 232 IJ OS 107 0"" 0579 

1996 0.54 0.524 0.523 0,429 0.577 9.7 15.1& 22.7 1445 ", .609 om 
1997 0.455 0.49& 0.404 0.39& OAOI 2.01 21.2 25, ] ]9,7 302 0'" o S1!! 

928 398 ." 061 
1998 0.563 0.611 0.654 0.97 0.723 3.4 168 261 

174 365 10' 0'" " 1999 0.476 0.467 0.431 0.46 0372 6A 19,9 27.1 
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Allll cx-D: Rock and Soil Dcsc ri", · S I Ion C lCme 
The rock desc riptive scheme has Ilee 

I . I I' . II proposed by hue ' . 
. ~illO o~~c name IS of primary importance b«a rn li h oll llt SoClet~ or 1(0(1.: ~1~h:t"IC'\ (' 'tIt\I), fl"ll) 

lIllllera] compoSition and grain size $u , use II genetIC mel &roup and "'0'-"'- b. , 
d"or . JlP cmcntary features 1._ ... I\,IQ II In .. 

between II lcrcnl rocks Iha( have the S3""ft ' ·,h, . may uo; extrtmcly useful as I mell o(d 
O .. H"- I 0 ogle31 name I tUlI escnpllvc arRack Material' i) Col . 

by Geological Society of America (A~o[j, 1 9G~; C;~~e:1Utllllall\'CIY C\'J]ua'ed us,",. lhe rocl colot C~II J'i'UbII~ 
L~GHTNESS CHROME HUE __ 

ii) 

2. 

Lighl Pinkish l'lnk 
Dark Reddish 

Yellowish ~~. Ydlow 
Orownish DrOwn 
Greeni sh Green 
Bluish OIuc 
Grayish Gray 

Table .! terms of color description 

~exture: of the_ tcxtur~l elements used for desen ption and classification, the ")(ht Impomnt 1\ Jllm 
sl.z.e. Because It cons lde.ra~ly affects the phYSical properties of a rod. IhQ\lld .h~ .. y, lor u~11 III I 
dllcctly In the rock descnplton ra ther tlmn rdYIllS on the gram SllC unplle,"on In Ihe 10(\, o.nK' \l.ln)' 
other aspe~ t s of rock texture may be used to amplify the desellpllon, such.\ IdJlI\e JUln IIZ(' 1"

m shape fabnc and porosity. 

Slate .o ~ Weath~ring:. Description of the Stale of weathenng of the rock m3tcm.ll~ of p.ullCul"l Imr'urt.mcc In 

descnb~ng clIgmeenng roc~s because weathering has profound effeclS on Ihe rhYlical .ntl mt'CNn .... "1 
properties of the rock matenal. In preSCllt work, Ilosking (1990), weathered lock tub'Uln. el cl.a "rlC.non I 
used during field investigation. (Table.2) 
Strength: is the basic par31llcterof thc rock 11131ellal III engmctrmg 11011.$ 10 tklnlllulC' Iht' $1,(, I ollhr 

rock m:llerial, uniaxial compression test and point load ICSI arc commonly used I)ue to '1l11l'itlli pfUbkm II 
possible 10 make Ihese tests to thc rocks of the study arca. llol'. el·cr, an aUernpt "'U nlJdl' to <ieJ1rn.ltc tilt ur 
I'Ocks of the area using field estimates of unaxial compressi\'1' sTrcnglh (Jlocl.. elll, 1995) 

Description of 'he Rock Mass: i) Structure of Ihc rock IIIUS IS relliletl lO IhoC !:UStl Sotall' ,"I~IJ "(I.lIH"" of 
le",lural fea lu res and the assoc iation of one or more rock lypeS 1I11he nuss Terms used 10 dcKnbe l):I1MtIS 1(11: l " 
ma ss ive, flow banded, etc. 
ii) Discontinuities arc surfaces within 1I rock mass Ihal is open or potentially oPC:" able tinder thl' nrets leld 
applicable in engineering because the tensile strength across Ihe surface IS lowl'r thin tllJt of thl' IIId. IUIll'IIII 
Description of discontinuities is aimed al detemlinillg their nalure, onenlotlon, 5pacmi, 1)I'/)I\lo:n,e, lou~lIt1('U 10111 
SII'<:II£II1, aperture, filling, seepage, number of sets, and block siu:. 
3. Orientat ion: of the planar fealure being measured with reference to magnellc or Ilue !1ll1lh Alit"natll 1'1) 1/1(' 

dip:ln I b d . cd d dip direction oflhe pane may 0 CICrll1111 
Term U.c.strength P.load 

(MPa) test(Mpa) 
Extremely >250 >10 
Slrong 
Vo')" 1 100-250 4-10 
strong 
Strong 

1
50

-
100 2-4 

Medium 25-50 1-2 
strong 
Weak 5-25 . 

Very 1-5 . 
weak 

Field estimate of sirengih 

Rock male rial only chlpprd - ~ under loCptaled h.lmnlt'1 
blows, nngs when slruck 
Requires tnJny blows of I 

break IIII1 CI rock specmlClls 
Hand held spccmlt'1l5 broke 
gCQloglCal hammer 
bnn blow II till geologal plCl In.jenl lOll '4 

.," 5111m, kmfc JuSI SCr.lpe$ ~rt: 
Knife cul5 INleml but too h.i·'d 10 W("C loto tn.uul 

spccllocns 
Malcrial crumbles uPder Ii 
pick can be shaped wllh kmfi 

rm bID. 01 poIo&K.l1 , 
. nates of uniaxial compressi\'e strenglh .. 

1 abk.2 field eSIil . _~, , •• g of the sci of JOin!) Ihat Ii pc:rpa: hcullr ~ 
I an or m,-,.,a spa I tol 3 Spacing: the leml refers to t l.e ~lC ~ d. ontilllli lY SpaClIIg IfC gIven In u e 

. .. D p\ll'e ICnilS [or 1St' betwcen adjacellf discontl11Ul1lCS. escn 
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TERM 

Rough (or irregular), stepped 
Smooth, stepped 
Slickensided, stepped 
Rough (or irregular), undulating 
St~lOoth, undulating 
Slickensided, undulating 

CATE 

II 
III 
/V 
V 

V/ 
VII Rough (or irregular), planar 

Smooth. planar 
SI · k VIII 

Ie "cnsided, planar IX 
Tables 7. Rou£hness categories for disconhnu1\y surface (lSRM 19H) 

Ap..!nme: the mean perpendicular distance between ad ace II 
:,ur or \laIC!, IS T{'(crred to asapcrlurc Th ~. I walb ofa dt.;conuI1U1ty, III \lllldtlht ~~t 1\ hila.! ","I 

. e mean separ.mon may be deSC ribed U)U\J,I 1he 1\'nn~ In Llbil!' l'i 

TERM 
Very wide 
Wide 

APi~RTURE 

Ovcr 200llliii 
6O-200nlln 

Moderately wide 20-60mm 
Moderately narrow 6-20nllll 
Narrow 2-6 
Very narrow Ovcr 0-2111111 
Tight Zcro 

Tabk S. Aperture of discontinuity surfaces 

!nfilhn,\!: the lIlfiliing Octween discontinuity surfaces may be 5011 mlroduccu IUln the openmg. mlll('Jah lUI. h • 
CJicllc. or III the case of faults clay gouge or breccia. 
Sccpagl': water flow free moist1!re visible in individual diSC0l11iIHIIlI CS should be d,:scllbed Ind the ratt til nO!" 
('SIII11;]led. 
KUlllb.:r of Scts: discontinuities lIlay be irregu lar, of sillall persistcnce. without any Illangemcnt mlO dl lin I 
the)" ;][(' rather thcn referred to as non-systcmatic. Syslcmallc JoinlS \\,llllsua]]y be IlCr5lstem. II IIh md" klllll)Olnl 
111 each SCI paralIc] or sub-parallel. Systematic joints Illl}' be prcsent 111 one Of mOIl' SCts. aoJ mnUfnce "I<, ~ 0t.1 

blocklll~'ss and block sizc. 
Bloc" SIze and Shape: the spacmg of discon!lllulllCS lilly he descllbed II-lIh ,derence If.) the SIle Ind <Jupc- of I 
lock blods bou nded by discontinuities and by thc l)CrSlstence of d,fkrcrll dISCOntinUity Kh \bll,b IIJ<I " , 
(1978) h,,\·c givc"ll l1lodcls of rock mass blockiness (Iable 9). and Ihe sIZe of the blocks bIll.lndcd b\ dl'ICOfUlntllty IN 

be descnbcd using the terms in [ablr 10. 
The Weathering Profile: welthcring of the rock IIl3SS may be d.:scnbed III tcOl"lS (If I~ dl$udlutaon .uol 

rdatin' proportions of fresh rock and discolored. decomposed and dlsmtegi3tcJ rocl.:. Ind the ('fft"CI on 

dlsconlillliities 
\\·e:l1hering ev~ntuall y converts rock (0 an engineering SOIl and the "e:Jthcnng proli1c ng) be descllbed tIS t\"lAU I I 
baSIC units: rocks. rock-ad-soil, and soil. On rock masses consisting o(one fock type these uM ",II form a d,st I1(t 

succession \\ ith rock dcpdl being overbin in turn by rock-and-soil and ~()II at the surfac(' If a .... "mpk'l ... _el II 
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profil e has been developed d I . an subseq 
weal lcrlng profile is given in labl ucnlly preSCf\'~ A ' 
_ e 11 , by Irfan & De3rnta~ 19;tcat Kale of "'tlthenn, ~ I elf 

l ypc Name ' . I!'PM: I .. 

PO-lype Polyhedral blocks Description 
Irregular discOllhlHlII ics I I 

Ta- IYPc Tabular blocks of slllall p(rsisicnce "'II IOU! IlnngenlcnI InIO d~t arJ1 
One dorninalll SCI of II Ii, 

Pr-type 

Eq- type 

Rh-t)'!'c 

Prismatic blocks 

Eqllidimellsional 
blocks 

Rhomboidal blocks 

COntinuous joints' Ill ' " para c:I dlSCOntmueh", ,,"uh (tiM 
T ' IC"ness much I h ' ... , 

wo dominam SCts r d cu I an knglh 
witl I ' 0 I$COnhnulties II M •. llmd irregular sel" cluck most ofl''''I\OlUland p IIUd 
'nrcc domin:uu SCI ' r ness much leIS th:m length . 
oc '. 5 0 dlsconlHlllUlCS II 

caslonallrrcgul:tr Joints ' nlOst onhogoll.lt, "'nh 
Three (or more) d . ,8' \'111& cquldunenSlon31 blOl:l.\ 

. . OJUtn3!\l sets of d 
glvmg ohliquc-shanrd cq,,'d" l$ConlinUilles, mutual ",hll'l"' 
S I " ~, I 11Il~ l1S 1 01\al block ' 

evera , usually 11I01'C than sets of Continuou 5 

Co-type Columnar blocks by Irregular joints: length much gr~ater th3n ."'IPmd
llei 

Jam" ell) kd 
'I' hi 1('1' 11llelhl(ln, 

a e 9. Rock mass block shape dC!scriptio n, 

Term 
Frcsh 

Shght l} 
\Iealheled 
Model.lt{'ly 
we:1thered 

lIighly 
weathered 

TERM AVERAGE DIMENSION ---
Very large QI'er 2m 
Large 6OOnu1\-2111 
Medium 200n1ln·600mlll 
Small V 6Omm-200mm 

ery small Under GOmm 
Table 10. Description f block size in Ihe rock mass 

Description 
No visib,le sign ,of rock 1I1:l\el'i31 1'.''"311,;"", I d I . ~ ~ pc:naps 511ght 

LSCQ UJilUU IL U11 major disconO lluit)' surfaces. 
D. L scol~rat!on indicates weathcring of the rock matenal and 
d[SCOnllll1L1ly surfaces. 
Less than 35% of the rock material is dL'Composed 31ld1or dtsuuegl1lted 
to a SOiL Fresh or dIscolored rock is prcsell t eHher as 3 contlnUO\lS 
framework or as corestone. 
~ore than 35% of [he rock matcnal is decomposed and/o[ 
dlslIlIegrated to a soil. Fresh or discolored tock LS prcsent ellher as a 
contmuoLLS framework or as corestone 

EXln'mdy All the rock material is decomposed andlor dl ~ l111 egl1lted 10 a soli The 
wea.thered . original mass Siructure is still largely intac\. 
ReSIdual SOl i All the rock material is convcrled [0 SOIl. 111e mass 51ruclUlC and 

material fabric are destroyed. 
Tablr: I I . \\·eathering grades for the rock mass. 

II 

II I 

1\ 

I' 

II 

111e ~oil tl c~c rjpth·c schcmc has becn proposed by I nl (' r1l 3 tj on ~1 Society of n od.. M«han it) ( 1~ 1t.\1). (1!J1I1) 
Descriptive Soil Name: i) Genetic Iype dcswl:w: the I} pc: of goo logical fomlJlIOll.1nd 11 nil 

OJ Ig111ation. Examples arc: alluvium, elUVIUm, collUVIum, Acohan. manne. delllllC, 1I..u1. and el 

II) Basic soi l types arc named after soil parl1cle sizes failing II Lthm speclrlCd IUIIIU, TIlC)(" Irc hoxltkl\ 01 .. : 
cobbles (10.60mrn). gravel (6-2mm), sand (0.2-0.06nun), SIlt (0.006·0,002) and eb)' un.kr 0 OO'nvn 
Ill) Compositc soil l}'pes: mosl soi ls Jre compoSIte types, eonl3l1lmg I range of Nil~ ",llIIYpcS 1 1""0JIi1f1 
II eight of each componell1 is then used as the basic for n311l1ng Ihc SOli (ub1e 12) 
II') PlastIcity. clay and sill, alone and in Ihe mixture wllh C03f"Se nuterlal. may be c1USlhcd 111 r:r."n 1" r 
(Tabit' D), 
As :lll altcma!i\'c, a c1assiticJtion may be 1113de in tcnlls of pJaSI1CilY mdct (l.1bk 14) 
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Main division soil groups 

Gravel 

Fines 
finer 
0.06) 
0-5 
5-]5 

(% 
than 

Soil group 
Group Sol ru.mt 
symbol 

Gral'el G Grne Gm'el, silty GM-
Gravel with fi nes SI-ItY&nH~1 Coarse soils GF 

Gral'eI, clayey GC Claye.!.!!..il\el Sand S 
Sand, silty 

S,,,,, SM Sllty"'Uiid Sand with fines 

«]5% is bIn rSSS';;ndd----~i;===~~~~~~di~=~ 0.06-60111111) 0-5 
5-]5 

Silty & clays 
Gravelly 
sandy 

]5-60 

SI' 
Sand, clayey SC 
Sill, gravelly MG 

Fine soil, gravelly FG 
Clay, gravelly CG 

Fine so ils Silt, sandy MS 
(>]5% is bIn Fine soil, sandy FS 

Clayey unci 

JOn\"dly Iitl 

Gnlldly clay 
Sandy sill 

Sandy clay 
Silt 

0.06-60111111) !sSITilttyy'/&[, CicliO,yy;s,+----tiC~I.r,Y,~"~'~dyL=-J CS I Silt ~",'---+~"l' 
65- 100 

rille 1011 

cI.ly 

'-

Fine soil I: 
Clay C 

o Organ ic Organic sand, silt or clay 
Pea t P d -. re ollunalllly phnt renu\3nts 
1 able 12.Composite soil type namin!!. ,', ", . 1'1 ~ '" gmecring geology. (ISRM, 1971) 

-Term Range ofhquld Illnil (%) 
Of low plasticity Under ]5 
Of intermediate plasticity ]5.50 
Of high plasticity 50-70 
Of very high plasticity 70.90 
Of extremely high plasticity Over 90 

Table 13 terms for descnptlon of plasticity of fine soils ~nd sot l frachons III cOar5~lls 

Tenns 
Non-plastic 
Slightly plastic 
Moderalcly plastic 
Highly plastic 
Extremely plaslic 

Plasticity index (%) 
Under I 
1-7 
7-17 
17-35 
Ol'er 35 · 

·For very "fa l ~ clays 
TJble 14. TcnllS for the description of plasticity index classes fOI line soll~ and SOil fr.iteM.,s In COIl 

Description of Soil Material: i) Color: SOIl may be cIJlualCd quanut~lIlc1y u~lI1g t~ t mplc 

rcconllllC'ndcd for rocks (t3ble I). 
II) Practie:tl Shape :tlld Composition: where appropriatc, !>llmle shape lT13y bc dcs.::nbcd b) Id(Icn.:C' to I 

form of the p:lrticles. their angularity which indicates thl" degree ot lOundmg at t~ coroc'\ .00 

surfJce ch:t racteristics. 
Form: equidimcnsional, fiat , elongated, irregular 
AngldarilY: angular, roundcd 
Surfacc eh:lfacteristics: rough, smooth 

1 

ii!) State of Weathering: describe thc degree of IVc31hering 1.( the (\Ienl of dcp.lfture flom 11K' parent ",d. 
recognized ':lIld givcn semi-qllanlil3ti l'C' va lues. Various f(;SC3ICht.'fS usc degree of wathcl l,'ll as • ball 
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I 

engineering identification of lale . . .. 
pp. 133-148). nle solis. (Gldlgase, 1984 sighted 10 Jounul of E 
IV) Strength: may be estimated b . ngmeeunl Ceolo&)". 19 (198~ "61 
the d isturbed samples Y SlIuplc field tests on disturbed andlor ul'ld 51 rbed 

_ Field I ~ . fi . I U S3mpJes or by I~bontol) 1("\1\ lin 
CSIS or me SOlis; consistent rna be 

sampl~s_ y y eSllIlI:l\ed uSLOg smlpk nunu:.] tests (tJblc 15) Of! It.< du,hlltlC'ri 

Undra ltlcd shear strength of fine so"] 
If numerica l, laboratorv val" s may be claSSified and descnbed IS III lable 16 

"] b . ~ li es or mOIStulC COIllCIlI ( ) I 
aval a Ie, the physical Slate of fine soils COl 1 be I I Ill , Iquld hmlt (lL), and pb. II~ Imlll (1'1) JI<' 

. Consistency index CI- LIL _ :1;~CLY_C~llressed by the conSistency Inde~ 
A scale In terms of co IS· , '. L 

I IS ency mdex IS gIVen 111 table 17. 

Ternl 
Vcry soft 
Soft 
Firm 
Stiff 

Very stiff/ I-lard 

Field test 
Exudes between fin gers when squeezed 111 hand 
Can be molded by light fi nger pressure 
Can be molded by strong finger pressure 
Cannot be molded by strong finger pressure, can be IIIdentcd 
by the thumb 
Can be indented by the thumb n311 

Table IS.Field tests for the consistency fine SO Ils 

Term 
Very soft 
Soft 
Fiml 
Stiff 

Undrained shear stl'encth kN'm 
Under 20' .. :...:...:..:..: 

20·40 
40·75 
75· 100 

Very stiff 0"(r I50 
Table 16. ChlSSlfie3tlOl\ of fine Salls III terms of undl arned shea. slrength 

Tenn 
Vcry soft 
SOf1 
Fiml 
Stiff 
Very stiff 

Consis tency Indc" 
Less than 0.05 
0.05·0.25 
0.25·0.75 
0.75· 1 
Ol'cr I 

Table 17. ClaSSIficatIon of fine SO Ils III terms conSIstency mde", 

Description of the Soil Mass: n:qUlrcs mforll1ation addItiona l 10 the descnptlon of thc SOli a) a matctl~1 I+. 
soil mass should first be desc ribed as a soil material, or as a eombmauon or a mnlure of ~11 1)-pn. follo\\ed t.) 
information of engineering significance concerning the SOIl mass Such IllfOl'mallOI1 mciudes-

The geological structure and the dIstributIon of tile soil types In the SOIl mass 
The characteristics of the disconlll1ullles III the soil mass 

The weathering profile 
Features of thc soil mass can only arc dctenmned by field observatIon or from a sunicletll numlxr lIf umpl< \ 

i) StruclUlc: thc !~rgcr aspects of stnlcture ar ... related to SlrJllfied deposlls, IntcrcalJllon and kn~ 01 ,"ull) 
clayey or organic mattcr, or of soluble materials, should be deS(fI~d ItI detail bccaUJt or ltirlf Imr"rWlt 

innucnce in cngineering propcllles and the behaVIor of the SOIl mass 
ii) Discontinuity: III soils in fissu res and shear planes should be de~nbed and quantlrlC'd usmS (he lftm alrtatl 

given rocks. ( ISRM , 1977). 
ii i) 11le Weathcring profile: Il calhermg of the sollllla~~ mdudmg the l:!laJaU(ltlIO u .... -1. II the soil rftlhl( 

has Icsulted from \\("athcring of the rock_ Howevel, tahle II has 10 be 11)( .... MICti If In he- ~III\' 
applicable to all soils, other than ICty stIff or hard, JOllltcd and fissured fmc wlI 
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I A lIll cx-E: Soil Cb ssili c:ltiol1 Syst em 
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I 
Allllcx- F: SO il Sa m p les Double H r I 

)t rOlllet!'r a nd Pinho]!' I{ cs ull ) 

AA WSA soi l samples were prOCessed on TCDE I 
hydrometer test. Soi l with values 500"{ d" . aoor-nary to evaluate dISPC:~I\ Ily U ma "'clUhl(' 
disperSive; while the ones in between 0 afC I s~rsl l vc and cause pl pmg effect; soll ~ v.lth <: IS,... arC' non 

arc potenlla Iy d ISI>CTSIV( ( I~cll el ai, 1992). 

Lab No. 1090/88- 1097188 
Project: Sibilu dam site 

Submiltcd by: AAWSA stage lilA on 01-5-96 
Test req uired : Double hydrometer 
Reponed to AA WSA stage lIl A, on 22-5-96 

Double 1·lydrometcr Test 
Sample Depth (em) (A) \Vilhoul dispcrsenl and (11) SI:uld:u d 

~iN\f:;;;;;;;-T!\--hiOO:TciO---+'~n~"~h~"~';~"~1 ~"~; rr~;~"gtO~'~"'~"~'d"'--l~h~'~dron~c~cr I Sb-A l-stpa4-2A 100-200 5.25 24 
Sb· A 1-slpa4-4.'\ 300-400 4.00 
Sb-A2-slpa4-2A 100-200 9.25 
Sb-A2-slpa4-4A 300-400 2.00 
Sb-A3-stpa4-2A 100-200 4.75 
Sb-A3-stpa4-4A 300-400 10.00 
Sb-A4-slpa4-2A 100-200 10.25 
Sb-A4-stpa4-4A 300-400 4.00 

Jl 
15.25 
3600 
32 
42.5 
48 
17.5 

(?)- Potentia ll y dIsperSIve (??)- DispersIve and cause pl pmg effect 

% dnpcl "Ill 
A B.t IO() 
21 KK f ') 
JJ lll') 
60 6{) ( II) 

SSt. 
14 R.l 
2l 5' I ') 
21 3~ ('I 
22 81H ') 

AA WSA soil sa mples were processed on MUlIS!ry of W:llcr Resource 5011 Mechln\cli Lalll)TaIIlT), 
(Physical and Slrcngth ana lysis of Soil ) to evaluate dlSpcrsllllY usmg pmhole. PDI that atC' "'1~lk:r 1011 

>50% are potentially dispersive and cause may plpmg effeci and ND! arc not dlSpCrSl\C (I ell I"~ ,,/ 
1992). 
Project: Sibilu dam sitc 
Sheet No. 03 
Datc ofrcccipi sample 05-07-96 
T est dale 10-07-96 
R d AA WS \ la 'C IliA 011 25 796 cpo rte to: , s g , - -

Field No. Classdica- Head Time ro< 
tion (mm) tCSt (Min) 

ND ! 820 j SA!-P4(4A) 
j SA !-P! (2A) NOI 820 

SA2-P5(3 A) NDI 820 j 

SA2-P! (2 A} NDI 820 j 

SA4.P3(3A) PDI 820 j 

SA4-Pl(3A) PDI 820 j 

SA l-P4(4A) · -· 
SAI·PI (2A) · 
SA2-p j(3A) - · · 

SA2-P3(4A) · --
SM -P l(2A) · · 
SA4-P3(3A) · · · 
SAI-PI(2A) · · · 

PI NHOLE 
Rale 0 

fl ow (MII$ ) 
4<4 5>5 
J<4 3>5 
36 
4<<12>5 
0.' 
09 
· 
· 
· 
· 

· -

., , . vc and Jl13 ( .)_ I olcnl lally dlspcl SI Y cause plplllg cm~c t 

143 

Lolor lIolc dJa/llCtC I lIflcr [)'spcr II I .1 
IlIlIC (mm) 

Clear I II, 

Clcar I 1I 
Clear I Il 
0<:3f I " Not clear I 61 I 'J 

"'at clear I , 1'1 
• • 

· 
· -
· · 
· · 

· · 
· · 



l 

AUll cx-C: Chemica l Tests Procedu re 

l3ascd on con"elation with many darn fai lure Sh 
the dispcrsivity of the soil The Sod ' d cr.ard ct al ( 1976) prol>oscd chemIcal relallOlI'l.lo dctermll'lC' 

arc defined below and dctc~mincd b lU~l 3 ,SOI"\I )\lOn rallo (SAR) and Exch:lOge sodlum pC'tcCnll&C' (I SI'l 
Y C lemlca analysIs of the SOlI samples. 

Sodium adS0':Ption ralio (SAR)", Na" {OJ (COl " + M " )1 \0\ 

Exchange sodium percentage (ES P)", Na', Na' + +caJ~+Mg!' X 100% 

I nwhichNa~ K t C" dM --
. .' <>' ,a an . g . 3rc t1~c~ surcd in milllcqulva lcnts perllter 0.5 Iller 

Cons ldcllll", the SAR values In dlspcrslvlly Sherard c\ al gives the followll1g table 

Dispersivity SAR 
<0.5 Non.disperslVe 
0.5-1.84 Dispersive & l1On·dISjlCI'S II·C 
>1.85 Dispcrsll'c 

-1 able 1. I)lspcrslvlly range 111 SA R lalues -

And soil s with an ESP greater Ihan about 2% are suscepllble 10 dlsl>crsion 

Ingles & Melc:Jlf (1972) suggcsi Ihal10 assess dislX!rsmly polellilal, Ihe exchangeable wdlum IlCI(rnl<laC 
and lot:!1 concentration of the Impoundmg water should be detemlUlcd ' 1,en for mlll1Umnnllnnlle ;uk! 
illile clay, Figures 01 is used to detennine whether the 501 1 IS 111 a nocculatcd. or dl",X"fscd (ilcnlK:( u\;llrti) 
state. and whet her a change in water chemistry dUfmg the filling of the rcsen- Ir can kad t(1 dl per 1011 

,~ 

, 
::: ''''' .= 
" -
" 

ChClIl icJI II'S l5 for lIi.pfl'si,·il)' of c l ~y soilli 

(Es fi mJ lion of dis[)crsil.-il) rrom ('~dla,, ~nhlr ~("lillm "/0) 

(1,, ::lrs J.. f. lI'! CJ II . 1?71) 

(FJ<l«ula l<d lQllt) 

Slal>lr FluHUI"""1 ..... 

Lon. ul S"'dli,,~ ,"d 
J' tn li.l lltnll(tuWion 

/ 

/ 

I'.' (lhsl .... i .. ' Qn.) 

SlObl. I)t llocuilrt<l WI • 

• • 
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