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Introduction

Gibe 3 is anHydroelectricPlant,locatedin Ethiopiaalongthe Omoriver: it includesa 250mhigh RCC damcreating
areservoirof 13billionsof cubic metersof water,servinga 1870MW PowerPlant.

During the constructiorof the dam,it wasexploredthe possibilityto constructa portion of the damin two phasesto
anticipatetheraisingof the upstreanportionin orderto allow earlyimpoundingand,consequentlyearly generation.
This paper presentsthe study carried out about the stability of the gravty dam structurein the hypothesisof
constructionn two phases.

Thetwo phasegonstructionhasthe benefitto allow to anticipatethe raising of the reservoirwaterlevel for energy
productionpurposesbut hasimplicationsin the staticbehaviorof the dam,sinceit changesignificantlythe stresses
distributionwithin the dambody, thatshallbe objectof carefulanalysis.

In orderto inquire the effectsof constructionin two phase®n the stressesaluesanddistribution,a2D FEM model
was purpo®ly built, to model explicitly dam and rock foundationfeatures.Nonlinear static analysiswith staged
constructiorandimpoundingphasesvasadopted.

In orderto definethe minimum volume of the first phaseof the dam( herecalleddam1 or smalldan) that givesa
safestateof stresswithin the dambody, variousdesignscenariosvere analyzedin termsof different downstream
slopesof thefirst phasedam.

Thedownstreanslopewasthefirst driving factorfor this sensitivityanalysispeingdirectly correlatedwith thevolume
of RCCneededor thedam1, andthereforehavinga directimpacton time andcostsrequiredfor its construction.Of
coursealso other parametersvere conjunctivelyinvestigated(not describedn this article), suchasjoints, themal
effects,seepage3D effects.

Theresultsof the studyshowtheimportanceof the downstreanslopesof thefirst phaseon the structuralresponse.
In somescenarioghereis a significantdecreasef the total stressesn correspondencef the upstreanface of the
dam,which increaseghe risk of localizedcracks.Moreover,it hasbeenobservedasconsequencef the simulated
earlyimpoundingandstagecd-onstructionthatthemaximumcompressivetressemaybelocalizedatthedownstream
toe of thefirst phasedamratherthanat the toe of the entiredam,with consequenteedof reviewof the RCC zoning
design.

For the specificcaseof Gibelll dam,the studyconductedconfirmedthatan accuratedesignof thefirst phaseof the
dam can make statically viable suchstagedconstruction,andit canallow to gain confidenceon the possibility to
controlthe effectson the stresdistributionof thetwo phase®f constructionfor thefinal benefitof bothengineering
andconstruction.

1. Stateof the Art

Thetwo phasegonstructiorfor a damis atechniqueknownin literature[1],[ 2] mostsimilarin concepto thedesign
of Guri dam(VenezuelapndRossdam(USA).
Fig. 1 showstwo typical configurationof stagedconstructiorfor a200mhigh RCCdam|[1],[2]:
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Fig. 1: Twostagedconstructionof a 200m high RCCgravity dam[1],[ 2]

Thetwo stagesolutionforesawto constructthe damin two phasesthroughmonolithA andB.

Whenit was exploredthe possibility to constructGibe Ill RCC gravity damin two stagesthe alternativel, was
considered.

In the alternativel, Monolith A is onthe upstreanside,with the constructionjoint parallelto the downstreanof the

entiredam.Monolith A is constructedor thefirst while B follows after someweek. Amongthe advantagesf this

methodthereis thatthe smalldamA is completedrapidly andcanbe usedfor earlyimpourding, andpossiblyearly
generatiorof energy Ontheotherhand,animportantdisadvantages thetensileconcentratiorattheinterfacebetween
thetwo blocks(A andB), atthetop of monolithA (which mayberequiresteelrequiresteelreinforcementn thatzone
to preventcrack)andatthe heelof smalldam.

2. Dam Features

Gibe lll is an hydroelectricproject,locatedin Ethiopiaandtogetherwith Gilgel Gibe (200 MW) and Gibe Il (420
MW) is thethird plantof Gibe-Omocascade.

The EthiopianElectric Powercompany(EEP)is the employer,Salini-impregilo S.p.a.the EPC generalcontractor,
StudioPietrangeliS.r.l. the designermnd StudioMasciottaworkedashis consultanfor damstability analyses.
Theplanthas1870MW of installedpowerand6400GWh of annualenergyproductionandcurrentlyit is the highest
RCCgravitydamin theword|[3] ; its maximumheightis, in fact, equalto about250m, damcrestlengthis 960m,with
atotal volumeequalto about6.500.000cubic meters.

Constructionis almost completed(Fig. 2), while the impoundirg startedone year ago, to anticipatethe power
production.

During the constructiorof the dam,it wasexploredthe hypothesido constructhe damin two stagessolutioncalled

smalldam, to anticipatethe raisingof the upstreanportionin orderto allow earlyimpoundingand,consequently,
earlygeneration.
Thisideawasconceivedn theattemptto gainevensomeweeksof time duringtheconstructionthat,by theconstraints
of the Ethiopiandry/ wet seasonsycles,could haveimplied muchmoretime (andcosts)savingsin the overallwork
andenergygenerain schedules.



Fig. 2: Gibe3 Damunderconstruction
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To evaluatethe stability and the safetyof the damin two phasesFEM analysesvere conductedo explorevarious

scenariowith differentdownstreanslopeof smalldamrespecto thedownstreanslopeof entiredam,to evaluatehe
bestsolutionsin termsof acceptabilityof stressconfigurationaccordinghereferencdnternationalStandardiJSACE

[6],[7], andthe DesignCriteriafixed in the EPCcontract.
The 2D FEM Modelsincludetypical sectionsof the dam,overflow andnon overflow type, anda significantportion

2D and3D FEM Modelswerecarriedout, butonly 2D FEM analysesareshownin the presenpaper.
of foundationrock.

3. Fem Models

Fig. 3: 3D Gibe3 DamModel



2D FemModelswere carriedout with finite elementsoftwareStraus7versionR2.4.4[4]. Different configurations
wereconsideredby usingthe 2D model,only two amongthe mostsignificantscenariosare herepresentedthe first,
in which the downstream sslopeis equalto 0.7151, aboutparallelto the downstreanslopeof the entiredam,andthe
lastin which the downstreanslopeis equalto 0.9:1, asin:
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Fig. 4: Main NonOverflowch 0+450:D/S slopefor thetwo phasesdam:0.715:1(a);0.9:1 (b).

The bi-dimensionalFinite Elementanalyseshave somebasicsassumptionsplain strain status,dam and rock are
modelledwith 4 nodesquadrilateraklemeni{Quad4) andareassumedbothisotropic,theboundarie®f therock mesh
arespecifiedata horizontaldistanceof 1,5timesthe damheightandat a depthequalto thedamheight.
Thetypical sizeof quadrilateraklementsare:
3x3m, in thedambody

A 1xim, in thedambodyandin therock nearthe damfoundation

A 10x10m, in therock far from damrock contact
To constructthe FEM modeltwo main sectionswhereconsideredMain Overflow SectionandMain Non Overflow
section,butonly resultsof the Non Overflow sectionaredescribedn the presentwvork, for sakeof brevity.
Themaingeometrtal characteristicef Non Overflow sectionaresummarizedelow:

A H=238m max. heightabovefoundations
A z=896.0mas.l. crestlevel
A z..=658.0mas.l. lowestpointlevel

The small dambaseis at elevation770 m a.s.l.,while its crestis at 820 m a.s.l.. The U/S slopeof the damis 0.1:1,
while the D/S slopeis equalto 0.715:1for the first solutionand 0.9:1 for the secondsolution. The smalldamcrest



width dependsn the chosenD/S slope:11 m for the first solutionand13.3m for the secoml solution,in any caseit
shallremainsufficiently wide to allow to passwith dozerstrucks,rollersandequipmenneededor RCCconstruction.
Fig. 5 showsthe zoningadoptedor the nonoverflow section,andthe mainfeaturesof the materials:

fck 10 MPa
E=12GPa
fck 15 MPa
E =18 GPa
fck 12 MPa
E =144 GPa
fck 18 MPa
E-5GPa E=21GPa
E= 10 GPa

Fig. 5: NonOverflowsection: FEM MODEL

3.1Loads

Theloadsconsideredor the Non linear staticanalysiswith stagedconstructiorare: deadloads,headwatepressures
referredto the Normal OperatingConditionlevel (892m a.s.l.),tail waterpressureseferredto the Normal Operating
ConditionLevel (677 m a.s.l.), uplift pressuresndsilt pressurg5].

Theloadingconditionswereobtainedfrom the EPCDesignCriteriaandthe USACE gravity dammanual[6],[ 7], and
theyhavebeenupdatel consideringheconstructiorin two phaseskollowingloadingconditionswheredeemednmore
representativéor the purpose®f stressaanalysiswithin thedambody:

A OperatingLevel of smalldam(earlygenerationgl 815m a.s.l.

A Normal OperatingCondition (Dam1 + Dam?2) el 892m a.s.|.

4. StressAnalysis: Resultsand comparisonbetweensmall dam and entire dam

Thestressanalysiswascarriedout by meanf FEM methodologywith Non Linear StaticAnalysiswith Construction
Stages.

Hereinafter the resultsof smalldamsolutionarereportedin termsof stressstatusto evaluatethe bestconstructive
configuration,andarecomparedvith theresultsof original entiredamsolutionfor Normal OperatingConditionswith
reservoiratelevation892ma.s.l..

To obtainthebestconfigurationthestressstatusn thedammustbeacceptablaccordingo thelimits fixed by USACE
codeqd6],[ 7], andDesignCriteria, with particularreferenceo the stresdistributionon the upstreanfaceof the dam,
thatmustremainin compressiorior a hydrostatigpressue discountedy 50%.

In fact,accordingto the EM 1110-2-2200,page3-5 [6], uplift within thebodyof aconventionatoncretedamshallbe

assumedto vary linearly from 50% of maximumheadwaterat the upstreanfaceto 50% of tail waterat downstream



face , andEM 11102-2006at par. 5-2 [7], confirmsthat the prescriptionis applicableto RCC dams with certain
characteristics

Initially the stressstatusfor thetraditionalschene wasanalyzed.

Fig. 6 shows,for the referredschemeof traditional whole dam construction the stressmap and the trend of total

vertical stresse®n the U/S face, for the main non overflow section(ch. 0+450)andfor the representativéoading
conditionof Normal OperatingCondition: from theresultsit is clearhowthe solutionof the entireconstructiorphase
is acceptablén termsof verticalstressealongthe U/S face,sothedesignin termsof U/S, D/S slopesandRCCzoning

is correct.

Plate Stress:YY Mid plane (MPa)
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Fig. 6: Resultof thetraditional damconstructionjn termsof vertical stresses.

Theconstructionn two phasesvith partialimpoundingchangeshe stresdistributionwithin thedambody: generally
the effect of the small damconstructionis an increaseof compressivestressat the D/S toe of the smalldamanda

decreasef stresdn the u/sheelof thesmalldamtoo. The cause®f thesephenomenavill be analyzedafterwards.

In particular,the secondaspectis dangeroushowever,a gooddesignof a phasedconstructionwith an appropriate
slopecanleadto economicadvantagesavoidingatthe sametime the underlinedproblems.

A first hypothesisanalyzedor the smalldamconfigurationconsistedn a downstreanslopeof the of smalldamequal

to 0.715:1,parallelto the downgreamslopeof the entire dam,the aim wasto minimize the volumeof RCC of the

smalldam.

Themaingeometricacharacteristicef the smalldamwith 0.715:1D/S Slopewerethe following:

A nh=s50mas.l max. heightabovethe base
A z=8200mas.l. crestlevel

A zn, =770.0mas.l. lowestpointlevel

A c=11m crestwidth

A suis=0.1H/1V smalldamu/sfaceslope
A sdis=0.715H/ 1V smalldamd/sfaceslope

This solutionleadsto a stresdistributionon the upsteamface of the dam,thatis not acceptablaeitherfor the EPC
DesignCriterianor for prescriptionsof USACE Codeq 6],[ 7], asFig. 7 andFig. 8 show
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Fig. 7: Vertical Stresdlistributionfor Normal OperatingCondition(dam1+ dam2)for D/S Slopeof smalldamwith D/S Slope
0.715:1for TwoPhaseConstruction
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Fig. 8:Vertical Stresdlistributionfor Normal OperatingCondition(dam1+ dam2)on the upstreanfacefor traditional
constructionand smalldam(a); Particular: WaterPressureDiscountedb0% (b)

Fig. 8, showsthe distributionof vertical stresseslongthe u/sface of the dam:the dottedline representshe vertical
stresseslong the upstreamface for the two phasesconstructionsolution, while the solid line representshe same
outputfor thetraditionalconstructiorsolution.

In particular,blue linesrepresenthe distributionof total vertical stresseslongthe u/sface,greenlinesrepresenthe
distribution of effective vertical stressesalong the u/s face, evaluatedconsideringthe total vertical stressesand
subtractingto themthe 50% of hydrostaticload, orangelines representhe distribution of effective vertical stresses
alongthe u/s face, evaluatedconsideringthe total vertical stresse&nd subtractingto themthe 100% of hydrostatic
load.

It s clearthatthe constructiorof smalldamleadsto a decreasef the U/S vertical stressesdn particularat 770m a.s.l.

elevation,wherethe decreasés soimportantto changethe compressivestresgequalto -0.11 MPa) to tensilestress
(equalto + 0.22MPa),asshowin Fig. 8(b).

The causeof this changeis dueto the stagedconstructionsand early impounding:in fact, whenthe small damis

endedthe upstreamfaceis subjectto an hydrostaticpressureup to 815 m a.sl. (early impounding)to allow early

generationthis involvesthe developmenbf somestressedn the dam,thatkeepsmemoryof thesestresseschanging
thefinal distributionof stressegpoo.

Sincethis configurationwasnot acceptablédecausét didnt complywith EPCDesignCriteria (for which thevertical

stressemustremainin compressiomll alongthedamupstreaniace) thedownstreanslopewaschangedrom0.715:1
to 0.9:1,with theaim of limiting the aforementionedriticality.
Themaingeometricacharacteristicef the smalldamwith 0.9:1 D/S Slopewherethefollowing:

A h=s50mas.l max. heightabovethe base
A z=8200mas.l. crestlevel

A zu.=770.0mas.l. lowestpointlevel

A c¢=133m crestwidth

10



A su/s=0.1H/1V smalldamu/sfaceslope

A Sdis=0.9H/1V smalldamd/sfaceslope
Fig.9 showsthestresanapof theproposedsmalldam,while Fig. 10 showsthedifferencedetweertheverticalstress
alongupstreanfacebetweerthe proposedsmalldamsolutionandthetraditionalconstructiorsolution:
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Fig. 9: Map of Vertical Stresdistributionfor Normal OperatingConditiondam1+ dam2)for D/S Slopeof smalldam0.9:1: Two
PhaseConstruction
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