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ABSTRACT

This study presentatie dam breach analysis and flood inundation mapping for Gidabo-fiick
embankment darfound in Southern part of Ethiopidhe geometrical data used for this study
was extacted fromthe recently released ALOBLASAR digital elevation model by Alaska
Satellite Facility, whichs having the spatial resolution of 12.5 by 12.5 metérse dimensional
unsteady flow simulation within HERASmodelwas used to simulate dam breaxh for both
overtopping and piping failure scenarioBam breach parameters estimation was done for
different empirical equationszroehlich (2008) and Von Thu& Gillete methods was preferred
since the results obtained for these methods are more apm@®dchtheenvelopecurve
developeddr the historical dam failures foovertopping and piping failuresespectivelyRAS
mapper and ArcGIS tools was used to present the maps of spatial distribution of flood extent,
flood depth and flood velocity, floodundation, flood hazard maps of the study afda breach
parameters estimated for both overtopping and piping failure scenavassprovided the
reasonable valueg.he maximum breach dischargenulated forovertoppingand pipingfailure

was obtainedas 15,94518 nt/s and 14,904.18 riis, respectively Sincethe failure were tested

for hydrologic failure and for normal water level condition, the magnitude of flood and the
spatial distributions are obviously differemeveloped inundation maps from thisdsticould be
possiblyhelp as guidancefor dam ownes to developthe emergency action plaand for future
expansion of irrigation project infrastructureand other developmental activities around the

downstream of thdam.

Keywords:HEC-RAS, HEGGeoRAS, EM, Dam Breach, Inundation Mapping
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Dam Breach Analysis and Flood Inundation Mapping for Gidabo Dam

1.l NTRODUCTI ON

1.1 Background

Dams are one of the most significant infrastructuhes provide the benefits tdlood control,
irrigation, water supply, hydropower, navigatioand alsousel for recreation purposes
However, it is anevident of historical fact that failure dhe dams lave resulted in high
casualtiegPandyaet al, 2013) Hence, the prediction afam breachs the necessary steps for
forecasting and evaluation @boding disaster and preparation of an emergency action plan
(Shahapure, 2017Yhe development of an effective emergency action plans requcesase
prediction of inundation levels and the time of flood wave arrival at a given lodgationg,
2011) Historically, failures ofthe dams that has been occurred during 1960 to 1970 have led to
the inception of a new research field that deals with dam failures amutisimg consequences
(Pandya et al., 2013)

The dam failures are comparativefre;however, once they occur impose immense damage and
loss of life and properties. Thus, being one of the most destructive failures, a wide rdage of
breach anlgsis have been condted(Sharma & Mujumdar, 2017Modeling a dam breach is a
critical step in helping to identify potential damage to structures and property, and most
importantly, to prevent casualti€asburry, 2009; Xiong, 2011Basically, @m breach analyses
include estimation of the dam breach parameters, estimation of the dam breach outflow
hydrograph routing of the dm beach hydrographand estimation of downstream inundation
extent and severitfFERC, 2014)

Usudly, dam breach prediction models are based on empirical data derived from a number of
case studiesmostly from earth androck fill embankmentdam failures(FERC, 2014) The
empirical equations relate the dam breach parameters to properties of the dam and reservoir such
as height, dam type and its erodibility, volume impounded, and shape of the reddeRG,

2014) Some of the most widely ustatistical regression in empirical equations was developed

by scholas such adMacDonald and Langridg®onopolis (1984), USBR (1988Yon Thun and

Gillette (1990),Dewey; Gillette (1993), and Froehlich (1995, 2008urrently, breach modeling

is further advanced witlts predictioncapability forbreachoutflow hydrographand routing of

thehydrograph downstreamith the combination ophysicalmodelsand empiricakquations

HU, loT, DepartmentCivil Engineering(Hydraulic Engineering Stream) Pagel



Dam Breach Analysis and Flood Inundation Mapping for Gidabo Dam

Theterm breach modelings basically refers to the process of understanding and simulating the
breach development in a dgandya et al., 2@). It is mainly includeghe estimation breach
parameter, breach peak discharge istlydrographbreach flood routing, and the estimation of

the hydraulic conditions at critical locatiofSolorado, 201Q)There arenumber of modeling

tools has been developed ranging from simple to complex models. With advancements in
modeling, many maelslike HEC-GeoRAScan interface wittgeographic information systems
(GIS) tool to extract geometric data frahgital terrain data to produce automated dam breach
inundation zone delineatiofdbdelbasseet al, 2015; FEMA, 2013)

In the dam breach analysis, there are three mwasimonly used approacheamed as event
based approach, rigkased approach and tiered dam bresawdlysisapproache$FEMA, 2013)
According toFEMA (2013) risk-based approaches become more acceptable method for dam
safety and design purposés the past two decade®am breach analysisan provides
multipurpose from evaluating the already happened problems déstablishingappropriate
spillway design forthe damns. Inundation maps produced from dam breach is also of great
important for decisioomakers.In order to produce aaccuratesimulationresults,the accuracy

level d input dataand/orparameters imore significant.

Within this study, it is aimed to use the combination of HERS, HEGGeoRAS and ArcGIS
modelling tools forthe dam breachanalysis and inundation mappifgr Gidabo embankment
dam. A number ofliterature review shown thatiEC-RAS onedimensionalunsteady flow
simulation can provides more reliable results in dam breach guahyaret al, 2017) In order
to produceappropriate accurate resylits may needdetail surveying datéo extract geometric
data within HECGeoRAS, which is costly and time consuming tagkerefore it is aimedto
utilize digital elevation modelDEM) recently releasednline by Alaska Satellite Facility
(ALOS PALSAR productwhich is having 12.5x 12.5 m spatial resolion). The other data
requiredexecutingthe studylike hydrological data and dam salient featwrasalsobe collected

from the Ethiopian Construction Design and Supervision Works Corparation

HU, loT, DepartmentCivil Engineering(Hydraulic Engineering Stream) Page2



Dam Breach Analysis and Flood Inundation Mapping for Gidabo Dam

1.2 Statement of he Problem

Uncertainties related to design adpacity of dams are enormous. Among others, land use land
cover, and climate change possibly alter flow patterns. This could lead to unprecedented inflows
to the dam which may responsible to dam failure. Thus imperative to investigate possible

flow scenarios that may endanger lives and properties if dam failure occurs.

There are a number of damdich have been constructed and also under construction in our
country. One of the good news is thttere is no failure of damecorded yet in Ethiop.
However, Kesem Dam and Tendaho Dam are suspectddiltoe due to piping failure.
Obviously,the dam breach modeling is the most significant tasidentify the possible causes

of failure, simulate the brehing process so that design parameters carebiewed, maping

the aredhat shall be flooded in ordes demarcat@repare emergency action pla@enerally,it

is good practice to analyze probable consequences of damage before failure of the dam take
place.And it is why this study is focused oam breaclanalysisand inundation mapping foine

Gidaboembankmentiam.

1.3  Objectives of he Research

1.3.1 General Objective

The general objective of this research is to analyze the dam aedatevelop inundation map
for the Gidabo embankment dam using HHRAS and HEGCGeoRAS models.

1.3.2 Specific Objectives

The specific objectives of this research: are

D

To assess dabreach parametefbreaching size and tim&ilure modep

D

To rout outflow hydrograpb downstream of the dam

D

To develop inundation maghatprovidesareal extent oftheflood

HU, loT, DepartmentCivil Engineering(Hydraulic Engineering Stream) Page3
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1.4 Research Questions

The research question should be answered@&tapletions of simulations are

D

Whatare the key parameters that influettveestimationof dam breach parameters?

D

What is the magnitude of the flodldatwould be produced at the downstreafithe dan?

D

Which part of thedlownstreanarea would be more prone to the flooding effect?

1.5 Significance of he Study

An attemptwas made to predictlam breach flood inundation to identify possible flood prone
area at the dowstream of the dam in case of dam failurke studyenhances the scientific, real
information, and identifiethe problem of the study area to familiaribe communitywith the
infrastructure to creatthe safe environmenklence, the output of this studypuld be used to
assist the dam owners (MoWIE) in order to develop emergency action plan, propose mitigation

plan (structure or nestructural), future expansion mfigation command area and etc.

1.6 Thesis Organizatiors

Thethesis is organized in six chiaps.Chapter one dealsith the introduction, statement of the
problem, research (objectives and questions), and the signifioatite studyasshownabove
Chapter twodescribeghe literature review orthe history ofdam breachdam breach analysis
and modeling breach modelling with HEQRAS, hazard classifiation systems and potential use
of inundation mappingChapter thre@rovidean overviewstudy area and data sets ugedhis
study Chapter foulis about methodology of the research adoptedhisrstudy using HE€RAS
and HECGeoRAS. Chapter five isdescribes result and discussions. Chapter sixdkides

conclusionand recommendatiofrinally, references and appendices are also provided.

HU, loT, DepartmentCivil Engineering(Hydraulic Engineering Stream) Paged
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2Ll TERATURE REVI EW

2.1 History of the Dam breach

Historically, several loss of life and property damage has been recorded over the world wide due
to the failures of the damsAll types ofthe dams have experienced failure due to one or more
types of eventsHowever, by far the majority ahe dam failures thabccurred have beean
embankmentdams.Under this section, a review of historic dam failure occuoeet the world

during thepastperiodsandthe historical development of dam breach analysis will be discussed.

2.1.1 World Historic Dam Failures Recorded

Regadless of their design or construction, dams have increased forces applied to them during
extreme events which increase the potential risk of failure. Failures may occur due to a variety of
causes such as a significant hydrologic event, structural fadersmic activity, operational
error, or other deficiencie§Wahl, 1998) When the dam breach occurs, an uncontrolled release
of water impounded behind the structure will cause flooding in the downstream area. Hence, the
energy of the watethat stored behind the dam is capabliecausing rapid and unexpected
flooding downstream that may resulting in losdifef and great property damagglvarez et a|

2017) The failure may occurin several formsmainly as overtopping and piping modfs an
embankment damTable 1summarize the major failures of dams occurred on the vaontohg

the past period of time

Tablel: Summarizel worldwide majordam failuresSource("DamFailure,” n.d)

Dam Year Location Fatalities Remarks

Marib Dam 575 | Sheba, Yemen Provokedhe migration ofup to 50,000
unknown | people from Yemen

Puentes Dam | 1802 Lorca, Spain 608 1,800 hoses and 40,000 trees destroye
Bilberry 1852 | Holmevalley, 81 Failed due to heavy rain
Reservoir United Kingdom
Dale Dike 1864 | SouthYorkshire, 244 Defective construction, small leak @n
Reservoir UnitedKingdom wall, > 600 houses wre damaged or
Mill River 1874 | Williamsburg, 139 Insufficient design, 600 milliogallons of
Dam United Sates water were released
South Fork 1889 | Johnstown, 2209 Following heavy rainfall
Dam United States

HU, loT, DepartmentCivil Engineering(Hydraulic Engineering Stream) Page5
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Walnut Grove | 1890 | Wickenburg, 100 Heavy snow and rain following public ca
Dam United States by the damds chief
the earthen structure
Austin Dam 1911 | Austin, United 78 Poor design, use of dynamite to remedy
States structural problems. Destroyed paper m
and much of the town of Austin
Tigra Dam 1917 | Gwalior, India 1000 Failed due to water infiltrating through
foundation. Possibly more fatalities
Gleno dam 1923 | Provinceof 356 Poor construction and design
Bergamo, Italy
St. Francis 1935 | Santa Clarita, 600 Geological instability of canyon wall
Dam United States
Dam of Sella | 1942 | Molare, Italy 111 Geological unsable base combined with
Zerbino (29 flood
Mohne Dam | 1943 | Ruhr, Germany 1579 Destroyed bombing during emtion
Chastse in world war 2
Kurenivka 1961 | Kiev, Ukraine 1500 Caused by heavy rains
Mudslide
Panshet Dam | 1961 | Pune, India 1000 Dam burst due to pssure of accumulate
rain water
Vajont dam 1963 | Monte Toc, 2000 The dam did not collapdmut 110km/h
ltaly landslide fill the reservoir, and water
escaped over the top of the dam
Sempor Dam | 1967 | Central Java, 2000 Flash floods overtgped the dam during
Indonesia construction
Bangiao 1975 | Zhumadian, 171000 | Extremerainfall, 11 nillion people lost
ShimantaDam China their homesworst dam failure
Teton dam 1976 | Idahq USA 14 Due to piping, >1 billion $ property
damage
Machchu2 1979 | Morbi, India 5000 Heavy rain and floding beyond spillway
Dam capacity
Kantale Dam | 1986 | Kantale, 180 Poor maintenancéeakage and consequeé
Sri-Lanka failure
Koshi Barrage| 2008 | Koshi Zone, 250 Heavy rain the flood dfected over 2.3
Nepal million people
Situ Gintung | 2009 | Tangerang, 98 Poor maintenance and lwgamonsoon rai
Dam Indonesia
GermanaMine| 2015 | Minas Gerais, 13 One village desbyed, 600 evacuated, 14
TailingsDam Brazil miss, Iron west sludge polluted Doceer
Patel Dam 2018 | Solai, Kenya 47 Failed after several days of heavy rain
Xe-Pian Xe | 2018 | Attapeu 36 Saddle dam ctdpsed during rainstorm
Namnoy Dam Province Laos 6600 people homeless, 98 missing.
Brumadinho Brumadinho, Tailings dam suffered a catastrophic
dam disaster | 2019 | MinasGerais 217 failure releasing 2210° m® of tailings
Brazil slurry, 87 people missing

HU, loT, DepartmentCivil Engineering(Hydraulic Engineering Stream)

Page6


https://en.wikipedia.org/wiki/2018_Laos_dam_collapse
https://en.wikipedia.org/wiki/2018_Laos_dam_collapse
https://en.wikipedia.org/wiki/Attapeu_Province
https://en.wikipedia.org/wiki/Attapeu_Province
https://en.wikipedia.org/wiki/Laos
https://en.wikipedia.org/wiki/Brumadinho_dam_disaster
https://en.wikipedia.org/wiki/Brumadinho_dam_disaster
https://en.wikipedia.org/wiki/Brumadinho
https://en.wikipedia.org/wiki/Brumadinho
https://en.wikipedia.org/wiki/Brazil

Dam Breach Analysis and Flood Inundation Mapping for Gidabo Dam

2.1.2 Historical Development ofthe Dam Breach Analysis

In order to reduce the potentialrdages owing tdhe dam breaches, severaydrologic and
hydraulic modeling tool®ave been developdd simulate downstream water levels in response
to a dam breaclHoogestraat, 2011Back to the hstory, thedam break study was startad
Francein 1850s.Thus, fom 185&to195G there were no computers so the dam break study was

focused on finding theoretical solutions and physical mode(Yest et al., 2012Joshi, 2017)

However, sincel960s there have been numerous developments of phydieakyl and
numerical dam breach mddeFor instancethe first breach model was proposed Gyistofano
in 1965 (FEMA, 2013) From 1958 to 199Cs the study was focused othe factors that
responsible for dam break and flooding disaster at downstream of damtle period of 1930
to present, thetgdy is focused on dam safety analysith advancd technology from simple to

very complex simulatiod D/2D model that caibe automated by high processor computers.

The modern dansafety analysis has been an evolvingrsoéesince the failure of Tetonainin
Idaho,USA in 1976, there has been a significavolution in the understanding of floods, dams

and other critical infrastructures on which modern socktp e opl eds we@obshibei ng
2017) In In 1977,the United StatdNational Weather ServicedN{VS) has beerdevelopedthe

first DAMBRK model to analyzehte dam breachrpcess and routpeak breach outflows to
determine inundation depths downsireof the danfFEMA, 2013) After this period to the mid

1990s, a series of regression equations were developed for the prediction dam breach parameters

andpeak dischargestimationfrom breached embankment da(REMA, 2013)

The datistical regression analyses suchMecDonald and Langridg®onopolis (1984), USBR
(1988) Von Thun and Gillette (1990Rewey and Gillette (1993), and Froehlich (1995, 2008)
were also developed foruse with empiricaimethods(FEMA, 2013) Since this time breach
modeling process wdsirther advanced witlits predictioncapability forthe reservoir outflow
hydrograph andor routing of hydrograph downstreamvith the integration ophysicalmodels

and empiricalequationsin July 1995 the U.S. Army Corps of Engineers was released the first
version of HECRAS which designed by Mr. Gary W. Brunnandits updatel every timesThe
current version of HE@RAS have capable of performing oedenensional steady flow

hydraulics one and twedimensional unsteady flow river hydrauliccand some others
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calculationgBrunneret al, 2016) There are so marstudies havéeencarried outusing HEG
RAS model 6r dam breach analysi$he present studgan bealso ®nducted with this modéh
combination withHEC-GeoRAS. According to the litature reviewby Kumar et al.(2017)

unsteady flowsimulation provides more reliable results in dam breach study.

Integrationof HEC-RAS hydraulic modelling wittgeographic information systendbdelbasset

et al, 2015)also provides thepossiblities to automatially preparethe geometric data artd
import it into the hydraulicmodel, like HECGeoRAS. In addition, data generated by the
hydraulic model can bealso exported backo the GIS to produce inundation maps and to
perform further analysigDerdouset al.,2015) However, recently released version HRBS

packagehave capability to produce visualizatiof inundation mapping using RA8apper

2.2 Embankment Dam Breach Scenarios

Several sidies have been carried out over the worldwide in order to understand the main causes

of embankment dam failures. The studies shown ithme mb a n k me n t damdés f ail
mainly occursdue to piping andvertoppingfailure and also sometimesbecause ostructural

failure (especially foundation defgctin dam breach studies the embankment damach

scenarios are referred two failure mechanisms called suinny dayfair weatheyo  afinathy

day (hydrologic failurgo failure conditions(FEMA, 2013)

2.2.1 Fair W eather (Sunny Day)

A fair weather breach is occummder normal flow or dry weathé€nonhydrologic) conditions
wherethe water released causes the largest change in flhwesieservoivolume considered is
as at its normal operating level. my day breaches are generalbssociated with internal
erosion(piping) of the embakment,embankment instability or potential damage following a
major seismic evenfHall et al, 2016) Hence,fair weather breach is typically @d to model
piping failure modesfor the embankment danThis condition is examinelly establishingan
initial reservoir water level anstartinga breach argsis without additional inflowfrom a storm
event Piping failures occurs whenthere is concentrated seepage that developghdin
embankment danWhen the water naturally seepitigough the dam core, increases/alocity

and quantityt could beginto erock thefine sedimentsut of thesoil matix.

HU, loT, DepartmentCivil Engineering(Hydraulic Engineering Stream) Page8



Dam Breach Analysis and Flood Inundation Mapping for Gidabo Dam

Piping can alsgeneratealong conduits, outlet works, and abutmettenough materia¢roded
thena direct piping connection may be establisfrech the eservoir water to the dam face and
initiate the failure of thedamby piping failure(FEMA, 2013) As the voids become largand
largerdue to pipingerosion becomes more rapid anite the erosion reaches tteservoir, it
can enlarge and cause catastrophic dam failime.movement of water through the dam during
such pipingprocess is modeled as a pressurized orifice type floppically, piping failure
begins near the downstream toe of the dam and works its way toward theaggpeoir Figure

1 (i) shown conceptually the stages of embankment dam breach condition giping failure.
The Teton Dam failureccurredn 1976,in USA isa famous exaple of a piping failure.

(i) Piping Failure (ii) Overtopping Failure

Figurel: Stages oflevelopment of embankmetidm breach (Source: USACE, 2014)
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2.2.2 Hydrologic Failure (Rainy Day)

Hydrologic failure breackcenaricof theembankment dam estype ofbreachthatsuperimposed
upon extreme precipitation and runoffonditions where water released causes the largest
incrementaincrease in flood damagEor such failure scenaribe regrvoir volume considered

is atthetop of the embankment, which can be significantly more tharvolume athe normal
operatinglevel (Hall et al., 2016) Generally rainy day breachedailure scenariois usually
asso@ted withan overtoppingfailure which may resuirom inadequate spillwagnd reservoir

capacityto handle the resulting flooding event

Overtoppingfailure occurs when the water surface elevation in thervegeexceeds the height

of thedam; water an then flow over the top crest of the damahntmentA failure may also
occur when a r eser \ttunctiobirgy property,| thetebyasiggstheemate i s
surface elevation of the da®vertopping of a damas a result of flooding is th@mostcommon
failure mode for embankment dafEMA, 2013)

Generally,overtopping failue of an embankment dam head ettsion process will first starts
on the downstream side tife damand progresseasgpstream.The breach is onsidered to begin
when erosioroccurs aarss the width of the dam crest. While wategoing over the dam crest,
the dam crest acts like a breagksed weir.The head cut begins tt into the dam crest, the
weir crest length will become stter, and the appropriate waioefficient will trend towards a
sharp crested weiiThe time for beach initiation that used in HERAS model is shortly afte

what showed ifigure 1 (ii) C (Brunner, 2014)When the head cut reaches thmstream side of
the dam crest, a mass failure of the tgmih cret may occur, and the hydrautiontrol section

will act very much like a sharprested weir

Figure 1 (ii) shown conceptuaktages of embankment dam breaohditionduring overtopping
failure. After the brech initiates at the top of tram cret, it enlarges to its ultimate extent
(Central Water Commission, 2018)The head cut willalso continue to erodeipstreamside
through the dam embankment, as well as erode dawime same timeAccording to most b
literature review, majority of embankment dam failure wasurreddue to overtopping failure.

The ChagChaqgdam failure in 2006 is one of this typefaflure examplé Abdulrahman, 2014)
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2.3 Dam Breach Analysis

Dam breachanalysisis the process oftudying a dam failure phenomenon ahlyzingthe
resulting consequences at th@vnstream of the darfPandya et al., 2013This generallydeals
with simulation of asumed failuremodesusing physical based, sejinysical based and non

physical based approaches existing dams&ndanalyzingthe resulting consequences.

Dam breach analysis is usually nclucted to determinghe ultimate disearge from a
hypothetical breach of a dam undkgiferent condition Mainly, the outcoms from dam breach
analysisis a breachydrograph from dam failure with a flood wave immediately downstream of
thedam, which is routed throughotlte downstreanriver system(Asnaashari et al., 2014 his

is usedto determine the flood arrival time, peak flow, and the depth of flow at downstream

locations.

In the context of risk informed decision makiagproach dam breach analyses are neefted
determining the potential consequences of a failure occurrence over a range of loading
conditions.Dam breach analyssan al so be used as part of a
the selection of alternativesptions. The type of analysis as well dse level of accuracy
expected can be determindggk potential hazards and complexity of the downstream area being
modeled.Depend on the dam hazard classification details of data required may bEoraitye
conditions of highly hazarded classified greere detail data will be needed to produce more

accurate results.

According toFEMA (2013) dam breach analysis are used for multipurpose furetastfisted

out here below

Evaluating and establishing the hazard potential classification for a dam
Estimating the potential fooés of life

Evaluating dam safety risk and prioritizing dams within a dam safety portfolio
Selecting the appropriate SDF or IDF for dam and spillway design

Developing EAPs and exercise planning associated with dam safety permitting

< < K K <K KL<

Developing breach inuntlan zone mpping for floodearly warning systems, foitood

evacuation plannindor mitigation plan and for risk communication d/s of the dams.
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There are different approaehavailable for dam breacanalysis. The most widely used dam
breach analysis @poaches are an evemased approach and riblased approach. Details of each

approachare discussed in consecutive sections.

2.3.1 Event-based Approach

The eventbased approach has been traditionally the most widely usethdatam breach
analysis.lt is a deterministicmethodthat basedon specific rainfall events fahe dam bredt
analysis and downstreamundation mapping. These events may includeeex¢r rainfall and
runoff events which can be lead to natural floods of significamhagnitude(Central Water
Commission, 2018) For an evenbased approachboth a norhydrologic (air weather
failure/sunny day failurg and a specific hydrologic failure event, such agtiobable naximum
flood, are usually establishd b as ed downsteeambazarddpotential classification
(FEMA, 2013) Maximum flood for which a dam is to loesignedfor or to be evaluated is
usuallydependent on its existing hazgrdtentialor sizeclassification Several hydrologic and

nonrthydrologicevents are¢ypically evaluated as part ah everntbased dam safety analysis.

According toFEMA (2013) for hydrologic failureconditions, the magnitude dfood event
ranging from the 5@ear event for lowhazard dams up tthe PMF for higkhazard dams is
selected based on the eotial for loss of life due to the failure of tliam or for significant
economicand environmental lossesakhrd potential claggation of the dam igypically used

to select the extreme hydrologic failure evehbr a fair weather conditions, base flow is
typically ignored because of the sm@iichage and volumascompared to that of a dam breach

or the dam breach flow is two times greater thantihse flow

There arethree most commoinitial water level elevationgor fair weather breach analyses
named normal pool elevation, invert of auxiliapillway and top of thelam (FEMA, 2013)
The advantage tasing an evenAbaseddam breachapproach is thatt iis lesscomplicated to
perform and regulatat is a direct approachand the producesare more conervative breach
inundation zonemapping when compared to a rHiksed approacfFEMA, 2013) The
hydrologic failures thatause dam breach are generally analyzgesid orthe IDF established by
d a miazard classification. Theanges of initial reservoir pool levels for a fair weather (non

hydrologic) analysis areummarized iriable
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2.3.2 Risk-based Approach

Risk-based approach isometimesalso called consequecebasd approachFEMA (2013)
indicate thatrisk-based approach is commonly used for dam design purposes to establish the
SDF or IDF for a dam. For a ridkased approach, the downstream consequences for a range of
hydrologic dam failure events are evaluateEMA, 2013) It sometimes occurs that two or

more dams are constructed on a watercoargkthe failure of an upstream dam may cause a
sequential failure of a downstream dam. The consequences evaluation is not based on the
probability of failure, but instead on the potential loss of life or increase in economic losses

caused by a potentiahth failure.

The benefit of the riskbased approach is that it may demonstrate, through an incremental
damage assessment, that areas located downstream of a dam may be affected only marginally
due to a dam breach, followingraduction in the IDF for a dar(FEMA, 2013) However,
disadvantage of the ridkased appmxch is that by reducgnthe IDF to lesser magnitudbased

on downstream consequences, the impact of future developments in the downstream of a dam is
set aside from the present considerations. New development in the downstream zone that comes
under inundaon due to a dam breach may alter the consequences. This may result in the need
for dam rehabilitation measures in the future to meet the demand of increasing the spillway

capacity(CentralWaterCommission, 2018)

Inflow Design Flood and the Incremental Hazard Evaluation

FEMA (2013)defineIDFdef i ned as f#fAthe fl ood fl ow above
water surface elevation downstream due to failure of a dam or other water retaining structure is

no longer consideredto presentaunaccept abl e addi The mareanéntald o wn s t
hazard evaluation begins with simulation of a dam failure during a hydrologic flooding
condition, typically beginning with the PMF or percentage of the PMF as specifign [State

hazard poteimal classifcation requirementsThe same hydrologic event is then run for non

failure conditions. The water surface elevations for both the breach aroreash events are
compared to determine the increase in the water surface elevation resultingerdam breach.

Once the appropriate IDF for the dam has been selected, the IDF is then routed through the dam

to determine whether the flood can be safely pass#dwbuii failure(FEMA, 2013) The rew

FEMA guidancdDF for dam is shown iTable2.
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Table2: Recommended IDF for Dams UsingeBeriptive Approach (Source: FEMA, 2013)

Hazard Potential Inflow Design
Classification | Definition of Hazard potential classification Flood
High Probable loss of life due to failure or ssi| PMF
operation
Significant No loss of human life but cause econon 0.1 % annual chanc

losses, environmental damage or disruptior] exceedance flood
lifeline facilities due to dam failure or mis| (1000yr flood)

operation

Low No probable loss of huam life and/on 1 % annual chance
environmental losses due to dam failure| exceedance flood
miss-operation (100-yr flood)

Loss of life / Population at Risk

Determination of pbable loss of life is an important factor used in hazard potential
classifcation systemsnd emergency action plannifgublication of(USBR, 1999) presents a
risk-based method to estimate the number of fatalities that would result from dam failure. This
method was developed using data from about 40 floods, many of which weedday dam
failure. These publications outline the following seven steps to complete an analysis for loss of

life (CentralWaterCommission, 2018)

Step 1: Determine dam failure scenarios to evaluate

Step 2: Detemine time categories for which loss of life estimates are needed

Step 3: Determine when dam failure warnings would be initiated

Step 4: Determine area flooded for each dam failure scenario

Step 5: Estimate the number of people at risk for each failunasocend time category
Step 6: Apply empirically based equations or methods for estimating fatalities

Step 7: Evaluate uncertainty

The number of fatalities resulting from dam failure is most influenced by three factors: 1) the
number of people occupyingd dam failure floodplain, 2) the amount of warning provided to

the people exposed to dangerous flooding, and 3) the severity of the flooding. Without exception,
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dam failures that have caused high fatality rates were those in which residences wereddestroye

and timely dam failure warnings were not issg@dntralWaterCommission, 2018)

For each failure scenario and time category, the population at risk must be calculated. Population
at risk is defined as the mber of people occupying the dam failure floodplain prior to the
issuance of any warning. The method developed for estimating loss of life provides
recommended fatality rates based on the flood severity, amount of warning time, and a measure
of whether peple understand the severity of the flood{@gntralWaterCommission, 2018)n
generally dam breach reedso be conductetbr permanent solutioto rescue downstream life

and properties

2.3.3 Tiered dam Breach Analysis

A tiered study approach was developed by the USDOI. This appcaadbe used to establish an
initial dam hazard potential classification and to produce dam breach inundation zone mapping
for EAPs.However, he tiered dam breach analysis structuradsappropriate fouse in dam
design(FEMA, 2013) The tieed approach islsoused to determine the appropriate level of
complexity i n the assessment, model i ng, and
potential, size, and the complexity of the downstream area under investigation.

The level of analys for the tiered approach should correlate the sophistication and accuracy of
the analyses with the scale and complexity of the dam and downstream area under investigation.
As the sophistication of the modeling increases, so does the level of effort,atichecost
necessary to conduct the analyJiable 3 providesthe guidance to determine the tier level for
analysis for dam failure inundation modeling and mapping. This table is arranged similarly to
some United Statedeveloped tiered analysis structyrgsoviding a logical combination of
methods to perform an analysis. The dam failure analysis should be continued downstream to a
point where the breach flood no longer poses a risk to life and property damage, such as the
confluence with a large rivieeservoir with the capacity to store the flood watdfEMA, 2013).
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Table3: Tiered Approach Dam Breach Inundation Mapping for used in E&Bsrce: FEMA,

2013)
Tier Level | Applicable to Breach Peak Breacli Downstream
Parameter Discharge Routing of Breach
Prediction Prediction Hydrograph
Tierl-Basic | V Low-hazard Empirical Simplified GeoDam
Level potential small ) Models BREACH,
Screening size Equations (SMPDBK, SMPDBK,
and Sample First level GeoDam DSAT,1D HEC
analysis screening for BREACH, or RAS Steady State
significant or [TR]-66) or or HEGHMS
high hazard dams HECHMS Hydrologic
Routing
Tier 27 V Significant Empirical HEC-HMS or | HEC-RAS (Steady|
_ hazardpotential / _ HECRAS or Unsteady
Intermediate  jntermediatesize | EQuations Unsteady Modeliing) 1- D or
V High-hazard Model 2-D models
dams withlimited
population atisk
Tier 37 V High-hazard Empirical HEC-RAS HEC-RAS
potential large | Equations, Unsteady UnsteadyModel
Advanced size dams with | NWS Model or 2-D models
Sufficient BREACH, or
population atisk | WinDAM
to justify
advanced
analyses

FEMA (2013) recommend thaTier 1 and 2 analyses are most appropriate forHarard
potential / small sized arglgnificant hazargotential / intermediatsized dams with a limited
number of structures. More detailed surveying or modeling may be warranted for Tier 3 analyses
for high-hazard potential large sizeddams, those with a large population in the evacuation area,
or those with significant downstream hydraulic complexities, such as major diversion structures,

split flows, or potentiafor a series of dam failures.
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2.4 Dam Breach Parameters

Dam breach parameters are the key elementatbased for dam breach modelingncernedo
the geometry(width, depth, shapegnd time of failure of the breach formatiREMA, 2013)
Breach development and tliesultant geometry have fandamental control onhe outflow
hydrograph and thdownsteam movemenof the flood wave(Wahl, 1998) However, breach
simulationand breach parametprediction contain the greatastcertainty of all aspects of dam
break analysigSidek, Ros, & Ahmad, 2011) Martin & Akkerman (2017) indicate that,

defining breach parameters afgallenging procedure.

The following definitions are the most commonly accepted for the evaluation and selection of
dam breach paramesdFEMA, 2013) A figure 2 shows dimension of a dam breaohresponds

to definitions here below.

V Breach formation time (time-to-failure): The duration of time between the first
breaching of the upstream face of the dam (breach initiation) and when the breach has
reached it full geometry.

V Breach depth (breach heght): The breach depth is the vertical extent of the breach
measured from a specific elevation to the invert of the dam breach.

V Breach width: The breach width is the average of the final breach width, typically
measured at the vertical center of the bineac

V Breach side slope factarThe breach side slope is a measure of the angle of the breach

sides represented as X horizontal to 1 vertical (XH: 1V).

The breach width is described as an average bneath (Bwe in mostequatiors, while HEC-

RAS requireghe breach bottom width (¥)/for input. The breach dimensions, as well as the
breach formation time must be estimated outside of the-REES software and entered into the
program. Many case studies have been performed on data from historic dam faildreg,ttea
guidelines, regression equations, and computer modeling methodologies for the dam breach size
and time(Brunner, 2014)
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Figure2: Schematic description of thdambreach parameters

where:
Bave = average breach width, )& breach bottom width s+ breach height, and,+ height of water

A dam breach usually occurs in two distinct phases starting with the breach initiation followed
by the breach formatiofFEMA, 2013)

V Breach initiation: During the breach initiationhase, flow through the dam is minor
and the dam is not considered to have failed. It may be possible to prevent a dam breach
during this phase if flow is controlled.

V Breach formation: Breach formation (defined above) begins when the flow through the
dam ha increased and progressed from the upstream face to the downstream face of the

dam, is uncontrolled, and will result in the failure of the dam

More factors must be considered in selecting appropriate lbnga@meters including dam type,
dam dimensions,ral dam materials of constructiamd also ther pertinent information such as
historical records of seepage or foundation problems shouwdalsonsidere(FEMA, 2013)
Abdulrahman 2014) statethat, thebreach form#on time is the most sensitivgarameter in

devebping a hydraulic model for dabreak problems and breach hydrograph development.

The smulation of thedambreach development and resulfioutflow hydrograph in HEERAS
requires parameters that define the ultimate geometrpeofoteach and the rate at whiith
formed in each breaching scenarmvertoppingor piping failure (Deo & Muchard, n.d.)

Reasonable values for the breach size dedelopment time are needed nake a reliable
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estimate of the outflow hydgpaphs and resultingownstreaminundation, flood travel times,

water velocities, etcThese parameters describing bBreach have large uncertairftyee, 2008)

The estimation of dam breach location, dimensions and development tisigrafieantin any
assessment of a damods peaddbleimd riskaassessmest kvhere idams s | s
will be ranked basd on the potential for loss of life and property damage. The breach parameters

will directly affect the estimation of the pedischargecoming out of the dam, as well as any

possible warning time available to downstream locatiditsere are a number of ethods

available for estimating breach parameters for use in dam breach stoiesof the most

widely used methods are described in the next section.

2.5 Dam Breach Modelling

The breach modelings basically refers to the process of understanding andlaimg the
breach development in a dafRandya et al., 2013Yhe critical elements involved in breach
modeling arethe estimatiorbreach parameter (breach size/shape and time of failure), breach
peak discharge and breach hydrograph estimatioachriod routing, anthe estimation of the

hydraulic conditions at critical locatiof€olorado, 201Q)

A number of modeling toolbas been developéd perform dam breach modadj, ranging from
simple to complex modelsWith advancements in GiBased modeling, many models can
interface with digital terrain data to produce automated li@ach inundation zone delineations
(FEMA, 2013) The mosttommonly used approaches for them breach parameters estimations
areclassified into three ason-physical, semphysical,andphysical modelsThese methodare

briefly describedn consequent sections.

2.5.1 Non-physical Based Empirical ) Methods

Empirical methods are used to predict time to failure and breach geometry, as well as to predict
peak breach discharges. The empirical approach relies on statistical analysis of data obtained
from documerded failures. Thenost widely used and accepted empiricalerived enveloping

curves and/or equations for predictingedch parameters are: MacDonald and Langridge
Monopolis (1984)USBR (1988),Von Thun and Gillette (1990), and Froehlich (1995a, 1995b,

2008). These methods have reasonably good correlation gdmparing predicted values to
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actual observed valud€olorado, 2010)The most basistatistical process generally involves
plotting data for variables extracted from the dam failare dataset such as volume of
embankment removed, volume of water released, height of water behind the dam, and

development time of the failu{€olorado, 201Q)
A) Froehlich (2008):

Froehlich (1998) utilized 63 earthen, zoned earthen, eartheth @&icore wall (i.e. clay)and
rock fill data sets to develop a set of equations to estimatagevbreach width, side slopesd

failure time(Brunner, 2014)

Froehlich (2008) updated theehch equation based on additiohnew databy utilizing 74 data
sets In the application of these equations reportedihetiee height of the breach éslculated
by assuming that the breach goes from the fapedam to the natural groumdevation athe

centreline of the breach location. Froehlich metreothore preferable sincei# only dependent
on volume of the reservoir, height of theeach and assumed side "ofhe method also
distinguishes between piping and overtopping failures using iablarcoefficienttermed the
Failure Mode Factor, Ko(Brunner,2014) The data that Froehlich usddr his regression

analysis hav¢he following ranges.
Height of the dams: 3.092.96 méers
Volume of water at breach time: 0.013860.0 ni x 1¢°

Froehlichdés regression equations for average
Bave=0.27 K Vu\23h ¢ ¢ ¢ é 6 ¢ é 6 ¢ é e ééééé. Rationl
oy:= —poeB8e éeéée. . 66é. ée6ééeéeééeéé. Equation 2
where: Bve= average breach widtim
Ko= constant (1.3 for overtopping failures, 1.0 for piping)
Vw = reservoir volume at time of failurenf)

hy = heightof the final breachn)

g = gravitational acceleration (9.80665 mfec
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tr = breach formation time (seconds)

Froehlichods 200 8avegragp |de slapds ashoddsbe: t1H: AV fortovedopping
failures and0.7H: 1V for piping/seepage. lle height of te breach is normally calculatdyy
assuming the breach goes from the top of the dam alw#yedown to the natural ground

elevation at the breach location.
Froehlichhas suggested the peativil as followsQ = 0.607\,°®°h,*?*é é ...Equation 3
B) MacDonald and Langridge-Monopolis method (1984)

MacDonald and Langridge Monopolis utilized 42 data sets of embankment dam to develop a
relationship called ABreach Formation Eractor
coming out of the dam and the height of water above the(Bammner, 2014)They estimated

the quantity oerodedembankment materialseMded(m?) for earth and rocklams as:
Veoded= 0.0261(\u*hw)?7®°  :forearthfil e é 6 é é ééééé. Equati on 4

Veroded= 0.00348(Mu*hw)? 852 : forrockfill é é . . é ééééééé. Equation 5

tf =0. 0179(\émdec)0'364

rrrrrrrrrrr

W eEeééééééeeee. . éé. Equation 6

,,,,,,,,,,

Q=385Mhy)¢¢géeecéeéeéeé. .. ééééeééeté. Equation 7

where

Vw = volume of water dischargedrtiugh breach ()

V4 = volume of wateabove breach invert at time of failura3

Verodea= Volume ofmaterialeroded from the dammbankmenm?)

Vou= Volume of water that passes through the br¢ach

tf = breachformation time (hours)

hw = depth ofwaterabovethe bottom of théreach (m)

hq= depthof waterabovethebreach invert at time of breach (m)

hy = heightfrom the top of the dam to bottom lafeach(m)

W), = bottom width of the breach (m)
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C = Crest width of the top of the dgm)

Z3=Z1+2>

Z, = average slope (Z1) of the ypstreanfaceof the dam
Z> = average slope ¢Z1) of the dowstreamfaceof the dam

Zy, = sideslope of the keach(Zy:1), 0.5 for theMacDonaldmethod

C) Von Thun and Gillette (1990)

They have used 57 dams from both the Froehlich (1987) and MacDonald and Langridge
Monopolis (1984) to develop their methodology. The method is proposed to use hdmach s
slopes of 1.0H1.0V, except for a damamstructed from cohesive soils which should be in the
range of 0.5H: 1V to 0.33H: 1\(Brunner, 2014)The equations developed Mon Thun and

Gillette are given below as:

,,,,,,,,,,,,,,,,,,,

Bave(m) =25R+Ché é é e éééeéééeeééeéééee. Equati on 8

//////////

tf (hr) =0.015*hy for highly erodibledané ¢ ¢ ¢ € é é ééé. Equati on 9

,,,,,,

tf (hr) = 0.0209*k + 0.25, for erosion resistantdaamé é € € é . Equati on 10

where Bave= average breach width (m)
hw (m) = the depth of water at the dam at the time of failure,
Cp =function of reservoir size and giventime table below.

Table4: Function of reservoir siz&C() values

Size of reservoir (m) Co (meters)
<1.23*10° 6.3
1.23*10°-6.17*10° 18.3
6.17*10°%-1.23*10° 42.7
>1.23*107 54.9
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Peak Flow Equations and Envelope Curve

Several scholars have developed peak flow regression equations from historic dam failure data

and developed envelope curve. Once a breach hydrograph is computed iRASGhe

computed peak flow from the physical d& can be compared to these regression equations as a

test for reasonableness. However, one should use great caution when comparing results from

these equations to model predictigBsunner, 2011 Some of peak flow equations summary

from historic dam failures are given below in metric form.

V USBR (1982): Q = 19.1 (h*® (envelope equatiord € ¢ .é .

V MacDonald and Langridg®lonopolis (1984)

Q = 3.85 (\hw)>4* (envelope equatiord € é é ¢é .é .

V  Froehlich (1995b): Q = 0.607%%%%h,%*

where: Q = peak breach outflow (cubic meters per second)

Equal i on

Equaz i on
Equa3x i on

1

1
1

hw = depth of water above the breach invert at time of breach (meters)

Vw = volume of water above the breach invert at time of failure (meters)
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Figure3: EnvelopeCurve based oh4 damsbreachedSource: USACE, 2014)
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2.5.2 Semiphysical Based Parametric) Models

These models are developed based on simplified assumptions of pliysigaicesses with an
intention to reduce the large uncertainties associatednwitn-physically based modgland to
simplify the complex computational procedure in physically based models. These models require
the user to provideaformationon erosion rate of the breach or final dimensions of the breach
and time of failure of embankment. The model then predie¢ growth pattern based on these
user defined assumption§hese modelsnay providea more accurate flood hydrograph as
compared to empiricaquationshowever they are vulnerable to large degree of uncertainty due
to the input data seBome examplesf the parametric computer models thzn estimate the
peak discharge anbreach hydrographs from dam breacpasametergbreachgeometry and
breach developmetime) areHEC-1, HEGHMS and HEGRAS. They can alswiseto calculate
flood routing of the hgirographdownstream, and, in the case of HRBS, can be used to
estimate the ydraulic conditions at criticadownstream locationgColorado, 201Q) The

description of parametric model for hydrology and hydraulics are given here below.
I) Hydrologic Models

The tydrologic routing can employs the continuity equation an@mpirical or analytical
relationshipbetween storage within the reach and discharge at the lenithe absence of
significant backwater effects, the hydrologic routing models can offer thantjes of
simplicity, ease ofcomputational efficiency(Colorado, 201Q) Hydrologic routing models
provide attenuated flow hydrograplet locations of interest, but do notropide useful
information on water surface elevationsflow velocities. HEG1 and HEGHMS are the most
widely used hydrologic models for dam safetyalysis, and both contain a parametric dam
breach routine that calculates the breach hydrogi@plorado, 2010)

[I) Hydraulic Models

Hydraulic models, in general, are more physically basad tydrologic models since they only
have one parameter (the roughnegsfficient) to calibrate. il unsteady flow equations have
the capability to simulate the widest range of flow situations and channel characteristics. The
basic data requirements fbydraulic routing techniques includéiow data, channel geometry,

roughness coefficients, andternal boundary conditiongColorado, 2010) There are two
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conditions in lydraulic modelingcalled steadyand unsteady flow analysis. In unsteady flow,

time dependent changes in flow rate are analyzed explicitly as a variable, while steady flow
analysis models neglect time all togeth®teady flow analysis can determine a water surface

el evation and flow velocity at a given cross
under the assumption of gradually varied flow conditig@slorado, 201Q) Unsteady flow

analysis can be used to evaluate the downstream attenuatienflafctd wave, providing a more

accurate estimate of flood magnitude aetbcity at critical locations

2.5.3 Physical Based Mdels

Physical models areumericalmodels thasimulate failure of embankmedams based on the
processes such as flow regimes, enosndinstability processes observddring failure time A
physicallybased modelalso referred asprocess model utilizes the generally accepted
relationships based on physical principles to establish the frarkeof a model(Colorado,
2010) Some of these models BREACH, BRDAM, BEED, FLOW SIM1,FLOW SIM2, etc.

The benefitsof physially based models @rthe modelling incorporates aspects of hydraulics,
sediment transport, soil mechanics and structural behavior, a real estimate of the breach process
is predicted without predefining (constraining) the predicted growth process antaumies

within individual processes or parameters may be included within the model. While, their
disadvantages are; they required very high computing power dmngedter and the model

runtimes becomaquite long as the simulation of processes becomes nwnplex.

Since 1960s there have been numerous developmentgplofsicallybased, numerical dam
breach models. Currently, the NWS BREACH model is a-waiwn and coomonly applied
physically basednodel developed by a Federal agenéyUnited State The NWS BREACH
model was developed the more realistically simulate breaches initiated by overtopping or
piping in an embankment dafREMA, 2013)

The BREACH dam breach modgredicts the development of a breach and¢isealting outflow
hydrographusing an erosion model based on principles of hydraulics, sediraesport and soill
mechanics(FEMA, 2013) Physical modelsre relatively simple concept, but it caoe very

complex when the input is changing with time. In the cdgtam breach analysis, both timput
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and physical constraints are changing with time as the damesend the reservoir evacuates,

which it meas that become&omplex.

In spite of the incomplete understanding of breach d&ion processes and the limited
capabilities of mathematical description of dam bhé@g mechanisms, various breach
parameters estimation techniques are developed lmmssdveal assumptions. Some tiose

methods are comparative analysis and experimental method.

U Comparative Analysis:
In casehe dam under consideration is very similar in size and construction to a dam that
failed, and the failure is well documented, apprdpriareach parameters or peak
outflows may be determined by comparisammalysis approaciHowever,according to
(Wahl, 1998) this method is highly not reliable for large dams because of lack of
accurate and comprehensive case study dat@ge dam.

U Experimental method:
To beter understandhe processes involveid and to correctly describe the complex
phenomena of embankment breaching, various field and laboratory experiments are
carried out modeling gradual failure of dams and obtain data for calibration and
validation of matematical models. These field and laboratory results lead to extensive

validation of the numerical models being used and under developmerdry time.

2.6 Dam Breach Modelling with HEC-RAS and HEC-GedRAS

A HEC-RAS modeling tool habeen developed by the Hiplogic Engineering Centre of the US
Army Corps of Engineers and the first version was released in 1995. Currently, the program has
capable of performing 1Bteady flowand 2Dsteady and unsteady flow computatiomovable
boundary flow for sediment transg analysis, and water quality analyst® many studiebave

been conductedn dam breach analysissing HEGRAS model sincehe pastdecadesThe

present studwill bealsoconducted with this model witlhe combination of HEGGeoRAS.

The reviewby Kumar et al.(2017)shown that HEGRAS unsteady state simulation have been
perform well and the application of this model canesaalibrationtime and eliminate the

requirement to run a second model to determine corresponding flood stage simulation.
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From their literature review, they conclude that HEBS is efficient tool which provides more
reliable results in dam breach studydahe results obtained from the simulation model can be

used to prepare the inundation mapping in GIS platform through GEGRAS tool.

Unsteadyflow component of the HERAS modeling simulates ordimensional unsteady flow
and can perform subcritical, gercritical or mixed flow regime computatiotrsEC-RAS one
dimensional unsteady flow hydraulic model has a capability to of simulating highly dynamic
flood events such as a dam bre&akburry, 2009) For two dimensional hydraulic models, are
based on integration over the pow depth to

using an apprariate numerical approach such amae element modeglPandya et al., 2013)

The governing equations for unsteady flow arerttmentum equations derived from the full
equations of motion (StVenant equations) andonservation of mass (contity). Upstream
boundary conditionsare typically consisting of an inflow hydrograph from the upstream
watershed into a defined reservdior the case oflam breach analysis, the reservoir outflow is
dynamically routed downstrearynamic wave (unsteadydilv) routing is the most accurate
modelling technique to capture pool elevations and outflows of long narrow reséBramser,
2014)

The overtopping and pipindailure modesareincludeinto the HEGRAS model In HEC-RAS,
overtoppingfailures start at the top of the dam while a piping failure can start at a specified
locationandgrow up to the maximum specified exten3am kreach parameters, such as breach
width, depth, side slopes, and dephent time are estimated external to the motie values

for the breach sizand development time are needed to produce a reliable estihtaésoutflow

hydrographs ancesulting downstream inundation aréBEMA, 2013)

HEC-RAS model has capable ogperform inundation mapping of water surface profile result
directly using theRAS Mapper or the external HEGeoRASextension on ArcGl$ool. Using
the HEGRAS geometry and computedater surface profiles, RAS Mapper creates an
inundation depth and floodplain bowarg dataset. HEEG5e0RAS is an extensioof GIS ols
thatprepare the geometric date for import into HRAS and genate the flood inundation data
from the HEGRAS output Throughthe combination of the GIS extensiorlEC-GeoRAS and

HEC-RAS, one can se anavailabledigital elevation modeto build thegeometric file for a
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HECRAS model[Sharma & Mujumdar, 2017Additionally, the GeoRAS extension hsaisnple
import and eport capabilities to smooth theansition between creaty the geometric file,

runningthe model and displaying the results ilfs@latform.

HEC-RAS modelcan be used to model the reservoir using fullyasgit wave routing. If it is

not possible to perform full dynamic wave routingraugh the reservoir, or if theresumed
difference between level pool routing and dynamigtirg is small, themevel poolrouting can

be performed with HERAS. Figure 4 and5 shows reservoir routing mechanisifgrunner,

2014) This figure indicates the routing mechanisms for level pool and fully dynamaating.

When developing unsteady state flow for dam breach, we should have to consisleectios
spacing and hydraulic properties, computational time step, drop in bed profiles in addition to the

otherscommon input dateypesgparameters

Storage Area

Inline Structure

Cross Sections

Figure4: Storage area and cross section layout for level pool ro(8iogrce: USACE, 2014)
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Inline Structure

Cross Sections

Figureb: Storage areandcross section layout fane dimensiondully dynamic iouting
(Source: USACE, 2014)

2.7 DamHazad Potential Classification Systems

There are a number of guidelines has been developed by different agencies for dam hazard
potential classifications. For instandeis developedy FERC, FEMA, USBR, USACE, NRCS,

BIS, etc. An organization can develtpeir own classification systems based on own interest.
However, according to the literature revidve tdam hazard potential classification developed by

FEMA and USACEare the most widely used classification systems.

Thedam hazardalassification systerahown onTable: S5weredeveloped in 197 by USACEfor

civil works project The categories are based upon project performdieedirect loss of life is
based upon potential for loss of life on inundation mapping of the area downstream of the
project The lifeline losses ardased upon indirect threats to life caused by the interruption of
lifeline services due to project failure, or operatidhe property losses isased upon direct
economic effect on the value of property damage to project facilitiesi@mdstream property
andthe environmental losses lmsed up on environmental impact downstream caused by the
incremental flood wave produced by the project fai(HeMA, 2013)
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Table5: USACE Dam Hazard Potential Classification System for Civil Works Projects

Category Hazard Potential i@ssification
Low Significant High
Direct Loss of | None expected (due to rura Uncertain(rural Certain (one or me
Life location with no permanent| location with few extensive residential,
structures for human residences and only | commercial or
habitation) transient or industriall industrial
development) development)
Lifeline No disruption of services | Disruption of Disruption of critical
Losses repairs are cosmetic or essential facilitiesind | facilities and access

rapidly repairable damage | access

Propety Private agricultural lands, | Major public and Extensive public and

Losses equipment and isolated privatefacilities private facilities
buildings

Environmental Minimal incremental Major mitigation Extensive mitigation
damage required costor impassible to

Losses mitigate

FEMA guidance recommends that the dam hazard potential rating be based on consideration of
the effects of a failure or nmesperation during both normal and flood flow conditions.
Furtherly, FEMA recommends that the hazard potentiaukshbe based on the woisdse
probable scenario of failure or ssioperation of the dan{FEMA, 2013) The following

classification irtable 6is developedy FEMA in 2004a.

Table6: FEMA Hazard Potential Classification System

Economic, Environmental,
Hazard Potential Loss of Human Life Lifeline Losses
Low None expected Low and generally limited towner
Significant None expected Yes
High Probable. One or more expected Yes
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U Low Hazard Dam: is for which loss of iman life is not expected, and significant damage
to structures and public facilities as def]i

to result from failure of the dam.

U Significant Hazard Dam: is for which significant damage is expected to ocbut,no loss
of human life is expected from failure of the daltnis defined as damage to structures
where people generally live, work or recreate, or public or pritat#ities. Significant
damage is determined to be damage sufficient to render sasictor facilities

uninhabitable

U High Hazard: is for which loss of human life is expected to result from failure of the dam.
Designated settlements located downstream within the bounds of possible inundation
should also be evaluated for potential loss wiban life. It is important to note that the

potential of loss of a single life is sufficient to classify a dam as high hazard.

2.8 Flood Inundation Mapping

Flood inundationmapsare tools for visualization dfood information for decisiormakers and
the public in general. These maps form thasis fordeveloping different flood rislscenarios
based on land use, emmmmentalconditions and social and economic conditi@@entral\Water
Commission, 2018)Analyzing the failure of a dam for developing an inundatimoap can be
viewed as a twstep process. First the estimation of the dam breach outflewd, second,
routing the breactoutflows downstream to determine the resulting flood inundagicents
(NCDENR, 2015)

The inundatio map provides a description of the areal extent ofdfteg which would be
produced bythe dam break flood. It should also identify zones of high veldlcity and depict
inundation forrepresentative crossections of the chann@am Safety Guidelines, 2007)An
inundation mapping shows a continuous line of inundation idérgityne area potentially at risk
in event of dam failure. It starts at the dam and contimosgnstream to a point wene the
breach flood no longer poses a risk to life and property damage,as large river or reservoir
with the capacity of storing the flood watéMCDENR, 2015)
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With compared tmther types of flood, floods caused by dam failare characterized by instant
occurence, vast quantity of flow, and powerful impulsive fo(bao et al.,2017) Inundation
mapping of regions downstream the dam is needed to better understand the coasetgmc
breach outflows for effective emergency managemégMtssuf et al., 2009) Dam breach
inundation mapbave a variety chdvantagesn general, thdood mappinggenerated from dam

breachhas a potential uses for the following ite(@&ntralWaterCommission, 2018)

U Emergency Action Plans EAP is a formal document that identifipstential emergency
conditions at a dam and specifies preplanned actions which are required to be followed for
minimizing damage to properties and loss of IFer example, eévelopment oEAPS for
all high and significant hazard potential dams is ciiticaeducing the risks of loss of life

and property damage that may happen due to dam failures

U Disaster Responsethis includes the actions, which are to be taken during and in the
immediate aftermath & floodincident to save and sustain lives, meatib human needs,

and reduce the loss of property and the damage to critical infrastructure.

U Hazard Mitigation Planning: mitigationis the proactive effort to decrease the loss of life
and property by reducing the effect of disasters. This is achievaagthidentification of
potential hazards and the risks they pose in any gives, arghrisk analysis of mitigation
alternatives. The result is selection of proactive measures, both structural and nonstructural,

which will help to reduce economic lossesl notential loss of life when implemented.

0 Dam Failure ConsequenceAssessmentit includes the identification and quantification
of the probable consequences of a dam failure. Hazard mitigation planning focusses on
specific projects to reduce flood riskosequence assessment focuses on the economic
and social impacts of a probable disaster, and the organizational and government actions

needed after a dam breach in order to respond and recover.

Thefactorsthatinfluencethe estimation of inundation thatours downstrearflood travel time,
depth of inundation, velocity dfow and the flood hazard are includes-prasting flow in the
river, channel and overbank characteristic (slope, geometry, and roughness), debris content,

change in channel during warisummer, and topograpfiyiccann, 2016)
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33DESCRI PTI ONSORKDYHEBREA ANBTBATA

3.1 Location of Study Area

GidaboEmbankmenDam is situated irthe AbayaChamo sb-basin of the Rift Valley Lakes
Basin, on thdower courses othe major rivers of the Gidabaabinin the southern part of
Ethiopia It is within the two administrativeregions namedromiaand SNNPRTo be more
specific, it falls in Abaya district of Bena zone of Oromia region and Dalstdct of Sidama
zone of SNNPRSjearto Dilla town to east of Lake Abay&eographicallylies approximately
between 6°20' and 6° 25' N Latitude and 38° 05' and 38t1iBitude SeeFigure:6 below.

37°52'0"E 38°80"E 38°24'0"E 38°40'0"E
| | | |

6°50'0°"N—] [—6°50'0"N

Baro-Akobo
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Legend
Gidabo cat.

[ eth_Basin 660 Km 6°220°N—] E—
| Eth_Lakes ' } —
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e | % Dam Axis 7 -
— Rivers Network 0 510 20 Km
|| Gidabo_Watershed ———

T T T T
37°52'0"E 38°8'0"E 38°240'E 38°400'E

Figure6: Gidabo Embankment Dam location

Gidabo embankment dam project is intended to use for the irrigation putp@seaimed to
irrigate 13,425hectare of commandarea on both sides of the river cour3de dam is
constructed as dhrrockfill dam with pertinent structures and impounding 63 million cubic
meter of waterThe arealownstreanof the dam is characterized bylat terrain of relativelythe

same elevation.
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According to the studydocumentsfrom Federal Vdter Works Design and Supervision

Enterprise, theneanmonthlyrainfall datain the project area varies from 28n in Decembeto

117mm in April month.Regardingo the land use land cover of the study atiea,downstream

part of the dm is largely form®f deltaic and s\wmpy landsTall savannah grasses are common
features of the area. When drdeq, the margins of swampy and marshy lands in this area are

used for grazing by pastoralisthe mddle part of thecatchment is occupied with small and
scattered bushemnd grases.The upper part of the catchment is covered with thieghes and

shrubs The upstreanof the dam is highly degraded and easily erodible. Heselection of

channel side slope atldema nni ngo6s r oughn e beusedwvatlarftfeimodete nt t h

demand great attention.

3.2 Data SetsUsed

The datasetsused within this study amescribed irsubsequensections Datacollections from

all respective body werearried out earlier to this research work. However, the dajaires
extensive prgrocesing stepsmainly the rainfall data. In such cas$iee rainfall data have been
already processed by EthiopiaConstruction Design and Supervision Works Corporation
(ECDSWC) which formerly called as the Federal Water Works Design and Supervision
Enterprisdf WWDSE)were used.

3.2.1 Hydrological Data

In HEG-RAS modelling, flow hydrograph can be used as either upstream or downstream
boundary condition. Therefore, the requirement of hydrological data is to prindloee design

flood as annput data for boundgrcondition either as hydrograph or as peak discharge called
probable maximum flood (PMF).In order to determinethis PMF, a Probable Maximum
Precipitation (PMP) is initially calculated usinige observed daily rainfall data from stations
located wihin the catchment and stations nearby to the watershed. PR, istransformed

into PMF inflow hydrographusing SCS unit hydrograpRor this studythe PMF developed by
(WWDSE, 2008wasused. The maximum peak flood is abB607.82 n¥'s, (seeFigure:7). The

CapacityAreaElevation curvevasalso used to determine volume of water at a given elevations.
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Figure7: Gidaboflood hydrographcorresponds to PM&t damsite (Source: WWDSE, 2008)

3.2.2 Digital Elevation Model

Digital elevation nodel isvery crucial datdeing used for determining elevations at any point
The crosssection of wer at various points along thiver is an important pamaeter in any dam
breachanalysis(Chandrabose & Nair, 2014The gnerationof cros-sectionsdata by field
survey is avery laboriousandtime consuming andlsocostly expensiveHence,an dternative

method for aiving crosssections wagwestigated.

In this study,the crosssectioral datais aimed tobe derived fromALOS PALSAR product
digital elevation model recently released onlime Alaska Satellite Facility. The DEM have
spatial resolution 012.5x 12.5meter, which is more detail than the previous SRTM release. It

is freely available from https://www.asf.alaska.edygage and granted taf only one time

registration.After downloadedthe Zipped folder contains different format of file, DEM was
selectedA number of DEM tilesvas downloadetb cover the whole area of interetstenit was
mosaicked and subset the study af@aally, HEGGeoHMS was used to delineate Gida

catchmenasshown orFigure:8 below.
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Figure8: Gidabo catchmerdelineatedusing HEGGeoHMS

3.2.3 Dam Salient Features

Dam physicakcharacteristics are used to estimate breach parametarssélient features such
as width, heightupstream and downstream sloged storage capacigre the most important

elementfor dam breach parameters estimati@idabo Embankment Dam salient features are

given below.
Table7: Gidabo Dam Salient FeaturéSource: WWDSE)
Items Description
Dam type Rock fill dam
Damheight above the bed level 25.8m
Dam maximum bed width 210.38 m
Dam crest width 8m
Dam crest length 335.52m
Dam crest elevation 12258 m a.4.
Normal watedevel (NWL) 1219.5 m &l
Maximum water leve{MWL) 1223.8 m a.s.l.
Upstream face slope 3H: 1V
Downstream face slope 3H: 1V
Reservoir capacity (NWL) 62.3 M m?
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Figure9: Gidabo Embankment Dam Craesactional viewSource WWDSE, 20@)

Figure1lO: GidaboEmbankmenDamtop view (Source: ECDSWC, 2®)
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3.3 Description of Selected Mdels

Basically, selection ofthe modeling tools should bbased orthe type of information desired
from modelling effort, the specific conditions need to be modeled, level of accuracy and
reliability. Furthermorein our case the selection of the model were madedon theliterature
reviews and experience dhe previous studies has been conduataddam breach analysied
inundation mapping For this study recent version diIEC-RAS and HEGGeoRAS (an
extension of ArcGISyvere selectedlhe cktails description of these modelsgszenbelow.

a) HEC-RAS

River Analysis System (RAS) isi¢ modelpackagehat was developely the US ArmyCorps
of EngineersHydrologic Engineering CentefHEC) and haswide range of applicationn
hydraulics HEC-RAS has theapability of modeling breaching process of a dam pretlictthe
catastrophic outflow hydrographlt supports both oveopping and piping failure modesittv

the failure trigger being trget water surface, water surface and duration, or specific time.

To model a dam failure IRAS, we canenter the failure mode, breach size, and breach Tie.

breach size is defined/latrapezoid and the duration over which the breach octasily, RAS

allows the user taustomize the progression of the breach over the full formation(@aeeron
andBrunner, 200HECCRAS has a very easy t o GuUlsamdatgs aphi c
provides a highlyefficient file management, data entry and editing, hydraahalyses, and

tabulation andyraphical displays of input and quit data(Brunner, 2014)

In HEC-RAS the 1D stream flow profilefollows the basiqrinciple of physical laws such as
conservation of masand principle of conservatiasfi momentum. These laws are expressed
mathematicallyand referred @ continuity andmomentum equations. In unsteady flow, time
dependent dnges in flow rate are analyzegplicitly as a variable, while steady flow analysis
models rglect time all togethgBrunne, 2014) HEC-RAS wnsteady flow analysis can lbsed

to evaluate the downstreaattenuation of the flood wave, providing a more accusategnate of
flood magnitude andelocity at critical locations
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b) HEC-GeoRAS

GeographicRiver Analysis SystemGedRAS) is an ArcGIS extension developed hyetUS
Army Corps of Engineers Hydrologic Engineering Center (HB®)s model contains a set of
tools specifically desigrkto process geospatial datasigpport hydraulic model development
and analysis of water gace profile resultsWithin this modelwe can extract geometric data
from digital elevation modekither in TIN or GRID format HEG-GeoRAS used twice in
processingThe initial task executed in the HEGeoRASto extract information for hydraulic
modelling is calledPre-ProcessingAfter unsteady flow simulation is done in HERAS, results
can be exported fguostprocessing in the HEGeoRASextension of GISThe user can read
the HEGRAS results into the HEGeoRAS and perform the flood inundation mappin
(Brunner, 2014)Having exported the HERAS output into HEGGeoRAS, flood inundation
maps in terms of water surface extent, depth and velocity are produced and this final process is

known asPostProcessingA summary ofRAS Layers is provided ifable 8.

Table8: Summary of HEGGeoRAS Layers and Corresponding results for HEAS

RAS Layer Description
Stream centerline Used to identify the connectivity of thver network and assign river
stations to computation points

Crosssectional Used to extract elevation transects from@eM at specified locations

cut lines andother crosssectional properties

Bank lines Used in conjunction with the cut lines to idiénthe main channel from
overbank areas

Flow path Used to identify the center of masfsflow in the main channel &

centerlines overbanks to compute the downstream rdacpths betweeXS

Inline Structures Used to extract the weir profile from the DEM inline structures
(i.e.dams)

ArcGIS is well suited to assist in performing dam failure analstkerman & Brunner, 2008)

in combinationwith HEC-GeoRAS.RAS flood routing models provid&IS extensions which
facilitate further analysis ofheir results on GIS platfor. HEC-GeoRAS is an effective tool
specifically designed to be used in ArcGIS software to facilitate import/export of data and results
between HEGRAS and ArcGIS. Sucbhxtensons are highly usefun dam break analysis as they
provide an easy way to prepare inundation n{®amdya et al., 2013Hene, it will be utilized

to generate visually informative flood inundatimaps
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AMETHODOLOGY

Themethodolog usedin this studyis describedriefly in subsequent sections.

4.1 Breach Modelling and Inundation M apping Procedures

Data organizationand analysisfollowed within this study as per model requirementis
summarizechere underFigure: 11 shownthe overall methodolypy wereformulatedin orderto

achieve the preefined research objectives.

Inflow Hydrograph Dam salient /
(PMF) features "

ALOS PLASAR
DEM (12.5x12.5m)

- - HEC-GeoRAS € - - - - - - »| HEC-RAS Dam Breach Scenario

AA

1D unsteady Piping (sunny day) |

Stream centerline
- .- flow

Breach width
_.._,-———'
Flow path centerline >
Dam breach
Breach formation

_- Breach side Slope
parameters
XS cut lines
time
Breach outflow -
—»/ Inline structure (dam) . { hydrographs /

=

//lsuallzatuon of profile results/q— DA TG of
> breach hydrographs

Y

|
A

1

1

RAS Mapper

Yy

/ Flood Inundation Maps /

Figurell Methodology followed to perforihe dam breach analysis and inundation mapping
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The above flowcharsummarized therocedures thatvere employedfor dam breach analysis

ard inundation withirthis study.The red dottedines indicateoptionality of procedurePrior to

the methodologpart an extensive literature review werarried out in order to develop a robust
approach. With the selected maglethe first task is textractthe river geometrical data from

digital elevation model using HEGeoRAS, the tools which used as a bridge between the
ArcGIS and HEGRAS. Then, extractegdeometrical files can bienported into HEGRAS. Great
attentonvaspai d t o sel ect the representhadanaffectttdanni n
flow resistance within a channel and over the floodplairorder to set boundary conditions of

the model inflow hydrograph (the probable maximum floodas entered to e modelas an

upstream boundary conditiofror the downstream boundapondition; normal depth with

specifiedslope friction valuavasused.

Based on physical characteristicstloé dam (dam salient featuredpm breaclkparametersvere
estimated usingrepirical equationsnanuallyor within inthe model. The selection of breaching
scenarios as overtopping or piping failure giesformed. Once the model setup done with all
data mentioned data, then one dimensional unsteady flow simulation for each ngeachi
scenariosvasrun. Output datavas obtained at every time rate set initially before run. Finally,
after unsteady flow analysis the output from HRES which contains crossections with water
surface elevation attached to themas imported into HEGGeoRAS in ArcGIS for post

processing and is used to prepare a flood inundation maps.

4.2 HEC-GeoRAS Model Development

HEC-GeoRASmModel contains a set of tools specifically desthte process geospatial data to
support hydraulienodel development and analys#ss it wasexplain in chapter three under the
section of model selection, HEGeoRASwasused for prgrocessing when the initial taskas

to generate geometric data for HIRAS input and also fathe postprocessing to prepare flood
inundation map. Under idsection it igeferredto only pre-processing steps

4.2.1 Defining River Geometry

The geapatial data used faxtraction of river geometry fdnydraulic computation in HEC
RAS, can be prepared either bgnducting detail survegr extractedfrom digital devation

model. For this study, the second option was selected. This is betdbedact that surveying
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data collection from field ifme consuming tasksome areas impossibledocess (marshy land),
andit is costly. Hence,the DEM which having spaéil resolution of 15m by12.5m ALOS-
PALSAR product)thatobtained from Alaska Satellite Facilionlinecan be used.

In order to extract the river geometryEEM rasterformatwasconvertednto Triangularirreguar
Network (TIN) format. For this studgrea, 5 kmdownstream of the dam along the rivieris

quite flat and very difficulto digitize the river profile from TINfigurel2 b) format with only
visual inspection to generate geometric datance Gidabo River catchmentwvas delineated
usng DEM rasterby i H E@e o H MaBdbusedo locate stream positioms order to assigiver
digitizing. Topo Map from EMA were also used as a guidance when deal with river cross
section.lt is shown orfigure 13. Absolute detection of river cross section from kisgemage is

really difficult. Usually high resolution data are required for hydraulic analysis. However, even if
thereis highestresolution data is availabli,may not perfectlyappropriate for most of hydraulic

applications, but may be suitable tambreachscenariogAckerman & Brunner, 2008)

Elevation

2974556 - 3201

2748.111 - 2974.556
= 2521667 - 2748.111
m 2795222 - 2521.667
m 2068778 - 2295.222
= 1842333 - 2068.778
| 1615889 - 1842.333

1389.444 - 1615.889

1163 - 1389.444

Elevation (m)
High : 3201

Low: 1163

(a) (b)

Figurel2 Gidabo catchmeriDEM (a) and TIN(b) for extraction of geometric data
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The main geometric dataan begenerated within HE@GeoRAS are stream centerline, bank
lines, flow path centdime, cross section cut lineand defining inline structur@lam) Digitizing
these elementsom TIN was executed manually. Howeveggarding cross sectionalit lines
the HEC-GeoRAS model itself facilitate automaticgenerationwith user specified interval
distance and with. It should be perpendicular to tflew and not to cross each other.rde, it
was edited one by one where it is required

The Cross Sectional Cut Lines layer is the most important data constructed across the flood plain
to capture e profile of the land surfacdhe Stream Centerline layer is used to identify the
connectvity of river system from upstream to downstream directinine structure layer were

also used to identify dan@nce tle RAS layers have been creat€@oRAS tools and menus are
available to assign andopulate attribute data. Finallythe data savedo the HEGRAS
geospdal data exchange format anchported into HEEGRAS model. The geometry of the
Gidabo River generated HEGeoRAS was exported to HEHRAS as shown ifigure 13 below.

@ Gida_HEC - ArcMap

File Edit View Bookmarks Insert Selection Geoprocessing Customize Windows Help

Deds @ x| o |- |1:250,000 v EEE8E =,  Edtor . 3 | 6 e o LT
3D Analyst~ [# qida tin YR&wLBE 0@, AQ[exi«|®W-1/x0 2 RAS Geometry~ RAS Mapping~ ¢ & Ll & = < & ApUtilities -
ArcToolbox # x Table Of Contents Ex / &
@) ArcToolbox J Ry A=
= & 3D Analyst Tools ol E = E
® s < Layers A
EME 50K GidaboEMA.ecw]
RGB
Red: Red
O Green: Green
® Blue: Blue
= ® XSCutlines3D
=] River3D
© @ XSCutlines
=] Flowpaths
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= O River
=] gida_tin
Edge type
— Soft Edge
Elevation
2974.111 - 3201
2747.222 - 2974." &
m 2520333 - 2747.c /41
® @ NONR Hydrology m 2293444 - 2520 /1‘
& @ Network Analyst Tools v W 2066.556 - 2293. L5
< > = 1839.667 - 2066.t ¥ ,# 2
EResults| @ ArcToolbox < > LIRS >

Figurel3: Geometric data extracted from th&M with EMA map background
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4.3 HEC-RAS Model Development

HEC-RAS model was designated with the capability to execute dam breaching analysis for both
overtopping and piping failure scenarios. For this stilkdg dam failurewas investigated for

each failue mechanismsThe model developmentrequires an accuraterepresentation of
geometrical datanitial and boundary conditionsind estimation of breach parametétsr this

study, onedimensional unsteady flovgimulation was carried out.Particular informat o n 6 s
required forHEC-RAS model setup for one dimensional unsteady flow condition are described

in the subsequent sections.

4.3.1 Importing Geometric Data

After the river geometras beerextracted from DEM within HE€eoRAS, they needo be

imported ino HEGRAS model Then, the imported geometric data can be used to perform dam
breach analysis witlan integration of othey input parameterdata In HEGRAS, the cross

section spacing cabe interpolatedfurther into a minimum spacing iheeded.Once allthe

important geometric data created in RAS Layers (stream centreline, bank lines, flow path
centrelines, XS cut lines) in HEGeoRAS, the setup should be imported into HEAS model

with its all required geomet r iddnbnk structufe canbeat i on
adjusted from HEE5eoRAS or in HEERAS.

For this study every required geometric data was created within-RIEE 5.06 version.
Because, this new version is very handy and report the possible autisbeoccurred during
creatirg geometric data before use in the model run. However, since the research tittle for this
study was formulated before the release of this new version to use the integration -of HEC
GeoRAS and HEQRAS, all geometric data were converted to shapefile and wsbkith HEC-
GeoRAS. The final simulation for one dimensional unsteady flow was executed with 5.01
versions Thefigure 14 shown the geometric data on HERAS with the background of Google

Satellite image and terrain map created within RM&pper.
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[ RAS Mapper {_Geometric Data - Geo_Froelich(2008)_Ov =
File Tools Help

vbeQAxNer2u ENS

[~ Geometnes.
[AGeo_Froelich(2008)_Ov
PRivers

| (84311942 76184348 1 pocel = 15871

Figurel4: Geometric data with terrain backgroufheft) and Google Satellite backgrou(rihht)

4.3.2 Estimation of Dam Breach Parameters

Estimating the dam breach parameters is one of the most important things that bendote
before &um breach analysis is simulatddetermination of breach parameters are executed
outside the model manually and entered to the ma@eh physical characteristic were used for
breach parametezstimations Within this study hree empirical equations devegled by Von
Thun and GilleteMacDonaldand LangridgeMonopolis (1984)and Froehlich (2008) are used to
estimate breach parameteBetail descriptions of these equations were given under literature
review. Both overtopping and piping failure was assumethie study. Thus,deach parameters
are estimated for both overtopping and pgpiand are used as an input fEC-RAS. This
breach parametei@e breach width, breachide slope and breach formatiobme which used
during unsteady flow analysisvith other input data Results of dam lach parameter
calculations forboth overtopping and piping faire modeusing theVon Thun and Gillete,
MacDonald andLangridgeMonopolis (1984) ath Froehlich (2008) methodare describe

within thenext chapter
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4.3.3 Establishing Boundary and I nitial Conditions

For unsteady flow simulationooindary conditions dioth upstream and downstream ends of the

model are neededl'he selection of boundary conditions deperdn t he dam br each
purpose, their lcations relativeto the area®f interest, and level of sensitivityasedon the

degree of confidence requiretihere areseveral types of boundary conditions available to the

user withn HEC-RAS interfacdike flow hydrograph, stage hydrograph, normal depth and etc.

Upstream boundary conditions are typically input as discharge hydrograph. Hence, in this study
the probable mximum flood (PMF) hydrographwere comsidered forupstream boundary
condition for thebreachsimulation The dwnstream boundargonditions wereset asnormal
depthwith afriction slope of 0.02 values Initial conditions also need to be defined in addition

to boundary conditionsVithin HEC-RAS there is an option tenter initial conditions under
unsteady flowdialog boxes To initiate the model for siulation a considerable amount of

minimum flow and initial flow are set on the model.

4.3.4 Establishing Ma n n i nayghsessBoefficient

TheMa n n i raughhessoefficient(n) valueis used to describe the resistanz¢hie flow due

to channel roughnessausé by bedforms (sand orgrave), bank vegetation andbstructions,

bend effects, an@tc. In an unsteady flowriver routing simulation, results were often very
sensitivetothtMa n ni ng 6 s c o.efefeiecdioneinthe Manaihgoeffisientis aimed

to reflect the inflence of bank and bed materiatbannel obstructions, irregularity of the river

banks It is uncommonto think thata natural channel hasi n gl e v al ueccasions Aino f
Direct determination of theoughness coefficient is almosnpossiblein the study ofnatural

river flows. Various factors affecting the values of roughness coefficients were preddnte

Chow (1988) and he provided suggestionon determination of representative roughness

coefficient.

Manni ngds r oug h rhesstady weoseléctedbased @mtdandardiloes given by
Chow (1988) An assessment ahe land use land covdrelpedto provide relativelyacceptable
valuesof roughness coefficiegnBased on suggestatindard value b€how (1988)and review
of the characteristics of the diyiarea, roughness values of 0.038 and 0.060 were used for the

main channel andverbank (right/left) sidemespectively.
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4.4 Breach Simulation with HEC -RAS

Once themocel set updone with all data mentioned earlir 1D unsteady flow conditions
under dfferent breaching scenarios, thehe HEGRAS model was run to simulate the
corresponding resultsSimulation date and timduration was set before running the model.
Output data obtained at every timae set initially before runThe computational intgal used

the unsteady flow calculatiorvgas probably one of the most important parameters entered into
the model. According to thBrunner R016) a generatule of thumb is to use a computational
interval that is equal to or less than the time of the rise of hydrograph divided DyeXodel

simulationresult is shown in next chapter.

4.4.1 Governing Equations for Solution of 1D UnsteadyFlow

The two phystal laws whichgovernthe flow of water in stream for HERAS computer
program called the principle of conservation of mass (continuighd the principle of
momentum. These laws areexpressed mathematically in the form of partial differential
equationsThe SaintVenant equations are solved numerically in hydraulic routing to determine
flow characteristicsConsidering the elementary control volume shanvfigure 15, distance X is
measured along the channel. At the midpoint of the control volume theafidvtotal flow area

are denoted Q(x,t) andrArespectively. The total flow area is the sum of active area A and off
channel storage area S.

Figurel5: Elementary Control Volume for derivation of continuity and momentum equsatio
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Continuity Equation describes conservation of mass for the-dimensional systerwith the

addition of a storage terr8, The continuity equation can be written as:

04 oS o0
(_+_+{:£_Q| =0

o dr  ox

,,,,,,,,,

eéeéeéeée. iwoewee. .. ... 64Equation 1

Where: x = distance along the channeltime, Q = flow, A = crossectional area, S = storage

from nonconveying portions of crossection, g = lateral inflow

HEC-RAS unsteady flow engine combines the properties of the left and right overbank into a
single compartment called the floodplain

Momentum equation statesthat the rate of change in momentum is equal to the external force
acting on the systm. Conservation of momentum i@aexpr e:s
single channainomentum equatiois written as:

20, 2r0)

Oz
+oa(Er g, )=0
o o &G TS

,,,,,,,,,,

eéeéeéeéeé.... . . quationld. E
Where: g = acceleration of gravity, Sfriction slope, V = velocity

The HEGRAS computer program uses equatidhat describe -D unsteady flowin open
channels, thesaint-Venant equations consist ahe Continuity equation and thdomentum
equation. The solution of these equations defihespropagation of a flood wawéth respect to
distance along the channel and time

4.4.2 Breach Qutflow Hydrographs

The main aim of dam breach modeling is mostly concerndld the determination of outflow
hydrograph at time of failure. The volume represented by ydeolyraph is the storage volume
of the reservoir released during the breach. Factors that affect {he shthe hydrographre

includesize and shape of the breach, breach formation tinpth dé water at the dam, volume

of stored water, surface area of resenand shapef the reservoir.
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4.4.3 Breach Qutflow Hydrographs Routing Downstream

Routing breach wtflow hydrographsvas usedo compte the discharge, water surfagevation,
and velocitythroughout the river reach. Damneachflood hydrograph is a dynamic andsteady
situation with which HEC RAS use for analysis. Therefdhe preferred approach isutlize a
fully developed Unieady State flow routing model. Basicallyhere are twoauting methods

know as hydrologic and hydraulic routing.

The hydrologic routing involved the balancing of inflow, outflamd storagelischarge relation
through use of the continuity equation. This applicationhgdirologic routing is used for
reservoirrouting. The reservoir component initiated by recgvupstream inflows and routed
these infows through a reservoir usingpsagerouting methods.The tydrologic routing employs
the continuity equation and an analgtior an empirical relationshipetween storage within the

reach and discharge at the end.

Dam breacloutflow hydrographs is used as inputs to therriiting through the immediate
downstream reaches of dam shaturally, dambreachoutflow hydrographs are highlynsteady
flows that requre a full unsteady flow routing method. In order to fully defineumsteady
hydrographhydraulic routing employs the continuity equation and both energyremmentum
balances to calculatepen channel flow profiles. Thesguations are often referred the St.
Venant equations or thgynamic wave equation3he implicit formulation of thisequation is
well-suited from the standpoint of accuracy formulating unsteady flows ia natural channel

Routing of the dam breach discharge togptaph is a requed step in thelevelopment of flood
inundation mapping for Emergency Action PlarRRouting of the breach hydrograph is
performed to evaluate the attenuated or reduced peak discharge at critical locations downstream
of thedam. In addition to calculathe attenuationgdetermining the flood wave arrival time and

the depthor velocity of flow at somecritical locations are also very important parts of the
analysis. Hence, routing of hydrograph at different distance downstream of the wsn

employed.
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4.5 Develging the Flood Inundation M aps

Dam breacHlood inundation map is a graphic display that camided to indicate areas that may
beflooded as a result of dam failurBhe mapdevelopmay be used by a widange of endisers

for planningand as a responseol to determine the effects of dam failure invthgtream areas.
To prepare inundatiomap the results generated within HERAS is exported to HEGeoRAS

on ArcGIS. The geereferenced crossectionswere imported and water surface elevations
attached tdhe cross sections are used to create a continuates wurface. The water surface
was then compared with the terrain model and the floodplain istiiéel where the water
surfaceis higher than the terrain. RASapperproduces inundatiomaps for floodextent
velocity and depth thagxtendoverthe flood plain.Flood hazard map was also generated from

depth and velocity magmoductusing the range defined according to FEMA 2018 guideline.
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SSRESULTS AND IDONSCUSS

Under his chapter the re#ts and discussionased on the methodolodpave been followedro

the previous sectignvhich driventowards the objectivsof the researcls presentedSimulation

of dam breacland inundation mappinare theessentiamechanismso characterize and idefy

the potential consequenceésie tothe hypothetical dam failuresn the downstrearof the dam.

The important points in dam breach analysis study &oeestimatethe breach parameters
appropriately and the corresponding peak dischatgeh couldpossilbe inundatesilownstream
partof the dam.For this study, the dam was tested for both overtopping and piping scenarios.
The outputsfrom HEC-RAS one dimensionaunsteady flow simulation fothis studyare

discussd in the subsequergections.

5.1 Dam Breach Paameters Results

The estimatiordam breach parameters is one of the most irapbtaskthat have to be done
beforerunning the model. Breach parameters can be calcutatediallyor by inserting the
required physical characteristic of the dam suctop®f dam elevation, pool elevation at failure,
breach bottom elevation, pool volume at failure, slope of u/s and d/s face, dam crest width, and
failure mode (overtopping/piping) in to the modé&hble 9 summarize estimated dam breach
parameters: BreachoBom Width (W), Breach Formation Times)tand Side Slope (S$):V

usingthree empirical equation discussed un&arction 2.5.

Table9: Estimated Dam Breach Parameters

Overtopping Piping
Methods Wy (m) | SS (H:V) | te (hr) | Wo(m) | SS (H:V) | t (hr)
MacDonald et al 310.31 0.5 2.4 78.04 0.5 1.56
Froehlich (2008) 160.22 1 3.2 78.02 0.7 1.71
Von Thun & Gillete | 106.05 0.5 0.78 | 91.03 0.5 0.64

The computeprograms that builah HEC-RAS model forthat empirical equation is assign the
breach parametergalue automatically once we click on select buttdrne values calculated

manually by hand arne same with that of the model yield
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Estimation of breach parameter is significantstudy thedam breach analysiBecauséireach
parametes like bottom width and breach formation time are the most governing parameters in
the determination of the peak discharge and shape of outflow hydrogramhmstance, if the
breach formation time is very smathenthe time to peak is very short anida@if the breach
bottom width isnarrower the peak discharge is relatiigherand vice versa.

MacDonald et al. and Froehli¢@008) have their owimmportance regarding breaching scenarios.
MacDonaldhasdifferentiatedthe equation foearth fill damand rock fill damwhile Froehlich

(2008) differentiatats equation forpiping and overtoppinglhe lreachparameters from both
equations are more or less similar piping failure.Hence, the peattischarge and peak time for
thesetwo equationsare almosthe same when seen from simulated hydrograpbaever, there

is some significant difference in the case of overtopping failure nkmehe case of Von Thun

& Gillete, the equation underestimate the breach parameters in all case except for the breach
width for piping when compared with the others two equations. This is conditioneaffbet

hydrograph generated for Von Thun aaiflete so far.

5.2 Dam Breach Simulation Results

One dimensional nsteady flowsimulationis the basic part of dam breachabsis where flood
hydrographgrom the dam tdhe downstrearpartcan be generatetlVith all the necessaigput
data and with no or very small significant errors adjusted within tolerance winH@&C-RAS
can perform unsteadffow analysis. After enteringgeometrical data, boundary conditions for
both upsteam and downstreagross sections and initial conditions in to HRBS unsteady

flow simulation can be initiatefibr the specified period of time

If the HEGRAS setup have a significant problems, sitioh can be stopped totally and
indicate the red color line instead of blue. However, if there is simple problems within adjusted
tolerable interval in the model prior to running, simulation will be completed with mgrni
messages. For this study, simidatof steady flow and unsteady flow without inline structure
(dam) were executed before final run in order to understand how the model is behave. After
looking to the warning messages from several run and adjust one by one, the final simulation run
was dme. Simulation time window is sets February 2039 by guessing failuraynoccur after

20 years from nowkor this study, sisimulationsunwereperformed totally.
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Gidabo Dam wasested forboth rainy-day (vertopping andfor sunnyday (iping) scenaris
within this study.For the case of hydrologic failure (overtopping), upstream boundary condition
was set as the probable maximum flood (PMF). While nomtegths with the friction slope
value of 0.002 was used as the downstream boundary condition fiooveEtopping and piping
failure. It is also possible to adjust the HRAS model set upised for overtopping failure by
changing only the breaching mode (scenario). However, the assumptiomakiagy dam failure

may occur under normal condition withoutditional discharge due to pipiraccurredwithin

the body of the dam. Hence, piping failure was checked for normal water level cofalitibis

study

Consideringthe overtopping failure, designed spillway may accommodate surplus discharge for
a while during the event and may absehe failure of the dam. But in the case of piping it is
totally different and impossible to stop the failure once the piping exceed the permissible
amount.For this study, the normal water level is at 1219.5 m a.s.l. whkithel same with the
spillway crestlevel that designed for in 10000yearreturn peria. According to the spillway
designreport from WWDSE 1 in 10,000 year return period is becomaf of the probable
maximum flood(0.5PMB. Thus Gidabo Dam is classéd as low hazard and intermediate size
categorydam accordingdam classification guideline®etailed simulation results from HEC

RAS modelfor each failure scenari@e given undethe next sections.

5.2.1 Breach Outflow Hydrograph

Dam breach out flow hydrogphs from the model for both overtopping and piping failure are

presented hereunder.
i) Outflow hydrographs from overtopping

Based on input parameters and boundary conditions set for overtopping failure mode for each
empirical equation the hydrographs was igerated as follow. In compare to piping failure, the
peak discharge simulated for overtopping is lafides indicateghatthe amount of water during

PMF eventis muchlarger than ofthe normal reservoir conditionAs it tried to explain on
previous sectin, the shape of the hydrograph can be determined by breaching parameters. For

each the empirical equations, the hydrograph attain the second peak after18:00 hrs.
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Figurel6: Breach outflow hydrograph for overtoppifaglure

i) Outflow hydrographs from piping

Dependon input parameterg& boundary conditions set fgoiping failure mode for each
empirical equations, ghhydrographs was generated as folldéw compareto the overtopping
failure, the peak discharge simulated fping is smalkr. This indicatesthat the amount of
waterat normal reservoir conditiors smaller than the discharge for PMF ev@itte same to the
overtopping condition, hydrograph for piping failure also attain another smaller peak. The time
to peak for the ping failure is a bit shifted downstreaifhis indicateghe behavior of piping
failure. Piping failure is not occurred quickly in compare to the overtopping condittoa.
piping failure start from downstream part to upstream gradually. From the floodation map,

we can also observe that the velocity of piping failure is smaller in compare to the overtopping

failure mechanisms.
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Figurel7: Breach outflow hydrograph for piping failure using Froehlich @00

5.2.2 Breach Qutflow Hydro graph Routing Downstream

Flood routing approach is used to indicate the spatial and temporal variations of the flood wave
throughout the river reach at downstream. When flood waves travel downstream there is
attenuation ad delay on the peak of flood. Atse peak of the hydrograph decreases and the base

time of the hydrograph increase.

The shape of outflow hydrograph generated downstream depends upbadtistope, channel
geometry and roughness, lemgdf channel reachand initial and boundary flow corins.

Within HEG-RAS, it is possible to obtaitne hydrograph at each cross section. Usually, the peak

of the hydrograph decrease from upstream to downstream. For this study, the peak of discharge
simulated at the dam location andd#ferent chainagelownstreanmthe dam.It is obvious that

there is a decrease in the peak discharge and delay of time to attain the peak as we go
downstream. It is also possible to extract such information at principal location downstream of
the dam.Figure 18 and 19 below etvs the corresponding hydrographs at the arbitrary cross

section for the overtopping and piping failure casespectivelydownstream the dam
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Overtopping Breach Routing Downstream the Dam
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Figurel8: Water Surface elevation mapping for overtopping failure using Froe2I08)Y

Piping Breach Routing Downstream the Dam
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Figurel19: Depth of flood inundation mapping for piping failure using Von Thun & Gillete
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5.2.3 Peak Flow Envelope @rve

In order to test the reasonableness of simulated peak discharge froRAE G 0del, we have
to compare it wit the historic dam failure for which regression equation was developed for.

Several scholars hawmendeveloped peak flow regression equations from historic dam failure

data and developed envelope cumence, the peak dischargesas converted in toubic foat

per second with the corresponding depth of water above the breach invert at time of breach for

each breachingcenariosFigure D and figure21 have showthe range of comparisons for both

overtopping and piping failure for the Gidabo Embankment.da

a) For overtopping failure with hydraulic depoihi 89.8ft.
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Figure20: Envelopecurvecomparisorfor Gidabo dam foovertopping failure
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b) For piping failure with hydraulic deptbf 64 ft.
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Figure21: Envelope curve comparison for Gidabo dam for piping failure

For the case of overtopping failure mode, Froehlich (2008) was predicted the results that closer

to the envelope curvas compaed to the others two methodMore or less le result peak

discharges are | o s e

t o

Ehis mdlicateshah ther siinglation results are reasonable for

our study. For the case of piping failure, the obtained results are a bit far from envelope curve.

However, the results aspproximatelysimilar to thefailure of historical dam for Granite Creek

Little Deer Creek and Baldwihills dams for empirical equations of Von Thun & Gillete,

Froehlich (2008) and MacDonald et al respectivé@lyus the simulation for the piping iglso

reasonable.
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5.2.4 Cross Sectional, 3perspective,and Longitudinal Plot Profiles

Downstream of the dam after about five km, the area is quite flat. Hence, to capture the flood
over the floodplaircross sectional distance of 3 km were used with 200 m intervals. About 8.5
km downstream of the dam along the river at left side, there is potentially possible area to be
inundated as observed from terrain map and topographic map of the area which need to extent
the river cross sections beyond three kilometkémwever, for this stdy we did not able to
capture the flood at those positions since the constructed cross section are for three kilometres
only. Figure 2 provide the cross sachal profile of station 35600which is closer to dam
locationfrom upstream siddn compare tanost of the downstream, this statibaveu-shaped

valley whichmakes itsuitable forthe constructiommbankment dam.

Figure B alsoprovide the X Z perspectiveor (3D) profile plot and longitudinal profile of the
GidaboRiverrespectivelyThe 3D watersurface profile is used to understand the pattern of river
meanderingand extent of spreading water surface over the floodplain. While the longitudinal
profile helps to understand the drop of head of water surface following bed surface elevation. As
we oberved fromfigure 23 the area studyreas below dam site is very flat and haweall
vertical difference as we go down. This issue was affected determination of appropriate

floodplainto capture all extent of the floddr this study
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Figure22: Cross sectional view of bed profée upstream sideear to the dam
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5.3 Flood Inundation and Flood Hazard Mapping

Flood inundation maps are used graphical tooldor different purpose as discussed under
literature reviewHence, the preparation an accurate flood information like flood extent, depth
andvelocity aremostsignificant. Thedevelopment of #ective emergency action plans requires
anaccurate pediction of inundation levels, time of flood arrival asyghtial extent of the flood.

In other sidejnaccurateflood inundation map may result on extra cost or also lodgeoand
property damage.herefore flood inundation mapping are demand great attestidor Gidabo

dam breach analysis flood inundation map was developed for both overtopping and piping

failure mechanisms.

Since the peak outflowydrograph that obtainddom HEGRAS using breacharameter$or set
Froehlich (2008)methodwere more closed tothe envelope curve, the flood from Froehlich
(2008)were used for overtopping failure the same manner, tfleod obtained from Von Thun

and Gillete were used fdine piping failure flood hundation mappindRAS-mappemwas usedor

flood inundation mappingp indicatethe aerial extent, depth of flood and also velocity map of
the flood Hence RAS-mapper were used for flood mapping with the background of image from
google satellite and teiramap (refer appendiy. From velocity map we can observe that, there

is very high velocity downstream of the dam for overtopping failure mode compare to the
velocity map for piping failure. This because ofthe amount of discharge and time of breach
formation. Hereunder orthe figure 24, the flood inundation boundary which generated by

overtopping failure was displayed
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Figure24: Flood inundation mapping favertoppingfailure usingFroehlich (2008) method
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A flood hazard is an indication of tip@ssible source of danger due to flood#ffiect However,
does not imply any risk unlepgrsons or objects that are vulnerabldamage are exposed to it
Usually, te hazard to be mapped includéise flood inundation &as, water depths and
velocities, and arrival times of flood wav@$ereare different guidelineavailable nowadays to
categorized flood hazardlazard regime may be defined differently for children, adults, vehicles
and building. The followingategoryon table 10 waadopted from FEMA, 2018 guidelirand

also from(CentralWater Commission(2018) The flood severitymaprepresents the combined
effect of depth& velocity, and most oftencategorzedas Low, Medium High, Very High and

Extreme Hazard.

Table1lO: Flood severity categories based on flood depth and velocity (Source: FENA

Flood Severity Depth * Velocity Range
Category (m?/Sec)
Low <0.2
Medium 0.2-0.5
High 0.5-15
Very High 1.5-25
Extreme >25

FLOOD HAZARD DEFINITION TOOL
FLOOD HAZARD CATEGORIES

UPPER LIMITS
Low: d=0.4 & V=0.5

Medium: d=0.8, V=2 & V'd=0.5
High: d=1.8, V=3 & V*d=15
Very High: 0.5=V=4 & V*'d=2.5

Velocity (mis)

0 05 1 15 2 25 3
Depth (m)

Figure25: Flood hazard categories (Source: FEMA, 2018)
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Figure 26 and Z below indicate the flood severity map developed for the case of overtopping
and piping failure respectively as theoguct of flood depth and flood velocitAs we can
observe from the maprost of the areas are categorized under extreme conditimindicates

that either the depth or the velocityods aremore. When they multiplied/ield greater than the
values imdicated on the table 10 given above. The flood risk would be depend on the live or
properties liable to the damages. In order to generate flood risk map, we need to conduct socio
economic study, which beyond the scope if this study. Hence, the floodnaisk werenot

communicated here.
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Figure26: Flood hazard map for threvertopping failure using Froehlich (2008)
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Figure27: Flood hazard map for the pipifgilure usingvon Thun and Gillete
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6,COLUSI ON AND R BQGOMNRN

6.1 Conclusion

Dam breach analysis and inundation mapping are of the most significant study in need since the
water stored behind the damascapable of resulting on high devastatemnthe time of breach

There are various assptions and techniques available for dam breach analysis stidige

present study, an attempt was made to simulate dam breach and development of flood inundation
mapping for Gidabo embankment dam which fountheaxS®uthern part of Ethiopjaising HEG

RAS model. The geometric data useslithin HEC-RAS was extracted from high resolution
digital elevation modefrom ALOS PLASAR product which having 12.5x 12.5 m spatial
resolutionusing HEGGeoRAS The dam was tested for both overtopping and piping failure
scenarios Overtopping fainy-day) failure due tothe probable maximum flood and piping
(sunnyday) failure at normal pool level was analys@&iiferent set of breaching parametéias

been utilizedrom empiricalequation developed fromstorical dam fdures.

From one dimensionalinsteady flowsimulation in HECRAS model| it is recognized thahe
breaching parameterset for Froehlich (2008)was yield the resultmore approaches the
envelopecurve developed from 14 historic dam failure with the pefak5,945.14 rfs. Hence,
flood inundation map obtained from this method was developed. In the same nvam&hun

and Gillete was used for flood inundation map for piping failuin the peak discharge of
14,904.39 ri/s. Towards the research objectiyeassessment of breach parameters has been
done. However, in order to state which key parameters are highly influence the damthesach,
sensitivity analysis need to be performed by tuning the values of each pardyéEgping one
parameteconstant ad changingothers. Obviously, it is consuming much more time and did not
performed for this study-However, from the experience of modellers and literature review, it is
seen that manni n gtesensitie paadmatersier damdreachpdiakiaige

in addition tobreach width, and time of formation of failuréouting of hydrograph at the end
of the downstreanwas also done to indicatéhe arrivals of flood waveFinally, the flood
inundationmap describegxtent of the flood, depth of thi#ood and velocity of the flood
magnitude was developed@hese mapsould be possibly used for dam owners to develop

emergency action plan
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6.2 Recommendation

Since danbreaches havkigh potential damage in comparetb@ normal flood events, it née

great attention in order to safe loss of life and property dani2eeelopment of appropriate

flood inundation mapping requires an accurate dam breach analysis study supported by detalil
avail able data | i ke c¢cross s tcincurem studgthdrewaa and
shortage othe crosssectionaldata.Even if high resolution DEM were usetthe extraction of
geometric data was challang since the aremaare mordlatter. This is kecause as the terrain
become flatterand flatterthe acuracy ofthe DEM could be decrease so fateft side the
downstream of the dam, there is an area potentially could be floodedl Sortsgder it as small

partof theland parcel, did nahcluded in the simulation process. However, in order to develop
fully dynamic one dimensional simulation, it needs to be considered as the part of the study.
Therefore, | recommend that further study should be consider it as one tributary in addien to

main reackand execute the simulations.

Breach models have ffrentlevel of accuracy and computational algorithniherefore, it is

better to recheck the model output wittme different dam breach and flood model having high

level of accuracy and strong computational algorithmsorder to develop safe and econocah
emergency action plans, it is best practice to simulate dam breach with different breach scenarios
to see thdifferentrange of hazard-inally, | would like to recommend th#tte dam owner and
concerned body have to pay special attention to theldlaach monitoring and develdipe best

strategies to communicate EAP witte stakeholders in caske damis suspectedo thefail.
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APPENDI CES
Flood Inundation Maps

Depth of flood inundation map for overtopping failure using Froehlich (2008) method
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Flood velocity map for overtopping failure using Froehlich (2008) method
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Depth of flood inundation map for overtopping failure using Froehlich (2008) method
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Water Surface Elevationmap for overtopping failure using Froehlich (2008) method

- RAS Mapper - O X

File Tools Help

Selected Layer: Water Surface Elevation RO@R X € EBMAS M| Min<f Llr ~
[] Features y - = 7
[[] Geometries -
=[] Results
=) [¥] Plan_Froelich(2008)_Ov
[[] Geometry

[JD°V(Max) @
] Velocity (Max)
WSE(Max) [N
[[] Plan_Froelich(2008)_Pip
[] Plan_McDonald_Ov
[] Plan_McDonald_Pip
@-[] VonThun_Ov
[] Plan_VonThun_Pip
=-[v] Map Layers
[[] Google_Tif
Google Satellite
£ [V] Terrains

[oems]
[ Terrain O

Views | Profile Lines | Activ ¢ | »

(Depth * Velocity) map for overtopping failure using Froehlich (2008) method
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Depth of flood inundation map for piping failure using Von Thun and Gillete method
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Flood Velocity map for piping failure using Von Thun and Gillete method
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Water Surface Elevationmap for piping failure using Von Thun and Gillete method
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(Depth * Velocity) map for piping failure using Von Thun and Gillete method
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Gidabo Dam site ElevationArea-Volume Curve
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