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ABSTRACT

TWO-DIMENSIONAL DAM BREAK ANALYSES OF BERDAN DAM

Una,¢ajl a | r mak
Master of ScienceCivil Engineering
SupervisorProf. Dr.Zaf er Boz k uk

September 201929 pages

Dam break analyses of Berdan Dam were performed to determine the potential risk
areas of floodplain and to help the preparation of emergency action plans. Digital
elevation model created from bathymetric maps, flow hydrograph obtained for
catastrophic contlon, and sukregions classified by land cover maps were integrated
into HEGRAS model. The reservoir of Berdan Dam and-timensional flow area

was created on GiBased geometric data which was converted ftbedigital
elevation model toa triangulatel irregular network. Breach parameters were
calculated according to the selected dam breach mechanism. When all hydraulic and
hydrological parameters were specified depending on variables and selected dam
breach mechanism, simulations were run under pipimdj overtopping scenarios.
Finally, the flood inundation maps were visualizedledigital elevation model with

the help of RASMapper in terms of depth, velocity, water surface elevation, and flood

arrival time.

Keywords:Dam break analysis, HERAS, GIS, twedimensional model, inundation

mapping
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BERDAN BARAJI ONI N KKK BOYUTLU YI KI LMA ANA

UnaL,¢ajl a | r mak
Yuksek LisansK nk aat M¢hendi sl iJi
TezDan é kef.dDEZaf er Bozkuk

Eylul 2019 129sayfa

Berdan Barajéedénén baraj yeéekélma analizleri,
belirl emek ve aci l eyl em planl ar énén hazeéer
yapél mékter. Bati metr.i haritallkatstofidan el de e
durum i -in elde edilen hidrograf ve arazi K
bolgeler HECRA SOt a ik boyutl u bir mod el sczerin
yé¢ksekli k haritaséndan d¢gzensiz ¢<emgen aj éna
czerinde Berdan Barajéodéonén rezervuare ve ik
Se-ilen baraj yékél ma mekanizmaséna g°re y¢
B¢eten hidrolik ve hidrolojik parametreler S

saptandeaktaan b®r ul anma vV e akKkma yéekeéel ma mo d
tamaml anméxkt ér . Son ol arak, takkeén yayeéelém |
takkén gelik s¢resi daj él emlaré o4 arak diji

Mapper araceéelmijkétyilra g°r¢gnt ¢l en

Anahtar KelimelerBar aj yékel RASan&BiSzi , iKHECboyutl u mo
yayél ém haritaseé
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CHAPTER 1

INTRODUCTION

1.1.General Overview of Dam Break Modeling

In general, dam break analysis is performed by taking into consideration the
requirements of the case study, the type, and qualification of the available data, the
basic characteristics of the study area and theg@esgfic assumptions. Physical and
numeical analysis methods which are developed for dam break phenomenon are
applied with different approaches of specific dam breach mechanisms. There may be
some limitations regarding computational time and costs considering the feasibility of
hydraulic modehg. Thus, oneand twedimensional modelsome into prominence

in practical applications.

In onedimensional models, unsteady flow computations are performed by one
dimensional Saint Venant equations at determined channelsgotsns with proper

intermal and external boundary conditiofsB o z k u K , 200 3; Bozkuck
Bozkuk & G¢gner, 200 1The sotiokalgarithdas oKsafsvarg , 1 9 ¢
generally use governing equations of 1D flfkDWAV, SMPDBK, HEC-RAS, and

MIKE11 are among the software most preferred and verified by the many studies.

On the other hand, in twdimensional models in which flood spreads both over the
river channel and the floodplaithe floodinundationmap isinvestigatedon a2D

flow area. In this manner, a 2D computational mesh that comprises the properties of
terrain can be constructed. Then, a finite volume algorithm is introduced in order to
solve the twedimensional form of Saint Venant or Diffusion Wave equations which
are epresented as the fully dynamic and diffusive wave approaches, respectively
(Altinakar, Mcgrath, Ramalingam, & Omari, 2010; Bates, Anderson, Baird, Walling,

& Simm, 1992; Horritt & Bates, 2002; Neelz & Pender, 2009; Soulis, 1992¢rent



2D equation sets are solved by frequently used software such as LISFEROD
HEC-RAS, TELEMAGC2D FLO-2D, MIKE 21.

CombinedlD-2D modelscan ato be created bhyonsidering the computational costs.
Large river systems can bealysedy usingaonedimensionamodel atriver cross
sections anc two-dimensionalmodelin the inundation areas where more detailed
hydrodynamic computations are requi{@tunner, Piper, Jensge& Chacon, 2015)
HEC-RAS 5.0.3, which was developed by the U.S. Army Corps of Engineers, is
verified by numerous oreand twoedimensional studiedn addition, HEGRAS is
widely used indam break analyss and flood inundation mapping since it is well

integrated into GIS.

Onedimensional models are said to be sufficient for most of the dam break analyses.
However, the results of the odémensional analysis are obtained only for determined
crosssections along the river. Therefore, the interpolatiaragssections is required

in inundation areas where 2D flow occurs. Besi@@s Altinakar (2012)stated that
two-dimensional studiesre generally more appropriate for highly unsteady dam
break floods on wide and flat terrains by considering the rapidly varied flow which

may lead to serious the stability and accuracy problems in a 1D analysis.



1.2.Literature Review

Dambreachmechanismsrad related mathematical expressions have degeloped
with the analysis of physical and numerical mod&lsese expressions are integrated
into the solution algorithms of the software. Flood routimadels have started to be
used extensively impractical applications wth the development of computational
facilities of GIS-based software. Some of these studies weestigatedo determine

the mrameters which are generally used in dam break analysis.

Ackerman & Brunner(2008) simulated a dam break ansily in HEGRAS to

investigate the flood inundation in the downstream region. The digital elevation model
was converted to a triangulated network map so that it can be imported frem Hec
GeoRAS to HEERAS as geometric information. An unsteady flow model evaated

with determined breach parameters. Finally, dam break analysis was carried out in
HEC-RAS and results were mapped by means of GIS. Thus, the processed digital
terrain and the resulting water surface profile made the preliminary study of flood risk
available. The proper mapping of dam break flood scenarios was stated to facilitate

the planning of land use and preparation of emergency plans to prevent loss of life and

property.

Goockll & Wahlin (2009) compared the two drawdown methods with the help of
HEC-RAS and HEGHMS for dam breach analysis. Although providing accurate and
precise data, the dynamic routing method was specified as a complex method that has
disadvantages of reging a bathymetric map of the reservoir and being more prone

to instability problems. On the other hand, level pool drawdown was determined as a
simple and practical method that requires only a sség@ge curve and has numeric
stability under certain icumstances for many cases. Therefore, by using basic
characteristic parameters of breach formation and reservoir, a practical method was
presented with compiled results on an envelope curve to determine if level pool

reservoir routing would be appropeatnd adequate for the analysis.



Wahl (2010)noted that the determination of the outflow hydrograph of reservoir and
routing of that hydrograph through the downstream region were essential steps of dam
failure analysis. A gneral overview of both simple and more complex methods was
provided to predict the probable outcomes of different flood scenarios according to
the required level of estimation and decismaking process. These methods were
classified as predicting pealutiow and breach development directly, modeling
analytical hydraulics and erosion processes, determining breach development and
resulting outflow hydrograph simultaneously with proeleased models. In addition,
further refining of the breach developmevds suggested in order to make accurate
estimations that were integrated with flood routing in the analysis.

Xiong (2011) identified dam break analysis in terms of model and theory by
combining case studies with mechanics. Predicting breach parameters and pe
outflow were defined as important points for dam break phenomenon and estimation
of potential damages. As a result of the analysis, downstream regions that were
relatively close to the dam body were more affected by dam break. However, analyses
showed hat the changes of breach parameters had no great impact on the maximum

water surface elevation which may be originated from initial and boundary conditions.

Muchard & Deo(2012)compared different methods and assumptions of dam breach
analysis by using an unsteady flow model in HE&S. In spite of having an ability

to yield pecise and accurate results for flood inundation, more detailed data may be
required for unsteady models than steady models. In a similar manner, the dynamic
routing method was considered to be more appropriate than a level pool method for
flood inundationmapping; however, a bathymetric map of the reservoir was needed
for dynamic routing. Therefore, an alternative level pool method was performed with
the reservoir which was represented by a storage area. Determination of breach
geometry, outflow hydrograpland reservoir routing method were important since it
was indicated that the change in these data might result in different outcomes

according to the results of the analyses.



Nguyen & Weston(2013) discussed both hydrologic and hydraulic methods and
assumptions for the dam break analysis. Analysis procedures were simplified since
the model was created only to compare tlubable outcomes of different scenarios.
Therefore, only the main tributaries and storage areas were used in the model. Then,
lateral structures were added by the digital terrain. A bathymetric map was provided
from previous studies in HERAS for the regia. Additionally, crosssections were
interpolated to prevent numerical instabilities in the analysis. Evaluation of the results
was performed with a G¥8ased model in HEEIA in order to estimate flood effects.
Finally, flood damages were computed by gssociceconomical data, flood arrival

time and the maximum depth of water values which were determined for the study

area.

Derdaus, Djemili, Bouchehed & Tacl2015)used a GISntegrated dam break model

in HEGC-RAS to hvestigate the potential risks of failure of Zardezas Dam. First of all,
the digital terrain model was imported to HRAS with GIS. Unsteady flow analysis

for dam break was carried out in HEAS. Then, maps of maximum depth of water
and velocity of watewere visualized by GIS environment. Finally, a flood risk map
was created from generated maximum depth and velocity maps in order to examine
the probable outcomes of dam break flood. Estimation of loss of life and property
damages, improving flood risk magement and planning of land use have become
available with created risk maps. It was concluded that an integrated hydraulic model
can reduce the time and effort which are required to estimate potential risks of dam
break flood.

Gharbj Soualmia, Dartus & Masberngt016)analysed 1D and 2D models in order

to investigate the recurrent flood risk at the Medjerda basin. By taking into
consideration that the floods were closely related tonssat transport, the one
dimensional model was used to determine the rate of sediment transport and examine
the morphological changes in the river bed. Furthermore, thelitwensional model

was used to determine the materials which were transported IiweheAlthough

onedimensional simulation was preferred for being quick and easy to implement, it



was seen that the twdimensional model provided more accurate and precise results

in terms of flow changes, sediment transport rates, and morphologioglesha

Haltas, Tayfur & Elci(2016) simulated a 2D model to compare tresults with
experimental data obtained from the physical model which was used to replicate
Urkmez Dam and its downstream region. 1D model in HEXS was used to obtain

the routing of flood hydrograph of the area where-dineensional flow conditions
apply. Then, the twadimensional model in FL@QD was used to investigate the flood
inundation area. Finally, the results of the dam break analysis were shown in GIS
environment. According to the data which was measured at different locations from
resulting digial maps of depth and velocity, the results of themerical and

experimental model were in agreement.

Gogoake, Ponpo& iAri manaysd&@3Sbasgd dam break model of
Bicaz Dam to investigate the flood inundationthe downstreanregion Values of

water depththe velocity of water and travel time of flood were obtained ay
numerical simulation model in HERAS with digital terrain data. Analysis of flood
wave characteristics with GIS was said to facilitate the determination of potentially
affected areas. According to the results of the dam break simulation, emergency action
plans, land use planning, and ftbavarning systems were prepared to prevent the
probable loss of life and property. Although a real risk analysis requires detailed
information, vulnerability maps were obtained with existing data by using a
multicriteria analysis to perform a simplified antitative risk analysis and determine

the flood risk maps.

k a h({2016) used a twealimensional model in FL@D for Sungurlu Dam and

Osmangazi Dam in order to obtain flood inundation maps for different scenarios. First

of all, two dgital elevation models that have different resolutions were created with

the contour maps by using GI'S tools. Then, |
were specified according to geologic features of the flood plain. In addition, area and

width reducton factors were used for the effect of the buildings on the water volume.



Thus, the simulations were carried out with different mesh sizes and different digital
elevation model resolutions. The results of the analyses were examined for both the
flood plain and predetermined control points. In this manner, the results were
evaluated for different hydrographs and corresponding flood areas. Finally, the flood
inundation maps were visualized in terms of maximum flow depth and maximum

velocity.

Amini, Arya, Eghbatadeh & Javar(2017) conducted the dam break analysis of
Vahdat Dam by using HeEGeoRAS and HEEGRAS for different failure modes. By
utilizing the data which was obtained from field measurements and authorized
institutions, Manningos roughness coef f
estimated. Then, empirical expressions were used to determine breach characteristics
in order to create a breantodel in HEGRAS. The results of the analysis of the dam
break model and the empirical equations were compared according to the maximum
discharge values. In this manner, it was observed that the type of failure had a
significant effect on the hydraulic grerties of the flood wave in the downstream
region of the dam. To conclude, the methods which were used to calculate breach
geometry have a significant effect on dam break analysis since different breach

dimensions and breach formation times could be obtafor various conditions.

Basleer, Wayayok, Yudu& Kamal (2017)used a dam break model of Mosul Dam in
HEC-RAS in order to examine the effects of breach parameters on the flood
hydrographs. It was noted that the breach geometry and the breach formation time
were crucial in determining the flood hydraph characteristics. Therefore, the
analyses were performed by considering these parameters. Furthermore, different
water surface elevation values at the reservoir were considered for each method with
various dam break scenarios in order to cover ba#rtopping and piping failure
modes. After completing the sensitivity analysis, it was concluded that the breach
formation time had a greater effect on peak discharge values and peak discharge time

than breach geometry.



Joshi & Shahapure2Q17)simulated a twalimensional dam break model of Ujjani

dam in order to investigate potential risk areas for flood inundation with the help of
an unsteady analysis in HERAS. Prediction of breach parameters and routing of
outflow hydrograph were determined as two main steps of dam break analysis. Firstly,
topographic data, digital elevation model, land cover map were collected as geometric
information for the terrain. Then, the storage area andlimensional flow area were
conneced in order to process the breach formation data into the-RUEE model.
Finally, the created model was analysed and the results of the analysis were visualized
as in the form of flood inundation maps. It was indicated that accurate prediction of
dam breaKlows and evaluation of result maps are crucial points in the preparation of

emergency action plans and flood disaster management.

Sharma(2017)accomplished a study of dam break analysis of Ajwa Dam by using
ArcGIS and HEGRAS in order to examine the flood inundation at the downstream
area. In the study, the analyses were carried out for different modes of failure.
Additionally, the outflow hydrograph was determined at different river stations by
HEC-RAS. As a result of the analysis, maximum water surface elevation, velocity of
water and flow rate values were determined for specific «vestons. The inundation

map was also generated for the downstream region with the help of the GIS
environment. Thus, preparation of evacuation plans, construction of floodwalls,
improvement or regulation for river channels and related measures for flood scenarios

were recommended biyeans of dam break analysis.

There are numerous numerical and physicalission dam breaking analysisre
of thepast studieswhich are carried out to investigate the dam break phenomenon or

used to facilitate the related applications, are also givérs context.



1.3.The Objective of the Study

The aim of this study is to investigate the procafsdam break analysis with two
dimensonal models by using HERAS software. For this purpose, the dam break
analyses of Berdan Dam weyerformed ag case study. Thupod inundation maps
were obtained to examirtbe results oprobable dam break scenariosthe study

area.
1.4.Thesis Organization

This thesis isorganized in five chapters. Brief introduction, literature review and
purpose of the ady are presenteth Chapter 1. In Chapter, 2nathematical
relationshipswhich areused in hydraulic modeling and solution methof$HEC-
RAS software are examined. Afteemgeral information about the study area, the
paraneters which were used as inputthe hydraulicmodel and thgrocess of the
two-dimensional analysis IHEC-RAS are mentioned in ChaptertBge resulting flood
inundation mapef the dam brea&inalyssfor the piping mode of failurarepresentd

in Chapter 4. In Chapter 5, the resultstloé analyses which were carried out for
overtopping mode of failure are represented. Finally, the conclusfdhe studyare

given in the last chapter






CHAPTER 2

HYDRAULIC MODEL

2.1.Hydraulic Model of HEC -RAS

I n this study, t h-BAS waseusedl $o0 foltoav rthe aumerioaf HEC
solution procedure and the discretization of governing equations. In this section, the

original symbols given ithe manual were maintained.
2.1.1.Discretization of Two-Dimensional Unsteady Flow Equations

For twodimensional unsteady flow, the continuity equation can be written by

assuming the flow is incompressible;

10T 1D
ToO To T

n m P

where H is water surface elevation, t is time, thsdepth of water, gepresents
source/sink flux,6 and v are the velocity components in >and ydirection,

respectively.
If Equation (2.1) is written in vector form:

T 0 v
o FE® nom ]
xEAOA 6 GHOD OxAT AO/dy ) .

Equation (2.2) can bearitten in integral form as:

TT_o q OFE QYO T )
|

where! is the control volume, S is the side boundary and Q is the source/sink flow

term. The control volumé is written as a function of water surface elevation.
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Then, the first term of Equation (2.3) <can

1 ) I O I O
o 9 30 c8

The second term of the Equation (2.3) can be represented as a summalien of t

verticalfaces:

wFE QY wHEe 0 O ¢®

wherew is the average velocitg, is unit normal vector at fade ando is the face

area.

2.1.2.Sub-grid Bathymetry Approach

A highresolution mapmay be inappropriate to use asgdad considering the
computationtimes of the simulationdVhen simulating hydraulic models, a coarse
computationalgrid with fine topographic features can be used on-hegblution
bathymetricinformation In this casethe subgrid bathymetry approach can be

presented as a soluti¢8asulli, 2009)

By integratingthe subgrid technique high-resolution bathymetric data can be used
for calculations on relatively coarse gridhich allow larger time intervals. The sub
grid data can be used withcoarsercomputational grid sincthe hydraulic data is
calculated from fine bathymetry in accordancehwihe conservation of mass.
Therefore, the sufgrid modelcan be used tsimulate theflow on a wideterrain
(Sehili, Lang, & Lippert, 2014)

An example of the computational grid wifime subgrid bathymetryis shown in

Figure 2.3
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Figure2.1. Representation of computational grid with syrid bathymetry data

2.1.3.Two-dimensional Shallow Water Equations

The vertical velocity componeid considered to be small if the scale of horizontal
lengthis much larger than the vertical length.this manner, theartical derivative
terms can be aglected The vertical momentum equation can be used with the

assumption of hydrostatic press(@vllier, Radwan, Dalcin, & Calo, 2013)

Thus, the twadimensional shallow water equations are written as:

ro o 1o ‘5%;0 1010 0 o
T O T(b L ® W Two Tw @O v &
ro To .10 o, 1T0 Y0 L.,
T_O OT_(A) T(JO (A)U m m wu Qo0 C&
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whereu andv arethe velocity terns in x- andy-direction v is thehorizontal eddy
viscosity coefficientH is water surface elevatiog,is gravitational accelerationr is

thebottom friction coefficientandf is theCoriolis parameter.

If Equation(2.7) is written & a single differential vector form as;

® . .
Tl'_c‘) WFE ©® Q 00 ® 0o QT Ry
wheren = (O/ Ox, O/ Oy) and k is the unit vector in

A simplified equation which is in the form of conservation of mass and momentum
can be expressed by neglecting the diffusive effects due to viscosity, turbulence and
the Coriolis term{Vreugdenhil, 1994)

Therefore, the momentum equation can be furthepldied as:

€ LWL .
Yo i 0 &
By dividing both sides of the equation by the absolute value of their square roots,

Equation (2.9) can bentten as:

Yo i 0

@ € s Bl

P

where V is the velocity vector, R is the hydraulic radiud,is the gradient of water

surface elevation and n is Manningds roughne

2.1.4.Diffusion Wave Approximation

The twaedimensional form of diffusion wave approximation is obtained from the

momentum equation by neglectirigertial terms in the horizontal momentum

equation and substituti ng formdlae Thdn,altet om sl ope
differential form ofdiffusive wave approximation of shallow water equations can be

written by integratig into the conservation of magslonso, Santillana, & Dawson,

2008)
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By substituting into the sufrid bathymetry:

) ) .
@0 | BE 0 9w CPC

]

wherg | O —y

0 'O isthe area of face k and O is the cell volume at time n.

2.2. Application of Numerical Methods
2.2.1.Finite Difference Approximation

A finite difference approximation can be introduced by using a derivative of the
difference of two quantities in consecutive time steps according to the definition of
first order derivative in timéHirsch, 2007)

Therefore, the derivative of the wat@lume in time is discretized with the difference

of the volumes which are represented by functions of water surface elevation as:

10 )
7o 30 co
Then, the directional derivative is written in the direcormas:

... 1700 O

Qe T_ s ¢Prt

3¢ is the distance between the centers of two adjacent cells.
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2.2.2.Finite Volume Approximation

The finite volume technique is generally used for the conservation of mass and
momentum. Therefore, this approach can be utilized for complex mesh systems. For
discretization, the cells are considered as the control volumes. Therefore, the mean
value of avariable in a control volume is termed as the-cetitered or the cell value.
Likewise, the mean value on the faces is calculated as cell center value. In brief, it can

be stated that the finite volume method produces cell center \BMaeander, 2016)

Gausso6 divergence theorem is applied to dual
of "H at a grid face as:
B '0¢ Q0

EE-a— CPu
Where L is théboundary of the dual celendo is the area of the dual cells shaded in
Figure 2.4.

Figure2.2. Representation of dual grid cell
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It is possible to express the integral form asuen over the faces of dual cells for
polygonalthe dual cellsBy rearranging the terms by cell index j, the finite volume

approximation of “@an be written as:

O w0 PO

w & CPX

o, . -

.W @'Y w0 cPY

where

@ £ Q e a IZ"Y W
% P

2.2.3.Hybrid Discretization

The normal derivative is expressed as the sum of a finite difference and a finite volume

approximation as a hybrid discretizatifm thenonorthogonal gridNorris, 2000)

If k is the vertical unit vector and n is the direction which is normal to the cell face,
Y "Q ¢ isorthogonal to nnthe same manner, if the directiortofs specifiecby

theface between theells,”Y "Q ¢ is said to be orthogonal #o.

Then, the normal derivative can be written by using finite difference and finite volume

approximation as;
T 0 T 0 T 0

T_‘S € ES g € E'Y W Q&T[
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By expressing in a summation form, Equation (2.20) becomes:

IS -

Qe T_E w0 cg&p

whereo represents the finite difference and finite volume terms.
2.2.4.Discrete Scheme of Numerical Solver

The combination of finite difference and finite volume approximation can be
discretized by a weighting facterin order to take into account the distribution of

these approximation¥ersteeg & Malalasekera, 1995)

Then, a generaled form of CrankNicolson method can be introduced to solve

shallow water equations in finite difference form as:

e & p —O0 O 1O o C&C

By rearranging the terms:

o) — &0 I 0 ol p — &0 c&0

Equation (2.23) can be expressed in vector form as:
I O 0 ® C&T
wherel is the vector of cell volumesaffl i s t he vector of water su

Considering the bathymetric relationships of volume and derivative of volume with

respect to H, an iterative formula is introduced as;
O O 00 IO 0 o q&U

where m representleiteration step.
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For shallow water equations, continuity equation can be discretized with the- Crank

Nicolson method by using finite volume approximation as:

O O - - -
M 3~c‘3m 0 0O p —7Y —Y 0 T 0]

Where the sign of the summation is dependent on the orientation of cell face k.

In HEG-RAS, velocity values are computed on the grid faces in this scheme.
Therefore, momentum equations cannoblcated on the cells. However, the velocity
gradients can be computed by wusing Gauss:

at the nodes are known from the previous time step.

w W W Q: 9

For dual cells, a double summation form can be written for the cells around a node as:

) Q O Q0 o cRY
Whered andQ are vector coefficients.

In addition, velocity is obtained from the discretization of equations that contain only
acceleration and Coriolis terms. A vector equation is defined in terms of velocities and

watersurface elevations at a location X as:

p —wo0 0. 0 p —wouQ
—w0Qp 0: L p —wWoEQ

cBwW
Where (s the Coriolis parameted, andv are the velocities.
Further, discrenation can be written in the shape of an explicit formulation as:

0. p —w0 Qo p —wouQ

0. —®6Qp U p —odQ cBm
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2.3.Solution Algorithm of HEC -RAS
2.3.1.Calculation of Water Surface Elevatbn

Two-dimensional analysis in HERAS s firstly started with the initial trial when
computing thewater surface elation value instorage areas and tvddmensional

flow areas.All computational cells and storage areas are controlled to determine
whetherthe difference of thevater surface elevation valuescansecutivdime steps

is less than theredefined or computetlerancelf the difference between the two
steps is less than the numerical solution toleraheesolver continues with the next

time step. Howevelif it is greater than the tolerance, the time stapé®mputed with

a new estimatiorin the same manngf a solution emerges where the numerical error

is less than the tolerance in all locations, it uses the iteration as the correct answer and

saves it as the best solution grdceeds to the next time st@runner, 2016hb)
2.3.2.Complete Solution Procedure

The geometnand subgrid bathymetry data ame-computed.
Solver starts the computational process with initial conditions at time step n=0
Boundary conditions are obtained for the next time step n+1.

Solver makes an initial guess for velocities and water surface elevations.

a M 0 DbdPE

T h eavafaged water surface elevations, @®, p —0 O and

hydraulic properties of sutyrid bathymetry are computed.

»

The system of equations is solved iteratively tmpateO
7. Velocity valuesY are computed
8. If the computed erras greater than thlerance the solvergoes to step 5. If

the error is smaller than the tolerancgridceeds tohe next step
9. Solver continues to iterate until the last time step is reached and all computed
values are accepted. If there are more time steps, the solver goes back to step
3, otherwise, unsteady flow simulation erfBsunner, 2016b)

The complete solution algorithm of HERAS is shown in Figure 2.5.
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Precomputatetie geometrnand subgrid bahymetry

y

Start to solve withH® and Wat time step n=0
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the next time step n+1
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Make an hitial guesswvith 'O 'O and’Y

Y
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Computet h eaverhged water elevatiol
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A
Computesubgrid bathymetry properties

A4
Solve the discretized system of equatio

A4
Update water surface elevati@

A
Compute the velocitie®’

Yes

Increment n, if necessary

No

A
End the unsteady flowimulation

Figure2.3. Solution algorithm of HEERAS

21







CHAPTER 3

TWO-DIMENSIONAL DAM BREAK MODEL OF BERDA N DAM

3.1.The Study Area
3.1.1.General Characteristics of the Study Area

The study area is located in the sadsin of the Berdan River which is in the East
Mediterranean Basin. The location of the study area is showngure=B8.1. The
Berdan Dam is within the borders of Tarsus district of Mersin. The water which flows
from the Berdan Dam merges with tributaries and then flows into the Mediterranean

Sea from the Berdan River.

Figure3.1. Location of the study area
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The population of Tarsus district in Mersin is 339.676 for 2018, according to data
which was obt agnmegdkfyemK3t{ KKi sti k Kurumu, 0 2

Berdan Dam and Tarsus settlement are shown in Figure 3.2.

Halitaga

Aliefendioglu

Figure3.2. Tarsus district and Berdan Dam
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The average distance from Berdan Dam tes#tdement area is 5000 m. Furthermore,
the nearest distance from the dam body to the settlement area is approximately 2500

m. The locations of the settlement area and Berdan Dam are shown in Figure 3.3.

Figure3.3. Settlement Area
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The study area represents the general features of the East Mediterranean Basin. The
climate of Tarsus is the typical Mediterranean climate with hot dry summers and mild
rainy winters On the Southern border of Tarsus, there are Taurus Mountains which

extend in the Eadt/est direction.

The average annual temperature in Mersin is 18.9 °C, the hottest month is August and
the coldest month is January. There are varying amounts of ralefeghding on the
altitude of the foothills and plateaus of Taurus Mountains. According to Tarsus
meteorological station data which was obtained from The General Directorate of State
Hydraulic Works (DSK) 6 . Regi onagibn Director

(according to 5%ear observations) is 628.6 mm.
3.1.2.Dam Characteristics

Berdan Dam, which was operationalized in 1984s constructed for water supply,
energy, irrigation, and flood control purposes. The techspatifications of Berdan
Dam were introduced into the dam break model with the parameters that are used in

unsteady flow analysis as in Table 3.1 and Table 3.2.

Table3.1. Characteristics of dam body

Type Zonedearthfill

Embankment Volume 2 160 000

Crest Elevation 71.60 m

Crest Length 540.00 m

Crest Width 10.00 m

Thalweg Elevation 30.00 m

Height from Thalweg 41.60 m

Height from Foundation 66.60 m

Geological Formation Claystone, sandston@nestone
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Table3.2. Characteristics of Berdan reservoir

Maximum Water Level 68.95 m
Normal Water Level 56.00 m
Minimum Water Level 41.80 m (Irrigation} 44.00 m (Energy)

Flood control maximurmater level| 67.41 m
Flood control minimum water levg 56.00 m

Reservoir volume at the maximu| 199.81 hm
water level
Reservoir volume at normal wat| 91.40 hnd
level
Reservoir volume at the minimu| 20.29 hnd (Irrigation) - 29.16 hni (Energy)
water level
Reservoir volume at flood contr{ 185.52 hr
maximum water level
Reservoir volume at flood contr{ 91.40 hni
minimum water level
Reservoir area at maximum wail 10.75 knt
level
Reservoir area at normal wal 6.55 knt
level
Reservoir area at minimum wat| 3.24 knf (Irrigation) - 3.78 knt (Energy)
level

3.2. Two-Dimensional Dam Break Model in HEGRAS

The twedimensional dam break model of Berdan Dam was created with RS

and ArcGIS. The digital elevation model was integrated into geometric data for the
2D flow area. In addition, a reservoir outflow hydrograph was used to determine the
flood wave wheh is caused by the dam break. For dam break analysis, the probable
maximum floodwastaken into consideration to investigate the inundation boundary
under the catastrophic conditions. Moreover, Manning's roughness coefficient values
of the different areawere defined on the digital map. Finally, dam breach parameters

were introduced to the dam break model.
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3.2.1.Integration of Geometric Data

The digital terrain of the study areeas prepared by combining photogrammetric
maps and measurements whiadre takerfrom the channel crossections. The aerial
photographsvere taken for the specified flood inundation boundary in order to create
1/1000 scale maps. Then, the terrain map, which was obtained from field studies and
compiled from 1/1000 scale mapsgas digitalized in the GIS environment. Finally,

the digital elevation model was created in WGS 1984 UTM Zone 36 N with 1 m linear
unit and 5 m grid size as in Figure 3.4.

Then, Digital Elevation Model (DEM) was converted to Triangulated Irregular
Network (TIN) ma in the GIS environment so that geometric information of terrain
can be converted to a grid system in HE&S. The TIN map of the study area is

shown in Figure 3.5.

The TIN mapwasthen imported to HEQRAS so that it can be used as a ®BEsed
geometric data for 2D unsteady flow analysis.
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Figure3.4. Digital Elevation Model (DEM)

Figure3.5. Triangulated Irregular Network (TIN)
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3.2.2.Determination of Reservoir Storage Area and 2D Flow Area

The reservoir of the dam and 2D flow axeere determined in order to integrate the
model inputs which require to be processed so that a grid systerbecareated
accordingly.

First of all, the reservoir and 2D flow area were created in4RBS as in Figure 3.6.

Berdan Reservoir

Figure3.6. Reservoir and 2D flow area
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The elevatiorareavolume relationship wastroduced to define the characteristics of

the storage area of Berdan Dam as in Figure 3.7.

Area (km?2)
24.00 20.00 16.00 12.00 8.00 4.00 0.00
100
: \ / i
—
p\/0lume
£ 7 -
£ / == Area
=
s
T-.n 60 rd Elevation| Area |Volume
/ (m) _|(km?) | (hm’)
50 33 0.00 0.00
40 279 | 13.03
/ 50 5.27 | 53.35
40 60 741 | 116.76
70 11.15| 208.56
/ 80 15.01| 340.35
30 80 19.19| 511.36
0.00 100.00 200.00 300.00 400.00 500.00 600.00

Volume (hm?)

Figure3.7. The elevatiorareavolume relationship afhereservoir of Berdan Dam

The elevatiorvolume curve ofhe storage area was defined in HR&S as in Figure
3.8 and Figure 3.9.

31



Storage Area Editor

Strage sres: [T -] 4] 1] — cover G|

"Connections and References to this Storage Area

Conn: Berdan Dam |

" Area times depth method Area (1000 mZ}:I
Min Eleyv: I

{% Elevation versus Volume Curve Compute E-V table from Terrain |

Elevation Volume Curve

First elevation must have zero volume

Elevation | Volume (1000 m3) | «
e 0.
2|40 130317 =
_ 3|50, 53351.95
_4|e0. 116756.7
_ 5|70 209555.5
_ 6]80. 340351.7
_ 7|50, 511358.2
8]
i
10
11
17
13
14
K -

Plot Vial-Elev ... | 0K I Cancel I

Figure3.8. Integration of elevatiorolume relationship intthe model
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Figure3.9. Volume- elevation curve oBerdanreservoir
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323Manningbés Roughness Coefficient of 2D

It is obvious that the roughness coefficient varies depending on such factors as the
grain size distribution of bed material, geometric properties of riverbeds an
floodplain areas, the amount of vegetation cover and change of flow rate. Hence, it is
a crucial parameter to determine since it directly affects the water which spreads over
the terrain and resulting flow conditio(Barnes, 1967; Chow, 1959)

Therefore, the land use mayas classified in the GIS environment to identify the
differences of the sulegions as in Figure 3.10. Then, a land cover wapimported
toHEGRAS by taking into consideration Mann
in Figure 3.11.

W Channel
Zone 1
Bl Zone 2
[1Zone3
[1Zone 4
B Zone 5
W Zone 6

Figure3.10. Subr egi ons for different Manningds r
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Figure3.11. Classification of subbegions in RASMapper

The Manningods r ougmmnedsfromChoavl(19%mnd WEGSe d e
tables which were compiled from the research conducteBabogyes (1967jor the

classified zones as in Table 3.3.

Table3.3. Subregions and correspondimgughness coefficient values

Manni
Area Description of Area Roughnes
Coefficient
1 |Inside levees (between Berdan Dam and highway D400 0.045
Inside levees (between the Mediterranean Sea and hig
2 0.052
D400)
3 |Floodplain within leveeicinity 0.060
Outside levee vicinity (between Berdan Dam and high
4 0.041
D400)
5 Outside levee vicinity (between the Mediterranean Seg 0.040
highway D400) '
6 [Residential Area 0.010
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As a result, th&D flow area was studied in ssxubregions ashownin Figure 3.12.

Berdan Reservoir

Figure3.12. Subregions of the 2D flow area

However, evalwuating the analysis for 0.0
in the 2D flow area was also found useful to be able to investigate hydraulic conditions
that may occur both in the river channel and flood inundation area during a

catastophic flood.
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For this case study, the values which were read from tables, 20% interval of these data,
060

cient

and O.

coef fi

the 2D flow area and 20% interval of these values are shown in Table 3.4.

Table34. Manni ngos

wer e

v al

ues

used in

on

roughness

order

dam br e askaluasoh | yses.

0.80 of Base Manni n 1.20 of Base
Manning Roughness Manning
Area Roughness | Coefficient of| Roughness
Coefficient the Terrain Coefficient

(0.80*base n) (base n) (1.20*base n)
1 0.036 0.045 0.054
2 0.042 0.052 0.062
3 0.048 0.060 0.072
4 0.033 0.041 0.049
5 0.032 0.040 0.048
6 0.008 0.010 0.012
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3.2.4.Determination of Mesh Size and Computational Time Interval

In the analyses, the mesh size of the 2D flow area can be selected as low as DEM file
resolution, but this may cause some stability problems and extends the time of the
analysis. In HECRAS, after the mesh size has been decided, the computational time

interval is determined by Courant condition as:

. 30 o men s o m A

o) —  par ATADTTTT AT OO0I
3w

. , 30 A

o wE) C8t EIAE EEOADRI

whered is Courant Numbew is flood wave speed;wis the grid size, anglois the

computational time step.

In this case study, the analyses were performed thetdiffusion wave method.
Therefore, the grid size and computational time step should be decided according to

the condition thad is less than 2.0.

However, the analysis which is performed with th#usion wave method may
required less than 1.0 in order to maintain stability and accuracy in rapidly varied
flow. For flood inundation, 100 m grids are generally said to be sufficient considering

the relatively flat and wide floodplaifBrunner 2016a)

Grid sizes less than 100 meters required more detailed geometric information of the
connection line representing the dam body in HEAS for this case study. In
addition, as the grid size becomes smaller, the computational time intervalanust b
reduced according to the Courant condition. However, smaller computational time
intervals increase the run time of the simulation and may cause stability problems.
Therefore, the analyses were performed with different mesh sizes as 100 m, 150 m,
200 m, ad 250 m in order to investigate the mesh dependency. It was determined that
there is no significant difference in water surface elevation values at thesentiss

which is 3500 m away from the dam. Moreover, a linear relationship could not be

establisked between mesh size and water surface elevation according to the analyses
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performed with different mesh sizes. Thus, it can be said that the results are

independent of the mesh size.

Water surface elevations for mesh sizes 100 m and 200 m were foundrtorde
reasonablevhen compared to other mesh sizeslaswnin Figure 3.13. However,

smaller mesh sizes should be used considering the sudden changes that may occur due
to dam break. Therefore, it was found appropriate to use a mesh size of 100 m for this

case study considering all these conditions.

o5l RASMapper Plot - O *

Plot Table

Water Surface Elevation on "Cross-section (3500 m away from Berdan Dam)’

— Overtopping (mesh size=200 m) 'Ma
— Overtopping (mesh size=150 m) 'Ma
— Overtopping (mesh size=250 m) 'Ma
— Overtopping (mesh size=100 m) 'Ma
— Terrain' Profile

25

Value [meters]

Station [meters]

Figure3.13. Water surface elevation values for different mesh sizes

In HEG-RAS, break lines should be added to generated mesh to control the flow
direction and to consider the barriers such as mountains, highways, levees, hydraulic
structures since break lines ensure that flow cannot pass through cell face until the

watersurface elevation is higher than the terrain elevgsanner, 2016a)

38



By taking into account the aboweentioned criteria, 100*100 m grid system was
improved by using break lines and extra grid cells in the vicinity of the dam in which
sudden flav changes occui.he mesh of 2D flow area generated with 47265 cells and

mesh refinement are shown in Figure 3.14 and Figure 3.15, respectively.

2D Flow Areas

20 Flow Area: | 2DFlowArea j ﬂ ﬂ -+ Str-\orr\eaage - |

Connections and References to this 2D Flow Area
Conn: Berdan Dam | BCLine: Outflow | -

Defaullt Manning's n Value: 0.08 2D Flow Area Computation Points

{ EditLand Cover to Mannings n... l esh contains: 47285 cells
cell(30302) = 24480.93(m2)
Cell Volume Filter Tol(m): |0-1 in cell = 1206.50(m2)
= 10007.07(m2)

avg cell
Face Profile Filter Tol{m): |0-1
TEREIEE AT Generate Computation Points on Regular Interval with All Breaklines. ..

i : IO. 1
TEemEet e T Enforce Selected Breaklines (and internal Connections) ...
Face Conveyance Tol Ratio:  |0.02

View Edit Computation Points ...

Force Mesh Recomputation | oK | Cancel

Figure3.14. Mesh generation for 2D flow area

Figure3.15. Mesh refinement in the vicinity of Berdan Dam
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For dam break studies, it is generally appropriate to select the computational time step
between 1 and 60 seconds. Besides, computational time steps greatesehand is

not preferable considering the precision and accuracy of the results. For computational
time step less than 1 second, the models may have some stability problems since
smaller time steps may cause the leading edge of the flow wave to becepes.ste

Moreover, the run time of the simulation may increase dramati@ilyner, 2016a)

Flood wave was determined for different analyses and the maximum velocity of water
was found to be almost 69.31 m/s in the dam vicinity as shown in Figuse 3.1
However, it was assumed to be almost 100 m/s to be on the safe side. Therefore, the
computational time step was selected as 1 second to satisfy the Courant condition for

the analyses in this case study.

=
6.922 24284

217 421879371 [1
§2593 14029 9.133[13.777 |
o o2 7.711[10.578
4616 s,ssfasss

4019 7.149 [10.693 ] [12.283(9.837

[13] 22 7.055 | 11.236] [11.705|7.698
LRI 2'928 6026 [12.035 | 2.04
=R (6265 11.356 [R5 45 115,622 SN0 ¢25 063 Ros72 155
2'7555.934 [16.252 11.339 5191 12.791 | 2442 2,345 | 2694 N 372 4.052

2.162

7411]13338 [13.791 11,84 | 7.2¢2 4,096 12236 | 2.562 | 4.384 | 6.346 3976
»

7635 14536 10.227 | 7506 4668 2073 8.007 |5.484

2.305 #5.031 | 8.256 | 10.448 13.04 |13.008 8.852 17.186 4.681 r 5212 6.773 =

Figure3.16. Map values of maximum velocity near Berdan Dam
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3.2.5.Maximum Possible Discharge for Catastrophic Condition

In dam break analyses, catastrophic discharges are required rather than flood
frequency studies inrder to investigate the catastrophic flood conditions. Probable
maximum flood values were taken from planning reports which were obtained from

The Gener al Directorate of State Hydraul |
the studi es ofFflood RiskAreas ohMersdiarsusBardan River and

Their Tributarieso.

For reservoir routing, average inflow and outflow rates should be considered with the
change in storage. Therefore, the change in reservoir volume can be written as the

difference letween inflow and outflow hydrographs in a routing pe(©dow, 1959)

In practical applications, the average of inflow and outflow rates are calculated with
the values at the beginning and end of ainguperiod.

The reservoir routing equation can be introduced as:
wY O 0 o oP

where’O is the average rate of inflow, is the average outflow ratey ds the
time interval of a routing periody "¥ thechange in reservoir volume during a period

wo

The inflow hydrograph of the reservoir and the outflow hydrograph obtained from the

routing operations are shown in Appendix A. (see Table A.1.)

After reservoir roting operations were accomplished, the outflow hydrograph of the
reservoir can be used as a boundary condition at the connection of the reservoir and

2D flow area in HEERAS. Inflow and outflow hydrographs are shown in Figure 3.17.
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Figure3.17. Inflow and outflow hydrographs

3.2.6.Dam Breach Parameters

In dam break analysis, breach mechanisms are determined as well as the unsteady flow
conditions.Dam break mechanisms are based on the regrestatiomship between

the breach parameters and characteristitseafam. The mathematical relationships

were developed with the data which was collected from the historical dam failures and

physical models in order to investigate the dam break phenoniEmesetechniques

are based on reservoir volume, depth of water, the geometry of breach formation and

height of dam or joint evaluation of some of these paramékecehlich, 2008;
MacDonald & Langridge Monopolis, 1984; Von
2004; Xu & Zhang, 2009)

Breach formation generally grows in trapezoidal shape for the elaathdil rockfill
dams( Bozkuk &.Baj, 2011)
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The geometry of a trapezoidal dam breach is represented with the side slope of the
breach (z), bttom width of the breach( , theheight of the final breachQ , the
height of the breach base at an instant during the breach form&igrandwater

surface elevation’Q asshownin Figure 3.16.

/ Dam /Breach
\ ‘_.l. .'.“ lE /.._ _.'. :.".

Figure3.18. Parameters of a trapezoidal breecBo z k uk & Baj , 201

Prediction ofbreach parameters may vary from the dam to dam and may also vary for
the same dam under different circumstances considering the different dam break
scenarios. In literature, some of the physical and numerical models have been
examined to determine criticplarameters of the dam breach and to compare the

results.

Breach formation time and geometry of the final breach are vital for risk assessments.
Determining the breach formation time not only use to determine the period of the
beginning of the breach forri@n to the moment of dam failure but also it allows to
investigate the time required for evacuation of the downstream settlement from the
risk area(Wahl, 1998)

The regression equations, which were verified by several dam break studies, are used
in HEC-RAS. Wahl (2004)carried out amncertainty analysis for various dam breach
formulations. Mathematical relations of available dam breach mechanisms and their

uncertainty analysis are summarized in Table 3.5.
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Table3.5. Dam breach mechanisnmsHEC-RAS

Average .
Nurmb £ . Uncertainty
umber
Method Equation froro Interval
of Cases Estimation
(log cycles)
(log cycles)
Average Width of Final Breach
Bureau of Bavg=3hw 70 ~0.09 +0.43
Reclamation (1988)
MacDonald and
Langridge-Monopolis | Bavg=Ver(hb*Wh) 58 -0.01 +0.82
(1984)
Von Th
on Thun and Bavg=2.5w+Ch 70 +0.09 +0.35

Gillette (1990)
Froehlich (1995a) Bavg:0.1803<ovo'32h0'19 75 +0.01 +0.39
Breach Formation Time
MacDonald and
Langridge-Monopolis /=0.0179Ve - 364 35 -0.21 +0.83
(1984)

tf=0.01%wy
Von Thun and (highly erodible) 34 —0.64 +0.95
Gillette (1990)

tf=0.020hy+0.25

(erosion resistant)

tf=Bavg/(4hw+61)
von Thun and (highly erodible) 3 —0.38 +0.84
Gillette (1990) ti=Bavg/(4hw)

(erosion resistant)
Bureau of

tf=0.011Bavg 39 —0.40 +1.02

Reclamation (1988)
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According to the uncertainty analysis, the formulationM@c Donal d & Langr

Monopolis(1984)andFroehlich(2008)yielded better resulisn terms offinal breach
width and breach formation time. In additioRroehlich (2008) examined more
earthfill dams in case studies than others. Whatsntioeedamsvhich were usedn

the case studies that form the basis of the Froehlich (2008) formulationg#ilect
characteristics of the Berdan Dariherefore, the dam breach mechanism of

Froehlich(2008)was found more appropriate fBerdan Dam.

Breachformulationswhich areunderthe unsteady flow analysis optiose usedn

order to define the dam brepkenomenon in a model in HERAS. The dam body

was defined as a connection between the storage area and 2D flow area so that
connection can state aummary condition linen which the outflow hydrograph of
Berdan Reservoir is introduced. Thus, breaching of connection means breaching of

the dam body in the dam break model.

Trapezoidal breach geometry of Berdan Dam, breach progressionadmdated
parameters with different dam breach mechanisms are shown in Figure 3.19, Figure
3.20, and Figure 3.21, respectively.
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ERaE ‘ Tme [ Breach [+ Breach Progression Plot :l
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1 a a
Left Side Slope: 1 2| 0.05 0.006
Right Side Slope: 1 3 0.1 0.024
4 0.15 0.054|
Breach Weir Coef: 28 3| 0.2 0.095
Breach Formation Time (hrs):|1. 15 6 0.25 0.1%6 0.8
7 0.3 0.206
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15| 0.7 0.734 2
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el 0.0
30 0.0 0.2 0.4 0.6 0.8 1.0
e Fraction of Breach Time o
32| j El G

oK Cancel

Figure3.20. Breach progression curve
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Sterage Area Connection Breach Data
SA Connection |Berdan Dam j ﬂﬁ Delete this Breach ... | Delete all Breaches ... |
¥ Breach This Structure | | | o ]
i Simpli ysica i i Parameter Calculator
T e ey e Breach Plot | Breach Proaression | Simplified Physical | Breach Repair (optional)
Input Data
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Froehlich (2008) 122 1 119 Select
Von Thun & Gillete 188 0.5 1.58 Select
Xu & Zhang 210 0.68 289 F Select
*MNote: the breach development time from the Xu Zhang equation indudes more of the intial erosion
period and post erosion than what is used in the HEC-RAS breach formation time.
Ok ‘ Cancel |

Figure3.21. Calculated breach parameters for differentima@isms

3.3.Complete Procedure of 2D Dam Break Analyses with HERAS

First of all, thebathymetric map is created with aerial photographs and measurements
obtained from field studies for both river bed and flood plain. DEM is generated from
the bathymetric map, and théns converted to a TIN map with HEGeoRAS tool

in ArcGIS.

Theterrainn s cl assified by the | and character
roughness coefficient values of different land uses. Different roughness values are
assigned according to the characteristic features of these regions and processed into
the geometc data in an attribute table. Then, land cover can be imported te HEC

RAS from land use of the terrain created in GIS environment.

A probable maximum flood hydrograph is determined from the hydrological studies
for catastrophic conditions. After reservauting operations, the outflow hydrograph
of the reservoir can be used as an input for unsteady flow simulation iFRASC

47



The general process of the dam break analyses inlRUEERis summarized below.

U A new project is created in HERAS and a projectiois set.

U The TIN map is imported to HERAS as a terrain. Geometric data should be
created on this terrain in HERAS. Reservoir and 2D flow area are created in
the geometric data editor.

1 A volumeelevation or arealevation relationship is introduced to
define the reservoir characteristics.

T The mesh size and Manningds-roughness
regions were determined for the 2D flow area. Refinements can be
done by defining break lines or adding/deleting grid cells if required.

U For dam break angdes, either an inline structure or a connection should be
introduced to represent the dam body. Then, a breach geometry is defined at
the dam body by using terrain coordinates.

0 Initial and boundary conditions were determined for unsteady flow simulation.
Boundary condition lines can be drawn in the geometric data editor.

U Before starting to run the simulations, hydraulic properties of the 2D flow area
should be computed. In addition, land cover and geometric data should be
associated with the terrain in RA%apper.

U The computational time interval is determined according to the conditions
which were mentioned in Chapter 3.

0 After analyses were performed, the results of the analyses can be viewed in
RAS-Mapper. Map layers can be managed and related associasinrise
done for the HEERAS project.

U Flood inundation maps are displayed in terms of depth, velocity and water
surface elevation as stored maps by default. In addition, maps of other results
like flood arrival time, inundation boundary, flood duration bangenerated

by the posfprocessing option in RA®lapper.
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A general scheme of dam break analyses is showigune 3.22

Dam Break Model

ABreach parameters
Alnitial and boundary conditions

Main Inputs

ABathymetric data
AFlow hydrograph
AManning'sroughness coefficient

e

Flood Inundation Mapping

Unsteady Flow Simulation
AMesh size ADepth

A Computational time S A \elocity
AWater surface elevation

Figure3.22. Process chart of dam break analyses
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CHAPTER 4

TWO-DIMENSIONAL DAM BREAK ANALYSES

4.1.Dam Break Analyses

For this case study, 23 different models were analysed and the total computational run
time of these analyses was approximately 100 hours.pPostssing of the generated

map layers is not included in the computational run time. The results displayeal on t
terrain include the flood arrival time and maximum values of depth, velocity, and
water surface elevation. For all models, ahobir long flow hydrograph was used for
unsteady flow simulationfhe specifications ahe computer used in the simulations

ael nt el E GPU and 8.8D GB RAMvith 64-BIT Operating System

4.2.Results of the Analyses with Piping Mode of Failure

Two-di mensi onal dam break anal ysi s was
roughness coefficientalues as base n, 0.80*base n and 1.20* base n, and 0.060 for

the piping mode of failure.

RAS-Mapper allows taking profile lines or cressctions at required ngth and
direction in order to examine map layers of water surface elevation, depth and velocity
of the water at every point on the terrain. This property facilitates the comparison of
different analyses and users have a chance to see the values aa@ory.[dberefore,
different crosssections were taken at 2500 m, 3500 m, and 5000 m away from the

dam body as in Figure 4.1, Figure 4.2, and Figure 4.3.
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Berdan Dam

Figure4.1. A crosssection which is 200 m away from the dam body

Berdan Dam

Figure4.2. A crosssection which is 3500 m away from the dam body
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Berdan Dam

Figure4.3. A crosssection which is 500 m away from the dam body

Crest elevation of Berdan Dam is 71.6 meters. Therefore, the analyses were carried
out with base Manningés roughness5b@oef fi

m, and 60 m of piping elevations in order to determine the critical piping elevation.

The maximum water surface elevation values for different piping elevations were
shown in Figure 4.4. The analyses for dif
roughness coefficient values were compared. It was found that piping elevation of 30

m results in greater water surface elevation values than other piping elevations (See
Figure 4.4 (continued))n addition, the comparison of the maximum velocity values

for different piping elevations was shown in Figure 4.5.
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4.2.1.Flood Inundation for the Piping Elevation of 30 m with0.80*base n

Piping elevation of 30 m was found critical for the piping mode of failure. Thus, the
results of the analyses for this elevatic
valueswere visualized by the flood inundation maps.

Distributions of maximum depth, maximum water surface elevation, maximum
velocity, and flood arrival time for the piping elevation of 30 m with 0.80*base n were
given in Figures 4.6 through 4.9.

Berdan Dam:

Figure4.6. Distribution of maximundepthfor the piping elevation of 30 m with
0.80*base n
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Figure4.7. Distribution of maximunWSE for the piping elevation of 30 m with
0.80*base n

Berdan Dam~—__

(m/s)

Figure4.8. Distribution of maximum velocity fathe piping elevation of 30 m with
0.80*base n
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(hr)

Figure4.9. Distribution of flood arrival time fothe piping elevation of 30 m with
0.80*base n
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4.2.2.Flood Inundation for the Piping Elevation of 30 m with base n

Distributions of maximumdepth, maximum water surface elevation, maximum
velocity, and flood arrival time for the piping elevation of 30 m with base n were given
in Figures 4.10 through 4.13.

Figure4.10. Distribution of maximum depth fahe piping elevation of 30 m with

base n
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Figure4.11. Distribution of maximum water surface elevationtfeg piping
elevation of 30 m with base n

Berdan Dam~—__

(m/s)

Figure4.12. Distribution of maximum velocity fothe piping elevation of 30 m with
base n
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Figure4.13. Distribution of flood arrival time fothe piping elevation of 30 m with
base n
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4.2.3.Flood Inundation for the Piping Elevation of 30 m with 1.20*base n

Distributions of maximum depth, maximum water surface elevation, maximum
velocity, and flood arrival time for the piping elevation of 30 m with 1.20*base n were
given in Figures 4.14 through 4.17.

Figure4.14. Distribution of maximum depth fahe piping elevation of 30 m with
1.20*base n

63



Figure4.15. Distribution of maximum water surface elevation tfeg piping
elevation of 30 m with 1.20*base n

Berdan Dam

(m/s)

Figure4.16. Distribution of maximum velocity fothe piping elevation of 30 m with
1.20*base n
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(hr)

Figure4.17. Distribution of flood arrival time fothe piping elevation of 30 m with
1.20*base n
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4.2.4.Flood Inundation for the Piping Elevation of 30 m withn=0.060

Distributions of maximum depth, maximum water surface elevation, maximum
velocity, and flood arrival time for the piping elevation of 30 m with n=0.060 were
given in Figures 4.18 through 4.21.

Figure4.18. Distribution of maximum depth fahe piping elevation of 30 m with
n=0.060
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Figure4.19. Distribution of maximum water surface elevation tfeg piping
elevation of 30 m with n=0.060

(m/s)

Figure4.20. Distribution of maximum velocity fothe piping elevation of 30 m with
n=0.060
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(hr)

Figure4.21. Distribution of flood arrival time fothe piping elevation of 30 m with
n=0.060

Maximum values of depth, velocity, and watenface elevation at croesgctions
which are 2500 m, 3500 m, and 5000 m away from the dam body are given in Table
4.1 through 4.3.

Table4.1. Maximum valuedor different piping elevationwith base n at 2500 m

away from the dam

Piping Maximum Maximum Maximum
elevation (m) depth (m) velocity (m/s) WSE (m)

10 20.29 9.72 39.25

20 20.30 9.74 39.26

30 20.31 9.73 39.28

40 20.17 9.61 39.14

50 20.05 9.60 39.01

60 20.11 9.68 39.07
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Table4.2. Maximum valuedor different piping elevationwith base n at 3500 m

Table4.3. Maximum valuedor different piping elevationwith base n at 5000 m

For

away from the dam

Piping Maximum Maximum Maximum
elevation (m) depth (m) velocity (m/s) WSE (m)

10 16.80 7.66 32.24

20 16.81 7.66 32.24

30 16.82 7.68 32.25

40 16.74 7.60 32.16

50 16.66 7.47 32.06

60 16.70 7.46 32.10

away from the dam

Piping Maximum Maximum Maximum
elevation (m) depth (m) velocity (m/s) WSE (m)
10 15.15 451 24.22
20 15.16 452 24.22
30 15.16 4.56 24.23
40 15.13 4.58 24.19
50 15.09 4.46 24.14
60 15.11 441 24.16
pi ping elevation of 30 m, t he

resul

roughness values are given in Table 4.4 through 4.6 atsectisns which are 2500

m, 3500 m, and 5000 m away from the dam body.
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Table4.4. Comparison of maximum depths for piping

Maximum Maximum Maximum
n values depth at 2500 n| depth at 3500 n| depth at 5000
away away away
0.80* base n 19. 22 16. 03 14.87
base n 23.1 16. 82 15.16
1.20*base n 20. 87 17.06 15. 43
n=0.060 19. 87 17.014 15. 23

Table4.5. Comparison of maximum WSEluesfor piping

n values Maximum WSE| Maximum WSE| Maximum WSE

at 2500 m away at 3500 m away at 5000 m away

0.80* base n 38. 35 31.79 23.81
base n 39. 28 32.25 24. 23
1.20*base n 40. 02 32.93 24 . 43
n=0.060 39.05 31.23 24. 18

Table4.6. Comparison of maximum velocities for piping

Maximum Maximum Maximum
n values velocity at 2500, velocity at 3500 velocity at 5000
m away m away m away
0.80* base n 11. 29 10. 36 5.12
base n 9. 73 7. 68 4 .56
1.20*base n 8.53 7.53 4. 20
n=0.060 8. 45 5.97 3.901
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The maximum values were mostly observed for the piping elevation of 30 m.
Therefore, the analyses with different M

performed with this elevation.

According to the results of analyses for the piping mode of failure, it was determined
that the water depth and water surface elevation isesgavhile the velocity of water
and flood arrival time decreasesi t h i ncreasing Manningods

values.

4.3.Results of the Analyses with Overtopping Mode of Failure

For the analyses with overtopping mode of failure, it is obvious that Hudting

maximum water surface elevation increases as initial water surface elevation
increases. Comparison of maximum water surface elevation and velocity values for
different initial reservoir water levels of 71.6 m, 71.8 m, 72 m, 72.2 m, 72.4 m, 72.6

mw th base Manningdés roughness values ar

respectively.

The water surface may rise to a certain level which is above the crest elevation for

dam break analysis of earthfill dams. Therefore, it can be said that thelevater

cannot rise any more if the breach formation started. Thus, in addition to base
Manningds roughness values, analyses that
initial water surface elevation values were compared. Maximum water surface
elevaton and maximum velocity values for different initial reservoir water levels with
n=0.060 are shown in Figure 4.24 and Figure 4.25. It was found that the initial water

level of 72 m results in the maximum velocity values. (See Figure 4.25.)
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4.3.1.Flood Inundation for Initial Water Level of 72 m with 0.80*base n

The initial reservoir water level of 72 m was found critical for the overtopping mode
of failure than the other initial wateevels. Thus, the results of analyses were

examined for 72 m with varying Manningds rou

Distributions of maximum depth, maximunmvater surface elevation, maximum
velocity and flood arrival time for the initial reservoir waterwel of 72 m with

0.80*base were given in Figures 4.26 through 4.29.

Figure4.26. Distribution of maximum depth fonitial waterelevation of 72 m with
0.80*base n
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Figure4.27. Distribution of maximum water surface elevationifotial water

elevation of 72 m with 0.80*base n

Berdan Dam

(m/s)

Figure4.28. Distribution of maximum velocity fonitial waterelevation of 72 m
with 0.80*base n
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Figure4.29. Distribution of flood arrival time fomitial waterelevation of 72 m with
0.80*base n
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4.3.2.Flood Inundation for Initial Water Level of 72 m with base n

Distributions of maximum depth, maximunrvater surface elevation, maximum
velocity and flood arrival time for the initial reservoir water level of 72 m with base n

were given in Figures 4.30 through 4.33.

Figure4.30. Distribution of maximum depth fanitial waterelevation of 72 m with

base n
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Figure4.31. Distribution of maximum water surface elevationifotial water

elevation of 72 m with base n

(m/s)

Figure4.32. Distribution of maximum velocity fonitial waterelevation of 72 m
with base n
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Berdan Dam

(hr)

Figure4.33. Distribution of flood arrival time fomitial waterelevation of 72 m with
base n
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4.3.3.Flood Inundation for Initial Water Level of 72 m with 1.20*base n

Distributions of maximum depth, maximunvater surface elevation, maximum
velocity and flood arrival time for the initial reservoir water level of 72 m with

1.20*base mwere given in Figures 4.34 through 4.37.

Figure4.34. Distribution of maximum depth fanitial waterelevation of 72 m with
1.20*base n
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Figure4.35. Distribution of maximum water surface elevationifotial water
elevation of 72 m with 1.20*base n

Berdan Dam

Figure4.36. Distribution of maximum velocity fanitial waterelevation of 72 m
with 1.20*base n
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Figure4.37. Distribution of flood arrival time fomitial waterelevation of 72 m with
1.20*base n
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4.3.4.Flood Inundation for Initial Water Level of 72 m with n=0.060

Distributions of maximum depth, maximunrvater surface elevation, maximum
velocity and flood arrival time for the initial reservoir water level of 72 m with
n=0.060were given in Figures 4.38 through 4.41.

Figure4.38. Distribution of maximum depth fonitial waterelevation of 72 m with
n=0.060
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Figure4.39. Distribution of maximum water surface elevationifotial water
elevation of 72 m witm=0.060

Berdan Dam

Figure4.40. Distribution of maximum velocity foinitial waterelevation of 72 m
with n=0.060
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Figure4.41. Distribution of maximum velocity fonitial waterelevation of 72 m
with n=0.060

Maximum values of depth, velocity, anditer surface elevation at cressction 2500
m away from the dam body with n=0.060 and base n are given in Table 4.7 and Table

4.8, respectively.

Table4.7. Maximum values for different initial water levelstivn=0.060 at 2500 m
away from the dam

Initial water Maximum Maximum Maximum

level (m) depth (m) velocity (m/s) WSE (m)
71.6 20.36 8.98 39.55
71.8 20.40 9.00 39.60
72.0 20.45 9.02 39.65
72.2 20.49 9.02 39.68
72.4 20.54 8.96 39.73
72.6 20.58 8.98 39.77
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Table4.8. Maximum values for different initial water levels with base n at 2500 m

away from the dam

Initial water Maximum Maximum Maximum

level (m) depth (m) velocity (m/s) WSE (m)
71.6 21.28 10.67 40.45
71.8 21.33 10.70 40.50
72.0 21.38 10.73 40.54
72.2 21.42 10.76 40.59
72.4 21.47 10.79 40.64
72.6 21.51 10.82 40.68

Maximum values of depth, velocity, and water surface elevation atsectisn 3500
m away from the dam body witi=0.060 and base n are given in Table 4.9 and Table

4.10, respectively.

Table4.9. Maximum valuedor different initial water levels with n=0.060 at 3500 m

away from the dam

Initial water Maximum Maximum Maximum

level (m) depth (m) velocity (m/s) WSE (m)
71.6 17.10 6.55 31.45
71.8 17.15 6.56 31.48
72.0 17.19 6.57 31.52
72.2 17.22 6.50 31.55
72.4 17.28 6.53 31.59
72.6 17.33 6.50 31.63
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Table4.10. Maximum values for different initial water levels with base n at 3500 m

away from the dam

Initial water Maximum Maximum Maximum

level (m) depth (m) velocity (m/s) WSE (m)
71.6 17.18 9.26 33.13
71.8 17.24 9.27 33.17
72.0 17.29 9.29 33.21
72.2 17.34 9.30 33.25
72.4 17.38 9.31 33.28
72.6 17.43 9.32 33.32

Maximum values of depth, velocity, and water surface elevation atsectisn 5000
m away from the dam body with n=0.060 and base n are given in Tabledl Thble
4.12, respectively.

Table4.11. Maximum values for different initial water levels with n=0.060 at 5000

m away from the dam

Initial water Maximum Maximum Maximum

level (m) depth (m) velocity (m/s) WSE (m)
71.6 14.96 4.63 23.93
71.8 15.01 4.65 23.98
72.0 15.05 4.65 24.03
72.2 15.08 4.60 24.06
72.4 15.14 4.63 24.12
72.6 15.19 4.58 24.17
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away from the dam

Table4.12. Maximum values for differennitial water levels with base n at 5000 m

Initial water Maximum Maximum Maximum

level (m) depth (m) velocity (m/s) WSE (m)
71.6 15.45 5.26 24.45
71.8 15.51 5.29 2451
72.0 15.55 5.30 24.56
72.2 15.60 5.31 24.61
72.4 15.65 5.32 24.65
72.6 15.70 5.32 24.70

Tabl e 4. 13

wi t h

For the initial reservoir water level of 72 m, the results of the analyses are given in
through 4. 15
which are 2500 m, 3500 m, and 5000 m away from thelutzdy.

Table4.13. Comparison of maximum depths for overtopping

vV asegiians g

Maximum Maximum Maximum
n values depth at 2500 n| depth at 3500 n| depth at 5000
away away away
0.80* base n 20. 2 8 16 . 6 8 126
base n 28B8 129 1% 5
1.20*base n 21. 99 17. 614 15.3
n=0.060 20. 45 17. 19 15. 05
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Table4.14. Comparison of maximum WS&luesfor overtopping

n values Maximum WSE| Maximum WSE| Maximum WSE

at 2500 m away at 3500 m away at 5000 m away

0.80* base n 39. 43 32.51 24. 23
base n 40. 54 33. 21 24.56
1.20*base n 41. 17 33.61 24. 75
n=0.060 39.65 31.52 24.03

Table4.15. Comparison of maximum velocities fovertopping

Maximum Maximum Maximum
n values velocity at 2500, velocity at 3500 velocity at 5000

m away m away m away

0.80* base n 12. 36 11. 02 5.90
base n 10. 73 9.29 5.30
1.20*base n 9. 36 7.98 4. 85
n=0.060 9. 02 6. 57 4. 65

The maximum values weraostly observed for the initial reservoir water level of 72

m. Therefore,

t he

performed with this level.

anal yses

wi t h

According to the results of analyses for overtopping mode of failure, it was detdrm

that the water depth and water surface elevation increases, while the velocity of water

and fl ood

arrival

values as in the case of piping failure.

ti me
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4.4.Comparison of the Results for SettlemenArea

In addition toChapter 4.2. and Chapter 41Be results of the analyses were examined
further at the crossection which is 3500 m away from dam considering the average
distance of the settlement area to the dam body since it is required toidetdren
maximum depth of water at the regions where the buildings are located for a dam

break scenario.

However, the maximum values of water depth were observed at the station of 1026 m,
where the bottom of the main river channel is located, on the-sectisn 3500 m

away from the dam. Therefore, the maximum water depth in the residential area was
reevaluged according to the location of settlement by using terrain elevation and

maximum water surface elevation.

The location of the residential area on the cgegion 3500 m away from the dasn

shown in Figure 4.42.

Water Surface Elevation on "Cross-section (3500 m away from Berdan Dam)" on'C ion (3500 m away from Berdan Dam)’

=1 Residential
area

#,, Residential
area

500
Station [meters]

Figure4.42. Distributions of maximum water surface elevation for piping and
overtopping modes of failure
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The terrain elevation corresponding to the maximum water surface elevation was
determined to be 23.27 m. For the residential diheszcomparison of maximum depths

of water at this terrain elevation for piping and overtopping is shown in Table 4.16.

Table4.16. Comparison of maximum depths for piping and overtoppirigen

residentialarea

Max i ndvenpt h f gMaxi nwemitor ove
nvalues [at 3500f rmd adema at 350 0f rmd radea any
(m) (m)
0.80* base n 8.51 9.23
base n 8.914 9. 914
1.20*base n 9.66 10. 34
n=0.060 7.97 8. 25

Maximum depth values wefeund to be slightly greater for the overtopping mode of
failure than the piping mode of failure in the residential area on theseoisn 3500

m away from the dam.

In addition, greater values of maximum depth and velocity were observed to be spread
over a wider area for overtopping mode of failure thihea piping mode of failure
according to the flood inundation map$erefore, it can be said that the effeatiafn

breakwas more pronounced for the overtopping mode of failure.

Moreover, in this studyralyses were completed with the assumption of clear water.
In real situations, transported materials due to dam break should be considered. If
sediment transportation was taken into account, water surface elevation values would

be higher.
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CHAPTER 5

CONCLUSIONS

5.1.Results of the Analyses

After all geometric, hydrologic and hydraulic inputs were enteretHEHC-RAS,
property tables were computed thre 2D flow area in RASMapper to associate 2D
flow area to thderrain. Finally, the dambreak analyses were carried out by using
hydrodynamic modslin HEC-RAS. The results of the analysgereviewed fromthe
output maps which were visualized tive digital elevation model with the help of
RAS-Mapper in terms oWater surface elevati velocity, and depth of water, and

flood arrival time.

The settlementarea of Tarsus iBcatedapproximately 5000 m away from Berdan
Dam. The nearest distance from the dam body to the settlement area is approximately
2500 m. Henceit is expected that the settlement area is affected by the maximum

possible flood severely since it is close to the dam body.

Themaximum velody of waterwas foundo be 12.36 m/s i@500 m away from the
dambody. In addition, the averageaximum veloity was found to be greater than
1.5m/sin the settlemerdrea. Thus, the flood wave may cause severe damages in this
region since it is beyond the tolerable limit when considered together with the
maximum depth of water and transported material in tve reaThe averagealue

of velocity values was observed to be decreasing from upstream to downsttham of
terrain which means that there will be less risk in the far downstream of floodplain
due to the factors that are caused by velocity like draginaglation, and erosion of

materials.

The maximum depth of water was observed to be 21.99 m at approximately 2500 m
away from the dam body. The depth of water was found to be decreasing from
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upstream to downstream of the flow area as expected, yet tlee degith value
remains over 2 meters on a very wide area in the terrain. Furthermore, prolonged
exposure to high depths of water may lead to even worse damages during catastrophic

floods.

The maximum water surface elevation wlasindas72.6m at the danbody since it
was determinedas theinitial condition atreservoir volumeThe maximum water

surface elevatiowas foundo be 41.17 m 2500 m away from the datvody.

Froehlich (2008 formulation identified thebreach formation time as 1.19 haours
Therdore, thebreach formation time of Berdan Dam is 1.19 hotiswever,it is
crucial to determine the arrival time of the flood. In addition, the distribution of
maximum flood arrival time in terrain was displayed for each scendriaias
determined thathe maximum flood reached thesettlement centeof Tarsus in

between half an hour to forty minutes.

Probable damages should be determined according to these values which were

obtained from dam break analyses. When dam break analysis is evaluated by
considering only the loss of human life, the determination of population in settlement

centers and preparation of evacuation plans for that population should be the first step

in establishing emergency action plans. According to the 2018 data which was

obai ned from T|] KK, the popul ation of Tar sus
minimum number of potentially affected people under the risk of a probable dam

break. However, this number is thought to be even much higher considering the recent

migration the egion has received.

All in all, Tarsussettlement which is close to Berdan Dam, hashigh risk of
inundation. Measures should be taken according to the flood arrival time, maximum
depth and maximum velocity of water in terrain. With the preparati@msfgency
action plas by the authorities in charge of public safdtye loss of life can be

prevented in the event of a probalfieod on this scale
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5.2.Recommendations for Future Works

Performing the risk analyses of the region may be helpful for insucamspanies in
establishing more concrete risk balance sheets and preparing more realistic emergency
action plansin addition, similar dam break analyses should be performed for other

regions that are under flood risk due to probable dam break.
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APPENDICES

A. Details of Inputs of the Analyses

A Unsteady Flow Data - Unsteady Flow — O x

File Opticns Help
. Boundary. Conditions || Initial Conditions | Apply Deiea

Boundary Condition Types

Stage Hydrograph | Flaw Hydrograph | StageFlow Hydr, | Ruating Curve
Mormal Depth | Lateral Inflow Hydr, | niform Lakeral Inflow | Groundwater Imterflow

T.5, Gate Openings | Elery Controlled Gates | Mavigation Dams | IE StageFlow
Fules | Precipitation | @ E

Add Boundary Condition Location

AddRS.. | AddsA/2DFlowArea... | AddSAcomnection...| addPump station . |
Select Location in table then select Boundary Condition Type
River Reach RS Boundary Condition
Storage/ 2D Flow Areas Boundary Condition
1| 2DFlowArea  BCLine: Qutflow Maormal Depth
2|Berdan Reservoir Lateral Inflow Hydr,

Figure Al. Unsteady flow data
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Table Al. Inflow andoutflow hydrograph of Berdan Dam

T (hour) Qn (mifs) | ater Lev e('ma)t Qout (MS)
0.0 95.20 56.000 0.00
1.0 111.04 56.050 0.92
2.0 162.05 56.117 3.24
3.0 252.92 56.216 8.19
4.0 398.61 56.370 18.42
5.0 607.48 56.603 38.61
6.0 891.43 56.944 76.15
7.0 124469 57.416 141.37
8.0 1667.85 58.037 247.08
9.0 2139.39 58.813 406.81
10.0 2626.33 59.731 630.89
11.0 3114.62 60.609 877.63
12.0 3575.25 61511 1161.32
13.0 3998.26 62.465 1492.14
14.0 4364.69 63.437 1859.21
15.0 4666.66 64.392 224738
16.0 4908.27 65.302 2640.37
17.0 5094.45 66.143 3023.32
18.0 5230.79 66.903 3384.00
19.0 534754 67.578 3715.48
20.0 5360.00 68.157 4007.87
21.0 5344.31 68.631 4252.63
22.0 5273.16 69.002 4447 89
23.0 5186.18 69.277 4594.07
24.0 5068.70 69.465 469458
25.0 4934.00 69.573 4752.69
26.0 4780.88 69.609 4772.59
27.0 4613.65 69.583 4758.30
28.0 4430.27 69.500 4713.53
29.0 4241.42 69.367 4642.22
30.0 4034.60 69.190 454750
31.0 3826.16 68.973 4432.35
32.0 3601.81 68.720 4299.37
33.0 3377.39 68.435 4150.91
34.0 3153.04 68.122 3990.31
35.0 2932.47 67.788 3820.60
36.0 2721.09 67.436 3645.00
37.0 2518.43 67.073 3466.49
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Table Al. Inflow andoutflow hydrograph of Berdan Danegntinued)

T (hour) Qn (m¥ys) | haer Lev e('nf;t Qout (Ms)
38.0 2328.54 66.703 3287.72
39.0 2155.98 66.332 3111.49
40.0 1996.32 65.963 2939.97
41.0 1852.99 65.601 2774.76
42.0 1721.37 65.249 2617.01
43.0 1603.86 64.908 2467.39
44.0 1498.33 64.580 2326.45
45.0 1404.46 64.266 2194.40
46.0 1320.84 63.967 2071.25
47.0 1246.54 63.684 1956.82
48.0 1178.59 63.415 1850.70
49.0 1118.29 63.162 1752.39
50.0 1061.91 62.923 1661.34
51.0 1013.08 62.697 1577.10
52.0 968.00 62.485 1499.24
53.0 928.49 62.285 1427.35
54.0 892.33 62.097 1361.01
55.0 844.98 61.918 1298.83
56.0 817.52 61.748 1240.72
57.0 778.91 61.587 1186.59
58.0 757.66 61.434 1136.18
59.0 728.59 61.291 1089.52
60.0 711.92 61.156 1046.30
61.0 688.58 61.030 1006.36
62.0 675.40 60.911 969.38
63.0 655.21 60.799 935.16
64.0 644.86 60.695 903.47
65.0 628.29 60.597 874.16
66.0 620.27 60.505 847.02
67.0 607.15 60.419 821.96
68.0 601.16 60.339 798.81
69.0 590.59 60.265 777.44
70.0 585.63 60.195 757.70
71.0 577.40 60.130 739.49
72.0 573.22 60.070 722.66
73.0 565.74 60.014 707.08
74.0 562.35 59.951 689.96
75.0 552.56 59.890 673.37
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Lateral Inflow Hydrograph

SA: Berdan Reservoir

(" Read from D55 before simulation Select DSS file and Path

File: |
Path: |
{+ Enter Table Data time interval: |1 Hour -

Select/Enter the Data's Starting Time Reference
{* Use Simulation Time: Date: [03May2015 Time: 0000

" Fixed Start Time: Date: |03MAY2015 . | Time:

Mo, Drdinates| Interpolate Missing Values | Del Row | Ins Row |

Hydrograph Data

Date Simulation Time Lateral Inflow
(hours) (m3fs)

1 02May2015 2400 00:00 0,00

2 03May2015 0100 01:00 0.92

3 03May2015 0200 02:00 3.24

4 03May2015 0300 03:00 3.19

5 03May2015 0400 04:00 18.42

5] 03May2015 0500 05:00 38.61

7 03May2015 0600 06:00 76.15

g 03May2015 0700 07:00 141.37

9 03May2015 0300 03:00 247.08
10 03May2015 0900 09:00 406.81
11 03May2015 1000 10:00 530.89
12 03May2015 1100 11:00 377.63
13 03May2015 1200 12:00 1161.32
14 03May2015 1300 13:00 1452, 14
15 03May2015 1400 14:00 1855.21
16 03May2015 1500 15:00 2247.38
i7 03May2015 1600 16:00 2640,37
18 03May2015 1700 17:00 302332
19 03May2015 1300 13:00 3354.00
20 03May2015 1300 19:00 3715.48
21 03May2015 2000 20:00 4007.87
22 03May2015 2100 21:00 4252.63
23 03May2015 2200 22:00 4447.89
29 03May2015 2300 23:00 4594.07
25 03May2015 2400 24:00 4594, 58
26 04May2015 0100 25:00 4752.69
27 04May2015 0200 26:00 4772.59
28 04May 2015 0300 27:00 4758.30
29 04May 2015 0400 23:00 4713.53
30 04May2015 0500 29:00 4542.22
31 04May 2015 0600 30:00 4547.50
32 04May2015 0700 31:00 4432.35
33 04May 2015 0300 32:00 4299.37
34 04May 2015 0900 33:00 4150.91
35 04May2015 1000 34:00 3990.31 =
Time Step Adjustment Options ("Critical” boundary conditions)
[~ Monitor this hydrograph for adjustments to computational time step

Max Change in Flow (without changing time step):
Min Flowe: ’7 Multiplier: li
PlotData | ok | Cancel

Figure A2. Outflow hydrograph
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Lateral Inflow Hydrograph

SA: Berdan Reservoir

{~ Read from DSS before simulation Select DSS file and Path

File: |
path: |

{* Enter Table Data time interval: |1 Hour -

Select/Enter the Data's Starting Time Reference

{* Use Simulation Time: Date: 03May2015 Time: 0000
™ Fixed Start Time: Date: |03MAY2015 |- | Time:

No.Ordinates| Interpolate Missing Values | Del Row | Ins Row |

Hydrograph Data

Date Simulation Time Lateral Inflow
(hours) (m3/s)

04May2015 1100 35:00 3820.60
37 04May2015 1200 36:00 3645.00

04May2015 1300 37:00 3466.49
39 04May 2015 1400 38:00 3287.72

04May2015 1500 39:00 3111.49
41 04May2015 1600 40:00 2939.97
42 04May2015 1700 41:00 2774.76
43 04May2015 1800 42:00 2617.01
44 04May2015 1900 43:00 2467.39
45 04May2015 2000 44:00 2326.45
45 04May 2015 2100 45:00 2194.40
47 04May2015 2200 45:00 2071.25
43 04May2015 2300 47:00 1956.82
49 04May2015 2400 45:00 1850.70
50 05May2015 0100 49:00 1752.39
51 05May2015 0200 50:00 1661.34
52 05May2015 0300 51:00 1577.10
53 05May 2015 0400 52:00 1459.24
4 05May2015 0500 53:00 1427.35
55 05May2015 0600 54:00 1351.01
56 05May2015 0700 55:00 1298.83
57 05May2015 0800 56:00 1240.72
58 05May2015 0900 57:00 1186.59
59 05May2015 1000 53:00 1136.13
a0 05May2015 1100 59:00 1089.52
6l 05May2015 1200 50:00 1045.30
62 05May2015 1300 51:00 1006, 36
63 05May2015 1400 62:00 959.358
649 05May2015 1500 653:00 935.16
65 05May2015 1600 5400 903.47
66 05May2015 1700 65:00 §74.16
a7 05May2015 1800 66:00 847.02
63 05May2015 1800 G7:00 821.96
69 05May2015 2000 65:00 798.81
70 05May2015 2100 69:00 777.44 p—

Time Step Adjustment Options ("Critical™ boundary conditions)
I~ Monitor this hydrograph for adjustments to computational time step

Max Change in Flow (without changing time step):

Min Flow: Multiplier:

PlotData | ok | Cancel

Figure A.2. Outflowhydrograph (continued)
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Lateral Inflow Hydregraph

SA: Berdan Reservoir

" Read from DSS before simulation Select DSS file and Path

File: |
Path: |

{* Enter Table Data time interval: |1 Hour -

Select/Enter the Data's Starting Time Reference

(¥ Use Simulation Time: Date: [03May2015 Time: 0000
(" Fixed Start Time: Date: |03MAY2015 [ | Time:

No.Drdinates| Interpolate Missing Values | Del Row | Ins Row |

Hydrograph Data

Date Simulation Time Lateral Inflow
(hours) (m3fs)
66 05May2015 1700 65:00 874.16
67 05May2015 1300 66:00 847.02
63 05May2015 1900 &67:00 821,96
69 05May 2015 2000 65:00 793.81
0 05May2015 2100 69:00 77744
71 05May2015 2200 70:00 757.70
72 05May2015 2300 71:00 739.48
73 05May2015 2400 72:00 722.66
74 06May2015 0100 73:00 707.08
75 06May2015 0200 74:00 689,96
06May2015 0300 75:00 673.37
77 06May 2015 0400 76:00
73 06May 2015 0500 77:00
06May 2015 0600 75:00
a0 06May 2015 0700 79:00
81 06May 2015 0800 80:00
82 06May 2015 0900 31:00
83 06May2015 1000 32:00
84 06May2015 1100 83:00
85 06May2015 1200 34:00
85 06May2015 1300 35:00
87 06May2015 1400 g6:00
83 06May2015 1500 g7:00
39 06May2015 1600 85:00
a0 06May2015 1700 89:00
91 06May 2015 1800 90:00
92 06May2015 1900 91:00
93 06May2015 2000 92:00
94 06May2015 2100 93:00
95 06May2015 2200 94:00
95 06May2015 2300 95:00
97 06May2015 2400 96:00
93 07May2015 0100 97:00
99 07May2015 0200 935:00
100 07May2015 0300 99:00

Time Step Adjustment Options ("Critical” boundary conditions)
™ Monitor this hydrograph for adjustments to computational time step

Max Change in Flow (without changing time step):

Min Flow: Multiplier:

PlotData | ok | Cancel

Figure A.2. Outflow hydrograph (continued)
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TableA2Manni ngods

roughnéeCoew OO f fi ci ent

Type of Channel and Description Minimum [ Nomal |[Maximum
1. Main Channels
a. clean, straight, fulolo25s|t 8.630,| OGB3 1
b. same as above, but| o360 ¢ GOB h e0D40a
c. clean, winding, som&.0380/o 0.840 d n@045
d. same as above, but| 6.@85g 0OWd%= d 90.0%0n
e. same as above, lowW .45 | 9048 | 0055
and sections
f. same as "d" with mpro®45sit 6.056 s| 0.060
g. sluggish reaches, w0050y, 0.@7@ ¢ p0.0Blo
h. very weedy reaches 0.075 0.100 0.150

heavy stand of timber and underbrush

2. Mountain streams, no vegetation in channel, banks usually steep, trees and bru

along banks submerged at high stages

a. bottom: gravels, clo.630¢e s 0.04& n d0.06Ce
b. bottom: cobbles wiitl0.040alr @0 4 oQOr@
3. Floodplains

a. Pasture, no brush
l1.short grass 0.025 0.030 0.035
2. high grass 0.030 0.035 0.050
b . Cultivated areas
1. no crop 0.020 0.030 0.040
2. mature row crops 0.025 0.035 0.045
3. mature field cr o|p8030 0.040 0.050
C . Brush
1. scattered brush, 083y yl.0s0e|e @.670
2. |light brush and |t 06.e38 9§, 0.060h | WI0GEK
3. l'ight brush and |t 06.@4@ 9, 0.060h | sOW8OM
4. medium to dense |b0.045 h, 0.0/G | vDi1hOt
5. medium to dense |b0.0y8 i, 0.1D | sOULBOM
d. Trees
1. dense willows, slufh8r|, 0.15G [ a0i2@0h
2. cleared |l and wit|h0.030 ¢ €0.040t u rA®=0,
3. same as above, hhu®O050nv| tOO60Nh e ®.080
4 . heavy stand of t

little undergrowth, f 0.080 0.100 0.120
5. same as 4. with |[f0.100 d 0slPOa g €©.160e
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C(ooetihuked) c i en't

TableA2 Manningés roughness
Type of Channel and Description Minimum [ Nomal |[Maximum
4. Excavated or Dredged Channels
a. Earth, straight, and uniform
1. clean, recently clo0olé ¢t (3048 0.020
2. clean, after weat|h@dl8 ng0.022 0.025
3. gravel, uni form s|e 6.022 o/ nQ.02% I| eCAOBO
4. with short grass,| 0.0% | we087dps 0.033
b. Earth winding and sluggish
1. no vegetation 0.023 0.025 0.030
2. grass, some weedg 0.025 0.030 0.033
3. dense weeds or aqu®iB0 ¢ Of35a|n 10.840i
4. earth bottom and |rud2d® | e0.030i d ©.835
5. stony bottom and |w@lkRd Yy O0wW35nk 9.040
6. cobble bottom and GO3& a nld.040i d ®.950
c. Dragline-excavated or dredged
1. no vegetation 0.025 0.028 0.033
2. light brush on balnRk@35 0.050 0.060
d. Rock cuts
1. smooth and wunif or|{m0.025 0.035 0.040
2. jagged and irregull 8035 0.040 0.050
e. Channels not maintained, weeds and brush uncut
1. dense weeds, hidhO0bG | fOLOBOW| dDazDt
2. clean bottom, brlu®G0d0 ¢ n0.0S0i d €©.980
3. same as above, Hi@tde $t0.080t a ®4100
4. dense brush, high0O.G80 4 gkl00 0.140
5. Lined or Constructed Channels
a. Cement
1. neat surface 0.010 0.011 0.013
2. mortar 0.011 0.013 0.015
b. Wood
1. planed, untreated 0.010 0.012 0.014
2. planed, creosot gdo.011 0.012 0.015
3. unplaned 0.011 0.013 0.015
4. plank with batten|s0.012 0.015 0.018
5. lined with roofin|g 0.p18p e0.014 0.017
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Table A. 2. Manningés r oughn(eostisuedd oef fi ci
Type of Channel and Description Minimum [ Nomal |[Maximum
4. Excavated or Dredged Channels
c. Concrete
1. trowel finish 0.011 0.013 0.015
2. float finish 0.013 0.015 0.016
3. finished, with g|r 0161 @017 b o00R00
4. unfinished 0.014 0.017 0.020
5. gunite, good sec|t0.Qed 0.019 0.023
6. gunite, wavy sec|t0old 0.022 0.025
7. on good excavat €d0.0d% ¢ kK.020
8. on irregular excla0.@? ¢ d0.0R70 c k
d. Concrete bottom float finish with sides of:
1. dressed stone ir md5 { aOr01l7 0.020
2. random stone i n |m0.01f a r0.020 0.024
3. cement rubble mals @016 y,b 0.080 a DIOMAr
4. cement rubbl e mals@020 y 0.025 0.030
5. dry rubble or rilp0.0® 0.030 0.035
e. Gravel bottom with sides of:
1. formed concrete 0.017 0.020 0.025
2. random stone mor|t@&Q20 0.023 0.026
3. dry rubble or rilp0®» 0.033 0.036
f. Brick
1. glazed 0.011 0.013 0.015
2. in cement mortar| 0.012 0.015 0.018
g. Masonry
1. cemented rubble 0.017 0.025 0.030
2. dry rubble 0.023 0.032 0.035
h. Dressed ashlar/stone paving 0.013 0.015 0.017
i. Asphalt
1. smooth 0.013 0.013
2. rough 0.016 0.016
j. Vegetal lining 0.030 0.500
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B. Results of theAnalyses for Different Piping Elevations with Base n

(m)

(m/s) (hr)

Figure B.1Distribution of a) maximum depth of water, b) maximum water surface
elevation, ¢) maximum velocity of water and d) flood arrival timetierpiping

elevation of 10 m with base n

113



(m) (m)

(hr)

(m/s)

Figure B.2 Distribution of a) maximum depth of water, b) maximum water surface
elevation, c) maximum velocity of water and d) flood arrival timetierpiping
elevation of 20 m with base n
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(m)

(m/s)

(hr)

FigureB.3. Distribution of a) maximum depth of water, b) maximum water surface
elevation, c) maximum velocity of water and d) flaodval time forthe piping

elevationof 40 mwith base n
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(hr)

FigureB.4. Distribution of a) maximum depth of water, b) maximum water surface
elevation, c) maximum velocity of water and d) flood arrival timeHeipiping
elevationof 50 mwith base n
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(m)

(m/s)

Figure B.5 Distribution of a) maximum depth of water, b) maximum water surface
elevation, ¢) maximum velocity of water and d) flood arrival timeHerpiping

elevationof 60 mwith base n
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C. Results of the Analyses for Different Initial Water Levels with Base n

(m/s)

Figure C1. Distribution of a) maximum depth of water, b) maximum water surface
elevation, ¢) maximum velocity of water and d) flood arrival timelHernitial

reservoir water levedf 71.6 m with base (overtopping mode of failuje
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Figure C2. Distribution of a) maximum depth of water, b) maximum water surface
elevation, ¢) maximum velocity of waterdad) flood arrival time for thenitial

reservoir water levedf 71.8 mwith base r(overtopping mode of failuje
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(m)

(m/s)

Figure C3. Distribution of a) maximum depth of water, b) maximum water surface
elevation, ¢) maximum velocity of waterdad) flood arrival time for thenitial
reservoir water levedf 72.2m with base rfovertopping mode of failuje
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Figure C4. Distribution of a) maximum depth of water, b) maximum water surface
elevation, cmaximum velocity of water ahd) flood arrival time for thanitial

reservoir water levadf 72.4m with base rfovertopping mode of failuje
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(©) (d)

(m/s) (hr)

Figure C5. Distribution of a) maximunadepth of water, b) maximum water surface
elevation, ¢) maximum velocity of waterdad) flood arrival time fotheinitial

reservoir water levadf 72.6m with base rfovertopping mode of failuje
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