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ABSTRACT

ASSESSMENT OF THE EFFECT OF UNCERTAINTIES ASSOCIATED
WITH INPUT PARAMETERS ON FAILURE OF EARTH -FILL DAMS

Ovenler Diler, Dilan
Master of ScienceCivil Engineering
Supervisor: Prof. DrA. Melih Yanmaz
Co-SupervisorAs st . Prof . Dr . Hasan Zai f c

June 2025163 pages

Dam failures have major effects on taevironment and human lifeand lead to
serious financial losse&lash floods have become increasingly frequent in recent
years and are considered a significant factor contributing to dam fakuees1 | € k °© y
Dam Cyprus,is likely to be affected by flastioods, and its failure poses serious
risksfor Nicosia.This study evaluates input parameters, hydrologic and dam breach

parameters, influencing potential faillkthe dam.

A hydrologic model was developé&u HEC-HMS and calibrated using 2010 Flood

in Nicosia Sum of Squared Residuals method yielded the higBeshposite
Performance Metrigalue (0.82), so calibrated hydrograph and parametaened

from this methodwere used.Moreover, gnsitivity analysis was performet
evaluate the parameters based on their level of influéwse Number (CNwas

found to be the most sensitive parameter, followed by MuskiAgurginally,
uncertainty analysis was applied to generate possible maximum and minimum
inflow hydrographs, which are essential to examine overtoppidgced dam
failures.The uncertainty analysis indicateghximum and minimurpeakdischarges

of 82.45 m¥/sand74.67 m3/s

Probabilistic dam failure analyses weerformedusing McBreach and HERAS,

considering both overtopping and piping failure scenarios under minimum and



maximum hydrograph conditiondicBreach provided breach parameters for
exceedance probabilities from 1% (rare but severe failure) to 99% (more frequent
yet less severe ev@ntThe highest peak discharg&35 ms3/s,occurred during
overtopping failure at 1% exceedance probabilwhile the lowest discharge

220 m3/spccurred during piping failure at 99% exceedance probability

Keywords: Hydrologic Modeling HEC-HMS, Sensitivity Analysis, Dam Breach
McBreach
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Oz

GKBRPARAMETRELERKNE BAJLI BELKRSKZLKKLER
DOLGU BARAJLARIN YIKILMASI | ZERKNDEKK ETKKSKNKN
DEJERLENDKRKL MESK

Ovenler Dilef Dilan
Yuksek LisansKnk aat M¢hendi sl iJi
Tez YoneticisiProf. Dr.A. Melih Yanmaz
Ortak Tez Yoneticisi:Dr . |¥yjeas. i Hasan Zaifojlu

Haziran 2025163 sayfa

Bar aj yékébvmalasan hayae é essahetinieridde b ¢y ¢ Kk

madd.i kayéeplara vyol a-abil mektedir. ¥z
yaj] éxl ar , bar aj yekeéel mal aKreebreeKédth knikk @ y en
Barajé dajvamgéhkozrbll|l exken ani yaj éxl ardan

barajlardan biridir ve yeéekemBulLefak @kanali -
bar aj yékél masenée etkil eyen giivedarajpar ame

yékél ma parametrelerini, dejerlendirmekt

Hidrolojik parametrelerin incelenmesi icin HBEIMS vy a z ék @lmléan él ar ak

hidrol oji k movdee |b uo |nuokdteulr,u |l 2m0ulmOk éyke lvéenrai sai t

kal i br e Kedialnmikkatrierl.er topl amé y°ntemi, e n
metrik dejerini (0.82) vermiktir; bu ned
vV e parametr el erPiar aknueltlraenl éelrmé ktzérmr.i nde d
ger-eklexktirilerek, parametrel erEjduyarl e

Nu ma rCisrn@éenlhas as par ametre ol duK&n a@ealddeinjdian
bul un nSokdlaek, HEEHMS pr ogr aménd a, belirsizli|
olasé maksimum ve minimumihidroigtceaf lear e

a K nsenaryosunda t ki | i oglidruijku hii+daksopgm aefménimanm

vii



dej i ki mi Bélisidikrdnalizil, maksimum debinin 82,45 m3/s ve minimum

debinin ise 74,67 mj/s oldujunu g°stermikt.i

Sonrasénda, McRBASe aghogureamHBEC é€ kul |l anél ar ak
yeékeél ma,pantatlteame l @ekma ve gedi kl eme senaryol ar
hi drograf Kkokuldearr-ée kdliekkktaitrei |amiéabdnerak Mc Br e a c
bir senaryo icifhl ' den (nadir ancak ciddi) %99'a (da
kadar ak meldoedilmekiediiek | g lesek debi olan 635 mj.
ol aséeloasalt € enl @k nsaé rsaesréanrdyao squer - ekl eki r ken, en
220 mj/ s i se &498gedidesnk seaaryast @as&3$ énda meydana

gel mi ktir.

Anahtar KelimelerHidrolojik Modelleme HEC-HMS,Duy ar | €l ék Anal i zi, E

Yékeéel maseé, Mc Br each
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CHAPTER 1

INTRODUCTION

1.1 General

A dam is a barrier which is built acrossvater courseo retain water for various
purposes such as water supply, sediment control, flood control, recharging of
groundwaterand providing hydroelectric power. Since dams are large structures,
the failure of a dam would hawatastrophicconsequences for life and property.
Therefore, it is important to identify the effectiveness of the parameters that lead to
dam failure (Yanmaz, Z2). The dam breach hydrograph is influenced not only by
the physical parameters of the dam (such as dam height, reservoir vefulhnay
capacity, etc,)but also by the characteristics of the catchn{erd., land cover,
drainage density, and land ugewhich the dam is located

Dams are commonly classified according to their function, structural type, size, and
hazard potentialAccording to the National Inventory of Dams (NIRJamsare
classified based on the type of construction materials, with the majority of dam
structures being classified as either concrete dams or embankmenCiartiete
damsare categoredinto various structural formsuch asarch, buttress, gravity,
masonry, multiarch, and rollecompacted concrete (RCC) types. In contrast,
embankment dams are composed of natural, erosgistant materialsuch as earth

and rock (FEMA, 2013)

According to International Commission on Large Dams (ICOLD, 2024), the
majority of dams are earfill dams (Figurel.1). According to the size classification
of dams, a large dam is defined as a struciitie a height of 15 meters or more
measured from the lowest point of the foundation to the crest. Additionally, a

structure with a height ranging between 5 meters and 15 meters is also classified as



a large dam if it has a storage capacity greater than 3 million cubic mé®eidy,
2024).

m Earth Dams (41766)
u Gravity Dams (6751)
m Others (6246)
Rockfill Dams (4436)
m Arch Dams (2302)
m Butress Dams (388)
m Barrages (347)
® Multiple Arch Dams (103)

Figurel.1. Dam Classification According to Construction Material (ICOLD, 2024)

I n this study, t h e theKupstréam loificgsia,Cypmus, waso c at e d
selected as the case study. It is an ddttlam; however, there is limited available

information on the construction materials angiitu structural characteristidswas

constructed primarily to supply irrigation water. The dam is position@gd®m ar der e
Creek,and it is designed taestrainrunoff collected from a catchment area of
approximately31.4 kmz, situated between the Kyrenia Mountains to the north and
theMesaoria PlairfTurkel, 2023).

In 2010 and 2014, twmajorflood eventeemergedas the most significarifoodsin

Northern Nicosia. On February 26, 20H0prolonged and intense rainfall led to
nearovertopping conditions at dantidamageanl ék°y
their spillway structures due to emergency releases. On December 9, 2014, a
shortduration but higkintensity rainfall event caused the & n a r Gieek te

overflow, resulting in flooding along major roads and adversely impacting several
residential areas in the towns of Gdnyeli and Yenikent (Zaifoglu, 2018).



Zhang et al. (2009) studied dam failure cases wihiahe been collected and
classified according to their typdsis shown that 66% of the dam failure cases are
earthfill dams 80% of allearthfill dam failures are caused by either overtopping or
some structuratieficiencies. In addition to that, 64% stfucturaldeficiencies are
related to piping failure. Therefore, overtopping and piping are the predominant
reasons foearthfill dam failure. Overtopping can ocalue toinsufficient spillway
capaciy, large inflow events, obstruction of spillways by debris, or settling of the
dam crest. Piping refers to internal erosion resulting from seepage and caused by

shrinkage and differential settlemé@hang et al., 2009).

Dam breach analysis includes the effect of mariteria such as dam properties
(e.g.,height of dam, construction material), volume of water behind the dam (
inflow hydrograph from reservoirand dam breach parameters.d., depth and
duration of dam failure). The most uncertaariablesare dam breach parameters
such as breach location, siamd formation time (Brunner, 2014 ccording to Xu

and Zhang (2009), breach parameters can be classified as geometric and
hydrographicA dam breach gendhaoccurs in a trapezoidal shape, and geometric
parameters are useddescribehe shape of the breach. These parameters are depth
of breach, breach side slopes, top width of breach, bottom width of breach, and
average breach widtlAny three of these five parameten® required to define the

size ofa breach.Hydrographic parameters are failure time and peak outflow rate.
After the breach occurs, the outflow discharge increases until it reaches its peak
value. Then, igraduallydecreases until there is no water left in the reservoir. During
the breach, the peak discharge is mainly dependent on the breach size since the water
flows directly through the breacfChinnarasri et al., 2004kigure 1.2 shows an

example of trapezoidal shape of breach.
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Breach shape

Rainfallrunoff hydrologic modeling is commonly employed to generate the inflow
hydrographgJehanzailet al.,2022).Catchment characteristicgich as topography,
surface slope, land use and land cover patterns, soil properties, channel morphology,
and rainfall attributes directly influence the inflow hydrograph entering the reservoir.
Thereforethese factoralsohavea substantial impact on the development and shape

of the dam breach hydrograpRor instance, river embankments may experience
extended periods of saturation or dryness, followed by gradually increasing or
rapidly fluctuating flood levels. The specific hydraulic response largely depends on
the design characteristics of the structared the hydrologic features of the
catchment area, such as its size and runoff behavimther it generates quick or

slow surface flow(Morris andHassan2002).



1.2  Scope and Aim of the Study

The primary aim of this study is to investigate the influence of catchment
characteristics on dam breach hydrograph, with a particular focus on small to
mediumsized embankment dams with a case study of&@&nhDam.

The scope of this study is to determine the critical parameters that affect the failure
of an eartHill dam and to perform sensitivity and uncertainty anedysf these
parameters. Although dam failure has been studieddlyin literature sensitivity

and uncertainty analgs of the parameters Yanot been handled comprehensively
yet. In addition, previous studies literatureare predominantly focused on dam
parameters. This studpcuseson catchmentparameterssuch as land use/land
cover, soil type, and rainfall characteristitisat affect the breach outflow

hydrograph.

The study area includes the Kanl ék?®y
catchment behavior provide a valuable basis for anall}seover, since the
catchment is ungauged, it has not been extensively studied in literature, and limited
hydrologic dataare available for the regionThe scope of the study encompasses
hydrologic modelingvith sensitivity and uncertainty anaggsanddam breachwvith
probabilistic approachrhe findings of this study aim to contribute to improved flood
risk assessmerdind dam safety analysis, particularly for regions with similar

catchment and dam characteristics.

1.2.1 Workflow of Thesis

In summary, the thesis can be outlined as followstially, the catchment
characteristics were identified, and the necessary data required for hydrologic
modeling were obtained. Following the data collection phasédyth@logicmodel
was developed. The model was executed in an ased structure, anthe
calibrationprocessvascarried outVarious statistical methods were testkaing

the calibration processand the most appropriate method was selected based on
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performance criteriaAfterwards a sensitivity analysis was performed on the
calibrated model parameters to evaluate their influence and behavior on the model
hydrograph Thereafter, an uncertainty analysis was conducted to investigate the
possible variationsf the inflow hydrographThe inflow hydrograph, which plays a

critical role in dam breach processes, was genebateeld on these analyses.

Finally, a probabilistic dam breach analysis was performed, in which the input
parameters were selected probabilistically, and peak discharge values were derived
for both overtopping and piping failure scenarid@g1 overview of the study

workflow is illustrated inFigurel.3.
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1.3 Outline of Thesis

This thesis is organized into several chapteexfaintheapplied methodgesults,

and conclusions of the study in a systematic way.

Chapter Iprovides general information about the thesis, outlines the aim and scope

of the study, and briefly summarizes the overall workflow

In Chapter 2 previous research studies related to hydrologic modeling and dam

breach analysis are reviewed.

Chapter 3 presents the philosophy of used methods and software, including selected

methods in hydrologic model and dam breach model.

Chapter 4 presents the stepstep procedures of the study, including hydrologic
model setup, calibration process, sensitivity and uncertainty analyses, and dam
breach modeling approach within a probabilistic framework. Also, this chapter
introduces th&k a n | ®an? catchment, its physical characteristics, and the data

utilized in the study.

The outcomes of hydrologic simulations and dam breach analysis are presented in
Chapter 5.

Chapter 6 summarizes the key findings ofrbsearch angrovides suggestions for

future research and risk management practice



CHAPTER 2

LITERATURE REVIEW

This chapter highlights the previous studies and methodologies that have been
employed globally to propose solutions related to hydrologic mositsitivity and
uncertainty analyseand dam breach modeling.

2.1 Hydrologic Modeling

Watershed hydrology refers to the integration hyidrologic processes at the
watershed scale to evaluate the overall system response. The hydrologic processes
within a watershed are influenced bgmefactors such as climate, topography,
geology, soils, vegetation, and land use. Watershed models are essential for
development and management of water resoustesamflow analysjsreservoir
operations, groundwater development, and the integrated use of surface and
groundwater (Wurbs, 1998). Moreover, these models are vital for understanding the
interactions between climatic conditions and landace hydrologyvhich enables

effective water management decisigBsghandWoolhiser, 2002).

A rainfall-runoff model consists of a set of equations to obtain runoff with various
parameters which are related to watershed characteristics. Rainfall data and drainage
area are two important parameters which are requiregdrologicmodels.The best

model is to provideesultsclose toreality with fewer parameters anchinimizing

complexity (Devaet al., 2015)

Hydrologic models can be divided into two as lumped or distributed models
according to variations in space and time. If the spatial variability is included, the
model can be classified adistributed model whereaslumped models do not

consider spatial variability (Singémd Woolhiser, 2002)Hydrologic models were



initially developed as lumped models with single and uniform watershedder to
consider spatial heterogeneitige distributed models were developed (Bobba gt al.
2000). In these models, the watershed is divideduniis,andthe flow moves from
unit to unit(Jones1997).Thereforethe detailedepresentation of watershed can be
obtained indistributed models (Paudel et al., 20INIpdels which do not belong to
the lumped or distributed model categories are classified asdé&nitbhuted models
(Okiria et al., 2022)The most popular models usediteraturecan be classified as
lumped, semdistributed or distributed. HBWHydrological SimulatiorModel) and
NWS-RFS (National Weather servieRiver Forecast Systenare lumped models
whereas TOPMODELRhysically Based Runoff Productidviodel), MIKE-SHE
(Generalized River Modeling Pack@y&ystene Hydroloque Europeen) and SWAT
(Soil Water Assessment Tool) are distributed modelEC-HMS (Hydrologic
Engineering Center Hydrologic Modeling System) and SWMMs{orm Water
Management Modglcan be categorized as sedmstributed models (Singh and
Woolhiser, 2002).

The hydrologic models calsobe classified as deterministic and stochastic models.
In the deterministic models, the same output is obtained with same set of input
values whereas in the stochastic models, the different outputs can be obtained from
same set of input values because of uncertaifitye other classification of
hydrologicmodeling is dependent on the time factor. Static nsxdiehot account

for any changes in timewhile dynamic modal account forchanges in time
(Devia etal., 2015).

Hydrologic models can also be categorized as ebased or continuous.
Eventbased models simulate shtetm rainfaltrunoff events, and they are
commonly used in flood risk assessment and stormwater design. In contrast,
continuous models simulakgdrologicbehavior over longer periods accounting for
processes like soil moisture, baseflow, and seasonal variations @ddegho,
2025).
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Hydrologic modeling islso classified asmpirical, conceptughnd physically based
models. Empirical models are known as datgen methods andnly useexisting

data without accounting physical process. ArtifidieuralNetwork (ANN) is one

of the examples of empirical models. Conceptual models are known as parametric
models and use serampirical equations with calibration. HBV model and
TOPMODEL areexamplesof conceptual modelsPhysically based models are
known as mechanistic models and use timecjples of physical processd2hysical
models offer significant advantages over empirical and conceptual models due to
their reliance on parameters with explicit physical meaning&EC-HMS,

MIKE -SHE, and SWAT are examples of physical based models (Devia et al., 2015).

According to Sivapalaet al.(2003), an ungauged basiras defined as a watershed
wherehydrologicdatawere insufficientto estimate hydrologic variables, atiése
insufficient data affectaccuray of analyses as expected. Additionally, the past
hydrologic records have not been reliable because of human impdwsefore,
conventionahydrologicmethods may no longer be applicable under imgavologic
regimesAs demonstrated iSivapalaret al.(2003) it is essential to investigate the
hydrologicconditions during periods for which daeeavailable. Alsouncertainty
analysis was conducted #ccount forpotential changes under newydrologic

regimes.

The selection of an appropriate model isritical step inhydrologic modeling. As
mentioned befordydrologicmodels are classified into various types, and software
tools are developed based on these classifications. Also, the input and output data for
hydrologicmodels are different based on data availabilityerefore,|t is essential

to select a suitablRydrologicmodel that corresponds to the characteristics of the

catchment in order to achieve reliable res{iissru, 2023).

In Sahu et al. (2023),0 common hydrologic modelingpols wereevaluated based
on their availability (opersource or not), @essibletutorials and graphical
interface. Among10 hydrologic modeling tools which are HBV, HEGHMS,
HYPE, LISFLOOD, MIKESHE, WaterGap, SPHY, SWIM, Topkapind SWAT,
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only HEGHMS and SWAT satigtd all three criteria simultaneouslccording to
Prabha and Tapas (2020), HEB/AS is primarily used as a hydrologic design tool

to simulatehourly runoff and everbased modelingn contrast, SWAT focuses on
analyzing the effectiveness of agricultural practices and simulates runoff on a daily,
monthly, or annual basig.herefore the HECHMS software isconsideredmore

suitable for the objectives and scope of this thesis.

211 Hydrologic Modeling with HEC -HMS Software

Before HEGHMS was developed, the HEC model, created in 1967 by Leo R.
Beard and US Armyorps of Engineers, was used to simulate flood hydrographs
with GIS integration $ahu et al., 2033 The initial version of HEGHMS (version
1.0)maintainedall features of HEE€1 with some improvements. HEEMS evolved
through several updates: Version 2.0 introduced the SMA approach for continuous
simulation, Version 3.0 added a graphical interface and new evapotranspiration
methods, and Version 4.0 incorptad sedimentransporiand surface erosidiahu

et al., 2023).

HEC-HMS is a widely used hydrologienodeling program and offers some
advantages and limitationdEC-HMS offersflexibility to conduct both evetitased
and continuous simulationshich allowsusersto apply different conditions (Odey
and Cho, 2025). Also, HEEHMS provides multiple methods and approaches to
simulate rainfallrunoff processesHEC-HMS is compatible with Geographic
Information Systems (GIS), which significantlpnprovesits ability to manage
spatial data and conduct spatial analy¥esandZhang, 2023). In the latest versions
of HEG-HMS, many GlSrelated functionssuch as terrain analysis and watershed
delineation can be performed directly within the software itsielfs reducinghe
need for external GIS platform8lEC-HMS is freely available software which
makes it more accessible, especially for users with constrained resources, by

eliminating software cost as a limitation (Beliet al., 2024).
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Despite its numerous advantages, HEKS also exhibits certain limitations that
must be taken into accoumtlthoughit is well-suited for shorterm (e.g.,daily or
hourly) simulationsmodelinglong-termrainfall datais limited (Kaykhosravi et al.,
2018). HEC-HMS operates as a deterministic mqodsd it assumes all input
parameters and conditions are precisely known and constant ovelt tisnauilt to
model dendriticstream networks which each hydrologic component connects to a
single downstream elemeritherefore, modeling odomplex branching or looping
flow systemss not possible (PrabrendTapas 2020).Nevertheless, it is important
to be cautious when applying HEAMS sinceits structural constraints may limit

model applicability and accuracy.

The HEGHMS hydrologic model is applicable to a wide range of watershed types,
with numerous case studies and applications documented in the litevatuaad
Zhang (2023)indicated that HEC-HMS model is effective for simulating flood
eventsevenin urbanized catchmenth HalwaturaandNajim (2013),it was used

for a tropical catchment in Sri Lanka whichA#tanagalu Oya (River) catchment
Snyder Unit Hydrograph, and Deficit and Constant methwdre determined as
suitable methods for transform and lassthods, respectivelyrhe availability of
various methods within HEEIMS enablesits application to different types of

watersheds

HEC-HMS was also used in a cold region watershadnich is Surgeon Creek
watershed in Manitoba, Canadde study focused on snowmelt and accumulation
processes using the temperature index metRedformance indicators which are
deviation of runoff volume and Nash coefficient demonstrate thatHES model
wasappropriate for this watershed (Bhuiyan et al., 2000reover,it wasapplied

to an ungauged mountainous river basin to estimate discharge (Chakrabdrty
Biswas, 2021).

In HEG-HMS, aubbasin delineation isn important steps it defines theoundaries
and enabés accurate simulation of hydrologic process&sch asrainfall-runoff.

After completing the terrain prerocessing procedures described by Oleyiblo and Li
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(2010), the watershed was delineated using the -HEIS. These steps include
filling sinks, determining flow direction, calculating flow accumulation, and

delineating streams.

In Zhang et al. (2013), 10 different models were created using varying numbers of
subbasins. In HEEIMS, the watershedvas divided into subbasins based on a
critical area threshold for stream generation. The results showed that models with a
medium number of subbasipsrformbetter compared to models with either a very
large number or a small number of subbasitich is indicated by NSE and’R
values. The delineation of the watershed influences drainage density and the average
longest flow, which are imptant parameters of the watersh@ahother study by
Natarajanand Radhakrishnan (2019) focuben watershed delineation. The basin

wasdivided into 21 sulbasinswith reaches and sink.

The extensive usef HEC-HMS in the literatureillustrates the most commonly
adopted methodsvhich show their effectiveness anduitability for different
hydrologic modeling and watershed typdsor instance, HEEGMS model was
developed for the AAdhaim River Catchmeridy usingdaily rainfall data. SC&EN
for loss, SCS8JH for transform and Muskingunmethodfor routingwereused. The
calibration performancevas evaluated using #parameter. As result,the curve
number was the most influential parameter affecting rumtdfr{dan et al., 2021).

Anotherhydrologicmodel in HEGHMS was conducted in ungauged Fusre River
Basin in Nepal.The SCSCN, SCSUH, and Muskingum methods were used to
model infiltration losses, flow transformation, and routing, respectiwehich
alignswith the methodologies adopted in this the3ise performance of model in
the calibration processvas assessed using the N&ahicliffe coefficient of
efficiency (NSE) and Percent Bias (PBIAS). The study concluded that the
HEC-HMS model can accurately estimate streamflow igauged basins when it is
properly calibrated and validated.i$t also highlighted that the SEGSN method

offers reliablecurvenumber estimates mngauged basins (Timilsina et al., 2023).
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Ben Khelifaand Mosbahi (2022) useHEC-HMS model for ungauged basin in
Tunisia. The samenethodswhich are SCEN, SCSUH, and Muskingumwere
utilized. Also, RanjanandSingh (2022sel the samenethods in HEEHMS model
to determine runoff hydrograph for PunpRiver Basinin India.

In the study conducted by Chakraborty and Biswas (2021), the HHAS model

was developed using the same set of methods. The study focused on the ungauged
Teesta River Basin located in Indidditionally, the automat calibrationtool of
HEC-HMS was usedto calibrae the Muskingumx and K parameters. During the
calibration and validation stages, the model was evaluated using me@icbsas
Percent Error in Peak Flow, Percent Error in Volume, correlation between actual and
predicted values, and NaS§utciffe Efficiency (NSE).Studies of Ben Khelifa and
Mosbahi (2022) Ranjanand Singh (2022) and Chakraborty and Biswas (2021)
demonstrate that the HEEEMS model is applicabléo use in ungauged basins
Although the Fusre River Basin spans a large area of 1469.4 km2 and the Ettorki
watershed covers only 1.64 km?, the same methods were successfully applied in both
cases. This demonstrates the adaptability of the methods ddfessntwatershed

scales and reveals thaipplicabilityand reliability for the purposes of this thesis.

The HEGHMS model hasalso been applied toungaugedUpper Manyame
catchment In this study, te Deficit and Constant methoslas used for loss
estimation, the Snyder Unit Hydrograph modelsemployed for unit hydrograph
derivation, and the Muskingum metheds applied for flow routing. N& and
Relative Volume Error (RVEnetricswereused to compare simulated and observed
flow (Gumindoga et al., 2017).

HejaziandMarkus (2009)ktudied a design storm approach for 12 small urbanizing
watersheds in the metropolitan Chicago area by usingHEMS model. Two major
floods with hourly datavere used to calibrate the model. Clark Unit Hydrograipth

SCS Curve Number method®re applied which areommonlyused in lllionis. he
calibration process involved determining four key parameters: curve number, time

of concentration, storage coefficient, and initial abstrac#@seen irHejazi and
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Markus (2009)HEC-HMS can also be applied to small and urbanized watersheds

with hourly rainfaltrunoff data.

Unlike other studiesZelelew and Melesse (2018pnsidered two loss methods,
which areSoil Conservation Service (SCS) and the Initial and Constant methods,
along with two transformation methods, the SCS and Clark Unit Hydrographs, to
select the best combinatiofe hydrologic modeling in the Abbay River Basin of
the Upper Blue Nile. The findings indicated that the combination of the Initial and
Constant loss method with the SCS Unit Hydrogragliveredthe best performance.

As demonstrated in the literature, HEBAS provides some metrics to compare
simulated and observed hydrographs which are {$agtliffe Efficiency (NSE),
Percent Bias (PBIASand Root Mean Square Error (RMSE). NSE metric is widely
applicable across various model types. However, its interpretability is limited due to
the lack of a defined sampling distribution (McCuen et al.,, 2006). RMSE is a
commonly applied performance metric model evaluation as it measures the
average error between observed and sitedlaalues (Faouzi et al., 2022). PBIAS
evaluates the tendency of simulated data ifferdfrom observed data, with an
optimal value of zero. While positive values indicate underestimation, negative

values suggest overestimation of the model (Ranjan and Singh, 2022).

In addition to method selection and calibration in the FHHEIS, it is also important

to determine the sensitivities of the selected parameters. There are stutlies in
literature that performed sensitivity analysis with different approaches. Sensitivity
analysisis used toidentify how much each parameter contributes to the overall
uncertainty in the outputSpng et al., 2015)The most basic and widely used
classificatiorof sensitivity analysis is local sensitivity analysis and global sensitivity
analyss. Local sensitivity analysigvaluateshow sensitive output of models is to
change in individual parameters at a specific point in the parameter space. This point
is usually determined by default parameter values or an initial, rough manual

calibration of the model. In contrast, global semgitianalysisexploresthe entire
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range of potential parameter valuesesiimatehow different combinations affect

model outputgvan Griensven et al., 2006).

A proper understanding of parameters is esseifitmrefore, sensitivity analysis is

a critical component diydrologicmodeling. This analysis identifies the parameters
thathave themostinfluence onthe simulation results. Changes in parameter values
can affect the output to determine the most sensitive paramdterthe study of
Arlimasita and Lasminto (2020), e optimal parameter values which are derived
from the calibration process are used in sensitivity analysis within a range%f

to +30% in 5% intervalsWhile determining the sensitivity of the parameters, the
peak discharge obtained from simulated hydrographs was compared with the
observed ondn the study, it was determined that the curve numbasone of the
most sensitive parameters which affects output hydrograph (Arlimasith
Lasminto, 2020)The sensitivity of the curve number shows the imgure of proper
calibration and validation of this parameter to improve the reliabilityyofologic

simulations.

Fanta and Tadesse (2022) conducted a sensitivity analysis by adjusting each
parametet25% in 5% intervals in HEEIMS model. According to the results, curve
number was found to be the most sensitive parameter. The other sensitive parameters
were initial abstraction and lag timehereas Muskingum x and K were least
sensitive parameters. This showed that the parameters that are related to land cover,

soil type and topography have a direct influence on output runoff.

Faouzi et al. (2022)tilized the samemethods in HEEHMS software whichwere
SCSCurve Number, SCS Unit Hydrograpmd Muskingum methadAdditionally,

the recession methaslasused for baseflow simulationThe results of this study
indicated that the CN was the most sensitive parameter in the model, as variations in
CN had aconsiderablempact on the model outputgelelew and Melesse (2018)
conducted sensitivity analysis withe same methodologyt ivas determined that

the curve numbewasthe mostsensitiveparameter for the SCS method, while the
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constant loss rate had the greatest sensitivity within the initial and constant loss

method.

In Fantaand Sime (2022), SWAT and HEEIMS modelswere developed and
compared The methods used in the HEOMS model were consistent with those
applied in this thesis, with sensitivity analysis conducted using a 5% interval and up
to £30% variations. For HEEIMS and SWAT models, the most sensitive parameter
wasfound asCN consistent with findings reported in previous studiessew et al.
(2019)performeda sensitivity analysis bghangingparameters within a +25% range
with 5% intervalgo focuson their effects on peak discharge and total volume. The

results revealed that tl@&N wasthe most influential parameter in the simulation

In a study conducted in the Azzaba catchment in Algeria, both-HES and
WBNM (Watershed Bounded Network Model) modelsre comparedCN was
found to bethe most sensitive parameter in tHEC-HMS modelaccording to
sensitivity analysisAdditionally, performance evaluations indicdteat HEGHMS
performs better than WBNNLaouacheriandMansouri, 2015).

Uncertainty analysidetermineshe uncertainty in model outpudsie touncertainties

in model inputs and parameters. Sensitivity analysis and uncertainty analysis should
be conducted together as they are both crucial for model development and quality
assurance (Song et al., 2015). Uncertainty analysis has been appliedeirousim
studies to define the potential range of parameters and used to estimate minimum
and maximum values with relative frequency of parameters during the simulation
(Shamsudin et al., 2011).

Razmkhah (2018) performed an uncertainty analysis to evaluate the effect of
uncertainty of parameters on simulated runoff by using €S model for Karoon

[l Basin located in Iran. This study employs Latin Hypercube Sampling on Monte
Carlo SimulationsOne hundredlifferent parameter sets were obtained from Latin
Hypercube Sampling of saturated hydraulic conductivity, storage coefficient of
Clark transformation function, and time of concentration parameters in each

subbasin.
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Mousavi et al. (2012) conducted uncertainty analysis to obtain the ranges of
parameters in HEGIMS model for TamarBasin in Iran. The analysis was
performed in three stages using Sequential Uncertainty Fitting Technique which uses
uniform distribution to find parameter uncertainties by combining calibration and
uncertainty analyses. The first stage was used to detemenenaximum and
minimum ranges of the parameters. In the second stage, the algorithm was run with
the results of the first stage which weneich narrower than the initial selection. In

the last stage, the final selected ranges of parameters were tested to determine if they

can be used to simulate all events satisfactorily.

The automatic calibration tool in HEEIMS has been applied in numerous studies
for model calibration. Statistical analysis of rairdalhoff simulations demonstrate

that HEGHMS effectively simulates runoff, with good agreement to observed
hydrographs in various watersheds (Sahu et al., 20@3jhestudy ofFlemingand

Neary (2004)both manual and automated calibration methods were utilized. Manual
calibrationwasused to establish a range for parameter values, whereas automatic
calibration refined tb process to identify the optimal values. Another study by
Haberlandt et al. (2008)asusal manual and automatic calibrationam iterative

manner to parametrize the model.

2.2 Dam BreachModeling

Dam breach analysis @ucial to evaluatehe mssibleimpacts of dam failure in

flood risk managemenDifferent models have been developed to simulate breach
formation and flood wave propagatidfoster et al. (2000) investigate dam breaches

in history in two categories according to their construction date, either before or after
19506s to account for the major devel opm
geotechnical e n the daw énrFosterget al. (200Q) ndichtbeas .

dam failues caused by pipingrere 43% before 1950 and 54% after 1950. In

contrast, dam failures caused by overtoppusge53% before 1950 and 41% after

1950.
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Embankment dam failures are highly influenced by material properties, structural
configurations, external forces, and environmental conditions. Earth embankments
often experience gradual failure, primarily due to erosion caused by flow or wave
action, whit involves mixed flow regimes, intense sediment transport, and rapid
changes in morphology.herefore accurately determining breach characteristics is

a complex taskASCE/EWRI, 2011)Froehlich (2008) also states that foemation

of a breach in an embankment dam is influenceddnousfactors,such ashe
geometry ofthe embankment, the type and properties of construction materials,
methods of construction, reservoir dimensions, inflgidrographandthe mode of

failure.

There are numerous examples of embankment dam failures in the litdrafil9é2,

the Belci Dam was constructetdthe Tazlaur River near Slobozia, Romania. Itis an
earthfill damwith a clay corghat is supportelly a concrete facing on the upstream

side This eartHfill dam measures 432 meters in length and 18.5 meters in height,
with a storage capacity of 12.7 million cubic meters. A peak inflow of 980 m3/s on
July 7, 1970, caused the danoieertopand destroy a portion of the left winigeavy

rainfdl on July 28, 1991, led to the failure of the primary power supply and telephone
cables. The water wave generated by the dam breach killed 25 people and destroyed
119 hauises(SharmaandKumar,2013).

Teton Dam, which is located on the Teton Rivagsproximately five kilometers
northeast of Newdale, Idaho, was designed for recreation, flood control, irrigation
and power generation. The Teton Dam failed during the initial filling of its reservoir
on June 5, 1976. This failure cadshe death o4 people and damage of hundreds

of millions of dollars in property. On June 3, 1976, minor seepages were detected in
the north abutment wall. On June 5, 1976, the first significant leak was observed
between 7:30 and 8:00 a.Between 11:15 and 11:30 a.m., a 6 bynéter section

of the dam collapsed into the whirlpool, leading to the complete failure of the dam
within minutes(SolavaandDelatte, 2003).
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The Baldwin Hills Dam failure is an example of the piping failure in embankment
dams. The darwasa homogeneous eattifi dam with 71 m crest height and 198 m
crest length. In order to supply water to the northwest region of Los Angeles, the
construction of the reservoir began in January 1947 and was put into service in 1951.
On December 14, 1963, anaxpectediow occurred in the spillway pipafter 12

years of operation. Themuddy leakage was found downstream frdhe east
abutment ofthe dam Approximately one meterupture in the inner lining of
reservoir was discovered when the water level was lowered (Stzardieumar,

2013).

Embankment breach models are typically classified into three categories based on
their formulation: parametric, simplified physically based, and detailed physically
based models. Parametric models primarily depend on empirical relationships
derived from hstorical data. Simplified physically based modelgegnate
fundamental physical principles in a simplifiecy, andthey are generally solved
through analytical or basic numerical methods. In contrast, detailed physically based
models provide a comprehéve simulation of breach procesdgsusingadvanced
numerical technigues to capture the complex interactions invASG@E/EWRI,

2011).

Hanson et al. (2005) performedvenlargescale physicagxperimentgo examine

dam breach failures caused by overtopping on cohesive embankBrabemkment

dam heights used in these tests ranged between 1.5 and 2.3 anetelifferent soll

types, such as silty sand and lean clay were used in this experitheriireaching
process was divided into four distinct stages in the studghe first stagea large
headcut occurs at the downstream side after the ilawitiated. In stage 2, the
headcut adwaces from downstream to upstream crest. In stage 3, the dosgtisd,

and the headcut enters the reservoir. Stage 4 is the breach widening stage. The
highest erosion rate was observed in stages 2 and 3, due to excessive headcut

advancement.
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In the study of Froehlich (2008), data from 74 embankment dam faluees
collected.The dataareused tcevaluateparameters required for empirical models by
considering the breach forms in a trapezoidal shape. From this data, expressions were
developed for parametesich as average breach width, sstlgpe ratio, and breach
formation time, with their variances. Also, it states that breach formation time

significantly impacts the calculated outflow hydrographs.

Moreover, according to Singéind Snorrason (1984), the shape of the peak in the
outflow hydrograph during a dam breach is primarily affected by the breach
geometry and breach formation tinféne formation of a breach garthfill dams is
complexsince it depends on various factossich as hydraulichydrologic and
structural. In addition to that, Wahl (2004) sthiieatbreaches in embankment dams
arecommonlymodeled as trapezoidal with the breach shape and size defined by the
base width and side slopagle. Failure time is a crucial parametarthe outflow
hydrograph and the impact of dam failure, particularly in areas near the dam where

the available warning and evacuation time significantly affect potential loss of life.

Most dam failure flood analyses have traditionally been conducted using only the
best estimates of input parameters. However, the uncertainty in the paramtiers of
dam breach isrucialto determine spillway design floods and risk managenient.
recognizehe uncertain nature of breach models, expressions for expected values are
incorporatedinto a stochastic dam breach model with Monte Carlo simulation
(Froehlich, 2008).

The uncertainties in breach width, failure time, and peak outflow are significant
across all methods. Therefore, uncertainty analysis in future risk assessment could
improve the accuracy of predictio&edictions for breach width typicaligdicate

an uncertainty of around £1/3 order of magnitude, while failure time predictions have
uncertainties approximately +1 order of magnitude. Peak flow predictions generally

have uncertainties in the range of £0.5 to £1 order of magnitude (Wahl, 2004).

One of the software programs used for probabilistic dam breach analysis is
McBreach, which is frequently employedtime literature In the study of Sarchani
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andKoutroulis (2022), a dam breach stuglgsconducted on the Valsamiotam,

a faced symmetrical hardfill dam located in Crete, GreBBreach softwarés

usedto generate probabilistic dam breach hydrographs through a Monte Carlo
approach. The scenarios analyzed exceedance probabilities (EP) of peak discharge
at 1%, 5%, 10%, 50%, 90%, 95%, and 99%. In this process, the dam breach
parameters were defined by pregtenined statistical distributions with randomly
sampled values. After 10000 samples, stathl indices which are mean, standard
deviation, skewness, and kurtosis, showed minor percent differences of 0.0066,
0.0274, 0.0241, and0.1043, respectivelywhich indicatesthat the number of

realizations was sufficient for statistical convergence.

In dam breacimodeling severakcenarios can be obtained with the combinations of
dam breach parameter variables. The randomness of these combinaton®ited

by probability density functions;haracterizedby statistical parametersuch as
mean, standard deviation, and mode. McBreawitainsfour different distribution
functions which are uniform, normal, legwprmal and triangular, with the magnitude

for each simulation derived through a Monte Carlo approkdbk.not enough to
define the breaclparameters in the HERAS hydraulic model; the statistical
parameters must also be carefully defined in probabilistic dam breach studies (Bello
et al., 2022).

Tsai et al. (2019) applied trerturbancéMomentaviethod to define the uncertainty

of dam failure and to obtain a probabilistic flood map, since deterministic models are
not sufficient to describe reality. TherturbanceMomentsMethod was applied to

the dam failure model to describe the effect of uncertainty in dam breach parameters,
and it was also applied tahgdro-systemmodel to investigate the uncertainty of the
roughness coefficient. In the uncertainty model, average breach width and surface
areaof the reservoimparameters are considerdgizzo et al.(2023) proposed a
probabilistic method for dam breach scenarios to account for uncertainties. The
method is based on varying breach widths and reservoir levels, with each scenario
assigned a weighBellos et al. (2020) conducted a dam breach uncertainty analysis

using two approaches which are the Meb#&sed method and the Monte Carlo
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based method. The uncertainty of the peak discharge was found to be extremely high;
therefore, the uncertainties of input parameters should be considered in the design

process.
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CHAPTER 3

METHO DOLOGY

In this chaptermethods and software usedhgdrologic model and dam breach

modelare discussed briefly.

3.1  Hydrologic Model

A hydrologicmodel is a system of equations designed to estimate surface runoff

based on parameters that represent the characteristics of a watershed. Regardless of

the model type, rainfall data and the size of the drainage area are the two fundamental
inputs necesswrfor runoff estimation (Devieet al., 2015) In this study, the

Hydrol ogi c Engineering Center 64HMSHy dr ol o
version 4.11)a semidistributed, physically based mogelasemployed to simulate
rainfall-runoff processes. The modebasvfurther utilized for calibration, sensitivity

analysis, and uncertainty assessment to conduct a comprehensive hydrologic

analysis and to generate inflow hydrographs for the dam breach modeling.

3.1.1 Software Description

HEC-HMS model was developed tiye U.S. Army Corps of Engineers. HEQ/S
model can be used to simulate watershed, channel, and-ceatenl structure
behavior in order to predict flow or stageSACE, 2008.

The watershed rainfatunoff process begins with precipitation which can be rainfall
or snowfall. Precipitation can dramvegetation on watershed, land surface or water
bodies. A large portion of water falls as precipitateomd it is returned to the

atmosphere through transpiration and evaporation in the natural system. However,
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in a storm event, evaporation and transpiratiom limitedbecause of decreasing

solar radiation and temperature and increasing relative hurimCE, 2020).

Stemflow or throughfall is known as the precipitation flows down stems, branches,
trunks or leaves to the land surface and combines with precipitation on the surface.
On the land surface, water may infiltrate depending on the type of soil, cover of
grourd and moisture. Water is stored in the upper saturated soil, or it can ascend to
the surface by capillary actigt SACE, 2020).

When the water is saturateitl,moves vertically and horizontally. The saturation
point is known as field capacity¥hen water moves horizontally to the stream
channelit is called interflow. Alsowhen water moves vertically to the groundwater
aquifer, it is called percolationSome water in the groundwater aquifer moves to
channels as baseflow. The movement in the opposite direction is known as recharge.
Eventually, the streamflow that consists of all these types of flow is the total
watershed dischard& SACE, 2020). This rainfaltrunoff process is summarized in

Figure3.1.
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Figure3.1. RainfallRunoff Proces§USACE, 2020)

A detailed representation of the rainfalhoff process is often not required for many
water resources studies simplified versionwith only the essential components for
analyzing the rainfaltunoff process in HEEHMS is presented irFigure 3.2.
HEC-HMS is designed to be used in a wide variety of geographic regndg is
capable of addressing numerohgdrologic challenges,such aswater supply

management in large river basins, flood analysis, and streamflow modeling in small
urban catchments.
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Figure3.2. Typical Representation of Watershed RumofiEC-HMS
(USACE, 2020)

3.1.2 Catchment Delineation

One of the key elements ohgidrologicmodel is a basin model. The main objective
is to transform atmospheric conditions into streamflow at particular watershed
locations. The watershed is divided into manageable portions using hydrologic

components.

It is possible to use GIS delineation tools which are included in-HEIS 4.11 to
delineate and obtain subbasin and reach elements from Digital Elevation Model

(DEM). The processf delineaing thewatershed using HEEIMS is as follows:

1. ImportingDEM in terrain data and defining coordinate system
2. Preprocess Sinks: A sink is a cell in a DEM where water becomes trapped

due to higher elevations surroundingTib address this issue, the elevation
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of the sink area is modified, either by filling or breaching, to allow water to
drain properly. So, this tool creates a corrected DEM.

3. Preprocess Drainage: This tool is used to determine flow direction and flow
accumulationFlow direction is calculated from the filled DEM by assuming
that water flows downward following the steepest slope, moving from one
cell to one of its eight neighboring cellShe flow accumulation grid is
generated from the flow direction grid and shows the number of upstream
cells draining into each cell.

4. Identify Streams: A specified threshold area value is set on the flow
accumulation grid to identify the stream network.

5. Break Points Manager: A break point should be added to the basin model in
order to determine the most downstream point of the watershed.

6. Delineate Elements: When one break point is defined in the stream, the
watershed can be delineated. These subbasins can be splitted or merged

manuallyif needed.

Upon completing the steps outlined above, the basin is subdivided into subbasins to
facilitate more precise modeling and evaluatiomydrologic processes (Oleyiblo
andLi, 2010).

3.1.3 Methods in Hydrologic Modeling

HEC-HMS employsseparatanethods to represent each component of the rainfall
runoff process. Within these methods, the most suitable approach can be chosen
depending on the specific characteristics of the study area. After the watershed is
divided into subbasins, these subbasires connected to each other through reach
elemens. In the model, appropriate methods are assigned to subbasin and reach

elements to perform the hydrologic simulation.

1. Loss MethodsA loss methods applied to estimate the losses caused by

infiltration and evapotranspiration, and to calculate the excess rainfall for
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2.

each time step in theydrologicmodeling procesddEC-HMS providesl0
different methods for loss estimatio®eficit and Constant, Exponential,
Green and Ampt, Gridded Deficit and Constant, Gridded SCS Curve
Number, Gridded SMA, Initial an€onstant, SCSCurve Number, Smith
Parlangeand Soil Moisturédccounting(Sahu egl., 2023)

Transform MethodsA transformmethodaccounts fothe surface roughness
and geometric features of the watershed in the rainfabff transformation
process. HEEGIMS provides 7 different methods for transform:
UserSpecified Unit Hydrograph, UserSpecified S.gr a p h, Cl ar koés
Snyder 6s UH, S,@G& Kiddmhatic Wav€sehu eat., 023)
Baseflow Method: A baseflow method simulates the contribution of
groundwater flow to the overall runoff within the watershel@&C-HMS
provides5 different methods fobaseflow: BoundedRecession, Constant
Monthly, Exponential Recession, LinearReservoir and Nonlinear
Boussines{Sahu etl., 2023)

Routing MethodThe flow is transferred into stitasins at the outlet points
of upstream watersheds through the downstream river chanvitis
continuity and momentum equationslEC-HMS provides 9 different
methods forrouting: Kinematic wave, Lag, Modified Puls, Muskingum,
MuskingumCunge, StraddkStagger, Confluence, Bifurcamg and
Reservoir(Sahu etl., 2023)

Each method used in tiydrologicmodelingprocess is characterized based on

its structure and application type. Accordingly, methods can be classified as

eventbased or continuous depending on the temporal representation, spatially

averaged or distributed depending on the spatial representattempirical or

conceptual depending on thedelingapproach. The selected methods for loss
estimation, transformation, and routing processes in this study are evaluated
within this framework.For example, SCSucve number is more suitable for
eventbasel models whereas soil moisture accounting is more suitable for

continuous modelsin this study, sincegroundwatercontribution was not
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consideredthe baseflowmethod wasotdefined. The methods selected for loss,

transform and routing processese detailed in the subsequent sections.

3.1.3.1 SCS Curve Number Method

The SCS Curve Number method is preferred to calculate infiltration in the study area
based on an evaluation of the suitability and limitations of available methbes.
required parameters for the SCS Curve Number are curve numbesizandf
impervious area which can be obtairehveniently In order to compute loss of
precipitation, SCS Curve Number method is a widely used method since it is
straightforward and provides good results even in complex catchrRestfpitation
excess is estimated by the ISGonservation Service Curve Numbe&GSCN)

model using the following formula, which takes into account cumulative

precipitation, soil cover, land use, and antecedent moisture:

0 T 0 v od

whereDqis the accumulategrecipitation excess at tinte 0 is the accumulated
rainfall depth at timé; "@is the initial abstraction; artis the potential maximum

retention.

The precipitation excess attte runoff will be zero until the total amount of rainfall
surpasses the initial abstractioAfter examining data from numerous small
experimental watersheds, the SCS established an empirical correlation between |
and S:

‘0 T®Z'Y o’

Then, the accumulated precipitation excess at time t becomes:

(01)
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The following is the relationship between watershed characteristics and the

maximum potential retentiof®) in terms of curve numb&CN):

VDTTTQULUZIOD
y 22T T8 o8
60

0 Uis established based on the soil characteristics and land use. CN values range
from 30 for permeable soil with high infiltration rate to 100 for water bodies.
compositeCNcanbe computed as follows for catchments with varying soil groups

and land covers:
- BO 200
ou — (1]
Bo
where CNompositelS the composite CN for runoff volume; i is an index of watershed
subdivision; CNis the CN for subdivisiori; Ai is the drainage area of each

subdivisioni (USACE, 2020).

3.1.3.2 SCS UnitHydrograph Method

In this study, the SCSJnit Hydrograph method was chosen as it provides
consistency with the SCS Curve Number approach used for loss estimb8@®ICS

Unit Hydrograph method transfers excess rainfall to the subbasin outlet by applying
a dimensionless and aulinear unit hydrograph. In this method, the flow rate (q) at
any given time (t) is represented as a ratio of the peak flow rgtedlgtive to the

time of rise (), within the framework of the dimensionless curvilinear unit
hydrographThe relatonship between pland the excess precipitatidarationis as

follows:

Y 0 0 o
C
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where tis theduration of excess precipitation;is the basin lag which is the time
difference between the center of mass of expesspitation and the peak of the unit

hydrograph.
Then, the unit hydrograph (UH) peak discharge is calculated from:

. G8LPO
0 N o

whered sis the catchment drainage area ki, is the time of riseThe lag time is
expressed as:

082 "Y p 8
p wTEfY8

oy

where L is the length of mainstream channel @)jsthe potential maximum

retention (inch), andYis the average catchment land slope (U§ACE 2020).

3.1.3.3  Muskingum Method

The Muskingum methodincorporatesthe "looped" storageversus outflow
relationships which are typical in the majority of rivers. This can simulate increasing
channel storage during the risitigjmb and decreasing channel storage during the
falling limb of a passing flood wavdhe sum of the prism (or rectangle) and wedge

(or triangle) storage is the idea of the total storage in a reach. In addition to prism
storage, wedge storage is positive during rising stages on the leading edge of a flood
wave. On the other hand, wedgerage is negativenal deducted from prism storage
during falling stages on the receding side of a flood wWkigure3.3).

33



Water Surface Profile | Negative Wedge
storage

Figure3.3. Storage Concept in Muskingum Meth@#SACE, 2020)

This method can be expressed with continuity equation as follows:

Al O 0 odo
Yo

whereY"Yis the change in storage in the reach over the pefixd the average
upstream flow 0 is the average downstream flowf the finite difference

approximation is used, the equation would be as follows:

O O 0 0 YUY

S S Yo o

According to Muskingum method, total storage can be defined with the summation
of volume of prism storage multiplied with travel time through reach and volume of
wedge storage multiplied with travel time through reach. Therefore, total storage is

defined 3 follows:

Y 00 0O 0 VWO p DO oP p

where K is the travel time through routing reach amlthe dimensionless weight.
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If Equation3.10is substituted intdequation 3.11and rearranged, the downstream
flow is found as follows:
. Yo 0o . Yo 0o cwp o Yo.
0 : : =— O : : - O : ; VR
CLp w Yo CLp W Yo CLp w Yo

0P ¢

This equation is solved recursively to obtain outflow. The required parameters are
K, X, and number of subreach@s$SACE, 2020).

3.14 Model Calibration

Calibration of a hydrologic model refers to the processmaidifying model
parameters within acceptable ranges to ensure that the simulated results closely
represent observed conditions. This is typically achieved by comparing the-model

generated outputs with fielobserved data, such as floatesand water levels.

Rainfall and flow time series are needed for rainfatioff models in the calibration
process. The selection of preliminary parameter estimates is impdrtentore
accurate these preliminary estimates are, the faster a solution will be found.
According to the selected methods for transform,, lasd routing, the parameters
are estimated by using the available and egmirce data.

Reducing the discrepancy between simulated and observed values is the aim of
calibration The comparison between simulated and observed values is quantified
using statistical technique¥here is an automatic calibratiaaol in HEC-HMS

model. In automat calibration, the programerforms iterationend methodically
modifies the parameters if the fitisadequate. Four summary statistics which are
NashSutcliffe Efficiency (NSE), Ratio of the Root Mean Square Error to the
Standard Deviation Ratio (RSR)Percent Bias (PBIAS)and Coefficient of
Determination (R are computed by HEEIMS to measure model performance in
relation to observation®JSACE, 2020.
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NSE calculates the proportional difference between the measured data variance and
the residual data varianc& oneto-one correspondence between simaulated and
observed values is indicated by an NSE oNSE is extensively employed in
hydrology and regarded as a reliable statistic for capturing the general contours of
the hydrographThe equation of NSE is given as follows:

®

B ®
0"YOp . . op o
B w W

Ratio of the Root Mean Square Error to the Standard Deviation Rs¢i® the
observation standard deviation to standardize the root mean square error (RMSE)

The optimal value is zerand the equation is given as follows:

w...YD YO
YYY oP 1

The percentage bias gives an indication of how much larger or smaller the simulated
values are on average than the corresponding observed Vizleesptimum value

is zerq and the equation is given as follows:

CsopB @ @ cpmm
U 0 00 Y =
B o

od v

The coefficient of determination (R?) indicates the level of correlation between the
simulated and observed daRg values range from 0 to 1, with values closer to 1

meansa better model performance.

% cy oY GEﬁ) P

where Y% is ith observation Y;¥™ is ith simulated valueg is the mean of

observed datandd® isthe mean o§imulateddata
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The calibration results of all applied statistical methods were evaluated and
compared, and the method yielding the most accurate performance was selected for
modelvalidation.The suggested performance ranges of the four statistical indicators
used for evaluating streamflow simulations are providedahle 3.1 (USACE,

2020.

Table3.1. HEC-HMS Performance Ratind&)SACE, 2020

Performance Ratin NSE RSR PBIAS (%) R?
Very Good 0.751 1.00  0.0071 0.50 <10 O 0.
Good 0.6571 0.75  0.5071 0.60 +10-+15 0.707 0.85
Satisfactory 0.501 0.65 0.607 0.70 +15-+£25 0.501 0.70
Unsatisfactory 00.50 >0.70 O 25 00.50

Moreover, here are 17 objective functions in HE®/AS. In order to increase or
decrease the objective function, depending on whetlag&mizing or minimiing is

the aim, search algorithms iteratively change the values of the paranidters.
following nine functions are minimization functions. Since the aim in this study is to
calibrate simulated hydrograph with observed hydrograph, the goal is the
minimization of the difference between these hydrographs. functions are as

follows:

1. Mean ofAbsoluteResiduals The functionis used to minimiz¢he average

distance between the observed and simulated values.

B 0 0 m
0

) oP X

2. Mean of Squared Residual¥he objective is to minimize the average
discrepancy between observed and simulated values by assigning higher

weights to more significant data points.
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3. Root Mean Square ErroiThis function is also used for minimizing the

distance with larger weights.

B /0 i Q
0

o w

4. PeakWeighted Root Mean Square Errdihe squared differences between
observed and simulated results are calculated and weighed in each ordinate
If the weight is greater than 1, it means that the ordinates are larger than the
mean of the observed hydrograph. If the ordinates are smaller than the mean
of the observed hydrograph, the weight would be less than 1. Then, the sum
of weighted and squaretdifferences is divided by ordinates number. The
final step is to take square root to obtRNISE This function serves as an
implicit way to compare the peak magnitudes, volumes, and peak times.

p R0 R aQbE

® d d ¢n aQwe

o8 Tt

5. PeakWeighted Variable Powel hisfunction gives greater weight to larger
data values. An exponent of the range normalized value plus one is applied
to the absolute residuals.

@ N QN og p

6. Percent Error in Peak Dischar@étis methodocuses solely on assessthg
degree of matching between peak values of observed and simulated
hydrographs Overestimates and underestimates are treated as equally
undesirable since it quantifies the fit as the absolute value of the difference,

represented as a percentagbis function is suitable if only peak flow or
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peak stage values are reliable because it does not take into account errors in

volume or time.

AN NQOQ
N AN o)

W p o8 ¢

. Sum of Absolute Residuals:aEh ordinate of the computed and observed
hydrograph is compared with weighting equally. A simple sum would enable
both positive and negative differences to balance each other out because
differences can be either positive pegative However, in hydrologic
modelng, overestimates or underestimates are not desirable. Therefore, the

summation is done with absolute differences.

w Qo o] o

. Sum of Squared Residuals:a¢h ordinateis compared but squared

differences are taken into account.
) n Q n Q o8 1

. Time-Weighted Root Mean Square Errdihe average difference between
the simulated and observed values is minimized where data close to the end

of the timespanis given more weight.

p C 0 O Q
n n o o og v

P

where Z is the objective function, N is the number of computed hydrograph

ordinatesf] "Qis the observed flows}, "Qis the calculated flows} 1) Q ®i%xthe

observed peak) & ‘Q®éis the mean of observed flow, & "Q¢is observed

minimum, ; 1 'Q &8 simulated pegkandry & ‘Q & &s the mean of simulated
flows. (USACE, 2020
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3.1.5 Sensitivity Analysis

After completing the calibration phase and executing the model with the calibrated
parameter values, sensitivity analysis was conducted to evaluate the relative
importance of each parameter. The primary objective of this analysis was to identify
the influence of individual parameters on model outputs. To assess their significance,
variations in the resuitig inflow hydrograph were examined in response to
systematic changes in parameter vali@spending on the application, there are
several uses for theensitivity analysis, and thesan be summarizeas follows:

- The firstuse ofsensitivity analysis is to determine which region of the whole factor

space is the most sensitive in order to prevent any unnecessary analysis.

- The other use of sensitivity analysssfactor prioritizing, which involves ranking
the important parameters according to how much of the variability in the model
responses they contribute. In order to get the model simulations near to the actual

value, it is important to identify and pritige the input parameters.

- It can be usetb evaluate the interactions between the different parameters involved
in model processeddowever, calculating the interaction between parameters is

frequently difficult and constrained.

- Understanding the alignment between stireicture ofthe modeland underlying

assumptions is anothaseof sensitivity analysis.

- Another goal ofsensitivity analysiss to make the best and most efficient use of
the model by eliminating unnecessary parameters, which lowers calculation time and
error (DevakandDhanya,2017)

This study employs a sensitivignalysis approach in which parameter values are
systematically increased and decreased to evaluate their influence on the inflow

hydrograph, following methodologies commonly reported in the literature.
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3.1.6 Uncertainty Analysis

It is well recognized that the watershed reaction is rarely accurately simulated by
hydrologicmodels.Uncertainty refers to the discrepancy between simulated outputs
and actual observed responses, and this discrepancy can range from minimal to
substantial in magnitud@his uncertainty typically arises from limitatigrsich as
insufficient meteorological data, inaccuracies in representing physical processes
within the model, and errors in parameter estimatit®ACE, 2020).

Since it is difficult to quantify precipitation precisely at the same geographical and
temporal scale as land surface processes, there is inaccuracy in the meteorologic data.
Because areaverage values must be employed and the equations are solved at a
scale ranging from meters to whole subbasins, there is inaccuracy in the model
parameter values. All of these separate mistakes, as well asrtipgexways in

which they interact, are part of the overall watershed reaction(ef8CE, 2020.

During an uncertainty assessment,pabability distribution may be used to
characterize the inaccuracy in a single model param@iee of the simulation
elements in HEEHMS that may calculate outcomesuigcertaintyanalyss. A list of

the parameters to be assessed and an explanation of the uncertainty associated with
each parameter are also included in the s(UBACE, 2020.

Eachparameter can be sampled using four distinct technigueleC-HMS. The

Simple Distribution Sampling Method is selected when paranmistesampled
separately from all other parametdrsthe Monthly Distribution Sampling Method,
unique distribution properties for each month can be described. The Regression with
Additive Error Sampling Method is used when the parameters are depdradtiyt.

the Specified Values Sampling Method is used to specify a paired data curve for
selected paramete(6SACE, 2020. Since the parameters are independent, paired
data curve are not used, and monthly data are not available, the only suitable method
for this thesis is Simple Distribution Probability functiomherefore, Simple
Distribution Probability function was selected
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In the Simple Distributiomineanalytical functions are available: Beta, Exponential,
GammaGumbel, Lognormal, Normal, Triangular, Unifornand Weibul(USACE,

2020. Normal distribution is frequently used to represent the uncertainty of
parameters that are assumed to follow a-slwdlped curve. This distribution is
commonly applied because it is mathematically manageable, and many natural and

environmental factors tend &pproximately hava normal distribution.

3.2 Dam BreachModel

Dam failure usually occurs rapidly and without enough notvbéch presentsa
significant risk of a major catastrophEhe most common dam breach causes are
piping and overtoppingln general, piping has been caused by internal erosion,
repetitive cycles of soil swelling and shrinking, gradual backward erosion, improper
filter design, or bad maintenance (TalukdadDey, 2019).

Piping is the process by which water seeping through the soil creates tractive
pressures that eventually remove particles from the soil matrix. The tractive forces
that mobilize the weight of the soil particle and toe filter are balanceshegr
resistance of the grain$he higheserosive forces occur at an exit point where the
water flow is concentrated, and when soil particles are removed by erosion, the
erosive forces rise as a result of the increasing flow concent(@@opaghi, 1939

Lane, 1934Sherard et al., 1963).

According toBrunner(2020), piping failure is described as seeping water in the hole
that is created from eroded material. During the piping failure, the erosion and
headcutting start at the downstream side. When the hole is bigger, the material above
the pipe hole starts to falltmthe water. Until the natural channel bed is reached, the
breach may keep cutting down and become wider, depending on the amount of water
behind the dan(Figure3.4).
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Figure3.4. Piping Failure Proces8funner 2020)

Overtopping failure is another cause of dam bredble. most common causes of
overtopping are an increase in water level or, frequently, malfunction, inadequacy,
or removal of the emergency spillway and outlet works. Reservoir water begins to
flow over the embankment crest during this progressive overtpppinocess,
eventually forming a notch. Additionally, when soil is gradually removed, the notch
gets bigger over time. The process keeps going until either all of the reservoir water
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has been removed, or the erosion process reaches a decreasing eq(iiéltudar
andDey, 2019.

According toBrunner(2020), overtopping failure starts with headcut erosion at the
downstream side of the dam. This headcut erosion expands over time to back towards
the center. Finally, the headcut erosion arrives to the upstream side of the dam and a
mass failure arisg&igure3.5).

Figure3.5. Overtopping Failure Proce@runner 2020)

44



In HEG-RAS, the weir equation is used to determine the dam breach dischainge

overtopping failure proces¥he dam breach discharge is calculated as follows:

0 620 20 oR ¢

where Q is the discharge due to overtopping dam failure, C is the weir flow
coefficient,whichis affected by material type of the dam, ik the weir lengthand

Hwe is the weir energy head.

An orifice pressure flow equation is used to predict the rate of water flowing through
the damin a pipgng failurein HEG-RAS. The equation is given as follows:

~ —_—
o~
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where Q is the discharge due to piping dam failure, C isgheng coefficient
varying from 0.5 to 0.6Ap is thecrosssectional area of the initiated pjgend H is
the total head.

Because embankment dam breaches are typicaligideredrapezoidal, the base
width andside slope angle determine the size and form of the breach. One crucial
factor influencing the outflow hydrograph and the effects of dam failure is the failure
time (Wahl, 2004). It is necessary to estimate the breach dimensions and the failure
time outsie of the HECRAS software andefined as inputs to the prograbDue to

the difficulty in predicting these parameters, they are assessed through probabilistic

dam breals analysis to examine dam failure.

McBreach Version 5.0.7 software was used to conduct probabilistic dam breach.
McBreach, developed by Kleinschmidt, is used to conduct probabilistic evolution of
the outcomes of dam breach by using Monte Carlo method (Goodell, 2019). To use
McBreach 5.0.7HEC-RAS 5.0.7 is required, and dam breach model should be
established in HERAS.

In the Monte Carlo approach, input values are randomly sampled into a mathematical

solution, and the result is repeatedly solved until the likelihood of a particular
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occurrence converges on a single number. In an experiment using the Monte Carlo
Method, each answer is referred to as a realizdtidicBreach, there are ten breach
parameterso simulate piping failure and eight parameters to simulate overtopping
failure.Random sampling of each breach parameter around-aefseed statistical
distribution is requiredGoodel| 2019).

The central tendency, variance, upper and lower boundaries of a parameter are all
defined by statistical distributions. The actual statistical distributions of breach

parameters are not well understood. Nonetheless, a decent approximation of the
distribution of any breach parameter can be achieved with site circumstances

knowledge and a little common sense (Goodell, 2019).

In McBreach, four statistical distributions are available which are uniform,
triangular, normaland lognormal distributions. In the uniform distribution, also
known as rectangular distribution, the likelihood of each result occurring is the same.
No value between a specified minimum and maximum is more likely to occur than
any other because there m® information available. For McBreach's uniform
distribution, the user must specify the rangalbfininga minimum and maximum

valuewhich can be seen dfigure3.6 (Goodell, 2019).

min max

Figure3.6. Uniform Distribution Required Valug¢§&oodell, 2019)

An asymmetric distribution that delineates a central tendency idriimguar
distribution. Central tendency is the mode of the sample set which is the most
frequent valueThe advantages of triangular distribution @seintrinsic minimum

and maximum values aiig capacity to display a skewed distributidhe user must
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define mode minimum, and maximum values for the triangular distribution in
McBreachwhich can be seen Figure3.7 (Goodell 2019).

min mode max

Figure3.7. TriangularDistribution Required ValuegSoodell, 2019)

The normal distributionalso known as Gaussian or bgflapeddefines a central
tendency which is the mean of the sample set. Standard deviation is used to define
the results range. It is a symmetrical distribution about a central tendency. Therefore,
the required parameters for normal distribution are mean andasthdeviation
(Figure3.8) (Goodell, 2019).

B-36 p-26 po p pto pt2c ptde

Figure3.8. NormalDistribution Required Values (Goodel()19)

The lognormal distribution, a widely used asymmetric distribution, characterizes
data with a central tendency, exhibits positive skewness, and inherently restricts
values to the positive domaiA.lognormaldistribution is more indicative of natural
occurrence than a triangular distribution. The user must input a mean and a mode for

the lognormal distribution. The mean is an average of the sampled set, whereas the
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mode is the most likely value. The lognormal distribution requires that the mean

always exceeds the mo¢fegure3.9) (Goodell, 2019).

mode

Figure3.9. Log-normal Distribution Required Values (Goodell, 2019)

The parameters for the overtopping failure are the final bottom elevation (Inv), final
bottom width (B), left side slope (LSS), right side slope (RSS), breach formation
time (Ty), starting WS for triggering a failure (Init), breach weir coefficienf) @hd

breach progression (Prog). For the piping failure, tmare parameterghat are

piping coefficient (Gipe) and initial piping elevation (Gpe) are added to these
parameters. These parameters can be defined as deterministic or probabilistic by
selectingone of the probability distributions.

Final bottom elevation idefined as the elevatiat the bottom of the breach when
the breach is fully developed.eft and right-side slopes are the slope of the
trapezoidal breactBreach formation time is the duration between the starting of
breach and fully development of breach in hokisal bottom width is thédottom
width of the breacittarting WS for triggering a failure is the water surface elevation
when the breacstarts Breach progression is the curve between the breach initiation
and fully developmenof breach (linear progression is the default). Initial piping
elevation is the center of the piping elevat{od$ACE, 2021).
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CHAPTER 4

THE ANALYSES

This section provides a description of the study area and outlines the methodologies
employed. It presents the hydrologic modeling approach and the development of the

dam failure model

4.1  Description of Study Area

The study focuses on the Kanl ék®°y Dam a
Nicosia, CyprusThe capital and largest city of CyprissNicosia Cyprus,located

around 35° north latitude in the Eastern Mediterranean, has a typical Mediterranean
climatedescribedyy long, hot, and dry summers, and mild, wet winters (Kalogirou,

2003). The climatic conditions are primarily influenced by prolonged air subsidence
associated with the Asian monsoon and the Hadley circulation during summer, while
westwardmoving cyclonesdominate the winter month§he hottest months in

Nicosia are July and August {dx= 37°C and Thin = 22°C), while January and

February are the coldeSi{ax= 16°C and hin = 6°C) (Hadjinicolaou et al., 2011).

According to the Kdppefseiger climate classification, Cyprus falls under the warm
temperate climate category which is typical for Mediterranean redgtimwever, a
portion of the island is categorized as hot and arid. Cyprus receives about 470 mm

of precipitation on average each year (Zittialet2017).

Geographically, Nicosia is located in the center of the Mesaoria plain, a region
defined byundulating terrainThe geology of the are& primarily composed of
carbonatesich lithologies, submarine fanglomerate, subareal terrace deposits or

alluvium (Zissimos eal., 2018).
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The KabDameiks® yl ocated upstream of the wvillag
Cé n ar @reek,eprimarily serving as a water source for irrigating nearby

agricultural plainsT he Kanl eék°y Dam i s an embankment da
silty clay material with a gravel and sand filter blanket. The embankment is 12.36

meters high from the thalweg and has a crest length of 297 meters, evitsta

thickness of 6 meters and a base thickness of 70 meters (Zaifoglu, Z0&8)

reservoir capacitpf the damis estimatedo be approximately 1 million fnand its

spillway allows for a maximum discharge rate of 11¥srKonteatis, 1974). The

spillway structure measures 18.2 meters in length and 1.5 metersin@éighta r der e

Creek, which feeds into the reservoir, typically experiences extended dry periods

throughout the year (Fkel, 2023)The | ocati on of [I€adchmedtk ®y Dam a

can be seen iRigure4.1.
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4.2 Data Sets

Digital Elevation Model (DEM) and Curve Number data are required for the
hydrologicmodel. DEM isusedto obtain watershed area for the reservoir and divide
this watershed into subbasins. Curve Numbata are required to define curve

number and imperviousness values for each subbasin in SCS Curve Number method.

The DEM used in this study was sourced from the auemess platform
OpenTopography2024) Specifically, the NASADEM dataset was utilizeth the
resolution of 30 MDEM created for Kanl ék°y Dam
Figure4.2.
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Figure4.2. Digital Elevation Model (DEM)foKanl ék°y Dam Water shed
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The CORINE (Coordination of Information on the Environment) program was
initiated by the European Commissidrhe CORINE Land Cover 2012 dataeng

used for the curve number. Updates to the CORINE Land Cover (CLC) were made
in 2000, 2006, 2012, and 2018, with 44 land cover classes in the inventory. The
Minimum Mapping Unit (MMU) for areal phenomena is 25 hectdEdsA, 2012).

The 2012 data areselected because the rainfalhoff data veresourced from the

2010 Flood

Land use types have been determined from the CORINE data, and the curve number
values for each land use area have been assigned using the reference table provided
in the HEGHMS manual. Subsequently, the curve number values assigned to the
land uses in e&csubbasin were spatially averaged using a GIS prog@G@RINE

ma p i n Kanl ék°y Dam watershed and t he

classifications can be seenHigure4.3 andTable4.1, respectively.
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Table4.1. CORINELand Use Classificath Table in Watershe(EEA, 2012)

CLC Code CORINE Data

112 Discontinuous urban fabric
124 Airports

131 Mineral extraction sites
211 Norrirrigated arable land
223 Olive groves

242 Complex cultivation patterns
312 Coniferous forest

321 Natural grasslands

323 Sclerophyllous vegetation
324 Transitional woodlandghrub
512 Water bodies

4.3 Calibration Rainfall -Runoff Data

On February 26, 2010, there was a fldloat affeced Northern Nicosia. Because of
the heavy precipitatiorK a n | and&dnyeli Damsin Nicosia wereabout to be
overtopped, and spillways were damageddying flood water A lot of people are
affected by this flood everiZaifoglu, 2018. A detailed study has been conducted
by Zaifogluet al.(2019), and the hydrograph & a n | Bdsérwir was derived. In
the calibration process this thesisthe rainfall-runoff datashown inFigure4.4 and
Figure 4.5 have beerused.The specified hyetograph and hydrograph data were
obtained from Zaifoglu (2018).
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4.4 Rainfall i Runoff Model

The rainfaltrunoff modeling was performed using HEOVS version 4.11.
DEM wasusedto carry out GlSbased operations and to delineate the watershed.
Within the HEGHMS interface,preprocess sinkgreprocess drainagéentify
streamsand delineate elements stepere consecutivelyexecutedand subbasins
and reaches were obtainddhe functions and purposes of these steps are explained

in detail in Chapter 3.

After these steps, totally 27 subbasand 13 readksare created. Subbasins with
relatively small drainage areaanbe merged with neighboring subbasinsitoplify

the model. Therefore, subbasi2z? and 25, which have small drainage areas, were
mergedwith their neighboring subbasinsTotally, 25 subbasins were used in

hydrologicmodelingwith 13 reaches.

Subbasins are utilized to simulateydrologic processes like precipitation,
infiltration, runoff, and flow routing. Reaches are used to model the movement of
water between subbasins or to simulate water flow through channels within the
watershedSubbasins and reaches of the watershed can be s€eguir 4.6 and
Figure4.7, respectively.
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Rearkita SUbb#EN-8

Figure4.7. HEC-HMS Basin Model with Identified Streams

In HEG-HMS, the following properties areobtained fromsubbasins longest
flowpath length, longest flowpath slope, basin slope, basin relief, relief ratio,
elongation ratio, and drainage density. The important properties to calculate lag time
are the longest flowpath length and slope, which are provideable4.2. The areas

for each subbasin are illustratedrilgure4.8.
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Table4.2. Important Properties of Subbasins from HEBIS

Subbasin Area (knf) Longest Flowpath Longest Flowpath
Length (km) Slope (m/m)
Subbasin 1 2.02 3.54 0.142
Subbasin 2 0.32 1.16 0.024
Subbasin 3 3.28 5.66 0.029
Subbasin 4 1.27 2.37 0.029
Subbasin 5 2.33 4.47 0.140
Subbasin 6 1.35 3.84 0.029
Subbasin 7 2.10 4.16 0.010
Subbasin 8 0.94 1.94 0.026
Subbasin 9 1.40 2.87 0.188
Subbasin 10 1.17 2.09 0.026
Subbasin 11 1.17 3.09 0.020
Subbasin 12 1.20 1.92 0.038
Subbasin 13 0.91 2.51 0.157
Subbasin 14 2.14 3.96 0.153
Subbasin 15 0.76 1.87 0.033
Subbasin 16 0.36 1.04 0.032
Subbasin 17 0.28 1.10 0.026
Subbasin 18 1.61 4.18 0.153
Subbasin 19 0.32 1.00 0.030
Subbasin 20 1.34 2.65 0.175
Subbasin 21 1.26 2.65 0.014
Subbasin 23 0.93 2.18 0.116
Subbasin 24 0.99 2.46 0.027
Subbasin 26 0.46 1.08 0.012
Subbasin 27 1.43 2.92 0.015
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In thedeveloped hydrologic modebCS CurvéNumber method is selected for loss,
SCS Unit Hydrograph is selected for transformatiamd Muskingum method is
selected for channel routiragdetailedin Chapter 3interception by vegetation and

percolation in channels were ignored when calculating the loss.

For SCS Curve Number method, the required parameters are curve number and
impervious area as percentage. Optionally, initial abstraction can beagvaput

or if it is notdefined it calculates from maximum retention which is obtained by
curve number. Irthis study, the initial abstraction values are left blankbt®

calculatedrom maximum retention.

Curve number values were calculated from CORINE 2012 with reference table in
HEC-HMS manual For theimpervious area percentage, CORINE classification is
used. In this assumption, impervious values of urban fabric, gigmarivater bodies
were taken as 100%nd the mean value of imperviogssis calculated for each
subbasin separatelCurve number andimperviousneswalues forsubbasinsare

shown inTable4.3.

Table4.3. Curve Number and Imperviousness Values for Subbasins

Subbasin Curve Number Imperviousness (%)
Subbasinl 85.49 35.71
Subbasir? 88.62 0
Subbasim3 88.72 24.83
Subbasim 88.00 0.37
Subbasirb 81.71 1.72
Subbasirb 87.30 0
Subbasin7 87.12 5.35
Subbasirs 88.00 0
Subbasird 79.50 1.85
Subbasinl0 88 0
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Table 4.3(Contd.)

Subbasin Curve Number Imperviousness (%)
Subbasinll 88 0
Subbasinl2 88.59 5.18
Subbasinl3 89.06 0
Subbasinl4 83.74 0
SubbasinAl5 87.84 0
Subbasinl6 87.12 0
Subbasinl7 82.33 3.55
Subbasinl8 83.1 0
Subbasinl9 90.25 15.84
Subbasir20 85.65 40.88
Subbasi21 87.44 45.3
Subbasif23 86.37 5.01
Subbasi24 87.48 0.76
Subbasir26 92.95 50.82
Subbasi27 87.69 56.38

In SCS Unit Hydrograph transform methddg time parameter is needed to be
calculated.In order to calculate lag time, the length of mainstream channel, the
potential maximum retentigand slope are required. The length and slope for each
subbasin were taken from HEEMS, and maximum retention was calculated from
CurveNumber.The lag time and the parameters that have been used to calculate for

each subbasin are shownTiable4.4.
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Table4.4. Lag Time Calculation for Subbasins

Subbasin S L (ft) S% tc (hr) Lag Tlme
(min)
Subbasinl 1.70 113723 14.18 0.82 29.51
Subbasim? 1.28 3717.8  2.37 0.73 26.24
Subbasin3 1.27 18150.5 2.87 2.35 84.47
Subbasim 1.36 7606.9 2.91 1.20 43.04
Subbasirb 224  14336.4 1397 1.13 40.66
Subbasirb 146 123174 2.85 1.82 65.65
Subbasin7 148 13357.2 1.02 3.27 117.88
SubbasirB 1.36 6231.0 2.63 1.07 38.63
Subbasird 2.58 91956 18.77 0.73 26.37
Subbasinl0  1.36 6702.1 261 1.14 41.08
Subbasinll  1.36 9930.4  2.00 1.78 64.21
Subbasinl2  1.29 6153.7  3.75 0.87 31.27
Subbasinl3  1.23 8060.7 15.67  0.52 18.65
Subbasinl4 1.94 12713.1 15.35 0.92 32.95
Subbasinl5  1.38 6001.4  3.26 0.94 33.84
Subbasinl6  1.48 3333.0 3.18 0.61 22.01
Subbasinl7  2.15 3539.9 2.63 0.83 30.00
Subbasinl8  2.03  13420.3 15.26  0.98 35.26
Subbasinl9  1.08 32009 3.01 0.54 19.37
Subbasi?0  1.68 8514.6 17.49 0.58 20.96
Subbasir?l  1.44 8506.2  1.43 1.90 68.51
Subbasi23  1.58 6983.5 11.65 0.59 21.35
Subbasi?4  1.43 7885.3 2.73 1.30 46.68
Subbasi26  0.76 3479.8 1.25 0.79 28.62
Subbasir?7  1.40 9370.6 1.54 1.96 70.72
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Finally, in Muskingum Routing method, the required parameters are Muskingum K,
X, and number of subreaches. K is the travel time through reaxh x is a
dimensionless coefficienEor the Muskingum K parameter, time of concentration
value was calculated for each reach by using Kinematic Wave approach. Time of
concentration was assumed to be travel time fofitieassumption of calibration

processlt can be determined from (Yanmaz, 2022):

8

0 Wps e

where n i s the Manni bigtheflow lengtinmnigssttee coef f |

excess rainfall intensityy mm/hr, and S is the average bed slopéanmaz, 2@2).

I n the study by Papaioannou et al . (2018
were assigned based on CORINE land cover classifications. Using the CORINE

dat a, appropriate Manni ngo0istegratedngplthaess co
hydraulic modeling process in this studjrie CORINE land cover classes present
within the study basin and their corres

values are provided ihable4.5.

Table4.5. CORINE Data and Corresponding Manning Roughness Coefficient
(Papaioannou et al., 2018)

CORINE Data Manning Roughness Coefficier

Discontinuous urban fabric 0.013
Airports 0.013
Mineral extraction sites 0.013
Nonrrirrigated arable land 0.03
Olive groves 0.08
Complex cultivation patterns 0.04
Coniferous forest 0.1

Natural grasslands 0.04
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Table 45 (Contd.)

CORINE Data Manning RoughnesSoefficient
Sclerophyllous vegetation 0.05
Transitional woodlanghrub 0.06
Water bodies 0.05

Muskingumx was estimated as 0.25 for each subbasin. The number of subreaches,
which influences flow attenuation, was initially assumed to be 1. imhial

parameter assumptions are summarizetainie4.6.

Table4.6. Initial Values of Muskingum Routing Parametérs Reaches

Reach Muskingum Muskingum Muskingum Number of
K (hr) X Subreach
Reachl 0.84 0.25 1
Reach?2 0.37 0.25 1
Reach3 0.60 0.25 1
Reach4 0.64 0.25 1
Reachb5 0.56 0.25 1
Reach6 0.46 0.25 1
Reach?7 0.46 0.25 1
Reach8 0.33 0.25 1
Reach9 0.25 0.25 1
Reach10 0.35 0.25 1
Reachl1 0.34 0.25 1
Reachl12 0.48 0.25 1
Reachl3 0.66 0.25 1
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45 Calibration

The aim of the calibration process is to adjust the obtained hydrograph with the
hydrograph on 201@lood. In the calibration procesthe automatioptimization

tool in HEGHMS was used and all the statistical methods that are explained in
Chapter 3 werapplied

There are two search methods in HB®IS which are the deterministic and
stochastic search methods. Univariate and Simplex methods are deterministic
methods whereas Differential Evolution ia stochastienethod. In the Univariate
method, only one parameter can be selected and adjusted. The Simplex Method
evaluates all parameters at once and chooses which one to change by using a
downhill simplex. The Differential Evolution method is similar to Simplexr&ea
Method, but iterations change the parameters randomly rather than deterministically.
Compared to the simplex and univariate gradient search methods, Differential
Evolution is more reliablUSACE, 202Q. This method was introduced in HEC

HMS versiord4.9, andit is used in this study.

The iteration number indicates the number of times the model runs while adjusting
parameters. In the optimization trial, the iteration number is selected as 200 by
evaluating the convergence of the statistical methAdsarameter set refers to a
specific combination of model parameters in the calibration process. The number of
parameter sets (and thus model evaluations) that take place in each iteration is
determined by the population sizZéonvergence becomes more difficult to assess
when the populationize is too small, whereas excessively large populations can
significantly prolong the search proceBkerefore, the optimum population size was

decided as the total parameter numirich is 89.

In the optimization trials, the goal can be maximization or minimizationthig
study, since the aim is to obtain a similar hydrograph with observed results, the goal
is selected ashe minimization of peak discharge difference between these two
hydrographsn HEC-HMS. In the calibration process, curve number and lag time at
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each subbasin and Muskingum K, Muskingurand number of subreach parameters
for each reach were calibratéghr each parameter, initial, minimum, and maximum

values were specified to guide the optimization within defined bounds.

The initial value for Muskingum K was calculated using the time of concentration
based on the kinematic wave approach. 5% below and above the initial value were
usedfor the minimum and maximum valudSor the Muskingunx parameter, an

initial value of 0.25 was selected for each reach. A minimum value of 0.1 and a
maximum value of 0.4 were used. The initial value for the number of subreaches was
set to 1 for each reach. The minimum value was also selected as 1, while the
maximum value was determined based the length of each reackyith an
assumption obne subreach per kilometer. 5% above and below values of initial
estimates were used as maximum and mininhonthe curve number and lag time

for each subbasin
Therefore, the calibration process was carried out with statistical methods which are

Mean ofAbsoluteResiduals

Mean of Squared Residuals

Root Mean Square Error
PeakWeighted Root Mean Square Error
PeakWeighted Variable Power

Percent Error in Peak Discharge

Sum of AbsoluteResiduals

Sum of SquaredResiduals

= =4 4 A4 4 A4 A5 -2 -

Time-Weighted RooMean Square Error

All of the results obtained from statistical methods abawe compared with
percentage peak discharge difference, percemntagth of surface runotfifference
and timeto peak differencavith statistical methodsuch as NSEndPBIAS. The

resultsare given in Chapter 5.
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4.6  Parameter Sensitivity Analysis

In order b examine how the parameters affect tatibrated hydrograph and
determine the sensitivity of parameters, sensitivity analysis was performed. In
sensitivity analysis, curve number, lag time, Muskingum K, Muskinguranx
number of subreach parameters were examined. For the first four parameters, both
increases and decreases were applied in 5% increments, up to a total of 15%. The
parameter othe numbepf subreaches asevaluated by incrementally increasing or
decreasing the value by aonAt ead increment step of each parameter set,
HEC-HMS model was solved, and hydrograph was obtained and compared in terms
of peak discharge andepth of surface runoftiifference with the calibrated

hydrograph.

4.7  Parameter Uncertainty Analysis

Uncertainty analysis is performed by using Optimization Trial Manager tool in
HEC-HMS. In the uncertainty analysis, the sample size is given in the model. For
each parametdB9 parameters total), the probability distribution function needs

to be selected. In HEEIMS, dgmple distribution was selecte@s probability
distribuion functionsince the other methods are not suitéde¢his studyas detailed

in Chapter 3The simple distribution tool includes 12 different distribution functions,
such as Beta, Gamma, and Normal. In this study, Normal distribution was selected
for the amlysis.

For each parameter set, the average and standard deviation values of each parameter
were obtained from the calibration proceBse mean and standard deviation of the
values for each parameter across all iterations were calculatedhcertainty
analysis, the sample size generally refers to the number of simulations or model runs
conducted to evaluate uncertainty. A typical range for uncertainty analysis is
between 1000 and 10000 simulations. In this study, 10000 simulations were
performed.
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4.8 Dam Breach Analysis

Dam breach analysis was performed using the McBreach software with a
probabilistic approachThe analysis requires a pdefined dam breach model
developed within the HERAS.

48.1 HEC-RAS Model

Since McBreaclobtainsinformation and elements from the HERAS modelthe
hydraulic model must be developed prior to analysis. The-RBS setup includes

a storage area representing the reservoir, adimensional (2D) flow area for the
downstream region, and a connection element linking the reservoir to the 2D domain
whichrepreserdthe embankment structure. This connection was modeled based on
the geometric dimensions of the spillway. The embankment structure and spillway
are illustrated irFigure4.9.

embankment

I

Figure4.9. Embankment Structure with Spillway in HEGAS Model

Elevationrvolume curvegivesthe relationship between the water surface elevation
andthe corresponding volume of water the reservoir. In HEQRAS, elevation

volume curve should be defined in the reservoir (storage area) properties to calculate
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how much water is released during and after the dam bréaetelevatiorvolume
curve obtained from Zaifoglu (2018) was defined as the storage area HRAEC

which can be seen froffigure4.10. Also, Figure4.11 shows the elevatiemolume
curve in HEGRAS.
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Figure4.10. Elevation Volume Curve df a n | Bdm{Zaifoglu, 2018)
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Figure4.11. Defining ElevationvVolume Curve in HEERAS

Breach parameters could have bdefineddirectly into HEGRAS if a deterministic

dam breach analysis were to be performed within the soft®aree a probabilistic

analysiswasconducted using McBreach, the breach parameters were not specified

in HEG-RAS. The minimum and maximum inflow hydrographvhich were

obtained from uncertainty analysigere defined in HEGRAS model by using

unsteady flow data optiorAs an exampleFigure 4.12 shows the maximum

hydrograph of uncertainty analysis in HERAS. After successfly completingall
required modeling steps in HERAS, such asterrain preparation, hydraulic

structure definition, and unsteady flow setup, probabilistic dam breach avedgsis

performedusing McBreach.
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Figure4.12. Exampleof Unsteady Flow Data in HERAS

482 McBreach Model

The distributions and corresponding ranges of the dam breach parameters were
determined based on physical limitations and supported by recommendations from
the literature. Astated before, overtopping and piping failure modes were analyzed.

Specific parameters regarding the characteristics of the failure mechanisms were

assigned to each of those two failure modes.

The distributions and associated input values were adopted from Turkel (2023), as
this prior study was conducted within the same study(diaale4.7 andTable4.8).

5000 sample size is selected for iteration in McBreach since it is suggested by
Goodell (209).
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The minimum and maximum hydrograpliich wereobtained from the uncertainty

analysis were used as inflow hydrographs. A total of four scenarios were created in

McBreach, and the peak discharge was determined for each of these scenarios.

These four scenarios are as follows:

)l
)l
)l
1

Overtopping failure with the maximum hydrograph
Overtopping failure with the minimum hydrograph
Piping failure with the maximum hydrograph

Piping failure with the minimum hydrograph

Table4.7. Overtopping Failure Monte Carlo Simulation Input Parameters and

Distributions(Turkd, 2023)

Sampling Minimum Maximum Standard
Parameters Typeand Mean L
AR Value Value Deviation
Distribution
Final Bottom Deterministic - - 167.8 -
Elevation (m)
Final Bottom  Probabilistic
Width (m) - Normal 12 60 28 8
Side Slopes Probabilistic 0.7 1.3 1 0.1
- Normal

Breach e
Formation Probabilistic 0.35 1.2 0.87 0.15

) - Normal
Time (hr)
Starting WS _— 175.53&
for Triggering Propablllstlc 175.4 175.48 for - -

. - Uniform )

a Failure (m) max.& min.
Breach Weir  Probabilistic 11 18 i i
Coefficient - Uniform ' '
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Table4.8. PipingFailure Monte Carlo Simulation Input Parameters and
Distributions (Turkel, 2023)

Parameters  Sampling Minimum Maximum Mean Standard
Type and Value Value Deviation
Distribution

Final B_ottom Deterministic - - 167.8 -

Elevation (m)

Final Bottom Probabilistic

Width (m) - Triangular 12 60 18 )

Side Slopes  Fropabilistic 4 4 1 0.7 01
- Normal

Breach A

Formation Probabilistic 0.2 1 0.63 0.15

) - Normal

Time (hr)

Starting WS

for Triggering Deterministic - - 173.9 -

aFailure (m)

Breach Weir  Probabilistic 11 18 i i

Coefficient - Uniform ' '

Piping Probabilistic

Coefficient - Uniform 0.5 0.6 ) )

Initial Piping  Probabilistic

Elevation (m) - Uniform 167.8 173.9

The results of the analyses will be presented and interpreted in Chapter 5.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter presents the results of hydrologic modeling, including the calibration

processsensitivity analysis, and uncertainty analysis, as well as the results of dam

breach modeling.

51 Model Calibration Results

In line with the GISbased watershed delineation process, the model was divided into

25 subbasins and 13 reach elementgpoesent flow routing within the watershed

(Figure5.1) . The tot al dr ai
31.4 kmz.
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Figure5.1. Subbasins and Reaches in HEBIS Interface
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The curve number, lag time, Muskingum K, Muskingumand number of subreach
parameters are initially estimated as explained in Chapter 4hyldiegraphfrom

the 2010 Flood was used as meteorological ddta.model was solved with these
parametersand uncalibrated hydrograph was obtairéte 2010 Floodchydrograph

and uncalibrated hydrograph can be seeRigure5.2. Based on the uncalibrated
hydrograph resultghe peak discharge is 81.6 m3/s, éimel depth of surface runoff
over the subbasin area49.47 mm. When compared to @10 Floochydrograph,

the percent difference in peak discharge is 3.03%, while the percent difference in
total depth of surface runoffs 23.95%. The time to peak differences between
hydrographs is 71 minutes. Based on statistical performance metrics, the Nash
Sutcliffe Efficiency (NSE) is 0.739, the Root Mean Square Error (RMSE) is 0.5, and
the Percent Bias (PBIAS) is 23.93With the® results, alibrationis needed to

improve theresults.

90

——2010 Flood Hydrograph
80

Uncalibrated Hydrograph
70

a1
o

Q (n¥/s)

20
10

0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00

Time (hr)

Figure5.2. Uncalibrated Hydrograph witk010 FloodHydrograph
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In the calibration process, five parameters which are curve number, lag time,
Muskingum K, Muskingum xand number of subreaetwere calibratedAll
statistical methods that exist in optimization tt@dl in HEGHMS were used and
comparedThe2010 Flood hydrograpéind hydrographs from statistical methods are

given on thdollowing figures.

In the Mean of Absolute Residuals statistibg, peak discharge is 79.6/g)andthe
depth of surfaceunoff over the subbasin area 48.78 mm The 2010 Flood

hydrographand calculated hydrograph can be sedfignre5.3.

90.00
—— 2010 Flood Hydrograph

80.00 Hydrograph of Mean of Absolute

Residuals
70.00

60.00
3 50.00
£
O 40.00

30.00

20.00

10.00 \/

0.00 ="

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00

Time (hr)

Figure5.3. ComparedResultsbetweer?010 FloodHydrograph and Hydrograph

with Mean of Absolute Residuals Statistics
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In the Peak Weighted Root Mean Square Error statistics, the peak discharge is
75.5 ni/s, andthe depth of surfaceinoff over the subbasin ar&a47.34 mm. The

2010 Flood hydrograpand calculated hydrograph can be sedfiguire5.4.

90.00
———2010 Flood Hydrograph

80.00

——— Hydrograph of Peak Weighted RMSE

70.00

60.00

' 50.00
g

O 40.00

30.00

20.00

10.00

0.00
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00

Time (hr)

Figure5.4. Compared Results betwe2810 FloodHydrograph and Hydrograph
with Peak Weighted Root Mean Square ERtatistics
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In the Peak Weighted Variable Power statistics, the peak discharge is* @noh
the depth of surfaceunoff over the subbasin ar&a49.04 mm. Th&010 Flood
hydrographand calculated hydrograph can be sedfignire5.5.

90
——— 2010 Flood Hydrograph

80
——— Hydrograph of Peak Weighted

70 Variable Power
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Time (hr)

Figure5.5. Compared Results betwe2810 FloodHydrograph and Hydrograph
with Peak Weighted Variable Power Statistics
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In the Mean of Squared Residuals statistics, the peak discharge is’&Gdndthe
depth of surfaceunoff over the subbasin area 47.44 mm. The2010 Flood
hydrographand calculated hydrograph can be sedfignire5.6.

90

80 ——— 2010 Flood Hydrograph
——— Hydrograph of Mean of Squared

0 Residuals

60

50

40

Q (n¥/s)
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00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00

Time (hr)

Figure5.6. Compared Results betwe2810 FloodHydrograph and Hydrograph
with Mean of Squared Residuasatistics
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In the Percent Error in Peak Discharge statistics, the peak discharge iS/&9%aan
the depth of surfaceunoff over the subbasin ar&a47.81 mm. Th&010 Flood
hydrographand calculated hydrograph can be sedfignire5.7.

90
——— 2010 Flood Hydrograph

80
——— Hydrograph of Percent

Error in Peak Discharge
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Time (hr)

Figure5.7. Compared Results betwe2810 FloodHydrograph and Hydrograph

with Percent Error in Peak Dischar§atistics
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In the Root Mean Square Error statistics, the peak discharge is 76,&una the
depth of surfaceunoff over the subbasin area 47.05 mm. The2010 Flood
hydrographand calculated hydrograph can be sedfignire5.8.

90

80 ———2010 Flood Hydrograph
——— Hydrograph of Root Mean

70 Square Error

Q (n¥/s)

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00
Time (hr)

Figure5.8. Compared Results betwe2810 FloodHydrograph and Hydrograph

with Root Mean Square Err&@tatistics
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In the Sum of Absolute Residuals statistics, the peak discharge is 78.6mdthe
depth of surfaceunoff over the subbasin area 48.78 mm. The2010 Flood
hydrographand calculated hydrograph can be sedfignire5.9.

90

80 ——— 2010 Flood Hydrograph

——— Hydrograph of Sum of

0 Absolute Residuals

Q (n¥/s)

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00
Time (hr)

Figure5.9. Compared Results betwe2810 FloodHydrograph and Hydrograph
with Sum of Absolute Residuatatistics
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In the Sum of Squared Residuals statistics, the peak discharge is®# &naithe
depth of surfaceunoff over the subbasin area 46.77 mm. The2010 Flood
hydrographand calculated hydrograph can be sedfignire5.10.
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Figure5.10. Compared Results betwe2010 FloodHydrograph and Hydrograph

with Sum ofSquaredResiduals Statistics
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In the Time Weighted RMSE statistics, the peak discharge is ?gamdthe depth
of surfacerunoff over the subbasin ar&a47.62 mm. Th010 Flood hydrograph
and calculated hydrograph can be sedfignre5.11.
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80 —— 2010 Flood Hydrograph

Hydrograph of Time Weighted
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Figure5.11. Compared Results betwe2010 FloodHydrograph and Hydrograph
with Time Weighted RMSEtatistics

All of the hydrographs with statistical methods &0d.0 Floochydrograph are given
in Figure5.12. Peak dischargejepth of surface runafpercent difference in peak
discharge, percent difference diepth of surface rungffind time to peakesults

obtained from these statistical methads presenteith theTable5.1.
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90.00
——— 2010 Flood Hydrograph

Mean of Absolute Residuals

80.00
Peak Weighted RMSE
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Figure5.12. Comparison of all Methods wi2010 FloodHydrograph

Table5.1. Comparison of Statistical Methods

Percentage

Depth of Percentage Timeto
Peak Depth of
_ Surface Peak Peak
Method Discharge _ Surface )
Runoff  Discharge Difference
(m3/s) . Runoff .
(mm)  Difference (min)
Difference
Percent Erroin
_ 79.2 47.81 0.0 19.80 70
Peak Discharge
Peak Weighted
_ 77.4 49.04 -2.3 22.88 46
Variable Power
Sum of Absolute
_ 79.6 48.78 0.6 22.22 57
Residuals
Time Weighted
77.6 47.62 -2.0 19.32 60
RMSE
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Table5.1(Contd.)

Percentage
Depth of Percentage
Peak Depth of  Time to
. Surface Peak
Method Discharge . Surface  Peak
Runoff  Discharge Difference
(m¥s) . Runoff (min)
(mm)  Difference
Difference
Mean of
Absolute 79.6 48.78 0.6 22.22 57
Residuals
Mean of
Squared 76.5 47.44 -2.7 18.87 47
Residuals
Root Mean
76.8 47.05 -3 17.89 55
Square Error
Sum of Squarec
_ 75.5 46.77 -4.7 17.18 48
Residuals
Peak Weighted
75.5 47.34 -4.7 18.62 57
RMSE

Additionally, a comparison of these results watlatistical performance metrics is

providedin the Table 5.2. These metrics include the NaShtcliffe Efficiency
(NSE), Percent Bias (PBIAS), and tRatio of the Root Mean Square Error to the
Standard Deviation Rati(RSR). According to Table 5.2, all methods provided
similar results for the RSR metric. While the PBIAS metric ranged from 17.2% to

22.9%, NSE metric varied between 76.8% and 85.1%. Therefore, the metric results

do not differ significantly across the methods.
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Table5.2. Comparison of Statistical Methodsth StatisticalPerformanceMetrics

Method RSR PBIAS NSE
Percent Erroin Peak 0.5 19.8% 76.8%
Discharge

Peak Weighted Variable 0.4 22.9% 83.4%
Power

Sum of Absolute Residual 0.4 22.2% 81.0%
Time Weighted RMSE 0.4 19.3% 81.1%
Mean of Absolute 0.4 22.2% 81.0%
Residuals

Mean of Squared Residua 0.4 18.8% 85.0%
Root Mean Square Error 0.4 17.9% 83.0%
Sum of Squared Residual: 0.4 17.2% 85.1%
Peak Weighted RMSE 04 18.6% 81.8%

In order to determine the most appropriate statistical method and which hydrograph
to proceed with in the modeling process, a composite performance criterion that
integrates multiple performance metrics was employed.Composite Performance
Metric (CPM) is an enhanced method to integrate additional statistical indices that
evaluate characteristics between observed and simulated hydrographs. It allows
flexibility to enable users to include or exclude specific indidepending on

modelingobjectives (Teegarapu et al., 2022).

In the composite performance criteriaix parameters were used as percentage of
peak discharge differend®PD) percentage oflepth of surface runoffifference
(PVD), time to peak differencé€lPD), Ratio of the Root Mean Square Error to the
Standard Deviation RatidRSR), Percent Bias(PBIAS), and NaskSutcliffe
Efficiency (NSE)
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The parameters are normalized with the following equati8iee the parameters
aremeasured on different scales and units, normalizéiparformed to makinem

comparabldtypically between 0 and 1).

The value of Nasisbutcliffe is close to the observed data, when this metric is
obtained equal to 1. Normalization of this parameter is calculated using the following
formula:

@) N — v
@) ) &

The smaller value givdsetterresults for Percentagé PeakDischargeDifference,
Percentage dDepth of Surface Runofifference, Time to Peak Difference, Root
Mean Square Error Standard Deviation and Percent Bias. Thenedonealization

valueof these parameterséalculated with the following formula.

Then, thefinal score is calculated as a weighted sum of normalized sialA all
parameters are considered to have equal importance, equal weights are assigned to

each, with a weight value of 1/6.

600 00 00 ® 0 Y 0 YYY
006 DO 00D LS
The values obtained by all statistical methods for the six specified parameters are

presented in th€able5.3.
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Table5.3. Raw Data Comparison for Statistical Methods

Method PPD PVD TPD RSR PBIAS NSE
(%) (%) (mins) (m3s) (%)
Percent Erroin Peak 0.00 19.80 70.00 0.50 0.20 0.77

Discharge

Peak Weighted 2.30 22.88 46.00 0.40 0.23 0.83
Variable Power

Sum of Absolute 0.60 2222 57.00 0.40 0.22 0.81
Residuals

Time Weighted RMSE 2.00 19.32 60.00 0.40 0.19 0.81
Mean of Absolute 0.60 2222 57.00 0.40 0.22 0.81
Residuals

Mean of Squared 270 18.87 47.00 0.40 0.19 0.85
Residuals

Root Mean Square 3.00 17.89 55.00 0.40 0.18 0.83
Error

Sum of Squared 470 17.18 48.00 0.40 0.17 0.85
Residuals

Peak Weighted RMSE 4.70 18.62 57.00 0.40 0.19 0.82

Afterwards, these parameters were normalized using the formulas provided above,

and the results are presented able5.4.

92



Table5.4. NormalizedData Comparison for Statistical Methods

Method PPD PVD TPD RSR PBIAS NSE
Percent Erroin 1.00 0.54 0.00 0.00 0.54 0.00
Peak Discharge

Peak Weighted 0.51 0.00 1.00 1.00 0.00 0.80
Variable Power

Sum of Absolute 0.87 0.12 0.54 1.00 0.11 0.51
Residuals

Time Weighted 0.57 0.62 0.42 1.00 0.62 0.52
RMSE

Mean of Absolute  0.87 0.12 0.54 1.00 0.11 0.51
Residuals

Mean of Squared  0.43 0.70 0.96 1.00 0.70 0.99
Residuals

Root Mean Square 0.36 0.88 0.63 1.00 0.88 0.75
Error

Sum of Squared 0.00 1.00 0.92 1.00 1.00 1.00
Residuals

Peak Weighted 0.00 0.75 0.54 1.00 0.75 0.60
RMSE

Finally, the composite performance metric was calculated by the normalized values
It providesa comparison of the different methods based on their owe@ié The

composite performance metric values amavided inTable5.5.
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Table5.5. Composite Performance Metric (CPM) Values

Method CPM
Percent Errorn Peak Discharge  0.35
Peak Weighted Variable Power 0.55

Sum of Absolute Residuals 0.53
Time Weighted RMSE 0.63
Mean of Absolute Residuals 0.53
Mean of Squared Residuals 0.80
Root Mean Square Error 0.75
Sum of Squared Residuals 0.82
Peak Weighted RMSE 0.61

As can be seen fromable 5.5, the Sum of Squared Residuals metlgoges the
highest CPMvalue. Therefore, this method was selectedl the parameter values
obtained from this method are used in the following modeling stée2010 Flood
hydrographwith the uncalibrated and calibrated hydrographs are presented in
Figure5.13.

——— 2010 Flood Hydrograph

Uncalibrated Hydrograph

Calibrated Hydrograph

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00
Time (hr)

Figureb5.13. CalibratedRunoff Model PerformanceCompared t&®010 Flood
Hydrograph
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The initial and optimized values of Muskingum K, Muskingum x, and Muskingum
Number of Subreaches parametiersall reachesre given inTable5.6, Table5.7,

and Table 5.8, respectively.The reaches in this watershed are visualized in
Figure5.14.

Table5.6. Initial and Optimized Muskingum K Values for Reaches

Reach No. Initial Value (hr)  Optimized Valughr)

Reachl 0.842 0.816
Reach2 0.366 0.352
Reach3 0.597 0.568
Reach4 0.641 0.625
Reachb 0.561 0.535
Reach6 0.461 0.438
Reach7 0.458 0.435
Reach8 0.33 0.315
Reach9 0.251 0.24

Reachl10 0.346 0.33

Reachll 0.338 0.322
Reachl2 0.48 0.456
Reachl13 0.657 0.634

Table5.7. Initial and Optimized Muskingurr Values for Reaches

Reach No. Initial Value Optimized Value

Reachl 0.250 0.106
Reach2 0.250 0.103
Reach3 0.250 0.115
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Tabl e 5.7

Reach No. Initial Value Optimized Value

Reach4 0.25 0.107
Reach5 0.25 0.133
Reach6 0.25 0.142
Reach7 0.25 0.312
Reach8 0.25 0.12
Reach9 0.25 0.202
Reachl10 0.25 0.1

Reachll 0.25 0.11
Reachl2 0.25 0.101
Reach13 0.25 0.103

Table5.8. Initial and Optimized MuskingusrNumber of Subreach Values for

Reaches

Reach No. Initial Value Optimized Value
Reachl 1 1

Reach?2
Reach3
Reach4
Reachb5
Reach6
Reach?7
Reach8
Reach9
Reachl0
Reachll

P R N RPN R NN R R

1
1
1
1
1
1
1
1
1
1
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Tabl e 5.8

Reach No. Initial Value Optimized Value

Reach12 1 1
Reach13 1 1

33°14'0"E 33°15'0"E 33°16'0"E 33°17T'0"E 33°18'0"E

35°18'0"N

35°17'0"N

Reaches
Reach-1
Reach-2
Reach-3
Reach-4
Reach-5
- Reach-6
Reach-7
Reach-8
Reach-9
Reach-10
Reach-11
v S Reach-12
5 5 Reach-13

— e— Kilometers

35°15'0"N 35°16'0"N

35°14'0"N

Figure5.14 Reaches i n Kanl ék°y Dam Wat

The initial and calibrated values of curve number and lag time parameters are given
in Table5.9 andTable5.10. Optimized curve number and lag time parameters are
visualized inFigure5.15 andFigure5.16, respectively.
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Table5.9. Initial and OptimizedCurve NumbeWNalues forSubbasins

Subbasin No. Initial Value Optimized Value

Subbasinl 85.49 81.32
Subbasi2 88.62 86.89
Subbasir3 88.72 84.35
Subbasim 88.00 89.81
Subbasirb 81.71 77.67
Subbasirb 87.30 83.16
Subbasin7 87.12 83.32
Subbasim 88.00 92.50
Subbasim 79.50 76.34
Subbasinl0 88.00 90.28
Subbasinll 88.00 92.46
Subbasinl?2 88.59 91.94
Subbasinl3 89.06 90.69
Subbasinl4 83.74 79.52
Subbasinl5 87.84 88.11
Subbasinl6 87.12 89.23
Subbasinl7 82.33 78.36
Subbasinl8 83.10 78.90
Subbasinl9 90.25 87.91
Subbasir20 85.65 81.30
Subbasi21 87.44 87.29
Subbasim23 86.37 84.62
Subbasi24 87.48 83.31
Subbasir26 92.95 95.68
Subbasir27 87.69 83.56
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Figure5.15. Curve Number of Subbasins in Watershed
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Table5.10. Initial and Optimized_ag TimeValues for Subbasins

Subbasin No. Initial Value (min)  Optimized Value (min)

Subbasinl 29.51 28.65
Subbasir2 26.24 24.99
Subbasir3 84.47 80.48
Subbasim 43.04 42.50
Subbasirb 40.66 40.94
Subbasirb 65.65 62.37
Subbasin7 117.88 112.18
SubbasirB 38.63 40.42
Subbasim® 26.37 27.55
Subbasinl0 41.08 39.03
Subbasinll 64.21 61.15
Subbasinl?2 31.27 30.14
Subbasinl3 18.65 18.11
Subbasinl4 32.95 31.41
Subbasinl5 33.84 32.81
Subbasinl6 22.01 23.11
Subbasinl7 30.00 30.96
Subbasinl8 35.26 35.81
Subbasinl9 19.37 18.89
Subbasir20 20.96 19.99
Subbasi21 68.51 68.54
Subbasi23 21.35 20.92
Subbasi?4 46.68 47.70
Subbasin26 28.62 27.20
Subbasir27 70.72 67.24
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Figure5.16. Lag Time (min)of Subbasins in Watershed
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5.2  Sensitivity AnalysisResults

During the sensitivity analysis, all parameters involved in the calibration process
were examined. The Curve Number, Lag Time, Muskingu@nd Muskingum K
parameters wereevaluatedby increasing and decreasing their values in 5%
increments, up to a total of £15%. The Muskingum Number of Subreaches parameter
was analyzed separately by incrementally increasing and decreasing its value by 1

unit per step, up to a total oBinits.

Since the Muskingum Number of Subreaches parameter takes values of either 1 or 2
for each reach, the decrement process for this parameter was limited to a single step.
A run was performed where the parameters were set to 1 for all reaches, and the
correspoding hydrograph was produced to compatigh other hydrograph
sensitivity analysisAlso, the upper limit for curve number value is defined as 99

since the maximum permissible value within the model is 99 in-HHS.

5.2.1 Curve Number

The effect of the curve number is illustratedFigure 5.17. As can be seen from
Figure 5.17, the peak discharge increases with an inereascurve number.
Additionally, the peak dischargthe depth of surface runafthe percent difference
in peak discharge amdepth of surface runofiith the calibrated hydrograpland
time to pealdifferencefor curve number parametare provided imable5.11.

102



120

Calibrated Hydrograph
Curve Number 5% Increase

100 Curve Number 10% Increase
Curve Number 15% Increase
80 Curve Number 5% Decrease
%n‘ Curve Number 10% Decrease
\q-; Curve Number 15% Decrease
2 60
S
N
(&)
5%
[a)
40
20
0
0:00 6:00 18:00 0:00

12:00
Time (hr)

Figure5.17. Curve Number Effeadn Hydrograph

Table5.11. Curve Number Effects on Peak Dischamepth of Surface Runqff

and Time to Peak

Depth of _
Depth of Peak Time to
Peak _ Surface
_ Surface  Discharge Peak
Discharge . Runoff _
Runoff  Difference Difference
(m?/s) Difference _
(mm) (%) (min)
(%)
CN 15%
99.6 67.65 31.92 44.64 21
Increase
CN 10%
92.6 61.68 22.65 31.88 16
Increase
CN 5%
84.4 54.19 11.79 15.86 9
Increase
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Table5.11(Confid.)

Depth of _
Depth of Peak Time to
Peak . Surface
. Surface  Discharge Peak
Discharge _ Runoff _
Runoff  Difference Difference
(m3/s) Difference _
(mm) (%) (min)
(%)
CN 5%
66.6 40.22 -11.79 -14 7
Decrease
CN 10%
58.1 34.47 -23.05 -26.3 13
Decrease
CN 15%
50.1 29.42 -33.64 -37.1 19
Decrease

The CN value combines several land surface characteristics, such as land use, soll
type, andhydrologicconditions. It isknownthat CN values increase in impervious
areasWhen the CN table in the HEBMS manual (USACE, 2020) is examinetd,

is observed that the highest values are associated with streets and roads, while the
lowest values are found in areas with more than 75% grass cover. This outcome was
expectedand as demonstrated kigure5.17, higher CN values, which correspond

to less permeable surfaces, lead to increasefdcerunoff volumes In contrast,

lower CN values are associated with enhanced infiltration and reduséate

runoff.

An increase in CN leads to a greater volume of surface rand#ffects the time of
concentration. As CN values increase, the watershed exhibits a shorter time to peak
flow, which in turn results in higher peak discharges at the paflebtainedn SCS

unit hydrograph formulations. Conversedydecrease i€@N reducegpeak discharge
(Kousariet al., 2A.0). In conclusionCN has a significant and direct impact on runoff

and peak discharge characteristits summary, changes in ti@N significantly

affect the hydrograph. As tH@N increases, both peak discharge dapth of surface
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runoff increase, while the time to peak decreasesaaseexpected and observed
from Figureb5.17.

5.2.2 Lag Time

The effect of thelag timeis illustrated inFigure 5.18. As can be seen from
Figure5.18, the peak dischargi#ecreasewith an increasindag time, whereas the
depth of surface runotfoesnot changeAdditionally, the peak dischargthe depth
of surface runoffthe percent differenaa peak discharge armtepth of surface runoff
with the calibrated hydrographandtime to pealdifferencefor lag time parameter
are provided inrable5.12.

90
Calibrated Hydrograph

80 Lag Time 5% Increase

70 Lag Time 10% Increase

60 Lag Time 15% Increase
:«E‘i Lag Time 5% Decrease
@ 50 Lag Time 10% Decrease
S 40 Lag Time 15% Decrease
2
0O 30

20

10

O - -
0:00 6:00 12:00 18:00 0:00

Time (hr)

Figure5.18. Lag TimeEffect on Hydrograph
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Table5.12. Lag TimeEffects on Peak Dischargeepth of Surface Runqgfénd

Time to Peak

Depth of .
Depth of Peak Time to
Peak . Surface
_ Surface Discharge Peak
Discharge ) Runoff )
Runoff  Difference Difference
(m3/s) Difference _
(mm) (%) (min)
(%)
Lag Time 15%
74.4 46.77 -1.46 0 9
Increase
Lag Time 10%
74.8 46.77 -0.93 0 6
Increase
Lag Time 5%
75.1 46.77 -0.53 0 3
Increase
Lag Time 5%
75.8 46.77 0.40 0 3
Decrease
Lag Time 10%
76.2 46.77 0.93 0 7
Decrease
Lag Time 15%
76.5 46.77 1.32 0 10
Decrease

Lag timehas two most commonly accepted definitioflse first one is the time gap
between the centroid of effective rainfall and the centroid of direct runoff. The
second one is the time gap between the centroid of effeafiviall and the peak of
direct runoff.lt is influenced by several factors, such as land use, soil characteristics,
and topographyTalei andChug 2012).According to definitions of lag timat is
obviousthat a reduction in lag time leads to a shorter time to.pgeakorter time to
peak indicates a quicker response from the watersti@dh increasespeak
discharge. Conversely, an increase in lag time extends the time tovpeakcauses

the watershed to respond more slowly anddead decrease ipeak discharge. It
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is observed that lag time has an inverse relationshipawitre number. Moreover,
Table5.12 andFigure5.18 confirm that the effect of lag time is consistent with the

described behavior.

5.2.3 Muskingum Parameters

5.2.3.1  Muskingum K

The effect of theMluskingum Kis illustrated inFigure5.19. As can be seen from
Figure5.19, the peak dischargkecreasewith an increas inMuskingum K whereas
the depth of surface runoftioes not change which is similar with lag time.
Additionally, the peak dischargthe depth of surface runafthe percent difference
in peak discharge amdepth of surface runofiith the calibrated hydrograpland
time to pealdifferencefor Muskingum K parametere provided imable5.13.

90
= Calibrated Hydrograph
80 Muskingum K 5% Increase
70 Muskingum K 10% Increase
Muskingum K 15% Increase
@ 60 Muskingum K 5% Decrease
& )
;: 50 Muskingum K 10% Decrease
% Muskingum K 15% Decrease
< 40
[&]
2
0 30
20
10
0
0:00 6:00 12:00 18:00 0:00

Time (hr)

Figure5.19. Muskingum KEffect on Hydrograph
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Table5.13. Muskingum KEffects on Peak Dischargeepth of Surface Runqff

and Time to Peak

Depth of .
Depth of Peak Time to
Peak _ Surface
_ Surface  Discharge Peak
Discharge _ Runoff )
Runoff  Difference Difference
(m3/s) Difference _
(mm) (%) (min)
(%)

Muskingum K

714 46.77 -5.43 0 21
15% Increase
Muskingum K

72.7 46.77 -3.71 0 14
10% Increase
Muskingum K

74.1 46.77 -1.85 0 7
5% Increase
Muskingum K

77 46.77 1.99 0 8

5% Decrease
Muskingum K

78.5 46.77 3.97 0 15
10% Decrease
Muskingum K

80.1 46.77 6.09 0 23

15% Decrease

The MuskingunK parameter is used to define the reach traned, and it indicates

the time difference between the centroids of inflow and outflow hdyrographs (Singh
andMcCann, 1980). Therefore, Muskingum K paramet#uenceshydrograpHike

lag time.When the K value increasgseak discharge decreasmrause the longer
travel time causes greater attenuation of the flood vaadeeduceghe peak flow.
Additionally, as the travel time increases with higher K values, the time required to
reach the peaklischarge (time to peak) alsocreasesSignificantly, changes in
Muskingum K parameter do niohpactthe total runoff voluméecause thprinciple

of mass conservatioprovidesthat volume of water remains unchanged, despite

temporal redistribution.
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5.2.3.2 Muskingum Xx

The effect of theMuskingum xis illustrated inFigure5.20. As can be seen from
Figure5.20, theeffectof Muskingum xs almost negligible on peak dischardepth
of surface runoffand time to peakAdditionally, the peak dischargthe depth of
surface runoffthe percent differenca peak discharge arakepth of surface runoff
with the calibrated hydrograptand time to peakdifference for Muskingum x

parameteare provided imable5.14.

80 = Calibrated Hydrograph
Muskingum x 5% Increase

0 Muskingum x 10% Increase

50 Muskingum x 15% Increase

Muskingum x 5% Decrease
Muskingum x 10% Decrease
Muskingum x 15% Decrease

Discharge (Ris)
N
o

30
20
10
O 2
0:00 6:00 12:00 18:00 0:00
Time (hr)

Figure5.20. Muskingumx Effect on Hydrograph
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Table5.14. Muskingumx Effects on Peak Dischargeepth of Surface Runaff

and Time to Peak

Depth of .
Depth of Peak Time to
Peak _ Surface
_ Surface Discharge Peak
Discharge _ Runoff )
Runoff  Difference Difference
(m3/s) Difference _
(mm) (%) (min)
(%)
Muskingum x
75.6 46.77 0.13 0 1
15% Increase
Muskingum x
75.6 46.77 0.13 0 1
10% Increase
Muskingum x
75.5 46.77 0.00 0 0
5% Increase
Muskingum x
75.4 46.77 -0.13 0 1
5% Decrease
Muskingum x
75.4 46.77 -0.13 0 1
10% Decrease
Muskingum x
75.3 46.77 -0.26 0 2

15% Decrease

The Muskingum x is a dimensionless coefficient thatks a clear physical
interpretation The parameter must fall within the range db@.5 When x is 0.5,

there is no attenuation, so storage is influenced equally by both inflow and outflow.
When x is 0, it represents maximum attenuation, where storage is only dependent on

outflow. From a formula perspective,
Y 00 p GO v8
When x=0.5 (no attenuation):
'Y 00 p ™0 Y U MmO 1o )

When x=0 (maximum attenuation):
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Y 0O p mO Y 00 &

Therefore, when x=0.5, peak witlot change with inflow andvill remain same
whereas when x=0, peak will be reduced when compared with inflow hydrograph
(USACE, 2020). In this study, the optimized values of the Muskinguparameter
were already low; therefore, the relative increases were srtllhegligibleeffect

on the hydrograph.

5.2.3.3  Muskingum Number of Subreach

The effect of thevluskingum Number of Subread$ illustrated inFigure5.21. As

can be seen fronfrigure 5.21, the peak discharge increases with an increasing
Muskingum Number of SubreacAdditionally, the peak dischargéhe depth of
surface runoffthe percent differenc@ peak discharge artkpth of surface runoff
with the calibrated hydrographndtime to pealdifferencefor Muskingum number

of subreach parametare provided ifmable5.15.

90
= Calibrated Hydrograph
80 .
Muskingum Number of
Subreach 1 Increase
70 Muskingum Number of
Subreach 2 Increase
60 Muskingum Number of
) Subreach 3 Increase
R Muskingum Number of
%50 Subreach 1 Decrease
g
S 40
B
(a)
30
20 ;
: \
0 \;
0:00 6:00 18:00 0:00

12:00
Time (hr)

Figure5.21. MuskingumNumber of Subreachffect on Hydrograb
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Table5.15. MuskingumNumber of Subreachffects on Peak Dischargeepth of

Surface Runoffand Time to Peak

Depth of .
Depth of Peak Time to
Peak _ Surface
_ Surface Discharge Peak
Discharge _ Runoff )
Runoff  Difference Difference
(m3s) Difference _
(mm) (%) (min)
(%)
Number of
78.3 46.77 3.71 0 22
Subreach*3
Number of
77.9 46.77 3.18 0 19
Subreach2
Number of
77.2 46.77 2.25 0 13
Subreachrl
Number of
75.2 46.77 -0.40 0 2
Subreachl

The number of subreaches influences the degree of attenuatiomiadkek A single
subreach leads to maximum attenuation, while increasing the number of subreaches
reduces the attenuatioMn increasein the number of subreacimproves the

representation of flood wave propagation in natural chann&8aQE, 2020.

Based on the results of the sensitivity analysis, the parameteegvaluated from

the most sensitive to the least sensitilee number of subreaches was excluded
from this comparison because it cannot be expressed in percentage Ilterms
inclusion would cause the comparison to be invalid, and it would not be appropriate
methodologicallyHowever, as seen iigure5.20 andFigure5.21, the effect of the

number of subreaches is greater than the effect of the Muskingum x parameter.

Whenthe other parametevgere examinedt was found thaCN is the most sensitive

parameter. Followinghe CN, the Muskingum K parameterasfound as thesecond
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most sensitive parameter, followed by lag time, with the Muskingyarameter

being the least sensitivEhe sensitivity of parameters can be seerigure5.22.

40
. 30
X
“é 20
S
ey
2 10
)
4
S 0
% -20 -15 -10 -5 0 5 10 15 20
© -10
=4
] Curve Number
o -20
© Lag Time
30 Muskingum K
Muskingum x
-40

Change in parameter value (%)

Figureb5.22. Effects of Sensitive Parameters on Peak Discharge

CN was found to be the most sensitive parameter in this study which aligns with the
results of Zelelew and Langon (2020), Tassew et al. (2@b@)Fanta and Tadesse
(2022). CN is the most sensitive parametsince land use/land cover, soll
characteristics, and topographic features are all integrated into CN (Fanta and
Tadesse, 2022). According to Fanta and SimeZR82d Fanta and Tadesse (2022),
the seconanostsensitive parameter gesentedslag time instead of Muskingum

K which is found as secondostsensitive parameter in this thesie reasorior

this difference cate due to the subbasin and reach configuration. Fanta and Sime
(2022) used 8 subbasins in their study, while Fanta and Tadesse (&022d 13
subbasinsin contrast, the use of 25 subbasin increases the significance of flow
routing within the hydrologic model in this thesis. While lag time affects the time of

runoff generation within individual subbasins, Muskingum parameters affect the
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movement and attenuation of flow between subbasins. Therefore, Muskingum K

parameter exhibits more sensitivity in this study.

5.3  Uncertainty Analysis Results

Uncertainty analysis was carried out in HE®S. Normaldistribution was selected
in uncertainty analysissince normal distributions are frequently utilized in

hydrologicmodeling to represent uncertainties in parameters and model outputs.

In the normal distribution, the minimum and maximum values used for each
parameter werthe same ones usedtire calibration process. The mean and standard
deviation were determined individually for each parameter based on the values
obtainedby the Sum of SquaredResiduals method in the iteration process during
calibration. These statistics were used as inputs for the uncertainty anghesis.

analysis was conducted using 10000 samples.

Uncertainty analysis was computed for sink location. At sink location,-HEIS

gives two different tabular results which @he maximumoutflow value obtained

from each sample and the corresponding outflow volumes. The data presented in
these thular resultdhave been visualized through graphical representattanean

be seen from th&igure 5.23, the maximum outflow is 82.45 s, whereas the
minimum outflow is 74.67 s throughout thel0000 simulation samplesThe

corresponding volume values are also providdeigure5.24.
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Figure5.23. Maximum Outflow for Each Sample
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Figureb5.24. Corresponding Outflow Volume for Each Sample
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Also, for each time interval within the simulation window, the minimum and
maximum values across all samples are identified. Additionally, the mean and
standard deviation are calculated for each time €€epsequently, the results are
presented as the mean, mean + standard deviation, and the maximum and minimum

values, as illustrated iRigure5.25.

An assessment of the peak discharge values indicated that the mean diseisarge
78.46 m3/s. When the standard deviatieas consideredhe corresponding upper

and lower bounds were calculatad 79.46 m3/s and 77.46 m3/s, respectivdy.
relatively narrow rangef £1 m3/s around the mean suggedets variability among

the hydrographsand this indicatethat the model results are relatively consistent
and input parameter uncertainty is limited in this analydie. uncertainty analysis
performed using five parameters indicated a maximum discharge of 82.45 m3/s and
a minimum discharge of 74.67 m3&he minimum discharge value of 74.67 m3/s
represents a more conservative scenahcch indicatedower flood potential. In
contrast, the maximum discharge of 82.45 méfsesents theorstcasescenario

It must beconsidered irflood risk management and dam safety evaluations. The
percent difference between the minimum discharge (74.67 m3/s) and the maximum
discharge (82.45 m3/s) is 10.42%. This indicates a moderate variability in the peak
discharge estimatedue touncertainties in théydrologic model parametersihe

CN, lag time, and Muskingum K parameters were considered with a £5% variation
in the uncertainty calculation&specially,a 10% change in the parameterues
results in an approximately 10% change in the predicted peak dischiegefore,

the model demonstrates linear sensitivity to the uncertainties in these critical input

parameters.
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Figure5.25. Outflow Result forUncertaintyAnalysis

Also, Figure5.26 displays the minimum and maximum hydrographs obtained from
the uncertainty analysigith the 2010 Flood hydrograpand calibrated hydrograph

to provide a visual comparisorit is seen that th010 Flood hydrograpland
calibrated hydrograph are almoshtirely encompassed within the uncertainty
hydrographs. This shows that the uncertainty analysis prosidésientrange to
involve the variability in the model inputsThe model is able to account for
variations in input parameters (such as CN, lag time, and Muskingum K) and still
provide realistic hydrographs within the expected rarigessible outcomed his
indicates that the uncertainty analysis results are creditdéheycan be considered

as highly accurateAs a result uncertainty analysis results can be used in the dam
breach analysisThe minimum and maximum hydrographs were used as inflow

inputs to the probabilistic dam breach model.
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Figure5.26. Outflow Result for Uncertainty Analysisith 2010 Floodand
Calibrated Hydrograph

54 Dam Breach

The dam breachanalyges were conducted probabilistically using McBreach
software. The setup of the HERAS and McBreach models was previously
described irChapter 4. The breach analyses for the overtopping and piping failures
were performedusing the minimum and maximum hydrographs from uncertainty

analysis, and the results have been presented accordingly.

Using the minimum and maximum hydrographs in dam breach modeling is crucial
sinceit captures the range of potential upstream flood conditiong\eaddategheir
influence on breach outflowrhe breach parameter values are derived %, 5%,
10%, 50%, 90%, 95%, and 99% exceedance probabilities in McBreach.

After the HEGHMS model was established, it was run with both maximum and

minimum hydrographs. The possibility of overtopping was evaluated by examining
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the water level. When the dam crest elevation was 175.4 m, the water level increased
to 175.53 m with the maximum hydrograph andreasedo 175.48 m with the
minimum hydrograph. In this cas@nce overtopping dam failure is possjlilether
analyses were conducted for these scenaHasvever, while the possibility of
overtopping is related to the flood event, the probability of piping is related to

internal erosionAs a result, piping can occur at any tinmelependenof the inflow.

54.1 Overtopping Failure with Maximum Hydrograph

The results were obtained using frewameter values and distributions provided in
Chapter 4The values of the parameters corresponding to the specified exceedance
probabilities with the resulting peak discharges are present&dbie 5.16. This

table shows variations in breach geomgiayameters across differgarobabilities.
According toTable5.16, the peak discharge is approximately 634 m3/s for a 1%
exceedance probability, while it is around 343 m3/s for a 99% exceedance
probability. As the exceedance probability decreases from 99% to 1%, the peak
discharge values increase gradually as expected, since the 1% exceedance
probability refers to the rarest dam breach fajlaral it is less likely to occur. Invert
elevation parameter is a deterministic parameter in this model, and it is inputted as
the bottom of embankment elevation, assuming a breach height that is equal to the
height of the dam. Bottom width, left side slppad rightside slope parameters vary

with the exceedance probbtes. These parameters cannot be directly interpreted
solely by considering the exceedance probabilities. Instead, breach areas may be
compared for 1% and 99% exceedance probabilities, and they are tfwlel

250 nf and 150 R, respectively. The rarest dam failure with highest peak discharge
results in higher breach area than most common dam failure with lowest peak
discharge as expectefls can be seen froffable5.16, formation time is much less

in 1% exceedance probability when compared to 99% exceedance probability as

expected.
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Table5.16. Exceedance Probability Parameter Sets for Overtopping Failure with

Maximum Hydrograph

Exceedance
. 1% 5% 10% 50% 90% 95%  99%
Probability
PeakDischarge
634.49 588.14 561.33 474.59 393.18 374.16 343.57
(m3/s)
Invert Elevation
- 167.8 167.8 167.8 167.8 167.8 167.8 167.8
m
Bottom Width
- 31.03 4596 42.09 27.74 16.63 17.43 16.16
m

Left Side Slope

113 102 105 09 088 1.09 1.13
(m/m)
Right Side

0.93 0.9 095 095 089 105 0.89
Slope (m/m)

Formation Time
0.5 0.63 0.84 0.71 0.95 0.72 0.87

(hr)
Initiation
m 175.53 175.51 175.51 175.45 175.43 175.42 175.4
m
Discharge
o 1.57 1.17 1.46 1.31 1.46 1.15 1.13
Coefficient

Another result is the peak flow exceedance cyRigure5.27), which presents a
plot of exceedance probability versus peak discharge to #teprobability that a
certain peak flow will be exceedelPbo exceedance probability refers to extreme and
rare flood events that can cause serious risiscontrast, 99% exceedance
probability refers to more frequent and milder evemtse exceedance probability
curve is a valuable tool ®valuateisk levels in downstream areas.
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Figure5.27. Exceedance Probability Curve for Overtopping Failure with Maximum

Hydrograph

Another key finding is the peak flow distribution graph, whettowsthe range of
potential peak discharge values based on 5000 simulation iterfignse 5.28
illustrates the variability in discharges and enables visualization of the uncertainty
associated with flood prediction8s seen inFigure 5.28, almost one third of the
simulation iterationsesulted irbetween 440 Ats and 500 ris, resembling a normal
distribution curve. During the probabilistic dam breach modelling stage, bottom
width, left and right side slopeand formation time parameters were considered to
have normal distribution, whereas initiation and discharge coefficient were
considered to have uniform distributiofs a result, it is expected f@eak flow
distribution graptio look similar to normal distribution curve. Since the graph shows
right skewed distribution, having a higr peak discharge value is less likely than
having a smaller discharge as the data points concentrated on the left side of the

graph.
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Figureb5.28. Peak Flow Distribution foDvertopping Failure with Maximum
Hydrograph

Breach parameter distribution graphs enable the visualization of breach parameters,
such as breach width, depth, and shapess various simulatioriBhese graphs can

be obtained for all breach parameters. Graphs of breach bottom width and breach
formation time are provided iRigure5.29 andFigure5.30, respectivelyThe time

to failure is @ importantparametersinceit directly influences the magnitude and
velocity of the flood wave propagan towardsthe downstreamAlso, the breach
bottom width is a significant factor. The size of the breach plays a crucial role in
estimating thdlow rate, which subsequently affects the flood hydrograph and the
extent of inundatiomat thedownstrean{Froehlich, 2008).
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Figure5.29. Final Bottom Width Distribution for Overtopping Failure with
Maximum Hydrograph

As seen fronfFigure 5.29, the majority of the data are gathered between 21.6 and
34.4 meters making it highly possible to have a breach width in that range. In the
dam breach modeling process, the distribution of final bottom width parameter was
selected as normal distribution as mentioned before, so the shape of the distribution
graph is as exgrted. Since there is data concentration towards the left side of the
graph, it can be classified as a right skewed graph. Thus, the probability of having a

narrower bottom width is higher than having a larger width.
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Figure5.30. Formation TimeDistribution for Overtopping Failure with Maximum
Hydrograph

Figure5.30 shows that majority of the data points are grouped in between 0.80 and
0.95 hours, and it is most probable to have a formation time in that range. Since the
graph is left skewed, failures with shorter formation time are less likely to occur than
failureswith longer formation time. As the events with least probability (1%) and
highest peak discharges have the shortest formationRiguwee5.30aligns with the
findings of theTable5.16.

The results also present another graph illustrating the correlation between erosion
rate (ER) and headwater (Hw). Von Thun and Gillette (1990) define the erosion rate
as the average breach width divided by the breach formation time. Expanding on this
definition, the State of Colorado's Dam Breach Modeling Guidelines (Colorado,
2010) recommend a minimum ER/Hw value of 1.6 and a maximum value of 21
(Goodell, 2019).
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The erosion rate and headwater depth ratio versus number of samples graph is given
in Figure5.31. The erosion rate and headwater depth ratio across 5000 Monte Carlo
simulations ranged from 2.1 to 14.92.7% of thesimulations aréocatedbetween

2.5 and8. Higher ratio resulted in significantly higher peak discharges with shorter
breach formation times. Therefore, the results of erosion rate and headwater depth
ratio match withthe results that hava shorter formation time and higher peak

discharge in 1% exceedance probability.
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Figure5.31. Erosion Rate to Headwater Depth R&tioOvertopping Failure with
Maximum Hydrograph

The four statistical momentsvhich aremean, standard deviation, skewness, and
kurtosis characterize the shape of the distribution of peak flows. During the
McBreach simulation, these statistics are monitored. Among them, the mean

typically converges first, followed by standard deviation, skewness, and finally
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kurtosis. A key indicator of statistical convergence is the percentage difference
which isrepresented by the symbol D% in the diagré@sodell, 2019).

The statistical convergence for overtopping failure with maximum hydrograph is
presented ifFigure5.32. This graph is used to determine the number of iterations.

All statistical methods have convergedicate that the number of iterations is
sufficient. As shown irFigure 5.32, the meanand standard deviatiovalues are
convergedwith D% values 0f0.0024and-0.0022 This small changmdicates that

the stable and consistent result is obtained in iterations. Subsequently, skewness and
kurtosis have converged. The skewness is positive, and it shows that the distribution
tail is on the righsidewhich is also shown ifigure5.28. Kurtosis value is0.1767

as seen irFigure 5.32 and this negative value indicates that the distribution has a

flatter peakwhich can be seen Figure5.28.
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Figure5.32. Statistical Convergender Overtopping Failure with Maximum

Hydrograph

5.4.2 Overtopping Failure with Minimum Hydrograph

The values of the parameters corresponding to the specified exceedance
probabilities, along with the resulting peak discharges, are presentatleb.17.

For a 1% exceedance probability, the peak discharge is approximately 631 m?3/s,
whereas for a 99% exceedance probability, it is around 336 m?3/s. Similar to

Table5.16, with the maximum hydrograph, peak discharge values decrease with the

increasing exceedance probability, which can be seEigure5.33. It is expected
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to have a higher peak discharge at the 1% exceedance probability because it refers
to an event that is less likely to occur but more likely to have severe consequences.
Compared tarable5.16, peak discharge values for all exceedance probabilities are
decreased, and the majority of the formation time for different exceedance
probabilities increased when the minimum hydrograph is used instead of the
maximum hydrograph. This is due to the fact that the minimum hydrograph has a
lesser inflow discharge, resulting smallerpeak discharges, and it takes a longer
time for a breach to fornSimilar to maximum hydrograph results, bottom width,

left side slope, and right side slope parameters vary with the exceedance
probabilities. Breach areas may be compared for 1% and 99% exceedance
probabilities. As a resuli,% exceedance probability has a much larger breach area
compared to 99% exceedance probahilag expected.Also, the exceedance
probability curve can be seenhkigure5.33 for overtopping failure with minimum

hydrograph.

Table5.17. Exceedance Probability Parameter Sets for Overtopping Failure with

Minimum Hydrograph

Exceedance
Probability

1% 5% 10% 50% 90% 95%  99%

Peak Discharge
(ms) 630.76 579.65 553.73 466.55 386.34 367.27 336.41
m°/s

Invert Elevation
- 167.89 167.90 167.89 167.89 167.80 167.90 167.8
m

Bottom Width
(m)

Left Side Slope
(m/m)
Right Side
Slope (m/m)

49.88 26.73 34.21 2424 2349 20.08 2391

097 097 091 097 093 0.85

123 108 1.01 1.03 1.08 093 0.8
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Table5.17(Confid.)

Exceedance

. 1% 5% 10% 50% 90% 95%  99%
Probability

Formation Time
(hr)
Initiation (m)  175.42 175.42 175.45 175.42 175.41 175.45 175.44

0.6 059 088 079 0.83 1 1.14

Discharge
o 1.26 1.73 1.76 1.53 1.16 1.27 1.13
Coefficient
700
600
500
(2]
E
o 400
=
f_fsoo
R4
B 200
100
0
0 0.2 0.4 0.6 0.8 1

Exceedance Probability

Figure5.33. Exceedance Probability Curve for Overtopping Failure Withimum

Hydrograph

Thepeak flowdistribution graphs given inFigure5.34 for overtopping failure with
minimum hydrographAs seen inFigure 5.34, the majority of the data points are
gathered between 445fsand 510 rifs. Compared t&igure5.28, with maximum
hydrograph, the number of data points around 458 emd 471 riis hasincreased
and the number of data poirtasdecreasedn the extreme right and left sislef
the graph, reducing the probabilayhigher peak discharge vakie
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Figure5.34. Peak Flow Distribution for Overtopping Failure withrivimum
Hydrograph

Graphs of the breaclbottom width and breachformation time parameters
distributionsare providedn Figure 5.35 and Figure 5.36 as examplesGraph in

Figure 5.35 has a similar shape witRigure 5.29, since the distribution of final
bottom width parameter was selected as normal distribution in all scerragose

5.36 shows similar results to the one with maximum hydrograph. It resembles a
normal distribution curve, and it is a ksikewed graph. Majority of data are gathered
between 0.8 and 0.95 hours. Different freigure5.30, which considers maximum
hydrograph, there are almost no data points in between 0.35 and 0.45 hours which
means overtopping analysis with minimum hydrographs provides slightly longer

formation times.
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Figure5.36. Formation Time Distribution foDvertopping Failure with Mimum

Hydrograph
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Erosionrate to headwaterdepth ratio versus the number of samplgsaph for
overtoppingfailure withminimum hydrograph is given ifrigure5.37. The erosion

rate and headwater depth ratio across 5000 simulations ranged from 2.1 to 14.78
which is similar with maximum hydrograph casémost 92% of thesimulations are
between A to 8. The results of erosion rate and headwater depth ratio are consistent
with the resultsof observed exceedance probabilities. 1% exceedance probability

scenario has faster breach development and higher peak flow.

16

ER/Hw

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Sample

Figure5.37. Erosion Rate to Headwater Depth Ratio for Overtopping Failure with
Minimum Hydrograph

The statistical moments for convergence are showgare 5.38 for overtopping

failure with minimum hydrographAs shown inFigure5.38, the mean and standard
deviation values are converged firsthjith D% values 0f0.0005 and0.0097.These

small changes in D% across all metsbgwthat the model is reliable and the breach
formation parameters are consistent over simulations. The skewness is positive
(0.2741), and it shows that the dataskewed toward higher values which is also
shown inFigure 5.34. Kurtosis value is 0.0788 as seenHigure 5.38, and this

132



positive value indicates that the distributismore peaked than normal distribution

curveas can be seen kigure5.34.
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Figure5.38. Statistical Convergence for Overtopping Failure witimikhum

Hydrograph

5.4.3 Piping Failure

As stated in Talukdaand Dey(2019), piping is caused by internal erosion in contrast

to overtoppingwhich is caused by heavy precipitatigkccording to Zhanget al.

(2009), the piping dam failures are not extremely affected by inflow floods; however,

the floods can increase the risk of piping by intensifying hydraulic gradients.
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Althoughthe inflow hydrograph does not have a direct influence on the initiation of
piping failure, it is incorporated to simulate variations of reservoir water levels.
Therefore, the use of either the maximum or minimum inflow hydrograph is not
expected to have a significant impact in piping failure. As observed in the results,
the difference was approximately 3 m3/s at the 99% probability level. This difference

is likely dueto the probabilistic dam breaamodelingand sample size in McBreach.

5.4.3.1 Piping Failure with Maximum Hydrograph

The values of the parameters corresponding to the specified exceedance probabilities
with the resulting peak discharges are presentedlainle 5.18. Different from
overtopping failure modes, two additional parametersnatadedwhich are piping
coefficient and initial piping elevatiolccording toTable5.18, the peak discharge

is approximately 600 m?/s for a 1% exceedance probability, while it is around
220 m3/s for a 99% exceedance probability. Peak discharge vatuease as the
exceedance probability decreases as expected and observed from overtopping failure
modes. Compared to overtopping failure with the maximum hydrograph, the peak
discharge values have decreased significantly. This aligns with the findiZgd of

et al. (2021) which states that peak discharge obtained from piping failures is less
compared to overtopping failures. Other parameters are changed according to their
probabilistic disribution functions as defined.he breach areas for 1% and 99%
exceedance probabilities can be compared. The breach area of 1% exceedance
probability is calculated as almost Zihesthe breach area of 99% exceedance
probability as expected since higher peak discharges result in larger breach areas.
The relationship between exceedance probability and peak discharge is shown in
Figure5.39.
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Table5.18. Exceedance Probability Parameter Set$ipmg Failure with
MaximumHydrograph

Exceedance
Probability

1% 5% 10% 50% 90% 95%  99%

Peak Discharge
(mls) 600.24 516.93 474.59 353.34 266.19 245.88 219.59
m°/s

Invert Elevation
m) 167.8 167.8 167.8 167.8 167.8 167.8 167.8
m

Bottom Width
(m)
Left Side Slope
(m/m)
Right Side Slope

(m/m)

46.09 55.81 31.47 2843 2818 17.21 13.15

053 0.73 0.65 0.82 0.7 0.57 0.68

0.91 0.54 0.65 0.7 0.76  0.57

Formation Time
(hr)
Initiation (m) 1739 1739 1739 1739 1739 1739 1739
Discharge

0.4 0.61 0.61 068 089 057 0.71

o 151 1.74 1.65 1.69 1.29 1.16 1.29
Coefficient

Pipin
p”g 0.526 0.516 0556 0514 0526 051 0.515
Coefficient

Initial Piping
172.61 172.63 173.66 168.12 168.63 170.71 171.68
Elevation (m)
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Figure5.39. Exceedance Probability Curve fBiping Failure with Maximum
Hydrograph

The peak flowdistribution graphis given in Figure 5.40 for piping failure with
maximum hydrographThe majority of the dataarelocated around 300 s and
350 n/s. As the shape of the graph resemhleg-normal distribution, probabilities
of extreme maxnumand minmumvalues are less likely to occur. The graph is right
skewed and compared figure5.28, which shows overtopping witthe maximum
hydrographijt has higher skewness.
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Figure5.40. Peak Flow Distribution foPiping Failure with MaximumHydrograph

Graphs of the breactbottom width and breach formation time parameters
distributionsare providedn Figure5.41 andFigure5.42 as exampled-igure5.41

shows that there is an accumulation of data on the left side of theasidgbe shape

of the graph resembles a triangular shape. The peak of the gmnfisitowardsthe

left side and there is almost a linear decrease towards the right side of the graph.
This means that as the exceedance probability decreases, final bottom width
parameterincreaseslt is seen fromFigure 5.42, the majority of the datare
accumulated between the range of 0.53 and 0.74 hours. Since the shape of the graph
is similar toa normal distribution curvethe probability decreases towards extreme

right and left sidsof the graph.
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