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ABSTRACT 

 

ASSESSMENT OF THE EFFECT OF UNCERTAINTIES ASSOCIATED 

WITH INPUT PARAMETERS ON FAILURE OF EARTH -FILL DAMS  

 

 

Övenler Diler, Dilan 

Master of Science, Civil Engineering 

Supervisor: Prof. Dr. A. Melih Yanmaz 

Co-Supervisor: Asst. Prof. Dr. Hasan Zaifoĵlu 

 

 

June 2025, 163 pages 

Dam failures have major effects on the environment and human life, and lead to 

serious financial losses. Flash floods have become increasingly frequent in recent 

years and are considered a significant factor contributing to dam failures. Kanlēkºy 

Dam, Cyprus, is likely to be affected by flash floods, and its failure poses serious 

risks for Nicosia. This study evaluates input parameters, hydrologic and dam breach 

parameters, influencing potential failure of the dam. 

A hydrologic model was developed in HEC-HMS and calibrated using 2010 Flood 

in Nicosia. Sum of Squared Residuals method yielded the highest Composite 

Performance Metric value (0.82), so calibrated hydrograph and parameters obtained 

from this method were used. Moreover, sensitivity analysis was performed to 

evaluate the parameters based on their level of influence. Curve Number (CN) was 

found to be the most sensitive parameter, followed by Muskingum-K. Finally, 

uncertainty analysis was applied to generate possible maximum and minimum 

inflow hydrographs, which are essential to examine overtopping induced dam 

failures. The uncertainty analysis indicated maximum and minimum peak discharges 

of 82.45 m³/s and 74.67 m³/s. 

Probabilistic dam failure analyses were performed using McBreach and HEC-RAS, 

considering both overtopping and piping failure scenarios under minimum and 
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maximum hydrograph conditions. McBreach provided breach parameters for 

exceedance probabilities from 1% (rare but severe failure) to 99% (more frequent 

yet less severe event). The highest peak discharge, 635 m³/s, occurred during 

overtopping failure at 1% exceedance probability, while the lowest discharge,  

220 m³/s, occurred during piping failure at 99% exceedance probability. 

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

McBreach  
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ÖZ 

 

GĶRDĶ PARAMETRELERĶNE BAĴLI BELĶRSĶZLĶKLERĶN TOPRAK 

DOLGU BARAJLARIN YIKILMASI  ¦ZERĶNDEKĶ ETKĶSĶNĶN 

DEĴERLENDĶRĶLMESĶ 

 

 

Övenler Diler, Dilan 

Yüksek Lisans, Ķnĸaat M¿hendisliĵi 

Tez Yöneticisi: Prof. Dr. A. Melih Yanmaz 

Ortak Tez Yöneticisi: Dr. ¥ĵr. ¦yesi Hasan Zaifoĵlu 

 

 

Haziran 2025, 163 sayfa 

Baraj yēkēlmalarē, ­evre ve insan hayatē ¿zerinde b¿y¿k etkilere sahiptir ve ciddi 

maddi kayēplara yol a­abilmektedir.  ¥zellikle son yēllarda artan kēsa s¿reli ani 

yaĵēĸlar, baraj yēkēlmalarēnē etkileyen faktºrlerden biridir. Kēbrēsôtaki Kanlēkºy 

Barajē da, Lefkoĸa civarēnda ger­ekleĸen ani yaĵēĸlardan etkilenmesi muhtemel 

barajlardan biridir ve yēkēmē Lefkoĸa i­in ciddi riskler taĸēmaktadēr. Bu ­alēĸma, 

baraj yēkēlmasēnē etkileyen girdi parametrelerini, hidrolojik parametreleri ve baraj 

yēkēlma parametrelerini, deĵerlendirmektedir.  

Hidrolojik parametrelerin incelenmesi için HEC-HMS yazēlēmē kullanēlarak bir 

hidrolojik model oluĸturulmuĸ ve bu model, 2010 yēlēna ait bir yaĵēĸ-akēĸ verisi ile 

kalibre edilmiĸtir. Kalan kareler toplamē yºntemi, en y¿ksek k¿m¿latif performans 

metrik deĵerini (0.82) vermiĸtir; bu nedenle bu yºntemin kalibre edilmiĸ hidrografē 

ve parametreleri kullanēlmēĸtēr. Parametreler ¿zerinde duyarlēlēk analizi 

ger­ekleĸtirilerek, parametreler duyarlēlēk oranlarēna gºre karĸēlaĸtērēlmēĸtēr. Eĵri 

Numarasē (CN)ônēn en hassas parametre olduĵu, ardēndan Muskingum-Kônin geldiĵi 

bulunmuĸtur. Son olarak, HEC-HMS programēnda, belirsizlik analizi uygulanarak, 

olasē maksimum ve minimum hidrograflar elde edilmiĸtir. Giriĸ hidrografē, üstten 

aĸma senaryosunda etkili olduĵu i­in, giriĸ hidrografēnēn maksimum ve minimum 
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deĵiĸimi ºnemlidir. Belirsizlik analizi, maksimum debinin 82,45 m³/s ve minimum 

debinin ise 74,67 mį/s olduĵunu gºstermiĸtir. 

Sonrasēnda, McBreach ve HEC-RAS programlarē kullanēlarak olasēlēksal baraj 

yēkēlma analizleri, ¿stten aĸma ve gedikleme senaryolarē maksimum ve minimum 

hidrograf koĸullarē dikkate alēnarak ger­ekleĸtirilmiĸtir. McBreach yazēlēmēnda her 

bir senaryo için %1'den (nadir ancak ciddi) %99'a (daha sēk ancak daha az ciddi) 

kadar aĸma olasēlēklarē elde edilmektedir. En y¿ksek debi olan 635 mį/s, %1 aĸēlma 

olasēlēĵē ile ¿stten aĸma senaryosu sērasēnda ger­ekleĸirken, en d¿ĸ¿k debi olan  

220 mį/s ise %99 aĸēlma olasēlēĵē ile gediklenme senaryosu sērasēnda meydana 

gelmiĸtir. 

Anahtar Kelimeler: Hidrolojik Modelleme, HEC-HMS, Duyarlēlēk Analizi, Baraj 

Yēkēlmasē, McBreach 
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CHAPTER 1  

1 INTRODUCTION   

1.1 General 

A dam is a barrier which is built across a water course to retain water for various 

purposes, such as water supply, sediment control, flood control, recharging of 

groundwater, and providing hydroelectric power. Since dams are large structures, 

the failure of a dam would have catastrophic consequences for life and property. 

Therefore, it is important to identify the effectiveness of the parameters that lead to 

dam failure (Yanmaz, 2022). The dam breach hydrograph is influenced not only by 

the physical parameters of the dam (such as dam height, reservoir volume, spillway 

capacity, etc.), but also by the characteristics of the catchment (e.g., land cover, 

drainage density, and land use) in which the dam is located. 

Dams are commonly classified according to their function, structural type, size, and 

hazard potential. According to the National Inventory of Dams (NID), dams are 

classified based on the type of construction materials, with the majority of dam 

structures being classified as either concrete dams or embankment dams. Concrete 

dams are categorized into various structural forms, such as arch, buttress, gravity, 

masonry, multi-arch, and roller-compacted concrete (RCC) types. In contrast, 

embankment dams are composed of natural, erosion-resistant materials, such as earth 

and rock (FEMA, 2013). 

According to International Commission on Large Dams (ICOLD, 2024), the 

majority of dams are earth-fill dams (Figure 1.1). According to the size classification 

of dams, a large dam is defined as a structure with 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 
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a large dam if it has a storage capacity greater than 3 million cubic meters (ICOLD, 

2024). 

 

Figure 1.1. Dam Classification According to Construction Material (ICOLD, 2024) 

In this study, the Kanlēkºy Dam, located in the upstream of Nicosia, Cyprus, was 

selected as the case study. It is an earth-fill dam; however, there is limited available 

information on the construction materials and in-situ structural characteristics. It was 

constructed primarily to supply irrigation water. The dam is positioned on ¢ēnardere 

Creek, and it is designed to restrain runoff collected from a catchment area of 

approximately 31.4 km², situated between the Kyrenia Mountains to the north and 

the Mesaoria Plain (Turkel, 2023). 

In 2010 and 2014, two major flood events emerged as the most significant floods in 

Northern Nicosia. On February 26, 2010, a prolonged and intense rainfall led to  

near-overtopping conditions at the Kanlēkºy and Gºnyeli reservoirs and damaged 

their spillway structures due to emergency releases. On December 9, 2014, a  

short-duration but high-intensity rainfall event caused the ¢ēnardere Creek to 

overflow, resulting in flooding along major roads and adversely impacting several 

residential areas in the towns of Gönyeli and Yenikent (Zaifoglu, 2018). 
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Zhang et al. (2009) studied dam failure cases which have been collected and 

classified according to their types. It is shown that 66% of the dam failure cases are 

earth-fill  dams. 80% of all earth-fill  dam failures are caused by either overtopping or 

some structural deficiencies. In addition to that, 64% of structural deficiencies are 

related to piping failure. Therefore, overtopping and piping are the predominant 

reasons for earth-fill  dam failure. Overtopping can occur due to insufficient spillway 

capacity, 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 settlement (Zhang et al., 2009). 

Dam breach analysis includes the effect of many criteria, such as dam properties 

(e.g., height of dam, construction material), volume of water behind the dam (i.e., 

inflow hydrograph from reservoir), and dam breach parameters (e.g., depth and 

duration of dam failure). The most uncertain variables are dam breach parameters, 

such as breach location, size, and formation time (Brunner, 2014). According to Xu 

and Zhang (2009), breach parameters can be classified as geometric and 

hydrographic. A dam breach generally occurs in a trapezoidal shape, and geometric 

parameters are used to describe the shape of the breach. These parameters are depth 

of breach, breach side slopes, top width of breach, bottom width of breach, and 

average breach width. Any three of these five parameters are required to define the 

size of a 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, it gradually decreases 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 breach (Chinnarasri et al., 2004). Figure 1.2 shows an 

example of trapezoidal shape of breach. 
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Figure 1.2. A Trapezoidal Shape of Breach Example (Chinnarasri et al., 2004) 

Rainfall-runoff hydrologic modeling is commonly employed to generate the inflow 

hydrographs (Jehanzaib et al., 2022). Catchment characteristics, such 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. 

Therefore, these factors also have a substantial impact on the development and shape 

of the dam breach hydrograph. For 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 structure and the hydrologic features of the 

catchment area, such as its size and runoff behavior, whether it generates quick or 

slow surface flow (Morris and Hassan, 2002). 
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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 

medium-sized embankment dams with a case study of Kanlēköy Dam. 

The scope of this study is to determine the critical parameters that affect the failure 

of an earth-fill dam and to perform sensitivity and uncertainty analyses of these 

parameters. Although dam failure has been studied broadly in literature, sensitivity 

and uncertainty analyses of the parameters have not been handled comprehensively 

yet. In addition, previous studies in literature are predominantly focused on dam 

parameters. This study focuses on catchment parameters, such as land use/land 

cover, soil type, and rainfall characteristics that affect the breach outflow 

hydrograph. 

The study area includes the Kanlēkºy Dam where historical flood events and 

catchment behavior provide a valuable basis for analysis. Moreover, since the 

catchment is ungauged, it has not been extensively studied in literature, and limited 

hydrologic data are available for the region. The scope of the study encompasses 

hydrologic modeling with sensitivity and uncertainty analyses and dam breach with 

probabilistic approach. The findings of this study aim to contribute to improved flood 

risk assessment and 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 follows: initially, the catchment 

characteristics were identified, and the necessary data required for hydrologic 

modeling were obtained. Following the data collection phase, the hydrologic model 

was developed. The model was executed in an event-based structure, and the 

calibration process was carried out. Various statistical methods were tested during 

the calibration process, and the most appropriate method was selected based on 
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performance criteria. Afterwards, 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 variations of the inflow hydrograph. The inflow hydrograph, which plays a 

critical role in dam breach processes, was generated based 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 scenarios. An overview of the study 

workflow is illustrated in Figure 1.3. 
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Figure 1.3. Flowchart of the Study 
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1.3 Outline of Thesis 

This thesis is organized into several chapters to explain the applied methods, results, 

and conclusions of the study in a systematic way. 

Chapter 1 provides 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 step-by-step 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 the Kanlēkºy Dam 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 of the research and provides suggestions for 

future research and risk management practice. 
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CHAPTER 2  

2 LITERATURE REVIEW  

This chapter highlights the previous studies and methodologies that have been 

employed globally to propose solutions related to hydrologic models, sensitivity and 

uncertainty analyses, and dam breach modeling. 

2.1 Hydrologic Modeling 

Watershed hydrology refers to the integration of hydrologic processes at the 

watershed scale to evaluate the overall system response. The hydrologic processes 

within a watershed are influenced by some factors, such as climate, topography, 

geology, soils, vegetation, and land use. Watershed models are essential for 

development and management of water resources, streamflow analysis, reservoir 

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 land-surface hydrology which enables 

effective water management decisions (Singh and Woolhiser, 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 required in hydrologic models. The best 

model is to provide results close to reality with fewer parameters and minimizing 

complexity (Devia et 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 as distributed model, whereas lumped models do not 

consider spatial variability (Singh and Woolhiser, 2002). Hydrologic models were 
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initially developed as lumped models with single and uniform watershed. In order to 

consider spatial heterogeneity, the distributed models were developed (Bobba et al., 

2000). In these models, the watershed is divided into units, and the flow moves from 

unit to unit (Jones, 1997). Therefore, the detailed representation of watershed can be 

obtained in distributed models (Paudel et al., 2011). Models which do not belong to 

the lumped or distributed model categories are classified as semi-distributed models 

(Okiria et al., 2022). The most popular models used in literature can be classified as 

lumped, semi-distributed or distributed. HBV (Hydrological Simulation Model) and 

NWS-RFS (National Weather service-River Forecast System) are lumped models, 

whereas TOPMODEL (Physically Based Runoff Production Model), MIKE-SHE 

(Generalized River Modeling PackageðSysteme Hydroloque Europeen) and SWAT 

(Soil Water Assessment Tool) are distributed models. HEC-HMS (Hydrologic 

Engineering Center - Hydrologic Modeling System) and SWMM (Storm Water 

Management Model) can be categorized as semi-distributed models (Singh and 

Woolhiser, 2002). 

The hydrologic models can also be 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 uncertainty. The other classification of 

hydrologic modeling is dependent on the time factor. Static models do not account 

for any changes in time, while dynamic models account for changes in time  

(Devia et al., 2015). 

Hydrologic models can also be categorized as event-based or continuous.  

Event-based models simulate short-term rainfall-runoff events, and they are 

commonly used in flood risk assessment and stormwater design. In contrast, 

continuous models simulate hydrologic behavior over longer periods accounting for 

processes like soil moisture, baseflow, and seasonal variations (Odey and Cho, 

2025). 
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Hydrologic modeling is also classified as empirical, conceptual, and physically based 

models. Empirical models are known as data-driven methods and only use existing 

data without accounting physical process. Artificial Neural Network (ANN) is one 

of the examples of empirical models.  Conceptual models are known as parametric 

models and use semi-empirical equations with calibration. HBV model and 

TOPMODEL are examples of conceptual models. Physically based models are 

known as mechanistic models and use the principles of physical processes. Physical 

models offer significant advantages over empirical and conceptual models due to 

their reliance on parameters with explicit physical meanings. HEC-HMS,  

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

According to Sivapalan et al. (2003), an ungauged basin was defined as a watershed 

where hydrologic data were insufficient to estimate hydrologic variables, and these 

insufficient data affect accuracy of analyses as expected. Additionally, the past 

hydrologic records have not been reliable because of human impacts. Therefore, 

conventional hydrologic methods may no longer be applicable under new hydrologic 

regimes. As demonstrated in Sivapalan et al. (2003), it is essential to investigate the 

hydrologic conditions during periods for which data are available. Also, uncertainty 

analysis was conducted to account for potential changes under new hydrologic 

regimes.  

The selection of an appropriate model is a critical step in hydrologic modeling. As 

mentioned before, hydrologic models are classified into various types, and software 

tools are developed based on these classifications. Also, the input and output data for 

hydrologic models are different based on data availability. Therefore, it is essential 

to select a suitable hydrologic model that corresponds to the characteristics of the 

catchment in order to achieve reliable results (Nesru, 2023). 

In Sahu et al. (2023), 10 common hydrologic modeling tools were evaluated based 

on their availability (open-source or not), accessible tutorials, and graphical 

interface. Among 10 hydrologic modeling tools, which are HBV, HEC-HMS, 

HYPE, LISFLOOD, MIKE-SHE, WaterGap, SPHY, SWIM, Topkapi, and SWAT, 
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only HEC-HMS and SWAT satisfied all three criteria simultaneously. According to 

Prabha and Tapas (2020), HEC-HMS is primarily used as a hydrologic design tool 

to simulate hourly runoff and event-based modeling. In contrast, SWAT focuses on 

analyzing the effectiveness of agricultural practices and simulates runoff on a daily, 

monthly, or annual basis. Therefore, the HEC-HMS software is considered more 

suitable for the objectives and scope of this thesis. 

2.1.1 Hydrologic Modeling with HEC -HMS Software 

Before HEC-HMS was developed, the HEC-1 model, created in 1967 by Leo R. 

Beard and US Army Corps of Engineers, was used to simulate flood hydrographs 

with GIS integration (Sahu et al., 2023). The initial version of HEC-HMS (version 

1.0) maintained all features of HEC-1 with some improvements. HEC-HMS 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 incorporated sediment transport and surface erosion (Sahu 

et al., 2023). 

HEC-HMS is a widely used hydrologic modeling program and offers some 

advantages and limitations. HEC-HMS offers flexibility  to conduct both event-based 

and continuous simulations, which allows users to apply different conditions (Odey 

and Cho, 2025). Also, HEC-HMS provides multiple methods and approaches to 

simulate rainfall-runoff processes. HEC-HMS is compatible with Geographic 

Information Systems (GIS), which significantly improves its ability to manage 

spatial data and conduct spatial analyses (Yu and Zhang, 2023). In the latest versions 

of HEC-HMS, many GIS-related functions, such as terrain analysis and watershed 

delineation can be performed directly within the software itself, thus reducing the 

need for external GIS platforms. HEC-HMS is freely available software which 

makes it more accessible, especially for users with constrained resources, by 

eliminating software cost as a limitation (Belina et al., 2024).  
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Despite its numerous advantages, HEC-HMS also exhibits certain limitations that 

must be taken into account. Although it is well-suited for short-term (e.g., daily or 

hourly) simulations, modeling long-term rainfall data is limited (Kaykhosravi et al., 

2018). HEC-HMS operates as a deterministic model, so it assumes all input 

parameters and conditions are precisely known and constant over time. It is built to 

model dendritic stream networks in which each hydrologic component connects to a 

single downstream element. Therefore, modeling of complex branching or looping 

flow systems is not possible (Prabha and Tapas, 2020). Nevertheless, it is important 

to be cautious when applying HEC-HMS since its structural constraints may limit 

model applicability and accuracy. 

The HEC-HMS hydrologic model is applicable to a wide range of watershed types, 

with numerous case studies and applications documented in the literature. Yu and 

Zhang (2023) indicated that HEC-HMS model is effective for simulating flood 

events even in urbanized catchments. In Halwatura and Najim (2013), it was used 

for a tropical catchment in Sri Lanka which is Attanagalu Oya (River) catchment. 

Snyder Unit Hydrograph, and Deficit and Constant methods were determined as 

suitable methods for transform and loss methods, respectively. The availability of 

various methods within HEC-HMS enables its application to different types of 

watersheds.  

HEC-HMS was also used in a cold region watershed, which is Sturgeon Creek 

watershed in Manitoba, Canada. The study focused on snowmelt and accumulation 

processes using the temperature index method. Performance indicators which are 

deviation of runoff volume and Nash coefficient demonstrate that HEC-HMS model 

was appropriate for this watershed (Bhuiyan et al., 2017). Moreover, it was applied 

to an ungauged mountainous river basin to estimate discharge (Chakraborty and 

Biswas, 2021). 

In HEC-HMS, subbasin delineation is an important step as it defines the boundaries 

and enables accurate simulation of hydrologic processes, such as rainfall-runoff. 

After completing the terrain pre-processing procedures described by Oleyiblo and Li 
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(2010), the watershed was delineated using the HEC-HMS. 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 HEC-HMS, the watershed was divided into subbasins based on a 

critical area threshold for stream generation. The results showed that models with a 

medium number of subbasins perform better compared to models with either a very 

large number or a small number of subbasins which is indicated by NSE and R2 

values. The delineation of the watershed influences drainage density and the average 

longest flow, which are important parameters of the watershed. Another study by 

Natarajan and Radhakrishnan (2019) focused on watershed delineation. The basin 

was divided into 21 sub-basins with reaches and sink. 

The extensive use of HEC-HMS in the literature illustrates the most commonly 

adopted methods which show their effectiveness and suitability for different 

hydrologic modeling and watershed types. For instance, HEC-HMS model was 

developed for the Al-Adhaim River Catchment by using daily rainfall data. SCS-CN 

for loss, SCS-UH for transform, and Muskingum method for routing were used. The 

calibration performance was evaluated using R2 parameter. As a result, the curve 

number was the most influential parameter affecting runoff (Hamdan et al., 2021).  

Another hydrologic model in HEC-HMS was conducted in ungauged Fusre River 

Basin in Nepal. The SCS-CN, SCS-UH, and Muskingum methods were used to 

model infiltration losses, flow transformation, and routing, respectively, which 

aligns with the methodologies adopted in this thesis. The performance of model in 

the calibration process was assessed using the Nash-Sutcliffe coefficient of 

efficiency (NSE) and Percent Bias (PBIAS). The study concluded that the  

HEC-HMS model can accurately estimate streamflow in ungauged basins when it is 

properly calibrated and validated. It is also highlighted that the SCS-CN method 

offers reliable curve number estimates in ungauged basins (Timilsina et al., 2023).  
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Ben Khelifa and Mosbahi (2022) used HEC-HMS model for ungauged basin in 

Tunisia. The same methods, which are SCS-CN, SCS-UH, and Muskingum were 

utilized. Also, Ranjan and Singh (2022) used the same methods in HEC-HMS model 

to determine runoff hydrograph for Punpun River Basin in India. 

In the study conducted by Chakraborty and Biswas (2021), the HEC-HMS model 

was developed using the same set of methods. The study focused on the ungauged 

Teesta River Basin located in India. Additionally, the automatic calibration tool of 

HEC-HMS was used to calibrate the Muskingum x and K parameters. During the 

calibration and validation stages, the model was evaluated using metrics, such as 

Percent Error in Peak Flow, Percent Error in Volume, correlation between actual and 

predicted values, and Nash-Sutcliffe Efficiency (NSE). Studies of Ben Khelifa and 

Mosbahi (2022), Ranjan and Singh (2022), and Chakraborty and Biswas (2021) 

demonstrate that the HEC-HMS model is applicable to 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 km², the same methods were successfully applied in both 

cases. This demonstrates the adaptability of the methods across different watershed 

scales and reveals their applicability and reliability for the purposes of this thesis. 

The HEC-HMS model has also been applied to ungauged Upper Manyame 

catchment. In this study, the Deficit and Constant method was used for loss 

estimation, the Snyder Unit Hydrograph model was employed for unit hydrograph 

derivation, and the Muskingum method was applied for flow routing. NSE and 

Relative Volume Error (RVE) metrics were used to compare simulated and observed 

flow (Gumindoga et al., 2017).  

Hejazi and Markus (2009) studied a design storm approach for 12 small urbanizing 

watersheds in the metropolitan Chicago area by using HEC-HMS model. Two major 

floods with hourly data were used to calibrate the model. Clark Unit Hydrograph and 

SCS Curve Number methods were applied which are commonly used in Illionis. The 

calibration process involved determining four key parameters: curve number, time 

of concentration, storage coefficient, and initial abstraction. As seen in Hejazi and 
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Markus (2009), HEC-HMS can also be applied to small and urbanized watersheds 

with hourly rainfall-runoff data.  

Unlike other studies, Zelelew and Melesse (2018) considered two loss methods, 

which are Soil Conservation Service (SCS) and the Initial and Constant methods, 

along with two transformation methods, the SCS and Clark Unit Hydrographs, to 

select the best combinations for 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 Hydrograph delivered the best performance. 

As demonstrated in the literature, HEC-HMS provides some metrics to compare 

simulated and observed hydrographs which are Nash-Sutcliffe Efficiency (NSE), 

Percent Bias (PBIAS), and 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 in model evaluation as it measures the 

average error between observed and simulated values (Faouzi et al., 2022). PBIAS 

evaluates the tendency of simulated data to differ from 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 HEC-HMS, it is also important 

to determine the sensitivities of the selected parameters. There are studies in the 

literature that performed sensitivity analysis with different approaches. Sensitivity 

analysis is used to identify how much each parameter contributes to the overall 

uncertainty in the output (Song et al., 2015). The most basic and widely used 

classification of sensitivity analysis is local sensitivity analysis and global sensitivity 

analysis. Local sensitivity analysis evaluates how 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 sensitivity analysis explores the entire 
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range of potential parameter values to estimate how different combinations affect 

model outputs (van Griensven et al., 2006). 

A proper understanding of parameters is essential. Therefore, sensitivity analysis is 

a critical component of hydrologic modeling. This analysis identifies the parameters 

that have the most influence on the simulation results. Changes in parameter values 

can affect the output to determine the most sensitive parameters. In the study of 

Arlimasita and Lasminto (2020), the optimal parameter values which are derived 

from the calibration process are used in sensitivity analysis within a range of -30% 

to +30% in 5% intervals. While determining the sensitivity of the parameters, the 

peak discharge obtained from simulated hydrographs was compared with the 

observed one. In the study, it was determined that the curve number was one of the 

most sensitive parameters which affects output hydrograph (Arlimasita and 

Lasminto, 2020). The sensitivity of the curve number shows the importance of proper 

calibration and validation of this parameter to improve the reliability of hydrologic 

simulations.  

Fanta and Tadesse (2022) conducted a sensitivity analysis by adjusting each 

parameter ±25% in 5% intervals in HEC-HMS model. According to the results, curve 

number was found to be the most sensitive parameter. The other sensitive parameters 

were initial abstraction and lag time, whereas 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) utilized the same methods in HEC-HMS software which were 

SCS Curve Number, SCS Unit Hydrograph, and Muskingum methods. Additionally, 

the recession method was used for baseflow simulation.  The results of this study 

indicated that the CN was the most sensitive parameter in the model, as variations in 

CN had a considerable impact on the model outputs. Zelelew and Melesse (2018) 

conducted sensitivity analysis with the same methodology. It was determined that 

the curve number was the most sensitive parameter 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 Fanta and Sime (2022), SWAT and HEC-HMS models were developed and 

compared. The methods used in the HEC-HMS model were consistent with those 

applied in this thesis, with sensitivity analysis conducted using a 5% interval and up 

to ±30% variations. For HEC-HMS and SWAT models, the most sensitive parameter 

was found as CN consistent with findings reported in previous studies. Tassew et al. 

(2019) performed a sensitivity analysis by changing parameters within a ±25% range 

with 5% intervals to focus on their effects on peak discharge and total volume. The 

results revealed that the CN was the most influential parameter in the simulation. 

In a study conducted in the Azzaba catchment in Algeria, both HEC-HMS and 

WBNM (Watershed Bounded Network Model) models were compared. CN was 

found to be the most sensitive parameter in the HEC-HMS model according to 

sensitivity analysis. Additionally, performance evaluations indicated that HEC-HMS 

performs better than WBNM (Laouacheria and Mansouri, 2015). 

Uncertainty analysis determines the uncertainty in model outputs due to uncertainties 

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 applied in numerous 

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 HEC-HMS model for Karoon 

III Basin located in Iran. This study employs Latin Hypercube Sampling on Monte 

Carlo Simulations. One hundred different 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 HEC-HMS model for Tamar Basin 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 determine the maximum and 

minimum ranges of the parameters. In the second stage, the algorithm was run with 

the results of the first stage which were much 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 HEC-HMS has been applied in numerous studies 

for model calibration. Statistical analysis of rainfall-runoff simulations demonstrated 

that HEC-HMS effectively simulates runoff, with good agreement to observed 

hydrographs in various watersheds (Sahu et al., 2023).  In the study of Fleming and 

Neary (2004), both manual and automated calibration methods were utilized. Manual 

calibration was used to establish a range for parameter values, whereas automatic 

calibration refined the process to identify the optimal values. Another study by 

Haberlandt et al. (2008) has used manual and automatic calibration in an iterative 

manner to parametrize the model.  

2.2 Dam Breach Modeling 

Dam breach analysis is crucial to evaluate the possible impacts of dam failure in 

flood risk management. Different models have been developed to simulate breach 

formation and flood wave propagation. Foster et al. (2000) investigate dam breaches 

in history in two categories according to their construction date, either before or after 

1950ôs to account for the major developments that took place in soil mechanics and 

geotechnical engineering in 1940ôs. The data in Foster et al. (2000) indicated that 

dam failures caused by piping were 43% before 1950 and 54% after 1950. In 

contrast, dam failures caused by overtopping were 53% 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, which involves mixed flow regimes, intense sediment transport, and rapid 

changes in morphology. Therefore, accurately determining breach characteristics is 

a complex task (ASCE/EWRI, 2011). Froehlich (2008) also states that the formation 

of a breach in an embankment dam is influenced by various factors, such as the 

geometry of the embankment, the type and properties of construction materials, 

methods of construction, reservoir dimensions, inflow hydrograph, and the mode of 

failure. 

There are numerous examples of embankment dam failures in the literature. In 1962, 

the Belci Dam was constructed in the Tazlaur River near Slobozia, Romania. It is an 

earth-fill dam with a clay core that is supported by a concrete facing on the upstream 

side. This earth-fill  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 dam to overtop and destroy a portion of the left wing. Heavy 

rainfall 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 houses (Sharma and Kumar, 2013). 

Teton Dam, which is located on the Teton River, approximately 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 caused the death of 14 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.m. Between 11:15 and 11:30 a.m., a 6 by 6-meter section 

of the dam collapsed into the whirlpool, leading to the complete failure of the dam 

within minutes (Solava and Delatte, 2003).  
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The Baldwin Hills Dam failure is an example of the piping failure in embankment 

dams. The dam was a homogeneous earth-fill 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, an unexpected flow occurred in the spillway pipe after 12 

years of operation. Then, muddy leakage was found downstream from the east 

abutment of the dam. Approximately one meter rupture in the inner lining of 

reservoir was discovered when the water level was lowered (Sharma and Kumar, 

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 historical data. Simplified physically based models integrate 

fundamental physical principles in a simplified way, and they are generally solved 

through analytical or basic numerical methods. In contrast, detailed physically based 

models provide a comprehensive simulation of breach processes by using advanced 

numerical techniques to capture the complex interactions involved (ASCE/EWRI, 

2011). 

Hanson et al. (2005) performed seven large-scale physical experiments to examine 

dam breach failures caused by overtopping on cohesive embankments. Embankment 

dam heights used in these tests ranged between 1.5 and 2.3 meters, and different soil 

types, such as silty sand and lean clay were used in this experiment. The breaching 

process was divided into four distinct stages in the study. In the first stage, a large 

headcut occurs at the downstream side after the flow is initiated. In stage 2, the 

headcut advances from downstream to upstream crest. In stage 3, the crest is lowered, 

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 failures were 

collected. The data are used to evaluate parameters required for empirical models by 

considering the breach forms in a trapezoidal shape. From this data, expressions were 

developed for parameters, such as average breach width, side-slope ratio, and breach 

formation time, with their variances. Also, it states that breach formation time 

significantly impacts the calculated outflow hydrographs.  

Moreover, according to Singh and 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 time. The formation of a breach in earth-fill  dams is 

complex since it depends on various factors, such as hydraulic, hydrologic, and 

structural. In addition to that, Wahl (2004) stated that breaches in embankment dams 

are commonly modeled as trapezoidal with the breach shape and size defined by the 

base width and side slope angle. Failure time is a crucial parameter on the 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 parameters of the 

dam breach is crucial to determine spillway design floods and risk management. To 

recognize the uncertain nature of breach models, expressions for expected values are 

incorporated into 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 predictions. Predictions for breach width typically indicate 

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 employed in the literature. In the study of Sarchani 
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and Koutroulis (2022), a dam breach study was conducted on the Valsamiotis Dam, 

a faced symmetrical hardfill dam located in Crete, Greece. McBreach software is 

used to 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 predetermined statistical distributions with randomly 

sampled values. After 10000 samples, statistical indices which are mean, standard 

deviation, skewness, and kurtosis, showed minor percent differences of 0.0066, 

0.0274, 0.0241, and -0.1043, respectively, which indicates that the number of 

realizations was sufficient for statistical convergence.  

In dam breach modeling, several scenarios can be obtained with the combinations of 

dam breach parameter variables. The randomness of these combinations is controlled 

by probability density functions, characterized by statistical parameters, such as 

mean, standard deviation, and mode. McBreach contains four different distribution 

functions which are uniform, normal, log-normal, and triangular, with the magnitude 

for each simulation derived through a Monte Carlo approach. It is not enough to 

define the breach parameters in the HEC-RAS hydraulic model; the statistical 

parameters must also be carefully defined in probabilistic dam breach studies (Bello 

et al., 2022).   

Tsai et al. (2019) applied the Perturbance Moments Method to define the uncertainty 

of dam failure and to obtain a probabilistic flood map, since deterministic models are 

not sufficient to describe reality. The Perturbance Moments Method was applied to 

the dam failure model to describe the effect of uncertainty in dam breach parameters, 

and it was also applied to a hydro-system model to investigate the uncertainty of the 

roughness coefficient. In the uncertainty model, average breach width and surface 

area of the reservoir parameters are considered. Rizzo 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 weight. Bellos et al. (2020) conducted a dam breach uncertainty analysis 

using two approaches which are the Morris-based method and the Monte Carlo-



 

 

24 

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  

3 METHO DOLOGY  

In this chapter, methods and software used in hydrologic model and dam breach 

model are discussed briefly.  

3.1 Hydrologic Model 

A hydrologic model 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 necessary for runoff estimation (Devia et al., 2015). In this study, the 

Hydrologic Engineering Centerôs Hydrologic Modeling System (HEC-HMS, 

version 4.11), a semi-distributed, physically based model, was employed to simulate 

rainfall-runoff processes. The model was further 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 by the U.S. Army Corps of Engineers. HEC-HMS 

model can be used to simulate watershed, channel, and water-control structure 

behavior in order to predict flow or stage (USACE, 2008). 

The watershed rainfall-runoff process begins with precipitation which can be rainfall 

or snowfall. Precipitation can drop on vegetation on watershed, land surface or water 

bodies. A large portion of water falls as precipitation and 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 transpiration are limited because of decreasing 

solar radiation and temperature and increasing relative humidity (USACE, 2020). 

Stem-flow or through-fall 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 

ground and moisture. Water is stored in the upper saturated soil, or it can ascend to 

the surface by capillary action (USACE, 2020). 

When the water is saturated, it moves vertically and horizontally. The saturation 

point is known as field capacity. When water moves horizontally to the stream 

channel, it is called interflow. Also, when water moves vertically to the groundwater 

aquifer, it is called percolation. Some 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 discharge (USACE, 2020). This rainfall-runoff process is summarized in 

Figure 3.1. 
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Figure 3.1. Rainfall-Runoff Process (USACE, 2020) 

A detailed representation of the rainfall-runoff process is often not required for many 

water resources studies. A simplified version with only the essential components for 

analyzing the rainfall-runoff process in HEC-HMS is presented in Figure 3.2.  

HEC-HMS is designed to be used in a wide variety of geographic regions, and it is 

capable of addressing numerous hydrologic challenges, such as water supply 

management in large river basins, flood analysis, and streamflow modeling in small 

urban catchments. 
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Figure 3.2. Typical Representation of Watershed Runoff in HEC-HMS  

(USACE, 2020) 

3.1.2 Catchment Delineation  

One of the key elements of a hydrologic model 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 HEC-HMS 4.11 to 

delineate and obtain subbasin and reach elements from Digital Elevation Model 

(DEM). The process of delineating the watershed using HEC-HMS is as follows: 

1. Importing DEM 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 surrounding it. To 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 

accumulation. Flow 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 cells. The 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 

manually if needed.  

Upon completing the steps outlined above, the basin is subdivided into subbasins to 

facilitate more precise modeling and evaluation of hydrologic processes (Oleyiblo 

and Li, 2010). 

3.1.3 Methods in Hydrologic Modeling 

HEC-HMS employs separate methods 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 subbasins are connected to each other through reach 

elements. In the model, appropriate methods are assigned to subbasin and reach 

elements to perform the hydrologic simulation. 

1. Loss Methods: A loss method is applied to estimate the losses caused by 

infiltration and evapotranspiration, and to calculate the excess rainfall for 
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each time step in the hydrologic modeling process. HEC-HMS provides 10 

different methods for loss estimation: Deficit and Constant, Exponential, 

Green and Ampt, Gridded Deficit and Constant, Gridded SCS Curve 

Number, Gridded SMA, Initial and Constant, SCS Curve Number, Smith 

Parlange, and Soil Moisture Accounting (Sahu et al., 2023). 

2. Transform Methods: A transform method accounts for the surface roughness 

and geometric features of the watershed in the rainfall-runoff transformation 

process. HEC-HMS provides 7 different methods for transform:  

User-Specified Unit Hydrograph, User-Specified S-graph, Clarkôs UH, 

Snyderôs UH, SCS UH, ModClark, and Kinematic Wave (Sahu et al., 2023). 

3. Baseflow Method: A baseflow method simulates the contribution of 

groundwater flow to the overall runoff within the watershed. HEC-HMS 

provides 5 different methods for baseflow: Bounded Recession, Constant 

Monthly, Exponential Recession, Linear Reservoir, and Nonlinear 

Boussinesq (Sahu et al., 2023). 

4. Routing Method: The flow is transferred into sub-basins at the outlet points 

of upstream watersheds through the downstream river channels with 

continuity and momentum equations. HEC-HMS provides 9 different 

methods for routing: Kinematic wave, Lag, Modified Puls, Muskingum, 

Muskingum-Cunge, Straddle-Stagger, Confluence, Bifurcation, and 

Reservoir (Sahu et al., 2023). 

Each method used in the hydrologic modeling process is characterized based on 

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

event-based or continuous depending on the temporal representation, spatially 

averaged or distributed depending on the spatial representation, and empirical or 

conceptual depending on the modeling approach. The selected methods for loss 

estimation, transformation, and routing processes in this study are evaluated 

within this framework. For example, SCS curve number is more suitable for 

event-based models, whereas soil moisture accounting is more suitable for 

continuous models. In this study, since groundwater contribution was not 
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considered, the baseflow method was not defined. The methods selected for loss, 

transform, and routing processes are 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 methods. The 

required parameters for the SCS Curve Number are curve number and size of 

impervious area which can be obtained conveniently. 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 catchments. Precipitation 

excess is estimated by the Soil Conservation Service Curve Number (SCS-CN) 

model using the following formula, which takes into account cumulative 

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

ὖ
ὖ Ὅ

ὖ Ὅ Ὓ
  σȢρ 

where ὖὩ is the accumulated precipitation excess at time t; ὖ is the accumulated 

rainfall depth at time t; Ὅὥ is the initial abstraction; and Ὓ is the potential maximum 

retention. 

The precipitation excess and the runoff will be zero until the total amount of rainfall 

surpasses the initial abstraction. After examining data from numerous small 

experimental watersheds, the SCS established an empirical correlation between Ia 

and S: 

Ὅ πȢςz Ὓ  σȢς 

Then, the accumulated precipitation excess at time t becomes: 

ὖ
ὖ πȢςz Ὓ

ὖ πȢψz Ὓ
  σȢσ 
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The following is the relationship between watershed characteristics and the 

maximum potential retention (S) in terms of curve number (CN): 

Ὓ
ςυτππςυτzὅὔ

ὅὔ
  σȢτ 

ὅὔ is 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. A 

composite CN can be computed as follows for catchments with varying soil groups 

and land covers: 

ὅὔ
Вὃ ὅzὔ

Вὃ
   σȢυ 

where CNcomposite is the composite CN for runoff volume; i is an index of watershed 

subdivision; CNi is the CN for subdivision i; Ai is the drainage area of each 

subdivision i (USACE, 2020). 

3.1.3.2 SCS Unit Hydrograph Method 

In this study, the SCS Unit Hydrograph method was chosen as it provides 

consistency with the SCS Curve Number approach used for loss estimation. The SCS 

Unit Hydrograph method transfers excess rainfall to the subbasin outlet by applying 

a dimensionless and curvilinear unit hydrograph. In this method, the flow rate (q) at 

any given time (t) is represented as a ratio of the peak flow rate (qp), relative to the 

time of rise (Tp), within the framework of the dimensionless curvilinear unit 

hydrograph. The relationship between Tp and the excess precipitation duration is as 

follows: 

Ὕ
ὸ

ς
ὸ  σȢφ 



 

 

33 

where tr is the duration of excess precipitation; tp is the basin lag which is the time 

difference between the center of mass of excess precipitation and the peak of the unit 

hydrograph.  

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

ὗ
ςȢπψzὃ

Ὕ
  σȢχ 

where ὃὧ is the catchment drainage area (km2); Tp is the time of rise. The lag time is 

expressed as: 

ὸ
ὒȢᶻὛ ρ Ȣ

ρωππzὛȢ
  σȢψ 

where L is the length of mainstream channel (ft), S is the potential maximum 

retention (inch), and Ὓ is the average catchment land slope (%) (USACE, 2020). 

3.1.3.3 Muskingum Method 

The Muskingum method incorporates the "looped" storage versus outflow 

relationships which are typical in the majority of rivers. This can simulate increasing 

channel storage during the rising limb and decreasing channel storage during the 

falling limb of a passing flood wave. The 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, wedge storage is negative and deducted from prism storage 

during falling stages on the receding side of a flood wave (Figure 3.3). 
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Figure 3.3. Storage Concept in Muskingum Method (USACE, 2020) 

This method can be expressed with continuity equation as follows: 

ЎὛ

Ўὸ
Ὅ ὗ  σȢω 

where ЎὛ is the change in storage in the reach over the period; Ὅ is the average 

upstream flow; ὗ is the average downstream flow. If the finite difference 

approximation is used, the equation would be as follows: 

Ὅ Ὅ

ς

ὗ ὗ

ς

Ὓ Ὓ

Ўὸ
 σȢρπ 

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 as follows: 

Ὓ ὑὗ ὑὼὍ ὗ ὑὼὍ ρ ὢὗ   σȢρρ 

where K is the travel time through routing reach and x is the dimensionless weight. 
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If Equation 3.10 is substituted into Equation 3.11 and rearranged, the downstream 

flow is found as follows: 

ὗ
Ўὸ ςὑὼ

ςὑρ ὼ Ўὸ
Ὅ

Ўὸ ςὑὼ

ςὑρ ὼ Ўὸ
Ὅ

ςὑρ ὼ Ўὸ

ςὑρ ὼ Ўὸ
ὗ  

                                                                                                                                           σȢρς

 

This equation is solved recursively to obtain outflow. The required parameters are 

K, x, and number of subreaches (USACE, 2020). 

3.1.4 Model Calibration  

Calibration of a hydrologic model refers to the process of modifying 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 field-observed data, such as flow rates and water levels. 

Rainfall and flow time series are needed for rainfall-runoff models in the calibration 

process. The selection of preliminary parameter estimates is important. The more 

accurate these preliminary estimates are, the faster a solution will be found. 

According to the selected methods for transform, loss, and routing, the parameters 

are estimated by using the available and open-source 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 techniques. There is an automatic calibration tool in HEC-HMS 

model. In automatic calibration, the program performs iterations and methodically 

modifies the parameters if the fit is inadequate. Four summary statistics which are 

Nash-Sutcliffe Efficiency (NSE), Ratio of the Root Mean Square Error to the 

Standard Deviation Ratio (RSR), Percent Bias (PBIAS), and Coefficient of 

Determination (R2) are computed by HEC-HMS to measure model performance in 

relation to observations (USACE, 2020). 
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NSE calculates the proportional difference between the measured data variance and 

the residual data variance. A one-to-one correspondence between the simulated and 

observed values is indicated by an NSE of 1. NSE is extensively employed in 

hydrology and regarded as a reliable statistic for capturing the general contours of 

the hydrograph. The equation of NSE is given as follows: 

ὔὛὉρ
В ὣ ὣ

В ὣ ὣ
 σȢρσ 

Ratio of the Root Mean Square Error to the Standard Deviation Ratio uses the 

observation standard deviation to standardize the root mean square error (RMSE). 

The optimal value is zero, and the equation is given as follows: 

ὙὛὙ
ὙὓὛὉ

„

В ὣ ὣ

В ὣ ὣ

 σȢρτ 

The percentage bias gives an indication of how much larger or smaller the simulated 

values are on average than the corresponding observed values. The optimum value 

is zero, and the equation is given as follows: 

ὖὄὍὃὛ
В ὣ ὣ ρzππ

В ὣ
  σȢρυ 

The coefficient of determination (R²) indicates the level of correlation between the 

simulated and observed data. R² values range from 0 to 1, with values closer to 1 

means a better model performance. 

Ὑ

ở

ờ
В ὣ ὣ ὣ ὣ

В ὣ ὣ ᶻ В ὣ ὣ Ợ

Ỡ  σȢρφ 

where Y i
obs is ith observation, Y i

sim is ith simulated value, ὣ  is the mean of 

observed data, and ὣ  is the mean of simulated data.  
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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 

model validation. The suggested performance ranges of the four statistical indicators 

used for evaluating streamflow simulations are provided in Table 3.1 (USACE, 

2020). 

Table 3.1. HEC-HMS Performance Ratings (USACE, 2020) 

Performance Rating NSE RSR PBIAS (%) R2  

Very Good 0.75 ï 1.00 0.00 ï 0.50 < ±10 Ó 0.85 

Good 0.65 ï 0.75 0.50 ï 0.60 ±10 - ±15  0.70 ï 0.85 

Satisfactory 0.50 ï 0.65 0.60 ï 0.70 ±15 - ±25 0.50 ï 0.70 

Unsatisfactory Ò 0.50 >0.70 Ó Ñ25 Ò 0.50 

Moreover, there are 17 objective functions in HEC-HMS. In order to increase or 

decrease the objective function, depending on whether maximizing or minimizing is 

the aim, search algorithms iteratively change the values of the parameters. The 

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. The functions are as 

follows: 

1. Mean of Absolute Residuals: The function is used to minimize the average 

distance between the observed and simulated values.  

ὤ
В ȿή Ὥ ή Ὥȿ

ὔ
  σȢρχ 

2. Mean of Squared Residuals: The 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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ὤ
В ή Ὥ ή Ὥ

ὔ
  σȢρψ 

3. Root Mean Square Error: This function is also used for minimizing the 

distance with larger weights. 

ὤ
В ή Ὥ ή Ὥ

ὔ
  σȢρω 

4. Peak-Weighted Root Mean Square Error: The 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 squared differences is divided by ordinates number. The 

final step is to take square root to obtain RMSE. This function serves as an 

implicit way to compare the peak magnitudes, volumes, and peak times. 

ὤ
ρ

ὔ
ή Ὥ ή Ὥ

ή Ὥ ή άὩὥὲ

ςή άὩὥὲ
 σȢςπ 

5. Peak-Weighted Variable Power: This function gives greater weight to larger 

data values. An exponent of the range normalized value plus one is applied 

to the absolute residuals. 

ὤ ȿή Ὥ ή Ὥȿ

 

  σȢςρ 

6. Percent Error in Peak Discharge: This method focuses solely on assessing the 

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 percentage. This 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. 

ὤ ρππ
ή ὴὩὥὯή ὴὩὥὯ

ή ὴὩὥὯ
  σȢςς 

7. Sum of Absolute Residuals: Each 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 or negative. However, in hydrologic 

modeling, overestimates or underestimates are not desirable. Therefore, the 

summation is done with absolute differences. 

ὤ ȿή Ὥ ή Ὥȿ  σȢςσ 

8. Sum of Squared Residuals: Each ordinate is compared, but squared 

differences are taken into account. 

ὤ ή Ὥ ή Ὥ  σȢςτ 

9. Time-Weighted Root Mean Square Error: The average difference between 

the simulated and observed values is minimized where data close to the end 

of the time span is given more weight. 

ὤ
ρ

ὔ
ή Ὥ ή Ὥ

Ὥ

ὔ ρ
 σȢςυ 

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

ordinates, ή Ὥ is the observed flows, ή Ὥ is the calculated flows, ή ὴὩὥὯ is the 

observed peak, ή άὩὥὲ is the mean of observed flow, ή άὭὲ is observed 

minimum, ή ὴὩὥὯ is simulated peak, and ή άὩὥὲ is 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, a 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 resulting inflow hydrograph were examined in response to 

systematic changes in parameter values. Depending on the application, there are 

several uses for the sensitivity analysis, and these can be summarized as follows: 

- The first use of sensitivity 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 analysis is factor 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 prioritize the input parameters. 

- It can be used to evaluate the interactions between the different parameters involved 

in model processes. However, calculating the interaction between parameters is 

frequently difficult and constrained. 

- Understanding the alignment between the structure of the model and underlying 

assumptions is another use of sensitivity analysis. 

- Another goal of sensitivity analysis is to make the best and most efficient use of 

the model by eliminating unnecessary parameters, which lowers calculation time and 

error (Devak and Dhanya, 2017). 

This study employs a sensitivity analysis 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 

hydrologic models. Uncertainty refers to the discrepancy between simulated outputs 

and actual observed responses, and this discrepancy can range from minimal to 

substantial in magnitude. This uncertainty typically arises from limitations, such as 

insufficient meteorological data, inaccuracies in representing physical processes 

within the model, and errors in parameter estimation (USACE, 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 area-average 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 as the complex ways in 

which they interact, are part of the overall watershed reaction error (USACE, 2020). 

During an uncertainty assessment, a probability distribution may be used to 

characterize the inaccuracy in a single model parameter. One of the simulation 

elements in HEC-HMS that may calculate outcomes is uncertainty analysis. A list of 

the parameters to be assessed and an explanation of the uncertainty associated with 

each parameter are also included in the study (USACE, 2020). 

Each parameter can be sampled using four distinct techniques in HEC-HMS. The 

Simple Distribution Sampling Method is selected when parameter is sampled 

separately from all other parameters. In the 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 dependent. Lastly, 

the Specified Values Sampling Method is used to specify a paired data curve for 

selected parameters (USACE, 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 function. Therefore, Simple 

Distribution Probability function was selected. 
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In the Simple Distribution, nine analytical functions are available: Beta, Exponential, 

Gamma, Gumbel, Log-normal, Normal, Triangular, Uniform, and Weibull (USACE, 

2020). Normal distribution is frequently used to represent the uncertainty of 

parameters that are assumed to follow a bell-shaped curve. This distribution is 

commonly applied because it is mathematically manageable, and many natural and 

environmental factors tend to approximately have a normal distribution. 

3.2 Dam Breach Model 

Dam failure usually occurs rapidly and without enough notice which presents a 

significant risk of a major catastrophe. The most common dam breach causes are 

piping and overtopping. In general, piping has been caused by internal erosion, 

repetitive cycles of soil swelling and shrinking, gradual backward erosion, improper 

filter design, or bad maintenance (Talukdar and Dey, 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 balanced by shear 

resistance of the grains. The highest erosive 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 concentration (Terzaghi, 1939; 

Lane, 1934; Sherard et al., 1963). 

According to Brunner (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 fall into the 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 dam (Figure 3.4).  
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Figure 3.4. Piping Failure Process (Brunner, 2020) 

Overtopping failure is another cause of dam breach. The 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 overtopping process, 

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 equilibrium (Talukdar 

and Dey, 2019). 

According to Brunner (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 arises (Figure 3.5).  

 

Figure 3.5. Overtopping Failure Process (Brunner, 2020) 
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In HEC-RAS, the weir equation is used to determine the dam breach discharge in the 

overtopping failure process. The dam breach discharge is calculated as follows: 

ὗ ὅ ὒz Ὄz  σȢςφ 

where Qo is the discharge due to overtopping dam failure, C is the weir flow 

coefficient, which is affected by material type of the dam, Lw is the weir length, and 

Hwe is the weir energy head. 

An orifice pressure flow equation is used to predict the rate of water flowing through 

the dam in a piping failure in HEC-RAS. The equation is given as follows: 

ὗ ὅ ὃz ᶻ ςὫὌ σȢςχ 

where Qp is the discharge due to piping dam failure, C is the piping coefficient, 

varying from 0.5 to 0.6, Ap is the cross-sectional area of the initiated pipe, and H is 

the total head.  

Because embankment dam breaches are typically considered trapezoidal, the base 

width and side 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 outside of the HEC-RAS software and defined as inputs to the program. Due to 

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

dam breach 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 5.0.7, HEC-RAS 5.0.7 is required, and dam breach model should be 

established in HEC-RAS. 

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 realization. In McBreach, there are ten breach 

parameters to simulate piping failure and eight parameters to simulate overtopping 

failure. Random sampling of each breach parameter around a user-defined statistical 

distribution is required (Goodell, 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, normal, and 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 is no information available. For McBreach's uniform 

distribution, the user must specify the range by defining a minimum and maximum 

value which can be seen on Figure 3.6 (Goodell, 2019).  

 

Figure 3.6. Uniform Distribution Required Values (Goodell, 2019) 

An asymmetric distribution that delineates a central tendency is the triangular 

distribution. Central tendency is the mode of the sample set which is the most 

frequent value. The advantages of triangular distribution are its intrinsic minimum 

and maximum values and its capacity to display a skewed distribution. The user must 
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define mode, minimum, and maximum values for the triangular distribution in 

McBreach which can be seen in Figure 3.7 (Goodell, 2019). 

 

Figure 3.7. Triangular Distribution Required Values (Goodell, 2019) 

The normal distribution, also known as Gaussian or bell-shaped, defines 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 and standard deviation 

(Figure 3.8) (Goodell, 2019). 

 

Figure 3.8. Normal Distribution Required Values (Goodell, 2019) 

The lognormal distribution, a widely used asymmetric distribution, characterizes 

data with a central tendency, exhibits positive skewness, and inherently restricts 

values to the positive domain. A lognormal distribution 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 mode (Figure 3.9) (Goodell, 2019). 

 

Figure 3.9. 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 (Tf), starting WS for triggering a failure (Init), breach weir coefficient (Cd) and 

breach progression (Prog). For the piping failure, two more parameters that are 

piping coefficient (Cpipe) and initial piping elevation (Elpipe) are added to these 

parameters. These parameters can be defined as deterministic or probabilistic by 

selecting one of the probability distributions. 

Final bottom elevation is defined as the elevation at the bottom of the breach when 

the breach is fully developed. Left and right-side slopes are the slope of the 

trapezoidal breach. Breach formation time is the duration between the starting of 

breach and fully development of breach in hours. Final bottom width is the bottom 

width of the breach. Starting WS for triggering a failure is the water surface elevation 

when the breach starts. Breach progression is the curve between the breach initiation 

and fully development of breach (linear progression is the default). Initial piping 

elevation is the center of the piping elevation (USACE, 2021). 
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CHAPTER 4  

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 Kanlēkºy Dam and its contributing basin, situated in 

Nicosia, Cyprus. The capital and largest city of Cyprus is Nicosia. Cyprus, located 

around 35° north latitude in the Eastern Mediterranean, has a typical Mediterranean 

climate described by 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 

westward-moving cyclones dominate the winter months. The hottest months in 

Nicosia are July and August (Tmax = 37°C and Tmin = 22°C), while January and 

February are the coldest (Tmax = 16°C and Tmin = 6°C) (Hadjinicolaou et al., 2011). 

According to the Köppen-Geiger climate classification, Cyprus falls under the warm 

temperate climate category which is typical for Mediterranean regions. However, a 

portion of the island is categorized as hot and arid. Cyprus receives about 470 mm 

of precipitation on average each year (Zittis et al., 2017). 

Geographically, Nicosia is located in the center of the Mesaoria plain, a region 

defined by undulating terrain. The geology of the area is primarily composed of 

carbonates-rich lithologies, submarine fanglomerate, subareal terrace deposits or 

alluvium (Zissimos et al., 2018). 
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The Kanlēkºy Dam is located upstream of the village of Kanlēkºy along the 

Çēnardere Creek, primarily serving as a water source for irrigating nearby 

agricultural plains. The Kanlēkºy Dam is an embankment dam composed of uniform 

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, with a crest 

thickness of 6 meters and a base thickness of 70 meters (Zaifoglu, 2018). The 

reservoir capacity of the dam is estimated to be approximately 1 million m3, and its 

spillway allows for a maximum discharge rate of 110 m3/s (Konteatis, 1974). The 

spillway structure measures 18.2 meters in length and 1.5 meters in height. Çēnardere 

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

throughout the year (Turkel, 2023). The location of Kanlēkºy Dam and its catchment 

can be seen in Figure 4.1. 
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Figure 4.1. Location Map of Watershed of Kanlēkºy Dam 
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4.2 Data Sets 

Digital Elevation Model (DEM) and Curve Number data are required for the 

hydrologic model. DEM is used to obtain watershed area for the reservoir and divide 

this watershed into subbasins. Curve Number data 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 open-access platform 

OpenTopography (2024). Specifically, the NASADEM dataset was utilized with the 

resolution of 30 m. DEM created for Kanlēkºy Dam watershed can be seen in  

Figure 4.2. 

 

Figure 4.2. Digital Elevation Model (DEM) for Kanlēkºy Dam Watershed 
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The CORINE (Coordination of Information on the Environment) program was 

initiated by the European Commission. The CORINE Land Cover 2012 data were 

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 hectares (EEA, 2012). 

The 2012 data were selected because the rainfall-runoff data were sourced 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 HEC-HMS manual. Subsequently, the curve number values assigned to the 

land uses in each sub-basin were spatially averaged using a GIS program. CORINE 

map in Kanlēkºy Dam watershed and the definition of CORINE land use 

classifications can be seen in Figure 4.3 and Table 4.1, respectively. 



 

 

54 

 

Figure 4.3. CORINE Map in Kanlēkºy Dam Watershed 
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Table 4.1. CORINE Land Use Classification Table in Watershed (EEA, 2012) 

CLC Code CORINE Data 

112 Discontinuous urban fabric 

124 Airports 

131 Mineral extraction sites 

211 Non-irrigated arable land 

223 Olive groves 

242 Complex cultivation patterns 

312 Coniferous forest 

321 Natural grasslands 

323 Sclerophyllous vegetation 

324 Transitional woodland-shrub 

512 Water bodies 

 

4.3 Calibration Rainfall -Runoff Data 

On February 26, 2010, there was a flood that affected Northern Nicosia. Because of 

the heavy precipitation, Kanlēkºy and Gönyeli Dams in Nicosia were about to be 

overtopped, and spillways were damaged by flowing flood water. A lot of people are 

affected by this flood event (Zaifoglu, 2018). A detailed study has been conducted 

by Zaifoglu et al. (2019), and the hydrograph of Kanlēkºy Reservoir was derived. In 

the calibration process of this thesis, the rainfall-runoff data shown in Figure 4.4 and 

Figure 4.5 have been used. The specified hyetograph and hydrograph data were 

obtained from Zaifoglu (2018). 
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Figure 4.4. Specified Hyetograph for 2010 Flood Event (Zaifoglu, 2018) 

 

Figure 4.5. Hydrograph for Kanlēkºy Dam for 2010 Flood Event (Zaifoglu, 2018) 
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4.4 Rainfall ï Runoff Model 

The rainfall-runoff modeling was performed using HEC-HMS version 4.11.  

DEM was used to carry out GIS-based operations and to delineate the watershed. 

Within the HEC-HMS interface, preprocess sinks, preprocess drainage, identify 

streams, and delineate elements steps were consecutively executed, and subbasins 

and reaches were obtained. The functions and purposes of these steps are explained 

in detail in Chapter 3. 

After these steps, totally 27 subbasins and 13 reaches are created. Subbasins with 

relatively small drainage areas can be merged with neighboring subbasins to simplify 

the model. Therefore, subbasins 22 and 25, which have small drainage areas, were 

merged with their neighboring subbasins. Totally, 25 subbasins were used in 

hydrologic modeling with 13 reaches. 

Subbasins are utilized to simulate hydrologic 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 

watershed. Subbasins and reaches of the watershed can be seen in Figure 4.6 and 

Figure 4.7, respectively. 
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Figure 4.6. Subbasins and Reaches of Watershed in HEC-HMS 
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Figure 4.7. HEC-HMS Basin Model with Identified Streams 

In HEC-HMS, the following properties are obtained from subbasins: 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 provided in Table 4.2. The areas 

for each subbasin are illustrated in Figure 4.8. 
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Table 4.2. Important Properties of Subbasins from HEC-HMS 

Subbasin Area (km2) Longest Flowpath 

Length (km) 

Longest Flowpath 

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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Figure 4.8. Kanlēkºy Dam - Areas of Subbasins (km2) 
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In the developed hydrologic model, SCS Curve Number method is selected for loss, 

SCS Unit Hydrograph is selected for transformation, and Muskingum method is 

selected for channel routing as detailed in Chapter 3. Interception 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 be given as input 

or if it is not defined, it calculates from maximum retention which is obtained by 

curve number. In this study, the initial abstraction values are left blank to be 

calculated from maximum retention. 

Curve number values were calculated from CORINE 2012 with reference table in 

HEC-HMS manual. For the impervious area percentage, CORINE classification is 

used. In this assumption, impervious values of urban fabric, airport, and water bodies 

were taken as 100%, and the mean value of imperviousness is calculated for each 

subbasin separately. Curve number and imperviousness values for subbasins are 

shown in Table 4.3. 

Table 4.3. Curve Number and Imperviousness Values for Subbasins 

Subbasin Curve Number Imperviousness (%) 

Subbasin-1 85.49 35.71 

Subbasin-2 88.62 0 

Subbasin-3 88.72 24.83 

Subbasin-4 88.00 0.37 

Subbasin-5 81.71 1.72 

Subbasin-6 87.30 0 

Subbasin-7 87.12 5.35 

Subbasin-8 88.00 0 

Subbasin-9 79.50 1.85 

Subbasin-10 88 0 
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Subbasin Curve Number Imperviousness (%) 

Subbasin-11 88 0 

Subbasin-12 88.59 5.18 

Subbasin-13 89.06 0 

Subbasin-14 83.74 0 

Subbasin-15 87.84 0 

Subbasin-16 87.12 0 

Subbasin-17 82.33 3.55 

Subbasin-18 83.1 0 

Subbasin-19 90.25 15.84 

Subbasin-20 85.65 40.88 

Subbasin-21 87.44 45.3 

Subbasin-23 86.37 5.01 

Subbasin-24 87.48 0.76 

Subbasin-26 92.95 50.82 

Subbasin-27 87.69 56.38 

 

In SCS Unit Hydrograph transform method, lag time parameter is needed to be 

calculated. In order to calculate lag time, the length of mainstream channel, the 

potential maximum retention, and slope are required. The length and slope for each 

subbasin were taken from HEC-HMS, and maximum retention was calculated from 

Curve Number. The lag time and the parameters that have been used to calculate for 

each subbasin are shown in Table 4.4. 

 

 

 

 

Table 4.3 (Contôd.) 



 

 

64 

Table 4.4. Lag Time Calculation for Subbasins 

Subbasin S L (ft) Sh% tc (hr) 
Lag Time 

(min) 

Subbasin-1 1.70 11372.3 14.18 0.82 29.51 

Subbasin-2 1.28 3717.8 2.37 0.73 26.24 

Subbasin-3 1.27 18150.5 2.87 2.35 84.47 

Subbasin-4 1.36 7606.9 2.91 1.20 43.04 

Subbasin-5 2.24 14336.4 13.97 1.13 40.66 

Subbasin-6 1.46 12317.4 2.85 1.82 65.65 

Subbasin-7 1.48 13357.2 1.02 3.27 117.88 

Subbasin-8 1.36 6231.0 2.63 1.07 38.63 

Subbasin-9 2.58 9195.6 18.77 0.73 26.37 

Subbasin-10 1.36 6702.1 2.61 1.14 41.08 

Subbasin-11 1.36 9930.4 2.00 1.78 64.21 

Subbasin-12 1.29 6153.7 3.75 0.87 31.27 

Subbasin-13 1.23 8060.7 15.67 0.52 18.65 

Subbasin-14 1.94 12713.1 15.35 0.92 32.95 

Subbasin-15 1.38 6001.4 3.26 0.94 33.84 

Subbasin-16 1.48 3333.0 3.18 0.61 22.01 

Subbasin-17 2.15 3539.9 2.63 0.83 30.00 

Subbasin-18 2.03 13420.3 15.26 0.98 35.26 

Subbasin-19 1.08 3200.9 3.01 0.54 19.37 

Subbasin-20 1.68 8514.6 17.49 0.58 20.96 

Subbasin-21 1.44 8506.2 1.43 1.90 68.51 

Subbasin-23 1.58 6983.5 11.65 0.59 21.35 

Subbasin-24 1.43 7885.3 2.73 1.30 46.68 

Subbasin-26 0.76 3479.8 1.25 0.79 28.62 

Subbasin-27 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 reach, and x is a 

dimensionless coefficient. For 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 for the first assumption of calibration 

process. It can be determined from (Yanmaz, 2022): 

ὸ φȢωωz
ὲὒȢ

ὭȢὛȢ
  τȢρ 

where n is the Manningôs roughness coefficient, L is the flow length in m, ie is the 

excess rainfall intensity in mm/hr, and S0 is the average bed slope (Yanmaz, 2022). 

In the study by Papaioannou et al. (2018), Manningôs roughness coefficient values 

were assigned based on CORINE land cover classifications. Using the CORINE 

data, appropriate Manningôs roughness coefficient values were integrated into the 

hydraulic modeling process in this study. The CORINE land cover classes presented 

within the study basin and their corresponding Manningôs roughness coefficient 

values are provided in Table 4.5. 

Table 4.5. CORINE Data and Corresponding Manning Roughness Coefficient 

(Papaioannou et al., 2018) 

CORINE Data Manning Roughness Coefficient 

Discontinuous urban fabric 0.013 

Airports 0.013 

Mineral extraction sites 0.013 

Non-irrigated 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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CORINE Data Manning Roughness Coefficient 

Sclerophyllous vegetation 0.05 

Transitional woodland-shrub 0.06 

Water bodies 0.05 

 

Muskingum x was estimated as 0.25 for each subbasin. The number of subreaches, 

which influences flow attenuation, was initially assumed to be 1. The initial 

parameter assumptions are summarized in Table 4.6. 

Table 4.6. Initial Values of Muskingum Routing Parameters for Reaches 

Reach Muskingum 

K (hr) 

Muskingum 

x 

Muskingum Number of 

Subreach 

Reach-1 0.84 0.25 1 

Reach-2 0.37 0.25 1 

Reach-3 0.60 0.25 1 

Reach-4 0.64 0.25 1 

Reach-5 0.56 0.25 1 

Reach-6 0.46 0.25 1 

Reach-7 0.46 0.25 1 

Reach-8 0.33 0.25 1 

Reach-9 0.25 0.25 1 

Reach-10 0.35 0.25 1 

Reach-11 0.34 0.25 1 

Reach-12 0.48 0.25 1 

Reach-13 0.66 0.25 1 

 

Table 4.5 (Contôd.) 
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4.5 Calibration  

The aim of the calibration process is to adjust the obtained hydrograph with the 

hydrograph on 2010 Flood. In the calibration process, the automatic optimization 

tool in HEC-HMS was used and all the statistical methods that are explained in 

Chapter 3 were applied. 

There are two search methods in HEC-HMS which are the deterministic and 

stochastic search methods. Univariate and Simplex methods are deterministic 

methods, whereas Differential Evolution is a stochastic method. 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 Simplex Search 

Method, but iterations change the parameters randomly rather than deterministically. 

Compared to the simplex and univariate gradient search methods, Differential 

Evolution is more reliable (USACE, 2020). This method was introduced in HEC-

HMS version 4.9, and it 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 methods. A parameter 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 size. Convergence becomes more difficult to assess 

when the population size is too small, whereas excessively large populations can 

significantly prolong the search process. Therefore, the optimum population size was 

decided as the total parameter number, which is 89. 

In the optimization trials, the goal can be maximization or minimization. In this 

study, since the aim is to obtain a similar hydrograph with observed results, the goal 

is selected as the minimization of peak discharge difference between these two 

hydrographs in HEC-HMS. In the calibration process, curve number and lag time at 
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each subbasin and Muskingum K, Muskingum x, and number of subreach parameters 

for each reach were calibrated. For 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 

used for the minimum and maximum values. For the Muskingum x 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 on the length of each reach, with an 

assumption of one subreach per kilometer. 5% above and below values of initial 

estimates were used as maximum and minimum for the curve number and lag time 

for each subbasin. 

Therefore, the calibration process was carried out with statistical methods which are: 

¶ Mean of Absolute Residuals 

¶ Mean of Squared Residuals 

¶ Root Mean Square Error 

¶ Peak-Weighted Root Mean Square Error 

¶ Peak-Weighted Variable Power 

¶ Percent Error in Peak Discharge 

¶ Sum of Absolute Residuals 

¶ Sum of Squared Residuals 

¶ Time-Weighted Root Mean Square Error 

All of the results obtained from statistical methods above are compared with 

percentage peak discharge difference, percentage depth of surface runoff difference, 

and time to peak difference with statistical methods, such as NSE and PBIAS. The 

results are given in Chapter 5. 
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4.6 Parameter Sensitivity Analysis 

In order to examine how the parameters affect the calibrated hydrograph and 

determine the sensitivity of parameters, sensitivity analysis was performed. In 

sensitivity analysis, curve number, lag time, Muskingum K, Muskingum x, and 

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 of the number of subreaches was evaluated by incrementally increasing or 

decreasing the value by one. At each increment step of each parameter set,  

HEC-HMS model was solved, and hydrograph was obtained and compared in terms 

of peak discharge and depth of surface runoff difference 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 parameter (89 parameters in total), the probability distribution function needs 

to be selected. In HEC-HMS, simple distribution was selected as probability 

distribution function since the other methods are not suitable for this study as detailed 

in Chapter 3. The simple distribution tool includes 12 different distribution functions, 

such as Beta, Gamma, and Normal. In this study, Normal distribution was selected 

for the analysis.  

For each parameter set, the average and standard deviation values of each parameter 

were obtained from the calibration process. The mean and standard deviation of the 

values for each parameter across all iterations were calculated. In uncertainty 

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 approach. The analysis requires a pre-defined dam breach model 

developed within the HEC-RAS. 

4.8.1 HEC-RAS Model 

Since McBreach obtains information and elements from the HEC-RAS model, the 

hydraulic model must be developed prior to analysis. The HEC-RAS setup includes 

a storage area representing the reservoir, a two-dimensional (2D) flow area for the 

downstream region, and a connection element linking the reservoir to the 2D domain 

which represents the embankment structure. This connection was modeled based on 

the geometric dimensions of the spillway. The embankment structure and spillway 

are illustrated in Figure 4.9. 

 

Figure 4.9. Embankment Structure with Spillway in HEC-RAS Model 

Elevation-volume curve gives the relationship between the water surface elevation 

and the corresponding volume of water in the reservoir. In HEC-RAS, 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 breach. The elevation-volume 

curve obtained from Zaifoglu (2018) was defined as the storage area in HEC-RAS 

which can be seen from Figure 4.10. Also, Figure 4.11 shows the elevation-volume 

curve in HEC-RAS.  

 

 

Figure 4.10. Elevation Volume Curve of Kanlēkºy Dam (Zaifoglu, 2018) 
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Figure 4.11. Defining Elevation-Volume Curve in HEC-RAS 

Breach parameters could have been defined directly into HEC-RAS if a deterministic 

dam breach analysis were to be performed within the software. Since a probabilistic 

analysis was conducted using McBreach, the breach parameters were not specified 

in HEC-RAS. The minimum and maximum inflow hydrographs which were 

obtained from uncertainty analysis were defined in HEC-RAS model by using 

unsteady flow data option. As an example, Figure 4.12 shows the maximum 

hydrograph of uncertainty analysis in HEC-RAS. After successfully completing all 

required modeling steps in HEC-RAS, such as terrain preparation, hydraulic 

structure definition, and unsteady flow setup, probabilistic dam breach analysis was 

performed using McBreach. 
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Figure 4.12. Example of Unsteady Flow Data in HEC-RAS 

4.8.2 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. As stated 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 area (Table 4.7 and Table 4.8). 

5000 sample size is selected for iteration in McBreach since it is suggested by 

Goodell (2019). 
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The minimum and maximum hydrographs which were obtained 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: 

¶ Overtopping failure with the maximum hydrograph 

¶ Overtopping failure with the minimum hydrograph 

¶ Piping failure with the maximum hydrograph 

¶ Piping failure with the minimum hydrograph 

Table 4.7. Overtopping Failure Monte Carlo Simulation Input Parameters and 

Distributions (Turkel, 2023) 

Parameters 

Sampling 

Type and 

Distribution 

Minimum 

Value 

Maximum 

Value 
Mean 

Standard 

Deviation 

Final Bottom 

Elevation (m) 
Deterministic - - 167.8 - 

Final Bottom 

Width (m) 

Probabilistic 

- Normal 
12 60 28 8 

Side Slopes 
Probabilistic 

- Normal 
0.7 1.3 1 0.1 

Breach 

Formation 

Time (hr) 

Probabilistic 

- Normal 
0.35 1.2 0.87 0.15 

Starting WS 

for Triggering 

a Failure (m) 

Probabilistic 

- Uniform 
175.4 

175.53 & 

175.48 for 

max. & min. 

- - 

Breach Weir 

Coefficient 

Probabilistic 

- Uniform 
1.1 1.8 - - 
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Table 4.8. Piping Failure Monte Carlo Simulation Input Parameters and 

Distributions (Turkel, 2023) 

Parameters Sampling 

Type and 

Distribution 

Minimum 

Value 

Maximum 

Value 

Mean  Standard 

Deviation 

Final Bottom 

Elevation (m) 
Deterministic - - 167.8 - 

Final Bottom 

Width (m) 

Probabilistic 

- Triangular 
12 60 18 - 

Side Slopes 
Probabilistic 

- Normal 
0.4 1 0.7 0.1 

Breach 

Formation 

Time (hr) 

Probabilistic 

- Normal 
0.2 1 0.63 0.15 

Starting WS 

for Triggering 

a Failure (m) 

Deterministic - - 173.9 - 

Breach Weir 

Coefficient 

Probabilistic 

- Uniform 
1.1 1.8 - - 

Piping 

Coefficient 

Probabilistic 

- Uniform 
0.5 0.6 - - 

Initial Piping 

Elevation (m) 

Probabilistic 

- Uniform 
167.8 173.9 - - 

 

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

5 RESULTS AND DISCUSSION 

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

process, sensitivity analysis, and uncertainty analysis, as well as the results of dam 

breach modeling. 

5.1 Model Calibration Results 

In line with the GIS-based watershed delineation process, the model was divided into 

25 subbasins and 13 reach elements to represent flow routing within the watershed 

(Figure 5.1). The total drainage area of the Kanlēkºy Dam basin is approximately 

31.4 km². 

 

Figure 5.1. Subbasins and Reaches in HEC-HMS Interface 
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The curve number, lag time, Muskingum K, Muskingum x, and number of subreach 

parameters are initially estimated as explained in Chapter 4. The hyetograph from 

the 2010 Flood was used as meteorological data. The model was solved with these 

parameters, and uncalibrated hydrograph was obtained. The 2010 Flood hydrograph 

and uncalibrated hydrograph can be seen in Figure 5.2. Based on the uncalibrated 

hydrograph results, the peak discharge is 81.6 m³/s, and the depth of surface runoff 

over the subbasin area is 49.47 mm. When compared to the 2010 Flood hydrograph, 

the percent difference in peak discharge is 3.03%, while the percent difference in 

total depth of surface runoff is 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 23.93%. With these results, calibration is needed to 

improve the results.  

 

 

Figure 5.2. Uncalibrated Hydrograph with 2010 Flood Hydrograph 
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In the calibration process, five parameters which are curve number, lag time, 

Muskingum K, Muskingum x, and number of subreaches were calibrated. All 

statistical methods that exist in optimization trial tool in HEC-HMS were used and 

compared. The 2010 Flood hydrograph and hydrographs from statistical methods are 

given on the following figures. 

In the Mean of Absolute Residuals statistics, the peak discharge is 79.6 m3/s, and the 

depth of surface runoff over the subbasin area is 48.78 mm. The 2010 Flood 

hydrograph and calculated hydrograph can be seen in Figure 5.3. 

 

Figure 5.3. Compared Results between 2010 Flood Hydrograph 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 m3/s, and the depth of surface runoff over the subbasin area is 47.34 mm. The 

2010 Flood hydrograph and calculated hydrograph can be seen in Figure 5.4. 

 

Figure 5.4. Compared Results between 2010 Flood Hydrograph and Hydrograph 

with Peak Weighted Root Mean Square Error Statistics 
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In the Peak Weighted Variable Power statistics, the peak discharge is 77.4 m3/s, and 

the depth of surface runoff over the subbasin area is 49.04 mm. The 2010 Flood 

hydrograph and calculated hydrograph can be seen in Figure 5.5. 

 

Figure 5.5. Compared Results between 2010 Flood Hydrograph and Hydrograph 

with Peak Weighted Variable Power Statistics 
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In the Mean of Squared Residuals statistics, the peak discharge is 76.5 m3/s, and the 

depth of surface runoff over the subbasin area is 47.44 mm. The 2010 Flood 

hydrograph and calculated hydrograph can be seen in Figure 5.6. 

 

Figure 5.6. Compared Results between 2010 Flood Hydrograph and Hydrograph 

with Mean of Squared Residuals Statistics 
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In the Percent Error in Peak Discharge statistics, the peak discharge is 79.2 m3/s, and 

the depth of surface runoff over the subbasin area is 47.81 mm. The 2010 Flood 

hydrograph and calculated hydrograph can be seen in Figure 5.7. 

 

Figure 5.7. Compared Results between 2010 Flood Hydrograph and Hydrograph 

with Percent Error in Peak Discharge Statistics 
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In the Root Mean Square Error statistics, the peak discharge is 76.8 m3/s, and the 

depth of surface runoff over the subbasin area is 47.05 mm. The 2010 Flood 

hydrograph and calculated hydrograph can be seen in Figure 5.8. 

 

Figure 5.8. Compared Results between 2010 Flood Hydrograph and Hydrograph 

with Root Mean Square Error Statistics 
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In the Sum of Absolute Residuals statistics, the peak discharge is 79.6 m3/s, and the 

depth of surface runoff over the subbasin area is 48.78 mm. The 2010 Flood 

hydrograph and calculated hydrograph can be seen in Figure 5.9. 

 

Figure 5.9. Compared Results between 2010 Flood Hydrograph and Hydrograph 

with Sum of Absolute Residuals Statistics 
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In the Sum of Squared Residuals statistics, the peak discharge is 75.5 m3/s, and the 

depth of surface runoff over the subbasin area is 46.77 mm. The 2010 Flood 

hydrograph and calculated hydrograph can be seen in Figure 5.10. 

 

Figure 5.10. Compared Results between 2010 Flood Hydrograph and Hydrograph 

with Sum of Squared Residuals Statistics 
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In the Time Weighted RMSE statistics, the peak discharge is 77.6 m3/s, and the depth 

of surface runoff over the subbasin area is 47.62 mm. The 2010 Flood hydrograph 

and calculated hydrograph can be seen in Figure 5.11. 

 

Figure 5.11. Compared Results between 2010 Flood Hydrograph and Hydrograph 

with Time Weighted RMSE Statistics 

All of the hydrographs with statistical methods and 2010 Flood hydrograph are given 

in Figure 5.12. Peak discharge, depth of surface runoff, percent difference in peak 

discharge, percent difference in depth of surface runoff, and time to peak results 

obtained from these statistical methods are presented in the Table 5.1. 

 

0

10

20

30

40

50

60

70

80

90

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

Q
 (

m
3 /

s)

Time (hr)

2010 Flood Hydrograph

Hydrograph of Time Weighted
RMSE



 

 

88 

 

Figure 5.12. Comparison of all Methods with 2010 Flood Hydrograph 

Table 5.1. Comparison of Statistical Methods 

Method 

Peak 

Discharge 

(m3/s) 

Depth of 

Surface 

Runoff 

(mm) 

Percentage 

Peak 

Discharge 

Difference 

Percentage 

Depth of 

Surface 

Runoff 

Difference 

Time to 

Peak 

Difference 

(min) 

Percent Error in 

Peak Discharge 
79.2 47.81 0.0 19.80 70 

Peak Weighted 

Variable Power 
77.4 49.04 -2.3 22.88 46 

Sum of Absolute 

Residuals 
79.6 48.78 0.6 22.22 57 

Time Weighted 

RMSE 
77.6 47.62 -2.0 19.32 60 
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Method 

Peak 

Discharge 

(m3/s) 

Depth of 

Surface 

Runoff 

(mm) 

Percentage 

Peak 

Discharge 

Difference 

Percentage 

Depth of 

Surface 

Runoff 

Difference 

Time to 

Peak 

Difference 

(min) 

Mean of 

Absolute 

Residuals 

79.6 48.78 0.6 22.22 57 

Mean of 

Squared 

Residuals 

76.5 47.44 -2.7 18.87 47 

Root Mean 

Square Error 
76.8 47.05 -3 17.89 55 

Sum of Squared 

Residuals 
75.5 46.77 -4.7 17.18 48 

Peak Weighted 

RMSE 
75.5 47.34 -4.7 18.62 57 

Additionally, a comparison of these results with statistical performance metrics is 

provided in the Table 5.2. These metrics include the Nash-Sutcliffe Efficiency 

(NSE), Percent Bias (PBIAS), and the Ratio of the Root Mean Square Error to the 

Standard Deviation Ratio (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. 

 

 

Table 5.1 (Contôd.) 
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Table 5.2. Comparison of Statistical Methods with Statistical Performance Metrics 

Method RSR PBIAS NSE 

Percent Error in Peak 

Discharge 

0.5 19.8% 76.8% 

Peak Weighted Variable 

Power 

0.4 22.9% 83.4% 

Sum of Absolute Residuals 0.4 22.2% 81.0% 

Time Weighted RMSE 0.4 19.3% 81.1% 

Mean of Absolute 

Residuals 

0.4 22.2% 81.0% 

Mean of Squared Residuals 0.4 18.8% 85.0% 

Root Mean Square Error 0.4 17.9% 83.0% 

Sum of Squared Residuals 0.4 17.2% 85.1% 

Peak Weighted RMSE 0.4 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. The 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 indices depending on 

modeling objectives (Teegavarapu et al., 2022). 

In the composite performance criterion, six parameters were used as percentage of 

peak discharge difference (PPD), percentage of depth of surface runoff difference 

(PVD), time to peak difference (TPD), Ratio of the Root Mean Square Error to the 

Standard Deviation Ratio (RSR), Percent Bias (PBIAS), and Nash-Sutcliffe 

Efficiency (NSE). 
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The parameters are normalized with the following equations. Since the parameters 

are measured on different scales and units, normalization is performed to make them 

comparable (typically between 0 and 1).  

The value of Nash-Sutcliffe is close to the observed data, when this metric is 

obtained equal to 1. Normalization of this parameter is calculated using the following 

formula: 

ὢ
ὢ ὢ

ὢ ὢ
 υȢρ 

The smaller value gives better results for Percentage of Peak Discharge Difference, 

Percentage of Depth of Surface Runoff Difference, Time to Peak Difference, Root 

Mean Square Error Standard Deviation and Percent Bias. Therefore, normalization 

value of these parameters is calculated with the following formula. 

ὢ ρ
ὢ ὢ

ὢ ὢ
 υȢς 

Then, the final score is calculated as a weighted sum of normalized values.  As all 

parameters are considered to have equal importance, equal weights are assigned to 

each, with a weight value of 1/6. 

ὅὖὓ ύὖὖὈ ύὖὠὈ ύὝὖὈ ύ ὙὛὙ

ύὖὄὍὃὛ ύὔὛὉ                                                        υȢσ 

The values obtained by all statistical methods for the six specified parameters are 

presented in the Table 5.3. 
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Table 5.3. Raw Data Comparison for Statistical Methods 

Method PPD 

(%) 

PVD 

(%) 

TPD 

(mins) 

RSR 

(m3/s) 

PBIAS 

(%) 

NSE 

Percent Error in Peak 

Discharge 

0.00 19.80 70.00 0.50 0.20 0.77 

Peak Weighted 

Variable Power 

2.30 22.88 46.00 0.40 0.23 0.83 

Sum of Absolute 

Residuals 

0.60 22.22 57.00 0.40 0.22 0.81 

Time Weighted RMSE 2.00 19.32 60.00 0.40 0.19 0.81 

Mean of Absolute 

Residuals 

0.60 22.22 57.00 0.40 0.22 0.81 

Mean of Squared 

Residuals 

2.70 18.87 47.00 0.40 0.19 0.85 

Root Mean Square 

Error 

3.00 17.89 55.00 0.40 0.18 0.83 

Sum of Squared 

Residuals 

4.70 17.18 48.00 0.40 0.17 0.85 

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 in Table 5.4. 
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Table 5.4. Normalized Data Comparison for Statistical Methods 

Method PPD PVD TPD RSR PBIAS NSE 

Percent Error in 

Peak Discharge 

1.00 0.54 0.00 0.00 0.54 0.00 

Peak Weighted 

Variable Power 

0.51 0.00 1.00 1.00 0.00 0.80 

Sum of Absolute 

Residuals 

0.87 0.12 0.54 1.00 0.11 0.51 

Time Weighted 

RMSE 

0.57 0.62 0.42 1.00 0.62 0.52 

Mean of Absolute 

Residuals 

0.87 0.12 0.54 1.00 0.11 0.51 

Mean of Squared 

Residuals 

0.43 0.70 0.96 1.00 0.70 0.99 

Root Mean Square 

Error 

0.36 0.88 0.63 1.00 0.88 0.75 

Sum of Squared 

Residuals 

0.00 1.00 0.92 1.00 1.00 1.00 

Peak Weighted 

RMSE 

0.00 0.75 0.54 1.00 0.75 0.60 

Finally, the composite performance metric was calculated by the normalized values. 

It provides a comparison of the different methods based on their overall score. The 

composite performance metric values are provided in Table 5.5. 
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Table 5.5. Composite Performance Metric (CPM) Values 

Method CPM 

Percent Error in 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 from Table 5.5, the Sum of Squared Residuals method gives the 

highest CPM value. Therefore, this method was selected, and the parameter values 

obtained from this method are used in the following modeling steps. The 2010 Flood 

hydrograph with the uncalibrated and calibrated hydrographs are presented in  

Figure 5.13. 

 

Figure 5.13. Calibrated Runoff Model Performance Compared to 2010 Flood 

Hydrograph 
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The initial and optimized values of Muskingum K, Muskingum x, and Muskingum 

Number of Subreaches parameters for all reaches are given in Table 5.6, Table 5.7, 

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

Figure 5.14. 

Table 5.6. Initial and Optimized Muskingum K Values for Reaches 

Reach No. Initial Value (hr) Optimized Value (hr) 

Reach-1 0.842 0.816 

Reach-2 0.366 0.352 

Reach-3 0.597 0.568 

Reach-4 0.641 0.625 

Reach-5 0.561 0.535 

Reach-6 0.461 0.438 

Reach-7 0.458 0.435 

Reach-8 0.33 0.315 

Reach-9 0.251 0.24 

Reach-10 0.346 0.33 

Reach-11 0.338 0.322 

Reach-12 0.48 0.456 

Reach-13 0.657 0.634 

 

Table 5.7. Initial and Optimized Muskingum x Values for Reaches 

Reach No. Initial Value Optimized Value 

Reach-1 0.250 0.106 

Reach-2 0.250 0.103 

Reach-3 0.250 0.115 
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Reach No. Initial Value Optimized Value 

Reach-4 0.25 0.107 

Reach-5 0.25 0.133 

Reach-6 0.25 0.142 

Reach-7 0.25 0.312 

Reach-8 0.25 0.12 

Reach-9 0.25 0.202 

Reach-10 0.25 0.1 

Reach-11 0.25 0.11 

Reach-12 0.25 0.101 

Reach-13 0.25 0.103 

 

Table 5.8. Initial and Optimized Muskingum- Number of Subreach Values for 

Reaches 

Reach No. Initial Value Optimized Value 

Reach-1 1 1 

Reach-2 1 1 

Reach-3 1 1 

Reach-4 1 2 

Reach-5 1 2 

Reach-6 1 1 

Reach-7 1 2 

Reach-8 1 1 

Reach-9 1 2 

Reach-10 1 1 

Reach-11 1 1 

Table 5.7 (Contôd.) 
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Reach No. Initial Value Optimized Value 

Reach-12 1 1 

Reach-13 1 1 

 

 

Figure 5.14. Reaches in Kanlēkºy Dam Watershed 

The initial and calibrated values of curve number and lag time parameters are given 

in Table 5.9 and Table 5.10. Optimized curve number and lag time parameters are 

visualized in Figure 5.15 and Figure 5.16, respectively. 

Table 5.8 (Contôd.) 
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Table 5.9. Initial and Optimized Curve Number Values for Subbasins 

Subbasin No. Initial Value Optimized Value 

Subbasin-1 85.49 81.32 

Subbasin-2 88.62 86.89 

Subbasin-3 88.72 84.35 

Subbasin-4 88.00 89.81 

Subbasin-5 81.71 77.67 

Subbasin-6 87.30 83.16 

Subbasin-7 87.12 83.32 

Subbasin-8 88.00 92.50 

Subbasin-9 79.50 76.34 

Subbasin-10 88.00 90.28 

Subbasin-11 88.00 92.46 

Subbasin-12 88.59 91.94 

Subbasin-13 89.06 90.69 

Subbasin-14 83.74 79.52 

Subbasin-15 87.84 88.11 

Subbasin-16 87.12 89.23 

Subbasin-17 82.33 78.36 

Subbasin-18 83.10 78.90 

Subbasin-19 90.25 87.91 

Subbasin-20 85.65 81.30 

Subbasin-21 87.44 87.29 

Subbasin-23 86.37 84.62 

Subbasin-24 87.48 83.31 

Subbasin-26 92.95 95.68 

Subbasin-27 87.69 83.56 
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Figure 5.15. Curve Number of Subbasins in Watershed 
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Table 5.10. Initial and Optimized Lag Time Values for Subbasins 

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

Subbasin-1 29.51 28.65 

Subbasin-2 26.24 24.99 

Subbasin-3 84.47 80.48 

Subbasin-4 43.04 42.50 

Subbasin-5 40.66 40.94 

Subbasin-6 65.65 62.37 

Subbasin-7 117.88 112.18 

Subbasin-8 38.63 40.42 

Subbasin-9 26.37 27.55 

Subbasin-10 41.08 39.03 

Subbasin-11 64.21 61.15 

Subbasin-12 31.27 30.14 

Subbasin-13 18.65 18.11 

Subbasin-14 32.95 31.41 

Subbasin-15 33.84 32.81 

Subbasin-16 22.01 23.11 

Subbasin-17 30.00 30.96 

Subbasin-18 35.26 35.81 

Subbasin-19 19.37 18.89 

Subbasin-20 20.96 19.99 

Subbasin-21 68.51 68.54 

Subbasin-23 21.35 20.92 

Subbasin-24 46.68 47.70 

Subbasin-26 28.62 27.20 

Subbasin-27 70.72 67.24 
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Figure 5.16. Lag Time (min) of Subbasins in Watershed 
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5.2 Sensitivity Analysis Results 

During the sensitivity analysis, all parameters involved in the calibration process 

were examined. The Curve Number, Lag Time, Muskingum x, and Muskingum K 

parameters were evaluated by 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 of ±3 units. 

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 

corresponding hydrograph was produced to compare with other hydrographs in 

sensitivity analysis. Also, the upper limit for curve number value is defined as 99 

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

5.2.1 Curve Number 

The effect of the curve number is illustrated in Figure 5.17. As can be seen from 

Figure 5.17, the peak discharge increases with an increase in curve number. 

Additionally, the peak discharge, the depth of surface runoff, the percent difference 

in peak discharge and depth of surface runoff with the calibrated hydrograph, and 

time to peak difference for curve number parameter are provided in Table 5.11.  
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Figure 5.17. Curve Number Effect on Hydrograph 

Table 5.11. Curve Number Effects on Peak Discharge, Depth of Surface Runoff, 

and Time to Peak 

 

Peak 

Discharge 

(m3/s) 

Depth of 

Surface 

Runoff 

(mm) 

Peak 

Discharge 

Difference 

(%) 

Depth of 

Surface 

Runoff 

Difference 

(%) 

Time to 

Peak 

Difference 

(min) 

CN 15% 

Increase 
99.6 67.65 31.92 44.64 21 

CN 10% 

Increase 
92.6 61.68 22.65 31.88 16 

CN 5% 

Increase 
84.4 54.19 11.79 15.86 9 
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Peak 

Discharge 

(m3/s) 

Depth of 

Surface 

Runoff 

(mm) 

Peak 

Discharge 

Difference 

(%) 

Depth of 

Surface 

Runoff 

Difference 

(%) 

Time to 

Peak 

Difference 

(min) 

CN 5% 

Decrease 
66.6 40.22 -11.79 -14 7 

CN 10% 

Decrease 
58.1 34.47 -23.05 -26.3 13 

CN 15% 

Decrease 
50.1 29.42 -33.64 -37.1 19 

 

The CN value combines several land surface characteristics, such as land use, soil 

type, and hydrologic conditions. It is known that CN values increase in impervious 

areas. When the CN table in the HEC-HMS manual (USACE, 2020) is examined, it 

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 

expected, and as demonstrated in Figure 5.17, higher CN values, which correspond 

to less permeable surfaces, lead to increased surface runoff volumes. In contrast, 

lower CN values are associated with enhanced infiltration and reduced surface 

runoff. 

An increase in CN leads to a greater volume of surface runoff and affects 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 outlet, as obtained in SCS 

unit hydrograph formulations. Conversely, a decrease in CN reduces peak discharge 

(Kousari et al., 2010). In conclusion, CN has a significant and direct impact on runoff 

and peak discharge characteristics. In summary, changes in the CN significantly 

affect the hydrograph. As the CN increases, both peak discharge and depth of surface 

Table 5.11 (Contôd.) 
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runoff increase, while the time to peak decreases, as can be expected and observed 

from Figure 5.17. 

5.2.2 Lag Time 

The effect of the lag time is illustrated in Figure 5.18. As can be seen from  

Figure 5.18, the peak discharge decreases with an increasing lag time, whereas the 

depth of surface runoff does not change. Additionally, the peak discharge, the depth 

of surface runoff, the percent difference in peak discharge and depth of surface runoff 

with the calibrated hydrograph, and time to peak difference for lag time parameter 

are provided in Table 5.12.  

 

 

Figure 5.18. Lag Time Effect on Hydrograph 
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Table 5.12. Lag Time Effects on Peak Discharge, Depth of Surface Runoff, and 

Time to Peak 

 

Peak 

Discharge 

(m3/s) 

Depth of 

Surface 

Runoff 

(mm) 

Peak 

Discharge 

Difference 

(%) 

Depth of 

Surface 

Runoff 

Difference 

(%) 

Time to 

Peak 

Difference 

(min) 

Lag Time 15% 

Increase 
74.4 46.77 -1.46 0 9 

Lag Time 10% 

Increase 
74.8 46.77 -0.93 0 6 

Lag Time 5% 

Increase 
75.1 46.77 -0.53 0 3 

Lag Time 5% 

Decrease 
75.8 46.77 0.40 0 3 

Lag Time 10% 

Decrease 
76.2 46.77 0.93 0 7 

Lag Time 15% 

Decrease 
76.5 46.77 1.32 0 10 

 

Lag time has two most commonly accepted definitions. The 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 effective rainfall and the peak of 

direct runoff. It is influenced by several factors, such as land use, soil characteristics, 

and topography (Talei and Chua, 2012). According to definitions of lag time, it is 

obvious that a reduction in lag time leads to a shorter time to peak. A shorter time to 

peak indicates a quicker response from the watershed which increases peak 

discharge. Conversely, an increase in lag time extends the time to peak, which causes 

the watershed to respond more slowly and leads to a decrease in peak discharge. It 
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is observed that lag time has an inverse relationship with curve number. Moreover, 

Table 5.12 and Figure 5.18 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 the Muskingum K is illustrated in Figure 5.19. As can be seen from 

Figure 5.19, the peak discharge decreases with an increase in Muskingum K, whereas 

the depth of surface runoff does not change which is similar with lag time. 

Additionally, the peak discharge, the depth of surface runoff, the percent difference 

in peak discharge and depth of surface runoff with the calibrated hydrograph, and 

time to peak difference for Muskingum K parameter are provided in Table 5.13. 

 

Figure 5.19. Muskingum K Effect on Hydrograph 
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Table 5.13. Muskingum K Effects on Peak Discharge, Depth of Surface Runoff, 

and Time to Peak 

 

Peak 

Discharge 

(m3/s) 

Depth of 

Surface 

Runoff 

(mm) 

Peak 

Discharge 

Difference 

(%) 

Depth of 

Surface 

Runoff 

Difference 

(%) 

Time to 

Peak 

Difference 

(min) 

Muskingum K 

15% Increase 
71.4 46.77 -5.43 0 21 

Muskingum K 

10% Increase 
72.7 46.77 -3.71 0 14 

Muskingum K 

5% Increase 
74.1 46.77 -1.85 0 7 

Muskingum K 

5% Decrease 
77 46.77 1.99 0 8 

Muskingum K 

10% Decrease 
78.5 46.77 3.97 0 15 

Muskingum K 

15% Decrease 
80.1 46.77 6.09 0 23 

The Muskingum K parameter is used to define the reach travel time, and it indicates 

the time difference between the centroids of inflow and outflow hdyrographs (Singh 

and McCann, 1980). Therefore, Muskingum K parameter influences hydrograph like 

lag time. When the K value increases, peak discharge decreases because the longer 

travel time causes greater attenuation of the flood wave and reduces the peak flow. 

Additionally, as the travel time increases with higher K values, the time required to 

reach the peak discharge (time to peak) also increases. Significantly, changes in 

Muskingum K parameter do not impact the total runoff volume because the principle 

of mass conservation provides that volume of water remains unchanged, despite 

temporal redistribution. 
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5.2.3.2 Muskingum x 

The effect of the Muskingum x is illustrated in Figure 5.20. As can be seen from 

Figure 5.20, the effect of Muskingum x is almost negligible on peak discharge, depth 

of surface runoff, and time to peak. Additionally, the peak discharge, the depth of 

surface runoff, the percent difference in peak discharge and depth of surface runoff 

with the calibrated hydrograph, and time to peak difference for Muskingum x 

parameter are provided in Table 5.14.   

 

 

Figure 5.20. Muskingum x Effect on Hydrograph 
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Table 5.14. Muskingum x Effects on Peak Discharge, Depth of Surface Runoff, 

and Time to Peak 

 

Peak 

Discharge 

(m3/s) 

Depth of 

Surface 

Runoff 

(mm) 

Peak 

Discharge 

Difference 

(%) 

Depth of 

Surface 

Runoff 

Difference 

(%) 

Time to 

Peak 

Difference 

(min) 

Muskingum x 

15% Increase 
75.6 46.77 0.13 0 1 

Muskingum x 

10% Increase 
75.6 46.77 0.13 0 1 

Muskingum x 

5% Increase 
75.5 46.77 0.00 0 0 

Muskingum x 

5% Decrease 
75.4 46.77 -0.13 0 1 

Muskingum x 

10% Decrease 
75.4 46.77 -0.13 0 1 

Muskingum x 

15% Decrease 
75.3 46.77 -0.26 0 2 

The Muskingum x is a dimensionless coefficient that lacks a clear physical 

interpretation. The parameter must fall within the range of 0 to 0.5. 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, 

Ὓ ὑὼὍ ρ ὢὗ  υȢτ 

When x=0.5 (no attenuation): 

Ὓ ὑπȢυὍ ρ πȢυὗ Ὓ ὑπȢυὍ πȢυὗ  υȢυ 

When x=0 (maximum attenuation): 
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Ὓ ὑπὍ ρ πὗ Ὓ ὑὗ  υȢφ 

Therefore, when x=0.5, peak will not change with inflow and will 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 Muskingum x parameter 

were already low; therefore, the relative increases were small with negligible effect 

on the hydrograph. 

5.2.3.3 Muskingum Number of Subreach 

The effect of the Muskingum Number of Subreach is illustrated in Figure 5.21. As 

can be seen from Figure 5.21, the peak discharge increases with an increasing 

Muskingum Number of Subreach. Additionally, the peak discharge, the depth of 

surface runoff, the percent difference in peak discharge and depth of surface runoff 

with the calibrated hydrograph, and time to peak difference for Muskingum number 

of subreach parameter are provided in Table 5.15. 

 

Figure 5.21. Muskingum Number of Subreach Effect on Hydrograph 
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Table 5.15. Muskingum Number of Subreach Effects on Peak Discharge, Depth of 

Surface Runoff, and Time to Peak 

 

Peak 

Discharge 

(m3/s) 

Depth of 

Surface 

Runoff 

(mm) 

Peak 

Discharge 

Difference 

(%) 

Depth of 

Surface 

Runoff 

Difference 

(%) 

Time to 

Peak 

Difference 

(min) 

Number of 

Subreach +3 
78.3 46.77 3.71 0 22 

Number of 

Subreach +2 
77.9 46.77 3.18 0 19 

Number of 

Subreach +1 
77.2 46.77 2.25 0 13 

Number of 

Subreach -1 
75.2 46.77 -0.40 0 2 

The number of subreaches influences the degree of attenuation in the model. A single 

subreach leads to maximum attenuation, while increasing the number of subreaches 

reduces the attenuation. An increase in the number of subreach improves the 

representation of flood wave propagation in natural channels (USACE, 2020). 

Based on the results of the sensitivity analysis, the parameters were evaluated from 

the most sensitive to the least sensitive. The number of subreaches was excluded 

from this comparison because it cannot be expressed in percentage terms. Its 

inclusion would cause the comparison to be invalid, and it would not be appropriate 

methodologically. However, as seen in Figure 5.20 and Figure 5.21, the effect of the 

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

When the other parameters were examined, it was found that CN is the most sensitive 

parameter. Following the CN, the Muskingum K parameter was found as the second 
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most sensitive parameter, followed by lag time, with the Muskingum x parameter 

being the least sensitive. The sensitivity of parameters can be seen in Figure 5.22. 

 

Figure 5.22. 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. (2019), and Fanta and Tadesse 

(2022). CN is the most sensitive parameter since land use/land cover, soil 

characteristics, and topographic features are all integrated into CN (Fanta and 

Tadesse, 2022). According to Fanta and Sime (2022) and Fanta and Tadesse (2022), 

the second most sensitive parameter is presented as lag time instead of Muskingum 

K which is found as second most sensitive parameter in this thesis. The reason for 

this difference can be due to the subbasin and reach configuration. Fanta and Sime 

(2022) used 8 subbasins in their study, while Fanta and Tadesse (2022) utilized 13 
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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 HEC-HMS. Normal distribution was selected 

in uncertainty analysis since normal distributions are frequently utilized in 

hydrologic modeling to represent uncertainties in parameters and model outputs. 

In the normal distribution, the minimum and maximum values used for each 

parameter were the same ones used in the calibration process. The mean and standard 

deviation were determined individually for each parameter based on the values 

obtained by the Sum of Squared Residuals method in the iteration process during 

calibration. These statistics were used as inputs for the uncertainty analysis. The 

analysis was conducted using 10000 samples.  

Uncertainty analysis was computed for sink location. At sink location, HEC-HMS 

gives two different tabular results which are the maximum outflow value obtained 

from each sample and the corresponding outflow volumes. The data presented in 

these tabular results have been visualized through graphical representations. As can 

be seen from the Figure 5.23, the maximum outflow is 82.45 m3/s, whereas the 

minimum outflow is 74.67 m3/s throughout the 10000 simulation samples. The 

corresponding volume values are also provided in Figure 5.24. 
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Figure 5.23. Maximum Outflow for Each Sample 

 

Figure 5.24. 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 step. Consequently, the results are 

presented as the mean, mean ± standard deviation, and the maximum and minimum 

values, as illustrated in Figure 5.25.  

An assessment of the peak discharge values indicated that the mean discharge was 

78.46 m³/s. When the standard deviation was considered, the corresponding upper 

and lower bounds were calculated as 79.46 m³/s and 77.46 m³/s, respectively. A 

relatively narrow range of ±1 m³/s around the mean suggests low variability among 

the hydrographs, and this indicates that the model results are relatively consistent 

and input parameter uncertainty is limited in this analysis. The uncertainty analysis 

performed using five parameters indicated a maximum discharge of 82.45 m³/s and 

a minimum discharge of 74.67 m³/s. The minimum discharge value of 74.67 m³/s 

represents a more conservative scenario which indicates lower flood potential. In 

contrast, the maximum discharge of 82.45 m³/s represents the worst-case scenario. 

It must be considered in flood 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 estimates due to uncertainties in the hydrologic model parameters. The 

CN, lag time, and Muskingum K parameters were considered with a ±5% variation 

in the uncertainty calculations. Especially, a 10% change in the parameter values 

results in an approximately 10% change in the predicted peak discharge. Therefore, 

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

parameters. 



 

 

117 

 

Figure 5.25. Outflow Result for Uncertainty Analysis 

Also, Figure 5.26 displays the minimum and maximum hydrographs obtained from 

the uncertainty analysis with the 2010 Flood hydrograph and calibrated hydrograph 

to provide a visual comparison. It is seen that the 2010 Flood hydrograph and 

calibrated hydrograph are almost entirely encompassed within the uncertainty 

hydrographs. This shows that the uncertainty analysis provides sufficient range to 

involve the variability in the model inputs. The 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 range of possible outcomes. This 

indicates that the uncertainty analysis results are credible, and they can be considered 

as highly accurate. As a result, uncertainty analysis results can be used in the dam 

breach analysis. The minimum and maximum hydrographs were used as inflow 

inputs to the probabilistic dam breach model. 

0

10

20

30

40

50

60

70

80

90

0:00 6:00 12:00 18:00 0:00

D
is

ch
ar

ge
 (

m3 /
s)

Time (hr)

Mean Hydrograph

Mean - Standard Deviation Hydrograph

Mean + Standard Deviation Hydrograph

Maximum Hydrograph

Minimum Hydrograph



 

 

118 

 

Figure 5.26. Outflow Result for Uncertainty Analysis with 2010 Flood and 

Calibrated Hydrograph 

5.4 Dam Breach 

The dam breach analyses were conducted probabilistically using McBreach 

software. The setup of the HEC-RAS and McBreach models was previously 

described in Chapter 4. The breach analyses for the overtopping and piping failures 

were performed using the minimum and maximum hydrographs from uncertainty 

analysis, and the results have been presented accordingly. 
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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 and increased to 175.48 m with the 

minimum hydrograph. In this case, since overtopping dam failure is possible, further 

analyses were conducted for these scenarios. However, while the possibility of 

overtopping is related to the flood event, the probability of piping is related to 

internal erosion. As a result, piping can occur at any time, independent of the inflow.  

5.4.1 Overtopping Failure with Maximum Hydrograph  

The results were obtained using the parameter values and distributions provided in 

Chapter 4. The values of the parameters corresponding to the specified exceedance 

probabilities with the resulting peak discharges are presented in Table 5.16. This 

table shows variations in breach geometry parameters across different probabilities. 

According to Table 5.16, 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 failure, and 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 slope, and right side slope parameters vary 

with the exceedance probabilities. 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 found to be  

250 m2 and 150 m2, respectively. The rarest dam failure with highest peak discharge 

results in higher breach area than most common dam failure with lowest peak 

discharge as expected. As can be seen from Table 5.16, formation time is much less 

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

expected. 
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Table 5.16. Exceedance Probability Parameter Sets for Overtopping Failure with 

Maximum Hydrograph 

Exceedance 

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

Peak Discharge 

(m3/s) 
634.49 588.14 561.33 474.59 393.18 374.16 343.57 

Invert Elevation 

(m) 
167.8 167.8 167.8 167.8 167.8 167.8 167.8 

Bottom Width 

(m) 
31.03 45.96 42.09 27.74 16.63 17.43 16.16 

Left Side Slope 

(m/m) 
1.13 1.02 1.05 0.96 0.88 1.09 1.13 

Right Side 

Slope (m/m) 
0.93 0.9 0.95 0.95 0.89 1.05 0.89 

Formation Time 

(hr) 
0.5 0.63 0.84 0.71 0.95 0.72 0.87 

Initiation 

(m) 
175.53 175.51 175.51 175.45 175.43 175.42 175.4 

Discharge 

Coefficient 
1.57 1.17 1.46 1.31 1.46 1.15 1.13 

Another result is the peak flow exceedance curve (Figure 5.27), which presents a 

plot of exceedance probability versus peak discharge to show the probability that a 

certain peak flow will be exceeded. 1% exceedance probability refers to extreme and 

rare flood events that can cause serious risks. In contrast, 99% exceedance 

probability refers to more frequent and milder events. The exceedance probability 

curve is a valuable tool to evaluate risk levels in downstream areas. 
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Figure 5.27. Exceedance Probability Curve for Overtopping Failure with Maximum 

Hydrograph 

Another key finding is the peak flow distribution graph, which shows the range of 

potential peak discharge values based on 5000 simulation iterations. Figure 5.28 

illustrates the variability in discharges and enables visualization of the uncertainty 

associated with flood predictions. As seen in Figure 5.28, almost one third of the 

simulation iterations resulted in between 440 m3/s and 500 m3/s, resembling a normal 

distribution curve. During the probabilistic dam breach modelling stage, bottom 

width, left and right side slopes, and formation time parameters were considered to 

have normal distribution, whereas initiation and discharge coefficient were 

considered to have uniform distribution. As a result, it is expected for peak flow 

distribution graph to look similar to normal distribution curve. Since the graph shows 

right skewed distribution, having a higher 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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Figure 5.28. Peak Flow Distribution for Overtopping Failure with Maximum 

Hydrograph 

Breach parameter distribution graphs enable the visualization of breach parameters, 

such as breach width, depth, and shape, across various simulations. These graphs can 

be obtained for all breach parameters. Graphs of breach bottom width and breach 

formation time are provided in Figure 5.29 and Figure 5.30, respectively. The time 

to failure is an important parameter, since it directly influences the magnitude and 

velocity of the flood wave propagation towards the downstream. Also, the breach 

bottom width is a significant factor. The size of the breach plays a crucial role in 

estimating the flow rate, which subsequently affects the flood hydrograph and the 

extent of inundation at the downstream (Froehlich, 2008). 
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Figure 5.29. Final Bottom Width Distribution for Overtopping Failure with 

Maximum Hydrograph 

As seen from Figure 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 expected. 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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Figure 5.30. Formation Time Distribution for Overtopping Failure with Maximum 

Hydrograph 

Figure 5.30 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 

failures with longer formation time. As the events with least probability (1%) and 

highest peak discharges have the shortest formation time, Figure 5.30 aligns with the 

findings of the Table 5.16. 

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 Figure 5.31. The erosion rate and headwater depth ratio across 5000 Monte Carlo 

simulations ranged from 2.1 to 14.59. 92.7% of the simulations are located between 

2.5 and 8. Higher ratio resulted in significantly higher peak discharges with shorter 

breach formation times. Therefore, the results of erosion rate and headwater depth 

ratio match with the results that have a shorter formation time and higher peak 

discharge in 1% exceedance probability. 

 

 

Figure 5.31. Erosion Rate to Headwater Depth Ratio for Overtopping Failure with 

Maximum Hydrograph 

The four statistical moments, which are mean, 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 is represented by the symbol D% in the diagrams (Goodell, 2019).  

The statistical convergence for overtopping failure with maximum hydrograph is 

presented in Figure 5.32. This graph is used to determine the number of iterations. 

All statistical methods have converged indicate that the number of iterations is 

sufficient. As shown in Figure 5.32, the mean and standard deviation values are 

converged, with D% values of 0.0024 and -0.0022. This small change indicates 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 right side which is also shown in Figure 5.28. Kurtosis value is -0.1767 

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

flatter peak which can be seen in Figure 5.28.  
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Figure 5.32. Statistical Convergence for 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 presented in Table 5.17. 

For a 1% exceedance probability, the peak discharge is approximately 631 m³/s, 

whereas for a 99% exceedance probability, it is around 336 m³/s. Similar to  

Table 5.16, with the maximum hydrograph, peak discharge values decrease with the 

increasing exceedance probability, which can be seen in Figure 5.33. 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 to Table 5.16, 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 in smaller peak discharges, and it takes a longer 

time for a breach to form. Similar 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 result, 1% exceedance probability has a much larger breach area 

compared to 99% exceedance probability, as expected. Also, the exceedance 

probability curve can be seen in Figure 5.33 for overtopping failure with minimum 

hydrograph.  

Table 5.17. Exceedance Probability Parameter Sets for Overtopping Failure with 

Minimum Hydrograph 

Exceedance 

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

Peak Discharge 

(m3/s) 
630.76 579.65 553.73 466.55 386.34 367.27 336.41 

Invert Elevation 

(m) 
167.80 167.80 167.80 167.80 167.80 167.80 167.80 

Bottom Width 

(m) 
49.88 26.73 34.21 24.24 23.49 20.08 23.91 

Left Side Slope 

(m/m) 
0.84 0.97 0.97 0.91 0.97 0.93 0.85 

Right Side 

Slope (m/m) 
1.23 1.08 1.01 1.03 1.08 0.93 0.80 
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Exceedance 

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

Formation Time 

(hr) 
0.6 0.59 0.88 0.79 0.83 1 1.14 

Initiation (m) 175.42 175.42 175.45 175.42 175.41 175.45 175.44 

Discharge 

Coefficient 
1.26 1.73 1.76 1.53 1.16 1.27 1.13 

 

 

Figure 5.33. Exceedance Probability Curve for Overtopping Failure with Minimum 

Hydrograph 

The peak flow distribution graph is given in Figure 5.34 for overtopping failure with 

minimum hydrograph. As seen in Figure 5.34, the majority of the data points are 

gathered between  445 m3/s and 510 m3/s. Compared to Figure 5.28, with maximum 

hydrograph, the number of data points around 458 m3/s and 471 m3/s has increased 

and the number of data points has decreased on the extreme right and left sides of 

the graph, reducing the probability of higher peak discharge values. 
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Figure 5.34. Peak Flow Distribution for Overtopping Failure with Minimum 

Hydrograph 

Graphs of the breach bottom width and breach formation time parameters 

distributions are provided in Figure 5.35 and Figure 5.36 as examples. Graph in 

Figure 5.35 has a similar shape with Figure 5.29, since the distribution of final 

bottom width parameter was selected as normal distribution in all scenarios. Figure 

5.36 shows similar results to the one with maximum hydrograph. It resembles a 

normal distribution curve, and it is a left-skewed graph. Majority of data are gathered 

between 0.8 and 0.95 hours. Different from Figure 5.30, 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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Figure 5.35. Final Bottom Width Distribution for Overtopping Failure with 

Minimum Hydrograph 

 

Figure 5.36. Formation Time Distribution for Overtopping Failure with Minimum 

Hydrograph 

Final Bottom Width (m)

[1
2,

 1
3.

6]
(1

3.
6,

 1
5.

2]
(1

5.
2,

 1
6.

8]
(1

6.
8,

 1
8.

4]
(1

8.
4,

 2
0]

(2
0,

 2
1.

6]
(2

1.
6,

 2
3.

2]
(2

3.
2,

 2
4.

8]
(2

4.
8,

 2
6.

4]
(2

6.
4,

 2
8]

(2
8,

 2
9.

6]
(2

9.
6,

 3
1.

2]
(3

1.
2,

 3
2.

8]
(3

2.
8,

 3
4.

4]
(3

4.
4,

 3
6]

(3
6,

 3
7.

6]
(3

7.
6,

 3
9.

2]
(3

9.
2,

 4
0.

8]
(4

0.
8,

 4
2.

4]
(4

2.
4,

 4
4]

(4
4,

 4
5.

6]
(4

5.
6,

 4
7.

2]
(4

7.
2,

 4
8.

8]
(4

8.
8,

 5
0.

4]
(5

0.
4,

 5
2]

> 
52

C
ou

nt

0

50

100

150

200

250

300

350

400

450

Formation Time (hr)

[0
.3

5,
 0

.3
8]

(0
.3

8,
 0

.4
1]

(0
.4

1,
 0

.4
4]

(0
.4

4,
 0

.4
7]

(0
.4

7,
 0

.5
]

(0
.5

, 0
.5

3]
(0

.5
3,

 0
.5

6]
(0

.5
6,

 0
.5

9]
(0

.5
9,

 0
.6

2]
(0

.6
2,

 0
.6

5]
(0

.6
5,

 0
.6

8]
(0

.6
8,

 0
.7

1]
(0

.7
1,

 0
.7

4]
(0

.7
4,

 0
.7

7]
(0

.7
7,

 0
.8

]
(0

.8
, 0

.8
3]

(0
.8

3,
 0

.8
6]

(0
.8

6,
 0

.8
9]

(0
.8

9,
 0

.9
2]

(0
.9

2,
 0

.9
5]

(0
.9

5,
 0

.9
8]

(0
.9

8,
 1

.0
1]

(1
.0

1,
 1

.0
4]

(1
.0

4,
 1

.0
7]

(1
.0

7,
 1

.1
]

(1
.1

, 1
.1

3]
(1

.1
3,

 1
.1

6]
(1

.1
6,

 1
.1

9]
(1

.1
9,

 1
.2

2]

C
ou

nt

0

100

200

300

400

500

600



 

 

132 

Erosion rate to headwater depth ratio versus the number of samples graph for 

overtopping failure with minimum hydrograph is given in Figure 5.37. The erosion 

rate and headwater depth ratio across 5000 simulations ranged from 2.1 to 14.78 

which is similar with maximum hydrograph case. Almost 92% of the simulations are 

between 2.5 to 8. The results of erosion rate and headwater depth ratio are consistent 

with the results of observed exceedance probabilities. 1% exceedance probability 

scenario has faster breach development and higher peak flow. 

 

Figure 5.37. Erosion Rate to Headwater Depth Ratio for Overtopping Failure with 

Minimum Hydrograph 

The statistical moments for convergence are shown in Figure 5.38 for overtopping 

failure with minimum hydrograph. As shown in Figure 5.38, the mean and standard 

deviation values are converged firstly, with D% values of 0.0005 and -0.0097. These 

small changes in D% across all metrics show that the model is reliable and the breach 

formation parameters are consistent over simulations. The skewness is positive 

(0.2741), and it shows that the data are skewed toward higher values which is also 

shown in Figure 5.34. Kurtosis value is 0.0788 as seen in Figure 5.38, and this 
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positive value indicates that the distribution is more peaked than normal distribution 

curve as can be seen in Figure 5.34. 

 

Figure 5.38. Statistical Convergence for Overtopping Failure with Minimum 

Hydrograph 

5.4.3 Piping Failure 

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

to overtopping, which is caused by heavy precipitation. According to Zhang et 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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Although the 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 due to the probabilistic dam breach modeling and 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 presented in Table 5.18. Different from 

overtopping failure modes, two additional parameters are included which are piping 

coefficient and initial piping elevation. According to Table 5.18, the peak discharge 

is approximately 600 m³/s for a 1% exceedance probability, while it is around  

220 m³/s for a 99% exceedance probability.  Peak discharge values increase 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 findings of Zali 

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 distribution functions as defined. The breach areas for 1% and 99% 

exceedance probabilities can be compared. The breach area of 1% exceedance 

probability is calculated as almost 2.5 times the 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 

Figure 5.39. 
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Table 5.18. Exceedance Probability Parameter Sets for Piping Failure with 

Maximum Hydrograph 

Exceedance 

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

Peak Discharge 

(m3/s) 
600.24 516.93 474.59 353.34 266.19 245.88 219.59 

Invert Elevation 

(m) 
167.8 167.8 167.8 167.8 167.8 167.8 167.8 

Bottom Width 

(m) 
46.09 55.81 31.47 28.43 28.18 17.21 13.15 

Left Side Slope 

(m/m) 
0.53 0.73 0.65 0.82 0.7 0.57 0.68 

Right Side Slope 

(m/m) 
0.62 0.91 0.54 0.65 0.7 0.76 0.57 

Formation Time 

(hr) 
0.4 0.61 0.61 0.68 0.89 0.57 0.71 

Initiation (m) 173.9 173.9 173.9 173.9 173.9 173.9 173.9 

Discharge 

Coefficient 
1.51 1.74 1.65 1.69 1.29 1.16 1.29 

Piping 

Coefficient 
0.526 0.516 0.556 0.514 0.526 0.51 0.515 

Initial Piping 

Elevation (m) 
172.61 172.63 173.66 168.12 168.63 170.71 171.68 
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Figure 5.39. Exceedance Probability Curve for Piping Failure with Maximum 

Hydrograph 

The peak flow distribution graph is given in Figure 5.40 for piping failure with 

maximum hydrograph. The majority of the data are located around 300 m3/s and  

350 m3/s. As the shape of the graph resembles a log-normal distribution, probabilities 

of extreme maximum and minimum values are less likely to occur. The graph is right 

skewed and compared to Figure 5.28, which shows overtopping with the maximum 

hydrograph, it has higher skewness. 
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Figure 5.40. Peak Flow Distribution for Piping Failure with Maximum Hydrograph 

Graphs of the breach bottom width and breach formation time parameters 

distributions are provided in Figure 5.41 and Figure 5.42 as examples. Figure 5.41 

shows that there is an accumulation of data on the left side of the slope, and the shape 

of the graph resembles a triangular shape. The peak of the graph shifts towards the 

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 

parameter increases. It is seen from Figure 5.42, the majority of the data are 

accumulated between the range of 0.53 and 0.74 hours. Since the shape of the graph 

is similar to a normal distribution curve, the probability decreases towards extreme 

right and left sides of the graph. 
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Figure 5.41. Final Bottom Width Distribution for Piping Failure with Maximum 

Hydrograph 

 

Figure 5.42. Formation Time Distribution for Piping Failure with Maximum 

Hydrograph 
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