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2.6H:1.0V at 0.1 intervals. Monte Carlo simulations (using Slide2 software) were 

used to calculate the probabilities of dam failure for each slope, and the long-term 

economic benefits and cost-benefit ratios of the modified slopes were analyzed to 

strengthen the design. Finally, flood damage maps for buildings, roads, and 

agricultural areas were created for the worst-case failure scenarios. Economic losses 

were similar in both scenarios, with the majority of losses involving buildings and 

infrastructure (roads). 
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CHAPTER 1  

1 INTRODUCTION   

This chapter presents the study's background, defines the problem statement, 

highlights the significance of the research, and outlines its scope and objectives. 

1.1 Importance of Study 

Dams are critical infrastructures that provide flood control, water supply, power 

generation, agricultural support, and recreational benefits. However, a dam failure 

can result in catastrophic flooding, causing widespread property damage and losses 

of human lives in downstream regions. This prompts several critical inquiries: How 

many homes and businesses would be affected by such an event, and how many 

people could be displaced? Would the remaining water resources suffice for 

domestic use, agricultural irrigation, livestock needs, and firefighting? In areas 

dependent on hydropower, how would a temporary shutdown of industries reliant on 

this energy source impact local employment and livelihoods? Furthermore, what 

disruptions would occur to transportation infrastructure, such as roads, railways, and 

waterways? Finally, the loss of a reservoir could lead to significant economic 

consequences, affecting both local industries and recreational activities that depend 

on the water supply. A flood risk assessment study can answer some of these 

questions satisfactorily, helping us better understand the potential impacts of a dam 

failure. 
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(15.24 m) in Hawaii in 2006, which resulted in 7 fatalities and the destruction of 

several houses and roads, totaling about $9 million in damages (ASDSO, 2021), 

(Graham, 1999). 

According to Table 1.1, prepared by ICOLD, the ratio of rockfill dam failures is 

1.39%, primarily due to the high number of incidents involving rockfill dams. Below, 

various historical dam failure events and their associated failure times are presented, 

illustrating the rapid occurrence of these failures and highlighting the inherent 

vulnerabilities of embankment dams.  

Table 1.1 Dam failures according to their type  (ICOLD, 2019) 

Dam type Existing dams Failed Ratio (%) 

VA - Arch 890 6 0.67 

CB - Buttress 340 8 2.35 

MV - Multi -Arch 105 4 3.81 

PG - Gravity 5571 46 0.83 

ER - Rockfill 2378 33 1.39 

TE - Earthfill 21977 209 0.95 

BM - Barrage 224 0 0 

XX - Unknown 715 5 0.70 

 

Figure 1.1 presents some observed failures obtained from ICOLD (2019) regarding 

the number of occurrences and failure modes for rockfill and earthfill dams. The bar 

chart illustrates the failure modes of embankment dams, comparing rockfill and 

earthfill types. It highlights three main failure causes: internal erosion, overtopping, 

and structural failure. Earthfill dams (represented by orange bars) experience 

significantly more failures across all categories than rockfill dams (blue bars). 
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Among earthfill dams, internal erosion is the most frequent cause, closely followed 

by overtopping. In contrast, rockfill dams show fewer failures overall, with 

overtopping being the most common issue. Structural failure is the least frequent for 

both types.  

 

Figure 1.1 Comparison of frequency of failure modes for rockfill and earthfill dams 

(adapted from ICOLD (2019) with modifications). 

This section discusses significant dam failure incidents and their respective times of 

occurrence. The dam analyzed in this thesis is a clay-cored rockfill dam, which is 

representative of the types studied for failure mechanisms in embankment dams. 

While this type of construction is effective under certain conditions, it is susceptible 

to specific failure mechanisms, making it a valuable case for evaluating structural 

integrity and failure risks. 

The Taum Sauk Dam in the US experienced a catastrophic failure on December 14, 

2005, when overtopping led to rapid embankment erosion, culminating in a breach 

that emptied the reservoir within approximately 25 minutes (Charles et al., 2011). 

(Piping failure) 
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1.3 Problem Statement and Research Objectives 

The review of existing literature on dam breach analyses and risk assessments reveals 

several challenges and gaps. The limited attention given to uncertainty and 

sensitivity analysis in dam breach scenarios is a significant concern. Critical 

parameters, such as breach width and the time to develop a full breach (tf), have not 

been comprehensively studied. This lack of in-depth analysis complicates accurate 

flood propagation and timing predictions, both of which are crucial for practical risk 

assessment. 

Additionally, many studies fail to adequately consider the influence of topographical 

data and mesh size on flood modeling accuracy. The resolution of digital elevation 

models (DEMs) and mesh sensitivity in 2D simulations can significantly impact the 

results, particularly regarding flood extent and water depth predictions. The lack of 

comprehensive analysis of the effects of different DEM resolutions represents a 

significant gap in the current research.  

A further limitation is the scarcity of comparative studies between dynamic wave 

and diffusion wave models, commonly used for simulating flood propagation during 

dam breach events. The precision of these models in capturing the complex behavior 

of water movement remains uncertain, especially in large-scale simulations, 

potentially leading to inaccuracies in flood predictions. 

Moreover, the literature demonstrates insufficient attention to identifying 

populations at risk in the event of dam failure. Methods for estimating affected 

populations and optimizing evacuation strategies are often underdeveloped, which 

limits the effectiveness of disaster management and risk mitigation efforts in 

downstream areas. 

Finally, the number and scope of flood risk assessments based on dam breach 

scenarios in Turkey are limited. Most studies utilize one-dimensional (1D) models, 

which may not fully capture the complexities of flood propagation and inundation. 

Particularly for hazard assessment studies, two-dimensional (2D) models are more 
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piping, extreme rainfall events with a 100-year return period, and probable maximum 

precipitation (PMP). Additionally, Monte Carlo simulations using McBreach 

software produced hydrographs for exceedance probabilities of 90%, 50%, 10%, and 

1%. The results demonstrated that these failure scenarios pose significant risks to 

downstream agricultural and residential areas, with the potential for substantial 

structural damage and infrastructure loss.  

As can be seen from the mentioned studies, research in Turkey has primarily focused 

on dam break analyses using various software, and the results have been evaluated. 

However, no comprehensive study has been found that examines the combined 

effects of breach parameters, numerical model grid structures, breach prediction 

techniques, and numerical solution methods on flooding caused by dam failure. 

Furthermore, the literature has not extensively explored flood risk assessment studies 

involving dam break flows. To address this gap, a comprehensive research effort has 

been undertaken. 

2.1 Primary  Causes Leading to Dam Failure 

Embankment dams encounter several problems in terms of dam safety. The dam 

embankment slopes must be adequately stable to withstand all foreseeable loading 

conditions. (ICOLD, 2013) 

Stability problems on embankment dam bodies have various causes: Ensuring a 

dam's stability requires that all structural components remain balanced under load. 

The risk of sliding or collapse can increase when the dam embankment and 

foundation encounter unexpected conditions, such as heavy rainfall or excessive 

water pressure. Stability analyses evaluate whether the embankment materials can 

maintain balance under load and pressure. If stability cannot be ensured, serious 

failures may occur, such as deformation, sliding, or even structural collapse of the 

dam embankment.  
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Uncertainty in soil strength parameters: Accurately determining the strength 

properties of soil material is essential for dam safety. Stability-critical parameters, 

such as the strength and deformation characteristics of rock or fill materials, are 

identified through laboratory or field tests. Inaccurate measurements of these 

parameters or using soil with insufficient strength can reduce the shear resistance of 

the dam embankment, thereby increasing the risk of failure. 

Effects of water pressure and saturation on material strength: Exposure to water 

pressure can affect the durability of the dam embankment. Increased water saturation 

can weaken the material and potentially lead to sliding. 

Inadequate spillway capacity and flood passage: The ability of a dam to withstand 

flood loads during heavy rainfall or flood events depends on the adequacy of the 

spillways. If the spillway capacity cannot accommodate maximum flood levels, 

serious consequences may occur, such as water overtopping the dam embankment. 

In this case, the excessive water load can damage the dam embankment and create 

flood loads that threaten the dam's stability. Proper determination of spillway 

capacity is essential to minimize flood risks. 

Effects of dynamic loads (seismic loads): Dynamic loads such as earthquakes can 

significantly impact the dam embankment and foundation, compromising stability. 

The dam's behavior during an earthquake is estimated through dynamic analysis of 

the embankment, and the resulting deformation values are checked to see if they 

remain within allowable limits. 

Seepage analyses: Water seepage within the dam embankment and foundation can 

lead to erosion, especially in sandy and fine-grained soils, reducing stability. Seepage 

analysis aims to assess the dam's capacity to control water leakage. If the seepage 

rate is high, it can lead to erosion and piping formation, compromising the dam's 

durability. 

Backward erosion piping and piping erosion risk: Backward erosion piping refers to 

the process where seepage gradually carries fine-grained soils, creating pipe-like 
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risks in the region, highlighting the importance of proactive flood management 

strategies. (Kanal 362, 2024)  

 
Figure 3.8 AFAD's disaster risk map of Turkey 

3.3 Data Collected for This Study 

The digital elevation model (DEM) used in this study incorporates calibrated 

roughness values derived from Ashraf (2021), as shown in, Figure 3.9. In Ashraf 

(2021), the DEM was validated using elevation data obtained from the General 

Directorate of Land Registry and Cadastre and the State Hydraulic Works (DSI). 

Within the scope of his thesis, Engiz Creek was divided into two sections: Reach 1 

and Reach 2, and Manning roughness values for these areas were calibrated based 

on flow data from a gauging station located along the river. Additionally, land use 

data sourced from Google Earth was employed to assign Manning values according 

to various land uses, as suggested by Chow (1959). 

Building upon the calibrated model and validated DEM used in Ashraf (2021), the 

present study has further integrated buildings into the map to improve the accuracy 

of the analysis. This incorporation, alongside the topographical model employed by 

Ashraf (2021), improves the analytical precision of the flood assessments. By 

including architectural features, the modeling process accounts for the impact of 
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Figure 3.13 (continued) 
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The existing hydraulic gradient (i) was calculated as 0.10 using advanced modeling 

techniques with the Slide2 Software (Rocscience, 2022). This calculation was based 

on the seepage analysis module of Slide 2, incorporating input parameters such as 

soil permeability (k), boundary conditions, and groundwater levels. The hydraulic 

gradient is derived by calculating the ratio of the hydraulic head difference to the 

flow path length. (Garai, 2016) In Slide 2, flow paths are delineated based on the 

geometry and material properties of the soil layers (such as soil type, porosity, 

density, and particularly soil permeability), allowing the software to determine the 

length of these paths accurately. Figure 4.3 illustrates the computational process, 

visually representing the flow paths and their respective lengths. The software allows 

a detailed factor of safety analysis by integrating these seepage effects into 

geotechnical stability assessments, thereby enhancing the accuracy and reliability of 

the results. 

 

Figure 4.3 Calculation of existing hydraulic gradient (i) via Slide2 Software 

(Rocscience, 2022) 

Step 3: Calculating the Factor of Safety (FS): The factor of safety is calculated as the 

ratio of the critical gradient to the existing gradient as in Equation (4.3), (Terzaghi 

& Peck, 1967). 

0.1 
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m, representing steady-state conditions. The downstream boundary was defined to 

allow for free drainage, simulating natural seepage conditions. These boundary 

conditions influenced pore water pressure distribution within the dam body and its 

foundation, directly affecting the effective stress values. 

 

Figure 4.4 Effective stress distribution via Geostudio software 

 

Figure 4.5 Pore water pressure distribution via Geostudio Software 

Step 2: Calculation of Factor of Safety 

The factor of safety against heaving can be given by (Das, 2010) as: 

�(�5
L
�9 �ñ

�7
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������:�v�ä�v�; 

where FS=factor of safety 

W�¶= submerged weight of soil, U=uplifting force caused by seepage. 

F.S was suggested at least 1.5 (Budhu, 2015)  
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Figure 4.6 Slide2 Software (Rocscience, 2022) seepage analysis model screen 
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4.5.1 Limit Equilibrium Method  

The Limit Equilibrium Method (LEM) is widely used for slope stability analysis. 

This method compares driving and resisting forces to evaluate whether a soil mass 

is in equilibrium concerning a potential slip surface. LEM is particularly effective 

for assessing the stability of large-scale engineering structures, such as dams and 

embankments. 

Slide2 software offers multiple algorithms for Limit Equilibrium Method (LEM) 

analysis, including Bishop's Simplified, Janbu, Spencer, and Morgenstern-Price 

methods. In this study, the Morgenstern-Price approach was chosen because it can 

provide reliable results for slip surfaces of any shape and satisfy all equilibrium 

conditions, (Fell et al., 2005). 

The Factor of Safety (FS) is the resisting and driving forces ratio, as shown in 

Equation (4.5). This equation is used to assess the stability of a slope, with a value 

greater than 1.0 indicating stability under the given conditions. 

�(�=�?�P�K�N���K�B���5�=�B�A�P�U
L
�4�A�O�E�O�P�E�J�C���(�K�N�?�A�O
�&�N�E�R�E�J�C���(�K�N�?�A�O

�������������������������������������������������������������������������������������������������������������������������������������:�v�ä�w�; 

The required safety factor and the minimum safety factor obtained for the dam's 

upstream and downstream slopes under different loading conditions as a result of the 

slope stability analysis are provided below in Table 4.5. 
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4.6 A Specific Method To Mitigate Dam Slope Failure Risk 

In this section, the objective is to determine a safer and more economical design 

option by considering the failure probability and costs of the dam body for different 

downstream slope configurations.  

The current slope gradient of the dam is 2.0H/1.0V on both the upstream and 

downstream sides. In the operational earthquake case, as analyzed previously in 

Section 4.5.1, the minimum safety factor for the most critical slip circle on the 

downstream side was 1.163. However, suppose the strength parameters of clay and 

rock fill materials were to reduce in the future, leading to instability in the system. 

In that case, the improvement of the downstream slope of the dam can be evaluated 

in the long term. 

In this context, a slope stability analysis was conducted for multiple slope 

configurations, where the downstream slope gradient was varied from 2.0H/1.0V to 

2.6H/1.0V. Using Monte Carlo simulation within Slide 2 software, the probability of 

failure was calculated for each slope gradient. Additionally, a risk-based benefit 

analysis was performed by estimating the cost of failure and computing the 

benefit/cost ratio for each configuration. The primary aim of this analysis was to 

determine the optimal slope gradient that minimizes failure risk while maximizing 

economic viability. 

4.6.1 Risk-Based Benefit Analysis 

Risk-based benefit analysis is a method used to evaluate costs associated with a 

structure or system's failure probability. It aims to quantify the potential cost 

advantages between alternative designs. This analysis provides a cost-effective 

solution and enables a numerical evaluation of the benefits of a safer design option, 

(Baecher et al., 1980). 
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In this risk-based benefit analysis, the cost of the dam body for each slope was 

multiplied by the corresponding failure probability, providing an estimate of the 

potential losses (costs) if the dam were to fail. The relevant formulas are as follows: 

Risk Costs=Dam Cost x Failure Probability                                                         (4.6) 

The cost-benefit between two slopes is calculated by taking the difference between 

these risk costs by Equation (4.7), in which costs are to be explained in detail in 

Section 4.6.5 

Benefit = (Costn x Failure Probabilityn)-(Costn+1 x Failure Probabilityn+1)                (4.7) 

In the formula, n represents a specific design scenario, while n+1 refers to the 

subsequent design scenario. 

4.6.2 Strength Reduction Factor (SRF) Analyses 

In the above, Chapter 4, various failure probabilities of the dam were evaluated. The 

parameters used in these analyses were obtained from the literature or previous 

approved reports. Particularly in cases where the parameters carry uncertainty, the 

SRF method was used to interpret the risk and safety factors better. In this method, 

the strength parameters of clay and rock fill materials used in the dam body were 

gradually reduced to determine when the structure's shear resistance would become 

insufficient. When the SRF value reached a certain point, the shear strength along 

the slip surface diminished, and the system became unstable. This critical SRF value 

represents the shear safety factor of the dam body. 

Several variations were created using the Monte Carlo method at this stage, and 

many simulations were run. In the 1000 simulations conducted, the strength 

properties of the dam body fill material (cohesion c and internal friction angle �Ë) 

were gradually reduced, and the probability distribution of these parameters (normal 

distribution) was determined. The probability of dam failure was found when the 

safety factor fell below 1.0 (FS<1.0), indicating that the slope had become unsafe. 
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4.6.3 Development of Monte Carlo Simulation Model to Calculate 

Probability of Slope Failure 

Table 4.6 presents the input data for the Monte Carlo Simulation (MCS), showing 

the cohesion (c) and friction angle (�I) values for clay core and rockfill (upstream and 

downstream) materials. Each parameter is defined with minimum and maximum 

limits and varies according to a uniform distribution. 

Table 4.6 Input data for Monte Carlo Simulation  

Material 

Name 

Input 

parameters 

Minimum  Maximum Function 

Clay core c (kPa) 30 50 Uniform 

�I����
þ���� 22 28 Uniform 

Rockfill 

Downstream 

c (kPa) 0 0 Uniform 

�I����
þ�� 31.5 42.5 Uniform 

Rockfill 

Upstream 

c (kPa)�� 0 0 Uniform 

�I����
þ���� 33 51 Uniform 

 

Initial Analysis (Existing Slope: 2.0H/1.0V): 

Figure 4.10 shows the statistical summary of FS obtained with the MCS model. The 

minimum and maximum FS are 0.66 and 1.79, respectively. The average value of 

FS was simulated as 1.194 due to the MCS model. The frequency of FS values falling 

below 1.0 indicates a critical stability condition.  
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Figure 4.10 Distribution of FS for the existing slope, obtained by the MCS model  

A total of 1000 simulations were conducted as part of the Monte Carlo analysis. 

Among these, 161 simulations failed, while 839 were deemed stable or safe. 

Consequently, the probability of failure (Pf) was calculated as: 

�2�B
L
�0�Q�I�>�A�N���K�B���(�=�E�H�Q�N�A
�6�K�P�=�H���5�E�I�Q�H�=�P�E�K�J�O


L��
�s�x�s
�s�r�r�r


L �r�ä�s�x�s���������������������������������������������������������������������������������������������������������������������:�v�ä�z�; 

Thus, the probability of failure for the analyzed slope is 0.161 (Figure 4.11), 

corresponding to 16.1%. This indicates that the slope, in its current state, has a 16.1% 

of failure probability. 
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Figure 4.11 Probability of existing slope stability failure, obtained by the MCS model  

Second Analysis (Proposed Slopes: 2.1H/1.0V~2.6H/1.0V): 

As the downstream slope angle was gradually increased up to 2.6H/1V, a significant 

improvement in slope stability was observed. 1000 simulations were conducted as 

part of the Monte Carlo analysis. The probability of failure decreased consistently 

with flatter slopes, as shown in Table 4.7. 

Table 4.7 The probability of failure for the proposed slopes, obtained by the MCS 

model  

Proposed Dam 
Downstream Slopes 

Probability of Failure  
(%) 

2.0 H/1.0V 16.10 
2.1 H/1.0V 14.70 
2.2 H/1.0V 10.80 
2.3 H/1.0V 8.20 
2.4 H/1.0V 5.90 
2.5 H/1.0V 3.40 
2.6 H/1.0V 2.50 
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The net benefit for each alternative slope configuration was calculated using the 

expected value approach, considering both failure probability and cost. The benefit-

cost analysis highlights that while gentler slopes require higher initial costs, they also 

significantly reduce failure risks, leading to long-term economic advantages. 

For example, when transitioning from 2.0H:1.0V to 2.6H:1.0V, the probability of 

failure decreases from 0.161 to 0.025, while the cost increases from 1,006,071,393 

TRY to 1,105,797,577 TRY. The expected benefit is calculated as: 

�$�A�J�A�B�E�P
L �2�N�K�>�ä�K�B���(�=�E�H�Q�N�A�á �Û�%�K�O�P���K�B���(�=�E�H�Q�N�A���á 
F�2�N�K�>�ä�K�B���(�=�E�H�Q�N�A�á�>�5 �Û�%�K�O�P���K�B���(�=�E�H�Q�N�A���á�>�5���� 

�$�A�J�A�B�E�P
L �r�ä�s�x�s�Û�s�á�r�r�x�á�r�y�s�á�u�{�u��
F �r�ä�r�t�w�Û�s�á�s�r�w�á�y�{�y�á�w�y�y
L ���s�u�v�á�u�u�t�á�w�w�v���������� �� 

In Table 4.13, the cost of failure and net benefits for each slope gradient are 

calculated. The most significant benefit increase is observed in the transition from 

2.1 H/1.0V to 2.2 H/1.0V, where the benefit-to-total cost ratio is recorded at 0.033. 

This value represents the highest benefit-to-total cost ratio compared to other slope 

gradients.
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Implementation of Proper Operation and Maintenance Policies: Regular 

maintenance and inspections of dams enable the early detection of potential 

problems. Improving operational efficiency plays a fundamental role in risk 

reduction strategies. 
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CHAPTER 5  

5 IN-DEPTH EXPLORATION OF KEY ISSUES  

5.1 Determination of Key Issues Affecting Breach Analysis Results 

This section explores key issues in depth, including breach parameters, 

hydrodynamic model grid structures, breach prediction techniques, numerical 

solution methods of hydrodynamic models, and their impact on flooding caused by 

dam failures. By carefully examining these factors, the study intends to deepen the 

understanding of the complex interactions that influence different flood behaviors 

and their consequences. Furthermore, it includes a detailed evaluation of the 

economic damages from selected critical failure scenarios. It offers insights to inform 

effective risk management and flood mitigation strategies in dam safety. 

5.1.1 Investigation of the Effects of Dam Breach Parameters 

In the dam-break analysis, various parameters such as breach width, breach 

formation time, and breach slope angle vary depending on the construction material 

(type) of the dam and factors such as the design and structural integrity of the dam, 

the hydrological conditions, and the specific characteristics of the surrounding 

environment. However, the selection of these parameters often carries uncertainty. 

For this purpose, the effects of the parameters on the outflow hydrographs resulting 

from the breach have been investigated within the thesis. 

To determine which parameters have a more dominant effect on the maximum 

outflow from the breach, the Aeronautical Reconnaissance Coverage Geographic 

Information System (ArcGIS) and the Hydraulic Engineering Center River Analysis 
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System (HEC-RAS) software were used to analyze the impact of dam breaches and 

conduct sensitivity assessments. HEC-RAS was selected for its ability to simulate 

dynamic flood scenarios and its user-friendly interface. Additionally, HEC-RAS is a 

program that integrates well with ArcGIS software. 

The sensitivity analysis was performed by systematically altering each breach 

parameter individually while keeping all other parameters constant. This allowed for 

a detailed examination of how variations in the breach formation time (Tf), side slope 

(S), and breach width (W) influenced the outflow hydrograph. The results showed 

distinct changes in peak discharge and the time to reach peak discharge, with 

different combinations of parameters leading to variations in the flood wave 

dynamics. The analysis helped to identify the most sensitive parameters affecting 

flood characteristics, providing valuable insights for flood modeling and risk 

assessment. 

In this context, W represents the average breach width (in meters), Tp is the time to 

reach peak discharge (in hours), HD is the height of the dam (in meters), Tf is the 

breach formation time (in hours), and S denotes the side slope of the breach (XH/1V). 

These parameters were analyzed to evaluate their influence on the flood hydrograph 

behavior and the corresponding variations in peak discharge, Figure 5.1. 
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Six sub-scenarios were analyzed by varying the breach side slope values from S = 

1.0H/1.0V to 0.5H/1.0V. 

Main Scenario 2: 

Tf = 1 hour, S: 1.0H/1.0V ~ 0.5H/1.0V, W = 2 HD. 

This scenario extends the breach formation time while keeping the breach width 

constant at 2 HD. 

Different side slope values created six sub-scenarios between S = 1.0H/1.0V to 

0.5H/1.0V. 

Main Scenario 3: 

Tf = 1 hour, S: 1H/1V ~ 0.5H/1.0V, W = 1.5 HD. 

Here, the breach width was reduced to 1.5 HD with a constant breach formation time 

of 1 hour. 

Six sub-scenarios were generated by adjusting the breach side slope values from S = 

1.0H/1.0V to 0.5H/1.0V. 
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Figure 5.2 The impact of side slope, failure time, and breach width on the flood hydrograph resulting from a dam breach in the overtopping 

failure. 
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Figure 5.3, shows the change in peak flow concerning the breach side slope (%) 

graph, which was prepared to illustrate the percentage change in peak discharge 

values caused by variations in breach side slopes. The graph includes three main 

scenarios and their corresponding 18 sub-scenarios. These sub-scenarios display the 

percentage changes in Tp (time to peak discharge) and peak discharge resulting from 

changes in breach side slopes. The curves indicate that as the breach side slopes 

decrease (e.g., from 1.0H/1.0V to 0.5H/1.0V), the peak discharge also decreases, 

demonstrating the influence of side slopes on flood discharge. 

In cases of shorter failure times (30 minutes, W=2HD), the impact of side slopes is 

more pronounced, as the peak flow decreases significantly with steeper slopes. In 

contrast, for longer failure times (60 minutes, W=2HD), the effect is minimal, with 

only slight variations in peak flow. The effect becomes moderate for narrower breach 

widths (60 minutes, W=1.5HD), showing a more noticeable decrease in peak flow. 

 

Figure 5.3 Change in peak flow concerning varying breach side slopes 

In summary, the study findings show that the breach formation time significantly 

affects maximum discharge (Qp) and the time to reach peak discharge (Tp). When the 

breach formation time increased from 0.50 hours to 1 hour (an increase of 100 %), 
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5.1.2.1 Computational Time Steps 

HEC-RAS discretizes the governing equation both spatially and temporally. The 

temporal resolution of the numerical simulation directly impacts the accuracy of the 

approximations of the temporal derivatives in the governing equation. The selection 

of suitable time intervals depends on how the hydraulic characteristics evolve 

between two successive time intervals. The selection of excessively large time steps 

may result in a significant disparity in hydraulic properties between two consecutive 

time steps, leading to instability. Using a computational time step that is too small 

will increase the overall computational time (USACE 2014). 

The optimal approach for determining a computational time step in HEC-RAS is 

using the Courant Condition. This becomes particularly crucial in the context of dam 

break flood studies (USACE 2014). According to the Courant Condition, the 

recommended time step should be as follows: 

 �%
L
�R�Ð���¿�6����

�¿�:
��
Q�s (5.1) 

and therefore 

 �¿�6
Q
�¿�:
�R�Ð

���� (5.2) 

Where C is the Courant Number, �¨T is the time step (in seconds), �¨X is the distance 

step (in meters), and �R�Ð is wave speed (meter per second). 

This sensitivity analysis aims to evaluate how variations in the computational time 

step affect both the model's stability and the accuracy of the simulation. This study 

determined the computational time step value using Equation 5.2 through an iterative 

trial-and-error procedure, Table 5.3. The ultimate value of the computational time 

step was derived for different mesh size models. 
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Table 5.3 Time Step and distance step values for different mesh sizes 

Mesh size 

(m) 

�' X 

(m) 

�' T 

(sec) 

6.0 x 6.0 6.00 0.30 

7.5 x 7.5 7.50 0.50 

10.0 x 10.0 10.0 1.00 

25.0 x 25.0 25.00 1.00 

50.0 x 50.0 50.00 1.00 

5.1.3 Comparison of Different Governing Equations 

The HEC-RAS 2D program provides various analytical methods for modeling 

unsteady flow in open channels and floodplains. It uses full momentum equations, 

also called Shallow Water Equations (SWE) or 2D-Saint Venant Equations as well, 

to capture the complete dynamics of flow, while the diffusive wave method offers a 

simplified approach to model flow movement. In this study, analyses were carried 

out using both methods, and their results were compared. The question of which 

hydrodynamic approach, whether the diffusion wave model or the shallow water 

model, provides a more accurate and reliable simulation of the dynamics of a flood 

resulting from a dam failure has been investigated along the course of the study. 
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HEC-RAS 2D offers its users alternative solution methods for applying both full 

momentum and diffusive wave equations in water surface engineering. The diffusive 

wave approximation assumes that gravity and friction are the primary forces exerted 

on the control volume. Conversely, the 2-D full momentum equation solver 

incorporates acceleration terms, turbulence, and Coriolis effects in addition to those 

forces in the flow field, necessitating increased computational power and longer 

simulation times. 

The 2D Saint Venant equations in their non-conservative forms are as follows: 
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The variables in the equation are defined as follows: t represents time, u and v 

represent the horizontal components of velocity in the x and y directions, 

respectively, and q represents a term that represents a source or sink of flux. H 

represents the elevation of the water surface, h represents the depth of the water, g 

represents the acceleration due to gravity,���8�ç represents the coefficient of horizontal 

eddy viscosity, cf represents the coefficient of bottom friction, and f represents the 

Coriolis parameter. (Brunner, 2016) 

According to Brunner (n.d), in his presentation "Diffusion Wave vs. Full Momentum 

(SWE)" the Diffusion Wave Equation (DWE) method provides a fast and stable 

solution, particularly suitable for flows primarily driven by gravity and friction 

forces. The DWE method is ideal for estimating broad-scale scenarios, such as flood 

extents, and serves as a quick preliminary tool before applying more complex 

models. However, due to neglected acceleration terms, its accuracy is limited in 

sudden flow changes or where detailed velocity distributions are required. 
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The advantages and limitations of the methods discussed in this study are derived 

from CivilGEO's HEC-RAS 2D computational equations comparison article 

(CivilGEO, n.d.). The methods, along with their strengths and limitations, are 

outlined below. 

Diffusion Wave Equation: 

The Diffusion Wave Equation (DWE) method is commonly used as a default solver 

due to its efficiency and ability to model a wide range of hydraulic processes. This 

method is particularly effective for many flood simulation studies. As a 

computational approach for simulating 2D flow, the Diffusion Wave Equation offers 

specific strengths and limitations outlined below: 

Strengths of DWE: 

�x It is well-suited for scenarios dominated by gravity and friction forces, such as 

floodplain inundation modeling. 

�x It provides faster computation times and can handle larger time steps with 

improved stability. 

�x It is useful for estimating the effects of dam failures or levee breaches in enclosed 

areas. 

�x It is ideal for obtaining broad flood extent estimations efficiently. 

�x Serves as a practical tool for generating initial flood assessments before applying 

more detailed solvers like the Shallow Water Equations (SWE) 

Limitations of DWE: 

�x The method cannot account for fluid acceleration, which reduces its precision in 

detailed hydrodynamic simulations involving wave dynamics. 

�x It is not suitable for scenarios with abrupt flow changes, such as sharp 

contractions or channel expansions. 

�x It has limitations in accurately predicting detailed velocity profiles around 

complex structures or within channels. 

�x Its performance is inadequate in mixed flow regimes or hydraulic jumps. 
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Shallow Water Equations-Eulerian-Lagrangian Method (SWE-ELM) 

The SWE-ELM is a widely used approach for solving the Shallow Water Equations 

(SWE) in HEC-RAS modeling and applies to various hydraulic conditions. This 

method offers distinct strengths and limitations, making it a valuable option for 

specific hydrodynamic applications. Below are the strengths and limitations of this 

approach: 

Strengths of SWE-ELM: 

�x The SWE-ELM facilitates detailed and highly accurate hydrodynamic modeling, 

making it suitable for complex hydraulic systems. 

�x It supports advanced features such as turbulence modeling and Coriolis force 

considerations, which expand its application in diverse scenarios. 

�x Compared to the DWE method, it requires shorter computational time steps to 

ensure numerical stability, thereby improving the precision of results. 

�x The method performs well in river systems with gentle slopes, ensuring reliable 

results under such conditions. 

Due to these strengths, the SWE-Eulerian-Lagrangian Method is considered a robust 

and reliable tool for complex hydraulic analyses. 
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Limitations of SWE-ELM: 

�x This method requires more processing power, resulting in longer simulation 

times compared to simpler methods. 

�x It may experience numerical instability in rapidly changing flow directions, 

affecting the accuracy of the results. 

According to Figure 5.5 and Figure 5.6, while directly comparing the boundaries 

between the two solution methods may not reveal significant differences, a closer 

examination of travel time and water surface elevations shows notable variations in 

many areas. Noticeable differences between the two methods, particularly in velocity 

and depth, arise because the DWE (Diffusion Wave Equation) method neglects 

acceleration terms. This omission leads to a failure to account for energy losses in 

regions with sharp contractions, expansions, or highly dynamic wave phenomena, 

such as dam breaks or flash floods. The resultant maps for water depth and water 

surface elevations for both governing equations are provided in Appendix D. 
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Figure 5.5 Inundation maps for diffusion wave equation method 
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Figure 5.6 Inundation maps for shallow water equation method



 

 
 

91 

When comparing the change in flood area for different equations, the full momentum 

equation results in a larger flood area, especially in regions with high velocities and 

sharp curves, Figure 5.7. However, it requires longer computational time compared 

to the diffusive wave equation. The results indicate that the two models differ in their 

predictions of flow depths and velocities. In the diffusive wave model, the time it 

takes for the flood wave to reach downstream points is shorter, and the average 

velocity of the flood wavefront is higher. 

 

Figure 5.7 Boundary of the inundation map corresponding to different solution 

methods 

The breach scenario used for the comparison of governing equations is defined as 

follows: the breach occurs when the water surface elevation reaches 167.00 m, and 

the breach formation time is assumed to be 30 minutes. The simulation starts at 00:00 

(hh:mm), and based on the inflow conditions, the reservoir reaches the critical level 

of 167.00 m at 01:30 (hh:mm). In other words, the dam failure begins at this time. 

Following the breach, the propagation of floodwaters through the breach is analyzed 
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for different simulation times, as detailed below. The extent of the floodplain area 

was examined in both solution methods during the same simulation time, and the 

reasons for the differences were discussed in Figure 5.8 ~ Figure 5.10.  

 

Figure 5.8 Comparison of water depth distributions computed by: a) diffusion wave 

equation, b) shallow water equation, (at simulation time: 01.45 (hh:mm)) 

 

Figure 5.9 Comparison of water depth distributions computed by: a) diffusion wave 

equation, b) shallow water equation, (at simulation time: 01.56 (hh:mm)) 
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5.1.4 Sensitivity Analyses of Breach Parameter Prediction Equation 

Risk assessment studies related to embankment dam failures commonly apply breach 

parameter estimation methods developed through analyses of past dam failures. 

Similarly, predictions for peak breach outflow are made using empirical 

relationships based on historical case data, (Wahl, 2004). 

To perform a dam-break flood routing simulation, breach parameters must first be 

estimated. These parameters then serve as inputs to the model used for dam-break 

and flood routing simulations. Multiple methods exist for estimating these 

parameters, each offering different approaches to match specific modeling needs.  

Numerous researchers have created regression equations to determine breach 

dimensions such as width, side slope, and volume of erosion and failure time. These 

equations were formulated based on data collected from earthen dams, earthen dams 

with impermeable cores (like clay or concrete), and rockfill dams. Wahl conducted 

a study in 1998 that summarized the existing methods used to predict breach 

parameters. (Wahl, 1998) The breach prediction equations and details presented in 

this section are directly derived from Wahl's research. 

The guideline published by the Dam Safety Office in 1998 states that the regression 

equations by Froehlich (1995a, 2008), MacDonald and Langridge-Monopolis 

(1984), and Von Thun and Gillette (1990) have been widely used in various dam 

safety studies in the literature, except for the Xu and Zhang (2016) equation. 

Therefore, these regression equations, except for the Xu and Zhang approach, were 

compared and utilized accordingly. 

MacDonald and Langridge-Monopolis (1984)  

MacDonald and Langridge-Monopolis developed prediction equations using 42 data 

sets, primarily consisting of earth-fill dams, earth-fill dams with a clay core, and 

rock-fill dams. These data sets capture the relationship between the volume of water 

released from the dam and the volume of material eroded from the dam's 
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The average breach width and failure time, according to Froehlich's regression 

equations are: 
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Where W represents the average breach width in meters, Ko is constant (1.3 for 

overtopping failures and 1.0 for piping), Vw is the reservoir volume at the time of 

failure in cubic meters, hb is the height of the final breach in meters, g is 

the gravitational acceleration (9.80665 meters per second squared), and Tf is the 

breach formation time in seconds.  

Froehlich also states that the average side slopes should be 1.0H/1.0V for 

overtopping failures and 0.7H/1.0V for other scenarios.  

Alongside these equations, numerous federal agencies have issued guidelines that 

provide potential ranges for breach width, side slopes, and development time.Table 

5.5 outlines several of these guidelines. These guidelines should be used as minimum 

and maximum bounds for estimating breach parameters (USACE, 2014). 

Table 5.5 The value ranges for breach characteristics based on USACE (2016) 

Dam type Average breach 
width (W) 

Horizontal component of 
breach side slope  

(S=H:1 V) 

Failure 
time Tf 

(hours) 
Agency 

Earthen/ Rockfill (0.5 to 3.0) x HD 0 to 1.0 0.5 to 4.0 COE 1980 
Earthen/ Rockfill (1.0 to 5.0) x HD 0 to 1.0 0.1 to 1.0 FERC 
Earthen/ Rockfill (2.0 to 5.0) x HD 0 to 1.0 (Slightly larger) 0.1 to 1.0 NWS 
Earthen/ Rockfill (0.5 to 5.0) x HD*  0 to 1.0 0.1 to 4.0 COE 2007 

 
*Where: HD height of the dam 

**Dams with huge volumes of water and long dam crest lengths will continue to 

erode for long durations (i.e., as long as a significant amount of water is following 

through the breach) and may, therefore, have longer breach widths. 
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For overtopping scenarios, the breach was assumed to begin when the reservoir 

reached its maximum water level of 166.80 m, six hours after the probable maximum 

flood. At this point, water exceeds the crest level, reaching 169.50 m. Figure 5.12 

presents a sketch illustrating the dam crest level and the maximum water level. The 

elevation of 169.50 m corresponds to the water level associated with the volume of 

water that reached the reservoir six hours after the onset of the probable maximum 

flood (PMF), as calculated based on the reservoir's capacity and inflow 

characteristics detailed in the hydrological analysis. Furthermore, the six-hour 

timeframe was strategically selected for the simulation to surpass the peak discharge 

and allow for significant volume accumulation, assessing the dam's resilience under 

extreme conditions. 

 

Figure 5.12 Maximum water level and crest level of the dam 

Figure 5.13 illustrates the breach initiation process during overtopping scenarios. 

The graph shows that the reservoir water level reached its maximum of 166.80 m six 

hours after the probable maximum flood (PMF). At this point, water overtopped the 

dam crest level, rising further to 169.50 m, which triggered the breach. The plot 

includes the water elevation, breach width, and flow velocity changes over time, 

highlighting the rapid drop in elevation and velocity following the breach. 
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In the overtopping scenario, the probable maximum flood (PMF) began at midnight 

(00:00 AM), causing the water level to exceed the dam crest at 04:08 AM, followed 

by breach initiation at 06:00 AM. As a result, floodwaters rapidly approach 

residential areas. In the piping scenario, the flood event is assumed to start at 06:00 

AM. 

The reason for initiating the PMF at midnight and scheduling the dam failure for the 

early morning hours during scenario development is that this period represents a 

critical time when emergency response is most challenging due to limited visibility 

and the fact that most people are asleep, significantly increasing the overall risk. 

Figure 5.20 presents the maximum velocity distributions for the piping and 

overtopping scenarios. In the overtopping scenario, red and orange tones spread over 

a larger area, indicating higher flow velocities and showing that water flows over the 

dam and rapidly inundates a wide region. The flow in this scenario is more abrupt 

and intense, resulting in faster water reaching residential areas and bridges.  

 

 


























































































































