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Abstract

The integrated hydrodynamic modeling study conducted in the Kathmandu valley, Nepal, utilizing
the MIKE Hydro River Model and incorporating diverse datasets, including satellite imageries,
ALOS PALSAR RTC DEM data, topographical map at 1:25,000 scale and hydraulic data. VVarious
scenarios, including a probable maximum flood (PMF) routing simulation, were examined, with
a focus on assessing impacts on infrastructure, particularly two bridges located at different
chainages. The analysis uncovered that the invert level at bridge-1 measured 1384.19 meters, while
at bridge-2, it was recorded at 1343.98 meters. Historical records show significant floods in
various years, including 1988, 1991, 1995, 1996, 1999, 2018, 2019, 2021, 2022, and 2023. During
the flood inundation modeling, it was observed that the water level of the river near Gokarneshwar
Mahadev and its adjacent areas experienced an elevation increase to 13 meters. Furthermore, the
water level near both modeled bridges was noted to rise to 8 meters. Conversely, in other segments
of the modeled river, the water level ranged between 5 to 6 meters. Hydrodynamic modeling
emerged as a critical tool for flood risk assessment, providing accurate simulations of water flow
behavior and facilitating informed decision-making for flood risk management and infrastructure
resilience.
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1. Introduction

Reservoir dams and water conservancy projects play a crucial role in providing various socio-
economic benefits, including flood control, hydropower generation, irrigation, water supply,
fisheries, and tourism [1]. However, the significant energy potential stored in reservoirs also poses
a considerable risk to the safety of downstream communities and infrastructure [2-5]. Recent years
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have witnessed a rise in the frequency of extreme climate events, which has raised concerns about
the adequacy of existing flood control standards based on historical hydrological data [6, 7]. These
climate extremes often result in prolonged operation of reservoir dams under unfavorable
conditions, leading to increased stress on dam structures and accelerated degradation of hydraulic
materials [8-11]. Consequently, the potential for dam failures is heightened, posing a severe threat
to downstream areas [12-15]. Historical records of dam failures across different countries highlight
the potential for catastrophic consequences, including loss of life and extensive damage to property
downstream (Table 1). Dam failures can occur due to various factors such as floodwater
infiltration, overtopping, material instability, or external damage [16-18]. The process of dam
failure can vary, ranging from gradual deterioration to sudden, catastrophic collapse [19-21]. The
nature of dam failure significantly influences the flood dynamics and downstream impacts, which
can vary in terms of severity and extent [22-24].

Table 1. List of historical records of dam failures across different countries

Date Location Casualty Details
1894-08-25 Gohna lake dam 3 A landslide dam failed after authorities
(Garhwal, India) successfully evacuated the valley [25].
1917-08-19  Tigra dam (Gwalior, 1000 Failure due to water seepage through sandstone
India) foundation, potentially leading to increased
casualties [26].
1928-03-12 St. Francis dam 431 Dam failure attributed to geological instability of
(Santa Clarita, east canyon wall. Possible unreported casualties
California, US) due to undocumented migrant workers below
[27].
1943-05-17 Méhne dam (Ruhr, 1579 Destroyed by bombing during World War Il
Germany) operation. Eleven factories destroyed, 114
seriously damaged [28].
1959-12-02  Malpasset dam (Cote 423 Geological fault possibly enhanced by
d'Azur, France) explosives work during construction; initial geo-

study was not thorough. Two villages were
destroyed [29].

1961-07-12 Panshet dam (Pune, 1,000 Dam wall burst under rainwater pressure.
India)? Concrete blocks substituted for steel-reinforced
concrete due to steel scarcity [30].
1963-10-09 Vajont dam (Monte 2000 Reservoir filling triggered valley wall geological
Toc, Italy) failure, causing a 110 km/h landslide into the

lake. Water overflowed dam in a wave.
Misjudged valley stability led to village
devastation [31].

1965-03-28  EIl Cobre new and old 400 Earthquake-induced liquefaction led to the
dam (Valparaiso, release of water and mining waste, burying El
Chile) Cobre town downstream [32].
1972-06-09 Canyon lake dam 238 Debris-clogged dam outlets resulted in flooding,
(South Dakota, causing 3,057 injuries and destruction of over
United States) 1,335 homes and 5,000 automobiles [33].
1975-08-08 Bangiao and 26,000 Extreme rainfall from Typhoon Nina exceeded
Shimantan dams the dam's design capacity, leading to its failure.

2July 12, 1961 Lest We Forget. sakaaltimes.com. Archived from the original on 1 April 2016. Retrieved 6™ March 2024.
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Eleven million people lost their homes. The dam
was reconstructed between 1986 and 1993 [34].

Geological issues, including unsuitable bedrock,

seismic activity, and caves, contributed to the
dam failure. Water leakage eroded the earthen
wall, leading to the collapse. Thirteen thousand
head of cattle died as a result [35, 36].
Intense rainfall led to observed flow reaching
16307 m¥/s, three times the dam'’s design
capacity, causing its collapse. The dam
embankment, measuring 762 meters on the left
and 365 meters on the right, collapsed. Floods,
reaching heights of 3.6 to 9.1 meter, inundated
low-lying areas of Morbi industrial town within
20 minutes [37].

Inadequate maintenance and narrow design
margins resulted in outlet pipe failure, exerting
pressure on the dam [38, 39].

Failure to maintain the barrage coupled with
weak monsoon and preceding drought led to its
collapse, affecting 2.3 million people in northern
Bihar [40, 41].

Intense rainfall led to flash floods and the breach
of Chorabari Lake Kedarnath in Uttarakhand,
resulting in widespread devastation and loss of
life [42, 43, 44].

A deteriorated dam collapsed during heavy
summer rainfall, causing 13 individuals to go
missing and destroying 300 houses [45].

A catastrophic failure of a tailings dam released
12 million cubic meters of tailings slurry [46,
47].

Heavy rains led to the overtopping and breaching
of the dam [48].

The Rishi Ganga dam was destroyed by an
avalanche or glacier burst, causing a surge of
water downstream and breaching the Tapovan
Hydropower Plant, with 145 people reported
missing [49].

Two dams, approximately 75 and 45 meters tall,
failed due to heavy rain from Storm Daniel
during the Libyan civil war, inundating the city
of Derna with around 30 MCM of water [50].

Given the significant risks posed by dam failures and subsequent floods, there is a critical need
for comprehensive hydrodynamic modeling and mapping studies to assess and mitigate these risks
effectively. This paper presents a hydrodynamic numerical modeling approach utilizing the MIKE
Hydro River Model to simulate dam failure scenarios and downstream flood inundation near
Kathmandu metropolitan city, Nepal. This study offers significant contributions by generating
comprehensive flood inundation maps, which serve as vital tools for emergency preparedness,
land-use planning, and infrastructure development initiatives. Furthermore, the insights derived
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from this research can inform policy decisions aimed at bolstering dam safety protocols and
resilience strategies, particularly in light of evolving climatic conditions. However, it is crucial to
recognize the inherent limitations of hydrodynamic modeling, which encompass uncertainties
related to input data, model assumptions, and simplifications. Despite these challenges, the study
provides valuable insights into the understanding and mitigation of dam failure risks and
downstream flood hazards in the Kathmandu region, thereby fostering greater resilience among
local communities in the face of water-related disasters.

Additionally, the flood mapping process incorporated considerations for factors such as
topography, land use, and infrastructure to accurately depict the extent of flooding. The resulting
flood inundation maps provided valuable information for assessing flood risk, identifying
vulnerable areas, and informing disaster management and mitigation efforts in the Kathmandu
region of Nepal. The river, a significant watercourse in Kathmandu metropolitan city, has been
notorious for causing recurrent floods, necessitating the urgent need for flood mapping initiatives.
Historical records indicate notable flood events attributed to this river occurring in various years,
including 1988, 1991, 1995, 1996, 1999, 2018, 2019, 2021, 2022, and 2023. These flood incidents
have posed significant challenges to the inhabitants and infrastructure of Kathmandu metropolitan
city, highlighting the importance of comprehensive flood mapping studies to understand the spatial
extent, severity, and frequency of flooding along the river.

The primary objectives of this investigation are as follows: (i) to quantify the maximum
probable inflow hydrograph into the reservoir utilizing the MIKE Hydro River model; (ii) to
explore potential dam failure scenarios; and (iii) to generate predictive inundation maps for the
studied basin in response to dam breach events.

The following sections represent a comprehensive literature review of previous dam failure
modelling to discern and analyze the latest methodologies employed in research conducted by
various authors worldwide. This analysis aids in the selection of an appropriate methodology and
numerical model for conducting dam failure study.

Johnson et al. [51] proposed breach shapes for earthen, gravity, and arch dams. They found
that earthen dams commonly exhibit a trapezoidal breach shape, with occasional instances of
triangular breaches. Singh et al. [52] found that breach widths ranged from 2 to 5 times the dam
height in 20 dam failures. The time to complete failure was typically 0.25 to 1 hour. Maximum
overtopping depths before failure ranged from 0.15 to 0.61 meters for overtopping failures.
MacDonald et al. [53] proposed a breach formation factor, linking outflow volume and water depth
at failure. They associated embankment material removal with this factor across dam types. Most
breaches had 1h:2v slopes, triangular or trapezoidal shapes, based on depth. An envelope curve
for breach formation time versus eroded material volume was suggested for earth fill dams, while
non-earth fill dam failures were less predictable due to structural instabilities. Petra et al. [54]
showed that breach width and formation time significantly affect discharge, inundation levels, and
flood arrival time near the dam. Downstream, breach formation time alters flood peak timing, but
peak discharge and inundation levels remain relatively insensitive. Singh et al. [55] compared
DAMBRK and HEC-1 for eight breached dams, varying breach parameters to predict peak
outflows. Larger reservoirs showed larger peak outflow changes (35-87%) with breach width
(BW) variations, while smaller reservoirs exhibited smaller changes (6-50%).

Froehlich [56] developed non-dimensional equations to predict breach width, side-slope factor,
and breach formation time based on dam characteristics. Results indicated wider breaches and
faster lateral erosion for overtopping-induced failures compared to other causes. Wurbs [57]
identified breach simulation as the most uncertain aspect of dam-breach flood wave modeling. In
large reservoirs, peak discharge correlates with breach dimensions, while accurate breach
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geometry prediction is crucial. In small reservoirs, peak outflow precedes complete breach
development, emphasizing the importance of breach formation rate. Singh et al. [58] analyzed
breach geometry and failure times from 52 case studies. They found Btop/Bbottom ratio ranging
from 1.06 to 1.74, with an average of 1.29. Breach side slopes were typically 10-50°. Most failure
times were under 3 hours, with 50% under 1.5 hours. Von Thun et al. [59] and Dewey et al. [60]
used data from previous studies to propose guidance for estimating breach parameters. They
suggested 1:1 side slope, except for dams with cohesive shells or wide cores, where 1:2 or 1:3
slopes may be suitable.

Horritt et al. [61] evaluated 1D and 2D flood models HEC-RAS, LISFLOOD-FP, and TELEMAC-
2D on a 60 km stretch of the River Severn, UK. Using radar remote sensing data, they calibrated
models with floodplain and channel friction parameters, finding HEC-RAS and TELEMAC-2D
reliable with observed data, while LISFLOOD-FP required calibration against inundated area.
Merritt et al. [62] evaluated empirical, conceptual, and physical models for sediment generation
and transport processes. They found that empirical and simple conceptual models are suitable for
limited input data and computational simplicity, while physical models are data-intensive and
complex, posing challenges in areas with limited data availability. Yang et al. [63] developed a
direct processing approach for river floodplain delineation using GIS integration with HEC-RAS.
They simulated water surface profiles for various storm events and validated the model using a
100-year flood zone. The study emphasizes integrating hydraulic data with GIS for floodplain
mapping. Bani Hashemi et al. [64] applied a 2D dam failure model based on Fred and Mac
Cormac, enhancing it with second-order accuracy and artificial viscosity. This combination
effectively simulated gradual dam failure and shock flow resolution despite its simplicity.
Montazeri Naming et al. [65] developed one and two-dimensional numerical models to simulate
the wave of Maronik Dam failure and subsequent flooding.

Abareshi et al. [66] assessed the risks associated with Taragh concrete dam failure near Mashhad
city using MIKE 11 software. They identified flood-prone areas by combining flood speed and
depth maps through a risk matrix, determining risk rates for each area. Esmaili et al. [67] used
Fluent software to model hydraulic failure of a dam caused by sudden floods. Their one-
dimensional study explored two scenarios: flood and failure, and failure without flood. Results
emphasized the significance of the applied network over the time step in influencing outcomes.
Ahmadi [68] numerically modeled gradual dam failure, initiating erosion with an initial gap on
the crown. Model results were compared with laboratory and field test results, showing relatively
good consistency through provided charts. Timbadiya et al. [69] created a hydrodynamic model
of the lower Tapi River with HEC-RAS for unsteady flow conditions using surveyed stream data
and boundary conditions. Simulated floods closely matched observed flows at various stations,
validating the model for flood forecasting in the lower Tapi River. Godariz et al. [70] analyzed the
risk of earth dam failure caused by body overflow considering uncertain input parameters. Nejad
et al.[71] simulated dam failure and wave propagation using a limited volume numerical method
in two dimensions. Seiyfi Zade et al. [72] investigated PolRud dam failure due to breach and flood
routing downstream using the BREACH GUI model. Flood effects analyzed with the HEC-RAS
model for determining dam failure impacts.

Aureli et al. [73] assessed hydrodynamic forces on dams leading to failure with 2D and 3D
models, combining experimental and numerical approaches. Kocaman et al. [74] explored dam
failure due to shock waves impacting a vertical wall using empirical testing and computational
fluid dynamics (CFD) simulations with the Volume of Fluid (VOF) method. Wood et al. [75]
investigated dam failure flows in canals with a 90-degree bend using experimental and numerical
methods. The study employed 2-dimensional equations, specifically the Shallow Water Equations

WINTER 2024, Vol 10, No 1, JOURNAL OF HYDRAULIC STRUCTURES

Shahid Chamran University of Ahvaz



Integrated Hydrodynamic Modeling of Dam Failure ... 85

(SWE). Dottori et al. [76] developed high-resolution flood hazard models using daily river
discharge data from the Global Flood Awareness System (GIoFAS). They evaluated flood hazard
maps for different return periods globally, comparing them with official flood maps and studying
model sensitivity and limitations. Vermee et al. [77] developed a dam break flow simulation model
for Bargi Dam on the Narmada River near Jabalpur. The study focused on overtopping failure of
the earthen part, examining its impact on Narmada River, Jabalpur city, and presenting inundation
maps using MIKE11-DB.

Palu MC et al. [78] improved 1D routing algorithms for dam-break floods. Classical models
showed errors up to ~18% in peak discharge prediction and up to 4-hour differences in peak
timing. Their modified approach, using a linear diffusive wave format, reduced errors to less than
-0.1% in peak discharge prediction. Li et al. [79] conducted a sensitivity analysis on rock-fill dam
break floods for different durations. They found that longer durations decrease peak discharge,
extend flood appearance time, and lower water levels downstream. This research aids in
optimizing dam design and flood countermeasures. Adityawan et al. [80] conducted numerical
modeling of dam break flow through urban areas, comparing three approaches for defining
buildings: wall boundary, contour, and Manning. They found the wall boundary approach to be
most accurate, recommending it for buildings without height variation or submergence.
Annunziato et al. [81] developed a rapid procedure for assessing the consequences of dam break
events using the shallow water model NAMI DANCE. This allows quick generation of input decks
and output guantities, facilitating fast analysis of flood risk. The method can be integrated into
systems like GDACS for timely flood alerts.

2. Methodology
2.1. About the study area

The study area is situated near Kathmandu, Nepal, focusing on the river passing through the
Kathmandu metropolitan city and a dam located at the upstream of the city (Figure 1). The study
area exhibits a heterogeneous topography, featuring a combination of elevated terrain
characterized by hills and low-lying regions represented by valleys. This varied landscape
configuration significantly influences the hydrological dynamics within the region. The river
network serves as a fundamental component of the local hydrology, functioning as the primary
conduit for water flow and distribution throughout the Kathmandu valley. Moreover, the presence
of a dam situated upstream of Kathmandu significantly contributes to the management of the
region's water resources and the implementation of flood control measures. However, the area's
distinctive geographical attributes, coupled with the ongoing processes of urbanization and
infrastructural expansion, pose formidable challenges for the accurate modeling of hydrodynamic
processes associated with dam failure and subsequent flood inundation events.
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Figure 1. Location map of the study area.

2.2. Data collection

Data collection involved gathering topographic, hydrological, and hydraulic information,
including digital elevation models (DEMSs), river cross-section data, and reservoir characteristics.
The study area's diverse terrain, including steep slopes and complex river networks, posed
challenges for accurate modeling. MIKE Hydro River Model facilitated comprehensive analysis
by integrating various datasets, enabling a detailed assessment of flood dynamics and inundation
extents.

Landsat-9 OLI-2 satellite imagery, characterized by a spatial resolution of 30 meters, was
sourced from the USGS Earth Explorer database, dated 14" May 2023. Subsequently, a fusion
process was employed to integrate the G-R-NIR bands (30 meters), with the PAN band (15
meters). This fusion technique aimed to enhance the overall spatial resolution of the imagery. The
resultant satellite data, thus augmented, facilitated the extraction of general features and Land
Use/Land Cover (LULC) information within the study area. Specifically, the LULC data derived
from this imagery served as a basis for determining Manning (M) coefficients utilized in the
hydrodynamic modeling of the study area.

Sentinel-2 satellite imagery with a spatial resolution of 10 meters, acquired on 23™ May 2023,
was procured from the European Space Agency’s Copernicus Programme via the Sentinels
Scientific Data Hub. This satellite data served as a critical resource for validating the observed
flood event against the inundation map predicted by the hydrodynamic model. Through
comparative analysis, the accuracy and reliability of the model's predictions were assessed,
contributing to the validation and refinement of the flood inundation mapping process.

ALOS PALSAR (radiometric terrain correction) DEM data with a spatial resolution of 12.5
meters, was obtained from the Alaska Satellite Facility (ASF) via Vertex. This high-resolution
DEM data facilitated the analysis of the general topography within the study area, enabling the
extraction of cross-sectional profiles of the river. The drainage network and basin boundary of the
study area were derived from the DEM data as well.

A topographical map, designated as Sheet No. 2785 06A and scaled at 1:25,000, was acquired
from the Survey Department, Government of Nepal. This map served as a foundational resource
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for the study, facilitating the overlay of flood inundation data to assess the extent of settlement
flooding. Additionally, Google Earth satellite imagery was leveraged for comparative analysis and
validation of the observed flood inundation patterns. These mapping resources provided essential
spatial context and reference points for accurately depicting and analyzing the impacts of flooding
on the surrounding landscape and settlements.

Hydrological and hydraulic data, including stage-discharge relations, area-elevation curves of
reservoirs, rating curves of spillways, and probable maximum flood information, were sourced
from the Department of Hydrology and Meteorology (DHM), Government of Nepal. These
datasets were obtained from the DHM's repository. They played a crucial role in defining the
boundary conditions of the hydrodynamic model. By utilizing these datasets, accurate
representations of the river system's behavior and response to various scenarios were established,
enhancing the reliability and validity of the model simulations.

2.3. Component of MIKE Hydro River for dam failure

In the dam failure analysis conducted using the MIKE Hydro River Model, a schematic
diagram of the river and reservoir system is essential for accurately simulating the flood inundation
dynamics. This schematic diagram encompasses various elements, including the river channel,
hydraulic structures such as dams and spillways, and the reservoir area upstream of the dam.
Additionally, it incorporates topographic features such as elevation contours and land use/land
cover information to capture the spatial distribution of floodwaters. The reservoir model accounts
for the storage capacity of the reservoir and the inflow-outflow dynamics, while the river model
represents the hydraulic behavior of the river channel and floodplain areas (Figure 2). By
integrating these components into a coherent schematic diagram, the MIKE Hydro River Model
enables researchers and practitioners to simulate dam failure scenarios with high fidelity,
providing valuable insights into flood inundation extent, depth, and propagation patterns for
effective flood risk assessment and management.

W \\W
Dam Break Structure —» \ \\ \

Dummy Link

Outflow from Dam Break

Downstream (d/s) of BC

I

Downstream (d/s) of Dam

Outflow from Spillway

Reservoir

Spillway Structure

Figure 2. Schematic diagram of MIKE Model for dam failure modelling [82].

2.4. Dam breach parameters

The estimation of dam failure flood characteristics relies on several key parameters related to
the dam breach process. These parameters include the initial and final breach width, the shape of
the breach, the duration of breach development, and the reservoir level at the onset of breach
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initiation. The mechanism governing breach formation predominantly hinges on the type of dam
and the underlying cause of dam failure. These factors collectively determine the dynamics of the
breach and subsequent flood inundation, highlighting the importance of accurately defining these
parameters in dam failure modeling for effective risk assessment and mitigation strategies. The
graphical representation of the physical parameters is depicted in Figure 3, providing a visual
summary of the key characteristics.

The breach depth, alternatively termed breach height in certain literature, denotes the vertical
dimension of the breach, extending from the crest of the dam to the invert of the breach. In certain
instances, publications may specify the reservoir head at the breach, measured from the surface
level of the reservoir to the breach invert.

The breach width, a critical parameter in dam failure analysis, significantly influences the peak
flow rate and subsequent inundation levels downstream. Studies often document either the mean
breach width or specify measurements at both the top and bottom of the breach aperture.

The breach side slope factor, in conjunction with breach width and depth, delineates the
geometric configuration of the breach aperture. While crucial, precise estimation of breach side
slope angles typically assumes lesser significance compared to accurately predicting breach width
and depth.

H, Where:
tnitial B = Mean width
condition)
H, = Initial level of water in reservoir

l H, = Height of breach
1:m = Side slope (1v:h)

Figure 3. Final dimension of a trapezoidal dam breach approximation

Research on various dam failures suggests that failures in Concrete-Faced Rockfill Dams
(CFRDs) often occur due to slumping of the embankment shoulders, resulting in overtopping.
Additionally, issues such as cracking and internal erosion of the abutments during initial reservoir
filling may lead to piping failures caused by seepage. Furthermore, failure of the spillway can
contribute to erosion of the downstream shoulder.

2.4.1. Review of guidance for breach parameters

Several governmental bodies have released regulatory frameworks outlining potential ranges
for breach parameters such as width, side slopes, and development time. A comprehensive
overview of this guidance is presented in Table 2.
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Table 2. Ranges of Possible Values for Breach Characteristics [83].

Dam Average Breach Horizontal component Failure time References
Type Width (Bavg) of breach side slope (H) (tf) in hrs.
(0.5t03.0) x HD Otol 0.5t04.0 HEC [84]
Earthen  (0.5t05.0) xHD Otol 0.1to 4.0* USACE [85]
/[ rockfill  (1.0to0 5.0) x HD Otol 0.1t01.0 FERC [86]
(2.0t05.0) x HD 0to 1 (slightly larger) 0.1t01.0 NWS [87]
Concrete | poaaiple Vertical 011005 USACE [85]
gravity Usually, <0.5L Vertical 0.1t00.3 FERC [86]
Usually, <0.5L Vertical 0.1t00.2 NWS [87]
Entire Dam Valley wall slope <0.1 HEC [84]
Concrete (0.8xL)toL 0 to valley walls <0.1 USACE [85]
arch Entire Dam 0 to valley walls <0.1 FERC [86]
(0.8xL)toL 0 to valley walls <0.1 NWS [87]
Slag/ (0.8xL)toL 101020 0.1t00.3 FERC [86]
refuse (0.8xL)toL ' ' <0.1 NWS [87]
Where: HD = Height of the dam. L = Length of the dam crest

Dams characterized by extensive water volumes and extended crest lengths are prone to
sustained erosion over prolonged periods, contingent upon the ongoing flow of a
substantial water volume through the breach. Consequently, such dams may exhibit broader
breach widths and protracted breach development times compared to documented cases.

* Note

2.4.2. Regression Equations

The regression equations delineated herein have been employed across various dam safety
investigations documented in the literature and are under contemplation for integration into the
guidance framework for the Portfolio Risk Assessment study conducted by the Corps of
Engineers: (i) Froehlich [56, 88, 89]; (ii) MacDonald et al. [53]; and (iii) Von Thun et al. [59].

Froehlich equation [56, 88, 89] conducted an analysis incorporating 63 datasets pertaining to
various dam types, including earthen, zoned earthen, earthen dams with a core wall (i.e., clay),
and rockfill dams. The study aimed to derive equations for estimating average breach width, side
slopes, and failure time. In the application of these equations, it was assumed that the breach
extends from the crest of the dam to the natural ground elevation at the centerline of the breach
location. The empirical equation is:

Bayg = 0,1803K,V,y*?hy™?
tp = 0,00254(V,)*%3h;, "

MacDonald and Langridge-Monopolis equation [53] conducted an analysis using 42
datasets primarily comprising earthfill, earthfill with a clay core, and rockfill dams. They aimed
to establish a relationship known as the "Breach Formation Factor," which is the product of the
volume of water released from the dam (Vou) and the water height above the dam. This factor was
correlated with the volume of material eroded from the dam's embankment. The parameter Vou,
representing the water volume passing through the breach, is typically unknown prior to breach
analysis and is initially estimated as the reservoir water volume at breach initiation. Subsequently,
after performing breach analysis and obtaining a better estimate of the actual water volume passing
through the breach, parameters can be recalculated iteratively. The empirical equation is:

V., = 0,0261(V,h,,)%7%° for earthfill
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V,, = 0,00348(V,,h,,)%852

tr = 0,0179V,0°%*

K. Pareta

for noneartfill

Von Thun and Gillette equation [59] analyzed data from 57 dams sourced from [56] [53].
Their methodology proposes breach side slopes typically set at 1.0H:1.0V, with exceptions for

dams with cohesive soils,

where slopes range from 0.5H:1V to 0.33H:1V. They formulated two

sets of equations to estimate breach development time, contingent on the embankment material.

The empirical equation is:

Bayg = 2,5hy, + Cp
Cb = 54.9

t; = 0,015k,

t; = 0,020h,, + 0,25

Breach parameters:

for by, for reservoir storage greater than 12.8 Mcum
highly erodible
erosion resistant

In the current study, the initiation point, and initial breach level

correspond to the crest level of the breaching section and the riverbed level, respectively. A
sensitivity analysis was conducted, varying breach width, breach time, and breach slope. The
breach parameters outlined in Table 3 were chosen for the dam failure investigation.

Average breach width

Table 3. Breach parameter for investigative dam.

. . Breach level (m)
(m) Time of failure (hr) Slope (H) ial Final

Remarks

20

30

45

0.5
1
2
4

0.5
1
2
4

05
1
2
4

0.5 20955 2076 Scenario-1

1.0 20955 2076 Scenario-2

20955 2076 Scenario-3

2.5. Model setup MIKE Hydro River HD Model

The MIKE Hydro River HD Model was configured to simulate dam failure and subsequent
flood inundation near Kathmandu, Nepal. The model setup involved defining the hydraulic
characteristics of the river, dam, and reservoir. Detailed topographic and bathymetric data were
incorporated to accurately represent the river and reservoir geometry. Boundary conditions such
as upstream flow conditions and downstream water levels were specified to mimic real-world
scenarios. The model was calibrated and validated using observed data to ensure its accuracy in
predicting river flow and flood inundation extents. Additionally, the dam failure parameters

obtained from sensitivity
failure scenarios.

analysis were integrated into the model setup to simulate various dam
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2.5.1. River network and topography

The network comprises the reservoir of the dam and the river downstream of the dam. Figure
4 illustrates the network layout, including the precise positioning of the dam and bridges. The
reservoir extends over a length of 688 meters, while the river spans a length of 33.7 km. The river
is discretized into 241 cross-sections spaced at regular intervals along its length. This
comprehensive representation of the network’s geometry and hydraulic properties ensures accurate
modeling of dam failure and flood inundation dynamics.

Kathimandu™, -1
- MetropolitanCity |, ~

oot g
Gons e
Roslt 5 Fove s gy o]

Figure 4. MIKE Hydro River model setup for dam failure analysis

2.5.2. Reservoir and dam

In the model, the reservoir is depicted through a distinct reservoir branch, with its elevation-
surface area relationship delineated at chainage "0" km of the reservoir branch. The corresponding
data detailing this relationship is provided in Table 4. This approach ensures that the reservoir's
behavior and characteristics are accurately captured within the modeling framework, facilitating a
comprehensive analysis of dam failure and subsequent flood inundation dynamics.

Table 4. Area-elevation curve of reservoir

Elevation  Surface Elevation  Surface Elevation  Surface Elevation  Surface
(m) Area (m?) (m) Area (m?) (m) Area (m?) (m) Area (m?)
2075.86 0.00 2081.00 11136.94 2086.50 62322.90 2092.00 111108.90
2076.00 3.32 2081.50 12971.78 2087.00 67495.95 2092.50 115406.83
2076.50 515.27 2082.00 15041.71 2087.50 73011.19 2093.00 119612.97
2077.00 867.48 2082.50 16454.74 2088.00 78883.13 2093.50 123815.64
2077.50 1260.03 2083.00 17902.54 2088.50 83203.16 2094.00 128015.24
2078.00 1686.16 2083.50 19388.34 2089.00 87406.61 2094.50 132793.17
2078.50 2182.52 2084.00 20912.66 2089.50 91529.07 2095.00 137438.62
2079.00 2797.87 2084.50 23143.60 2090.00 95544.41 2095.50 142125.02
2079.50 3558.56 2085.00 26681.10 2090.50 99409.71
2080.00 4451.89 2085.50 31702.84 2091.00 103246.60
2080.50 9533.45 2086.00 57547.00 2091.50 107146.14

2.5.3. Spillway

In the model, the spillway is represented as an overflow weir, designed to manage excess water
flow from the reservoir. This hydraulic structure plays a crucial role in controlling the water level
within the reservoir and preventing overtopping during periods of high inflow. The spillway's
hydraulic performance is characterized by its rating curve, which delineates the relationship
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between the water level in the reservoir and the corresponding discharge through the spillway.
This rating curve provides crucial information for accurately simulating the spillway's behavior
under varying hydrological conditions (Figure 5 (A)). This information is vital for effectively
modeling the spillway's operation and assessing its capacity to handle potential flood events. By
incorporating the spillway's characteristics into the model, researchers can simulate various
scenarios and evaluate the spillway's performance in mitigating flood risks and safeguarding
downstream areas from potential inundation.

Rating Curve Probable Maximum Flood (PMF) Event

m, ams|
LSS
8 8
S
ms)
=S
o o

Discharge (m?
(=]
=)

0 10 20 30 40 50 80 70 80 90 00.00 12.00 00.00 12.00
2023-05-23 2023-05-23 2023-05-24 2023-05-24
Discharge (m?/s)

Figure 5. (A) Rating curve of spillway, (B) Probable Maximum Flood (PMF) used as U/S
boundary condition

2.5.4. Boundary condition

In the MIKE Hydro River Model for dam failure analysis, boundary conditions play a crucial
role in defining the hydraulic behavior of the river system [90]. At the upstream boundary, the
Probable Maximum Flood (PMF) is employed as the boundary condition. The PMF represents the
extreme flood event that could potentially occur in the upstream catchment area, thus providing a
rigorous test of the dam's resilience to severe flooding scenarios. PMF shown in Figure 5 (B) is
used as upstream boundary condition.

Conversely, at the downstream boundary of the river model, the boundary condition is defined
by a stage-discharge relation. This relation specifies the relationship between the water level
(stage) in the river and the corresponding discharge rate. By incorporating the stage-discharge
relation at the downstream boundary, the model can accurately simulate the outflow from the river
system under varying hydraulic conditions.

The downstream boundary condition for dam failure analysis is derived from Manning's
equation. By applying Manning's equation, the stage-discharge relation establishes the correlation
between the water stage (depth) in the river and the corresponding discharge rate. Table 5 provides
the stage-discharge relation, delineating specific water stage levels and their corresponding
discharge rates for the downstream boundary of the river model.

Table 5. Stage-discharge relation used as downstream boundary condition.

Stage Stage Stage Stage

(m Discf;arge (m Discf;arge (m Discgarge (m Discgarge
amsl) (m°/s) amsl) (m°s) amsl) (m°s) amsl) (m°s)
1277.56 0.00 1279.25 26.61 1280.94 177.56 1282.62  478.63
1277.90 0.65 1279.59 44.57 1281.27 226.10 1282.96 556.18
1278.24 3.34 1279.92 68.92 1281.61 280.55 1283.30 639.52
1278.57 8.22 1280.26 98.99 1281.95 340.80 1283.64  728.33
1278.91 15.36 1280.60  135.12 1282.29 406.84 1283.97 824.37
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2.6. Critical condition for dam failure study

In the dam failure study, a critical scenario occurs when the reservoir is at its full reservoir
level (FRL) and subjected to the probable maximum flood (PMF) hydrograph. In this study, the
initial step involved reservoir routing by introducing the PMF into the reservoir while considering
the water level at the FRL of 2093.5 m and assuming full openness of the spillway gates. The
reservoir routing analysis revealed that the maximum water level reached was 2093.81 m,
occurring one hour after the application of the PMF. The time series data illustrating the variation
in reservoir level during the routing of the PMF is depicted in Figure 6. As the top of the dam is
situated at an elevation of 2095.5 m, there is no overtopping of the dam anticipated. Consequently,
for the hypothetical scenario of simulating a dam breach and to ascertain the maximum flood peak
resulting from the breach, it is deemed appropriate to initiate the breach when the reservoir level
reaches elevation 2093.81 m. This approach ensures a comprehensive assessment of the dam
failure scenario and facilitates the determination of peak flood magnitudes accurately.

2083.80 S
2003.78 v “”‘\‘%m

¢
2083.78 4 B S

2093.74 { i
2093.70 {
[ oy
208368 B
f R |
2083.66
208364 f

2083.62

Discharge (m*3/Sec)

2083.60
2093.58 f
2083.56 f
2083.54

!
2003.52{f

208350

080000 080000 100000 110000 120000 130000 140000 150000 160000 170000 180000 190000 200000
2352023 .
Date and time of flood event

Figure 6. Time series of reservoir level during probable maximum flood (PMF) routing

2.7. Downstream flood inundation mapping

The methodology for downstream flood inundation mapping involved several key steps.
Initially, the dam failure scenario was simulated using the MIKE Hydro River model, considering
various breach parameters and hydraulic conditions. Once the dam breach was modeled, the
resulting flood wave propagation downstream was simulated using the hydraulic model [91]. The
downstream flood inundation mapping methodology included the delineation of flood extents
based on water levels obtained from the hydraulic simulations. This involved overlaying the
simulated water levels onto digital elevation models (DEMSs) of the study area to identify areas
prone to inundation.

2.8. Simulation of dam failure scenarios

In the context of assessing the potential impacts stemming from a dam failure event, the
modeling endeavors focused on the evaluation of flood flow, depth, and velocity at specific
locations along the river, particularly at two bridge sites [92, 93]. Through rigorous numerical
simulations conducted within the framework of the dam failure modeling approach, the dynamics
of flood propagation were comprehensively examined. This involved capturing the complex
interactions between the released floodwaters and the natural and built environment surrounding
the river corridor. Specifically, the flood flow characteristics, including flow rates and depth, were
meticulously analyzed to understand the extent of inundation and the corresponding hydraulic
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forces exerted on infrastructure such as bridges. Furthermore, the velocity of the floodwaters was
scrutinized to gauge the intensity of flow and its potential impact on structural integrity and safety
at the bridge locations.

Bridge-1, positioned at a longitudinal distance of 3241 meters along the river, traverses through
a region characterized by a deep valley. Within this topographical context, minimal human
habitation is observed until elevations surpass approximately 10 meters above the riverbed level.
Conversely, Bridge-2, situated at a distance of 4128 meters along the river, marks a transition
point where the river corridor widens, leading into a floodplain area that is habituated. The typical
elevation of this floodplain area is recorded at approximately 1355 meters above sea level (Figure
4). Such delineation of the bridge locations based on the surrounding landscape and human
settlement patterns provides crucial insights into the potential vulnerability of infrastructure and
communities to flood hazards resulting from dam failure scenarios.

Multiple dam failure scenarios have been simulated, incorporating variations in breach widths
and failure times. This approach allows for the exploration of a range of potential outcomes under
different breach conditions, facilitating a comprehensive understanding of the associated flood
dynamics and inundation extents resulting from dam failure events. Following the methodology
outlined in Section 3.5, the modeling results are presented in the subsequent tables. These tables
provide a detailed analysis of the simulated scenarios, allowing for an informed assessment of the
implications and effectiveness of the applied modeling approach in capturing the dynamics of dam
failure-induced flood events.

3. Results
3.1. Effect at bridge-1 (chainage 3241 m)

Among the dam failure scenarios simulated, the one yielding the greatest flood depths entails
a breach width of 45 m and a failure time of 0.5 hours. In this scenario, the model predicts a peak
water depth of 3.58 m, which stands approximately 3 meters below the level of habitation,
alongside a peak velocity of 10.4 m/s. The corresponding time series of water level fluctuations is
depicted in Figure 7 (A), providing a comprehensive visualization of the hydrodynamic dynamics
over time (Table 6).

Table 6. Effect at Bridge-1 at chainage 3241 m

Average Time of Slope Breach level Dam failure ~ Water level at  Invert level at
breach width  failure (HF; initial  Final discharge bridge-1 (m, bridge-1 (m,
(m) (hr) nitial— Fina (m?/s) amsl) amsl)
0.5 858.52 1387.46
1 483.54 1386.83
20 5 1.0 20955 2076 260.34 1386.20
4 138.45 1385.76
0.5 977.73 1387.72
30 1 1.0 526.64 1386.93
5 2095.5 2076 280.19 1386.26 1384.19
4 147.51 1385.79
0.5 1005.30 1387.76
1 540.10 1386.95
45 5 1.0 20955 2076 286.86 1386.28
4 150.50 1385.80
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3.2. Effect at bridge-2 (chainage 4128 m)

The dam breach scenario yielding the most substantial flood depths involves a breach width of
110 m and a failure time of 0.5 hours. In this scenario, the modeled peak water elevation reaches
1348.05 m, situated below habitation levels on both riverbanks. Concurrently, the peak velocity
of the flood wave is recorded at 4.2 m/s. The hydrodynamic characteristics of this scenario are
visually represented in Figure 7 (B), illustrating the propagation of the flood wave over time (Table

95

7).
Table 7. Effect at Bridge-2 at chainage 4128 m

Average breach Time of Slope Breach level (m) Dam failure  Water level  Invert level
widgth m) failure (Hg Initial  Final discharge atbridge-2  at bridge-2
(hr) nitia ina (m?¥/s) (m, amsl) (m, amsl)

0.5 858.52 1347.70

1 483.54 1346.98

20 5 1.0 2095.5 2076 260.34 1346.24

4 138.45 1345.65

0.5 977.73 1348.08

30 1 1.0 526.64 1347.10

5 20955 2076 280.19 1346.32 1343.98

4 147.51 1345.71

0.5 1005.30 1348.05

1 540.10 1347.13

45 5 1.0 2095.5 2076 286.86 1346.34

4 150.50 1345.73

Time Series of Water Level of Brodge-1 at Chainage 3241 m
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Time Series of Water Level of Brodge-2 at Chainage 4128 m
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Figure 7. Time series of water level of (A) Brodge-1 at chainage 3241 m, and (B) Brodge-2 at
chainage 4128 m.

3.3. Flood map

The flood maps provide a spatial interpretation of the model outputs derived from the one-
dimensional simulations. In essence, the process involves interpolating the results from individual
grid points across the grid space to construct comprehensive flood map. Flood map, depicted in
Figure 8, encompass various land use categories such as settlement areas, cultivation land, and
forested areas on GoogleEarth image. Such representations offer valuable insights into the extent
and distribution of flood inundation across the study area, aiding in informed decision-making and
disaster management efforts.

Figure 8. Flood map of model area, near Kathmandu metropolitan city.

The figures depicted in Figure 9 offer a two-dimensional representation derived from a one-
dimensional model interpretation. Specifically, Figure 9 A and B illustrate flood maps
corresponding to two specific locations along the river (chainage 3241 m and 4128 m). Within
these maps, a red circle is employed to demarcate areas of impacted habitation. Notably, the
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visualization indicates a limited number of habitations affected by the flood event, suggesting
localized inundation. This observation underscores the significance of the flood mapping exercise
in identifying specific areas prone to inundation and assessing the extent of habitat exposure to
flood risks.

LoAaNWAEONDN®©
R T T i T
CANWEODON®

- Sy R

Figure 9. Flood map at (A) chainage 3241 m, and (B) chainage 4128 m.

3.4. Effect further downstream

The investigation delves deeper into the mechanism of flood peak attenuation, shedding light
on the temporal dynamics of water level fluctuations. Figure 10 illustrates a series of time series
depicting variations in water level over a specific period. The data showcased in the figure
elucidate the process whereby the depth of the flood wave gradually diminishes, transitioning from
an initial magnitude of 10 meters to a reduced level of 6 meters. This attenuation phenomenon
underscores the inherent capacity of natural systems to mitigate the intensity of flood events over
time, highlighting the role of hydraulic processes in regulating flood dynamics and minimizing
the impact of inundation on vulnerable regions.
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Figure 10. Flood wave attenuation at downstream of bridge (chainage 4128 m)

4. Conclusion

The integrated hydrodynamic modeling study in Kathmandu Valley, Nepal, utilized the MIKE
Hydro River Model and diverse datasets including satellite imagery (Landsat-9 OLI-2, Sentinel-
2), ALOS PALSAR RTC DEM data, topographical map at 1:25,000 scale, and hydraulic data to
analyze flood dynamics. Sensitivity analysis of dam failure scenarios enhanced flood risk
understanding and supported disaster management. Various scenarios, including the simulation of
a probable maximum flood (PMF) routing, were conducted. The assessment focused on evaluating
the impacts on infrastructure, specifically bridge-1 situated at chainage 3241m, and bridge-2
situated at chainage 4128m. Analysis revealed that the invert level at bridge-1 was determined to
be 1384.19 m, whereas the invert level at bridge-2 was found to be 1343.98 m. Hydrodynamic
modeling has emerged as a crucial tool in flood risk assessment, offering accurate simulations of
water flow behavior and enabling informed decision-making for flood risk management and
infrastructure resilience in vulnerable regions like Kathmandu metropolitan city. Historical data
documents significant flood occurrences associated with this river across multiple years,
encompassing 1988, 1991, 1995, 1996, 1999, 2018, 2019, 2021, 2022, and 2023. Historical data
highlighted significant flood events from 1988 to 2023. Inundation modeling indicated river water
levels of 13 meters near Gokarneshwar Mahadev, 8 meters near modeled bridges, and 5 to 6 meters
elsewhere.

Hydrodynamic modeling holds significant implications for enhancing dam safety and flood
management in Kathmandu metropolitan city. Through comprehensive assessments of dam safety
and the creation of flood risk maps, authorities can effectively prioritize mitigation measures,
formulate robust emergency response plans, and enact land use regulations to mitigate flood
hazards. Furthermore, hydrodynamic modeling supports community awareness and facilitates the
development of long-term adaptation strategies, promoting resilience and sustainable development
practices in light of escalating flood risks. Addressing knowledge gaps through ongoing research
endeavors, such as refining modeling techniques, integrating climate change scenarios, and
adopting multi-hazard approaches, will further bolster flood risk assessment and management
strategies. Ultimately, these efforts contribute to building resilience and reducing vulnerability in
flood-prone regions like Kathmandu metropolitan city.
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