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Abstract: In this study, we conducted flood mapping of a hypothetical dam break by coupling the
Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS) and River Analysis
System (HEC-RAS) models under different return periods of flood inflow. This study is presented as
a case study on the Kesem embankment dam in Ethiopia. Hourly hydrological and meteorological
data and high-resolution land surface datasets were used to simulate the design floods for piping
dam failure with empirical dam breach methods. Based on the extreme inflows and the dam physical
characteristics, the dam failure was simulated by a two-dimensional, unsteady flow hydrodynamic
model. As a result, the dam will remain safe for up to 50-year return-period inflows, but it breaks for
100- and 200-year return periods and floods the downstream area. For the 100-year peak inflow, a
208 km2 area will be inundated by a maximum depth of 20 m and for a maximum duration of 46 h.
The 200-year inflow will inundate a 240 km2 area with a maximum depth of 31 m for a maximum
duration of 93 h. The 2D flood map provides satisfactory spatial and temporal resolution of the
inundated area for evaluation of the affected facilities.

Keywords: design floods; HEC-HMS; HEC-RAS; dam break; unsteady; flood mapping; Kesem

1. Introduction

Dam failures have recently had a large disastrous effect on downstream areas in
many countries. Between 2000 and 2009, more than 200 notable dam failures occurred
worldwide [1,2], such as Oroville, USA, in 2017 (dam failure) [3]; Brumadinho, Brazil,
in 2019 (dam break) [4]; Xepian Xe Nam Noy Dam, Laos, in 2018 (dam break) [5]; and
Hidroituango, Colombia, in 2018 (dam failure) [6]. In the east Africa region, water burst
through the banks of the Patel Dam in Kenya’s Rift Valley, washing away almost an entire
village [7]. Public concern has resulted in an increasing focus on dam safety and has
imposed responsibility on decision makers. Dam-break-induced disasters may occur more
frequently due to infrastructure ageing. Emergency planning, as a non-structural measure
to minimize flood impacts, plays an important role in crisis management. One of the keys
to preventing and reducing losses from flood disasters is obtaining reliable information
about the flood risk through flood inundation maps [8]. If a disaster cannot be avoided,
individual and social structure preparedness may help in risk reduction [9]. As the cost
of hazard assessment is negligible compared with the total cost of disasters, every dam
should have been analyzed for safety with an emergency plan in place [10].

Numerical flood simulation models are useful tools for quantitatively evaluating
flooding, which enable researchers to qualitatively evaluate hazard and other risks caused
by flooding; however, these models have limitations related to insufficient datasets [11].
Recently, due to advances in hydraulic models, research on the application of 2D models
for flood risk management, including dam breaks [12,13], has been increasing. Despite
the rapid development of the risk analysis of dam breaks, research is relatively lacking
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on integrating the impact of peak inflows, which causes dam breaks. Heavy rainfall and
peak flood inflows have the potential to trigger dam failures. As a result, determining
their impacts on dam failure and the associated disaster is instrumental in understanding
complicated dam break problems. Moreover, the flood risk analysis, the inundation extent,
and the environmental impact of dam breaks are also affected by peak flood inflows.

In this study, the Hydrologic Engineering Center’s Hydrological Modeling System
(HEC-HMS), which can simulate a wide range of hydro-meteorological and physical
processes including flooding, and the Hydrologic Engineering Center’s River Analysis
System (HEC-RAS) 2D model were used to evaluate the impact of peak inflows on dam
break and flood inundation. HEC-GeoHMS is typically used to import all the required
inputs into HEC-HMS [14]. The watershed is physically represented with the HEC-HMS
semi-distributed basin model [15]. Various hydrologic elements are connected in a dendritic
network to simulate runoff processes [16,17]. In this study, the inflow hydrographs for
different return periods were generated with hourly precipitation and streamflow data
using the curve number method. RAS Mapper, an extension of HEC-RAS, has a set of
procedures, tools, and utilities to explicitly display the results [18]. HEC-RAS 2D has a
GIS interface and applies the finite method to solve unsteady flow equations that describe
the two dimensions of the river and floodplain [19,20]. A detailed animation showing
flood wave progression in multiple directions on a local scale is best-represented using a
2D model.

The novel objective of this study was to develop a flood inundation map by integrating
hydrological and hydraulic models for a hypothetical dam break. The peak inflow for
various return periods was used to initiate the dam break. The inputs derived from the
physical condition, material properties, dimensions of the dam, and maximum bounding
breach width and height were used in the empirical breach method. A stepwise approach
was implemented to execute the model. The first step was developing a physically based
hydrological model to simulate the designed rainfall for flood discharges with HEC-HMS
after calibrating and validating using historical storm events. The output of this step was
used to predict flood volume, peak rates, and the runoff hydrograph. The next step was
to develop a hydraulic model of the watershed for a piping dam break with an HEC-RAS
model. The last step was to simulate the flood hydrograph and analyze the inundation
map of the return periods using the 2D flood map.

This study is presented as a case study of the Kesem embankment dam. The aim was
to understand the interaction of hydro-meteorological, topographic, and physical dam
settings to determine dam-break-associated flooding. The Afar region, located in the East
African Rift System, has been affected by progressive stages in the development of the
largest active rift in the world [21]. Given its volcanically and seismically active setting, the
Kesem dam is subjected to high seismicity due to regular strain release occurrences [22].
Previously, dam breach simulation and analysis of the Kesem dam were conducted by
combining the physical breaching model HR BREACH, a simple geotechnical failure model,
to simulate any breaches in the embankments, with HEC-RAS 1-D, to perform the flood
routing [23]. In our method, peak inflows drive the dam break in the piping dam failure
method, demonstrating the inundation area on a 2D flood map.

Study Area

Kesem River is a tributary to the Awash River Basin, which is the most-used among the
twelve basins in Ethiopia (Figure 1a). Annual rainfall is received in the four rainy months
of June, July, August, and September, and most of the river courses become full and flood
their surroundings during these months [11]. The Kesem dam was built in 2015 by the then
Ethiopian Water Work Construction Enterprise (WWCE), mainly for sugarcane irrigation,
with the capacity for developing 20,000 ha of land. The dam is a rockfill dam, categorized
as a large dam, possessing an embankment volume of 3.15 hm3 and a crest length of 685
m. The capacity of the reservoir is estimated at 770 hm3, of which 360–480 hm3 (47–62%)
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is assumed to be live storage, and the spillway capacity is about 6180 m3/s. The dam is
located 237 km to the northeast of Addis Ababa at 800 m above sea level.
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Figure 1. Locations and characteristics of the study area: (a) Ethiopian river basins and the Kesem
watershed in the Awash river basin; (b) elevation, Hydro-Met observation stations, and Kesem dam
location; (c) hydrologic soil group; and (d) land-use map of the Kesem watershed.

2. Materials and Methods

We combined a rainfall–runoff and a hydro-dynamic model to map floods due to dam
break. High spatio-temporal resolution land surface and observed hydro-climatic datasets
were employed for simulating the probabilistic rainfall events of various return periods
that trigger piping dam failure. We also investigated the performance of the coupled
rainfall–runoff and hydraulic models in flood hazard and inundation extent analysis. The
topographic data (i.e., DEM, soil, land use, and terrain data) and the hydro-meteorological
data used in this study are presented in the Data Acquisition section. Figure 2 summarizes
the methodological workflow followed in this study.
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Figure 2. Overall procedures of our modeling work.

2.1. Data Acquisition
2.1.1. Land Surface Data

The global data for a digital elevation model (DEM) with a 30 m × 30 m resolution
were acquired from the Shuttle Radar Topographic Mission (SRTM) of the United States
Geological Survey (USGS) to extract stream networks and prepare inputs to the hydrologic
model. ArcGIS (version 10.4) was used to prepare the spatial datasets for use in the HEC-
HMS 4.2.1 [24] model. Shapefiles collected from the Ministry of Water Irrigation and
Energy (MoWIE), Ethiopia, reservoir geometry in the form of control levels, and the revised
elevations–area–capacity curve from a dam design report [25] were used to determine the
breaching simulation at different water levels.

Although a wide range of soil types exists in the Awash river basin, two main soil
classes, shown in Figure 1c, can be distinguished in the Kesem sub-basin, based on the
global hydrologic soil groups (HYSOGs250m) for curve number-based runoff modeling [26].
The most abundant hydrologic soil group (HSG) is D soils, which have the highest runoff
potential and very low infiltration rates when thoroughly wetted. They mainly consist
of clay soils with a high swelling potential, soils with a permanent high-water table,
soils with a claypan or clay layer at or near the surface, and shallow soils over nearly
impervious material. The other HSG that exists in the study area is Group C. Group C has
low infiltration rates when thoroughly wetted and mainly consists of soils with a layer that
impedes downward movement of water and soils with a moderately fine structure [27].

For the land-use classification, the GlobeLand30 dataset developed by China, which
has a global surface coverage dataset with a 30 m resolution, was acquired from the National
Geographic Information Resource Directory Service [28]. These data contain richer and
more detailed information on the distribution of global surface coverage, which can more
accurately portray most human land-use activities and the landscape patterns. The land
use was reclassified broadly into five groups: agriculture, bare land, forest, built-up, and
water. Table 1 shows the major land-use areas in km2 in the Kesem watershed.

Table 1. Land-use classifications and corresponding areas in the Kesem watershed.

Land Use Contents Area (km2)

Agriculture Land used for agriculture, horticulture and gardens 2242.7

Bare land Land covered by natural grass, shrubs and with vegetation less
than 10% 1095.9

Forest Land covered with trees, with vegetation cover over 30% 148.8
Built-up Lands modified by human activities 11.1

Water Water bodies in the land area 1.4
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2.1.2. Meteorological and Hydrological Data

In this study, hourly precipitation and discharge data were used for the model simula-
tion. The rainfall data were collected from the Ethiopia National Meteorological Agency
(NMA) at three observation stations. Similarly, hourly streamflow data from MOWIE were
collected at the automated Kesem Arerti gauge station. The locations and description of
these stations are provided in Figure 1 and Table 2. Both the precipitation and streamflow
data were originally collected in 15 min intervals and were converted to hourly intervals.
An automated real-time telemetry observation system was used to collect the streamflow
data; the precipitation data were collected from first-class meteorological stations. In
Ethiopia, only the first-class meteorological stations can collect and store high-temporal-
resolution data, up to 15 min, with many climate parameters. For the hydrologic model
set-up, five storm events (16–19 August 2012, 22–24 August 2013, 22–24 August 2016, 7–9
August 2014, and 18–20 August 2015) were used independently to calibrate and validate
the model.

Table 2. List of selected meteorological and hydrological gauge stations.

Type Name Latitude (Decimal
Degrees)

Longitude
(Decimal Degrees)

Period
(Years)

Precipitation Addis Ababa 9.02 38.77 2012–2018
Precipitation Metehara 8.86 39.92 2012–2018
Precipitation Debre Birhan 9.63 39.50 2012–2018
Stream flow Kesem Arerti 9.04 39.56 2012–2018

2.2. Estimation of the Designed Storm

In this study, the rainfall distributions (i.e., designed storm) for the different return
periods were estimated using the Gumbel distribution. The Gumbel distribution method
is best for identifying and predicting future rainfall occurrences and flood analysis [29].
The equation for fitting the Gumbel distribution using the observed series of annual peak
storm events (i.e., maximum precipitation) for the return period T is

Pt = Pav + KTσ (1)

where Pt denotes the precipitation depth of the T-year storm event; KT is the frequency
factor; and Pav and σ are the mean and the standard deviation of the annual maximum
precipitation, respectively. The frequency factor KT is expressed as

KT = −
√

6
π

{
λ + ln

[
ln
(

T
T − 1

)]}
(2)

where π is 3.14; λ is the Euler constant (0.5572); and ln is the natural logarithm.
From this, the rainfall intensity, It, is calculated by the precipitation depth of the T-year

return period divided by a certain duration as

It = Pt/Td (3)

where Td is the rainfall duration.

2.3. Hydrologic Modeling (HEC-HMS)

The HEC-HMS rainfall–runoff model [30] was used to simulate inflows into the dam.
HEC-HMS is capable of simulating runoff based on hourly to daily rainfall [24]. All the
necessary processes to produce HEC-HMS projects were prepared using ArcHydro [31]
and HEC-GeoHMS [32] tools with input files from the DEM, stream network, sub-basin
boundaries, and connectivity of various hydrologic elements. The HEC-GeoHMS in the
ArcGIS environment can create HEC-HMS projects using terrain pre-processing and basin
processing tools [14,33]. Arc Hydro is a geospatial and temporal data model for water
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resources, which operates within ArcGIS. The attribute tables of the terrain were populated
with consecutive calculations of basin slope, river length, river slope, basin centroid,
centroid elevation, and centroid longest flow path under the Characteristics tool. The land
use and soil map were employed to generate the CN grid map through the HEC-Geo HMS
tool Generate CN grid.

In the hydrologic modeling, different methods were used to create the rainfall–runoff
relationship. The soil conservation service-curve number (SCS-CN) method for losses,
the SCS unit hydrograph for transformation, the monthly constant for base flow, and
the Muskingum–Cunge method for determining the channel routing were used for the
simulation. A curve number grid was generated with the HMS tool; the most common
parameters in the flood simulation were entered to develop the HMS schematic for import
into HEC-HMS. After performing all the necessary processes in HEC-GeoHMS, the HMS
model was exported for hydrologic simulation.

The rainfall–runoff model parameters have to be derived from calibration against
one or more observed variables, e.g., streamflow. Comparison of these parameters with
modeled results provides physical meaning and acceptable ranges for their values [34].
Exact values for the parameters usually cannot be fixed in advance. Therefore, five hourly
historical storm events between 2012 and 2018 at three precipitation gauge and one hydro-
logical gauge stations were used to set up the model through calibration and validation.
The model estimates flow output and compares it with the observed flow at the Kesem
Arerti gauge station. Statistical measures were used to assess the model performance (i.e.,
the strengths and weaknesses of the model). This measures-oriented approach to model
performance assessment focuses on several different aspects of the overall accuracy or skill
of the streamflow model. The applied model was evaluated with a coefficient of statistics,
to provide the range of information [35].

The coefficient of determination (R2) is used to describe the degree of correlation
between the simulated and measured data. It ranges from −1 to 1, where values close to
1 indicate the least error. The percent bias (PBIAS) measures the tendency of the average
value. The Nash–Sutcliffe efficiency (NSE) is a normalized statistic showing the residual
variance, where an NSE > 0.5 is considered to indicate a good fit. The mean absolute error
(MAE) and root mean square error (RMSE) are absolute measures of fit. The equations that
were employed in this study are shown below:

R2 =

{
∑n

i=1(Oi−Oav)(Si− Sav)/
[√

∑n
i=1(Oi−Oav)2

√
∑n

i=1(Si− Sav)2
]}2

, (4)

PBIAS =
[
∑n

i=1(Oi− Si)/ ∑n
i=1 Oi

]
× 100, (5)

NSE = 1−
[
∑n

i=1(Oi− Si)2/ ∑n
i=1(Oi−Oav)2

]
, (6)

MAE = ∑n
i=1|Oi− Si|/n, (7)

RMSE =
√

∑n
i=1(Oi− Si)2/n, (8)

where Oi is measured flow (m3/s); Si is simulated flow (m3/s); and Oav and Sav are
mean measured and simulated flow (m3/se), respectively. Afterward, the frequency
method was selected to run the HEC-HMS model for specified durations under the inbuilt
meteorological model in the HEC-HMS model.

2.4. Hydraulic Modeling (HEC-RAS)

HEC-RAS was designed to perform one- and two-dimensional hydraulic calcula-
tions for a full network of natural and constructed channels. HEC-RAS can be used to
route an inflowing flood hydrograph through a reservoir with any of the following three
methods: one-dimensional (1D) unsteady flow routing (full Saint-Venant equations), two-
dimensional (2D) unsteady flow routing (full Saint-Venant equations or diffusion wave
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equations), or level pool routing. In general, full unsteady flow routing (1D or 2D) is more
accurate for both the with- and without-breach scenarios. Because HEC-RAS solves the
full Saint-Venant equations, it is well-suited for computing floods [36].

In a previous study, the Kesem dam was simulated using HR BREACH for both the
overtopping and piping failure modes, employing Hershfield’s technique to estimate the
probable maximum flood. The result showed overtopping failure is not expected as the
spillway can safely evacuate this flood [23]. For piping failure, the water seeps in at a
significant rate through the dam; as the material is eroded, a large hole forms. Hence,
during the piping process, erosion and head cutting begin to occur on the downstream side
of the dam, which eventually widen the breach. Depending on the volume of water in the
reservoir, the widening continues until the natural channel bed is reached. HEC-RAS has
two types of methods available for assessing the dam breach characteristics, namely, the
user-entered and the simplified physical methods.

Breach formation model parameters that need to be estimated consist of the reservoir
water-surface elevation at which breach formation begins (Yf), height (Hb), average width
(Bav), average side slope ratio z of the final trapezoidal breach, and the breach formation
time (tf, the time needed for complete development of the breach following the initiation
phase), as shown in Figure 3. For this study, the Froehlich simplified physical method
regression equations [37] were used for piping dam breach simulation. The relationships
for both expected values and their variances are presented using the coefficient of determi-
nation (R2) for breach width, peak outflow, and breach formation time parameters: 0.68,
0.86, and 0.96, respectively [38]. The prediction equations for the parameters Bav, z, and tf
were determined from multiple regression analysis of the assembled data. Logarithmic
transformations of all dependent and independent variables were found to provide the
best linear relationships [39]. As a result, the Froehlich method was found to be more
appropriate for the simulation of the Kesem dam.
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2.5. 2-D Flood Mapping

The modeling of a dam break flood wave is one of the most difficult unsteady flow
problems to solve. Within HEC-RAS, the downstream area can be modeled as a combination
of one-dimensional streams and storage areas; as a combination of one-dimensional streams,
storage areas, and two-dimensional flow areas; or as a single two-dimensional flow area.
Many other factors must be considered to obtain an accurate estimate of the downstream
flood stages and flows. In unsteady flow model development for a dam break, stability
and numerical accuracy can be improved by selecting a time step that satisfies the Courant
condition. Too large a time step causes numerical diffusion (attenuation of the peak) and
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possible model instability, whereas too small a time step can lead to long computation
times, as well as possible model instability.

The best method to estimate a computational time step for HEC-RAS is to use the
Courant condition. This is especially important for dam-break flood studies. The water
depth, velocity, and the water surface elevation were analyzed, and the result was displayed
in HEC-RAS Mapper view. The Courant condition is shown below:

C = Vw ∆T/∆X ≤ 1 and ∆T ≤ ∆X/Vw (9)

where C denotes the courant number; ∆T is time step in seconds; ∆X is the distance step in
feet (average cross-section spacing or two-dimensional cell size); and Vw is the wave speed
in feet per second. The flood wave speed can be calculated by

Vw = dQ/dA (10)

where dQ is the change in discharge over a short time interval (Q2 − Q1); and dA is the
change in cross-sectional area over a short time interval (A2 − A1).

For our applications of the Courant condition, we used the maximum average velocity
from HEC-RAS and multiplied it by 1.5 to obtain a rough estimate of the flood wave speed
in natural cross-sections. According to the recommendation of the HEC-RAS manual,
multiplication by 1.5 can be used for practical reasons to identify the flood wave speed.
The contour lines of velocity and their flow directions can also be displayed in the 2D
flood map.

Afterward, a new set of layers were created and imported into the RAS mapper
to visualize the outputs generated in a specified pre-processing step for performing the
floodplain delineation. For the model to be accurate, small cell sizes can be used as
the computational requirements are less relevant and the simulation runs quickly [12].
Previous studies have addressed the effects of mesh size and resolution on 2D flood map
modeling. The coefficient of surface roughness, i.e., Manning values analysis, is required to
be very large to avoid any significant impact on the model predictions [13,40]. In this study,
different mesh sizes were tested considering the terrain resolution and the computational
time. The maximum possible cell size, i.e., 30 m × 30 m, was employed to simulate the
flood flow in a reasonable amount of computational time. In addition, a constant Manning
roughness value (i.e., 0.05) was used per Chow’s (1959) recommendation for vegetated
flood plains [41].

Stream centerlines, cross-section cut lines, bank points, velocity points, and bounding
polygons were created in ArcGIS. The software creates different bounding polygons and a
spatial limit for floods based on the water surface elevation of the return periods floodplain.
Finally, inundation mapping was performed in two steps: water surface generation and
floodplain delineation. The water surface was created from the altitude of the water
surface in the 2D flow area. Floodplain delineation was achieved using the SRTM terrain
model. The flood damage and inundated infrastructure were analyzed by overlaying
the Google Earth satellite map. Thus, the flood inundation boundaries and their depths
were calculated. The flood inundation areas for different flood values are represented by
polygons of the contour lines generated in the RAS mapper.

3. Results
3.1. Designed Storm

The designed storm was computed by applying the Gumbel distribution to each set
of annual daily maximum precipitation corresponding to the return periods, as shown
in Figure 4. The Gumbel distribution fairly estimates the stochasticity of the Kesem
watershed, as shown on the curve below. Following the frequency result, an intensity
duration frequency (IDF) curve was developed to estimate the designed storm for various
return periods. The value of the IDF was converted into the depth duration frequency
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(DDF) to estimate the design precipitation depth, as shown in Figure 5, and computed for
the design inflow calculation.
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3.2. Hydrologic Simulation (Flood Hydrograph)

The HEC-HMS model was set up by simulating the historical observed data and
tuning the sensitive parameters within the model. The calibration, validation, and physical
properties analysis of the HEC-HMS model significantly enhanced the performance of the
hydrologic model. Moreover, the base flow that was calculated from the annual minimum
monthly flow of the streamflow was the crucial element in determining the peak rainfall
and maintaining the hydrograph consistency during low flows. Figure 6 shows the monthly
average precipitation of the Kesem watershed.
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Figure 6. Annual monthly average flow at the Kesem Arerti station from 2006 to 2015.

Regardless of historical changes in the basin, the model calibration increased the
efficiency of the model in making a good agreement between the simulated and observed
hydrographs. Furthermore, the model was verified using peak hourly storm events in
August 2014 and 2015. Both calibration and validation hydrographs are shown in Figure 7.
The results of the statistical evaluations after calibration and validation are within the
acceptable range, as shown in Table 3. Thus, the model was well-set and ready for the
simulation of flood hydrographs using the return periods of the designed storm.
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Table 3. Major parameter indices after calibration and validation with optimized parameter values.

Type Storm Event Period NSE MAE RMSE R2 PBIAS

Calibration
16–19 August 2012 0.81 75.45 117.63 0.90 22.36
22–24 August 2013 0.50 66.51 130.25 0.66 −20.34
22–24 August 2016 −0.30 109.79 179.80 0.21 −39.74

Validation
7–9 August 2014 0.61 21.19 86.51 0.64 −9.01

18–20 August 2015 0.75 94.92 171.33 0.86 35.24

Afterward, the model simulated a 48 h storm event. The hydrographs from the HEC-
HMS model were used as a boundary condition for the hydraulic model. Figure 8 depicts
the flood hydrographs of the designed storm in the Kesem reservoir. The reservoir inflow
hydrograph peak discharge for the return periods of 2, 5, 10, 25, 50, 100, and 200 years was
318.2, 968.1, 1672.6, 2866.9, 3892.3, 4997.5, and 6161.1 m3/s, respectively. The use of hourly
peak observed rainfall events for the flood estimation shows a relatively higher flood hy-
drograph, which increased the estimation accuracy of the Kesem watershed hydrographs.

1 
 

 
Figure 8. Reservoir flood inflow hydrographs for different return periods of the designed storm.

3.3. Hydraulic Simulation (Flood Mapping)

Then, HEC-RAS simulation was performed using the peak inflow hydrographs of
the hydrologic model outputs as the boundary conditions for a piping dam breach. Con-
sequently, we found the inflow up to the 50-year return period cannot result in a Kesem
dam break. However, the 100- and 200-year return period inflows show dam failure and
flooding of the downstream area. The dam breaching begins when the water level of the
reservoir reaches an elevation of 930 m and the volume of water stored in the reservoir
is 550 million m3. The breach is estimated to begin as triangular and then stretching to
reach the bottom of the breach, when the shape changes to trapezoidal. A standardized
dam-breach scenario examines a range of possibilities to estimate the expected annual
damages, which vary with the volume of water in the reservoir. For general planning
purposes, the most useful scenario is the worst-case one in which the dam fails while the
reservoir is full [42]. Therefore, in this study, the stored water in the dam and the inflow
was routed to the floodplain downstream of the dam. Thus, the flood hazard maps for the
100- and 200-year return periods were generated. Figure 9 represents the model results for
the return periods that show dam break and those that remain safe.
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Figure 9. Hydraulic model outputs of inundation areas for various return periods: (a) the main infras-
tructure and flooded area locations; and the (b) 50-year, (c) 100-year, and (d) 200-year return periods.

The inundation area coverage and depth in the floodplain are displayed for both the
100- and 200-year return periods. The 2D flood simulation video in RAS mapper provides
a detailed view of the flood extent, propagation, and depth. In this case, the velocity of the
flooding shows variation in space and time, increasing to 15 m/s in the immediate vicinity
of the dam and slowing as it flows to the wider area toward the confluence with the Awash
River, as shown in Figure 10.
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The inundation depth and duration vary depending on the topography and proximity
to the dam. Table 4 provides the main information about the flood inundation. The
maximum water depth for the 100- and 200-year return periods are 20 and 31 m, respectively.
The inundation time also increases to 46 and 93 h, with 10 and 39 h on average, for the
100- and 200-year return periods, respectively. The flood inundates everything in the
downstream area of the dam. The devastating effect extends to the life, livelihood, and
property of the community as well as the national economy, including major infrastructure
such as Awash National Park, the irrigation control area, the Kesem sugar factory, and two
small villages downstream of the dam.
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Table 4. Main information on inundated areas from the results.

Return Period Inundation Area (km2)
Depth (m) Duration (h)

Maximum Mean Maximum Mean

100 years 208 20.06 2.04 46 10
200 years 240 31.20 2.84 93 39

4. Discussion

In previous studies, the Kesem watershed and dam flood flows were estimated using
monthly to daily time-series data for flood simulation. In this study, the flood flow estima-
tion using hourly time steps of precipitation data demonstrated a more reasonable results,
as short duration peak events are included in flow calculation. That means the higher the
temporal resolution of the record, the higher the accuracy of the flow estimation. Moreover,
the statistical results of the simulated flow hydrograph against stream flow observations
were within an acceptable range after model calibration and validation. Although the
application of short-term rainfall data to the evolution of long-term trends might not be
representative and conclusive, as the trend results are influenced by data uncertainty [43],
the observed annual maximum storm data of the Kesem watershed well fit the estimated
storm curve produced using the Gumbel method, as shown in Figure 4. In addition, the
accuracy of estimation was enhanced using a longer period of observed data and the use
of IDF and DDF curves with the Gumbel precipitation distribution, which were found
indispensable for return periods flow simulation.

Dam breaches are often simply modeled in the shape of a trapezoid that is defined by
its final height, base width, or average width and side slopes, along with the time needed
for the opening to form completely [39]. In this study, the dimension and occurrence of
the dam breach were estimated by Froehlich mathematical expressions for the expected
values of the final width and the side slope of a trapezoidal breach, along with its formation
time. Although data on historical embankment dam failures are limited and were generally
not directly and accurately recorded, Froehlich collected data from 74 embankment dam
failures for the determination of the breach characteristics [37]. Additionally, an investi-
gation into the Mosul embankment dam failure with HEC-RAS embedded with piping
dam breach mathematical equations showed that Froehlich is the most suitable method for
estimating breach parameters from an embankment dam [44]. Therefore, the application of
the Froehlich method to the Kesem dam is the most accurate method to estimate the breach
dimensions and formation time.

The use of a high-spatial-resolution DEM for 2D flood map generation and inundation
extent determination was essential for topographic and cross-sectional data-scarce areas.
River cross-sectional dimension data at a specified interval are scarcely available for many
rivers of the world. Furthermore, for flood patterns around discrete features, it is important
to use a 2D model to determine the direction of flow [45]. However, terrain analysis for
implementing large-scale hydraulic simulation is still a challenging and active research
issue. A comparison of the detailed digital surface models (DSMs) and DEMs shows that
the detailed DSMs may more accurately indicate the surface relief and the existing natural
obstacles, such as vegetation, buildings, and greenhouses, enabling more realistic hydraulic
simulation results [46]. Consequently, the 2D map can be enhanced by incorporating 1D
simulations with the necessary topographic and cross-sectional data as well as detailed
digital surface models. Additionally, in this study, the existing structures downstream the
dam, except for the flood-control levee on the side of Awash River, could not be included
due to a lack of data. However, the accuracy of the results can be improved with the
addition of existing inline and lateral structures, such as weirs, bridges, and dykes. The
effect of land use on both the watershed and the floodplain can be demonstrated to depict
scenario-based flow change and the expected damage. The depth of inundation and the
velocity can be synchronized to assist in practical impact-based flood forecasting and
damages calculation.
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Although there is no unified definition, the environmental impact of a dam break,
which refers to the changes in the natural environment and ecological conditions around
the reservoirs, mainly includes the natural environment, including water, soil, atmosphere,
noise, and solid waste [47]. Flood maps of anticipated dam breaks cannot be accurately
drawn, and it is practically impossible to exactly validate the inundation area. Flood maps
can be enhanced by incorporating a validation sample specific to the flood-inundated
area. We used the volume–area–elevation curve between the reservoir storage time and
the breach occurrence time to validate the inundation area. The validated model could be
useful for reservoir operation and dam safety management.

5. Conclusions

In this study, we coupled HEC-HMS and HEC-RAS for application to the flood
mapping of a Kesem dam break in Ethiopia, with the results showing a satisfactory result
for both the rainfall–runoff and hydraulic simulations. The use of 2D flood mapping,
particularly in data-scarce areas, greatly contributed to the identification of risk zones and
the extent of the hazard. From this study, the following conclusions were drawn:

1. The use of high-temporal-resolution hydro-meteorological data (i.e., precipitation
and streamflow), for flow estimation, and high-spatial-resolution topographic data
(i.e., DEM, land use, and soil), for flood inundation mapping, performs well.

2. The flood hydrographs produced from event-based runoff estimation by the SCS
curve number method displayed suitable results for application to peak storm events.

3. The Kesem dam, from the empirical dam break simulations, shows possible failure for
the 100- and 200-year return period inflows, whereas the dam remains safe for inflows
up to the 50-year return period. This may indicate user-defined breaching, with the
HEC-RAS models determining the dam breach time and dimension depending on
the breach trigger inputs, such as inflow boundary conditions.

4. The 2D flood map provides a satisfactory spatial and temporal resolution result for
the inundated area. Furthermore, 2D flood mapping can be used to better understand
the flood inundation extent of any type of flood.
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