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Abstract: Simulation of dam breach scenarios can help in the preparation of emergency action plans
for real dam breaks or flash flooding events. The purpose of this study was to identify flood-prone
areas in the Al Wala Valley in the governorate of Madaba in Jordan through analysis of the Al Wala
Dam. Modelling of dam breaches was conducted under two scenarios: a Clear Day scenario and a
Probable Maximum Flood (PMF) scenario. The former scenario does not address the various dam
failure modes; rather, it addresses the formation and development of a breach as a result of structural
failures like the sliding of dam blocks in the case of a concrete dam or piping failures in the case of
embankment dams. The PMF scenarios, however, simulate unsteady flow in pipes and overtopping
failure via consideration of runoff hydrography. In the PMF scenario, flood-prone areas can be
identified by in-depth analysis of data from previous extreme rainfall events. The related hydrologic
and hydraulic data can then be modelled using intensity-duration-frequency curves applied to an
hour-by-hour simulation to discover the areas most at risk of flooding in the future. In the present
study, data were collected from inlet of flow to Al Wala Valley on 10 January 2013. The collected data,
which included rainfall and discharge data, were fed to the HEC-HMS software in order to calibrate
the hydrological parameters of the watershed of the Al Wala Dam. Additionally, the HEC-RAS
tool was employed to determine the breach outflow hydrography and hydraulic conditions across
various critical downstream locations, which were determined by use of dynamic flood wave-routing
models. The simulations revealed that, in the case of the Clear Day scenario, downstream inundation
would cover an area of 5.262 km2 in the event of a pipe failure. However, in the event of a six-hour
storm, a twelve-hour storm, and a twenty-four-hour storm, the flooded area would rise to 6.837 km2,
8.518 km2, and 9.390 km2, respectively. In the event of an overtopping failure, 13.171 km2 would
be inundated, according to the Clear Day scenario. On the other hand, in the event of a six-hour
storm, a twelve-hour storm, and a twenty four-hour storm, the flooded area would rise to 13.302 km2,
14.249 km2, and 14.594 km2, respectively.

Keywords: dam failure; inundation mapping; extreme storm events; hydrological models; Al Wala Dam

1. Introduction

Though new challenges emerge to threaten our everyday life, such as climate change
and threats to sustainable development [1,2], dams remain a mainstay of architectural
innovation. The benefits of such structures are not merely economic [3,4], as they have
been long used for irrigation, flood control, hydropower generation, and provision of
water for various human uses [5]. However, despite their usefulness [6], dams are highly
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contentious around the world in regards to considerations of health and safety of the
downstream communities. As many dams around the world withhold large quantities
of water, floods caused by their failures have historically resulted in catastrophic life
losses [7,8], not to mention property, infrastructure, and ecological damages resulting
from flood events [9,10]. Whilst normal precipitation run-off floods can be foreseen and
warnings given, the extent of sudden dam breach floods is impossible to predict or prepare
for following routine procedures. Indeed, the damage such floods are capable of inflicting
points to glaring oversights in our current forecasting and response systems. Considering
that flooding impacts about 70 million people around the globe each year, with a further
800 million individuals living in areas susceptible to flooding risk, a better-developed
Emergency Response Plan (ERP) is urgently needed to prevent damages and loss of life.
With 1.47 billion individuals, representing 19% of the world population, directly exposed to
substantial threats during flood events of one-hundred-year return period [11], the question
becomes: what can we do to protect them?

In order to minimize these risks, we must first understand their causes. Climate-
induced failures are a growing problem in a warming world [12]. As is customary in
most dam studies, flood hydrography is employed to determine the main features of the
body of the dam, including its height, width, slope, and ancillary structures in the case
of earthen dams [13]. However, recent hydrographical dam flood analysis has shown a
rise in the curve associated with the changing climate [14], with subsequent effects on
the structural integrity of dams [15]. In some scenarios, flood water cannot be contained
by the spillway of a dam, and therefore it discharges systematically over the dam crest
to form a breach on the dike. Over time, depending on dam dike resistance [12], such
a breach can develop into partial or total failure of the structural integrity of the dam.
This kind of dam failure is anticipated to become more common because heatwaves and
heavy precipitation events are increasing in frequency and severity throughout the world
in general, and in Jordan, in particular, as evidenced by historical data obtained from
the Ministry of Water and Irrigation (MWI), Jordan, and the Jordanian Meteorological
Department (JMD). Accordingly, it is necessary for researchers to consider these changes,
at both the local and national scales [16], when assessing the flood risks of dams [13,17].
A study [18] that was conducted in 2008 predicted site-scale climate scenarios in various
locations in Jordan for the period of 2011–2099. Using a statistical downscaling model
from coarse GCM products to refine the forecasting results, the study concluded that
extreme events such as droughts, flash floods, intense rain storms, and snowstorms will
become more frequent in Jordan in the future. Influenced by precipitation yields, local
peak intensities, and spatiotemporal scales [19], the convective components of a heavy
precipitation event may deliver large quantities of rain in specific areas and timeframes
and lead to widespread pluvial and urban flash flooding [20,21]. In this context, the flash
floods have been responsible for some of the most catastrophic meteorological events that
have occurred in Mediterranean areas [22], triggering landslides, debris flows, erosion, and
various other geomorphic responses [23,24].

For effective response to the threat of flash floods, efficient operation of surface water
systems for flood control must be ensured and sustained. This operation may be supported
by the use of recent hydrological and hydrodynamic simulation models, whereby research
can develop qualitative insight into the risks posed by flooding. These models employ
varying parameters that include watershed properties and rainfall patterns and quantities
to develop hydrographical depictions of discharge rates at discrete time steps [25] in terms
of four major factors: peak, volume, duration, and shape [26]. Due to their high capabilities
for performing comprehensive hydrological analysis, the hydrographical models have been
employed in a broad range of applications, including flood forecasting [27], streamflow
prediction [28], and quantification of climate change factors [29], in addition to studies of
other spatially distributed properties such as land use effects on surface and ground water
quantity and quality and watershed function [30].
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The hydrographical models were originally developed as lumped models by which
water flow rates within catchments were estimated without division or specification [31].
However, they soon came into conflict with more advanced distribution models, which
produced more accurate factoring of spatial variabilities of hydrological processes in wa-
tershed analysis [32]. Recent versions of the hydrography model have, hence, resorted to
Digital Elevation Models (DEMs) to support their spatial structures [33]. Models such as
SHE and TOPMODEL have been adapted to process new types of data, such as those used
in [34]. Meanwhile, various other innovations have allowed researchers to utilize remotely
sensed and GIS data in analysis as well [35]. Examples of these innovations are the Euro-
pean Hydrological System Model (MIKE-SHE) [36], the Hydrological Engineering Center
Hydrological Modeling System [37], the Soil and Water Assessment Tool (SWAT) [38], the
Topography-based Hydrological Model (TOPMODEL) [39], and the Hydrological Simula-
tion Program-Fortran (HSPF) [40]. Amidst the variety of hydrological models for runoff
prediction, however, one model stands out: HEC-HMS. It is the most popular and accurate
system for spatiotemporal catchment response predictions, both in short- and long-term
evaluations. Its capability to facilitate analysis of various soil and climate conditions has
proven invaluable to researchers across the globe [41]. It is a practical and streamlined sys-
tem that uses a lower number of input parameters and input data than comparable systems
and can be applied on catchments to predict flooding on an unprecedented scale. However,
this streamlining is endowed with modelling limitations, especially in simulation of flow
velocity and depth for large-scale watershed flooding events [42]. In order to compensate
for these shortcomings, hydrodynamic models may be resorted to as alternative means of
flood hydrography, depth, and velocity assessment. These models calculate open channel
flow using the solutions to Saint-Venant’s equations, which treat the channel systems as
either one- or two-dimensional systems. Amongst the most popular hydrodynamic models
are the Lisflood-FP (one-dimensional (1D) and two-dimensional (2D) models), the Water
Quality Analysis Simulation Program (WASP), CE-QUALW2, the Environmental Fluid
Dynamics Code (EFDC), EPDRIV1, Hydrologic Engineering Center-River Analysis System
(HEC-RAS), MIKE11 (1D model), MIKE21 (2D model), and SOBEK [43]. While these models
are equally competent, by coupling hydrodynamic models with any of the aforementioned
hydrologic models, researchers could generate highly accurate floodplain simulations by
combining the fluxes at every time step (Hoch et al., 2019). Combination efforts have
resulted in a dramatic increase in efficiency over decades of developing computation power,
and they have been successfully applied in a number of studies around the world in recent
years [44]. As different models are employed in floodplain mapping by flow simulation,
it seems that those models should be combined to integrate the physical drivers of each
simulated inundation condition [44].

While there exists a large number of published studies on extreme rainfall and flood
events worldwide that identified risk factors by using hydrodynamic models, few studies
exist that linked flood risks around dams to local, climate change-induced, heavy rainfall
events. It is hoped that this paper expands the existing knowledge on this topic through
the evaluation of dam-break floodwater hydrography and the study of downstream flow
routing of the Al Wala Dam through 2D dam-breach inundation simulations and down-
stream vulnerability assessments conducted under three extreme rainfall storm events.
This study was conducted to uncover the potential impact of peak inflows and subsequent
flood inundation in the hypothetical scenario of a dam break using the HEC-HMS and
HEC-RAS, with special attention paid to inundation depths, potential areas of disrup-
tion, and potential impacts on downstream communities in this event. The watershed of
the Al Wala Dam was physically represented using a HEC-HMS, semi-distributed basin
model [45] with an assortment of hydrologic elements combined in a dendritic network
to accurately simulate runoff processes. Curve number (CN) methods were employed to
generate inflow hydrographs for a number of return periods. A mapping extension of
HEC-RAS that includes a comprehensive list of procedures, tools, and utilities was used to
document the results appropriately [46]. A 2D model was deemed to be the option best
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capable of accurately informing a detailed animation of local flood wave progression in
multiple directions. This choice, subsequently, informed the use of 2D HEC-RAS, whose
GIS interface solves unsteady flow equations based on the dimensions of the stream and its
floodplain via the finite method [47].

In this research, we simulate the dam breach hydrodynamics and identify flood-prone
areas downstream of the Al Wala dam. The simulation is done using two scenarios: the first
is the dam breach on a clear day where only the dam storage flows down and simulates
the movement of water and the flood plain mapping. The other scenario simulates the
dam breach on a rainy day, where the dam storage combined with extreme rainfall event
flooding is simulated, and the flood prone areas downstream the dam are mapped. In the
scenario of the rainy day, three extreme events are used: 100-year return period 6-h storm,
100-year return period 12-h storm, and 100-year return period 24-h storm.

2. Materials and Methods
2.1. Study Area

The Al Wala basin lies in the middle of Jordan (Figure 1). It stretches over an area
of 1900 km2 and is characterized by a topographically level plain in the east and steep
slopes in the west. Altitudes vary across this area and range from 316 m below mean sea
level in the areas adjacent to the eastern shoreline of the Dead Sea to 1007 m above mean
sea level (amsl) in the eastern plains. With such a large degree of topographical relief, the
western basin, which lies downstream of the Al Wala Dam, is exposed to a high risk of flash
floods, with high soil erosion and runoff velocities that are proportional to the degree of
sloping in the area. The study area (Figure 1) was drawn using data extracted from satellite
images taken by the Shuttle Radar Topography Mission (SRTM) that were downloaded
from the International Agriculture Research Consortium for Spatial Information Shuttle
Radar Topographic Mission on 26 December 2018 [48].
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The study area has an arid Mediterranean climate that is characterized by seasonal
variations in mean monthly air temperatures, which usually range from 6 ◦C in January
(winter) to 22 ◦C in August (summer). The mean annual air temperature is most often
15.0 ◦C. In addition, the annual rainfall depth varies from 100–200 mm in the Al Wala
basin. However, the relatively high rainfall depths are characteristic of the northwesterly
parts of this basin. In the west part of this basin, the mean annual potential evaporation
rates are at their lowest at 1600 mm/year, compared to 2000 mm/year in the east part.
The highest mean annual potential evaporation rate, however, is 2200 mm/year, which
is usually recorded at the outlet of this basin, near the Dead Sea. There are several wadis
(valleys) that drain into this outlet. They run from the eastern, northeastern, and northern
highlands to the lowlands of the Jordan Valley.

Regarding agricultural activities, the Al Wala watershed is dominated largely by
highland crops, with certain trees grown in its irrigated parts and cereals such as wheat
and barley grown where irrigation water is not widely available. For the purpose of this
study, an area lying in the western part of Al Wala Valley and stretching over 2100 km2

from the dam to the Dead Sea was considered.
Since November 2002, the Al Wala Dam, which is a roller-compacted concrete (RCC)

dam, has served to recharge groundwater in Al Wala Valley, around 40 km south of Madaba
and 40 km east of the Dead Sea. This dam has a height of 52 m and a storage capacity of
9.3 million cubic meters (MCM). As the rainfall rate drops rapidly eastward, subject to
aerographic effects, the hydrological and related watershed processes are impacted as a result.
A peak flow of 751 m3/s was recorded at the outlet of the Al Wala watershed on 24 October
2000. Indeed, October has been cited as the most hazardous month in terms of flash floods in
this area. It is the month in which 11 of 16 flash flood events (Qmax > 100 m3/s) were recorded.
Additionally, three peak flow surges in excess of 500 m3/s were recorded in this watershed.

2.2. Flooding Simulation Scenarios

In order to compile the available physical and meteorological data for digital floodplain
delineation and for creation of a model for flood inundation, two scenarios were considered:
a Clear Day scenario and a Rainy Day scenario. The Clear Day scenario may be considered
when dam failure is unrelated to capacity factors. In this scenario, the water storage of
the dam remains within the expected levels, though integrity of the structure deteriorates,
regardless of the effects of external factors such as slope failure (slumping), as a result of
static or earthquake loading or a piping (internal erosion) problem. The Rainy Day scenario,
on the other hand, suits an environment in which wet weather conditions cause the water
volume to rise above the design volume and, even, to the maximum capacity of the dam.
This scenario is often a far more deadly scenario than the Clear Day scenario because it
involves a huge volume of overflowing floodwater that is released as a result of a breach
in integrity of the dam due to limited spillway capacity or spillway blockage and/or dam
failure. In this study, both scenarios were considered in order to allow for taking suitable
precautions against flooding events and to establish ERP in the case of a flooding event.

The method followed in this study to achieve its goals consisted of three major steps
(Figure 2). First, the HEC-HMS was employed for hydrologic modeling and determi-
nation of the topographical upstream watershed parameters on the basis of simulated
rainfall-runoff models of catchment responses in previous heavy rainfall events in the area.
Based on this information, a basin and meteorological model was created with controlled
specifications and imported from HEC-HMS 4.8 for use as a background map file. Flood
hydrographs were drawn for the Al Wala Dam by further simulations of rainfall-runoff
transformation over a hundred-year period of flooding.

The second major step involved an analysis of breaks or breaches of the dam using a
1D hydraulic model (HEC-RAS), which was employed to model subsequent flood hydro-
graphs, peak flow, and the flood arrival time. Parameters of the breach itself, such as its
physical characteristics (depth, width, and sloping angles) and chronological development
(Wahl, 1998), were determined through an option in HEC-RAS called Inline Structure.
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Meanwhile, to route the outflow hydrographs of the breach, dynamic flood wave routing
was complemented by rainfall IDF results, whose data described the history, durations,
and average recurrence intervals (ARI) of the rain storms in the area. Lastly, in order to
correctly simulate this scenario, accurate topographical information and data on hydraulic
structures, flow, and boundary conditions were needed. The LIDAR data were, therefore,
used for generating a high-resolution surface for analysis of avulsion hazard potentials
on a gravel-bedded stream. The water surface produced by HEC-RAS was exported to
ArcGIS 10.3 for processing. It was overlaid on shape file of the land use map of the area to
accurately predict inundation extents on the land. Figure 2 demonstrates the logic of this
research method, which is described in detail in subsequent sections.

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 30 
 

2.2. Flooding Simulation Scenarios 
In order to compile the available physical and meteorological data for digital flood-

plain delineation and for creation of a model for flood inundation, two scenarios were 
considered: a Clear Day scenario and a Rainy Day scenario. The Clear Day scenario may be 
considered when dam failure is unrelated to capacity factors. In this scenario, the water 
storage of the dam remains within the expected levels, though integrity of the structure 
deteriorates, regardless of the effects of external factors such as slope failure (slumping), 
as a result of static or earthquake loading or a piping (internal erosion) problem. The Rainy 
Day scenario, on the other hand, suits an environment in which wet weather conditions 
cause the water volume to rise above the design volume and, even, to the maximum ca-
pacity of the dam. This scenario is often a far more deadly scenario than the Clear Day 
scenario because it involves a huge volume of overflowing floodwater that is released as 
a result of a breach in integrity of the dam due to limited spillway capacity or spillway 
blockage and/or dam failure. In this study, both scenarios were considered in order to 
allow for taking suitable precautions against flooding events and to establish ERP in the 
case of a flooding event. 

The method followed in this study to achieve its goals consisted of three major steps 
(Figure 2). First, the HEC-HMS was employed for hydrologic modeling and determina-
tion of the topographical upstream watershed parameters on the basis of simulated rain-
fall-runoff models of catchment responses in previous heavy rainfall events in the area. 
Based on this information, a basin and meteorological model was created with controlled 
specifications and imported from HEC-HMS 4.8 for use as a background map file. Flood 
hydrographs were drawn for the Al Wala Dam by further simulations of rainfall-runoff 
transformation over a hundred-year period of flooding. 

 
Figure 2. The study method. Figure 2. The study method.

2.3. Digital Elevation Models

Two separate topographical datasets were employed in this study: a coarse-resolution
Digital Elevation Model (DEM) for hydrological modeling and a fine-resolution DSM for
floodplain inundation mapping. The DEM used for the hydrological model should appro-
priately maintain the topographical terrain characteristics in order to offer the hydrological
and morphological parameters. However, the models’ complexity raises the requirements
for computing power, processing speed, file size, data storage, and cost (i.e., for higher
spatial resolution). On the other hand, the digital surface models (DSM) data must have
fine resolution to offer better clarity of the floodplain downstream, as well as of small
streams, bridges, and other constrained conduits of flow that may drastically affect results.
Digital Elevation Model data are fundamental for defining topographical parameters in
watershed delineation, including the slope lengths and shapes, and hydrological param-
eters, including flow direction and accumulation, stream networks, and maximum flow
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lengths. These data were obtained from 1-arc second grid spacing of 30 m DEM obtained
from SRTM [48] that was downloaded in ‘geotiff’ image format in decimal degrees and
WGS84 datum. This DEM was then projected to the UTM coordinate system zone 36N
using ArcMap 10.8 (Figure 3). Though SRTM maps the whole Earth, data are missing in
some regions of the world due to a variety of factors, such as lack of contrast in the radar
image, presence of water, and high atmospheric interference. Thus, the SRTM-DEM was
pre-processed in order to compensate for the void pixels by using the Hydrology Toolbox
in ArcGIS 10.8. The Fill function was employed to fill the sinks in the surface raster image
to remove imperfections from the DEM and, accordingly, avoid potential related errors [49].
As a result, a high-accuracy terrain model was developed to use in computing the most
accurate flow rate and flow speed possible and obtain the highest resolution possible so as
to use these data in determining watershed geometry and drainage patterns in the study
area and, subsequently, in developing hydrological models.

 
Figure 3. Digital Terrain Model based on SRTM image.

Additionally, a base geometric image of the downstream drainage network was needed
for hydraulic modelling. This sort of image can be developed using field survey data or
remotely sensed data. The former method has been customary for this kind of study for
many years because it makes it possible to accurately survey an area for topographical data.
However, it is a time-consuming and tedious process. For this reason, recent studies have
shifted to the use of remote-sensing data owing to the fact that remote sensing can provide
relevant data for hydraulic modeling in an efficient and cost-effective way [2,50]. As a
result, the researchers managed fine-resolution DSM-based LiDAR data from the Royal
Jordanian Geographic Center (RJGC) that were generated from raw, ground point elevation
data that had been collected at an average spatial density of 2366 point samples/m2 using
airborne LiDAR technology. These data were then processed to exclude non-terrain surface
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points (e.g., vegetation) and man-made structures. A DEM of 1 m spatial resolution was
used for 1D HEC-RAS modeling. Then, it was developed via spatial processing of LiDAR
raster files in ArcGIS 10.3. After processing of these files into a working dataset, the LiDAR
topographical data were merged into a unified DEM, thus reducing errors before filtration
through specific commands in the pix4D mapper. This terrain mask was computed based
on the classified point groups [51]. After ensuring that the raster files have no elevation
values, corrections can usually be made by use of local and regional topography [52]. The
results of this processing are shown in Figure 4.
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2.4. Land Use and Soil Maps

Several ecological and infrastructural factors influence the infiltration characteristics
and storage capacity of the dam and the runoff behavior. Stitch maps that were produced
in ArcMap from high-resolution satellite images of Google Earth Professional (v. 7.1.2) at a
visual altitude of 200 m [53] allowed for manual classification of land cover and land use
within the Al Wala watershed (Figure 5) and identification of vegetation cover and densities
alongside human settlements. A Google Earth image of the study area taken in the year
2015 was obtained and compared with topographic maps of 1:20,000 scale for the Madaba
Governorate. Using field verification to evaluate the accuracy of the results, corrections
were made to a soil map of the area produced through a detailed study of this governorate,
which was conducted by the Ministry of Agriculture, Jordan, in 1993. The resultant soil
map constituted the basis of the soil profiles used in this research.
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After correction of these data, they were combined to produce the land use map
(Figure 5) that was employed in the simulations in this study. Analysis of this map revealed
that 47% of the watershed area was open rangeland and bare soil. Regarding agricultural
activity, irrigated agriculture covered about 38% of the land within this watershed. Urban-
ization was higher in the north-westerly parts of the watershed than in the remaining areas.
Overall, the urbanized parts of the watershed covered 7% of the total area. On the other
hand, the downstream area of the watershed is characterized by a lower population density
than the upstream area, and the settlements and bare soil are the main land use and land
cover, respectively, in the area [54].

In the aforementioned study of the Ministry of Agriculture, three levels of soil maps
were created. The soil map that was the most relevant for this study is the Level 1 map,
in which eight soil types were identified in the Al Wala watershed. These eight soil types
were classified according to soil texture for use in the SCS curve number method SCS-CN
as shown in Figure 6. These classifications were then related to their hydrological groups
based on permeability and infiltration, as determined by the US Soil Conservation Service
(SCS). The eight soil types complied with four groups: A through D in Figure 6 [55,56].
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2.5. Runoff Curve Number

Data on land cover and use and hydrological soil groups [55] were employed in
spatial calculations to determine the gridded runoff curve number (CN). The maps and
soil information were input into ArcMap for CN grid generation using the HEC-GeoHMS
extension tool. Specific codes were applied to each soil type in the study area to determine
the hydrologic soil group. The generated hydrologic soil groups, in addition to information
on land covers and uses within the Al Wala watershed, allowed for a new map to be
generated. Overlaying the information of both maps enabled comparison. A CN ‘look-up’
table with appropriate CN values, ranging from 0 to 100 was extracted from this merged
map to describe the runoff potential. A high CN value indicates high runoff potential, and
vice versa. These values aligned with the values listed in the standard SCS curve number
tables [55], with consideration of the Antecedent Moisture Conditions (AMC). Since the
Al Wala watershed is frequently exposed to arid conditions, the attribute tables and their
themes were employed to calculate the CNII values for each grid.

Afterwards, the CN information and the physiographical characteristics of the study
area were transformed into estimates of the hydrological parameters of the Al Wala wa-
tershed for rainfall–runoff modeling. The SCS method was employed to compute historic
runoff events under storm conditions, considering the initial abstraction of rainfall, land
use, and AMC of the governorate of Madaba. As a result of these transformations, a
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CN-grid map was created as illustrated in Figure 7. The land covers and infrastructures
were assigned roughness coefficients according to [57] and standardized as illustrated
in [58]. Those estimated coefficients were input into a 2D HEC-RAS hydrodynamic model
to produce a hydraulic roughness at reach scale with different roughness values assigned to
the channel and the floodplain of the valley. It was deemed that this data management and
processing would help in developing further insight into vegetative roughness throughout
the floodplains of the Al Wala watershed.
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2.6. Hydrological Data

In the current study, historical records of rainfall data for the study area since 1971 were
obtained from the Ministry of Water and Irrigation (MWI), Jordan, and JMD. Twenty-six
gauges were used by these departments. The researchers tested these data for consistency
over the period 2010–2020. The tests showed that all but five of these gauges lacked quality
and regularity in their hourly reports (Table 1). A maximum average annual rainfall rate
was recorded within the study watershed at Mushaqqar station, whereas a minimum
average rainfall rate was recorded outside of this watershed at the South Shuna station
(Table 1). For analysis of the spatial distribution of rainfall within and around the Al Wala
watershed [59], rainfall rate estimates were calculated by HEC-HMS for the areas covered
by each of these 26 rainfall stations.
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Table 1. The rainfall rates recorded at five gauge sites.

Station (ID)
One-Hundred-Year Rainfall Intensity Records (mm/h)

Six-Hour Storm Twelve-Hour Storm Twenty-Four-Hour Storm

AN03 9.96 7.76 5.35
CD06 8 5.3 4.61
CD07 9.56 6.68 4.79
CD08 5.63 3.69 2.84
CD15 4.78 3.25 1.74

No records of runoff measurements in the Al Wala watershed were available in MWI.
Nonetheless, this ministry and the Dams Directorate in Jordan Valley Authority could
provide comprehensive daily measurements of the water level and volume in the reservoir
and inflow and outflow quantities for the time period extending from November 2010 to
December 2020. The contour map of the study area as provided by [60] was employed to
develop the following regression equations:

H = 4.603A4 + 29.82A3 + 69.36A2 + 82.81A (1)

V = 13.3A1.364 (2)

where

H: water surface elevation above the upstream bed level of the dam, equal to 484.9 m amsl;
A: reservoir water surface area in km2;
V: reservoir storage volume in MCM.

These regression equations can be employed to calculate the maximum capacity of
the reservoir and the volume-height relation for the Al Wala Dam. The daily levels of
water in this dam were used in the generation of daily inflow hydrographs for specific wet
weather days. These hydrographs can be employed in the calibration and validation of the
hydrological model.

This study also used IDF maps, which contain a variety of statistical information about
the country, because of their coverage of the Al Wala watershed. Rainfall data collected
at 50 Autographic Rain Gauging Stations in the period 1983–2011 were managed and
employed in the analysis. These maps report recurrence intervals and duration of rainfall
in minutes, as well as maximum rainfall intensities in mm/h. They were used alongside
independent data collected at gauging stations as early as 1963. Those independent data
were intended to account for inconsistent representations in the data collected at the
50 Autographic Rain Gauging Stations [61]. As such, rainfall intensities for six-hour, twelve-
hour, and twenty-four-hour time periods were obtained from the isohyetal IDF maps for
return period of 100 year to be used in hydrological modeling. The rainfall intensity values
reported at the five gauge sites are listed in Table 1.

2.7. Al Wala Dam

The Al Wala Dam is located in the Al Wala Valley, about 40 km south of Amman. Its
construction took three years, and it was finished in 2002. It was built using RCC in its
center, surrounded by non-homogenous, earth fill abutments that are structured as a zoned
earth dike with a watertight clay core. This dam lies at an altitude of 524 m amsl and has a
height of 52 m and a total length of 380 m. It has a crest length of 480 m and a width of 8 m.
It proved capable of storing 9.3 MCM following its construction. This storage capacity was
increased in 2020 to 25 MCM. The spillway of the dam has a width of 105 m and channel
drainage capacity of around 2020 m3/s.

The upstream recharge of the Al Wal Dam consists of argillaceous colluvium and wadi
alluvium. Meanwhile, the downstream areas consist of alluvial material built up from the
resting of the valley on sand filter mats, which protect the crumble, colluvial, and marl
foundations of the dam (Figure 8). Limestone ripraps, whose material density guarantees
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mechanical stability and strength, protect the embankments and contribute to the total
volume of this dam, which amounts to 1,418,810 m3. A temporary tunnel-type diversion
gallery has a length of 373 m and a diameter of 7 m. Furthermore, it has a discharging
capacity of 484 m3/s in the event of a flood and is connected through a tulip-type spillway
to a stepped dissipation basin having a volume of 1770 km3. As water pours from the
dam, it is utilized in irrigation of crops in Al Wala and Al-Hidan valleys. It recharges
the underground wells in these two valleys with about 5 MCM of water every year. The
sections of the dam, both before and following its construction, are depicted in Figure 8.
The major features and geometric data of the Al Wala Dam are provided in Table 2.
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Table 2. Description of the Al Wala Dam.

Characteristic Description

Location Madaba Governorate
River/Wadi Wadi Wala
Dam type RCC and earth fill

Height 45 m
Length at crest 480 m
Width at crest 9 m
Body volume 25 MCM Fill

Bottom outlet type and diameter 2 m × 2 m, steel lined, guard and operation gates
Invert of bottom outlet 485.4 m amsl

Discharge at FSL 50 m3/s
Draw-off intake levels Lower at El 495, upper at El 505

Crest level 524 m amsl
Full reservoir level 520 m amsl
Stilling basin level 476.6 m amsl

3. Modeling and Simulation
3.1. Rainfall Runoff Modeling

The HEC-HMS may be used for rainfall-runoff modeling. As with any physically based
and conceptually semi-distributed model, this system performs hydrological simulations.
Models should be chosen based on a number of factors, primarily including their intended
purposes, availability of suitable data, and experience of the researcher [62]. Detailed
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account on rainfall-runoff models in the HEC-HMS may be found in the user’s manual [63].
Different datasets are demanded by the HEC-HMS, including DEMs, weather data, data on
soil type(s), and land use data. In the case of the current study, details on these data have
been provided in Sections 2.3–2.6.

The ArcHydro extension of ArcGIS allowed for determination of the physical char-
acteristics of the Al Wala watershed, including the stream network and the sub-basins
and their boundaries and areas. This ArcGIS extension allows for visualization of spatial
information, hydrological modeling, and spatial analysis that generate inputs for direct use
in the HEC-HMS for further hydrological modeling. This modeling system (HEC-HMS)
was employed in simulation of the runoff patterns in the Al Wala watershed. During this
process, the watershed was divided into nine sub-basins as shown in Figure 9.
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There are three primary components of the HEC-HMS: the basin model, the meteo-
rological model, and control specifications. The basin model performs processing of the
physical data of the catchment area, whereas the meteorology model performs processing
of meteorological data such as the precipitation, evapotranspiration, and snowmelt data.
A variety of methodological methods are also included in the HEC-HMS, including six
historical and synthetic precipitation methods, two evapotranspiration methods, and one
snowmelt method.

Stream flow simulation requires careful decisions to be made on the model type to
employ and the time periods to simulate in terms of the start and end dates and the
computation time steps. For the purposes of this study, a loss-rate method titled the Soil
Conservation Service (SCS) Curve Number (CN) method was selected. This model can
calculate the volume of streamflow accurately, taking into consideration watershed charac-
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teristics like soil types, land covers and uses, hydrologic conditions, and previous moisture
conditions [64]. The calculations in this method are based on the following equation [55]:

Q =


(P− 0.2S)2

(P + 0.8S)
,P ≥ 0.02S < 0

0,P < 0.2S
(3)

where

Q: the accumulated runoff volume or rainfall excess (mm);
P: the accumulated precipitation (mm);
S: the maximum soil water retention, which is given by the following equation:

S =
25400
CN

− 254 (4)

where CN is the curve number.
In this equation, the maximum soil water retention (S) is mapped to the curve number,

which is representative of the runoff potential of the land cover that is mainly affected
by three broad variables: soil properties, land cover classifications, and hydrological
surface conditions. The loss-rate model (SCS-CN) that describes direct flow includes the
transformation of precipitation into surface runoff. In the event of a lack of base flow in the
area, no base flow model is needed. However, in the case of any transformation method,
the lag time must be specified and included in the calculations. This can be achieved using
Equation (5), which describes the relation between the time of concentration (Tc), given by
Giandotti’s [65] formula in Equation (4), and the lag time (Tlag):

Tlag = 0.6 ∗ Tc (5)

Tc =
4
√

A + 1·5L
0.8
√

H
(6)

where

Tlag: lag time;
Tc: time of concentration;
A: watershed area (km2);
L: length of the main channel (km);
H: difference between the mean elevation of the basin and the elevation of the outlet (m).

The HEC-HMS provides options for automated calibration and manual calibration.
In order to calibrate the HEC-HMS model and verify the accuracy of its outcomes, single
rainfall-runoff flooding events that took place on three dates (7 March 2014; 22 October 2015;
and 4 January 2018) were employed. The calibration process involved use of various CNs
in the model that was simulated by HEC-HMS. During this process, parameter values were
manually tested for optimal assimilation of the observed and simulated values. The results
of this calibration work were tested using various performance metrics, which included the
coefficient of determination (R2) and the Nash-Sutcliffe model efficiency coefficient [31].

Efficiency of the streamflow model was evaluated using the Nash-Sutcliffe model
efficiency coefficient (Ef), which is given by the following equation:

E f = 1− ∑(qi − q̂i)
2

∑
(

qi −
=
q
)2 (7)

where

qi: the observed streamflow;
q̂i: simulated streamflow;
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=
q : mean value of the observed streamflow.

Another model performance evaluation metric is R2, which is obtained by squaring
the coefficient of correlation between the observed runoff (O) and the simulated runoff (S)
according to the following equation [37]:

R2 =

∑ (QObs −
=
qobs)

2
−∑ (Qsim −

=
q sim)

2

∑ (QObs −
=
qobs)

2

 (8)

where

Qobs = observed runoff;
Qsim = simulated runoff.

3.2. Simulation Models of Dam Failure Mechanisms

Analysis of dam overtopping and pipe failure breaches requires knowledge of the
geometrical characteristics of the breach, such as its final bottom width, final bottom eleva-
tion, side slopes, formation time, and initial reservoir elevation prior to breach formation.
To estimate the values of these parameters, regression analysis of the dam height, dam
materials, water surface elevation, and storage volume can be performed. This analysis
was conducted in this study using HEC-RAS, which offers a variety of regression model
types to choose from. Review of the literature on the regression model types suggested
that Froehlich’s regression is the most recent regression method and fits the purpose of
this study the best [66]. In this method, 74 earthen, zoned earthen, earthen with core wall
(e.g., clay), and rockfall datasets are considered to produce average estimates of breach
width, side slopes, and failure time using a number of equations. Regression analysis
according to this method disclosed that water height and volume in the dam at the time
of the hypothesized breach ranged from 3.05 to 92.96 m and 0.0139 to 660.0 × 106 m3,
respectively. In fact, the height of the water in the dam was lower than 30 m 93% of the
time and lower than 18 m 81% of the time. Meanwhile, the water volume was less than
25 × 106 m3 86% of the time and lower than 15 × 106 m3 82% of the time. According to
predictions of this analysis, the average side slopes are estimated at 1.0 H/1.0 V for the
overtopping failures and at 0.7 H/1.0 V for the piping and seepage failures. The average
breach width (m) is calculated using Equation (9), while the breach formation time (s) is
computed using Equation (10):

Bave = 0.27KO V0.32
W H0.04

b (9)

t f = 63.2

√
VW

gh2
b

(10)

where

Bave: average breach width (m);
Ko: constant (1.3 for overtopping failures and 1.0 for piping failures);
Vw: reservoir volume (m3) at the time of failure;
Hb: height of the final breach (m);
g: gravitational acceleration (9807 m/s2);
tf: breach formation time (s).

3.3. Hydraulic Model Analysis

The HEC-RAS can perform flood analysis. It has been employed for this purpose by
many researchers in the field [45–47]. In the effort to simulate a dam break scenario using
this software, the present study considered the following variables: geometric features of
the valley downstream the dam; morphology of the area; hydraulic characteristics of the
valley, including its roughness, contractions, and expansions; areas of interest for flood
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wave impact assessment; and initial and boundary conditions of the 2D routing area, which
were drawn from flow and level hydrographs. The upstream boundary conditions of
inflow and portable maximum flood (PMF) hydrographs that were obtained from HEC-
HMS estimations and the DEMs that were extracted from LIDAR images were imported
into HEC-RAS for computation. Having also defined various regions for HEM-RAS to
recognize, such as the reservoir as a ‘storage area’ and the dam as a ‘weir’, a large mesh
model of the downstream valley was constructed. It consisted of 106,241 cells of 1 m × 1 m
dimensions each. This large mesh was intended for detailed representation of the valley
for subsequent analysis. Parameters of various sizes were also demanded by HEC-HMS to
correctly resolve this mesh map.

The HEC-RAS was designed to solve both the 2D Full Saint-Venant equation and the
2D diffusion wave equations. In this respect, Equations (11) and (12) approximate diffusion
waves of a shallow water model [58].

∂H
∂t
−∇·β∇+ q = 0 (11)

where : β =
(R(H))

5
3

n|∇H|
1
2

(12)

where H is the water surface elevation; t is time; ∇ is the vector of the partial derivate
operators given by ∇ = (∂/∂x, ∂/∂y); β is the momentum coefficient; ∇H represents the
surface elevation gradient; q denotes a source/sink flux term; R is the hydraulic radius; and
n stands for the empirically derived Manning’s n coefficient.

For solving downstream flood wave propagation, this study employed a HEC-RAS
2D flow model, which can use the whole set of Saint-Venant equations or the 2D diffusion
wave (DW) equations in order to solve this problem. The 2D DW equations proved to be
highly successful in dam break analysis and prediction (e.g., [67,68]); they can simulate
inundation depths and the arrival time of dam-break flows with a high degree of accuracy.
Use of the Saint-Venant equations was possible. However, the researchers preferred the 2D
DW equations for their well-established computational efficiency [67], in addition to their
stability and reasonable running times [67–69].

Since the reservoir of the Al Wala Dam is wide and shallow, level pool routing was
selected as an appropriate method for inflow flood hydrography routing. The downstream
area was connected to the reservoir via the SA/2D area connection, which actually rep-
resents the body of the dam. Surface roughness, on the other hand, was determined by
Manning’s values, which were extrapolated from remote sensing data and classified accord-
ing to various types of land covers to provide for a realistic simulation of characteristics of
the water flow around buildings, greenhouses, fences, and vegetation [70].

Of additional importance to the simulation is the boundary condition, which should be
selected such that it will match the actual site conditions to accurately describe downstream
floodwaters. For the purposes of this study, an inflow hydrograph upstream bound-
ary condition was selected, drawing upon results of simulation of the aforementioned
six-, twelve-, and twenty-four-hour storm scenarios over a return period of 100 years using
HEC-HMS. In other respects, several assumptions were made in the simulation process. For
instance, the initial water level of the reservoir was presumed to be equal to elevation of the
spillway (that is, 520 m amsl), which is relatively substantial level, corresponding to a water
volume of 25 MCM, relative to the large volume of water associated with the flood. Therefore,
it is likely that size of the flood wave is much affected by the water present in the reservoir
during the initial formation of the breach. Normal depth (friction slope value = 0.0004) and the
time series of the opening of the dam gate in the inline structure are given as downstream
boundary conditions. As well, the spillway gate was assumed to be kept open by 0.1 m,
while the sluice gate was presumed to be entirely closed.
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4. Results and Discussion
4.1. Rainfall Runoff Modeling

In the present study, a rainfall-runoff model produced event-based simulations that
were calibrated using three single-flood events that occurred in the Al Wala watershed in
March 2014, January 2015, and October 2018. These three flood events were chosen because
they were the three highest recorded peak discharge events, with more than one flow peak
in an individual rainstorm (Figure 10), that occurred in this watershed during the period
2010–2020. The mean total streamflow for each day was used as the unit of measurement
of total flood magnitude before being input to HEC-HMS for simulation purposes. The
inputs to HEC-HMS also encompassed the daily streamflow data, to provide an overall
view of the streamflow behavior in the Al Wala watershed as an example of a watershed in
an arid area [60].
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An initial model setup was implemented to simulate daily timescales using measurable
physical watershed attributes like topography, land use, and slope. Then, calibration was
performed manually using three variables: initial abstraction (Ia), CN, and the Muskingum
routing coefficient, after being tuned to best complement the observed streamflow data.
Following this, statistical comparison between the simulated and observed hourly runoff
hydrographs allowed for holistic analysis of model performance. In this respect, Figure 11
displays scatter plots of the observed and simulated monthly discharges for the calibration
and validation periods. These scatter plots disclose that the simulation is fairly accurate.
The high R2 value associated with the calibration periods (R2 = 0.885, NSE = 0.871) and the
validation periods (R2 = 0.817, NSE = 0.768) indicate satisfactory model performance for
the purpose of the present study (Figure 11). Comparison also revealed that high peaks
of streamflow are predicted to a reasonable accuracy, though underestimations occurred.
Hydrograph shapes and peak timings, on the other hand, correlated well with the observed
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data. Additionally, it was found that the model estimates of the physical parameters (DEM,
soil type, and land use) can be reliably used in calibration.
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After calibration of the HEC-HMS model and verifying its performance, simulations
of hypothetical storm events were made in an effort to obtain hydrographical data. Over a
return period of 100 years, corresponding to a 1% exceedance probability, storm durations
of 6, 12, and 24 h were selected, with intensity durations of 15 min for the six- and twelve-
hour storms and 1 h for the twenty-four-hour storm. The runoff hydrograph for the
peak discharges of different storm durations of the 100-year return period is displayed in
Figure 12. Table 3 lists the simulated peak discharges (m3/s) of the Al Wala Dam over the
return period.
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Table 3. Simulated Peak Discharges in the Al Wala Dam over the Return Period.

Storm Event Duration
(Hours)

Simulated Peak Discharge
(m3/s)

Time to Peak
(Hours)

6 349.2 13.44
12 438.4 16.45
24 588.9 23.15
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The time to peak (i.e., lag time) in hours, which was calculated using Equation (5), was
found to be 10.44 h. For storm duration scenarios of 6 h, 12 h, and 24 h, the time to peak is
half the design storm duration in hours plus the lag time, so the time of peak discharge is
((6/2) + 10.44 = 13.44 h) for the hypothesized storm duration of 6 h and 16.44 h ((12/2) + 10.44)
for the hypothesized storm duration of 12 h. These theoretical values are compared with
the simulated values in Table 3.

4.2. Flood Hydrograph and Floodplain Mapping
Outflow Hydrographs

The HEC RAS was used to model outflow hydrographs following dam failure for both
the piping mechanism and the overtopping mechanism. The results of the break parameter
computation are shown in Table 4. The purpose is to establish a relationship between
outflow discharge and the establishment of break times.

Table 4. Dam Break Parameters.

Parameters
Failure Mode

Piping Overtopping

Center Station 60 60
Final Bottom Width (m) 10 10

Final Bottom Elevation (m) 513.9 513.9
Left Side Slope 3 3

Right Side Slope 3 3
Breach Weir Coefficient 1.44 1.44

Breach Formation Time (hrs.) 0.5 0.5
Piping Coefficient 0.55 NA

Initial Piping Elevation 530 NA
Peak Flow (CMS) 16,489 12,980

Outflow hydrographs for clear day piping and overtopping failures downstream of
the dam are depicted in Figure 13. The results demonstrate that the amplitude of peak flow
is quite large immediately downstream of the dam and progressively diminishes further
downstream. For pipe failure, the peak flow rate is observed to be 12,980 m3/s directly
downstream of the dam, while for overtopping failure, the peak flow rate is observed to
be 16,489 m3/s directly downstream of the dam. The data show that the peak flow in the
downstream zone diminishes progressively as the time rises. Peak flow values are greater
in overtopping failure than in pipe failure at all stations.

To assess the likelihood of piping and overtopping failures for Rain days in the case of
overloading of the reservoir, two-dimensional, unsteady flow simulations were performed
in HEC-RAS 6.1 for a stretch of 35 km downstream the Al Wala Dam. A detailed flood map
was generated by using the RAS mapper feature of the HEC-RAS software considering
potential floodplains with recurrence interval of 100 years and the aforementioned storm
durations of 6, 12, and 24 h. In all, six combinations of scenarios were presented in the
resulting flood hazard maps (Figures 14–17) that include potential flood extent layers
and inundation boundary layers. These flood inundation distribution maps, which drew
on data produced by hydraulic simulations, revealed that vegetated parts of the water-
shed, which are covered by herbaceous crops, orchards, trees, and grass, were the parts
most at risk of flooding. It is, accordingly, anticipated that, in the event of dam break, the
floodwater will cause substantial damage to the agricultural, and other green, lands and sig-
nificantly affect the economy of the downstream areas and the livelihoods of the people who
live there.
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In the case of the Clear Day scenario, the simulations disclosed that in the event of a
piping failure, downstream inundation will cover an area of 5.262 km2 (Figures 14 and 15).
However, the inundated area will increase to 6.837 km2 in the case of a six-hour storm;
8.518 km2 in the case of a twelve-hour storm; and 9.390 km2 under the conditions of a
twenty-four-hour storm (Figure 16). As to overtopping failure, inundation according to the
Clear Day scenario will cover an area of 13.171 km2 (Figures 14 and 15). The inundated
area will increase to 13.302 km2 in the case of a six-hour storm; 14.249 km2 in the case
of a twelve-hour storm; and 14.594 km2 under the condition of twenty-four-hour storm
(Figure 17). It can be noticed that the variation in inundated areas in the case of overtopping
failure coupled with Probable Maximum Flood (PMF) scenarios, likely due to the fact
that the inflow outflow hydrographs of reservoir routing are small in comparison with
overtopping failure dam breach flood flow. Figure 17 depicts the small difference between
flooded areas in the case of overtopping failure coupled with Probable Maximum Flood (PMF).

Similarly, flood depths in near the Al Wala Valley Park, 5 km downstream of the Al
Wala Dam, were modelled. The simulation findings reveal that the highest flood depth
is 24.48 m in the event of a Clear Day pipe failure, rising to 25.85 m during a six-hour
storm, 28.31 m during a twelve-hour storm, and 30.77 m during a twenty-four-hour storm.
The flood depth will be 32.25 m in the case of overtopping failure under the Clear Day
scenario. This depth will rise to 33.56 m during a six-hour storm, 34.16 m during a twelve-
hour storm, and 34.63 m during a twenty-four-hour storm. The high values of the flood
width are due to a deep and narrow valley path with higher vegetation density. The flood
peaks within the study watershed were found to be inconsistent in both failure types.
However, simulations unveiled that the overtopping failure results in higher peak flows
at all locations than the piping failure. In the overtopping failure, water flows at a very
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high speed all over the watershed, estimated at 10–9 m/s, corresponding to a flow rate of
10,000–16,000 m3/s. Water flowing at such high speed can destroy anything it encounters,
especially when factoring in the altitude difference of 800–900 m between the dam and its
farthest downstream areas close to the Dead Sea. Consequently, overtopping failure is a
more serious failure than the piping failure in both investigated scenarios.
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5. Conclusions

In view of the fact that dam breaches are a serious threat to contemporary societies,
this study sought to contribute to a further understanding of these processes through
simulations of breaches in the Al Wala Dam in Jordan using the HEC-RAS modeling
software. In recent years, climate change has caused an increase in precipitation, a decrease
in relative humidity, and a rise in temperature across the region. A flood occurred in this
study area as a result of a strong rainstorm that occurred on the mountain slopes in a
short period of time. The study area features moderate to extremely steep slopes due to
the catchment’s inability to control flow, resulting in high-speed runoff generation. Flood
hydrographs for the Al Wala Dam catchment were generated using the HEC-HMS model.
At the Al Wala dam site, the flood hydrograph data reveal a peak discharge of about 349.2,
438.4, and 588.9 m3/s. The HEC-RAS modeling approach was utilized to determine flood
wave propagation as a result of a thunderstorm scenario by computing the water level of
preceding floods. The HEC-HMS peak discharge results for the watershed were used as
input to the HEC-RAS to model the water depths and flood route. Using the study area’s
LIDAR-based DSM, the flood drainage geometry and inundated zones were generated.

The simulation model was adjusted to fit the dynamics of a dam breach under piping
and overtopping failure scenarios and unsteady flow conditions. Simulation involved
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routing the floodwater through affected downstream areas to uncover the hydraulic condi-
tions in various locations within the Al Wala watershed. Inundation maps were generated
from these data using ArcGIS, providing detailed insight into the characteristics of the
floodwater in the submerged areas of the watershed. In the case of the Clear Day scenario,
the simulations disclosed, in the event of a piping failure, a peak flow of 12,980 m3/s imme-
diately downstream of the dam. Downstream inundation will cover an area of 5.262 km2.
However, for the dam break model simulation for unsteady flow conditions using PMF
as flow data for piping failure modes, the area will increase to 6.837 km2 in the case of a
six-hour storm; 8.518 km2 in the event of a twelve-hour storm; and 9.390 km2 under the
condition of a twenty-four-hour storm. On the other hand, in the Clear Day scenario, the
simulations disclosed, in the event of overtopping failure, a peak flow of 16,489 m3/s imme-
diately downstream of the dam. Downstream inundation will cover an area of 13.171 km2.
However, for the dam break model simulation for unsteady flow conditions using PMF as
flow data for overtopping failure modes, the inundated area will be 13.302 km2 in the event
of a six-hour storm; 14.249 km2 in the case of a twelve-hour storm; and 14.594 km2 in the
event of twenty-four-hour storm. Likewise, the flood depths a few kilometers downstream
of the Al Wala Dam, at the Al Wala Valley Park, were simulated. The simulation results
show that the maximum flood depth will be 24.48 m in the event of a Clear Day piping
failure and that this increases to 25.85 m under the condition of a six-hour storm; 28.31 m
in the case of a twelve-hour storm; and 30.77 m in the event of a twenty-four-hour storm.
In the event of overtopping failure under the Clear Day scenario, the flood depth will be
32.25 m. This depth will rise to 33.56 m in the event of a six-hour storm; 34.16 m under the
condition of a twelve-hour storm; and 34.63 m in the case of a twenty-four-hour storm.

The breach dimensions, peak discharges, and flood wave characteristics (e.g., flow
velocities and water depths) were compared. The comparison pointed out that a highly
damaging flood wave is possible under both scenarios (Clear Day scenario and PMF sce-
nario) and that the damage increases in the event of an overtopping dam failure. The
results of this study are anticipated to inform prevention of flood disasters. Taking into
consideration that dam failures can pose a serious risk for downstream communities, the
ability of contemporary society to assess the spatial distribution and intensity of this sort of
risk remains imperative in the efforts to prevent economic and ecological damages as well
as risk to human life in the future.
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