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Abstract: The risk related to embankment dam breaches needs to be evaluated in order to prepare
emergency action plans. The physical and hydrodynamic parameters of the flood wave generated
from dam-failure event correspond to various breach parameters such as width, slope and for-
mation time. This study aimed to simulate dam-breach failure scenario of Yabous dam (NE Alge-
ria) and analyze its influence on areas (urban and natural environments) downstream the dam. The
simulation was completed using the sensitivity analysis method in order to assess the impact of
breach parameters on the dam-break scenario. The propagation of flood wave associated to
dam-break was simulated using the one-dimensional HEC-RAS hydraulic model. This study ap-
plied a sensitivity analysis of three breach parameters (slope, width, and formation time) in five
sites selected downstream the embankment dam. The simulation showed that the maximum flow
of the flood wave recorded at the level of the breach was 8768 m3/s, which gradually attenuated
along the river course to reach 1579.2m3/s at about 8.5km downstream the dam. This study estab-
lished the map of flood-prone areas that illustrated zones threatened with the flooding wave trig-
gered by the dam failure due to extreme rainfall events. The sensitivity analysis showed that flood
wave flow, height and width revealed positive and similar changes for the increase in adjustments
(+¥25% and +50%) of breach width and slope in the 5 sites. However, flood wave parameters of
breach formation time showed significant trends that changed in the opposite direction compared
to breach slope and width.

Keywords: Dam breach parameters; dam failure scenario; flood hazard; flood hydrodynamics;
flood simulation; simulated natural hazard.

1. Introduction

Dam-failure floods are one of the most serious environmental disasters, which result
in irreversible ecological, social and economic consequences. Previous studies assessing
dam failure risk revealed that breaching risk and dam failure process can be predicted
based on the past dam failure events [1-4]. The reports which describe dam-breaks
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causing casualties around the world are multiple, for example (1) the Marib dam (Yemen)
in 575, (2) an earthen dam near Grenoble (France) in 1219, (3) in 1923, 1935 and 1985, three
dam failure cases in Italy caused the loss of many human lives in Gleno, Molare and
Stava, respectively [5]. In Algeria, a dam called ‘Fergoug I’ killed approximately 200 in-
dividuals in 1881 in the region of Mascara [6].

In a constantly changing world, dam failure due to climate change is considered as a
worldwide escalating phenomenon. Usually in studies of dams, the dam body (height,
width and slope for earthen dams) including the ancillary structures are dimensioned
conforming to the flood hydrograph. According to recent climate changes, the flood hy-
drograph recorded at many dams is following an ascending curve compared to previous
years [7]. This, therefore, can influence the body of the dam and even the structures. For
example, if the spillway does not support all the flood input, this flood will systemati-
cally discharge on the dam crest to create a breach on the dike. The breach can cause a
partial or a total failure of the structure, depending on the resistance of the dam body.
Therefore, the impact of climate change on dams is reported as one of the major problems
that require rigorous and permanent monitoring of dams with assessment of flooding
hazard risk [8,9]. In this sense, in 2015 during the construction of Yabous dam, built up-
stream the city of Yabous (a mountain area near the province of Khenchela, NE Algeria),
an exceptional flood was recorded after heavy rains, which hit this region. The first au-
thor (AG) was a hydrology engineer monitoring the construction project during that pe-
riod. He clearly observed the destructive effects of this flood on all the structures, in par-
ticular the discharge of the flood on the sails of the spillway dissipation basin.

Consequently, a comprehensive management plan of flood plains and watersheds
using acute scientific knowledge can reduce flood damages, thus, the prevent socioeco-
nomic losses and the environmental degradation [10-12]. Actually, most dam failures and
flooding events resulted from mismanagement practices and/or outdated plans that did
not consider or project extreme meteorological events under climate change scenari-
os-exceeding dam dimensioning and reservoir capacity [13,14]. Although the methods
investigating flood mitigation are numerous and diverse, flood mitigation remains dif-
ficult to fully address because flooding is a complex phenomenon that involves several
changing and unpredictable variables [8]. In order to reduce risks of floods caused by
dam failure, scientists as well as decision-makers should consider all natural and an-
thropogenic factors that can predict the risk. In addition, the procedure of studying dam
failure must include the delimitation of the risk zone downstream the dam and investi-
gate also all breach formation parameters that may influence this scenario using sensi-
tivity analysis methods in order to accurately validate simulation modeling outputs [15].
For instance, failure mode, dynamic failure geometry, flow conditions, breach progres-
sion, time, materials and dam type can affect the estimation of the propagation wave
resulting from a dam failure. In this regard, previous studies applying the sensitivity
analysis highlighted that the above-mentioned parameters have various influences on the
peak flow in terms of dam geographic location, flood magnitude, etc. [16,17]. In fact, case
studies and/or modeling approaches are generally used to predict the parameters of dam
failure, where sensitivity analysis is an important aspect in the use of hydraulic models.
The application of sensitivity analysis is essential in decision-making processes to ensure
consistency of the final decision [18]. Through the sensitivity analysis, different simula-
tion scenarios could be visualized, which is useful for observing the impact of the pa-
rameters changing towards the final alternative ranking. The sensitivity analysis allows
to observe how the final assessment is likely to change, and it also measures the change
magnitude generated by a certain extent of the weight differences in the predicted pa-
rameters [19,20].

For assessing floods caused by dam failures, several studies have applied analytical
models including one-dimensional (MIKE11 and HEC-RAS 1D) and two-dimensional
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models (FLDWAYV, DELFT-FSL, TELEMAC 2D, MIKE2, HEC-RAS 2D). While all these
models are designed to probe and solve the same issue, their principle is not the same.
For example, the models MIKE11 and HEC-RAS require the geometrical characteristics of
the land, which allows drawing cross and perpendicular sections of flow direction and
then determining water height and flowing velocity in each point along the river [21-24].
Moreover, the FLDWAYV, DELFT-FSL, TELEMAC 2D, MIKE2, HEC-RAS 2D models re-
quire a digital elevation model (DEM), which ensures a continuous aspect of land to-
pography [25]. Gee et al. [26] compared aspects of dam failure using two
two-dimensional models (HEC-RAS 2D and FLDWAYV) and concluded that the differ-
ence in the geometry of the river is the main driver of simulation differences between the
two models. In recent years, the simulation of propagation of flood waves in open
channels downstream the dams in failure events was further improved with the devel-
opment of high DEM quality and cutting-edge tools of geographic information systems
(GIS) [27]. Recent studies on flood inundation modeling are involving the application of
combined methods including statistical modeling techniques, remote sensing and GIS
tools [28,29,7].

This study aimed to analyze dam failure scenario and determine its influence in
urban area downstream the dam in a semi-arid region in northeast Algeria (Yabous,
Khenchela). This simulation highlights, using the sensitivity analysis, the impact of
breach parameters on the dam failure scenario in several sites selected downstream the
dam including different structures i.e. mainly inhabited urban areas, the axis of the dam
itself, bridges, etc. In addition, this study aimed at achieving a comprehensive modeling
of the dam failure process and its consequences using a mixture of datasets (geomatics,
hydrological and hydraulic data) with the application of one-dimensional Hydrologic
Engineering Centers—River Analysis System “HEC-RAS” model. Using the sensitivity
analysis, the study investigated how flood simulation reliabilities are influenced by dif-
ferent sources of input data. The purposely chosen analysis was carried out by gradually
changing the values of each breach parameter in order to observe the ranking order re-
sulting from these changes. The study is also aiming at the characterization of physical
and hydrodynamic parameters of simulated flood wave at different zones located at high
flood risk downstream the dam and along the Yabous river in order to assess the impact
of dam-break flood.

2. Materials and Methods
2.1. Study Area and Dam Characteristics
2.1.1. Geographic Location and Dam Characteristics

The Yabous dam (35°23'34.5"N, 06°38'45.8"E, elevation=1222.2 m a.s.l.) is located 63
km west of Khenchela City at the Northern foothills of Jebel Chélia (Figure 1). The cli-
mate of the region is semi-arid with annual precipitation varied between 350 and 400 mm
and evapotranspiration exceeded rainfall due to frequent and long drought episodes,
which result in no aquifer recharge [30]. The landscapes of the region include montane
woodlands, shruby mountains and high plains used in rainfed cereal crops [31].
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Figure 1. Geographic location and elevation maps of the study area “Yabous watershed” located
western the Province of Khenchela (bottom left map) in northeastern Algeria. The map of Yabous
watershed (bottom right) includes the hydrographic network with Strahler stream orders.

Immediately at about 2 km downstream the dam, the village of Yabous (~ 12,000
inhabitants) is located with a position stretching for 2 km next to the Yabous river on
which the dam was constructed (Figure 2). The position of Yabous town toward the dam
represents a real risk to the population in different ways (environmental, social and
economic) especially the infrastructure; knowing that the road # N45 stretches for more
than 8 km alongside Yabous river. Actually, the locals became very concerned about the
hazard that presents the dam in case of failure, which urged the authorities to create an
effective alarm system on the downstream zones prone to flooding associated to
dam-rupture events.

Technically, the dam was built of earth with a clay core, dam height=43 m, span=460
m, crest width=10 m. Its storage capacity =7.5 million m3 and the volume exploited =5.7
million m3 of water. Dam water is not yet exploited, but it is projected to supply 33,000
inhabitants of surrounding regions with drinking water (~1 million m3, with daily allo-
cation of 4,800 m3) and irrigation water (~2 million m3) destined to agricultural lands
(>500 ha) of mainly apple orchards.
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Figure 2. Longitudinal profile of Yabous river and town located downstream of dam reservoir.
2.2. Data Collection, Processing and Modeling Approach
2.2.1. Data Processing

The satellite image of the study area was retrieved from the ASTER (Advanced
Space borne Thermal Emission and Reflection Radiometer) satellite at 30-m spatial reso-
lution. This image was used to build the DEM of the study area and extract the required
data for the assessment of the flood-prone areas downstream the dam in the event of
failure. The data were imported into ArcGIS software (version 10.5) to generate the final
DEM and obtain additional mapping information such as watershed limits, hydro-
graphic network used to define all the streams, altitude range, and relative position of
slopes (Figure 3).

The flood simulation was realized using one-dimensional HEC-RAS model [32],
which determined several physical characteristics of the flood wave including wave
height, maximum flow ‘Qmax’ and velocity of the flood wave. HEC-RAS is undoubtedly
one of the most used one-dimensional models that includes other applications such as
water temperature modeling, sediment transport simulation, and since 2003, it was de-
veloped to simulate dam failure [33].

In addition to geomatic data described above, the simulation of the flood wave
propagation downstream of the Yabous dam along Yabous river using HEC-RAS model
was carried out using geometric, geotechnical and hydraulic data (boundary conditions)
(Figure 3).
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Figure 3. Methodological flowchart applied in Yabous watershed (NE Algeria) during the simula-
tion of dam-failure flood using 1D HEC-RAS hydraulic model.

2.2.2. Dam Dimension

The body of Yabous dam has the form of a zoned earth dike with a watertight clay
core. Its crest length is 480.00 m and its width is 7.00 m. The central core of the dike (zone
1) is made up of clay materials. The upstream recharge consists of argillaceous colluvium
and wadji alluvium. In addition, the downstream is made up of alluvial material from the
wadi resting on a sand filter mat to protect the crumble, colluvial and marl foundation
(Figure 4).

The embankments are protected by limestone riprap. The limestones are dense and
contribute to the protection with their acceptable mechanical characteristics. The back-
fill's overall volume of the dam body is 1,418,810.00 m3. Regarding the accomplishments'
description, there is a temporary tunnel-type diversion gallery of 373.00 m long and 7.00
m in diameter. The tunnel has a discharging capacity of the planned (millennial) flood
qualified to 485.00 m3/s. More, a tulip-type spillway, with a well connected to the tem-
porary diversion gallery ending in a stepped dissipation basin. The spillway is capable of
evacuating the design flood. The outer diameter of the spillway's weir and that of the
drum are 16.00 m and 7.00 m, respectively. Last, a circular water intake tower and its
access walkway, which comprises three (03) stepped water intakes and a bottom drain.
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Figure 4. Dam dimension.
2.2.3. Flood History

The site experienced an exceptional flood, with a significant flow, on 08/22/2015. The
flow exceeds that of the project in terms of the dam body and its annexes. Mentioning as
an example the designed intake tower, the spillway and the dissipation basin. The evi-
dence was that the flow was able to occupy the section of the dissipation basin and even
to discharge over its walls (walls). According to the figure 5, the flooding causes the de-
terioration of the following structures: (i) Drainage channel to the bottom drain: The ga-
bion mat protecting the raft from the inlet channel to the bottom drain has been com-
pletely damaged (Figure 5a). (ii) Restitution channel at the outlet of the dissipation basin:
The protective riprap of the dissipation basin's downstream part has undergone signifi-
cant degradation. Identically, the massive support for the potable water and the irriga-
tion pipes endured a serious damage (Figure 5b).

Figure 5. Flood historic of Yabous river. (a) The gabion mat protecting the raft from the inlet
channel to the bottom drain has been completely damaged; (b) The protective riprap of the dissi-
pation basin's downstream part has undergone significant degradation. Identically, the massive
support for the potable water and the irrigation pipes endured a serious damage.

2.2.4. Geometric Data

Cross sections were placed along Yabous river in order to estimate the height of
flood wave downstream of the dam at different sites, which were selected based on the
change of the river's direction, width, slope and land uses such as agricultural lands,
presence of urban areas and infrastructures such as bridges and roads. Cross-sections
consisted of either a short section for a narrow valley or elongated section that functions
whenever the simulated water level exceeds the height of that section. This pattern was
implemented in order to ensure that the height of the flood wave resulting from a possi-
ble dam failure does not exceed the cross sections. Using RAS Mapper (version 5.0.7), the
cross-sections were converted into points that were supplemented with elevation values


https://doi.org/10.20944/preprints202112.0458.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 December 2021 d0i:10.20944/preprints202112.0458.v1

retrieved from the DEM data and which are required for HEC-RAS analysis. Then, the
model calculated the distance between each two cross-sections. A transversal quality
control was carried out on the geometric data to ensure that no inexact information was
imported. Accordingly, few cross sections were edited, if required, in the graphic cross
section editor [34]. In total, 89 cross-sections were implemented on a total length of 12.3
km along Yabous river, with distance between two cross-sections ranged from 50 to 150
m) and 1,267 cross-sections interpolated using the model to ensure a good simulation of
the flood wave propagation downstream of the dam (Figure 6). Five sites located along
an altitudinal gradient downstream the dam were selected to assess the impact of
dam-failure flood i.e. (S1) axis of the dam, (52) upstream urban area (Yabous town), (S3)
bridge 1, (54) bridge 2, and (S5) downstream urban area, which correspond to the
cross-sections respectively: 9092, 8422, 7897.7, 5818 and 5733.

S5: downstream urban area
S$4: bridge 2

— 83: bridge 1

$2: upstream urban area (Yabous town) i
$1: axis of the dam

11207
11447
“11640
“11856
L
“12091
“12292
)

Figure 6. Location of cross-sections (n=89, left plot) and interpolated sections (n=1267, right plot)
along the river downstream Yabous Dam in northeaster Algeria. Numbers represent the cross sec-
tions.

2.2.5. Geological/Geotechnical Data

The study area is part of the Eastern Saharan Atlas. The area's intermediate position
between the Saharan platform and the mobile Tellian domain explains the facies varia-
tions it presents (Figure 7). The Cretaceous formations characterized by the internal
platform facies on the southern and southwestern margins of the basin pass to
marl-limestone series to faunas and pelagic micro-faunas toward the north and northeast.
The Yabous dam site is based on a tectonic accident stalling in an NS direction, which
may present a certain issue concerning its stability. The town of Yabous is located at an
altitude of 900-1100m and delimits the “Aures” massif to the north. Its surface is covered
by a Quaternary piedmont glacis, largely encrusted, which hides a powerful series (ap-
proximately 700m) of sandstone sediments dated from the Tortonian Miocene. The lo-
cality of Yabous presents several types of fault structures from both pre and
post-Miocene era. The latters appeared in Cretaceous and Miocene formations.

Due to its high precision, the Manning's roughness coefficient was used in the
HEC-RAS hydraulic model to compute water surface elevation. According to the classi-
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fication of [35], two types of land use classes were selected for the study area. Then, the
values of Manning's coefficient were adapted according to this classification. The Yabous
river bed is made of uniform gravels with rugged banks. According to the Chow’s clas-
sification of the river substrate, a Manning coefficient value of 0.0356 was retained for the
entire river bed in the study area. However, the Manning coefficient of agricultural land
on the left and right sides of riverbed is 0.1.
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Figure 7. Geological maps of the study area “Yabous watershed” located western the Province of
Khenchela (bottom left map) in northeastern Algeria.

2.2.5. Hydraulic Data

After the processing of geometric data, the initial and boundary conditions required
for the HEC-RAS model were: First, (1) the initial condition (Q=3 m?3/s). Second, (2) data
of the millennial series flood hydrograph with a maximum discharge of 485 m3/s (Figure
8). Third, (3) the normal depth value that was obtained from the slope and calculated
from the profile of the river using HEC-RAS model. The normal depth of Yabous River,
in this study, was established at 0.002. Once the previous information were settled and
data processed, the model was launched to simulate the propagation of flood wave
downstream the dam.

Flow (mY/s)

- TN

Thae

Figure 8. Flood hydrograph of Yabous river.
2.3. Estimation of Dam-Breach Parameters

Risk assessments of embankment dam failure frequently require the prediction of
the basic temporal and geometrical parameters of a breach in order to estimate peak
breach flows. This flow varies following breach parameters such as the width, slope and
time of breach formation [36]. The most used models predicting these relationships have
been developed from statistical analyses involving historic data of dam failures. The
prediction uncertainties of these methods are broadly large, but still never concretely
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quantified [23]. Among many methods used to predict the parameters of dam-breach,
four methods were selected in this investigation [37-40] (Table 1). Regarding the adapta-
tion of these methods for the regression analysis, a prediction analysis of these methods
is important to estimate their performance. For example, Froehlich [39,40] used parame-
ters of 63 dam-breach cases to develop their relationships, whereas Von Thun and Gil-
lette [38] used 57 dam-breach cases, and Macdonald and Langridge-Monopolis [37] used
42 dam-breach cases. The use of uncertainties of breach parameter estimates obtained
from one of these methods is necessary to determine their impacts on the risk of dam
failure. These uncertainties are assessed so that reasonable limits of breach parameter
values can be estimated and used to determine the reliability of the flood hydrograms
predicted by the hydraulic structures as well as the flood wave peaks at the defined sites
downstream the dam. The four above mentioned methods exist in the model HEC-RAS
version 5.0.7. The HEC-RAS model was used to calculate the average width, lateral slope
and the breach formation time for each method once its requirements and input data
were filled.

As the HEC-RAS model requires a certain amount of input data, a sensitivity anal-
ysis was carried out in order to quantify the importance of the different involved quanti-
ties [18]. In the current study, breach formation refers to several parameters including
breach width, breach slope, and the time of breach formation. While for the propagation
of the flood wave downstream, a breach involves several physical and hydrodynamic
parameters such as: flow velocity, width and height of the flood wave. For this effect, in
order to highlight the influence of the breach formation parameters on the flood wave
physical and hydrodynamic parameters associated to dam-failure flood, a sensitivity
analysis method of four adjustments (-50%, -25, +25, and +50%) was used for each of the
selected sites at flooding risk. The application of this method aims to thoroughly clarify
the trend of each breach parameter on each parameter of the flood wave in every down-
stream section selected along the flood course.

In order to demonstrate how flood wave performed for different levels of breach
adjustments (-50%, -25, +25, and +50%) of breach parameters (slope, width and formation
time), relationships between flood wave flow, width, and height were tested using gen-
eralized linear mixed-effects models (GLMM), with Gaussian distribution error and
‘identity” link. The selected sites downstream Yabous dam were considered as random
effects, whereas flood wave variables (height and width) and breach adjustment levels
were the fixed-effects terms. The GLMMs were carried out using the package {nlme} in R
[41]. For each breach parameters (slope, width and formation time), three GLMMSs were
conducted to test the effects flood wave width on wave flow and wave height, and the
effect of flood wave height of wave flow. The R package {ggplot2} was employed in
plotting data of the dam-breach parameters.

3. Results
3.1. Estimate of Dam-Breach Parameters

Dam-breach parameters including average breach width, breach side slope and fail-
ure time were predicted. After computing these parameters using the available methods
in HEC-RAS, the obtained results were reviewed then a single predicted value was se-
lected. These recommended values are shown in Table 1.
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Table 1. Parameters of the flow simulation for four dam-breach parameter predicting methods
using the HEC-RAS in modeling dam-break flood of Yabous dam in northeastern Algeria.

Flow parameters
Predicting methods of dam-breach parameters
Width (m) Slope Flood Time (h) Q (m?¥/s)
Macdonald and Langridge-Monopolis (1984) 14 0.5 1.10 4400.18
Von Thun and Gillete (1990) 54 0.5 0.47 8767.87
Froehlich (1995) 26 14 0.42 7841.12
Froehlich (2008) 26 1.0 0.40 7363.03

3.1.1. Breach Width

The dam-breach parameters analysis described earlier showed that the Froehlich
methods produced comparable results for this scenario, in which average breach width
(Bavg) was relatively moderate (Bavg=26m). However, the Macdonald and Lan-
gridge-Monopolis (1984) method underestimated the observed breach width as its
showed the lowest values (Bavg=14m). The Von Thun and Gillette method recorded the
highest value (Bavg=54m). The prediction intervals developed through these methods
were sobering for this case study aiming at obtaining a definitive result because the re-
sults obtained varied from small values through the dam to high values for breach width.
Accordingly, the results of Macdonald and Langridge-Monopolis method were excluded
in this case study due to the low values.

3.1.2. Breach Time

Failure time predictions are summarized in Table 1. All the methods indicated a
short time (40-47 mn) to empty the reservoir during the simulated dam-failure event,
except for Macdonald and Langridge-Monopolis method, which predicted a slight longer
time=1.1 h. According to the failure time obtained in all predicting methods, the
dam-break analysis showed that the flood wave associated to simulated dam-break de-
veloped very fast. Accordingly, the consequences of this flash flooding are expected to be
catastrophic and irreversible if a very early warning system is not installed for alerting
the citizens inhabiting this flood-prone zone.

3.1.3. Flow Peak

Peak outflow estimates are shown in Table 1, sorted in order of increasing peak
outflow for dam-breach break scenario. The lowest peak flow predictions were obtained
using the method with the least parameters. The highest peak flows were predicted using
equations that incorporated a significant dependence on breach parameters. According to
this analysis, a convergence was observed between results obtained using Froehlich
methods [39,40] and those of Von Thun and Gillete method [38], with point-flow values
were 7841.12m3/s, 7363.03m?3/s and 8767.87m3/s, respectively. However, a significant dif-
ference was detected between results of these methods and outputs of Macdonald and
Langridge-Monopolis method [37] (Q=4400.18m?s) (Table 1).

3.2. Analysis of Dam-Breach Food Scenario

Hydrodynamics of the flood wave along Yabous river during the simulated dam
failure followed four steps (Figure 9). The first was (1) upstream the dam. The second, (2)
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on the dam reservoir. The third, (3) at the level of breach formation, and the fourth was
(4) downstream right from the dam to the end of the river.
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Figure 9. Flood hydrograph of dam-failure flood applied to Yabous dam using the Von Than and
Gillet method.

Dynamics of the maximum flow velocity was mapped for the dam failure scenario
depending on verified results of the one-dimensional hydrodynamic model (Figure 10).
Regarding the flow velocity, two types of flows are distinguished during Yabous
dam-break flood. Velocity curve can be divided into three main parts; the parts (I, Iv) re-
flected a torrential flow, while part (II) indicated a fluvial flow.
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Figure 10. Dynamics of flow velocity during dam-failure flood of Yabous dam along the river
downstream.

Changes in width of the flood wave corresponded to the geometry of the basin along
the Yabous river (Figure 11). For steep slopes, narrow widths were recorded as the point
of breach formation on the dam axis. Whereas the large widths recorded at weak slopes
can be related to the slowing down of water flooding at these slopes where the maximum
width (Breservoir=1028.18 m) was recorded at the level of the dam reservoir, just a few
seconds before the dam failure. At that moment, the height of the water in the dam res-
ervoir was equal to the height of the dam. The satellite image and the cross section show
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water filling the reservoir behind the Yabous dam (Figure 11). Actually, data represented
in Figure 11 indicated a hydrodynamic trending in the opposite direction compared to
data showed in Figures 9 and 10, which represent the flow and velocity of the flood wave
before and during the dam failure. Therefore, we can argue that Figures 9 and 10 reflect
the potential energy of flood wave, whereas Figure 11 represents the quantitative energy
of flood wave at each point along the Yabous river.
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Figure 11. Hydrodynamic of the width of the flood wave along Yabous river during simulated
dam-failure flood.

The profile of water current power evolved similarly with trends of water current
shear stress, which represented the potential energy of the water during the flood. The
two previous profiles were developing in the opposite direction to that of the surface
(Figure 12). During the time of dam failure, no dynamic was recorded at the level of the
dam reservoir, which is due to the stabilization of the water level in this part. However,
the flow peak was observed at the level of the breach formation, where water was falling
from the reservoir with the progressive formation of the breach. Meanwhile, irregulari-
ties were observed along the sections of Yabous river for the three main factors, viz. the
change in land slope (geometric), the type of soils/rock outcrops of this zone (geotech-
nical) and the type of flow either in load or in suspension (hydraulic).
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Figure 12. Power, shear stress and water surface of water current associated with the flood wave
along Yabous river during simulated dam-break flood.

The analysis of flood wave propagation along the Yabous river during the simulated
dam failure using the HEC-RAS model showed that the flood wave dynamics have four
parts (Table 2, Figure 13, 14). The first, (1) before dam failure (time=00:00 h), where the
reservoir is filled to the standard level. The second, (2) after 30 minutes of dam failure,
the flood wave arrived the entrance of the Yabous village. The third, (3) right after one
hour from reaching Yabous entry, the flood wave reached the exit of the urban area. The

fourth, (4) during a time equal to 01:30 h after the dam failure, the reservoir was emptied
completely.
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Figure 13. Longitudinal profile of the flood wave propagation before, during and after the simu-
lated flood of the Yabous river using 1D HEC-RAS hydraulic model.

Eventually, the dam dead storage volume of the reservoir remained and the flood wave
started to fade. The frightening issue here is the high risk associated with this very quick
discharge of a volume of 7 million m? of the reservoir in only 90mn. Although damage
estimation was mostly based on water volume instead of depth [42]. It is worth men-
tioning that this eventuality represents a serious risk since flood-driven by dam-failure
can cause serious and irreversible disastrous consequences to human populations settled
in downstream areas as their socioeconomic and environmental livelihoods are devas-
tated. Still, the travel time of a flood wave and the extent of flooding that would result
from a dam failure should be predicted in order to prepare emergency action plans that
would be used in the event of an actual dam failure [43]. Inundation maps developed in
such simulation studies can serve as the core tool for decision making during the elabo-
ration of emergency evacuation plans in the same way as in natural hazard assessment
studies. These kinds of predictions have the potential to be a reference for future
dam-break inundation practical applications and research studies [34]. Table 2 includes
physical and hydrodynamic parameters of the flood wave for different sites selected
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along the Yabous river at the flood-prone zone downstream of the dam (Figure 14) in

order to assess the impact of simulated dam-failure flood.

Table 2. Physical and hydrodynamic parameters of the flood wave for different sites (51-S5) selected for
assessing the impact of dam-break flood along the Yabous river in northeastern Algeria.

Sites*
Flood parameters S1 S2 S3 S4 S5
Flood wave parameters 9056 8422 7897.7 5818 5733
Maximum flow Q)" (m3/s) 8767.87 3603.6 3732.47 2427.49 1579.2
Minimum main channel elevation (m) 1180.00 1153.46 1137.28 1100.65 1100.13
Water surface elevation (m) 1194.05 1165.89 1146.97 1107.47 1106.98
Energy grade line elevation (m) 1223.87 1181.42 1155.62 1109.45 1107.72
Energy grade line slope (m/m) 0.043532 0.046506 0.036115 0.014848 0.007767
Velocity (m/s) 38.57 30.98 22.34 11.23 7.78
Surface (m?) 990.72 1394.43 1757.35 1102.46 1139.24
Width (m) 129.96 213.85 357.17 354.88 312.54
Height (m) 14.05 12.43 9.69 6.82 6.85
Froude Number 2.75 2.84 2.38 1.44 1.01

(S1: axis of the dam, S2: upstream urban area (Yabous town), S3: Bridge 1, S4: Bridge 2, S5: downstream urban area)
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Figure 14. Satellite images showing flood-prone zones downstream of the Yabous dam at high
flood risk associated to simulated dam-failure using 1D HEC-RAS hydraulic model.

3.3. Sensitivity Analysis

Figure 15 illustrates the variation of flood wave parameters (flow, width and height)
for four adjustments (+25 and +50) of each breach parameter in five sites downstream
Yabous dam, with the initial dam failure analysis (without adjustments) given in the plot
in green color as a reference value (0). An important deviation of the four adjustments
was observed for breach parameters compared to the analysis of this scenario without
adjustment (0). Null result was obtained in all parameters modeled in this analysis. This
demonstrates the significant nature of breach parameters on physical parameters of the
flood wave associated to dam-break flooding.

Similar trends were found between breach slope and breach width with the four
adjustments (+25% and +50%) as shown in Figure 15. Values of physical and hydrody-
namic parameters of the flood wave on the five selected sites decreased with the increase
in adjustment values of breach parameters (-25%, -50%). Whereas, flood wave physical
and hydrodynamic parameters increased with the increase in adjustment values of
breach parameters (i.e. +25% and +50% adjustment). Despite the similar trends obtained
between breach slope and breach width, differences still remain for the adjustment val-
ues. Values of breach width for the four adjustments were higher than those of breach
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slope. This indicates the large impact of the breach width values on flood wave parame-
ters (Figure 15, 16). The underestimation of breach width or breach lateral slope can lead
to unsatisfactory results according to Singh and Scarlatos [18], particularly in earthen
dams which consist of several building materials.
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Figure 15. Results of sensitivity analysis of dam-breach parameters (flood flow, width, and height)
showing various adjustments of the breach slope, breach width and breach formation time for dif-
ferent sites (S1-55) selected along the Yabous river in northeastern Algeria for appraising the sim-
ulated dam-break flood.
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Figure 16. Relationships between simulated flood wave parameters (flood flow, width, and height)
for various adjustments of the breach slope, breach width and breach formation time simulated at
Yabous river in northeastern Algeria. Point sizes are set to water flow values and the color mapped
to the levels of breach adjustments (-50%, -25, +25, and +50%). The black solid lines represent linear
regressions obtained by a Gaussian GLM (generalized linear model) fit with 95% confidence re-
gions in light grey. Statistics reported in the boxes are results of fixed-effects terms of GLMMs, with
F-statistics and P-values are type-I tests ‘sequential’. Figures between brackets represent numerator
and denominator degrees of freedom, respectively.

4. Discussion

Four methods were used in this work: MacDonald and Langridge-Monopolis [37];
Von Thun and Gillete [38]; Froehlich [39,40] for the determination of the dam-breach
parameters. The results for the four methods for the all parameters have different (Table
1). This difference can be explained by the lack of necessary data for the estimation of
breach parameters. On the one hand, this reflects the reliability of the results obtained
using the first three methods for the estimation of breach parameters including width,
slope and time of breach formation and the simulation of flood wave propagation
downstream following dam-failure, on the other hand. Macdonald and Lan-
gridge-Monopolis' method can no longer be adopted for a full study because of its aber-
rant and unreal results. Overall, Froehlich's methods showed good results in the field. It
remained the best method in this field, given the high number of real dam-failure cases
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(63) used while predicting dam-breach parameters, and because it is the most suitable for
earthen dams [44]. The methods offered by Froehlich (1995, 2008) distinctly had the best
prediction performance in the uncertainty analysis (Table 1). These methods had the
smallest mean prediction error and the narrowest prediction interval by a significant
margin [23,45]. Results of Von Thun and Gillete’s method highlighted the worst flood
case with high flow level (Q=8767.87m?/s) (Figure 9). This clearly indicates the limits of
the risk zone downstream the dam. The dam-breach break scenario proved to be a large
case event when analyzed by this method, so the peak outflow is expected to occur when
the breach had reached its maximum size before the occurrence of a significant draw-
down in the reservoir.

For the hydrodynamics of the flood wave along Yabous river during the simulated
dam failure followed four steps. For the step (1), a weak hydrodynamic of the flood wave
upstream of the dam was represented by a flow hydrograph given to the HEC-RAS
model as a condition at the upstream limit with a flood rate (Qmax=485 m?/s). For the
step (2), no water dynamic was observed at the entire length of the dam reservoir because
of the stability of water level in the reservoir. In step (3), water discharge began at dam
crest during dam-break with a very slow flow. A significant development was recorded
during the breach formation. This reflects the discharge of reservoir waters in the event of
a rupture on a small breach that begins to form gradually during the dam rupture, where
flow recorded a peak (Qmax=8767.87 m3/s). Given the large water quantity discharged
over the dam crest, the propagation of the flood wave downstream the dam is seriously
hazardous and may have irreversible and disastrous consequences on urban areas, local
populations and the environment with heavy economic losses [28]. For the step (4), the
dynamics of the flood wave downstream dam sinuated. This is most likely because slope
changes along Yabous river, on the one hand. On the second hand, the basin section
widens for each point of the river. According to the time of breach formation (0.47 h) and
the geometry of the breach (flood width=54 m, slope=0.5), the flow peak of the flood wave
propagated very quickly downstream (Figure 9).

Regarding the flow velocity, two types of flows are distinguished during Yabous
dam-break flood (I.» and II). Part I. represents the flood hydrograph given to the model
as a condition at the upstream limit (S0). More, It extended from section (S0) to the be-
ginning of the dam reservoir with an average velocity (V=9 m/s). For part II, it repre-
sented the fluvial flow velocity over the length of the dam dike with almost zero velocity.
This flow resulted from the dissipation of flow energy by the stable water of the dam
reservoir. Regarding part In, it indicated the torrential flow which reflects the potential
energy of the flood wave from the formation of the breach on the dam to the final section
of the study area (Figure 10). The flow torrentiality is due to the change in the slope of the
river on the whole part (Iv). Indeed, the flow velocity increases rapidly in the wave tip
zone, where the flow resistance dominates [46,47]. High velocity peaks represent steep
slopes, where flow speed recorded the highest velocity at the level of the breach for-
mation (Vmax=38.57 m/s). The low peaks represent the weak slopes where small reser-
voirs occurred naturally and contributed to the dissipation of water flow on the river. The
flood wave velocity shows a better match with the DEM model implanted in HEC-RAS.
This analysis can provide a reasonable approximation of the impacts of flood wave on
areas located downstream in the event of dam failure. Thus, this information is essential
for flood hazard classification and developing emergency action plans [47].

The simulation of the flood wave propagation downstream of Yabous river was
carried out using the 1D HEC-RAS model delineated the zone that can be affected by this
flood wave downstream the dam in case of the latter's failure. The flood wave related to
dam-failure recorded at the breach level a flow point of Q=8767.87 m3/s and this reflects
the impact of this flood downstream of dam (Table 2). Subsequently this wave arrived at
site 52 (N° 8422) which represents the beginning of Yabous village with a flow and a
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flood-wave width of Q=3603.60 m?/s and Briooa=213.85 m, respectively. This width con-
firms that the upstream limit of the Yabous village far from this flood (Figure 14). The
flood wave reached Site S3 at the first bridge with four square openings (3m x 3m) with a
flow of Q=3732.47 m?/s, flow width=357.17 m and a height=9.69 m, which is expected to
completely submerge the bridge (Table 2). This demonstrates the violent and destructive
impact of the rapid flood resulted from dam failure. The wave arrived at the second
three-opening bridge (3m x 3m) located downstream the village (54: N ° 5818) with a flow
Q=2427.49 m?/s and a height H=6.82 m which may induce the total damage to this bridge
and thus cuts the road relating the town of Yabous to the Khenchela City. The flooding
caused by dam failures in an urban area is a complex phenomenon, specifically with the
appearance of structural ruptures, suspended debris and incisal currents, especially
when associated to a very unstable and turbulent flood flow [48,6].

The flood wave came out Yabous town with a flow=1579.20 m3/s and width=312.54
m. These findings support the real need of protecting the local population and their live-
lihood from possible flood events generated from dam failure. Heavy human and eco-
nomic losses are expected with the rapid passage of the flood wave. This includes the
partial destruction of the urban zone, agricultural lands and crops located downstream.
The analysis, also, demonstrated that because of dam-break flood event, the town of
Yabous may lose some houses built on the left edge of the Yabous river (Figure 14). De-
spite the acceptable protection status of Yabous town against this simulated flood, the
flood wave is expected to seriously harm the region at various levels. Such as all the
flooded agricultural lands, which are expected to be severely destroyed and lose their
productivity feature. Hence, crop yields get destroyed, too. Agricultural activities and
livestock farming represent a large part of this area population income. More than 80,000
different (80% are apple) can be affected by this flood event.

Ecologically, the passage of flood waves is often associated with detritus deposit
and drastic change of soil characteristics. All this is expected to disrupt the behavior of
fauna and flora and the entire ecosystem functioning of the region [49-52]. The negative
effects on flora and riparian river habitats are projected to be severe and most likely per-
sistent throughout the risk area [53]. Simulation analysis can measure the extent and the
intensity of the damage caused by the deposits of solid residues (tailings, metals, plastics,
woods, ...) transported with the flood wave, of which the loss of vegetation would trig-
ger a bottom-up control of land degradation [54]. Consequently, the loss of soil stability
and runoff control increases the risk of further geomorphological disturbances, including
landslides, bank ruptures and massive creep movements. To this end, the priority is
given to mitigation measures to deal with this type of risk through policy-making that
ensures a strict application of integrated environmental impact assessments and preven-
tive monitoring. Expectantly aiming at avoiding or significantly minimizing dam failure
impacts [53].

In the case of Yabous dam, the damage that the flood caused during dam body
building and the type of construction materials especially of the core (usually clay), can
increase breach width once the flood has dumped on the dam crest. This is expected
therefore to increase the flood flow while reduce the flood propagation time. The re-
sistance of materials regardless of the friction angle and coefficient of cohesion can be
considered in modeling flood scenario. The low resistance of materials causes its easy
removal during the flooding on the ridge, which causes an increase in breach width and
lateral slope. Thereby, the rate of eroded materials displaced from the dam body to
downstream areas of the dam and river increases as a laden flow [23].

Regardless of breach parameters (slope, width, formation time), the GLMMs indi-
cated that the flood wave flow increased significantly with the increase in wave height
(P<0.0001) and wave width (P<0.0001). The effect of the flood wave width of the variation
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wave height in the five selected sites was highly significant (P<0.0001) for all breach pa-
rameters (Figure 16). The statistical models showed that the variables of wave flow, both
the physical and hydrodynamic, differed significantly among breach adjustment levels
(P<0.001), with values of flood wave variables increasing along a negative-to-positive
gradient of adjustment levels (-50%—50%) of breach slope and width. However, flood
wave flow, height and width increased inversely to the increase of breach adjustment
levels of breach formation time (Figure 16).

Indeed, the physical and hydrodynamic parameters of the breach slope and the
breach width went in the opposite direction compared to the breach formation time
(Figure 15). Accordingly, the more the adjustment values of the breach formation time go
in the negative direction (i.e. -25% and -50%), the higher the physical parameters of
breach formation time are. However, the physical and hydrodynamic parameters of the
flood wave at the five selected sites decreased for the positive adjustments (+25% and
+50%) of the breach formation times (Figure 16). As a result, the actual dam-break
mechanisms are not well understood. Neither the current physical models nor the em-
pirical models have been able to fully explain the mechanisms and impacts of dam fail-
ures [55]. For practical applications, these results contribute to a simple identification of
the most prominent breach parameters, therefore, to prioritize resources towards a more
precise estimation of their values [56,57]. Otherwise, in earthen dams, several technical
factors can influence the general parameters of the breach formation. The first (1) exam-
ple to mention is the volume of the dam reservoir, the larger the volume is, the more the
breach shape increases [58]. The second (2), the type of clay used for the dike core, the
more plastic the clay is used (cohesion and friction nail), the more the dam dike will resist
against the various floods on the dike crest. Therefore, the resulting breach shape is weak
[59,60]. The third (3), the thickness of the filters upstream and downstream of the dike
core, a wide filter thickness will induce the phenomenon of erosion in the event of a flood
spill on the crest. This will systematically give a large breach shape [61]. The fourth (4) is
the number of compaction applied on the layers of the dike material during its construc-
tion [62]. The fifth (5), the thickness of the layer of the material used for the realization of
the dike and in particular the clay material, the lower the thickness of the layer, the more
the dike body can resist against the flood spill on the dam crest [63]. The sixth (6), the
number of the layers watering the dam material (water content) especially the core ma-
terial (clay) [62,64]. And the seventh (7) is the protection of upstream and downstream
embankments [65]. All these factors have an influence on the general dimensions of the
breach (slope, width and height); therefore, the latter can directly influence positively or
negatively the physical parameters of the flood wave. In general, the physical parameters
of the flood wave are greatly influenced by the width of the breach and the slope of the
breach, while it remains essentially insensitive to the time of breach formation [66,67]. In
return for smaller reservoirs (a larger breach), the formation time has more influence on
the outflow than the width of the breach. To this end, a successful proof has been estab-
lished concerning the approval and significance of these breach parameters on the de-
velopment of the physical parameters of the flood in the event of a dam failure.

5. Conclusions

Dam-break floods cause truly catastrophic and irreparable environmental, social
and economic consequences. In order to mitigate flood risks, a prior knowledge on
flooding hazard is highly required. The present study demonstrated the effectiveness of
HEC-RAS 1D model in simulating the propagation of flood waves downstream the dam
in the event of dam-failure. Our findings demonstrated that the maximum flow of
Yabous dam-break flood at the level of the breach was 8768m3/s, which attenuated
gradually along the Yabous river where it recorded a flow of 1579 m3/s at 3.3 Km from
the dam. According to Von Thun and Gillette's method, the dam will run out of water in
a very short time (~47 minutes), which stresses on the need of installing a fast and effi-
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cient alarm system. According to the risk map, it turned out that despite the fact that the
village of Yabous is predominantly far from flood waves, serious environmental and
economic consequences could potentially occur, in particular the damage of two bridges
and the agricultural lands destruction.

The interrelationships and contribution rates of the model input parameters are

studied by using the sensitivity analysis, performed on three breach parameters i.e.
width, slope and training time for four adjustments (-25%, -50%, +25% and +50%) over
five sites located at an altitudinal gradient downstream the dam. Sensitivity analysis
highlighted the significant impact of breach parameters on the dynamic of the flood wave
either in the negative or positive direction following the adjustment. The analysis re-
vealed that the influence of breach width and slope on the flood wave are in the same
direction, on the one hand. On the other, it is in the opposite direction with respect to the
time of breach formation. In addition, it provided useful insights into the uncertainty for
the input parameters selection, for any dam design and dam feature of any work. The
application of the sensitivity analysis method on dam-break flooding scenario proved the
significant association of the physical parameters of the flood wave with the parameters
of breach formation.
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