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ABSTRACT

Despite of  benefits such as water security and energy supply dams provide, there are environmental impacts and risks of  accidents 
associated with their usage, i.e. rupture. In these cases, a structured Emergency Action Plan (EAP) must be executed to mitigate impacts 
and loss of  life. To do so, hypothetical dam break scenarios must be simulated to obtain the flood’s spatial coverage in downstream 
valley. In this regard, this work aimed to obtain the flood maps due to hypothetical ruptures of  Jacarecica I and Jacarecica II dams 
(state of  Sergipe), structures that don’t have Safety Plans elaborated. HEC-RAS 2D model was used to elaborate flood inundation 
maps and assess hydrodynamic results, that showed the breach wave impacts residential, industrial and agricultural areas before reaching 
the city of  Riachuelo, with high depths and velocities, and minimum arrival times of  6 hours. With rural and urban areas at risk, it is 
mandatory, according to the PNSB, that the dams’ EAPs are prepared.

Keywords: Cascade dam failure; Dam safety plan; HEC-RAS; Inundation map; Hydrodynamic modelling.

RESUMO

Apesar de benefícios como segurança hídrica e fornecimento de energia que barragens garantem, há impactos ambientais e riscos 
de acidentes associados ao seu uso, como o rompimento. Nesses casos, um Plano de Ação de Emergência (PAE) estruturado deve 
ser executado para mitigar os impactos ambientais e a perda de vidas. Para tanto, cenários hipotéticos de rompimento devem ser 
simulados para obter a mancha de inundação no vale a jusante. Nesse sentido, este trabalho teve como objetivo obter a mancha de 
inundação da ruptura hipotética das barragens Jacarecica I e Jacarecica II (estado de Sergipe), estruturas que não possuem Planos 
de Segurança elaborados. O modelo 2D HEC-RAS foi utilizado para elaborar as manchas de inundação e avaliar os resultados 
hidrodinâmicos, que mostraram que a onda de ruptura impacta áreas residenciais, industriais e agrícolas antes de atingir a cidade de 
Riachuelo, com altas profundidades e velocidades, e tempos de chegada mínimos de 6 horas. Com áreas rurais e urbanas em risco, 
é obrigatório, segundo a PNSB, que os PAEs das barragens sejam elaborados.

Palavras-chave: Rompimento de barragem em cascata; Plano de segurança de barragem; HEC-RAS; Mapa de inundação; Modelagem hidrodinâmica.
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INTRODUCTION

The construction of  water infrastructure, such as dams, 
has been the solution traditionally used to satisfactorily meet 
the multiple uses of  water. Although they occur with reduced 
frequency, isolated or cascade ruptures of  these structures can 
cause disastrous consequences such as damage to properties, loss 
of  life and profound changes in the environmental, social and 
economic scenarios (Hu et al., 2020; Armada, 2021; Guimarães et al., 
2022; Ge et al., 2022).

After a relative delay in relation to the dam safety legislation 
worldwide, Brazil enacted in September 20, 2010, Law n. 12,334, 
establishing the National Dam Safety Policy (NDSP), which 
laid out objectives, foundations, instruments and competences 
to guide the prevention and response to accidents in dams 
with certain characteristics. In 2020, the Law n. 14,666 brought 
updates to the NDSP, improving dam safety management in Brazil 
(Guimarães et al., 2022).

According to Brazil’s NDSP, the classification of  dams is made 
by risk category (RC) and associated potential damage (APD). The 
first criteria depends on the technical characteristics, construction 
methods, state of  conservation and age of  the project and compliance 
with the Dam Safety Plan (DSP). The APD classification relies 
on the potential loss of  human life and the economic, social and 
environmental impacts arising from the dam rupture.

For dams classified with high associated potential damage 
(APD), the legislation obliges entrepreneurs to prepare the Emergency 
Action Plan (EAP), a document that is part of  the Dam Safety 
Plan (DSP) that establishes a set of  actions to be carried out in 
case of  emergencies such as ruptures or operational failures and 
that must be available in the enterprise, at the municipalities of  
the cities involved, and also to Civil Defense bodies.

Enterprises that still do not have safety management 
implemented as required by the NDSP are present in several Brazilian 
states. An example is the state of  Sergipe, which has legislation still 
under development. Even with the support of  Águas de Sergipe 
and PROGESTÃO - state and federal programs, respectively, 
that support water resources management in Sergipe -, there are 
no DSPs or EAPs implemented, which would be mandatory 
in some Sergipe dams, due to their classification in high APD 
(Agência Nacional de Águas e Saneamento Básico, 2021).

Allowing the implementation of  the federal legislation 
instruments on dam safety management, such as the DSP and the 
EAP, the dam break models simulate the propagation of  the flood 
wave in the downstream valleys. Through the inundation maps, 
obtained with the application of  different failure scenarios, risk 
zoning can be performed, determining, for instance, the extension of  
the Self-Rescue Zone (SRZ), area where it is considered that, when 
emergency takes place, the people within must be able to guarantee 
its own ways of  survival, without help from governmental authorities.

Different types of  studies can be carried out by the 
models that perform flood wave propagation such as reservoir 
operation and urban flood modelling (Garcia et al., 2020), 
hazard zoning (Vieira et al., 2019; Ongdas et al., 2020), dam 
break uncertainty and risk assessment (Tschiedel & Paiva, 2018; 
Bellos et al., 2020; Tschiedel et al., 2020), cascade dam failure 
(Hu et al., 2020; Campos et al., 2020; Amini et al., 2022), sensitivity 
analyzes (Garoosi et al., 2022; Álvarez et al., 2017), and others. 

Related to this work, hypothetical dam break studies are fundamental 
for establishing impacted areas and, thus, emergency actions plans.

Considering the need to develop DSPs for some dams in 
Sergipe and the absence of  these documents, this work aimed to 
simulate the hydrodynamic effects in the downstream valleys of  
Jacarecica I and Jacarecica II dams due to their cascade hypothetical 
ruptures. Using HEC-RAS 2D hydrodynamic model, it was intended 
to map the inundation boundaries to subsidize the hydrological studies 
necessary for the elaboration of  the EAP of  the Jacarecica I and 
Jacarecica II dams, both located in the central portion of  Sergipe’s 
Agreste region and classified as high APD (Agência Nacional de 
Águas e Saneamento Básico, 2021). Furthermore, the HEC-RAS 
results were compared to the application of  the National Water 
and Basic Sanitation Agency’s Simplified Methodology elaborated 
for Jacarecica II dam (Fernandes et al., 2021).

MATERIALS AND METHODS

This work analyzed the hydrodynamic effects of  Jacarecica 
I and Jacarecica II dams’ hypothetical failure onto downstream 
valleys. Most probable (typical operation) and extreme (worsening 
in breach parameters) rupture scenarios were proposed to evaluate 
the flood wave propagation throughout the downstream valleys 
and obtain the inundation boundaries. The boundaries obtained 
from HEC-RAS 2D hydrodynamic model were compared to the 
ones developed by Fernandes et al. (2021) using ANA’s Simplified 
Methodology (SM). Lastly, the delimitation of  the Self  Rescue 
Zone and Secondary Security Zone was performed, aiming to 
help improve Sergipe’s dam safety environment.

Characterization of  the study area

The Jacarecica River Basin (JRB), Figure 1, is one of  the 
main sub-basins of  the Sergipe River Basin (SRB), one of  the 
eight river basins across Sergipe state territory.

Divided into three climatic zones (wild/harsh, semi-arid 
and humid coast), the average annual precipitation in the JRB was 
calculated at 1,063 mm using high-resolution grids (0,25° x 0,25°) 
of  daily precipitation registered throughout Brazil from 1980 
to 2013 (Xavier et al., 2016). The rainy season is concentrated 
between april and august and the dry season between september 
and march, with the sub-humid dry climate type being predominant 
(Azevedo & Sousa, 2020).

Despite the existence of  the Serra de Itabaiana mountain 
(peak elevation of  657 m), the terrain across the basin presents 
characteristics of  coastal tablelands, with flattened surface. The 
valleys are shallow, wide, with flat bottoms and limited by low 
slopes in most of  the JRB. The main river is the Jacarecica, whose 
waters flow across 67.6 km, receiving contribution mainly from 
Macela weir creek and Dangra river, until reach its mouth, at the 
confluence with Sergipe river (Rocha & Almeida, 2020).

According to data obtained from the Sergipe Digital Atlas 
(Sergipe, 2012), which accounts for the characterization of  soil 
types within the Sergipe state, at a 1:400.000 scale, the predominant 
soil types in JRB are Luvisol, Planosol and Neosol, wich correlate 
to the hydrological group D proposed by Sartori et al. (2005). 
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From Mapbiomas collection 7 (2021), it was perceived that land 
use in the JRB consists of  long strips of  exposed soil and pastures, 
complemented by various agricultural crops, some urban areas 
and a small portion of  native vegetation (Atlantic Forest), mainly 
close to the Serra de Itabaiana National Park (Sergipe, 2019; 
Souza Junior et al., 2020).

The irrigated perimeters Jacarecica I (JAC-1), located in the village 
Jacarecica, in the rural area of  Itabaiana/SE, and Jacarecica II (JAC-2), 
located in the village of  Palmeira, in the rural area of  Malhador/SE, 
are formed by obstructions (dams) on the Jacarecica River. As they are 
located on the same river, separated by about 12 km, the JAC-2 dam has 
a contribution basin that encompasses that of  the JAC-1 dam (Figure 2).

Figure 1.  Study area localization, showing A) altimetry, rivers, reservoirs and nearby cities; B) soil types; and C) climatic zones.
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Although the JAC-2 contribution basin has a higher 
drainage density, due, in large part, to the emergence of  
tributaries to the Jacarecica River at the heights of  the Serra 
de Itabaiana National Park, the JAC-1 contribution basin has 
a greater tendency to flooding than that of  the JAC-1 dam 
(Sergipe, 2019).

With NASADEM Digital Elevation Model (DEM) 
(National Aeronautics and Space Administration-Jet Propulsion 
Laboratory, 2021), the automatic delimitation of  the sub-basins 
in the study region was performed using “r.watershed” and 
“r.water.outlet” functions of  GRASS module within QGIS 
software. The process consisted in defining the outlets where 
the lateral boundary conditions (affluent hydrograms) would be 
entered in the model and delineate the catchment areas to these 
points, making manual adjustments to accumulate smaller basins 
eventually generated. The improved altimetry accuracy, vertical 
error below 10 m, which is a good value to satellite-derived DEMs 
(Zhang et al., 2019; Uuemaa et al., 2020; Carrera-Hernández, 
2021), and complementation of  elevation data with the aid of  the 
Advanced Spaceborne Thermal Satellite Emission and Reflection 
Radiometer (ASTER) Global Digital Elevation Model (GDEM), 
makes NASADEM product one of  the best freely available 
satellite-derived DEM with global coverage (Courty et al., 2019; 
Franks et al., 2020; Aziz & Rashwam, 2022).

Land use classification

Eight images (description shown in Table 1) from Planet’s 
nanosatellites constellation (Planet Team, 2021) were used to perform 
supervised land use classification with artificial intelligence algorithms 
(Neural Network, Random Forest and Support Vector Machine) in 
R software (Abdi, 2020). The advanced spatial and temporal resolution 
provided by Planet images allow several types of  studies, including 
monitoring dynamic events such as land cover and land use change, 
ocean spills, flood management and bathymetry (Schumann et al., 
2018; Poursanidis et al., 2019; Leach et al., 2019; Nagel et al., 2020; 
Aragon et al., 2021; Tu et al., 2022; Gonçalves et al., 2023).

Figure 2. JAC-1 and JAC-2 catchment areas, hydrography and nearby cities.

Table 1. Planet’s nanosatellite constellation image characteristics.
Attribute Description

Product Planet Scope Analytic Ortho Scene
Capture date October 10, 2020

Spectral resolution 4 bands: 1-blue; 2-green; 3-red; 4-near infrared
Spatial resolution 3 m

Radiometric resolution Analytic Surface Reflectance (SR): 16-bit
Temporal resolution Daily

DATUM WGS 84
Accuracy RMSE < 10 m

Corrections Atmospheric and radiometric
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Supervised classification was chosen because it accomplishes 
better classification control by the analyst, even though it is subjected 
to greater subjectivity (Wambugu et al., 2021). Furthermore, 
non-parametric classifiers (no assumptions made on data statistical 
distribution) were used because of  their performance on multispectral 
image interpretation (Maxwell et al., 2018; Garg et al., 2022).

Eight land cover categories were considered for classification 
and, in all eight images obtained of  the study area, around 400 points 
were created for each of  them, sampling the pixels that matched 
the land covers aimed to be classified. After the creation of  training 
layers, the non-parametric classification algorithms (Abdi, 2020) 
were executed, resulting in codified raster files and confusion 
matrices, which were then used for performance assessment.

In that regard, the Global Accuracy (GA, Equation 1) 
and Cohen’s Kappa (k, Equation 2) performance indexes were 
calculated. Global Accuracy measures the ratio between correctly 
classified observations (principal diagonal in the confusion matrix) 
and the total observations (total elements in the confusion matrix). 
Cohen’s Kappa index, on the other hand, measures the proportion 
of  classification agreement after casual agreement is disregarded 
(Lopes et al., 2020; Acharki et al., 2021, Acharki., 2022).
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in which: GA = Global Accuracy (0 ≤ GA ≤ 1); N = confusion 
matrix total number of  observations; r = confusion matrix number 
of  lines (total of  categories being classified: eight); Xii = number 
of  observations in line i and column i (elements of  principal 
diagonal); k = Kappa index (-1 ≤ k ≤ 1); Xi+ = total observations 
in line i; and X+i = total observations in column i.

These indexes were automatically calculated in R software 
after separating the points for 70% training and 30% validation, 
using cross-validation with 10 subsets (k-folds), standard application 
of  Abdi (2020) classification algorithms. Considering the reference 
values of  k (Table 2), it was possible to assess the agreement of  the 
classification, indicating its performance. Each image was classified 
three times using the same training layer. The classification that 
obtained the best AG and k indexes was chosen to compose the 
region covered by the image.

After the classification, raster files with pixels coded according 
to Table 3 were obtained. They were then correlated to surface cover 
reported in Chow (1959) to determine the Manning Coefficient (n), 
input parameter for roughness in dam break simulations.

The Manning Coefficients considered were the average values 
reported in Chow (1959). It is noteworthy that these reported values 
were determined for situations of  natural floods, which is very different 
than a flood induced by a dam break. In these cases, calibration is 
very difficult, since the inundation reaches places where the natural 
flood can’t. Although uncertainties arise from the choice of  Manning 
Coefficients, i. e. related to the wrong land cover classification and/or 
variability of  Manning’s coefficients, the authors considered that using 
the average values was the best solution for the simulations.

With the results of  land use classification, associations 
between land cover and soil type obtained from Sergipe (2012) 
were made to determine, in each sub-basin, the average Curve 
Number (CN), which is one of  the parameters used in the 
Natural Resources Conservation Service (NRCS) CN method for 
rainfall-runoff  transformation. The other parameter is the lag time 
(TL), which was determined considering 60% of  the concentration 
time ( 0.60L cT T= ⋅ ) of  each sub-basin, which was estimated using 
the USACE empirical equation: 0.76 0.190.191cT L S−= ⋅ ⋅ , where TC 
is the concentration time (hours), L is the length (km) of  the main 
river and S is the slope (m/m) of  the basin.

Hydrological modelling

Using data from Hidroweb platform, daily precipitation 
time series were obtained in each pluviometric station considered 
in the study (Table 4). After consistency analysis, gap filling and 
creation of  daily maximum precipitation time series, Mann-Kendal 
and Spearman non-parametric statistical tests were performed in 
R software to assess time series’ trend and stationarity existence, 
respectively, procedure recommended in statistical hydrological 
studies (Barbosa et al., 2021; Isensee et al., 2021; Degraf  & 
Detzel, 2022).

Statistical tests confirmed that the daily maximum time 
series were stationary and without trend, which allowed the 
application of  the Intensity-Duration-Frequency (IDF) equations, 
proposed by Aragão et al. (2013), of  the cities in the study area 
(Table 5), to determine reservoirs probabilistic inflow scenarios, 
as recommended by the Guide for Preparing Emergency Action 
Plans (Agência Nacional de Águas e Saneamento Básico, 2016).

Table 2. Classification agreement scale based on Kappa Index.
Kappa Index Level of  agreement

k ≤ 0 Terrible
0 < k ≤ 0.2 Bad

0.2 < k ≤ 0.4 Reasonable
0.4 < k ≤ 0.6 Good
0.6 < k ≤ 0.8 Very good
0.8 < k ≤ 1.0 Excellent

Table 3. Association between land use categories, codification 
used in supervised classification and Manning Coefficient for 
roughness determination in dam break wave propagation.

Land use categories code Manning 
Coefficient

Agricultural cultivation/caatinga association 1 0.040
arboreal shrubby caatinga 2 0.030

Water 3 0.045
Riparian/seasonal forest 4 0.150

Pasture (fields) 5 0.030
City/township/thorp 6 0.016

Highway (asphalt) 7 0.016
Roadway/exposed soil 8 0.025
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To simulate events with different occurrence probabilities, 
four return periods (Tr) were used: 500, 1,000, 5,000 and 10,000 
years. As for the precipitation duration times (td), after tests with 
multiples of  the concentration time (tC), the duration of  td = 4.tC 
was chosen, taking in consideration the recommendation from the 
Dam Safety Panel (Sergipe, 2015) to adopt this value for critical 
infrastructure hydraulic/hydrological security assessment.

With pluviometric intensities (i) calculated by the IDF 
equations, the precipitation depth was obtained for each 5 
minutes time interval and then it was distributed: temporally by 
Huff  50% probability 4th quartile distribution, and spatially by 
the Areal Reduction Factor (ARF) (Brasil, 2005) and Thiessen 
Polygon Method. The 4th quartile was defined after trials with 
different quartiles showed greater direct surface runoff  when 
the precipitation reaches its peak closer to the end of  the event, 
when the watershed soil is already saturated. Furthermore, the 
ARF was applied because all sub-basins have area greater than 
25 km2, and so it is recommended to distribute the punctual 
precipitation calculated from IDF equations throughout the 
watershed surface area.

With the hyetograms elaborated, the HEC-HMS 
software was used to perform rainfall-runoff  transformation. 
Concentrated modelling was conducted in each sub-basin, using 
the precipitation (Huff  4th quartile hyetograms with different Tr 
associated), infiltration (NRCS-CN Method) and transformation 
(NRCS’s unit hydrogram) modules. The NRCS infiltration and 
transformation models were used because of  their simplicity, 
large utilization and small quantity of  parameters needed, 
which is adequate for application in non-monitored watersheds 
(Moglen et al., 2022). Thus, hydrograms were obtained in each 
sub-basin outlet, representing the lateral flow in every confluence 
with the Jacarecica river. It is noteworthy to mention that there 
are no fluviometric monitoring in the study area, which made it 
difficult to calibrate the hydrological model used to determine the 
hydrograms. This challenge in calibrating and validating models 
due to data scarcity is also reported in some studies in arid and 
semi-arid basins (Alizadeh & Yazdi, 2023) and in Northeast 
Brazil watersheds (Koch et al., 2020).

Dam-break simulations

According to Agência Nacional de Águas e Saneamento 
Básico (2016), in dam-break studies, different failure scenarios should 
be considered, involving the variation of  input data, to mitigate 
the uncertainties they bring to the process. Using HEC-RAS 2D, 
version 6.0 (United States Army Corps of  Engineers, 2021), 
hypothetical dam break studies were conducted in Jacarecica I 
(JAC-1) and Jacarecica II (JAC-2) dams considering variations 
in the following input data: (i) reservoirs initial storage; (ii) water 
elevations that trigger breach formation; and (iii) affluent hydrograms 
correspondent to different hydrological events’ return periods.

Breach formation parameters

For JAC-1 dam (concrete gravity), a breach caused by a 
monolithic failure and developed in the spillway was designed, with 
the following dimensions: BS (breach base width) of  30.0 m, HB 
(breach height) of  10.0 m, Z (sidewall slope horizontal component 
for the assumed breach trapezoidal section) of  0, tf  (breach time 
formation) of  0.20 h and sinusoidal law of  breach progression in 
time. These parameters were defined according to values reported 
in the literature (Campos et al., 2020; Zhong et al., 2021; United 
States Army Corps of  Engineers, 2021; Mei et al., 2023) and also 
the local analysis of  the studied structures dimensions.

Regarding JAC-2 dam (embankment dam, pipping failure), 
three breach formation empiric models often applied in dam breach 
modelling were utilized (Table 6). Already built in HEC-RAS 
6.0, the models calculate breach average width (Bave), trapezoidal 
breach side slope horizontal component (Z) and formation time 
(tf) given input parameters such as reservoir maximum capacity 
and height of  water above breach bottom. For JAC-2 dam, these 
parameters are equal to 26.23 hm3 and 10.0 m (considered breach 
height). Thus, breach dimensions and formation time from these 
3 models were obtained and the results from the Froehlich (2008) 
model (study more recent and that used more historical data to 
adjust the empirical equations) were utilized.

Table 4. Pluviometric stations utilized for hyetogram design in each sub-basin.
Code Station name Operator Data period Latitude / Longitude Altitude (m)

01037008 Campo do Brito SUDENE 1593 – 2000 -10.75 / -37.50 180
01037014 Frei Paulo DNOCS 1913 – 1984 -10.55 / -37.53 272
01037030 Malhador SUDENE 1963 – 1984 -10.67 / -37.30 224
01037044 Ribeirópolis DNOS 1963 – 1999 -10.53 / -37.43 350

Table 5. IDF equations parameters.
Municipality k a B c

Malhador 960.7 0.164 10.52 0.753
Ribeirópolis 1,080.5 0.061 10.52 0.753

Campo do Brito 868.3 0.204 10.52 0.753
Frei Paulo 795.3 0.135 10.52 0.753

Nossa Senhora das Dores 838.7 0.161 10.52 0.753
Siriri 1,004.3 0.161 10.52 0.753

Santa Rosa de Lima 1,022.9 0.088 10.52 0.753
Riachuelo 944.2 0.110 10.52 0.753
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Initial storage

Initial reservoir storages of  50%, 75% and 100% 
maximum capacity (4.05 hm3 for JAC-1 and 26.23 hm3 for JAC-
2) were considered to compose the varying scenarios. Using the 
reservoirs’ elevation-area-volume curves (Sergipe, 2018), water 
surface elevation correspondent to the storages were calculated, 
as presented in Table 7.

Water surface elevation for failure trigger

Aiming to simulate scenarios where the spillways (open 
air, surface flow, no gates) operate, two water surface elevations 
above their crest were considered as failure trigger (Trigger Failure 
At – TFA): the first elevation (TFA-1) was considered at one 
third of  the spillway height (difference between the dams crests 
and the spillways sills); and the second one (TFA-2) located at 
the dams’ crest plus a lag of  15 cm. These elevations, shown in 
Table 8, were chosen to simulate failures due to internal erosion/
monolithic fail (TFA-1) and overtopping (TFA-2).

Affluent hydrograms

Reservoirs’ affluent flows were obtained through rain-
runoff  transformation using NRCS-CN method on HEC-HMS 
and also through flood propagation (Shallow Water Equations) 
along Jacarecica river on HEC-RAS.

Each delimitated sub-basin was loaded in HEC-HMS 
separately, as concentrated models. The input data were the basins’ 
average Curve Number (CNAVE) and Lag Time (TL), and the 
designed hyetograms, spatially (ARF and Thiessen coefficients) and 
temporally (50% probability, 4th quartile Huff  distribution) distributed. 

Return periods of  100, 500, 5,000 and 10,000 years were utilized 
to generate different probabilistic hydrograms for dam break 
simulations.

Hence, the flow affluent to the JAC-1 reservoir represented 
the outlet flow from its catchment area. For JAC-2 reservoir, the 
affluent flow was obtained from the flood propagation along 
Jacarecica river, accounting for JAC-1 spillway outlet and/or dam 
break flow and the lateral contributions at confluences.

Most probable and extreme failure scenarios

Following recommendations from reference literature 
such as Federal Emergency Management Agency (2013) and 
Agência Nacional de Águas e Saneamento Básico (2016), the 
most probable and extreme failure scenarios were considered 
in this study. The first one considers the rupture occurring 
during dam’s usual operating conditions and affluence inflows. 
The second one involves worsening in hydrometeorological 
conditions, simulating the failure happening at extreme events. 
In other words, ruptures on sunny day (in which the reservoir 
is at normal full pool elevation and normal flow at downstream 
talwegs is prevailing) and rainy day (hydraulic structures at full 
capacity and flood flow conditions at downstream talwegs 
causing natural inundation at higher elevations) were also 
accounted for.

Considering that the maximum capacity at normal operation 
corresponds to the spillway sill elevation, that overtopping 
happens when the reservoirs’ water surface reaches dam crest 
elevation plus a gap of  15 cm and that breach parameters were 
chosen as previously described, the input data to simulate the 
most probable rupture (MP) and extreme rupture (ER) scenarios 
are shown in Table 9.

For the MP, initial storages were defined below maximum 
capacity, to simulate usual operating conditions. As for the ER, 
the initial storage represents the reservoirs’ maximum capacity. 
With these scenarios and the NASADEM digital elevation model, 
the spatialized Manning Coefficients and the full-momentum 
Saint-Venant equations (Shallow Water Equations), the dam break 
simulations were performed in HEC-RAS 2D.

JAC-1 reservoir (wide and short pool) was modeled as storage 
area (level pool routing) and JAC-2 reservoir (long and narrow 
pool) was modeled as 2D Flow Area (full unsteady flow routing). 

Table 6. JAC-2 dam breach dimensions and formation times obtained from empirical models.
Equation Bave (m) tf  (h) HB (m) Z

Von Thun & Gillette (1990) 79.9 2.0 10.0 0.40
Froehlich (1995) 92.5 2.7 10.0 1.40
Froehlich (2008) 91.0 2.9 10.0 1.00

Table 7. Water surface elevations (m) related to initial storage percentage.

reservoir storage percentage (%)
50 75 100

Jacarecica I (JAC-1) 145.30 146.80 148.07
Jacarecica II (JAC-2) 63.11 67.22 70.39

Table 8. Scenarios for trigger failure at different elevations.
Reservoir TFA-1 (m) TFA-2 (m)*

Jacarecica I 149.74 153.22
Jacarecica II 72.56 77.04

*Considering additional 15 cm of  water elevation above dam crest to simulate 
overtopping failure, as recommended by Agência Nacional de Águas e Saneamento 
Básico (2016).
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The computational mesh resolution was set to 50 x 50 m in all 
modeled domain, but refinement regions with smaller mesh 
resolutions (10 x 10m around Jacarecica II reservoir and Riachuelo 
city, and 5 x 5m along water courses) and break lines were 
considered along rivers’ center lines, confluences, before and 
after structures such as dams and bridges. Boundary conditions 
were lateral flows, initial storage, breach parameters and normal 
depth. The computational time step was set to vary according to 
Courant number, one of  the new functionalities of  HEC-RAS 
6.0 (United States Army Corps of  Engineers, 2021).

Besides the inundation boundaries elaboration, simulation 
results (maximum flow, depth and velocities) were extracted in 
determined cross sections along JAC-2 downstream floodplain to 
compare HEC-RAS (hydrodynamic model) results to the ANA’s 
Simplified Methodology (Fernandes et al., 2021), which is explained 
in the last topic of  this section.

ANA’s simplified methodology (SM)

The application of  empirical models in dam break studies 
becomes an alternative when there isn’t sufficient input data for 
more robust models, which is a reality in the Brazilian context 
(Pereira et al., 2017; Kanani-Sadat et al., 2019; Fernandes et al., 
2021; Mudashiru et al., 2021). An example of  empirical modeling 
is the Simplified Methodology (SM) adopted by the National Water 
and Sanitation Agency (Agência Nacional de Águas e Saneamento 
Básico, 2017) to classify dams in terms of  the associated potential 
damage (DPA). This model was initially developed by the United 
States Army Corps of  Engineers (USACE), which performed a 
statistical analysis on a database of  145 real failures to establish 
empirical expressions that determine the limits of  the area 
compromised by a possible dam failure (Agência Nacional de 
Águas e Saneamento Básico, 2017).

Developed for APD classification purposes, the SM uses 
available information on the location of  dams, water courses and 
altimetry to, using empirical equations, determine the extent of  
the flooded area, the breach peak flow and the propagation of  
this flow along the downstream channel. For detailed information 
on this matter, refer to Agência Nacional de Águas e Saneamento 
Básico (2017).

A recent development for this methodology was presented 
by Rolo et al. (2023). In their work, a python implementation for 
the ANA’s original methodology is proposed as an alternative to 
be applied in less time and with less user interaction, which can 

be quite useful for government agencies and dam entrepreneurs 
in a low budget.

Therefore, this work compares the results obtained from 
the application of  the hydrodynamic model (HEC-RAS) and the 
SM to the Jacarecica II downstream valley (Fernandes et al., 2021). 
The inundation boundary areas (considering the same extension 
modelled by the SM) and maximum flow, depth and velocities at 
the 21 stations located by the SM were compared through the 
percentual difference (Equation 3), considering HEC-RAS (HR) 
results as the reference values.

( ) % SM HR
HR

variable variableDifference
variable

−
=   (3)

Inundation mapping and risk zoning

For the sunny day most probable rupture (SDMP) and sunny 
day extreme rupture (SDER) scenarios, the inundation boundary 
was plotted, showing the flood waves’ spatial scope. Also, for the 
same scenarios, the delimitation of  the Self  Rescue Zone (SRZ) 
and the Secondary Save Zone (SSZ), important hazard zones in 
Emergency Acting Plans (EAP), was performed.

According to Agência Nacional de Águas e Saneamento 
Básico (2016), the SRZ is defined as the farthest of  two distances: 
10 km ahead the dam axis or the distance travelled by the flood 
wave in a 30-minute interval. As for the SSZ, it can be delimitated 
considering the distance travelled by the flood wave in a 120-minute 
interval. These hazard zones were obtained along JAC-2 downstream 
valley, where villages, isolated households, agricultural lands and 
transportation infrastructure were identified.

RESULTS AND DISCUSSION

Sub-basin delimitation and land use classification

The sub-basin automatic delimitation result is shown 
in Figure 3 whereas some planialtimetric and morphometric 
parameters usually calculated to characterize catchment areas are 
displayed in Table 10.

Adding up the area of  sub-basins Jac1, Ac.Mac, Incr. 
e Dang. (Table 10), which comprehend the Jacarecica river 
sub-basin (JSB), the outcome is 500.24 km2, result that is 7,05 km2 
smaller than the one obtained by Rocha & Almeida (2020). 

Table 9. Most probable and extreme scenarios proposed for the study.

Scenarios TR (years) Init. Stor. (%) Jacarecica I Jacarecica II
TFA (m) B (m) H (m) Z Tf  (h) TFA (m) B (m) H (m) Z Tf  (h)

Most probable failure
Sunny day 100 50 149.74 30 10 0 0.20 72.56 91 10 1.0 2.9
Rainy day 5,000 75 153.22 77.04

Extreme failure
Sunny day 500 100 149.74 36 12 0 0.17 72.56 109.2 12 1.2 2.4
Rainy day 10,000 100 153.22 77.04

TR: Hydrometeorological event’s return period; TFA: Trigger Failure At (water elevation that triggers breach); B: Width of  the breach; H: Height of  the breach; 
Z: horizontal component of  breach’s trapezoidal section lateral slope; Tf: Formation time of  the breach.
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Figure 3. Automatically delimitated sub-basins, its main rivers and cities within study area.

Table 10. sub-basins’ planialtimetric and morphometric parameters.
Parameters Jac1 Ac.Mac. Incr. Dang. Serg. F.Muc.

Area (km2) – A 211.94 59.52 75.29 153.49 225.98 22.37
Perimeter (km) – P 104.78 52.49 57.89 76.86 127.96 34.65

Axial length (km) – LA 19.12 9.03 10.32 14.68 18.56 10.14
Drainage length (km) – DL 299.14 76.39 146.78 411.88 520.14 40.35

Maximum altitude (m) – HMAX 485 582 657 483 383 142
Main channel length (km) – LMC 32.17 13.45 18.33 24.32 37.37 7.67

Main channel altitude range – ΔHMC 91 80 79 267 41 34
Main channel slope (m/m) – SMC 2.83 5.95 4.31 10.98 1.10 4.44

Drainage density (km-1) – DD 1.41 1.28 1.95 2.68 2.30 1.80
Compacity Coefficient (dim.) – kC 2.02 1.91 1.87 1.74 2.38 2.05

Form Factor (dim.) – FF 0.58 0.73 0.71 0.71 0.66 0.22
Concentration time (min) – TC 488.64 218.78 294.27 305.33 655.63 150.83

Jac1: catchment area of  Jacarecica I dam; Ac.Mac.: Açude Macela stream sub-basin; Incr.: Incremental sub-basin between JAC-1 and JAC-2 dams, disregarding 
the Açude Macela stream sub-basin; Dang.: Dangra river sub-basin; Serg.: Part of  Sergipe river basin within study área; F. Muc.: Flor do Mucuri stream sub-basin; 
dim. = dimensionless; /MC MC MCS H L= ∆ ; /D LD D A= ; 0.28 /Ck P A= ⋅ ; 2/F AF A L= ; 0.76 0.1911.46 /C MC MCT L S= ⋅ .

Although this difference exists and that the Sergipe river basin 
was considered in a small portion of  its total size, the delineation 
process performed in the study revealed sub-basins with reasonable 
sizes for the dam break study, which requires specific and local 
information for adequate performance (Tschiedel et al., 2020; 
Mohanty et al., 2020).

According to Table 10, the Dangra river sub-basin is the 
most susceptible to flooding and rapid flows, considering the 
greatest SMC and DD, and the high FF and DL. This conclusion can 
be confirmed observing that the same sub-basin has the smallest 
kC (the closer to 1, the more circular is the sub-basin, and thus 
more susceptible to flooding) and the quotient between TC and 
DL, indicating that the water precipitated takes small time to travel 

through the basin and reach the outlet. Considering the obtained 
sub-basins, the land use classification result is shown in Figure 4 
and Table 11.

From Figure 4, it can be noticed that a large part of  the 
classified area is covered by pastures, arboreal shrubby Caatinga 
and seasonal forest, which is a characteristic of  the rural region in 
which the study area is located (Rocha & Almeida, 2020). Other 
uses are more localized, such as agricultural crops nearby irrigated 
perimeters or urban areas, being the municipality of  Itabaiana 
the largest one.

Still analyzing the Figure 4, it is possible to identify a small 
empty part (non-classified) in the Dangra river sub-basin and a 
cropped portion in the upper part of  the Sergipe river sub-basin. 
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Figure 4. Study area land use classification map.

Table 11. Supervised classification results using machine learning algorithms.

Image RF SVM NN
GA k GA k GA k

1 0.811 0.780 0.838 0.812 0.387 0.268
2 0.847 0.820 0.865 0.842 0.446 0.345
3 0.816 0.783 0.838 0.810 0.341 0.167
4 0.781 0.744 0.774 0.736 0.382 0.257
5 0.760 0.725 0.771 0.737 0.440 0.359
6 0.820 0.788 0.840 0.812 0.401 0.267
7 0.863 0.842 0.876 0.857 0.396 0.293
8 0.818 0.784 0.834 0.802 0.509 0.403

Mean 0.815 0.783 0.830 0.801 0.413 0.295
RF: Random Forest; SVM: Support Vector Machine; NN: Neural Network; GA: Global Accuray; k: Cohen’s Kappa Index.

These failures are due to inadequate overlapping of  the satellite’s 
paths when images were captured by its sensors. Although these 
flaws have been revealed, they are insignificant considering the 
classification capacity that Planet images allow: with a spatial 
resolution of  3.0 m, the classification of  land use is much more 
detailed when compared to the same product available in the 
Mapbiomas project, collection 7 (Figure 5), based on Landsat 
satellite images (Souza Junior et al., 2020).

With the result shown in Figure 4, the classified land use 
categories were associated to Manning Coefficients (Table 3) to 
obtain the 3 m spatial resolution Manning coefficient shapefile 
layer, parameter needed to characterize terrain roughness in 
dam-break simulations. As mentioned, the association was made 
considering coefficients reported in literature (Chow, 1959), which 
were defined based on land cover identified with satellite image 
investigation of  the study area.

Rainfall-streamflow modelling

The non-parametric statistical tests applied, revealed that annual 
maximum daily precipitation time series are stationary and without 
trend, considering 5% significance interval. Thus, the IDF equations 
proposed by Aragão et al. (2013), developed under non-stationarity 
and no trend premises, could be properly used (Ouarda et al., 2019). 
Using the methodology described previously, the precipitation was 
spatially and temporally discretized in all sub-basins, resulting in 
hyetograms with peak precipitation depths presented in Table 12.

The hyetograms, together with the CNAVE and lag time, were 
then used in the rain-runoff  transformation on HEC-HMS (NRCS Unit 
Hydrogram Method) to obtain the outlet hydrogram in each sub-basin. 
Due to the lack of  fluviometric gauges in the studied sub-basins, it 
wasn’t possible to properly calibrate/validate the hydrologic model. 
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However, considering the high spatial resolution of  the Planet 
images (3 m), used for land cover classification, which allowed the 
CN calculation; and the sub-basin delimitation and planialtimetric 
characterization performed with the NASADEM, best global 
DEM freely available, the input parameters (CNAVE and lag time) 
obtained for hydrological modelling were considered adequate 
for the purpose of  the study.

The peak discharges calculated for each sub-basin, considering 
the different return periods, are demonstrated in Table 13 and the 
resulting hydrogram in each sub-basin is shown in Figure 6.

It can be noted that the rain-runoff  transformation in 
Dangra river sub-basin resulted in hydrograms with higher maximum 
flow for all return periods, which can be explained by its high 
susceptibility to flood. The same analysis applies to the Sergipe 

Table 12. Maximum precipitation depth in 5 minutes interval in each sub-basin, considering Huff  50% 4th quartile temporal distribution 
and Thiessen and ARF coefficients for spatial distribution.

Sub-basin Td (hours) Return Period (years)
100 500 5,000 10,000

Jac1 32.4 1.14 1.37 1.81 1.98
Ac.Mac. 14.4 2.69 3.58 5.41 6.13

Incr. 19.6 2.08 2.70 3.94 4.42
Dang. 20.4 1.93 2.50 3.60 4.02
Serg. 43.6 0.92 1.12 1.42 1.60

F. Muc. 10.0 2.68 3.19 4.11 4.44
Td = Precipitation duration time, calculated as four times the concentration time in each sub-basin (Sergipe, 2015).

Figure 5. Comparison between land use maps obtained from Planet images and Mapbiomas Collection 7.
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river sub-basin, which has similar morphometric parameters and 
demonstrated the second highest peak discharge.

Considering the return periods used in the study, it was 
expected that considerable peak flows would result from the 
rain-flow transformation. In the study carried out by Sergipe 
(2019), a decamillennial inflow of  2,566.3 m3/s was estimated for 
the Jacarecica I dam (Jac1 contribution basin). However, as the 
methodology for its determination was different (concentration 
time obtained by Kirpich equation, construction of  hyetograms 
by alternating blocks, longer rain duration, disregard of  the 
DEM in the rainfall-runoff  modeling with HEC-HMS and 
CN parameter determined based on land use layer present in 
the Sergipe Digital Atlas), the result mentioned on the referred 
study seems to be overestimated. In the report presented by the 
Dam Safety Panel (Sergipe, 2015), a peak decamillennial flow 
of  574.85 m3/s was obtained for the same sub-basin, a value 
much lower than that obtained by Sergipe (2019). Comparing 
these studies to the results obtained in this research, with the 
available data and considerations made, it is believed that the 
present results are adequate.

Dam-break inundation mapping

Using the dam-break scenarios proposed in Table 9, the 
simulations were performed in HEC-RAS 6.0 2D model, considering 
the full dynamic Shallow Water Equations. It was observed that both 
dams fail under the sunny day most probable scenario (SDMP), 
whereas for the rainy day (RDMP) it didn’t happen, even though 
more intense hydrological events were simulated. The reason for 

that is the designed failure mode: monolithic failure/internal erosion 
for sunny day and overtopping for rainy day. This confirms the 
conclusion made by the Dam Safety Panel (Sergipe, 2015) that 
the dams are secure to overtopping.

Although this fact, the inundated area in the rainy day most 
probable scenario (14.34 km2) was slightly greater than the one 
resulting from the sunny day most probable scenario (13.65 km2), 
when both dams breach. Even though breaches only happen in 
sunny day scenario, the intense hydrometeorological condition 
simulated in rainy day scenario causes the release of  significant 
flows from hydraulic structures, contributing to greater floodplain 
occupation (Figure 7).

It can be noted that in both scenarios, the flooded area 
comprises agricultural land, pasture, some riparian vegetation 
and residential areas, specially at Riachuelo city, where the dam-
break wave takes from 8 to 9 hours to reach its peak (sunny day 
scenario) and depths of  10 m and velocities of  3,7 m3.s-1 were 
observed (rainy day scenario).

As for the extreme rupture scenarios, the pattern remained: 
the dams fail in sunny day scenario (erosion/monolithic failure) 
but not in rainy day (overtopping failure). The breaches predicted 
in the first case guaranteed rupture and the flood wave propagation 
throughout downstream valleys. In the second case, even though 
both dams start the simulations with initial storage at 100% of  
capacity and receiving affluent flows greater than the ones defined 
for the most probable scenarios, the dams’ spillways were able to 
discharge the accumulated volumes without crest overcome. This 
fact proves again that the dams are safe to overtopping (Sergipe, 
2015), even if  decamillennial hydrological events are simulated.

Another important analysis in dam break studies is the 
delimitation of  the Self  Rescue Zone (SRZ) and the Secondary 
Save Zone (SSZ). As recommended by Agência Nacional de Águas 
e Saneamento Básico (2016), the risk zoning was made considering 
the traveled distance within 30 minutes of  dam breach for SRZ 
and 120 minutes for SSZ. Analyzing the Figure 8 details, it can 
be noted the existence of  houses (yellow circles), local roads, 
agricultural land and pasture inside the SRZ and SSZ.

This result enforces the immediate need to develop 
Emergency Acting Plans (EAP) for both dams, especially JAC-2, 
since there are villages, agricultural lands, an industry, transportation 
infrastructure and, at about 18 km from the dam, the city of  
Riachuelo in its downstream valley.

Similarly to the most probable rupture scenario, the 
inundation simulated in extreme scenarios extended to a vast area: 
14.55 km2 for sunny day extreme rupture (SDER) and 15.01 km2 for 
rainy day extreme rupture (RDER). Not only the inundated area, 

Table 13. Peak discharge (m3.s-1) resulting from rain-runoff  modelling of  each sub-basin.

Sub-basin Return Period (years)
100 500 5,000 10,000

Jac1 444.18 567.39 801.82 888.81
Ac.Mac. 339.27 467.29 726.52 827.67

Incr. 295.18 412.74 644.23 732.32
Dang. 509.43 727.98 1,161.70 1,326.67
Serg. 463.92 589.61 796.68 908.94

F. Muc. 117.57 147.10 199.43 217.89

Figure 6. Affluent hydrograms in all sub-basins for TR of  
10,000 years.
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Figure 7. Inundation boundaries resulting from the most probable sunny and rainy-day scenarios.

Figure 8. SRZ and SSZ delimitation for sunny day most probable rupture scenario.
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but the spatial disposition of  the boundaries was also similar to 
the ones obtained for most probable scenarios (Figure 7): almost 
the same areas were impacted, but with changes in the magnitude 
of  the boundaries. For example, the maximum depth and velocity 
at Riachuelo were registered at 10 m and 4,5 m.s-1, respectively, 
and the dam break wave takes minimal 6 to 8 hours to reach the 
city. Finally, the risk zoning for SDER is presented in Figure 9, 
that shows a wider area at risk, as expected.

Although there are dam failure studies reported in the 
literature, the particular characteristics of  the dams and the 
downstream topography lead to results that are mostly linked to 
the domain where the simulations occurred. Thus, comparing 
simulation results of  dam break studies requires precaution.

For example, Hosseinzadeh-Tabrizi et al. (2022) simulated 
the propagation of  the Sattarkhan dam failure using 2D HEC-
RAS model. The study area has similar occupation (industrial, 
residential, agricultural areas) and the dam extension and height 
are in the same order of  magnitude of  the Jacarecica II dam. 
Two scenarios were simulated, resulting in maximum depths and 
velocities of  the same proportion obtained in the present work, 
around 9 m and 5 m/s, respectively.

Haltas et al. (2016) simulated the Ürkmez Dam failure, a 
structure of  46 m height and with a 7.6 x 106 m3 capacity. The 
breach was modeled after application of  Froehlich (2008) empirical 
model, resulting in a trapezoidal-shaped breach with dimensions 
similar to the ones obtained using the same empirical model in 
Jacarecica II dam. It was used FLO2D model to run the simulation, 
using DEM, land cover and soil type maps supplied by public 
agencies. The computational domain covered a great proportion 
of  urban area and the results of  depth and velocity were similar 
to the ones calculated over the Riachuelo city.

It is noteworthy that the results demonstrated rely on the 
quality of  the input data and the capabilities of  the numerical 
model used. These and other uncertainties are common when 
using dam break models (Tschiedel & Paiva, 2018; Pinheiro et al., 
2019; Hu et al., 2020).

In order to assess the uncertainties, a sensitivity analysis 
was performed. It consisted in the calculation of  the coefficient 
of  variation (CV) for hydrodynamic results (velocity, depth and 
flow rate) at 8 observation points throughout the downstream 
floodplains as the input data (breach geometry, initial reservoirs 
storages and water level that triggered the failure - TFA) varied.

The sensitivity analysis concluded that the flow rate and the 
depth are more sensible to the variation of  the TFA (maximum CV 
of  0.35 and 0.11, respectively). The change in breach configuration 
has provoked a greater CV for the velocity results (maximum CV 
of  0.20). Lastly, the variable initial reservoir storage hasn’t caused 
significant change in CV.

Event though there were some variation in the hydrodynamic 
results with changing scenarios, the simulations performed was 
considered to be adequate, given the quality and availability of  
input data.

The remotely sensed DEM used for the simulations 
brings uncertainties to the results and, as mentioned by Azizian 
& Brocca (2020), can lead to considerable errors, especially in 
flood’s inundated extents and water level results. McClean et al. 
(2020) also reported that the impact of  flooding simulations 

using Global Digital Elevation Models (GDEM) is overestimated, 
compared to the obtained with airborne LIDAR-derived DEM 
(considered gold-standard for DEM data collection). In contrast 
of  these considerations, Fleischmann et al. (2019) reported that 
a locally derived DEM did not lead to significant improvements 
in relation to a global DEM for flood extent simulations.

Nevertheless, considering the lack of  more accurate data, 
i.e. LiDAR-derived DEM, it represents the best topographic 
information to simulate the flood boundary due to the dams’ failure.

Comparison to ANA’s Simplified Methodology (SM)

The ANA’s SM, designed for dam’s associated potential 
damage classification, was applied to the Jacarecica II dam by 
Fernandes et al. (2021). In this study, the inundation boundary 
and the maximum velocity, depth and flow at 21 cross sections 
were obtained. Aiming to compare the results obtained in this 
work, which used the HEC-RAS (HR) hydrodynamic model, 
with the SM, the HR results of  the same variables were extracted 
at the same locations and the percentual difference (% diff) was 
calculated considering HR results as reference.

Comparing the spatial coverage of  the inundation boundaries 
obtained by the SM and by the sunny day most probable (SDMP) 
and extreme (SDER) rupture scenarios, it can be noted how the 
SM overestimates the flooding (Figure 10). In addition to the 
difference between the contours observed in Figure 10, the total 
flooded areas (SM: 7.61 km2; SDMP: 5.06 km2; SDER: 5.39 km2) 
confirm this conclusion. It is noteworthy to mention that this 
overestimation is due to the premises adopted by SM (Agência 
Nacional de Águas e Saneamento Básico, 2017), which are not 
considered in HEC-RAS hydrodynamic model.

The percentual differences between maximum velocities 
and depths were calculated for HR and SM outputs at the 21 cross 
sections used by the SM to elaborate the inundation boundary. For 
the maximum flow comparation, the percentual difference was 
one order of  magnitude higher than the differences obtained for 
velocity and depth. The overestimated maximum flow resulting 
from the SM is the reason for this to happen.

Observing Figure 11 and Figure 12, it is possible to conclude 
that the SM tends to provide greater depths and lower velocities 
(especially in sections further away from the dams) compared to 
the HR responses in both scenarios (SDMP and SDER).

To obtain the velocity and depth, the SM uses the flows 
calculated in each section (as a function of  the overestimated rupture 
flow in the dam axis) and, with the NASADEM DEM, determines 
the flow area in the section. With the Manning-Strickler equation, the 
flow heights and velocities in each section are obtained. Therefore, the 
resulting depths tend to be greater and the velocities, thus, reduced, 
when compared to the HR responses, that are obtained using the 
same DEM, but with full momentum hydrodynamic equations.

As for the values of  the maximum flows obtained with the 
ruptures, it is prudent to emphasize that they depend on the breach 
formed. SM considers total dam body failure, an extreme case of  
failure that occurs more frequently in concrete arch dams, for instance. 
The HR model, otherwise, considers user-entered breach parameters 
or calculates them using dam parameters in empirical equations, 
which results in smaller breaches and, therefore, lower peak flows. 
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Figure 10. Inundation boundaries obtained from Simplified Methodology (SM), sunny day most probable (SDMP) and sunny day 
extreme rupture (SDER) scenarios.

Figure 9. SRZ and SSZ delimitation for sunny day extreme rupture scenario.
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Even though it was expected that the SM would result in greater 
maximum flows, it is important to enlighten that the methodology 
was designed for dams associated potential damage classification, 
not for detailed dam break studies (Agência Nacional de Águas 
e Saneamento Básico, 2017).

CONCLUSIONS

The present work simulated the propagation of  the 
flood wave due to hypothetical ruptures of  Jacarecica I and 
Jacarecica II dams, using the 2D HEC-RAS (HR) hydrodynamic model. 
To the best of  our knowledge, this is the first work that addresses 
an hypothetical dam break simulation using hydrodynamic 
modelling in dams located in Sergipe. Since the National Dam 
Safety Policy require the development of  dam safety plans, which 
includes inundation studies, for the structures, the importance of  
the work is paramount.

According to the simulation results, maximum depths and 
velocities of  10 m and 4,5 m.s-1 were registered, and the flood 
waves take minimal time of  6 to 8 hours to reach Riachuelo, 

the closest city downstream of  the dams. Whitin the Self  Rescue 
Zones delimitated it was located agricultural land, villages, isolated 
households and transportation infrastructure, which alerts to the 
need of  an immediate Emergency Acting Plan (EAP) development 
for the studied structures.

The comparison between HR and Simplified Methodology 
(SM) results revealed the already suspected conclusion: the SM 
overestimates maximum flow through the breach and along the 
downstream valley, as it considers total dam body failure and 
doesn’t account for floodplain roughness and river meanders, 
which naturally dampen any water flow. Regarding the inundation 
boundaries, both HR and SM results showed similar morphology, 
indicating adequacy to predict the spatial coverage of  the flood.

Even though important results were obtained in this research, 
their main limitations are due to the uncertainty amongst data 
input in the HR model: (i) the only available DEM’s low spatial 
resolution (30 m, adequate to regional studies, but limited for more 
precise/local studies); (ii) the breach geometries and formation 
time (parameters considered from literature); (iii) the definition 
of  flow resistance parameters (average Manning Coefficients); 

Figure 11. Percentual differences between maximum velocity and depth obtained from SM and HR model outputs for sunny day 
most probable rupture scenario (SDMP).

Figure 12. Percentual differences between maximum velocity and depth obtained from SM and HR model outputs for sunny day 
extreme rupture scenario (SDER).
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and (iv) and the nonexistence of  fluviometric gauges within the 
studied area (leading to inadequate calibration of  hydrological 
model). Despite these limitations, the use of  high-resolution 
optical satellite images allowed a good assessment on the actual 
land cover in the region, which led to a detailed average Curve 
Number calculation and Manning’s Coefficients attribution).

Potential developments and further steps of  the study 
should address better ways to calibrate hydrological and hydraulic 
models, i. e. using in-site flow measurements and/or regionalization 
methods. Furthermore, the usage of  a more precise DEM, i.e. 
LiDAR-derived, would result in a more precise prediction of  the 
dam break wave propagation. Besides these factors, the results 
obtained whit the available data have enlightened the need for 
better dam safety actions in Sergipe state.
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