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ABSTRACT

Simplified methods are useful alternatives for prior analysis of  the effects of  dam rupture and can guide the decision-making process for 
carrying out more complete studies. In this context, a new simplified approach is presented, which enables the analysis of  aspects from 
dam rupture of  earthen dams that failed due to overtopping, considering dam height and reservoir volume as input data. Hypothetical 
cases were analyzed applying dam-break hydrodynamic simulations, which results allowed the development of  equations capable of  
estimating peak flow attenuation and peak discharge arrival time along the downstream valley. The proposed approach was applied 
in a hypothetical case study (15 m high dam and 17 hm3 reservoir volume), obtaining results close to those achieved through other 
methods, especially in case of  estimating the maximum discharges throughout the downstream valley, where the average differences 
between the results of  the methods were of  the order of  15%.

Keywords: Dam-break; Simplified methods; Flood wave; Flood routing.

RESUMO

Métodos simplificados são alternativas úteis para análise prévia dos efeitos da ruptura de barragens, podendo orientar a tomada de 
decisão da realização de estudos mais completos. Nesse contexto, propõe-se uma nova abordagem simplificada para análise de aspectos 
da ruptura de barragens de terra, cuja falha ocorre por galgamento, a partir da altura da barragem e do volume do reservatório como 
dados de entrada. Casos hipotéticos de ruptura foram analisados por meio de simulações hidrodinâmicas, cujos resultados permitiram 
desenvolver equações capazes de estimar o amortecimento da vazão de pico e o tempo de chegada da vazão máxima no vale a jusante. 
A abordagem proposta foi aplicada em estudo de caso hipotético (em uma barragem com 15 m de altura e 17 hm3 de volume no 
reservatório), obtendo-se resultados próximos dos alcançados por meio de outros metodos, especialmente na estimativa da vazão 
máxima no vale a jusante, onde as diferenças médias entre os resultados dos métodos considerados foram da ordem de 15%.

Palavras-chave: Ruptura de barragens; Métodos simplificados; Onda de cheia; Propagação de vazões.
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INTRODUCTION

Although dams have been used for millennia, only in 
the XX century significant technological advances enabled 
the construction of  safe developments. Despite this evolution 
and studies performed to ensure dam safety during design, 
construction and operation, risk of  failure cannot ever be made 
null. Proving that fact, dam failures eventually occurred with severe 
consequences such as St. Francis, Malpasset and Vajont (Jansen, 
1983). One of  the most documented dam failures in history, the 
Teton Dam failure, in 1976, can be considered the trigger for the 
first issuance of  regulations imposing dam failure analysis and 
forecasting of  downstream flood waves, inundation maps and 
potential hazards (Wahl, 2010). Due to past events, nowadays it is 
perceived that every dam represents a source of  potential hazard 
to the downstream valley. Flood waves from dam failures possess 
high destructive potential, which can cause massive economic 
losses, fatalities, social and environmental damages when reaching 
population and structures along its path, as seen in the last two 
major tailing dams accidents in Brazil: Fundão (Mariana, MG), 
in 2015, and Barragem I (Brumadinho, MG) in 2019. These are 
good examples of  accidents with enormous proportions and big 
coverage by the media. However, there are countless other dams 
with smaller dimensions collapsing every year, which must also 
be taken into account. Just in the current year, in Brazil, one can 
mention dam failures in Currais (Meio Norte, 2020), in Sairé (G1 
Caruaru, 2020) and in Perdizes (Elisa & Campos, 2020). Other 
examples around the world can also be found, such as the accidents 
of  Edenville Dam (Ellison, 2020), Stanford Dam (Matheny, 2020), 
Bear Lake Dam (Ferretti, 2020) and a dam in Blue Nile state of  
Sudan (Arab News, 2020).

Dam safety regulations were issued in Brazil in 2010, with 
Law 12.334/2010, which instituted the National Dam Safety 
Policy (PNSB). This legislation represents a paradigm shift in 
Brazilian dam safety environment. Previously, several safety aspects 
were evaluated solely based on experience, while now they are 
confirmed and institutionalized by law (Ferla, 2018). One of  the 
biggest changes imposed by the dam safety law is the mandatory 
preparation of  a Dam Safety Plan. Among its various requirements, 
it imposes the elaboration of  Emergency Action Plans (EAP) for 
dams classified as high risk (classification includes structural and 
operational aspects, dam technical characteristics, conservation 
condition and fulfillment of  the Dam Safety Plan). EAPs are 
complex documents which, despite the technical background, 
should be written so that any layman reader can understand them 
(Sampaio, 2016). Considering all required EAPs’ contents, the 
identification of  the effects along the downstream valley arising 
from a possible structure failure stands out. In this context, dam-
break studies become extremely important, as they allow the 
estimation of  specific parameters closely linked to the potential 
damages caused by the dam rupture generated flood wave, such 
as maximum reached water levels and flow velocities along the 
downstream valley.

Dam-break studies backing EAPs should be carried 
out based on coherent input data, so that results are as close as 
possible to most likely occurring scenarios. However, data such as 
topobathymetry is very often unavailable and obtaining such data 
may be too expensive or time-consuming. Also, reliability issues 

might be raised, normally deriving from the many uncertainties 
involved, such as: type of  rupture, downstream valley conditions 
during the rupture, effects of  the rupture on topography, geology 
and hydraulic conditions. These dilemmas represent a major 
challenge for dam owners and inspection agents for complying 
with deadlines established in the legislation, given the large number 
of  involved existing dams, for which, generally, there is no data 
for these analyzes. Due to recent regulations in Brazil, challenges 
in balancing the needed time and costs to acquire the necessary 
data to perform mandatory dam-break studies are similar to 
those already felt in the past in other countries with older similar 
regulations. According to Grimaldi & Poggi (2010), in Italy there 
is a significant number of  dams considered small and medium 
whose detailed rupture analysis would involve high costs and 
considerable time. Thus, regional authorities are evaluating the 
possibility of  adopting simpler methods requiring less data and 
time to complete, seeking to reach acceptable results, sufficiently 
close to those obtained with more sophisticated methods, namely 
computational hydrodynamic dam-break simulations.

In addition to the aforementioned challenges, the last two 
major accidents in Brazil over an interval of  four years, where 
the loss of  human life and environmental damage were very 
significant, indicate the country’s need to move forward in dam 
safety matters. On that note, it is necessary that, at least, pre-
planning emergency actions for dam rupture can be produced in 
quicker and more efficient way. In this context, simplified methods 
emerge as interesting options, considering their expeditious 
applicability, small amount of  input data and credible results. 
These methodologies can, therefore, be used for dam rupture 
effects preliminary assessment, determining the potentially affected 
areas and reducing the number of  complete studies to only the 
most critical cases. Also, simplified methods can be used as a tool 
to determine areas where topographic data should be surveyed 
thoroughly, enabling a reduction of  costs in complete studies.

There are several simplified methods developed over the 
years that allow the inundation zones assessment (e.g. Cunge, 1969; 
Wetmore & Fread, 1981; Melo, 2015). Nevertheless, there is still 
no consensus on the use of  these simplified approaches, despite 
the general acceptance that simplified approaches should not be 
used for the EAP elaboration of  high risk dams. Even so, in recent 
years, some authors have been analyzing the effectiveness of  these 
types of  simplified methods by comparing the results with those 
obtained using hydrodynamic numerical simulations (e.g. Melo, 
2015; Teixeira et al., 2016; Ferla et al., 2017; among others). In 
general, these studies compare water level results and associated 
inundation zones determined by means of  simplified methods 
against those produced with the use of  HEC-RAS or similar 
software. However, the number of  published studies comparing 
the results from simplified and numerical methods is not very 
significant. So it is not yet possible to make definitive statements 
about the effectiveness of  simplified methods (Ferla, 2018).

According to Agência Nacional de Águas (2017), there are 
24,092 dams registered by inspection agencies in Brazil. Among 
them, 4,510 dams have enough information to state that they fall 
under the PNSB. For these dams, PNSB’s instruments will be 
applied, especially those referring to the existence of  Dam Safety 
Plan and its components (inspections, periodic review and EAP). 
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Due to the terms established by PNSB, most registered dams need 
to present an Emergency Action Plan. In addition, Brazil has 
numerous other dams of  smaller sizes, involving lower potential 
hazard than larger dams, which must be analyzed to assess whether 
or not they must have EAPs in case of  failure.

Bearing in mind the number of  dams in Brazil that will 
require the drafting of  EAPs and dam-break studies (dams covered 
by Law 12.334), simple and expeditious methodologies that allow 
preliminary assessment of  the effects of  a possible rupture, or 
even delineate smaller study areas, could be important tools for the 
evolution of  the dam safety scenario in the country. Furthermore, 
simplified methodologies’ importance can be highlighted due to 
the numerous small dams in the country (not covered by the law), 
but still having considerable associated potential hazard and which, 
according to Agência Nacional de Águas (2016a), can be evaluated 
by simplified methodologies, depending on inspection authorities.

Several studies were carried out to verify the efficiency of  
simplified methods, being consensual the adequacy of  its use for 
preliminary estimation of  inundation zones due to dam ruptures. 
However, conclusions derive mostly from analyses of  large dams, 
raising questions on their applicability to small and medium sized 
dams, which are highly representative in Brazil.

Therefore, the development of  research enabling existing 
methods validation, or even establishment of  simpler and faster 
methods, is highly convenient for the advance of  the dam safety 
framework. Thus, the present paper aims at creating a new 
approach for analyzing dam-break cases using limited dataset. The 
new approach’s main target is to expeditiously assess peak flow 
attenuation and peak discharge arrival time along the downstream 
valley, having smaller dams as its main focus, for which simplified 
methods can be applied (Agência Nacional de Águas, 2016a).

DAM-BREAK STUDIES

Dam-break studies are important in determining the risks 
of  fatalities in addition to economic, social and environmental 
damages. A complete dam-break study, according to Agência 
Nacional de Águas (2016a), should simulate several rupture 
scenarios, providing the following information: downstream 
valley characterization; flood inundation map; Self-Rescue Zones 
characterization (ZAS); and escape routes.

Information to carry out this type of  study varies according 
to each corresponding area specificities. However, for most studies, 
in addition to dam characterization itself, information regarding 
reservoir volume, probable dam breach formation, downstream 
valley topography, downstream valley affected population and 
terrain roughness is also necessary.

Currently, due to modern computer processing capabilities, 
dam-break hydraulic and hydrodynamic software that have been 
developed, tested and improved over the years can easily be 
accessed, such as HEC-RAS (U.S. Army Corps of  Engineers, 
1995), DAMBRK (Fread, 1991), FLDWAV (Fread & Lewis, 
1998) and LISFLOOD (Bates & De Roo, 2000). In general, most 
of  these software require the following input data: downstream 
valley Manning coefficient; breach configuration; reservoir 
volume; downstream valley topography and; set of  equations and 
simplifications considered for flood wave propagation (Tschiedel 
& Paiva, 2018).

Amongst the multiple software approaches available for 
dam-break effects assessment, Wahl (2010) points out three main 
modeling strategies developed since 1970, namely: (I) directly predict 
the breach outflow hydrograph and then use one of  the available 
models to route the flood wave downstream; (II) parameterize the 
breach so that its evolution over time can be easily represented, 
allowing the breach outflow hydrograph to be determined by 
combining the breach formation with a spillway equation or other 
appropriate model; (III) use a combined model that simulates 
erosive processes associated with hydraulic processes to determine 
the breach and the outflow hydrograph flowing through it.

The most popular and used approach consists in the prediction 
of  breach evolution, while the simplest one corresponds to the 
direct prediction and routing of  breach outflow hydrograph. The 
approach involving erosion processes is only applied to earthen 
dams and demands a considerable amount of  data concerning 
dam’s material. In addition, the produced rupture hydrograph with 
this last approach is very sensitive to the input data uncertainty, 
making this strategy less suitable than the simpler ones.

SIMPLIFIED METHODS

Currently, numerous software and simplified methods 
capable of  reproducing the behavior of  a dam breach are available. 
According to Ferla (2018), the interest in developing simplified 
methods for determining dam failure characteristics has been 
known for at least 40 years. Melo et al. (2015) highlight the use 
of  simplified methods for dam failure due to the lack of  required 
input data for more sophisticated methods, such as terrain data, 
dam failure modes, hydraulic and hydrological data, among others. 
However, it is emphasized that the use of  simplified methods 
should not subsidize the preparation of  an Emergency Action 
Plan (EAP) for high hazard dams, since the results from these 
methods do not have the degree of  detail necessary for the plan 
preparation. On the other hand, Agência Nacional de Águas 
(2016a) raises the possibility for smaller dams to be evaluated by 
means of  simplified methods.

Hydrodynamic models, which are the usual choice for 
performing dam-break studies, seek to solve the complete 
Saint-Venant equations using numerical methods. Simplified 
approaches seek to propagate the rupture hydrograph, abridging 
the complexity of  the problem without significant loss of  results’ 
accuracy (Ferla, 2018).

Muskingum-Cunge (Cunge, 1969) and the Simplified 
Dam-Break Flood Modelling (Melo, 2015) are two of  the existing 
methods that can be used to assess impacts from dam failure. These 
methods correspond, respectively, to a very widespread approach 
for routing hydrographs in rivers and channels (Ferla, 2018), which 
consists of  a simplification of  Saint-Venant’s equations, and a 
set of  simplified procedures developed by Laboratório Nacional 
de Engenharia Civil (2014) for determining associated potential 
hazard of  dams.

In general, simplified methods for dam-break analysis use 
the strategy of  predicting the outflow breach hydrograph and then 
routing it downstream. The characteristics of  the hydrograph 
that must be predicted are the peak outflow, the time necessary 
to reach the peak and the hydrograph’s shape, which is related to 
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the volume of  the hydrograph. These aspects have been object 
of  several studies (such as Wetmore & Fread, 1981; Froehlich, 
2016), which produced a wide range of  options and alternatives 
to estimate the breach hydrograph’s characteristics.

Peak outflow: several researchers have developed peak 
flow regression equations from historic dam failure data. These 
formulations were derived from data for earthen, zoned earthen, 
earthen with impervious core and rockfill dams only (U.S. Army 
Corps of  Engineers, 2014).

Froehlich (2016) indicates that the equations proposed by 
Froehlich (1995), Webby (1996) and Azimi et al. (2015) present, 
in general, good results. The equation developed by Ferla (2018) 
should also be highlighted because the author restricted the 
database to overtopping cases of  earthen and rockfill dams. The 
formulas developed by these authors are presented in Table 1.

Time to reach the peak: Wahl (2004) states that the breach 
hydrograph peak time is close to the breach formation time, except 
for relatively small reservoirs where the peak can occur before the 
end of  breach formation. There are several regression equations 
based on historic dam failure data to estimate time of  the breach 
formation. Among existing equations, Wahl (2004) indicates the 
Von Thun & Gillette (1990) and Bureau of  Reclamation (1988) 
equations as underestimating the breach formation time, providing 
more critical scenarios than the other equations. A shorter time to 
reach the peak prompts in shorter time for evacuation downstream. 
Table 2 presents these authors’ equations.

Hydrograph’s shape: several studies identify most influential 
aspects influencing rupture hydrograph’s shape (Kuhlkamp, 2016; 
Souza, 2016; Kim & Sanders, 2016; Rocha, 2015; Alvarez et al., 
2017; Hooshyaripor  et  al., 2017; among others), namely the 
configuration of  the breach, the Manning coefficient and the 
topography.

Predicting the breach outflow hydrograph’s shape, without 
using a predetermined breach evolution approach and having a 
software estimating it, is quite complex. For this reason, simplified 
forms of  hydrographs have been used. In general, adopted shapes 
are: triangular with the peak at tp=0; triangular with the peak at 
tp≠0 and parabolic decay.

MATERIALS AND METHODS

The study’s main goal concerned the development of  an 
approach to assess some of  dam-break flood wave key hydraulic 
parameters. The adopted strategy consisted on performing 
computational dam-break simulations for several sets of  predefined 
conditions in which the main parameters were changed. Then, 
the results were analyzed in order to deduce regression equations 
properly describing the peak flow attenuation and the peak discharge 
arrival time for each set of  similar situations. The developed 
method was finally tested in a hypothetical case study.

The research was divided in six phases: (I) establishing the 
characteristics of  dams to be studied; (II) scenarios and conditions; 
(III) breach outflow hydrographs; (IV) dam-break simulations; 
(V) results processing; (VI) case study.

Characteristics of  the studied dams

Characteristics of  the dams (height and the reservoir’s 
volume) used in the development of  the simplified approach were 
carefully chosen in order to allow a significant application range.

The chosen dam heights and reservoir volumes determine 
the covered size of  the dams. For the concept of  dam size, the one 
adopted by Agência Nacional de Águas (2016b) was considered, 
which is based on French standards definition (ICOLD Bulletin No. 
157) and on Portuguese legislation. It derives from a quantitative 
factor X, Equation 8, and a qualitative range of  classification, 
presented in Table 3.

2 r
d 6

VX H  .  
10

=  	 (8)

Where: Hd is the dam height (m); Vr is the volume of  the reservoir 
(m3).

Relative and cumulative frequencies were established to 
describe the current characteristics of  Brazilian dams regarding dam 
heights and reservoir volumes. This was done taking into account 
the dams registered by the Brazilian Dam Safety Report (Agência 
Nacional de Águas, 2017) that possess both characteristics. Figure 1 
presents the relative and cumulative frequencies concerning dam 
heights, while Figure 2 presents the same information concerning 
reservoir volume.

From these figures, approximately 75% of  registered dams 
have height below 15 m, while 72% have a volume below 3 hm3. In 

Table 1. Peak outflow equations.
Author Equation Eq. no

Froehlich (1995) 0.295 1.24
p r wQ 0.607 V  H= (1)

Webby (1996) 0.365 1.405
p r wQ 0.0443 g  V  H= (2)

Azimi et al. (2015) p r wQ 0.0166. g V  . H= (3)

Ferla (2018) ( )0.56 0.45
p r wQ V  H

3
= (4)

Qp is equivalent to the peak flow of  the rupture hydrograph (m3 s-1); 
Vr is equivalent to the reservoir’s volume (m3); Hw is equivalent to the 
water height at the moment of  the rupture (m); g is equivalent to the 
gravity (m s-2).

Table 2. Equations for the prediction of  the time to reach the 
peak outflow.

Author Equation Eq. no

Bureau of  Reclamation (1988) p wt 0.033 H= (5)

Von Thun & Gillette (1990): erodible 
materials p wt 0.015 H= (6)

Von Thun & Gillette (1990): resistant 
to erosion p wt 0.02 H 0.25= + (7)

tp is equivalent to the time to reach the peak (h).

Table 3. Dams’ size classification based on to the factor X value.
Dams’ size Limits for the classification

Small X ≤ 400
Medium 400 < X ≤ 1000

Large X > 1000
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other words, most of  the registered dams possess characteristics 
not covered by the law and could be evaluated through simplified 
methods.

Therefore, considering the current characteristics of  Brazilian 
dams, a set of  four pre-defined heights (varying from 5 m to 30 m, 
which corresponds to 60% of  the dams) and another set of  four 
pre-defined volumes (varying from 5x106 m3 to 50x106 m3, which 
corresponds to 10% of  the dams) were chosen for this analysis. 
The combination of  both sets of  characteristics was made so that 
the method covers all three size categories. Thus, twelve dams with 
different characteristics, as shown in Table 4, were considered. 
The selection is composed of  five Small dams, four Large dams 
and three Medium dams.

Scenarios and conditions

Zhang et al. (2007) point out earthen dams as being the 
type most subject to failure. Thus, it was decided to consider 
only earthen dams in this study, the adopted failure mechanisms 
and remaining aspects having been selected based on this choice. 
Overtopping was considered for the rupture mechanism, since 
it is recognized as being the most frequent cause of  ruptures 
(Imbrogno, 2014).

Among the rupture scenarios presented by Agência 
Nacional de Águas (2016a), the most unfavorable rupture was 
chosen, which assumes the occurrence of  rapid and total ruptures, 
potentially generating more serious consequences. Additionally, 
an overtopping head of  0,15 m over the crest of  the dams was 
adopted, this assumption being accepted as the minimum height 
to start the breach formation (Agência Nacional de Águas, 2016a).

Breach outflow hydrographs

To characterize the breach outflow hydrograph, one must 
estimate: the peak outflow; the peak time; and the hydrograph shape.

Considering a conservative approach, the peak outflow 
corresponds to the maximum calculated flow among the equations 
proposed by Froehlich (1995), Webby (1996), Azimi et al. (2015) 
and Ferla (2018). Conversely, the peak time will correspond 
to the minimum time given by the equations of  Bureau of  
Reclamation (1988) and Von Thun & Gillette (1990). Regarding 
the hydrograph shape, it was assumed a triangular shape with the 
peak conservatively at tp≠0.

Dam-break simulations

The simulations were performed in a prismatic hypothetical 
channel. This channel is 500 km long, allowing a prolonged 
downstream analysis of  the flood-wave. Only one channel slope 
was considered: a moderate slope of  0.001 m/m has been set, based 
on the information presented by Washington State Department 
of  Ecology (2007). The cross section is trapezoidal with lower 
width and height large enough so that the maximum flow does 
not lead to channel overtopping. For that reason, a lower width 
of  85 m and lateral wall slopes of  1V:2H were adopted.

Since the study does not aim to assess the influence of  
downstream valley sections roughness, a unique roughness was 
assumed for all sections. As shown by Fema (Federal Emergency 
Management Agency, 2001), adopting a roughness aggregating 
both main channel behavior and floodplain is required. In the 
studies presented by Fema (Federal Emergency Management 
Agency 2001), a Manning coefficient between 0.04 and 0.05 m-1/3s 
was adopted for the downstream valleys. Thus, it was decided to 
adopt a roughness coefficient of  0.042 m-1/3s, slightly higher than 
values normally adopted for main channels, but close to the lower 
limit used for floodplains.

Additionally, simulations were carried out using the HEC-
RAS software, version 5.0.7., which is widely accepted in technical 
and scientific environments. This software is one of  the most used 
in dam-break studies, being accepted as the current state of  the 

Figure 1. Brazilian dam height relative and cumulative frequencies.

Figure 2. Brazilian reservoir volume relative and cumulative 
frequencies.

Table 4. Characteristics of  the selected dams.
Dam Hd (m) Vr (106 m3) X Classification

BI 5 5 56 Small
BII 10 5 224 Small
BIII 15 5 503 Medium
BIV 5 10 79 Small
BV 10 10 316 Small
BVI 15 10 712 Medium
BVII 30 10 2,846 Large
BVIII 5 20 112 Small
BIX 10 20 447 Medium
BX 15 20 1,006 Large
BXI 30 20 4,024 Large
BXII 30 50 6,364 Large
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art (Ferla, 2018). Choosing between 1D and 2D models shall be 
judicious as there are cases where 2D models can produce better 
results than 1D models, as well as cases where the opposite is true 
(U.S. Army Corps of  Engineers, 2016). However, based on the 
information available and the conditions adopted for the research 
in which the simplified aspect is key, a 1D model was chosen to 
perform the simulations.

As previously mentioned, among the described available 
simulation strategies, the most used one corresponds to the pre-
determined evolution of  the breach. However, there is no clear 
reason for opting for this approach compared to a simpler approach, 
such as the routing of  the simplified breach hydrograph, since 
both encompass many uncertainties. Therefore, for this study, 
the simplest strategy was chosen precisely due to the intended 
simplified approach relying on very limited quantity of  data.

To avoid instabilities in HEC-RAS model, an initial water 
level in the channel of  approximately 1.3 m was assumed. This 
water height corresponds to an initial discharge (base flow) of  
approximately 100 m3s-1. Concerning the downstream valley 
discretization, cross sections were considered with intervals of  
350 m. Time discretization assuming one minute intervals was 
considered.

Results processing

The proposed approach aims at providing a simplified 
approximation of  peak flow attenuation and peak discharge 
arrival times. The results analysis has been conducted by means 
of  dimensional analysis. This type of  analysis enables future 
comparison of  current results with others from simulations 
covering different types of  channels cross sections, slopes, etc. 
Additionally, this analysis provides an overview of  the differences 
between the different hydrographs and methods.

An aspect to be highlighted derives from the fact that most 
peak outflow equations award more importance to the parameter 
water height at the moment of  rupture. Considering that aspect and 
the characteristics of  selected dams, the established relationships 
were grouped by dams’ heights. In other words, it is assumed that 
dams with the same height have similar behaviors.

Case study

A case study was carried out to evaluate the proposed 
approach, in which results from hydrodynamic numerical simulation, 
considered as the reference scenario, are compared with both the 
results from the developed simplified approach and those from the 
methodology Simplified Dam-Break Flood Modeling proposed 
in Melo (2015). This analysis enables an accuracy and efficiency 
verification of  both simplified methods concerning maximum 
discharges, water heights and peak discharge arrival time.

This case study considers a hypothetical dam with 15 m and 
17 hm3 of  reservoir volume. As for the downstream valley, eight real 
topobathymetric sections over 43 km, named section A to H, were 
evaluated (Table 5 and Figure 3). The valley has an average section 
width of  630 m and an average thalweg slope of  0.0008 m m-1. 
Considering the valley characteristics, roughness coefficients of  

0.03 m-1/3 s for the main channel and 0.08 m-1/3s for the floodplain 
outer banks’ area were adopted. All characteristics considered for 
the case study are within the hypothetical ones used for establishing 
the hereby proposed simplified approach.

The hydrodynamic simulation was carried out with the 
HEC-RAS 1D considering the simplified breach hydrograph 
routing. Overtopping failure is triggered when water level reaches 
0.15 m over dam’s crest. Breach outflow hydrograph was obtained 
considering the same process of  simplified approach development. 
As an initial condition, at the moment of  rupture, a discharge 
(Q0) of  1,098 m3 s-1 flowing along the downstream valley was 
assumed, corresponding to the ten year return period flood for 
the region. Regarding space discretization, cross sections were 
placed every 900 m along the channel. One minute time intervals 
were considered in the computational model.

RESULTS AND DISCUSSION

Firstly, breach hydrographs characteristics used to perform 
the simulations are presented. Then results obtained for peak flow 
attenuation and peak discharge arrival time. Finally, case study 
results are described and discussed.

Breach hydrographs

Peak flows were determined as the maximum flow among 
the four presented methods. Table 6 shows maximum peak flows 
and its corresponding equation. Peak flows vary from 863 m3 s-1 
(Dam BI) to 11,085 m3 s-1 (Dam BXII), corresponding respectively 
to the smallest and largest considered dams.

Regarding breach hydrographs peak times (presented in 
Table 7), the method providing the most critical scenario was 
Von Thun & Gillette (1990) for erodible materials, which is 
characterized by fast ruptures. For 5 m dams, peak is reached 
with 0.08 hours. For 10 m and 15 m dams, peak is reached after 
0.15 and 0.23 hours, respectively. Lastly, for 30 m dams, peak is 
reached 0.45 hours after start of  breach formation.

A triangular shaped hydrograph was adopted as, according 
with literature, it is the most commonly considered for these 
modeling strategies. Therefore, breach hydrograph base time was 
estimated considering the peak time and the necessary time for 
reservoir to drawdown after reaching the peak outflow. These 
times vary from 1.43 (Dam BVII) to 7.4 hours (Dam BVIII).

Table 5. Downstream valley’s cross sections characteristics.

Section Average width 
(m)

Thalweg slope 
(m.m-1)

Distance from 
the dam (m)

A 850 0.001 10,889
B 600 0.0004 16,444
C 800 0.0009 20,667
D 480 0.0011 27,111
E 400 0.001 33,778
F 540 0.001 36,667
G 600 0.0002 38,889
H 760 0.0003 43,556
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Figure 3. Case study downstream valley’s cross sections.
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Peak flow attenuation

Peak flow attenuation was analyzed relating maximum 
discharges at each section (Qmáx) with corresponding breach peak 
outflows and downstream valley base flow (Q0). Figures 4-7 show 
this relationship evolution for dams 5, 10, 15 and 30 m high, 
respectively.

A similar behavior was found across all dams’ groups, 
a larger attenuation being noticeable in the first 50 to 100 km 
from dam section, ranging from 37% (Dam BVIII) to 85% (Dam 
BVII). Further downstream the attenuation between successive 
sections decreases, tending progressively to a steady behavior. In 
the downstream most section, attenuation varies between 76% 
(Dam BVIII) and 95% (Dam BVII).

Another factor noticed in all groups is that the lowest flow 
attenuation corresponds to the dam with the largest reservoir. This 
result makes sense, as the downstream channel is the same for 
all dams, it would be expectable a greater difficulty in attenuating 
the larger water volumes.

From the behavior presented by each dams’ group, one 
can infer that the bigger dam height, the bigger the peak flow 
attenuation. In other words, there was a more significant attenuation 
for higher flows, which are obtained with higher dams. In the 
downstream most section, peak flow attenuation for dams 30 m 

high is around 95%, while for dams 5 m high, attenuation is around 
80%. A similar behavior was also observed by Fread & Lewis 
(1998), who showed abrupt hydrographs, with large peak flows 
and short times to reach the peak, can experience considerable 
attenuation when passing through wide floodplains.

Table 6. Peak outflows and respective methods of  the breach 
hydrographs for each dam.

Dam Hd (m) Peak outflow 
(m3 s-1) Methodology

BI
5

863
Ferla (2018)BIV 1,179

BVIII 1,611
BII

10
1,262 Ferla (2018)

BV 1,724 Ferla (2018)
BIX 2,360 Azimi et al. (2015)
BIII

15

1,761 Webby (1996) & 
Azimi et al. (2015)

BVI 2,491 Azimi et al. (2015)
BX 3,523 Azimi et al. (2015)
BVII

30
5,965 Webby (1996)

BXI 7,683 Webby (1996)
BXII 11,085 Azimi et al. (2015)

Table 7. Peak time and Base time of  the breach hydrographs.
Dam Hd (m) Peak time (h) Base time (h)

BI
5 0.08

3.72
BIV 5.22

BVIII 7.40
BII

10 0.15
2.70

BV 3.72
BIX 5.20
BIII

15 0.23
2.08

BVI 2.73
BX 3.65

BVII
30 0.45

1.43
BXI 1.72
BXII 2.78

Figure 4. Peak flow attenuation through the downstream channel 
- 5 m dams.

Figure 5. Peak flow attenuation through the downstream channel 
- 10 m dams.

Figure 6. Peak flow attenuation through the downstream channel 
- 15 m dams.
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After verifying that all flow attenuation curves present an 
exponential decay, an attempt was made to find an equation to 
describe this behavior, which lead to Equation 9:

( )

1
bmáx

dp 0

Q L1 a 
HQ Q

−
 

= + 
+  

 	 (9)

Where: Qmáx is the maximum discharge in a specific section (m3 s-1); 
Qp is the rupture peak flow (m3 s-1); Q0 is the downstream valley 
base flow (m3 s-1); L is the distance from the dam section (m); 
Hd is the dam height (m); “a” and “b” are equation parameters.

Figure 8 and Figure 9 present the behavior of  parameters 
“a” and “b” of  Equation 9 for each of  the dams, based on a 
dimensionless index that allows differentiation of  each of  the 
dams according to their volume and height (Vr

(1/3) Hd
-1).

Analyzing the relationship of  each parameter of  the 
proposed equation with Vr

(1/3) Hd
-1, two types of  behavior are 

perceived: both parameters present a similar trend for dams of  
same height; and a unique trend is observed for parameter “a”, 
independent of  dam height or volume. Based on these behaviors, 
equations were adjusted, for each group of  dams, to describe 
the relation of  parameters “a” and “b” with Vr

(1/3) Hd
-1. These 

equations are presented in Table 8 and Table 9.
Within the intervals used in the equations’ deduction, the 

use of  Equation 9 for dams with different heights and volumes 
becomes possible by interpolating from the presented regression 
curves. Thereby, starting from basic information, such as the 
characteristics of  a dam, and calculating the maximum rupture 
flow with the existing methodologies, obtaining an estimate of  
maximum flows in any downstream valley cross section becomes 
feasible.

Peak discharge arrival time

A dimensionless variable was established for the peak 
discharge arrival time analysis. It relates the arrival time of  flood 
wave peak, maximum flow in each section and reservoir’s volume 
at the time of  rupture (tc Qmáx Vr

-1). Having some sort of  simplified 

approach to describe this dimensionless variable behavior would 
result in a useful tool for estimating the required time for the 
flood wave to reach its most critical level.

Based on simulation results, Figures  10-13 show the 
hereby considered dimensionless variable evolution for all studied 
dams’ groups. As expected, a positive trend is observed as dam 
distance along the valley increases. This may be explained by 
the evident fact that peak discharge arrival time increases with 

Figure 7. Peak flow attenuation through the downstream channel 
- 30 m dams.

Figure 8. Behavior of  parameter “a” as a function of  Vr
(1/3) Hd

-1.

Figure 9. Behavior of  parameter “b” as a function of  Vr
(1/3) Hd

-1.

Table 8. Equations of  parameter “a” as a function of  the 
dimensionless variable that characterizes the dam.

Hd (m) Equations for a Eq. no R2

5

4.2071
3

r

d

Va 2302 
H

−
 
 =   
 

(10) 0.98

10

4.9571
3

r

d

Va 4432.2 
H

−
 
 =   
 

(11) 0.99

15

5.7921
3

r

d

Va 11203.0 
H

−
 
 =   
 

(12) 0.97

30

4.7721
3

r

d

Va 276.6
H

−
 
 =   
 

(13) 0.99
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distance, any influence from other parameters being very small. 
The observed relationship variation between maximum discharge 
(Qmax) and reservoir volume at rupture (Vr) is not significant 
because of  the volumes’ magnitude. Therefore, the behavior of  
the dimensionless variable (tc Qmáx Vr

-1) is mostly ruled by the time 
parameter. Additionally, in all groups, the larger the dam (largest 
both in height and volume) the smaller the magnitude of  the 
dimensionless variable. This occurs because, the channel being 
the same for all analyzed cases, the higher the discharge, the larger 
the flow velocity and, consequently, the shorter the time to reach 
the most critical hydraulic situation. The results also showed that 
magnitude of  the dimensionless variable is similar for dams of  
the same volume (BI, BII and BIII; BIV, BV and BVI).

The dimensionless variable behavior concerning peak 
discharge arrival time resembles a potential curve. A process of  
results best fit regression enabled the deduction of  Equation 18, 
which shall be used for LHd

-1 > 0 to prevent null calculated time 
(physically impossible). For LHd

-1 = 0, peak discharge arrival time 

Table 9. Equations of  parameter “b” as a function of  the 
dimensionless variable that characterizes the dam.

Hd (m) Equation for b Eq. no R2

5

0.8791
3

r

d

Vb 59.789
H

−
 
 =   
 

(14) 0.98

10

0.9961
3

r

d

Vb 43.706
H

−
 
 =   
 

(15) 0.99

15

0.9111
3

r

d

Vb 22.342
H

−
 
 =   
 

(16) 0.97

30

0,7251
3

r

d

Vb 7.926
H

−
 
 =   
 

(17) 0.99

Figure 10. Dimensionless relation of  the arrival time of  the peak 
discharge - 5 m dams.

Figure 11. Dimensionless relation of  the arrival time of  the peak 
discharge - 10 m dams.

Figure 12. Dimensionless relation of  the arrival time of  the peak 
discharge - 15 m dams.

Figure 13. Dimensionless relation of  the arrival time of  the peak 
discharge - 30 m dams.



RBRH, Porto Alegre, v. 26, e02, 2021

Rossi et al.

11/15

corresponds to the peak time of  breach hydrograph, calculated 
with existing methods as already described.

Therefore, for LHd
-1> 0:

c  máx

r d

t Q L
V H

β
 

= a 
 

 	 (18)

Where: tc is the peak discharge arrival time (s); Qmáx is the maximum 
discharge in a specific section (m3/s); Vr is the reservoir’s volume 
(m3); L is the distance from the dam section (m); Hd is the dam 
height (m); α and β are equation parameters.

The relationships between parameters (α and β) 
of  Equation 18 and dimensionless variable Vr

(1/3) Hd
-1 is 

graphically shown in Figure 14 and Figure 15. They evidence 
different behaviors for each dam height, similarly to what 
was observed for peak flow attenuation. Thus, equations 
have been proposed to characterize this behavior, as shown 
in Table 10 and Table 11.

The proposed equations in these tables allow the use of  
Equation 18 in conjunction with Equation 9, both requiring 
very few input data while providing means for estimating the 
required time for the most critical hydraulic conditions to be 
reached. This represents a considerable progress due to its 
expediency and ease of  use, being rather innovative regarding 
dam rupture flood wave characteristics assessment based on 
simplified methods.

Case study

A case study is presented in which results obtained from 
the hydrodynamic simulations (reference scenario) are compared 
with those obtained from simplified methods according the 
following criteria:

•	 Maximum discharges: calculated for each cross section 
by Equation 9 and by the Simplified Dam-Break Flood 
Modeling (Melo, 2015) method;

•	 Water heights: calculated using Manning’s equation 
combined with maximum discharges obtained in each 
of  the simplified approaches. Since there are different 
roughness coefficient values for the main channel and 
the outer banks’ area, a mean between both coefficients 
was adopted;

Figure 14. Behavior of  parameter α as a function of  Vr
(1/3) Hd

-1.

Figure 15. Behavior of  parameter β as a function of  Vr
(1/3) Hd

-1.

Table 10. Equations of  parameter α as a function of  the 
dimensionless variable that characterizes the dam.

Hd (m) Equations for α Eq. no R2

5 ( )
2.32771

37 r

d

V6.0001 0
H

−
 
 a =   
 

(19) 0.99

10 ( )
2.79891

36 r

d

V1.212 1 0
H

−
 
 a =   
 

(20) 1.00

15 ( )
2.39211

35 r

d

V1.529 1 0
H

−
 
 a =   
 

(21) 0.99

30 ( )
2.04151

34 r

d

V2.048 1 0
H

−
 
 a =   
 

(22) 0.93

Table 11. Equations of  parameter β as a function of  the dimensionless 
variable that characterizes the dam.

Hd (m) Equations for β Eq. no R2

5

0.551
3

r

d

V5.1713 
H

−
 
 β =   
 

(23) 0.99

10

0.671
3

r

d

V5.0066 
H

−
 
 β =   
 

(24) 0.99

15

0.651
3

r

d

V3.5859 
H

−
 
 β =   
 

(25) 1.00

30

0.681
3

r

d

V2.5466  
H

−
 
 β =   
 

(26) 0.98
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•	 Peak discharge arrival time: calculated using Equation 18 
combined with the maximum discharges obtained in each 
of  the simplified approaches, as described in the item of  
the present case study.
Table  12 presents the peak outflows calculated with 

equations from Froehlich (1995), Webby (1996), Azimi et al. 
(2015) and Ferla (2018), while Table 13 presents the time to 
reach the peak outflow calculated with the equations from 
Bureau of  Reclamation (1988) and Von Thun & Gillette 
(1990). Based on the dam characteristics, the most critical 
breach output hydrograph (Figure 16) was obtained with peak 
outflow calculated with Azimi et al. (2015) equation and time 
to reach the peak calculated with Von Thun & Gillette (1990) 
equation for erodible materials. In order to proceed with the 
dam-break analysis in the downstream valley, the estimated 
rupture hydrograph must be added to the base flow (initial 
condition - Q0 = 1.098 m3 s-1).

a)	 Maximum discharges

Maximum discharges calculated in the numerical simulations, 
as well as discharges estimated by Equation 9 and using Melo 
(2015) method, are presented in Figure 17.

The maximum discharges over downstream valley entire 
length provided by Equation 9 lead to a conservative scenario, 
since they are, on average, 15% higher than corresponding 
discharges obtained by computer simulation. Considering the 
tendency presented by the method, possibly further downstream 
of  last studied cross section (43 km downstream from the dam 
section) estimated discharges using Equation 9 are closer to the 
ones obtained through computational simulation.

The simplified method of  Melo (2015) provided a scenario 
in favor of  safety until a section 23 km downstream from the 
dam. Past that section, estimated discharges are below those 
obtained through computational simulations. Over the first 23 km 
of  the valley, maximum discharges are, on average, 7.8% above 
simulations’ results.

b)	 Water heights

Water heights obtained by the simulations as well as the 
ones calculated combining Manning equation with Equation 9, 
and Melo’s method (Melo, 2015), are presented in Figure 18.

Similarly to what was observed for discharges, water heights 
obtained from discharges estimated using Equation 9 are higher 
throughout the entire downstream valley than those obtained by 
the numerical simulations. Average relative error between flows 
is approximately 8%. Along the valley, maximum and minimum 
differences between water heights are, respectively, 0.61 and 
0.20 m. Results comparison shows the use of  hereby proposed 
approach provides conservative results, although quite close to 
the reference scenario.

Melo (2015) simplified approach estimates water heights 
above those from HEC-RAS up to a distance of  23 km from 
the dam section. Although water heights in this stretch with the 
simplified approach exceed the numerical simulation, maximum 
difference is 0.50 m. From that section on, maximum difference 
increases to 0.69 m.

Table 12. Peak outflow (m3s-1) calculated for the studied dam.
Froehlich 

(1995) 
Webby  
(1996)

Azimi et al. 
(2015)

Ferla  
(2018)

2,398 2,753 3,248 2,739

Table 13. Time to reach the peak (h) calculated for the studied dam.

Bureau of  
Reclamation (1988) 

Von Thun & Gillette (1990) 
Resistant to 

erosion
Erodible 
materials

0.50 0.55 0.23

Figure 16. Case study breach outflow hydrograph.

Figure 17. Maximum discharges throughout the downstream valley.

Figure 18. Water heights throughout the downstream valley.
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c)	 Peak discharge arrival time of  the

Peak discharge arrival times obtained by the simulations 
as well as the ones calculated by the combination of  Equation 18 
with Equation 9, and Melo’s method (Melo, 2015), are presented 
in Figure 19.

Both simplified methods underestimate peak discharge 
arrival time, a conservative scenario being, therefore, produced. 
This behavior can be justified by the fact that Equation 18 does not 
consider storage effects, since it was derived assuming a channel 
where its cross sections do not allow the simulation of  such aspect.

CONCLUSIONS

The paper’s main objective is to present a simplified approach 
to evaluate dam failures flood waves characteristics, specifically 
peak flow attenuation and peak discharges arrival times along 
dam’s downstream valleys. Those aspects were selected because, 
if  one can estimate these parameters, then other key aspects for 
assessing dam ruptures consequences can be derived from them. 
Nevertheless, as other simplified methods, this approach cannot 
be used directly in the elaboration of  high-risk dams’ EAPs. On 
the other hand, it can be applied in situations such as dam-break 
studies pre-assessment phases or definition of  dams’ associated 
potential hazard.

To achieve this goal, simulations of  hypothetical dam 
ruptures were carried out with the HEC-RAS 1D software based 
on simplified rupture hydrograph routing strategy, as normally 
considered in most simplified methods. These methods are 
normally based on scarce and inaccurate empirical data from 
past dam failures and, for that reason, should always be applied 
considering conservative hypothesis. On the other hand, the usual 
procedure to evaluate dam failures effects consists on performing 
simulations with software that solve the Saint Venant’s equations. 
Judiciously combining these two approaches for a set of  predefined 
hypothetical dams covering most common practical situations in 
terms of  dam sizes can, therefore, be a promising way of  enhancing 
the use of  simplified approaches.

For the development of  the hereby proposed simplified 
method, twelve different size hypothetical dams were studied, 
considering the size criteria proposed by Agência Nacional de 
Águas (2016b). For each of  these dams, the most critical cases 

were studied in order to provide an approach leading to results 
with a certain safety margin. Breach hydrographs of  each dam 
were routed in a fictitious uniform trapezoidal channel, 500 km 
in length with constant slope (0.001 m m-1).

From simulations’ results, equations were empirically 
deduced describing the behavior of  each studied flow parameter. 
For peak flow attenuation, Equation 9 was defined describing 
a potential decay behavior. Peak discharge arrival time was 
described using Equation 18, being noteworthy that it shall be 
considered only for L Hd

-1> 0.
In order to assess the simplified methods’ efficiency when 

compared with more complex models, a case study was analyzed 
considering a real topobatimetry and a hypothetical 15 m high 
dam with 17 hm3 of  reservoir volume. An average 0.0008 m m-1 
slope downstream valley topobatimetry was assumed, close to 
that used for the simplified approach development, presented in 
this paper. In addition, the case study considered characteristics 
that fall within the range of  dam sizes adopted for the research. 
The evaluated simplified methods correspond to the set of  
equations proposed in this paper and to the method proposed 
in Melo (2015). The parameters evaluated in the case study are: 
maximum discharge, water height and peak discharge arrival time. 
The case study reiterates the simplified methods applicability, 
since results are close to the ones from hydrodynamic simulations. 
Additionally, the case study results presented a better performance 
for maximum discharges and water heights using Equation 9 
rather than the method proposed in Melo (2015). The proposed 
approach provides conservative results, but reasonably close to 
those obtained by hydrodynamic simulations: the average difference 
is 15% for discharge and over 8% for water height. Differently, 
all the simplified methods underestimated the flood wave peak 
arrival times by approximately 50%, which, for this specific aspect, 
translates into a conservative result.

According to Melo et al. (2015), classification concerning 
potential damage and associated risk is the main objective of  
simplified methodologies. Therefore, any method that makes 
it possible to estimate maximum water levels resulting from a 
rupture in predefined sections downstream of  a dam meets the 
requirements. Despite considering very limited information (height 
and volume of  the reservoir), the proposed simplified approach 
enables an assessment of  important aspects of  the rupture at any 
downstream valley section, from which maximum water levels can 
be obtained, fitting Melo’s description.

It must be highlighted that the proposed approach in the 
present paper still requires further testing involving additional case 
studies and further enhancements by expanding dam characteristics 
range. This will enable broadening of  hereby proposed equations 
applicability range. On that note, in addition to increasing the 
database of  dam characteristics, applying the same strategy to 
channels with different slopes and roughnesses, as well as with 
sections of  different geometries and areas, is recommended. 
Doing so, the influence of  roughness and topography can be 
added into the method. These improvements will allow a more 
complete set of  equations for dam-break flood consequences 
assessment. However, for now, it also must be emphasized 
that the application of  this approach is limited to similar 
conditions of  those used in its elaboration.

Figure 19. Arrival time of  the peak discharge throughout the 
downstream valley.
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