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Abstract: Dams are critical and essential elements in any infrastructure and, in front of accidents occurred in many countries, it is
extremely important to know the risk of these structures. Inserted in this context, it was found in the technical literature, methods and
tools capable of measuring the exposure value by means of indicators. In the study, the highlights were 12 methods of qualitative,
semiquantitative and quantitative risk analysis, representing an overview of risk analysis methods available in the literature with
potential use in dams, that it has been done into electronic spreadsheets. The case study is performed on a sample of concrete dam and
carth/rockfill built and operated by Eletrobras Furnas Company, supported by documentary research, projects, field inspections and
interviews with experts. After applying the methods and the analysis thereof, has been prepared the Eletrobras Furnas dam risk analysis
method which is characterized by adapting the criteria analyzed to the reality of the company’s dams and it was also performed the
portfolio risk analysis of 18 dams. In spite of the variety and subjectivity of qualitative and semiquantitative methods, the results show
that they tend to converge on the analysis of dam based on risk. The application methodology demonstrates the feasibility assessment
stage, covering the preliminary analysis for portfolio dams, followed by formal and individual risk analyzes for the most critical
structures. These results confirm the applicability of risk analysis techniques, contributing to the consolidation of this tool as
fundamental in the dam safety.
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1. Introduction The dams play their roles, whether for human or

. o . animal supply, irrigation and power generation,
The dams since the beginning of human history were . ) )
i operating, sometimes for many years. However, despite
fundamental to development. Its construction was, . .
. . the dam engineering has progressed enough, people are
above all, the scarcity of water in the dry season and the i i
often surprised by news of breakages and accidents,
consequent need for water storage [1]. The dams are . . . L
. ) which cause financial, environmental and social impacts.
among the most important achievements of the man, . . . . .
According to studies carried out worldwide [3], until

1980, about 200 dams went into break with
catastrophic consequences, having occurred more than
8,000 deaths in such disasters.

That way, the prevention of accidents should extend,

going beyond generally other types of buildings, both
in volume and cost, as in social importance and at risk.
So, they require the most advanced methods of
construction and design. The development of new

materials, the refinement of the dam project and the L . . . o
) o from initial studies and projects, until its deactivation,
study of the best calculation criteria and of best X .
. . and also the construction and operation phases. Is
construction methods have always been object of )
] o ) knowledge of good technique that, before there was an
investigation and permanent efforts, in order to make . . e .
. accident, the dam, as “living” structure, always signals
the safest and most economical dams [2]. . ) . .
their weaknesses, either by visual signals, such as

cracks and leaks, or by signs that need to be performed
Corresponding author: Flavio Augusto Settimi Sohler, . .
Ph.D., research field: civil engineering. by qualified technicians, as, for example, moves and
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variations of pressure, enough?

The breaking of a dam is an event that can occur due
to different causes. The evaluation of potential impacts
is a preventive procedure that is part of the
responsibility of the owner. This analysis must define
the possible consequences of the breaking of the dam
and preventative measures to mitigate the potential
consequences. The possibility of rupture of a dam is a
source of risk to the population, to the economy and to
the potentials of the valley downstream.

Upon the importance of the construction of dams for
the world stage and the complexity of this type of
construction, which usually involves several areas of
engineering, this article aims to identify the main risks
to dams, searching methodologies based on risk
analysis able to sort a set of dams according to the risk
that provides the environment in which they are
installed by establishing a method of risk analysis to be
employed within the company.

Lessons learned from dam breaks have revealed that
a long period of normal operation is no guarantee of
future conditions of security, since there have been
cases of sudden rupture after 10 and 20 years of normal
operation.

With the advance in the understanding of the
hydrologic and hydraulic phenomena, the technology
associated with the process of construction and
regulatory standards ensured a greater safety
throughout the useful life of a dam. However, the
perception of risk related to disasters also evolved, due
to public demand for higher standards of safety and
evaluation of risk studies [4].

Notice that several security levels can be associated
with a dam at every stage of life: design, construction
and operation. According to Viseu and Martins [5], it
should be pointed out that it is not possible to achieve a
level of 100% security. The level of security that
should achieve depends basically on the number of
human lives that may be lost in the case of a critical
event. Another limit relates to the cost of each work
and the human and material resources that can be made

available to the security tasks.

The increasing development and the increase of
population densities in areas downstream of dams lead
to an increasing need to be aware of and to prevent
exposure of the population to unacceptable levels of
risk. In this way, the acceptable level of risk will tend
to be analyzed by an increasing number of people and,
as a result, the requirements in terms of security will
tend to increase in the future.

The ICOLD (International Commission on Large
Dams) [6] emphasizes that the formal risk assessment
for dams, using recognized methods of risk analysis, is
in the development stage and more research and
discussions are required. The theme of this article
encourages the continuation of this discussion on the
applicability of risk analyses within the dam safety
management.

In addition, the risk analysis process, by itself, brings
numerous advantages to the decision maker. Caldeira
[7] points out that the risk analysis, as a structured
decision support process, provides a consistent
technique of comparing the relative safety of structures,
allowing establish priorities with a view to increasing
the structural safety. Hartford and Baecher [8] point
out that the risk analysis techniques improve the
traditional process, providing, among several benefits,
a broad and integrated analysis of all components of the
system and how they interact with each other.

Therefore, before the great potential for application
of risk analysis in dams, this work can be considered of
great importance, contributing to the consolidation of
the tools in the field of risk management and safety of
dams.

The overall objective of this article is the application,
analysis and discussion of risk analysis techniques in
concrete and embankment dams, including preliminary
risk analysis methods for portfolio of dams and formal
risk analysis methods in dams.

2. Risk and Failure of Dam

Risk is the possibility of undesirable occurrences
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and cause damage to the population, economic systems
and the environment. The failure of a dam, among
others, can be the spontaneous flow of water resulting
from an improper operation or the rupture of a structure.
A failure can cause downstream flooding, the damage
to lives and property, forcing people to evacuate the
places where they live. So, they make the whole life of
the society in that place difficult. Harrington [9]
presents the main sources of faults in embankment dam:
overtopping (38%), massive leak and in the pipes
(33%), defects in the foundations (23%) and others
(6%).

In a survey conducted by the ICOLD [3], about the
major accidents in concrete dams, it was concluded that
most happened by problems with the foundation (69%),
body of the dam (16%) and the dam body and
foundation (15%). The main causes in the foundation,
were lack of hydraulic resistance (66%), lack of
resistance to cutting (17%) and unsuitability for the
work designed (17%). The main causes in the body of
the dam were inadequate forms of dam and its insertion
in the valley (72%) and lack of concrete tensile strength
(28%). The main failure of the dam body and
foundation were lack of mechanical resistance of the
foundation or inadequacy of structural shapes.

The break, generally speaking, is the loss of capacity
of a dam, or part of it, working as intended [10]. More
specifically, in concrete and masonry dams, the loss of
mechanical strength or hydraulic resistance of the
foundation, is the cause of major accidents and
incidents. The loss of connection with the foundation in
the amount of foot concrete dams, particularly vaults, is
relatively frequent, because the hydrostatic pressure
induces the vertical traction pressures in the upstream
foot and in the massive of the foundation that is
adjacent [11].

In earth dams, the main cause of the ruptures, is
related to soils that are the most vulnerable materials in
relation to the overtopping. Internal erosion and flow
concentration in the body of the dam and in contact
with rigid structures or the foundation, is another

important factor in the deterioration. Other aspects to
consider are the excessive settlements of crest, due to
inadequate characterization of deformation of materials
and landslides of the slopes, especially to neutral
tensions for faulty drainage system. Another important
point of cause of breakage is the use of poor-quality
landfill materials like soil-mixes rock and liquefaction
problems on foundations of sand or silt soil in the event
of earthquakes. For the rock fill, dams include the
deterioration that occurred due to internal erosion,
whether on the foundation or in the body of the dam.
Also, the number of cases of excessive percolation
through the upstream curtains is significant.

Therefore, considering all the steps of a dam (design,
construction and operation), and mainly in order to
meet the relevant legislation regarding the reporting of
safety of dams, the evaluation as to the risks of dams
involves necessarily the steps outlined in Fig. 1.

The minimum requirements for a safety assessment
can be divided in the steps shown in Fig. 2.

3. Risk Management Process

Risk can be used in various fields of knowledge,
being a condition with the potential to generate a
damage, that is, a dangerous condition with character
of uncertainty [12-14]. This adaptation must be used,
because it is considered that a dam is not exposed to a
risk, but a dangerous condition, since, in the context of
the risk assessment, the risk, in fact, is estimated,
considering the probability and consequence. Another
possible approach is in process of identifying risks,
which represents the determination of what can go
wrong, why and how. In this case, the process involves
the recognition of hazards (or initiators) to which the
dam is exposed, the failure modes, responses and
results in systems and subsystems, exposure factors
and the resulting adverse consequences [7, 10, 15].
Fig. 3 illustrates the process.

However, as with its terminology, it appears in the
literature that there is no unified classification about the

dangers associated with dams. In addition to being the
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1. Classification of the dam risk (High, Medium, Low)

| 2. Site inspection |

I 3. Critical analysis of the design and construction I

| 4. Critical analysis of the operation |

l 5. Critical analysis of maintenance I

6. Inspection and monitoring of dam performance

7. Preparation of Emergency Action Plan

8. Compatibility establishment with previous assessments I

I 9. Preparation of Dam Safety Report |

Fig. 1 Steps to risk assessment in dams.

1. Check the overall situation of concrete or earth structures
|

l 2. Check the overall situation of the reservoir and its access I
|

3. Geotechnical and geological evaluation
|

l 4. Evaluation of hy draulic and hy drological components I
1

5. Instrumentation check to evaluate the safety and performance I
|

l 6. Verification of deterioration or aging of materials I
|

7. Structural safety assessiment

Fig. 2 Minimum requirements for a safety evaluation of dams.

FAILURE SCENARIO

Fig.3 Risk identification process (adapted from Bowles [15]).

most varied possible, they are grouped together and
listed in different ways and natures, being common to
find references with dubious failure modes and system
responses. Proper classification of hazards should be
logic, allowing expansion and subdivisions, if
necessary.

The criteria for acceptability and tolerability

represent the maximum permissible limits for the risk.

Its terminology, widely accepted today, is set by the
Health & Safety Executive [16]. The acceptability of
the individual risk of rupture in dams in the United
Kingdom, is 10 [17] and in Australia is 10® [18] per
person per year.

According to the HSE [16], the unacceptable area
represents a region where its risks, whatever the level
of benefits associated with the activity, is unacceptable.
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The acceptable zone represents risks considered

insignificant and adequately controlled. The
intermediate zone between the previous two, is
considered a tolerable region, whose risks are, typically,
of activities to which the population is prepared to
tolerate in exchange for the guarantee of benefits. In
this case, the residual risks should be kept as low as
reasonably practicable,
ALARP (as low as reasonably practicable). The
ICOLD [6] maintains that the risk tolerance differs for

each country, because it depends on the cultural issue.

determined by principle

There are various methods of risk analysis, available
in specialized literature, which best suit the dams, and
each one has its advantages and disadvantages. The
conclusion is that there is no single method for all
situations. Depending on the specific interest, you can
apply one or more methods that complement each
other.

The inspection method [19], confidence index and
downstream impact of the enterprise [17] and HAZOP
(hazard and operability analysis) are methods based on
visible anomalies. The risk index methods [20], risk
potential [21], behavior index of dam [22], risk class
[23], risk category and its associated potential damage
[24] and modified global risk index (referenced by
Pimenta [25]) are methods for risk analysis in
portfolios of dams. The FMEA (analysis of failure
modes and their effects) and FMECA (analysis of
failure modes, effects and criticality) aims to identify
functions, through the causes and consequences of a
hazard and their mitigation modes. Finally, the method
of ETA (event tree analysis) has the objective of
identifying the event initiator and its consequences
chained.

The methods have been automated via MS-Excel
spreadsheets with the objective of implementation in
two hydroelectric power plants defined in case study of
this work.

As reported by ICOLD [6], there are a variety of
classifications, established by procedures and
well-defined criteria. The criteria related to different

characteristics of the structure, as well as the
magnitude of the consequences, are highly variable and
depend on the authors, owners, companies or existing
regulations.

4. Methodology

This article aims to define risk analysis methodology
for dams to the solution of a particular problem (risk
assessment of dam) in the context of risk management
and safety of dams. It is also featured as a case study,
since the application focuses on a group of the
company’s dams Eletrobras Furnas Centrais Elétricas.

The criteria judged as representative for the
definition of the sample in this study were hydropower
dams and dam classification as high. Thus, two dams
were selected, a concrete gravity and embankment dam,
which were applied various methods of risk analysis.
Risk analysis of the portfolio was held in 18 dams of
the Eletrobras Furnas, and applied the method of risk
analysis for dams developed for the company.

For data collection, documentary researches were
used as project analysis and technical reports of the
dams, content analysis, field inspections on dams and
verification of reports and results, in-depth interviews
with the professionals who worked during the
construction of the dams and those who currently work
in the maintenance, conservation and operation. The
interviewees were the employees of construction,
projects, environmental engineering, studies and
feasibility departments.

For applications of the methods in the dams of the
company, it was first carried out an analysis in the
portfolio of dams and then to those considered
in the first stage as higher risk, and finally, carried out a
more detailed and specific analysis. This idea is also
shared by Bowles [27], through the portfolio risk
assessment. In order to analyze the risks of dams, the
methods presented in Fig. 4 were used, which illustrate
the general scheme of the study.

First was held the portfolio risk analysis of dams,
and of these, two hydroelectric power plants were
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Fig. 4 General scheme of the methodology used in this study.

ELETROBRASFURNAS DAMRISK ANALYSISME THOD

| PHASE 1: (.‘omp arison of methods I

I PHASE 2: Criteria of selection I
l PHASE 3: Definition of Categories |
| PHASE 4: Defining the criteria for categories |

PHASE 5: Definition of indicator calculations

PHASE 6: Definition of valuesfor the variables

I PHASE 7: Calculation of risk p otential indicator I

I PHASE 8: Preparation worksheetfor automation method |

Fig. 5 Process of elaboration of the dam risk analysis method.

selected: Simplicio-Queda Unica and Batalha.

Simplicio was built in the Paraiba do Sul river, on
the border of the States of Minas Gerais and Rio de
Janeiro. This hydroelectric power plant has 305.7 MW
of power capacity and the works were completed in
2013. Batalha, in Sdo Marcos river, between the States
of Goids and Minas Gerais, had his works completed in
2014 and has 52.5 MW of power capacity.

Based on the mentioned methodologies, a method
came up that took into account the main previous
criteria, including the criteria required by law in Brazil,
about security of dams, and that also took into account
the particular characteristics of the company’s dams.
Fig. 5 presents the process of elaboration of the method:

first was identified the criteria that will be included in
the method, establishing three categories: DP (danger
potential), to measure aspects of construction; PV
(potential vulnerability), to measure the results of the
inspections on the dam; P/ (potential impact), to
measure the social, economic and environmental
downstream impact, in case of rupture of the dam.

The PR (potential risk) is calculated by the equation:

PR =(DP+ PV)x PI

Two scales were set: one for dealing with the risks of
construction and inspection (DP and PV) and another
to dealing downstream risks (PI). The scale (DP + PV)
was divided into three classes: A (DP + PV > 47),

meaning that there may be structural problem; B (30 <
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DP + PV <46), meaning that there may be some points
to improve; C (DP + PV < 29), meaning that can be
done only routine inspection. The PI range was also
divided in three classes: A (P/ > 37), meaning that
inspections should be conducted at a lower frequency,
1 month to 6 months, since the downstream damage
can be high; B (23 < P/ < 36), meaning you can
perform annual inspections; C (P/ < 22), meaning that
it can be carried out inspections every 2 years.

The Eletrobras Furnas dam risk analysis method was
applied in 18 of the company’s dams. The application
took place by sending and filling the spreadsheets by
experts, as well as the analysis of the technical data
sheets of dams and of the dam safety analysis.

It was found that the structural aspect and safety of
dams, all are Class C, which denotes that the techniques
and methods of security is effective. It was also
verified that the economic, social and environmental
impacts, in case of rupture of the dams, can be
catastrophic, meaning that they should always monitor
the dams periodically, and maintain a continuous
modernization planning of hydroelectric power plants.

5. Results

First, the Eletrobras Furnas risk analysis method was
used to check which class of risks that the dams of
Simplicio and Batalha are classified in relation to the
defined criteria. In addition to this method, the detailed
methods were also applied in Fig. 4. Then, the LCI
(location-cause-indicator), FMECA and ETA for more
detailed risk analysis of the enterprises were used.

The results of applying the method developed to
Eletrobras Furnasis were consistent with other methods
applied in the same dams.

5.1 Application of LCI Method

The first stage on the impact assessment was
intended to calculate the OII (overall impact index),
which is segmented into two categories: valley
downstream until 5 km and from 5 km to 30 km.

The OII of Simpliciodam was calculated as OIl =

7,050.75 and of Batalha dam as 126.02.

The second stage of the method deals only the
definition of subsequent studies, according to the
results obtained in the OII.

As expected, the Simplicio dam is classified with
high impact (Ol > 750), requiring the evaluation
through the LCI diagram. The Batalha dam has OII <
175, and so, has low risk, requiring no subsequent
studies.

For the Simplicio dam, the risks that have stood out
in the locations “massive dam, foundation and shoulder
pads—SQ1~,
structures—SQ2 and SQ3” and “spillways and their
components—SQ4 and SQS5” are listed in Table 1. The
columns “ID (identification)” of the tables represent

“adduction and discharge

only a suggested ID for the -elements
(SQ—Simplicio-Queda and BA—Batalha), to
facilitate their placement in the risk matrix.

For the Batalha dam, the risks that have stood out in
the locations “spillways and their components—BAI,
BA2 and BA4” and “adduction and discharge
structures—BA3 and BAS5” are listed in Table 2. In the
“massive dam, foundation and shoulder pads” location,
the risks were smaller.

In the case of the Simplicio dam, the most critical
elements are related to the deformation/cracks,
percolation and corrosion, observed through the dam
and foundations, as well as the adduction and discharge
structures, being interrelated. The criticality and the
higher risk index and ordering index of the first two
elements reflect the probability of higher occurrence of
anomalies (indicators currently observed in the field).
On the other hand, the low level of CF (confidence
level) shows the knowledge of the experts about the
issues under review and, therefore, greater ease in the
estimation of indicators, based on studies already
carried out, existing data, visual inspections and
analysis instrumentation. In Tables 1 and 2, /, means
sort index, /- means criticality index, Iz means risk
index and CF means confidence level.

In Batalha dam, the indicators suggest that the most
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Tablel Critical elements in Simplicio dam.
ID Critical elements CF Iy I I
SQ1 Deformations and cracks caused by instability 2 12 24 169,218
SQ2 Corrosion caused by damaged pipes 2 12 24 169,218
SQ3 Percolation and infiltration caused by damaged pipes 2 10 20 141,015
SQ4 Rapid lowering of the reservoir caused by flaws in locks 2 6 12 84,609
SQ5 Damage to the structures caused by obstruction of flow 1 10 10 70,508
Table2 Critical elements in Batalha dam.
ID Critical elements CF Iy I I
BA1l Damage to the structures caused by obstruction of flow 2 9 18 2,268
BA2 Located damage caused by inadequate capacity 2 8 16 2,016
BA3 Surface movement caused by auxiliary structures 2 8 16 2,016
BA4 Percolation and infiltration 2 6 12 1,512
BAS Percolation and infiltration caused by auxiliary structures 1 9 9 1,134
CONSEOUENCE
1 2

>

=

=

(==

=)

<

3

=2 SQ4

A

BA4 BA2,3 SQ3,5 2
1

Fig. 6 Risk matrix of the LCI method for Simplicio and Batalha dams.

critical elements are related to possible project
deficiency concerning about the flow and inadequate
capacity of spillways and their components. The
probability of failure of the elements associated with
the cause “obstruction of flow” is higher to the cause
in the first, the
repressions of occurrences are real and more easily
detected.

When comparing the risk index of the two dams, it

“inappropriate capacity”, since

was concluded that Simplicio dam has higher risks than
Batalha dam. This is due to the higher numbers in the
“consequence” to the indicators related to
percolation/piping, these values specifically pre-set in

the method. That is reasonable, considering that these

indicators, percolation, surges and piping, according to
statistics from ruptured dams, are more harmful to the
safety of dams than the manifestation of deformations
and cracks in structures.

The risk matrix for Simplicio and Batalha dams,
with the qualitative description of probability and
consequence is shown in Fig. 6, with the critical
elements (SQ1, SQ2, SQ3, SQ4 and SQS5) and (BA1,
BA2, BA3, BA4 and BASY) of dams represented, with
high confidence level (2), enabling faster detection and

control.
5.2 Application of FMECA Method

In view of the variety of existing tables in the
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literature for implementing the method, was adopted
the table layout based on the recent work of Portes [28]
and Esposito and Palmier [29] and comprising the
items usually adopted in the methodology.

5.2.1 Simplicio Dam System

The most important items are the components of the
subsystem of the foundation and the subsystem of
shoulder pads. In the first case, the failures are related
to the foundation, with the internal erosion failure
modes (2(2) and 2(4)), the excessive percolation (2(3))
and the mass movement (2(1)). The severities for the
final effects, global instability (mass movement) and
piping (internal erosion) are slightly different. It was
considered that the consequences of the piping, as
being a progressive phenomenon, can be minimally
mitigated due to the time factor, as for example,
decreasing of water in reservoir, unlike a break by
collapse of foundation (global instability). The causes
of remote occurrence are related to deficient or
inadequate  foundation  treatments,  geological
singularities not detected and excessive percolation
associated directly to geotechnical conditions of the
foundation. Detection was considered moderately high,
because, just as in the previous case, despite the failure
mechanisms are internal, they can be indirectly
identified by visual inspections and instrumentation
installed in the foundation and downstream areas,
besides the possibility to perform the reinforcement of
foundation treatment by injection or drainage.

In the second case, the components of the subsystem
shoulder pads have as failure mode or dysfunction,
basically the mass movement (3(1), 3.1(1) and 3.2(1))
and internal erosion (3(2), 3.1(2) and 3.2(2)). The high
value of severity (impact) is related to the overall
instability of the dam with the eventual rupture of the
shoulder pads and the consequences resulting from the
breach. The causes are related to design or construction
failures, in the contact of shoulder pads with the dam,
creating preferential paths of percolation. These
possible causes were judged as being of remote
evidence,

occurrence, according to  field

instrumentation and  investigations  performed.
Detection was considered high, because, despite the
failure mechanisms are internal, they can be indirectly
identified by monthly visual inspections and, mainly,
by the instrumentation (piezometric) installed in the
dam.

5.2.2 Batalha Dam System

The most important elements are located in the dam
system components and of upstream rockfill subsystem.
In the first case, the failures are related to the dam, with
failure mode the mass movement (1(2)). The severities
for the final effects, global instability with uncontrolled
release of water were considered serious. The causes of
remote occurrence are related to the exceptional loads.
Detection was considered high, because, despite the
failure mechanisms are internal, they can be indirectly
identified by visual inspections and instrumentation
installed in the foundation and downstream areas,
besides the possibility to perform the decreasing of
water in the reservoir, as mitigation measure.

In the second case, the elements of upstream rockfill
subsystem have as failure mode basically the excessive
deformation (dysfunction) by mass movement (1.3(2)).

The high value of severity (impact) is related to
cracking with local or global instability of the dam and
overtopping possibility, with the eventual opening of
breach and possible rupture of the dam. The causes
may be related to fluency materials, constructive
inadequacy by poor compression or inadequacy of
project by inadequate materials properties. These
possible causes were judged as being of remote
evidence,

occurrence, according to  field

instrumentation and  investigations  performed.
Detection was considered high, as it was described to
Simplicio dam.

The criticality, by the homogeneity detection score,
tends to converge with the most critical values of the
RPN (risk priority number). The risk matrix suggested
in Fig. 7 presents the criticality of the most important
failure modes. The criticality of Simplicio dam is

located in the quadrants 1-VI and 2-VI and Batalha dam
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CONSEQUENCE (SEVERITY)

I 1I III v \Y% VI
2
5
o
= 4
o
=]
= 3
o
=4
=¥
12) 1.3(2) 2(1,2,3,4)
3(1,2) 2
3.1(1,2)
3.2(1,2)
2(4) 1
LOW

Fig. 7 Risk matrix for the critical elements of the Simplicio and Batalha dams.

in the quadrants 2-IV and 2-V.

The results, based on the discussion of the previous
methods, confirm and detail the most critical break
modes in two dams, demonstrating the effectiveness of
the method applied. The methodology of the FMECA
also confirmed the alignment with the results of the
previous method LCI. The risk matrix, however,
presents few differences in relation to the LCI, because
of the different concepts used in the consequence
component and the different classes considered in the
occurrence or probability index. However, the overall
result of the two methods, FMECA and LCI, was
similar among themselves, because the failure modes
are located in middle or moderate region of the risk
matrix.

It is important to note that the range of values of the
probability (in percentage), mainly associated with the
cause, does not represent a direct correlation with the
probability of dam rupture. In probabilistic terms,
really the probability of rupture of dams, such as those
analyzed, are certainly lower than what would be
considered “unlikely” (= class I < 0.1%)).

It appears from the practical application of FMECA
in dams, that this method is preventive and logical, as

well as become a quick reference for troubleshooting.
The methodology enables structured knowledge of the
system of dams, with consideration of the functionality,
failure modes, causes and consequences of each
subsystem or component, in anticipation of the
measures of prevention and detection.

Preliminary analysis of risk for dams portfolio
through risk index and classification matrix, although
simple and subjective, allow a quick classification of
structures based on risk. Despite some differences
between the methods used, it was found that there is a
clear convergence in various classification systems for
the sample of selected dams.

6. Application of the ETA

In some cases, the statistics of failure are not
sufficient for determining the reliability of the
application to each dam in an absolute sense [30]. In
this way, to this work, the probability of rupture of
dams is presented within a relative ranking.

Noting that in the United Kingdom the acceptability
of risk at the individual level in rupture of dams, is
around 107 [17] and in Australia is around 10°® [18] per
person per year, it was defined inTable 3. In this way, it
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Table 3 Rupture of dam level of acceptability.

Annual probability of rupture (per person per year)

Risk assessment

10"
107
10°¢
107
10

Very worrying
Worrying
Acceptable

Good performance
Great performance

is considered the acceptable value of 10°/person-year,
with lower wvalues being considered of good
performance and higher values somewhat worrisome.
After defining the acceptability level, it proceeded to
the determination of the most critical scenarios in terms
of security, which could, according to the geological
and geotechnical features, hydrological conditions and
the type of dam history, lead eventually to rupture.
Within these scenarios, the analysis focused on the
slipping  through the

rock-concrete interface; overtopping; internal erosion

following key events:
through soil-concrete interface; internal erosion by the
foundation and disruption of pipeline corrosion. The
possibility of overtopping was analyzed, both as a
result of a hydrological risk, caused by a decamilenar
flood, or due to the maximum flood likely, as well as
due to a slipping slope in the area of the reservoir. The
slipping through the foundation was considered on the
basis of the analysis of stability of concrete structures,
where the factors of security by slipping were more
critical.

It was also simulated the possibility of erosion of the
dam by overtopping, and as a result the break by
opening the breach. The possibility of internal erosion
(piping) was simulated by opening of the breach, for
the case of soil-concrete interface. Internal erosion
through the foundation was simulated as a shape of a
tube by the foundation, sometimes progressing
eventually to the formation of a breach, reaching the
crest of the dam. In this way, two alternatives were
simulated for the preparation of the event tree. In the
first alternative, assumed a worst-case scenario, where
were incorporated into uncertainty with respect to the
treatment of the foundation, to the quality control of the

compacted embankment, to the exact dimensions of the
internal drainage system of the dam and foundations, to
the reliability of a monitoring plan, in order to provide
an alternative representing higher risks. In the second
alternative, a more optimistic scenario was simulated,
with a good implementation of structures and good
treatment of foundations in terms of deformability,
resistance and permeability, as well as a good
instrumentation and monitoring plan with routine

inspections.
6.1 Event Tree for Overtopping

In Figs. 8 (Event Tree I) and 9 (Event Tree II), the
event trees prepared for the simulation of a possible
overtopping are represented, where the concrete
structures would resist without major problems to
overtopping, since they are supported on gneissic rock
of good consistency, while the massive landfill, could
suffer serious erosion and eventually breaks depending
on the thickness of the water depth and time
overtopping. As initial probability for the occurrence
of this event, admitted the value of 107, corresponding
to the annual probability of rupture of a dam with good
performance. In terms of sensitivity analysis, it was
performed two alternatives, where it was estimated the
influence of early detection probability of the flood. In
the first situation, the probability of detection of the
flood was low (10%), due to the lack of instrumentation
(Fig. 8) and in the second (Fig. 9), is the reverse
situation, existing instrumentation system, the
possibility of early detection of the flood was higher
(90%).

The final probabilities of the two alternatives were
similar, resulting in, 6.2 x 10® and 4.7 x 10'8, which



Rupture by
overtopping

Start of
Exceptional flood
P = 0,0000001

Floodis dressed
normally through
the spilbway
P =0,9999999

There is no
timeto
decrease the
levelof the
reservoir
P =0,90

Flood is detected
inadvance
P =0,90

decreasing
the level of
the reservoir

Thereisno
time to
decreasethe
levelofthe
reservoir
P=0,95

Flood advance
was not
detected
P=0,10

Safety of Dams: A Pathological Approach of Qualitative and Quantitative Risks

Overtopping
startsthe
erosion of

Raising crest fl downstream
does not slope
prevent P =0.90

overtopping 20
P =080

chdoes
not start

Overtopping does not cause|
significant damage
P=0,10

Raising crest
prevents
overtopping
P =0,20

Overtopping startsthe
erosion of downstream
slope
P =0,90

Raising crest
does not
prevent

overtopping
P = 0,90

Breach does
not start
Overtopping does not P=0,10
cause significant damage

P =0,10 '

Raising crest

prevents
overtopping
P=0,10

Raising crest
does not
prevent

overtopping
P =0,95

Overtoppingstartsthe

Herosion of downstream slope
P=0,90 Breach does not
start

P=0,10
Raising crest prevents

overtopping

P =0,05

1043
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Fig. 8 Event Tree I—dam without instrumentation-erosion by overtopping (exceptional flood).

can be explained because there is no bottom spillway
dams, and in the absence of the possibility of
the of the

probabilities of these events would be of the same order

decreasing level reservoir, annual
of magnitude. To the risk of overtopping, two more
alternatives presented in Figs. 10 (Event Tree III) and
11 (Event Tree 1V) were simulated, which simulated
the influence of variation of the probability of detection
of the flood in the event trees. In the first situation, the
early detection of the flood would have just 1%, while
in the second, the probability of early detection of the
flood would be 99%. The final probabilities were
similar to each other, i.e., 6.8 X 10® and 6.2 x 10'8,
which were similar to the values obtained from the

simulations of Figs. 8 and 9.

6.2 Event Tree for Internal Erosion (Piping)

The possibility of internal erosion was simulated in
the
through

two alternatives: internal erosion through

landfill-foundation and internal erosion
soil-concrete interface. The cases of internal erosion
through the foundation are presented in Figs. 12 (Event
Tree V) and 13 (Event Tree VI). As initial probability
for the development of internal erosion through the
foundation, admitted the value of 1.9 x 107 per
person-year, corresponding to the world average of
cases of internal erosion through the foundation
according to statistical surveys of ANCOLD [31], as
shown in Table 4. The value was divided by 10 for

the second simulation, because it is a well designed dam,
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Fig. 10 Event Tree IIl—dam without instrumentation-erosion by overtopping (exceptional flood).



Safety of Dams: A Pathological Approach of Qualitative and Quantitative Risks

Flood is detected
in advance
P=0,59

Start of Exceptionalflood
P=0,0000001

Rupture by
overtopping

Flood is dressed
normally through the
spilhway
P=0,9995959

Flood advance was no:
detected

the levelof the
reservoir

Fig. 11

Infiltration detection
P=0,10

Progressive development
of piping
3 A P =0,000019
Rupture of dam by internal erosion
through foundation

There isno time to
decrease the level

ofthe reservoir
P =095

Start decreasing
the levelof the
reservoir
P=0,05

There isno time to
decrease the level of
the reservoir

1045

PPINE
the erosion of

downstream slope

reach does not start
P=010

notprevent

overtopping
P=0,90

Overtopping doesnot
cause significant

Raising crest
prevents overtopping
p = A

Overtopping starts
the erosion of
downstream slope

g8 Breach doesnot start
Overtopping doesnot 0,10

cause significant
damage
P=0,10

Raising crest does
not prevent
overtopping

P=0,90
Raising crest
prevents
overtopping
P=0,10

Raising crestdoes
notprevent
overtopping

Overtopping starts
the erosion of
downstream slope

P=090 Breach doesnot start

P=0,10
Raising crestprevents

overtopping
P=010
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P=0,%

Breach does not start
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Fig. 12 Event Tree V—Internal erosion through foundation(dam with construction details not fully adequate).

Table 4 Annual probability of rupture of dam by internal erosion [31].

Type of internal erosion

Annual probability of rupture (per person per year)

Piping through the landfill
Piping through the foundation
Piping through the landfill-foundation interface

7.5 %107
1.9 x 10°
4.0x%10°

constructed and monitored properly, so as to be more
secure than the world average. The dams analyzed,
Simplicio and Batalha, fall into this second alternative.

In Figs. 12 and 13, investigated by the sensitivity
analysis, the case of erosion of the downstream slope
foot, caused by high leakage from internal erosion

through the foundation, be respectively, 30% and 70%.
The resulting probabilities for these simulations were
respectively, 1.4 x 10™ and 8.4 x 107, with the highest
probability related to the case that the infiltration would
be of greater intensity, may cause erosion foot rockfill,
with 90% probability.
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In Figs. 14 (Event Tree VII) and 15 (Event Tree VIII)
are presented the event trees for the simulation of
internal erosion through the concrete-soil compacted
interface, assuming that the dam was designed and
built under good project parameters, following the
technical standards and legislation, in addition to
having an adequate monitoring plan. The initial
probability for the development of erosion through the
concrete-soil interface was admitted as being 10% of
the corresponding to the world average of erosion
through this interface, i.e., 4.0 x 10 per person-year.
This probability was admitted because, in this scenario,
it was considered that the dam was very well designed
and built, which would reduce the chance of a possible
problem of piping, and would also have an adequate
monitoring system, which would make possible the

early detection of possible problems in the

Progressive
development of piping

P = 0,0000015

Pipingitself fixes
P =0,9999981

Rupture of dam by
internal erosionthrough
foundation

P=0,10

Infiltration detection
P =0,90

Progressive
development of
piping
P = 0,000004

Pipingitself fixes
P =0,999996

Internal erosionthroughthe
concrete-soilcompacted
interface

P=0,90
Stability is ensured
P=0,30

Undetected infiltration

Undetected
infiltration

P=0,10

performance of the dam and its foundation.

According to the simulations, the highest probability
was for the case of infiltration by internal erosion
detected with 90% probability. In both simulations,
respectively, with low and high probability of
happening internal erosion, observed results of 3.2 x
107 and 1.6 x 10°. The most critical value for this
scenario of rupture, that is, piping through the
soil-concrete interface, was 1.6 x 10°. Checking the
two simulations performed to internal erosion by the
foundation, where the most critical value was 1.4 x 10’5,
it is observed that the most critical scenario is for
internal erosion by the foundation, thus obtaining
similar results than the statistical surveys of the main
causes of rupture of dams by Harrington [9], noting that
the erosion of the foundation is the third biggest cause
of rupture of dams, after the overtopping and leaks in

Beginning of the
foundation of foot
erosion
P=0,70

Beginning ofthe
foundation of foot
erosion
P =0,50

Stability is ensured
P=0,10

Breach does not start
P=0,70

Fig. 13 Event Tree VI—internal erosion through foundation (well-designed dam, built and monitored properly).
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P =0,90
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foundation of foot
erosion
P =0,90

Fig. 14 Event Tree VII—internal erosion through the concrete-soil interface (simulation with low probability of happening to

internal erosion).
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Fig. 15 Event Tree VIII—internal erosion through the concrete-soil interface (simulation with high probability of happening

to internal erosion).
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Fig. 16 Event Tree IX—sliding slope caused by inefficiency of the drainage system (simulation with greater probability).

pipes and massive dam.
6.3 Event Trees for Sliding of Concrete Structures

For simulation of sliding slope, two events were
prepared, having as its objective the analysis of the
influence of drainage system loss of efficiency in the
foundation of concrete structures in order to ensure
reducing pressures downstream drainage galleries, and
ensure good conditions of stability for the concrete
structures. The analysis of the Figs. 16 (Event Tree 1X)
and 17 (Event Tree X), can be observed that the results
were 8.0 x 10 and 7.0 x 107, confirming that the
concrete structures are much more stable and less
subject to the risk of rupture than the earth-rockfill
massifs. This observation stems essentially from the
good features of foundation rock, that consists of
gneiss.

In the simulation of Fig. 16, it was considered that

the probability of drainage efficiency loss would be
0.1% and in the second simulation (Fig. 17), was set to
0.01% probability. The final results of these two
simulations presented the values of 8.0 x 10 and 7.0 x
107, respectively, as rupture probability for a possible
sliding slope.

6.4 Analysis of the Event Tree Results

For each simulation of risk, the annual probability
corresponding to the highest value found through the
event trees was computed, based on analyses of
sensitivities carried out, according to Table 5. It is also
represented the total probability, given by the sum of
the probabilities of the various partial rupture scenarios
analyzed, as well as performance of the dam is defined
according to the definition of the level of acceptability
of dam rupture (Table 3).

Observing Table 5, it appears that in relation to
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Event Tree X—sliding slope caused by inefficiency of the drainage system (simulation with lower probability).

Table 5 Summary of probabilities of estimated risk in the event trees.

Simulation I

Simulation II

Type of risk — —
Annual probability Performance of the dam Annual probability Performance of the dam
Hydrologic (overtopping) 6.2 x 10 Great 47 %10 Great
Internal erosion (foundation) 1.4 x 107 Worrying 8.4 %107 Good
'Internal erosion (soil-concrete 32 %107 Good 1.6 % 107 Acceptable
interface)
Sliding slope 8.0 x 10 Acceptable 7.0 x 107 Good
Total 22 %107 Worrying to acceptable 3.2 x 10 Acceptable

hydrological risk, the annual probabilities revealed a
great performance of the dam, corroborating several
authors, who argue that the risk of overtopping is more
problematic when occurring in earth dams and not so
much for concrete dams. The risks of sliding slope and
internal erosion by concrete-soil interface are also in
the range of acceptable to good for the performance of
the dam. For the case of internal erosion through the
foundation, the final probabilities were of 1.4 x 10™ per
year, which classifies the risk as worrying. In terms of
overall risk, resulting from the sum of the individual
risks, was 2.2 x 107 per person-year, classified as
worrying to acceptable, that for a dam located near
urban centres, is of course, not an acceptable risk.

In Alternative II, the scenarios analysed revealed
annual probabilities in terms of overall risk, in the
amount of 3.2 x 10° per person-year, classified as
acceptable performance.

The scenarios in Simulation I were a situation with
the occurrence of major problems through a more
pessimistic scenario, in relation to the projects, the
construction and also did not have an efficient
second scenario was

monitoring system. The

considered more optimistic, with effective and efficient
building and design, and proper dam monitoring
system. In this way, it can be concluded that negligence
or inefficiency in any phase of the project, is in the
feasibility study, design, construction, operation or
maintenance and monitoring, can lead to greater risks.
The projects analysed, Simplicio and Batalha, having
rock masses of good quality, there is quality control of
the compacted embankment, the internal drainage
system of the dam and foundations is well designed and
built and also includes a reliable dam monitoring
system, fall into this second alternative of simulation.

7. Conclusions

This study had,
identification, application and discussion of risk

as its main objectives, the

analysis in dams; evaluation of various methods of risk
found worldwide; detailed analysis of two enterprises
of Eletrobras Furnas; application of FMECA and ETA
in these dams and preparation and validation of the risk
analysis method developed for the company.

The Eletrobras Furnas dam risk analysis method was
validated by experts interviewed for this study. This
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method was based on global methods of risk dams and
taking into account the dam safety law existing in
Brazil and is still suitable for the reality of the universe
of the company’s dams. However, the method can be
used or adapted by other construction companies of
hydropower plants.

Often, decisions on the allocation of maintenance
resources are taken by the owners of dams in a
non-technical environment, and the risk approach is
widespread and generally easy to understand and
acceptance by decision makers. The risk analysis
should be seen as an improvement or supplement of the
traditional practice of dam safety, and not as a
replacement. Methods based on risk indexes and
classification matrixes tend to an analysis more
generally, with more generic descriptors. No matter
that should be used only in a preliminary risk
assessment, such techniques are very useful for dam
classification and should constitute an integral part of
any dam safety management program.

Unfortunately, there is not yet a historical basis and
comprehensive information of the dams, not being
possible to perform the comparative benchmarks for
assessing external risks with a larger number of dams.
Therefore, it is understood that the Eletrobras Furnas
dam risk method by constituting a natural evolution of
predecessors methods and the extent to which it can be
used, is a suitable tool in order to identify the greatest
risks dams.

An integrated methodology of evaluation of dams in
phases, starting from more general methods for the
more structured, can be very useful, considering the
time and costs involved in development more complex
risk analysis. The initial phase, with the aid of the
preliminary analysis method best suited to the universe
of dams under observation, allows the identification of
the structures that are at higher risk within the portfolio.
The second phase of evaluation, applied to the
identified dams, tends to address the weaknesses of the
implementation of the previous step. In this sense,
FMECA was proved to be a very suitable method for

the general knowledge of system rupture
characteristics, getting a comprehensive risk analysis,
and further detailed by the system.

Aiming at a more complete analysis, can be of great
value a third step with the most rigorous methods, such
as by ETA. However, considering the complexity of
failure mechanisms in dams, and the difficulty of
quantifying probabilities of dam failure on a scientific
basis, it is not always possible to obtain a consistent
theoretical basis for the construction of the trees. In fact,
considering the methods described in this study, with
its advantages and limitations associated, it can be
concluded that there is no single method applicable to
any study of risks in dams. Thus, analysis combined in
steps is very important in this regard.

The dams analyzed present low probability of
rupture and high consequence (in case of Simplicio),
intrinsic characteristic of large dams in the Brazilian
electricity sector given the size of the structures and the
large volumes of dammed water. Generally, the
structures are well constructed, operated, and
maintained. In the methods in which there is reference
values for risk assessment, it can be inferred that the
identified dam risks are acceptable.

Finally, it appears from this study, the importance of
minimizing the probability of finding unexpected
conditions of a critical nature, through the planning of
geological and geotechnical research,
hydrological-hydraulics investigation, civil works,
feasibility and projects in more than one step, and
depending on the features of construction and
operation of the dam. In addition, it is important to
select the construction method depending on
geological and geotechnical conditions, using risk
analysis and decision-making and identifying the risks
and strategies for its controls, at the beginning of the
project. It is also important to undertake periodic
inspection, annually or every 6 months, for dam safety
assessment. Another aspect to consider is the
establishment of a dam safety culture between owners,

designers and builders, because no construction project
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is risk-free, so these can be managed, minimized,

shared, transferred or accepted, but never ignored.
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