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Some studies that analyze the risk of dam failures estimate that between 2016 and 2025 about
30 major tragedies should be expected. Failure records between 1900 and 2014 indicate
that there is an average of three ruptures every two years, considering only the failures
that were officially registered and investigated. It can be said that the potential for dam
failures will be driven by the economy, since cost has been the main variable considered
in the design, construction, operation, monitoring and closing plan of these structures. As
companies reduce investments in maintenance, risk management and failure prevention,
there is an incentive for economic recovery, competitiveness of product value and debt
reduction, required by investors. The result has been a decrease in specialized labor, to
the point that companies no longer have sufficient knowledge about the engineering and
operational skills that apply to tailings and water management. Learning from the dams’
tragedies is practically non-existent, in Brazil and worldwide, leading to catastrophic
environmental and social consequences. Failures will occur as long as they are viewed and
treated as unpredictable, thereby lacking risk management. The proposed risk management
method, presented in this paper, considers the information of inspection and instrumentation,
identifying risks from event trees, separately, intolerable, tolerable and acceptable risks. The
intolerable risks are conducted for FMEA-type failure analysis, where severe, intermediate
and mild failures are assessed. The objective is to enable the development of an assertive

and effective action plan for dam safety management.

1. Introduction

The dam rupture scenario has been more frequent
than expected worldwide, with an average of two events
per year, even if new regulatory and inspection measures are
implemented. The main causes are related to the deficiency of
geological-geotechnical investigations, hydrological design
and management systems, causing deaths, economic loss
and, usually, irreversible environmental devastation. In this
sense, the regulations on inspections are part of the process
and, by themselves, do not constitute a guarantee of safety,
being essential the management of routines in operation and
maintenance, according to Fernandes (2020).

Dams provide many benefits for society, but the floods
resulting from the disruptions produce devastating scenarios,
since the extent of flooding is large and places the population
downstream in a risk zone. Of an immense number of dams
that have failed over the years, according ICOLD (2001),
there are three ruptures that contributed significantly in
terms of the number of victims, Vajont in Italy in 1963,

with 2.6 thousand of victims, Johnstown in Pennsylvania in
1889 with 2 thousand and Machhu II in India in 1974 with
2 thousand of victims. Costa (1985) reports that the average
number of deaths in dam ruptures is 19 times higher when
there is no warning system in place.

A good integrated geotechnical risk management
system must consider the involvement of people, with high-
performance, qualified and dedicated teams. In relation to
the processes used, they need to contain safety management
elements, when the operation, maintenance and emergency
management routines are established, defining which guidelines
to be followed for each emergency level identified in risk
situations. In addition, detailed risk management must be
based, generally supported by information systems that
assist in data control.

The lack of commitment by the company’s top management
is usually noticeable through the implementation of inadequate
management procedures. There is no efficient management
without the support of physical and financial resources, and
the application of good practices is only achieved if supported
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by the top administrative categories. For the tailings dams,
the scenario is expected to be even worse, since the waste
constitutes a rejected portion of resources, which does not
contemplate direct financial return on the actions linked to its
disposal. There is a continuous tendency to reduce costs to
a minimum, reducing staff, not conducting research and not
investing in monitoring and security. Total quality programs
are prioritized for the product and not for the situation of
reservoirs and containment structures. However, in the event
of disruptions, the costs of damages and reparations, the loss
of prestige with society, and the reduction of the company’s
market value, are much greater than the savings made by
neglecting good techniques and practices.

2. Risk and failure management

The issues related to the design, construction, operation
and maintenance of dams are very specific and depend on
variables that must be thoroughly analyzed and evaluated
over the life of the structure.

The dangerous condition is a situation with the potential
to cause human or environmental damage, and the dangerous
event involves a danger and leads to disastrous consequences.
The risk, on the other hand, is the combination of the probability
of occurrence and the consequence of a dangerous event,
being a function of the severity and frequency of a given
situation. In other words, according to Whitman (1984) it
is the relationship between danger and consequence, being
danger defined as the temporal probability of the occurrence
of a threat and, consequently, the composition of vulnerability
to risk elements, exposure and utility of elements to risk.

Within the risk analysis it is essential to analyze all
possible failure modes in order to determine the probability
of the occurrence of each scenario. The objective of the risk
analysis is to obtain the probability of rupture or failure of
the dam, for each failure mode, identifying the most critical
paths, that is, the probabilistically most favorable events
of occurrence. Companies must give guarantees to society
regarding the operation of waste and water deposits, defining
tolerable risk limits.

Deterministic analyzes evaluate the nominal case (a
scenario), without considering the entire range of plausible
results, and do not quantify the probability of the result.
Probabilistic analysis, on the other hand, identifies the
uncertainties that are fundamental to security and tries to
include all plausible scenarios, their probability and their
consequences. Generally, this type of uncertainty condition
is represented by a normal statistical distribution, and the
methods consider a mean, a standard deviation (SD) and
a coefficient of variation, represented by the ratio of the
standard deviation and the mean (coV = SD / mean), as noted
in Figure 1 (Lacasse et al., 2019).

According to Londe (1995), the safety margin M,
which is our safety factor (FS), is obtained when the
resistance load is subtracted and, necessarily, must be
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Figure 1. Shear tension in the normal distribution. Source:
Lacasse et al. (2019).

greater than or equal to zero for a safe condition of project.
In Figure 2 the safety margin condition considers the
probability of failure (Pf), defined as the potential overlap
of load and resistance uncertainty distributions, which
results in a failure probability. In terms of resistance, the
safety factor is the ratio between the resistant and active
moments, with values greater than 1.0 representing a
greater structural capacity to resist the instabilizing forces,
according to their proportionality.

Thus, it is to be expected that, for each situation, given
the particularity of each project, there is a safety margin
and very different failure probabilities, for small and large
uncertainties, as shown in Figure 3.

The legislation of most countries requires the safety
factor of a dam to be greater than 1.3 or 1.5. In reality, the
safety factor is not the most relevant criterion for ensuring
the safety of the dam since it represents a spectrum of
probability of failure. A dam with a safety factor of 1.4 may
be less vulnerable than one with a safety factor of 1.79, but
with a higher level of uncertainty, resulting in a greater
probability of failure.

Numerically, a higher safety factor value does not
necessarily mean a greater safety margin and the reliability
index (B) must be calculated, SD being the standard
deviation. However, the uncertainties in the parameters
that define the safety factor are not an exclusive influence
on the final safety of the dam. Other aspects that are
not accounted for in the safety factor are the quality of
engineering, construction and operation. A good project,
careful execution and an operation following international
recommendations are factors that directly influence the risk
of the dam, in a positive way. In this sense, the reliability
index (B) and the failure probability (Pf) can be related,
assuming a normal distribution of the failure probability,
where the higher the value of B, the lower the probability
of failure (Figure 4).

In this way, raising the discussion of uncertainties
always leads to a better understanding of what is important for
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Figure 2. Safety margin considering the probability of failure. Source: Londe (1995).
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Figure 3. Small and large uncertainties in the safety margin. Source: Londe (1995).

the project, safety assessment and performance monitoring,
related to the acceptable or not F'S values. Issues related to
what the safety objective should be during the life of a dam,
as well as assessments of whether deterministic fixed safety
factors are appropriate or not to ensure the same level of
safety throughout the life of the dam, should be constantly
evaluated. A dam in operation for 50 years represents at
least 50 years of experience evaluated under operational
and environmental loads and the uncertainties at the time
of the design and construction will have changed over time.
In this sense, an annual failure probability, based on the
performance of the structure and monitoring and inspection
data, allows a more consistent comparison of the safety level
at different times in the life of a dam than a pre-established
and fixed safety factor.
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2.1 Risk analysis

Some companies accept risk passively, and others create
competitive advantage by exposing them to risks in a prudent
and reasoned manner. The definition of risk includes the
possibility of loss, damage, disadvantage, negative impact,
danger or threat of a specific event. There is no zero risk and
all activities involve a certain degree of risk, which must
be understood and managed, so that it is minimized to the
maximum. The concept of risk has acquired wide social and
industrial prominence, constituting an operational concept
widely used in engineering and management. According to
ABNT (2018), it is associated with an event, being a quantity
that results from the combination of the probability and the
severity of consequences due to potential failures.

Risk management must be developed in stages, based on
the principle of knowing what type of risk is being considered.
One step to follow, risk analysis, consider the possibility of
identifying the threat and its causes, as well as estimating the
risk according to the severity of the damage and the frequency
of occurrence. The risk assessment identifies or can be done
to reduce the risk situation, followed by the control stage,
where the procedures for reduction and mitigation of the event
are designed and implemented. Finally, make an analysis of
the results obtained, evaluate as previous steps and check if
the model is satisfactory. There are several methodologies
developed for the elaboration of risk management and the
choice is made according to the author’s preference.

3. Proposed method

Risk assessment, as a whole, is the process in which
quantitative or qualitative risk estimation is considered, along
with all social, environmental, temporal and other aspects,
assessing the consequences of a failure and determining an
action plan to mitigate or accept the risk. This analysis must
necessarily be performed by specialists in several fields,
such as geologists, geotechnical engineers, and hydrologists,
hydraulic and structural engineers, among others.

Risk management has been widely used in the industry
since the 1960s, according Kloman (1992), but it was only
in the late 1980s that the concept was incorporated into the
decision-making process related to dams. However, dam
safety management must be very specific, differentiated
for each structure, region, country and, mainly, enterprises.

According to Fernandes (2020), the event tree methodology
has been very useful for assessing risks in dams as it uses data
from field inspection sheets, which are standardized routines
and with reasonable frequency. In this way, it can be updated
frequently, generating increasingly assertive and directive
parameters for the structure being considered, in addition to
being orientative for the management issues of dam safety.

The first step is to have a well-defined inspection
sheet, with all areas of the structure mapped, as well as an
applied list of possible anomalies. Fernandes (2017) presents

a model form, emphasizing that it must be customized
according to the particularity of each dam. The perception
of possible anomalies associated with the functionality of a
structure, and its respective performance, trigger a process
of verification of probabilities, determining which decisions
or recommendations should be prioritized.

In this item, a new risk analysis methodology is being
proposed, based on the event tree model, but totally directed
to use in tailings or water dams. Such methodology will be
called “proposed method” and basically consists of calculating
a probabilistic risk (RP), based on events and probabilities
resulting from the progression of an anomaly identified in
inspection sheets (called inspection probability - PI), following
a logical and numerical order, depending on the magnitude
(M), the danger level (NP), the anomaly probability (PA4)
and the selected failure mode. In addition, it considers a
probabilistic anomaly description (DPR), which allows a
better visualization of the associated risks.

For each region of the dam the probable anomalies
are listed, which have subsequent coding, as the following
example, still being defined, for each one, the magnitude
and the level of danger: B — Dam, B.1 — Upstream Slope 1,
B.1.1 — Erosions.

Magnitude (M) defines a dimension and the evolution
of this anomaly, compared to previous inspections and, based
on what was verified in the field during use as the basis of
the risk analysis. For magnitude, there are the following
categories:

* [ Insignificant anomaly with no apparent evolution;

*  P. Small anomaly with evolution over time;

* M. Medium anomaly with no apparent evolution;

*  G.Large anomaly with evident evolution, or large-
scale anomaly.

The danger level (NVP) presents a numerical classification
for the anomaly identified, based on the degree of impairment
of the stability and safety of the structure, being:

*  Normal, anomaly does not compromise dam safety;

*  Attention, anomaly does not immediately compromise
the safety of the dam, but if it progresses, it can
compromise it, and must be controlled, monitored
or repaired;

* Alert, anomaly compromises dam safety, and
immediate measures must be taken to eliminate it;

*  Emergency, anomaly represents a high probability
of dam failure.

In this way, at the end of the evaluation, it will be
possible to establish a sequence of anomalies, by region,
which will present a magnitude and a level of danger, as
shown in Table 1. Anomaly probability (P4) ranges from
1 to 100%, presented in decimals. Therefore, there will be
variations between 0 and 1.0, depending on the magnitude
composition and the level of danger presented in the inspection
form. It should be noted that the values 0% and 100% can
be disregarded because they are extremes and, to guarantee
a safety margin in relation to subjectivity when filling out
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Table 1. Example of list of anomalies, magnitudes and levels of danger by the proposed method.

Code Local of anomalies Situation Magnitude (M) Danger level (NP)
B.1.1 Upstream slope Erosion M 1
B.1.4 Incomplete rip-rap, destroyed or displaced M 1
B.1.6 Trees and huge vegetation P 1
B.2.5 Sinks and holes P 1
B.2.12 Dam overflow G 1
B.3.5 Downstream slope Protection failure P 1
B.3.7 Trees and huge vegetation M 1
B.3.11 Anthills or animal holes P 1

the inspection form. The ranges must be defined based on
the stability analyzes and, according to the potential failures
of the structure verified in the history of regular inspections.

As an example, anomaly probability (P4) can be defined
with a combination of:

* Insignificant magnitude (/) with:
o Normal NP (0) - Probability of 0.10;
o Attention NP (1) - 0.15;
o Alert NP (2) -; and
o Emergency NP (4) - 0.25.
*  Small magnitude (P) with:
o Normal NP (0) - Probability of 0.30;
o Attention NP (1) - 0.40;
o Alert NP (2) - 0.50; and
o Emergency NP (4) - 0.55.
*  Average magnitude (M) with:
o Normal NP (0) - Probability of 0.60;
o Attention NP (1) - 0.65;
o Alert NP (2)-0.70; and
o Emergency NP (4) - 0.75.
+  Large magnitude (G) with:
o Normal NP (0) - Probability of 0.80;
o Attention NP (1) - 0.85;
o Alert NP (2) - 0.90; and
o Emergency NP (4) - 0.95.

Failure mode (MF), also defined as consequence,
consists of the last event, subsequent to the progression
of the anomaly, which leads the structure to a rupture
condition. There are several failure modes that can
be considered, such as overtopping, piping, structural
problems like instability, liquefaction, deformation, and
management issues.

The events are the unfolding of the observations made on
the Inspection Sheet, as well as analysis of the photographic
report, with the possible and probable sequencing of the
anomaly’s progression, up to the failure mode considered.
The events are successive, that is, event 5, is an offshoot of
event 4 which, consequently, is an offshoot of event 3, and
so on. The events are defined in sufficient numbers to fully
describe the progression of the anomaly to the failure mode.
Generally, events are defined as the “nodes” of the tree, and
unfold into two branches, or more.

Fernandes et al., Soil. Rocks, S&o Paulo, 2022 45(3):¢2022070221

The inspection probability (PI) is the product of anomaly
probability (PA) by the probabilistic percentage attributed to
each event. In a general equation: PI = (Pl ) x (PE__ ...),
where “n” corresponds to the number of events, and for the
first event, Pl =PAxPE, .

The numerical relationship of the probability of occurrence
of each event analyzed is based on the photographic report
and the observations of the inspection form. The events are
complementary, that is, the sum of the branches of each
“node” must be 100%. Also, for each event, the sum of the
probabilities of all branches is 100%.

If risk analysis is used as a prerequisite for failure
analysis, such as FMEA type, according to USACE (2014), it
is essential that the final event of the tree consider processes
of local and global instability.

Probabilistic risk (RP) is the product of anomaly
probability (PA) by the inspection probability (PI) for each
event. That is, it is the probability of each branch of the tree.
It is interesting to organize them in priority order, that is,
from the highest to the lowest probability.

Table 2 shows an example of anomaly probability (P4)
and failure mode (MF) for certain anomalies. Figure 5 shows
an example of an event tree for anomaly B.1.1, of erosions
in the upstream slope.

After calculating the Probabilistic Risk (RP) for each
anomaly, the Probabilistic Anomaly Description (DPR) is
performed, organizing the RP of each tree in sequencing,
from largest to smallest. The description must be complete,
starting with the anomaly and followed by the location where
it was found, with the insertion of all events. It is generally
easier to describe each block separately, starting with the
branch with the fewest events and progressing to the one
with the most events, like in Figure 5.

In the end, all the RP’s of the trees are compiled and
priority sequencing is taken to treat anomalies, based on the
probability of failure. This product of the proposed method
is risk analysis, that is, the definition of the probabilistic
risks of the progressive sequencing of each anomaly, for
certain failure modes.

The RP’s can be grouped in acceptable and unacceptable
zones, as proposed by Brazendale & Bell (1994) and
previously presented. In this case, the extremes are defined
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Table 2. Probability example (P4) and failure modes (MF) for certain anomalies, by the proposed method.

Magnitude (M) Danger level (NP) Code Anomaly probability (P4) Failure mode (MF)
Il 0 D3 0.10 Management
P 0 A8 0.30 Management
P 1 B.1.6 0.40 Structural Problems
P 1 B.3.11 0.40 Structural Problems
P 1 C.12 0.40 Overtopping
P 1 C33 0.40 Structural Problems
M 1 Al 0.65 Structural Problems
M 1 B.1.1 0.65 Piping

as an acceptable risk range, and an unacceptable risk range.
In between these two bands, there is the tolerable risk zone.
For the proposed method, it is defined that probabilistic risks
(RP) equal to or greater than 20% represent a great potential
for failure and should be considered in a more detailed
analysis, as unacceptable risks. Tolerable Risks are those
in the range between 10 < RP <20 and acceptable risks are
those with a value less than 10%.

3.1 Failure analysis

The analysis of failure modes of the FMEA type
allows anomalies to be assessed from the perspective of the
function in the structure where they occur, considering the
occurrence, detection and severity. It is an in-depth analysis
that allows the identification of the individual failure modes
of each anomaly, exploring the consequences of the causes
and effects.

The occurrence index (O) represents the probability
of the occurrence of the anomaly that will result in a failure,
that is, the frequency with which these failures can occur
per year, ranging from 1 to 10 (Table 3).

The detection index (D) considers the possibility of
detecting new failure modes before they occur and varies on
a scale from 1 to 10 (Table 4). In the case of dams, it is an
important index since some failure-triggering mechanisms do
not demonstrate clear signs or in time if rupture is avoided.
That is why inspections must be carried out by an extremely
qualified team, considering the highest evaluation criteria,
since the situation involves a high risk and a high potential
for damage.

The severity index (S) considers the impacts and damage
resulting from the failure and also varies on a scale from 1 to
10, with the greater the severity, the greater the associated
damage (Table 5). In the context of the word damage, social,
environmental and economic impacts are considered, according
to Fernandes (2020). According to the FMEA methodology
(USACE, 2014), the multiplier interaction between the three
indexes occurs with the calculation of the risk potential
number (RPN), represented in a two-dimensional risk matrix,
characteristic of the model.
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Table 3. Occurrence index (O) - Proposed method.

Occurence index (O)

Probability of occurrence
(events per year)

O 0 3 O L AW~

—_
o

Unlikely (< 0.01%)
Remote (> 0.01 and < 0.1%)
Insignificant (> 0.1 and < 1%)
Casual (> 1 and < 10%)
Frequent (> 10 and <25%)
High (> 25 and < 40%)
More high (> 40 and < 60%)
Expected (> 60 and < 80%)
Likely (> 80 e < 90%)
Very likely (> 90 e < 100%)

Source: Fernandes (2020).

Table 4. Detection index (D) - Proposed method.

Detection index (D)

Probability of detection

O 0 3 O L AW~

10

Very likely
More high
High
Moderately high
Casual
Low
Very low
Remote
Very remote
Unlikely

Source: Fernandes (2020).

Table 5. Severity Index (S) — Proposed method.

Severity Index (S) Damage and Impacts
1 No damage
2 Isolated damage with slow magnitude
3 Short-term reversible individual damage
4 Long-term reversible individual damage
5 Isolated damage with huge magnitude
6 Short-term reversible collective damage
7 Long-term reversible collective damage
8 Collective damage with huge magnitude
9 Irreversible individual damage
10 Irreversible colective damage

Source: Fernandes (2020).
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The uncertainties of the geotechnical behavior of soils,
mainly under the action of static and dynamic loads, signal
the importance of a probabilistic analysis for an adequate
assessment of the stability of the structures. In this way,
risk analysis consists of verifying different components of
a system, which interact, and the resulting scenarios can
be more or less critical. It also allows for the definition
and recognition of risks, resulting in a more effective and
integrated action plan.

For each system and subsystem that has been assigned
a code for the inspection sheet, a function, failure, final
effect, cause, control and control type must be established,
in addition to the RPN calculation.

For the function item, it is desirable to contain transitive
verbs that, having incomplete meaning, need a verbal
complement to complete their meaning, that is, they need a
direct or indirect object. Some examples of transitive verb
linked to the object are contained, retain, provide, drain,
promote, among others. In this item, something that is related
to the anomaly considered for the item is added.

For the failure item, the failure mode is associated in
case the system is prevented from exercising the defined
function and, generally, it is the direct negation of the
function item. If the failure analysis is being used as a next
step to the risk analysis by the proposed method, the failure
modes defined for the anomaly probability (P4), associated
with the anomaly considered for the item, can also be used.

The final effect is the consequence of the failure and
is the item that must be evaluated together with the severity
index (). If the failure analysis is being used as a next step
to a risk analysis, the final effect refers to the progressive
unfolding of the anomaly, that is, the last event considered,
which generally indicates a global or local instability. Each
final effect must contain a numerical indicator of severity ().

The cause must be assessed on two scales. On the
micro scale, it is usually associated with an anomaly and,
in this case, the anomalies listed in the risk analyzes can be
used. The progression of anomalies leads to a macro-scale
assessment, and generally refers to issues related to the
inadequacy of designs, inefficient construction techniques or
problems with maintenance of the structure. Each cause must
contain a numeric indication of occurrence (O). If the failure
analysis is being used as a step following a risk analysis,
the probability of occurrence is interpreted according to the
probabilistic risk (RP) of the risk analysis.

In the FMEA matrix of the proposed method, the mild
failures are those contemplated in the green portions of the
matrix, with the Intermediates in the region in blue and the
severe in the orange and red portions. The definition of colors
by the proposed method considered that:

*  Collective damages are related to severe failures,
therefore, severity index > 6;

* Individual damages are related to intermediate
failures, therefore, 6> severity index > 3;

+ Isolated or undamaged damages are related to mild
failures, therefore, severity index <3;

*  Occurrence index > 6 (high to very likely) combined
with severity index > 9 are zones of severe failures;

*  Occurrence index > 7 (high to very likely) combined
with severity index > 9 are zones of severe failures.
The same is true for occurrence index = 6 (high) and
severity index 10;

*  The definition considered the great impact of the
damages and the high probability of the events
occurring in the year;

*  The demarcation of the other severe, intermediate
and mild zones follows the proportion of the severity
of each failure when combined with the occurrence
of the events.

The action plan established for the control of each cause
can be broken down into as many activities as necessary in
order to control what is causing a particular failure. In this
case, they are listed as control and, generally, measures are
established for the adequacy and revision of the project,
visual inspections, verification of instrumentation levels,
stability analyzes or more particular actions. Control type
is generally defined as prevention and detection. Prevention
refers to measures that require planning to occur and the
involvement of a multidisciplinary team for this action, such
as, for example, project adjustments. Detection, on the other
hand, refers to activities that must be carried out directly in
the structure and that do not require major interventions to
be carried out, being, in general, the routine activities already
established such as inspection and monitoring. It is desirable
that for each cause, at least two controls are established and,
consequently, two types of control, one for prevention and
the other for detection. Each prevention x detection pair
must contain a numeric detection index (D).

RPN is the multiplication of severity (S), occurrence
(0), detection (D) indexes. Table 6 presents an example of
FMEA analysis for dam, upstream slope and crest, with the
respective indexes and RPN calculation, applying the index
values established in the proposed method. The FMEA matrix
considers the values of severity and occurrence and, for the case
of Table 6, Figure 6 has the graphical representation. For this
case, item “B = Dam” requires greater attention, as it is in a
more critical area. However, in terms of RPN, the calculated
values B.2.a are higher, but due to the low occurrence, they
are in a less critical zone, which still requires attention.

According to the RPN ranges obtained in each analysis,
a segmentation of the RPN should be proposed, at least,
in three ranges, such as acceptable risk, tolerable risk and
intolerable risk. The higher the RPN value, the lower the
tolerance for a given event, that is, the greater the assertiveness
in the response must be, and immediate measures must be
implemented.

In defining the action plan, a priority order of actions
based on the RPN could be developed, for example, as follows:

*  Priority 0 — B and B.2.a;
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Table 6. Example of FMEA analysis for dam, slope and crest.

Structure DPR Function Failure Final effect ) Cause (0) Control Zzﬁirglf (D) RPN
B. Dam a.Retain  Insufficient Global 10 Inadequacy 4 Project suitability ~Prevention 3 120
water capacity instability of design Visual Detection
to contain and / or inspection and
water construction instrumentation
and / or
maintenance
B.1 Presence 9.Retain Structural Local 3 Ants and 3 Adequacy of Prevention 1 9
Upstream of ant, tailings instability  instability animals geometry and
Slope constructions due to constituent
and small animals materials
burrows in Visual inspection  Detection
the upstream
slope, shallow
and to a great
extent
No 4a.Give Structural Local 3 Superficial 3 Adequacy of Prevention 1 9
development stability instability  instability Erosion geometry and
of surface due to constituent
erosions in erosions materials
the rip-rap of Visual Detection
the upstream inspection and
slope instrumentation
B.2 Crest Small 3.Retain  Overtopping Global 4 Coverage 3 Adequacy of Prevention 3 36
damage at water (free board)  instability and / or geometry and
the crest with protection constituent
formation of failures materials
percolation Visual inspection ~ Detection
paths,
without water
accumulation
Small 4. Retain  Overtopping Global 4 Coverage 3 Adequacy of Prevention 3 36
damage at water (free board)  instability and / or geometry and
the crest with protection constituent
formation of failures materials
percolation
paths, L . .
without water Visual inspection  Detection
accumulation
Severity Index (S)
1 3 4 3 ] 8 9 10

Occurence | ndex (0)

Figure 6. FMEA matrix for the example of dams.
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e Priority 1 - B.2.b;
*  Priority 2 - B.1.a and B.1.b.

4. Application of the proposed method

In this item, three dams will be evaluated in the light of
the methodology described, defined as the proposed method.
The identification of the dams, as well as the photographic
report of the structures has been deleted to protect the data
companies that own the structures, given that there is no
authorization for detailed disclosure of the dams. This omission
does not compromise the study, since what is discussed
and presented is the application of the method based on the
inspection form and identification of anomalies.

Dam A is a soil embankment structure with a homogeneous
section, 6 m high and 200 m length at the top, built to accumulate
water from a food industry, with construction works completed
in 1995. Dam B is a concrete structure, with a maximum height
of 10 m, 130 m long and a spillway (millenary 7R), with water
accumulation for the purpose of generating electricity, built in
1930. Dam C is a soil embankment dam, with a homogeneous
section, 14 m high and 800 m long, built to accumulate residues
from a gold mining. The spillway was expanded in 2009 to
and the dam was built in 1982.

The inspection of the three structures was carried out
between the period of November 2019. The application of
the method will be done in stages so that its effectiveness is
individually assessed, in the topics described below:

A. Dam inspection form that allows identifying anomalies
as well as determining the magnitude (M) and danger
level (VP). An example was provided in Fernandes
(2017);

B. Foranomalies identified as first time (PV), disappeared
(DS), decreased (DI), remained constant (PC) and
increased (4U), values of M and NP must be assigned.
Categories of M and NP was described in section 3
of this report with a summary model on Table 1);

Table 7. Dam B anomalies.

C. Define the anomaly probability (P4) according to
intervals defined in section 3, after example on Table 1;

D. Define the failure mode (MF);

E. List the anomalies in sequence of less magnitude
(M) and danger level (NP) for the highest indices,
inserting the anomaly probability (PA) and failure
mode (According example in Table 2);

F. Design of the event trees considering the probability
of the anomaly (P4) to compromise the structure
stability (an example was provided in Figure 5);

G. Probabilistic risk management (RP) of anomalies, like
described in the end of general section 3. Definition
of acceptable, tolerable and unacceptable risk zones;

H. Failure analysis for the unacceptable risks define
index like described on Table 3 to 5 on section 3.1.
Establish the RPN as the example on Table 6;

I. Definition of severe, intermediate and mild failures
on a matrix like the one shown on Figure 6. Define
the action plan.

In the case of Dam B, for example, 14 anomalies were
identified during the field inspection, as shown in Table 7.
There is no critical anomaly, that is, a hazard level equal
to or greater than 2 (Alert or emergency, as they require an
intervention immediate repair). Table 8 shows the ordering
of anomalies and the definition of anomaly probability and
failure mode.

For the anomalies of Dam B, 150 probabilistic risk
Scenarios were identified according to the event tree analysis
for proposed method, like the example at Figure 7 and
Table 9. For all these scenarios, 6 of which were considered
unacceptable, as shown in Table 10. These were directed
to the failure analysis of the FMEA type which identified
4 intermediate and 2 mild failures as demonstrated in
Table 11 and Figure 8.

A summary of all risk and failure analysis with the
application of the proposed method is presented in the
Table 12, considering the three dams.

Code Local of anomalies Situation Magnitude (M)  Danger level (NP)
A3 Operational Lack of staff training G 1
A7 infrastructure Lack or deficiency of protective fences P 1

B.1.7 Upstream slope Erosion P 1

B.4.1 Downstream area Irregular constructions M 1

B.4.3 Erosion P 1
D.1 Reservoir Damaged or missing instruments P 1
D.2 Constructions in protection areas P 1
D3 Pollution by seewage, garbage or pesticides P 1
D.4 Evidence of poor water quality P 1
D.5 Erosion P 1
D.7 Collapsing margins P 1

E.1.6 Tower gate Grid problems P 1

E.2.6 Tower engine Lack of open indicator P 1

E.4.6 Structure Deterioration of the railing P 1

Fernandes et al., Soil. Rocks, Sdo Paulo, 2022 45(3):¢2022070221



Fernandes et al.

Table 8. Dam B anomaly probability and failure mode.

Magnitude (M) Danger level (NP) Code Anomaly probability (P4) Failure mode (MF)
P A7 0.40 Management
P 1 B.1.7 0.40 Structural problems
P 1 B4.3 0.40 Structural problems
P 1 D.1 0.40 Overtopping
P 1 D.2 0.40 Management
P 1 D3 0.40 Management
P 1 D4 0.40 Management
P 1 D5 0.40 Structural problems
P 1 D.7 0.40 Structural problems
P 1 E.1.6 0.40 Structural problems
P 1 E.2.6 0.40 Structural problems
P 1 E.4.6 0.40 Management
M 1 B.4.1 0.65 Structural problems
G 1 A3 0.85 Management

Table 9. Probabilistic anomaly description for anomaly A.3 for Dam B.

Sequ. RP Code Probabilistic anomaly description (DPR)

1 0 A.3  Global stability of the structure compromised by the inefficiency of inspections and treatment of
readings due to the team not having adequate emergency training

2 0 A.3  Performs regular inspections, with staff without adequate training for emergency

3 0 A.3  Inefficiency of inspections due to the team not having adequate emergency training, with monitoring
of instrumentation data

4 0 A.3  Team has emergency training

5 0 A3 Local stability of the structure compromised by the inefficiency of inspections and treatment of

readings due to the team not having adequate emergency training

Table 10. Dam B ordering of unacceptable risks.

Code Anomaly Probabilistic Anomaly Description (DPR) Percentage
B.4.1 Downstream area Irregular constructions in the downstream region, with no flow obstructions 58.50%
A3 Operational infrastructure  Operational Infrastructure Global stability of the structure compromised by the 28.92%

inefficiency of inspections and treatment of readings due to the team not having
adequate emergency training

D4 Reservoir Poor water quality in the reservoir, without recreational use 24.00%
A.3  Operational infrastructure Performs regular inspections, with staff without adequate training for emergency 22.95%

A.3  Operational infrastructure Inefficiency of inspections due to the team not having adequate emergency 21.42%
training, with monitoring of instrumentation data.

B.1.7 Upstream slope Progressive development of erosions in the upstream slope, without the presence 20.74%
of water, in isolated deep erosion or in the protection

*  For the case of dam A: o Failure analysis: out of the 45 unacceptable risks,
(6] Inspection: 50 anomalies, 35 of which are critical none are subject to severe failures’ and the 33
but without understanding what the probability intermediaries must be prioritized over the 12

of their progression will generate a failure mode.

o Risk analysis: breakdown of 50 anomalies into 749
failure scenarios due to local or global instability,
for a given failure mode. Of this total, 45 are
prioritized as unacceptable risks, that is’ they without understanding what the probablhty of its
must be immediately mitigated. progression will generate a failure mode.

mild ones.
*  For the case of dam B:
o Inspection: 14 anomalies, with no criticism but
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Table 11. Failure analysis for the unacceptable risk at Dam B.

Type of

Structure DPR Function Failure Final effect (S) Cause 0) Control control (D) RPN
B. Dam a.Retain Insufficient Global 10 Inadequacy of 7  Project suitability ~ Prevention 3 210
water capacity to instability design and / or . .
. . Visual Detection
contain water construction . .
and / or inspection and
maintenance instrumentation
B.1 Upstream  Progressive development 7.0ffer Structural Global 3 Erosion 5 Adequacy of Prevention 3 45
slope of erosions in upstream stability  instability due  instability geometry and
slope, without the presence to erosion constituent
of water, in isolated deep materials
erosion grooves, or in Visual Detection
protection . .
inspection and
instrumentation
B.4 Irregular constructions in 1.Offer Structural Global 3 Irregular 7 Adequacy of Prevention 3 63
Downstream the downstream region, stability  instability due instability constructions management
area with no flow obstructions to irregular downstream procedures
constructions from the dam . . . .
Visual inspection ~ Detection
D. Reservoir a.Retain Insufficient Global 10 Inadequacy of 5 Project suitability ~ Prevention 3 150
water capacity to instability design and / or Visual .
contain water construction . 1sua Detection
and / or inspection and
maintenance instrumentation
Poor water quality in 4. Store Management Global 3 Erosion 5 Adequacy of Prevention 3 45
the reservoir, without water for instability management
recreational use energy procedures
Audit Detection
Table 12. Application summary of proposed method.
Topic Dam A Dam B Dam C
Anomaly NP=0 0 NP=0 0 NP=0 6
NP=1 15 NP=1 14 NP=1 36
NP=2 35 NP=2 0 NP=2 4
NP=3 0 NP=3 0 NP=3 0
Total 50 Total 14 Total 46
Probabilistic risk (RP) 749 150 634
Unacceptable 45 Unacceptable 6 Unacceptable 17
Tolerable 76 Tolerable 11 Tolerable 64
Acceptable 628 Acceptable 133 Acceptable 553
Failure analysis of unacceptable risks 45 6 17
Severe 0 Severe 0 Severe 0
Intermediate 33 Intermediate 4 Intermediate 14
Mild 12 Mild 2 Mild 3
General failure analysis (Place where anomalies are) Severe 3 Severe 3 Severe 4
Intermediate 0 Intermediate 0 Intermediate 0
Mild 0 Mild 0 Mild 0

o

Risk analysis: breakdown of 14 anomalies into
150 failure scenarios due to local or global
instability, for a given failure mode. Of this total,
6 are prioritized as unacceptable risks, that is, they
must be immediately mitigated.

Failure analysis: out of the 6 unacceptable risks,
none is a condition for severe failures, and the 4
intermediaries must be prioritized over the 2 mild
ones.

For the case of dam C:
o Inspection: 46 anomalies, 4 of which are critical

but without understanding what the probability
of its progression will generate a failure mode.

o Risk analysis: breakdown of 46 anomalies into 634

failure scenarios due to local or global instability,
for a given failure mode. Of this total, 17 are
prioritized as unacceptable risks, that is, they
must be immediately mitigated.
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Severity Index (S)

Occurence Index (0)

Legend - Type of Failure

Mild Intermediate  Severe

Figure 8. Matrix of failure analysis for the unacceptable risk at Dam B.

LOCALIZATION ANOMALY EAILURE PROBAB

INSPECTION PROBABILITY (PI)

PROBABILISTIC

PROBAB PROBAB PROBAB SEQUENCE

Figure 7. Tree events for anomaly A.3 for Dam B.

o Failure analysis: out of the 17 unacceptable risks,
none is a condition for severe failures, and the 14
intermediaries must be prioritized over the 3 mild
ones.

5. Conclusions

The frequency and severity of the failures are increasing
globally, the majority of which would be preventable if observed
due diligence on the part of dam owners and operators. Technical
knowledge exists to allow dams to be built and operated at
low risk, but the frequency of ruptures leads to lapses in the
consistent application of expertise throughout the life of an
installation and due to a lack of attention to detail. In Brazil,
professional practice and regulatory guidance allow unbridled
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MODE (MF) EVENT1 P11 EVENT 2 PI2 EVENT 3 P13 EVENT 4 pI4 RISK (RP)
Global
Operational Lif:f?f P‘:::;?l‘:yly Does not accompany instabilty
Infrastructure trainin PA) instrumentation data 0.28917 0.28917 1
9 Does not perform regular 0.9
{A) {A.3) 0.85 inspections 0.6 0.3213
Local
0.5355
Tzz:ni:f:s instability 0.032 a
emergency 0.765 o7 0.4
training Track instrumentation
data 0.214 3
04
Management
Performs regular
inspections 0.270 2
0.9 0.3

Teams have

emeargency
training 0.085 4

0.1

confidence in the observational method, a continuous, managed
and integrated design process, construction control and
monitoring of structures. In many of the failures, the reports
indicate a series of constructive breaches in the filter and
drain systems, concrete galleries, concrete bypass channels,
in addition to critical operational issues over the years of
operation. The best practices, the best knowledge and the best
available techniques need to be main guidelines, assumed about
planning, design, construction, operation, monitoring and
closing plan of dams. As these guidelines become clear, and
are applied, the industry will no longer depend on assumptions
about observational methods, which consider the expertise
and particular point of view of engineers and consultants to
make important decisions that affect risk.
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All structures present some degree of risk, even after
control and, therefore, it is necessary to develop action plans,
or contingency plans, to minimize such risks. In these plans,
the necessary actions to minimize the risk and mitigate the
consequences should the event be addressed, as well as
address issues of responsibility and responses to emergencies.
The proposed method reduces the subjectivity of filling in
dam inspection forms, expanding the understanding of which
anomalies are most significant from the point of view of
triggering a failure mode. In this way, it allows prioritizing an
action plan in a more assertive way, reducing time of operation
and maintenance costs, as it increases the effectiveness in
controlling anomalies in dam safety management.

The application of the proposed method for the case
study of the three dams allows us to conclude that:

*  The definition of an action plan based only on the
observations of the inspection form has a subjective
character, since it will depend on the professional’s
expertise in surveying the structure’s commitment
in the face of a certain anomaly;

*  As levels of magnitude (M) and danger level (NP)
associated with each anomaly are defined, a pattern is
created that reduces subjectivity in the classification
of the anomaly and allows the identification of critical
anomalies (NP > 2) that require more immediate
intervention. It is noteworthy that until this phase
of the method it is not yet defined which anomaly
represents the greatest risk, as it is a partial analysis;

*  When creating the probabilistic matrix of the
combination of magnitude (M) with the danger level
(NP), it is possible to find the anomaly probability
(PA), an index for entry into the proposed method
event trees. The higher the P4, the closer the anomaly
is to the unacceptable risk scenario;

*  Failure Mode (MF) identification allows to relate
the anomaly to the final process of instability in
the progression of the anomaly, both from a local
and global point of view. Thus, when sequencing
the event tree for each anomaly, the objective will
always be to predict all scenarios up to the defined
failure mode;

*  The events in the event tree are broken down based
on the observations of the inspection forms and the
photographic report and, accordingly, it is important
to detail each anomaly marked on the form. The
higher the level of details, the more accurate the
establishment of the percentages of each event and,
consequently, the more assertive the calculation of
the probabilistic risk (RP);

*  The definition of probabilistic risks at unacceptable,
tolerable and acceptable intervals, allows the action plan
to be directed towards a more specific intervention, in
order to mitigate anomalies that have a development
more directed to the specified failure mode;

* Failure analysis of unacceptable risks, prioritizes
anomalies that lead to severe failures within the
action plan, followed by intermediate and mild
failures. In this way, a robust, directive plan can be
used to guide all dam safety management;

*  The severe failure action plan should include more
immediate mitigating actions in relation to anomalies
that correspond to intermediate failures and, in the
sequencing, to mild failures;

*  The proposed method is a failure and risk analysis tool
that must be used in conjunction with other techniques
to guarantee the local and global stability of dams;

*  For the complete version of this methodology, access
the PhD Thesis available at Fernandes (2020).
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List of symbols

B Reliability index

AU Increased

coV Coefficient of variation

CMP  Maximum design flood
D Detection Index
DI Decreased

DPR  Probabilistic Anomaly Description
DS Disappeared

FMEA Failure Mode Event Analysis
FS Safety Factor

G Large Magnitude

H Horizontal

I Insignificant Magnitude

M Safety margin

M Magnitude

M Average Magnitude

MF Failure Mode

N Number of events

NP Danger Level

o Occurrence Index

P Small Magnitude

PA Anomaly Probability
PC Remained Constant
PE Anomaly Probability per Event
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Pf Probability of failure
PI Inspection Probability
PV First Time

RP Probabilistic Risk
RPN  Risk Potential Number
S Severity Index

SD Standard deviation

TR Return Period

V Vertical
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