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As knowledge advances, we are able to invent better and better models, which reproduce more and more features of the
real world, more and more accurately. Nobody knows whether there is some natural end to this process, or whether it
will go on indefinitely. ... We expect that any model we are now able to construct will be replaced by more complete ones
in the future, and we do not know whether there is any natural end to this process (E.T. Jaynes,).

ABSTRACT

Until late 1980 s the safety of dams had been assessed and controlled exclusively by a rules-based (often called
standards-based) approach, which had been applied for both the design of new dams and the assessment of the
safety of the existing dams. Increasing societal awareness of negative impacts resulting from failures together
with the understanding that the trade-offs between to costs of increasing safety and the benefits from reducing
the residual risk need to be determined before the best decisions can be made brought to the forefront new
approaches that focus on explicit characterization of risks. This trend can be traced back to the late 1970
and despite the early scepticism about the feasibility of carrying out credible and defensible analysis of risk,
it started gaining gradual acceptance in the dam safety field. The methods of risk analysis for dams have been
constantly evolving over the past forty years and this paper provides a brief characterization of this process
together with the lessons learned during this journey. Equally important as the analytic approaches were the
developments in terms of risk evaluation and its use at different levels of decision-making but they are not
discussed in the paper.

1. INTRODUCTION

Risk-informed analysis is steadily gaining acceptance as an appropriate approach to assessing dam safety. While in most
countries, dam safety is regulated by governmental entities, and some of these are not in favour of utilizing information
about risk in regulation, at the same time the dam engineering community is developing and implementing risk analytic
techniques and various risk evaluation schemes for dam safety. While many of these address comparative risk and risk
ranking within a collection of assets, the efforts continue in improving a risk-informed decision-making process for
individual dams.

2. THE BEGGINNING

The beginnings can be tracked back to the early 1970’s (Ellingwood and Ang, 1972) and (Yucemen et al, 1973). In their
report Ellingwood and Ang stated that the concept of an acceptable risk of failure is central to a rational approach to
safety. They postulated that the classical reliability theory which assumes that loads (S) and resistances (R) are random
variables can provide the foundation for risk analysis for dams. The approach would ensure safety by assigning a
sufficiently small probability to the event that the resistance will be less than the applied load effect or, in other words,
the probability of failure, P;= P (R < S), would be specified to be acceptably small. The report’s focus was strictly on the
analytic approach to characterization of the probabilistic component of risk and did not discuss the complex and difficult
aspects of risk evaluation and of what could constitute the acceptably small probability of failure.

One year later Yucemen et al published a report on probabilistic study of earth structures. They noted that soil and
foundation engineering were characterized by extensive uncertainty, caused by insufficient information and inadequate
knowledge of the subsoil conditions and the fact that properties of soil generally varied both in space and in time.
Therefore, the report proposed a probabilistic method of addressing all sources of uncertainty when analysing slope
stability problems. The proposed format was based on the approximate first-order probability theory and was illustrated
by examples of short and long-term stability of slopes.

There were some further developments in the following years, (Rouselle and F. Hindié, 1975) and (Alonso, 1976).
However, it was the publication of three papers [(Bowles et al, 1978), (McCuen, 1979) and (Prendergast, 1979)] which
explicitly and in more formal way introduced the concept of dam safety risk assessment.

Bowles and his co-workers proposed the framework of a phased process of risk analysis for dams based on (Rowe,
1977). The framework was built on a four-element sequence of event-outcome-exposure-consequence paths which
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allowed the analysis to link the occurrence probabilities of each event. The work was later expanded (Howell, 1980) to
a format comprised the following five major elements: event-system response-outcome-exposure-consequences.

McCuen observed that at the end of 1970°s safety factors were still predominantly, if not exclusively, used to account for
uncertainty in design and construction' of dams and although such practice resulted in excellent safety record the fact
that the failures had been occurring should have caused the engineering profession to re-examine the approach. He then
postulated that what was needed was a design system that permitted the formal assessment of risk for all design aspects
affected by uncertainty. As a solution he proposed a framework based on the Bayesian decision theory.

Prendergast’ report was even more succinct in outlining the need for a new approach. He pointed out that the design
process for dams involved numerous uncertainties associated with the external and internal forces and factors. Although
the engineers were fully aware of this fact, no meaningful attempts had been made to quantify the uncertainty and the
designers always relied on subjective choice of design parameters and conservative safety factors based on experience
and judgment. As a result, there was no consistent basis for comparing safety of different designs and there was no
systematic and credible way of assessing the impacts of uncertainty on the safety of a design. He further stated that “In
a realistic sense, the safety of a dam is a matter of acceptable risk, and within this premise, the logical and quantitative
basis for evaluating dam safety requires the concepts and methods of probability . The conclusion of the report was that
“the concepts and methods of probability, i.e., extended reliability theory, provide the proper basis for evaluating of the
safety of dams”. The proposed approach was illustrated in the report by describing in detail the process of probabilistic
stability analysis of concrete gravity dams at normal or extreme operating conditions.

A different approach to the similar problem begun to be developed in the Netherlands (Bakker and Vrijling, 1980) and
(Mulder and Vrijling, 1980). The papers provided an outline of a probabilistic method for protective sea defenses (dunes
and dikes) design. The approach utilized the fault tree techniques for the development of all possible failure scenarios
of the sea defenses system and the concept of the ultimate limit-state of a failure mechanism. The approach included
derivation and complex probabilistic calculus that begun with the probability density functions (pdf) of the boundary
conditions and ultimately led to the derivation of the pdf’s of ‘potential threat’ and ‘resistance’. The approach relied
heavily on theoretical mathematical models.

The concept of using information about risk in assessing dam safety has been further explored in the early 1980’s.
(Cheng et al, 1982) developed a risk model based on fault tree and a load model that included random process modeling
of the flood, wind, and other geophysical forces. (Kreuzer and Bury, 1984) outlined a complete procedure based on
classical reliability approach for the evaluation of dam safety and risk, comprising (i) identification of primary failure
causes and hazardous conditions, (ii) selection of load scenarios, (iii) cause-failure analysis providing failure probability
value, (iv) failure-consequence evaluation, and (v) estimation of total risk. All uncertainties pertaining to data were
expressed by probability functions or partial coefficients. (Bury and Kreuzer, 1986) illustrated how event trees can be
utilized to develop cause-to-failure-to-consequence scenarios.

Important developments occurred in the second half of 1980°s. First, (McCann et all, 1985) issued a report dealing
with safety evaluations of existing dams. The report proposed a methodology for conducting dam safety risk analysis
comprising four steps, namely (i) identification of events that can cause dam failure, (ii) determination of frequency of
occurrence of loading conditions caused by events identified above, (iii) determination of conditional probabilities of
dam failure caused by each loading condition, (iv) assessment of consequences caused by each failure mode.

One year later US Bureau of Reclamation issued a report (USBR, 1986) providing guidelines on dam safety related
decision analysis when using the information about risk. The purpose of the guidelines was “fo outline a decision
analysis framework incorporating the concepts of adverse consequences and the risk of occurrence by which alternative
solutions to a given problem may be evaluated”. The guidelines stated out that although engineering judgment is an
important factor in problem solving under uncertainty, a formal decision analysis provides a means for displaying the
uncertainty in a manner that allows an informed decision.

The proposed analytic framework included five steps: (i) problem definition, (ii) site condition characterization, (iii)
identification of loading conditions, (iv) determination of system response?, and (v) hazard assessment. The guidelines
were followed by a detailed risk assessment procedure (USBR, 1989) with the focus on seismic and hydrologic events
as causes of failure,

Both reports influenced in a significant way the developments in risk assessment for dams in North America and
Australia for the next several decades. The most important decision taken in developing both of these documents was
the separation of the analysis of loading conditions from the analysis of system response. The separation made the
organization of the analytic process simple and easy to understand. It also led the practical development and applications
toward analytic tools dealing with the sequences or chains of events and event tree technique. The (USBR, 1986)

1. For a long time, dam safety risk assessment efforts concentrated on design and construction aspects. Risk issues caused by operation appeared
later.

2. System response was defined as reaction or performance of the dam and appurtenant structures under specified loading conditions with possible
outcomes that may include no failure, partial failure, or complete failure.
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remains a benchmark in the field of dam safety as it provided the general framework following the line of reasoning
as depicted in Figure 1. The principal concepts of this framework included separation of the analytic process of failure
initiation and development into three steps:

*  Analysis of loadings or conditions initiating the failure mechanism;
e Analysis of failure mechanism development and progression;

»  Forecast of consequences should failure occur.

1. DEFINE THE PROBLEM
...a situation may develop which causes some concern for the integrity of the structure...

L 1

2. DESCRIBE THE PERTINENT SITE CONDITIONS

L 1

3. IDENTIFY POTENTIAL LOADING CONDITIONS

o Identify the range of potential loading conditions that may result in adverse consequences

e The loading conditions which usually need to be considered result either from random events
or normal operation. Random events include floods and earthquakes as the predominant
natural forces that a dam must be designed to withstand

e The random events of each type may be generally quantified in terms of magnitude and
associated recurrence interval or exceedance probability

e During normal operation, loading conditions may generate a failure mechanism by acting on
structural defects inherent to the dam

4. DETERMINE SYSTEM RESPONSE
The conditions of the structure and other site conditions determine the types of system responses
to be expected over the range of potential loadings. In this step it will be necessary to account for
the entire range of loads to which a dam is exposed and the complexity in the determination of how
a dam responds to these loads

Figure 1 : (USBR, 1986) top portion of decision analysis framework

This conceptual model of the set of conditions preceding the dam failure has been universally accepted and for the past
two decades served as a basis for the vast majority of risk models aimed at risk-informed support for decision making
in dam safety (ANCOLD 1994 and 2003), (Defra, 2013 a,b), (FEMA, 2014), (ISPANCOLD, 2013), (USBR/USACE,
2012), (USBR/USACE, 2015)).

3. THE PRESENT

Within a relatively short time period risk models utilizing event tree technique became the most widely used tool in
dam and levee safety risk analysis. The first comprehensive application of the risk assessment for dams based on even
tree risk model appeared in the same year as the USBR Guidelines. Tongue River Dam Risk Assessment (DNRC, 1986)
was initiated after the traditional dam safety assessment concluded that since the dam was unable to pass the Probable
Maximum Flood without failing, a risk assessment was needed in order to evaluate alternative actions proposed to
mitigate the risk. The risk assessment was carried out using the framework outlined in 1986 USBR Guidelines (event-
system response-outcome-exposure-consequence framework). The risk identification stage included:

» Initiating events (flood, earthquake, slope instability, piping at outlet works or embankment, landslide into reservoir,
foundation failure)

*  System response or failure mode (overtopping, deformation, liquefaction, rupture)
e Outcome (breach)

*  Exposure (time of day, season, warning time)

*  Consequence (Loss of life, economic damage).

Risk model utilized an event tree that included the sequence of events starting out from each initiating loading event to
an ultimate fail/no fail outcome. Key probabilities for all loading events, for the system response’® and for the outcome
were estimated using the mix of probabilistic frequency analyses, subjective/judgmental approaches and pro-rating of
historical failure rates.

Important guiding documents began appearing in the 1990’s and they included first ANCOLD Risk Assessment
Guidelines (ANCOLD, 1994), Reclamation Guidelines for Achieving Public Protection in Dam Safety Decision-making
(USBR 1997, 2003), second ANCOLD Risk Assessment Guidelines (ANCOLD, 2003) as well as an important book
(Hartford and Baecher, 2004) and ICOLD Bulletin on Risk Assessment for Dam Safety (ICOLD, 2005).

3. System response included three possible outcomes: no failure, failure and partial failure. While the interpretation for the first two is obvious,
the third one has not been defined.
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Extensive effort by US Federal agencies brought several versions of Best Practices in Dam and Levee Safety Risk
Analysis (USACE and USBR, 2012, 2015 and 2018) and FERC Interim Guidance on Risk-Informed Decision Making
(RIDM) - Risk Guidelines for Dam Safety (FERC, 2016). Original developments in the US and Australia influenced
development of SPANCOLD Guidelines on Risk Analysis Applied to Management of Dam Safety (SPANCOLD,
2013).

The common element of these different approaches to analysis of dam safety risks originated from the fundamental
assumption that the analysis of hazards creating loadings on the dam and the analysis of responses to these loadings can
be separated, analyzed independently and then combined utilizing chain-of-events (with the event tree as a preferred
analytic technique) approaches in order to arrive at the probability of dam failure.

The further evolution of the approach included important changes to the definition and the understanding of what is the
system response to loadings. The current definitions are:

System response — how a dam responds, expressed as a conditional probability of failure, to a given scenario of applied
loads and concurrent conditions (FERC, 2016).

System response (or probability of failure) describes the relationship between the demand (i.e. driving forces or loads)
that a system is subjected to and the capacity (i.e. resisting forces or strength) of the system to withstand the demand
(USBR, 2015).

It should be noted the above definition of system response excludes modifications of loadings, both in terms of probability
of occurrence and the magnitude. Such changes can occur with relatively high frequency in hydrologic loadings and
may be caused by a variety of disturbances causing disruptions in the flow of water through the system. In terms of
system-thinking approach such exclusion is equivalent to the removal of feedback links from the system model.

In dam safety risk assessment applications there are frequently used arguments that even if a dam is decomposed
into its primary sub-systems (for example, earth embankment, sluiceway, gates, powerhouse, headworks, etc.) and
components (rip-rap, shell, filter, core, etc.), there is little or no interaction or feedbacks among the components and
sub-systems. Thus, all components can be considered separately and the safety of the entire dam systems can be derived
from the information about the reliability of individual components. This position was very clearly expressed recently
by (Galic,2017) who stated that “...Regardless of whether they are constructed of concrete or earth, large dams are, to
some extent, passive structures, with limited control over a significant percentage of the stored volume. While there are
usually electromechanical components present, the failure of such a component (e.g., of a spillway or penstock gate)
generally has the potential to harm fewer people than the failure of the dam itself. With some exceptions (e.g., a pumped
storage facility built without a spillway), most large dams, with respect to the potential for a major failure, would not
be properly characterized as complex systems. Thus, while an intricate dynamic model may be required for a complete
understanding of the 1979 incident at Three Mile Island, the only thing needed for a working understanding of how
Teton Dam failed three years earlier is a good grasp of fundamental soil mechanics concepts”.

While such interpretations can be applied to most of the structural (hard) components of a composite dam it disregards
the functioning of the non-structural (soft) components of a dam system. In particular,

*  Failure of flow control equipment may lead to overtopping and ultimately dam failure.

*  More often than not, there are multiple dams within a single watershed and the operation of any single dam may
affect the safety of other structures. For that reason, hydrology and water management engineers have always
thought in terms of river systems, where interactions between individual reservoirs (system components) are of the
utmost importance.

¢ Dams in multiple dam systems cannot be operated independently because the water is flowing through the system
all the time and it has to be either stored or passed to the next reservoir. Any failure of flow control equipment at any
dam may impact the operating strategy of the entire system or its part and any disruption in the individual reservoirs
or the entire system operation may change both the magnitude and/or the exceedance probability of hydrologic
loadings.

e The term dam system refers to more than just physical components and technical aspects. It has to include social,
managerial, organizational, human and political factors, which together create a complex dynamic system with
complicated interrelations and feedbacks.

To some extent the concept of dam systems has been explicitly recognized in (Defra, 2013a, b) where the elements
described in Table 1 are included in the definition of a reservoir system.

While the concept of a dam system has been adopted as a general principle in Defra guidelines it has not been extended
to all elements of a broader system comprising all dams and reservoirs (interrelated through physical, operational and
human agency-based links) within the watershed under consideration. Thus, many important dynamic interactions and
feedbacks are either not accounted for or are only partially included in the analysis during the development of loading
scenarios.
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Table 1 — Dam as a system

Aspect Definition

The reservoir system including surrounding hillsides, the dam(s) and their abutments and foundations
and other reservoirs in cascade

Physical All appurtenant structures

features Electromechanical equipment

All instrumentation and communication systems

Any other natural or man-made physical features relevant to the safe operation of the reservoir

Maintenance, monitoring, surveillance and inspection procedures

Operational | Any manuals and software needed to operate automated or remote-control systems for reservoir
features operations upon which safe reservoir operation depends including inflows and discharges, information
such as inflow flood forecasts, management systems, communications and decision protocols

Human Includes maintenance, monitoring and surveillance, supervision and inspection

All management aspects of the owner/undertaker or operating organisation on which safe reservoir

fi .
actors operation depends

Following the conceptual model of dam failure requires analytic procedures capable of systematic and logical
characterization of sequences of events beginning with initiating events and ending in the uncontrolled release of storage.
The early applications of risk analysis for dams experimented with the use of Failure Modes and Effects Analysis
(FMEA), Failure Modes, Effects and Criticality Analysis (FMECA) but at the present the field is dominated by events
trees (and fault trees for some specific applications). The common feature of all these techniques is that they view
accidents and failures as something which results from a chain of events that can be organized in chronological order.

As pointed out before, event trees as the analytic technique appropriate for these purposes were recommended as early
as early 90’s and have become the preferred technique. There is no doubt that the application of event tree as the logic
engine of risk analysis significantly advanced dam failure analyses. As (FEMA, 2014) indicated this analytic technique
provided additional insight into dam safety (as compared to the traditional safety assessments based on “standards” and
design values) since event trees are:

*  Capable of displaying the chronological order of events;

* Intuitive because the events from left to right are the sequence of events that occur given the previous event or
condition to the left;

*  Well suited for displaying dependencies between events and the order in which they occur;

*  Capable of better communicating and understanding about assumptions in developing the model;
*  Easily understood by people with non-technical background,

e Well suited to display details of the problem; and

*  Drawn on standard computer spreadsheets or specialty software.

At the same time when these important developments were taking place in the dam engineering field, a new philosophy
begun emerging across many hazardous industries - a philosophy for assessing the safety of built facilities based on an
underlying principle of system safety. The philosophy was based on the recognition of the fact that engineered systems
are not just a collection of technological (hard) components but they also must include these (soft) elements of the
system that reflect the structure, management, institutional arrangements, procedures, plans and the culture of the dam
owning organization.

The growing recognition of importance of treating dams as systems is now challenging the general perception that
chain-of-event analytic techniques are sufficient for risk analysis of dams, as the events that are ending as failures may
be complex combinations of many factors. These may include components failures, inadequate maintenance, problems
arising from instrumentation and control, human actions, design errors, errors in the operating plans and procedures,
errors in implementing the operating decisions and problems arising from multiple dam ownership and conflicting
interests in system operation.

Chain-of-events models that work well for simple systems are not always appropriate for complex systems. Chain-of-
events models are based on the assumption that the behaviour of analyzed system can be explained by a series of linearly
related events over time. As a result, they simplify the process leading to failure and may exclude important systemic
factors and indirect and non-linear interrelations between individual events (Leveson, 2011). Leveson also pointed out
that traditional chain-of-events models have particularly poor performance when dealing with human errors and with all
issues related to decision making. Human behavior can be included in an event tree through the binary decision of human
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actions (success or failure). While adequate for certain situations, this may mask the range of behaviours possible at any
given moment and system state. It can also obscure the underlying reasons for the behavior, including many important
causal factors that are difficult or impossible to model in any failure-based method such as: correct human behaviour that
is not defined for certain situations, specified human behaviour that is known by operators but thought to be incorrect,
procedures that conflict with each other, or it is not obvious which procedure applies, information necessary to carry
out a procedure is not available or is incorrect, the person has multiple responsibilities or goals that may conflict, past
experiences and current knowledge conflict with a procedure, procedures are not clear or misunderstood, procedures
are known but responsibility for the procedures is unclear or misunderstood, procedures are known and followed, but
they are unsafe.

It should be noted that design errors and requirements flaws are not amenable to analysis using chain-of-event techniques
and are easily overlooked. In addition, higher-level systemic causes such as organizational and managerial issues cannot
be included in a chain-of-event based analytic approaches. Such issues can be numerous and may include poor or
inadequate management, ineffective communication, misplaced regulatory priorities, and complacent staff attitudes.

The modern understanding of system safety entails an approach in which all elements (physical sub-systems and
components, operating plans and procedures, organizational, managerial and human factors) are modelled in a fully
combined and integrated frame. This and only this ensure that all dynamic interactions and interdependencies between
the elements are accounted for thus providing all relevant information to analysis of system risks. It is intuitively clear
that such objective can be achieved by embedding the models of systems processes dynamics and human behaviour into
stochastic simulation framework allowing it to reproduce the occurrences of failures along any required time frame. The
general concept of such approach can be found in (Hartford et al, 2016).

4. THE FUTURE

The progress in developing and implementing various risk analysis techniques for dam safety assessment purposes
has been steady in the past two decades and the credit for that belongs predominantly to the US federal agencies and
dam owners and regulators in Australia. The work done in these countries was instrumental in getting the world-wide
attention of dam owners, regulators of dam safety and dam engineering consulting community that the information
generated through dam safety risk assessment is invaluable in making the right decisions with respect to various aspects
of dam safety.

Notwithstanding the progress made and the current state of developments in this field, it is becoming clear that the
improvements in the analytic methods can be and need to be made. Some precursors of alternative approaches have
been proposed in the past few years and they include stochastic simulation and Bayesian Networks as two possible
analytic techniques capable of addressing ‘dams as systems’ aspects of risk analysis for dam safety. It is expected that
with the growing importance of risk-informed decision making in dam safety, other analytic approaches will continue
to be explored.

4.1 Stochastic simulation

Stochastic event simulation approach (Micovic et al, 2015) was applied to probabilistic characterization of hydrologic
hazard through the probabilistic characterization of reservoir water levels and releases in the Campbell River System,
BC, Canada. The basic concept employed in the approach was the computer simulation of multi-thousand years of
flood annual maxima and their progression through the river system. Stochastic flood modelling was conducted using
the Stochastic Event Flood Model in combination with a deterministic watershed (precipitation-runoff) model which
utilized the conversion of the precipitation input into runoff, with hydrometeorological input parameters treated as
variables instead as fixed values. Monte Carlo sampling procedures were used to allow the climatic and storm-related
input parameters to vary in accordance with those observed in nature. There were three distinct aspects of stochastic
flood simulation in a complex river system, namely:

*  the simulation of natural inflows in each of the reservoirs within the river system;

» the simulation of reservoir operating rules, i.e. flood routing for the individual reservoirs as well as the whole
system;

» the stochastic simulation of on-demand availability of various discharge facilities within the system, i.e. failure of
individual spillway gates, low level outlets, powerhouse outlets, or some combination of those

All three aspects were combined within the stochastic simulation framework and multi-thousand years of extreme storm
and flood annual maxima were generated by computer simulation. The simulation for each year applied a set of climatic
and storm parameters selected through Monte Carlo procedures based on the historical record and collectively preserved
dependencies between the hydrometeorological input parameters. Execution of the watershed model with reservoir
routing of the inflow floods through the system and stochastically modelled failure/availability of various discharge
gates, provided corresponding multi-thousand-year series of annual maxima flood characteristics. Characteristics of the
simulated floods such as peak inflow, maximum reservoir release, runoff volume, and maximum reservoir level were the
flood parameters of interest. Annual maxima series were then created for each of these flood parameters and the values
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were ranked in descending order of magnitude and a non-parametric plotting position formula and probability-plots
were used to describe the magnitude-frequency relationships. Simulation with the help of watershed model produced
one maximum for flood peak discharge, maximum reservoir release, runoff volume, and maximum reservoir level at
each of the dams in the river system. These maxima were then used in assembling annual maxima series representing
multi- thousand years of flood events.

Continuous stochastic simulation approach (Zielinski et al, 2017) based on the principles of system safety (Hartford
et al, 2016) was applied to the Madawaska River System in Ontario, Canada. A comprehensive risk assessment study
seeking to determine whether risk exposure due to inability to safely pass IDF is sufficiently high to justify discharge
capacity upgrades was carried out. The Madawaska River watershed is a complex system comprised of numerous
inter-related, interdependent and interactive components which can be influenced by random events. The operation of
the system is mainly governed by the actual water levels in reservoirs, actual inflow and the inflow flood forecast of
Madawaska watershed to achieve target reservoir water levels based on historic safe operation. However, the system can
be greatly influenced by other random events such as failure of transmission system, failures of flow control equipment,
and inability to gain access to sites. Other operational challenges that further contribute to the complexity of the system
and its operation include numerous contributing watersheds that are managed by other entities, many facilities requiring
sluiceway equipment to be manually operated on site, fairly remote sites of these facilities, limited resources available
to manage all sites, inaccuracy of the inflow flood forecasts, and environmental and other stakeholder’s requirements for
water levels flow releases to maintain ecological and/or biological healthy system. Simulation of such a complex system
is not practical using analytical solutions. Therefore, a dynamic system simulation (a systems approach) was used to
analyze and predict how all components comprising the system interact and behave as a whole.

Analytic approach was based on the philosophy of system modeling through stochastic simulation. Inflows to the sites
simulated as random functions of time were routed through the system thus creating dynamic demand on flow discharge
equipment. Recorded frequencies of overtopping occurrences provided good approximation of probabilities of failures
due to overtopping. The diagram illustrating the general conceptual modeling framework is depicted in Figure 2.
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Figure 2 : Modelling approach

The first element of the framework was the climate module responsible for generation of the long (up to 100,000 years)
stochastic time series of daily synthetic climate data. The climate data provided the input to the second module which
comprised hydrologic watershed models of local sub-basins in the Madawaska River System. The models used the
synthetic climate data and converted it into runoff in the sub-basins and the streamflow at the outlets from the sub-basins.
The outflows provided the necessary data in form of daily inflows enabling carrying out the simulation of the operation
of the entire system. The routing of the flows through the system created the demand on flow control equipment. Each
piece of flow control equipment (system component) responds to the demand according to its availability characterized by
individual reliability metric. Demand was created dynamically in response to various stochastic disturbances impacting
the operation. The simulation was carried out and all instances when the headwater level exceeded the level of potential
overtopping failure mode initiation were recorded at each site.

4.2 Bayesian Networks

Bayesian networks (BNs) have been one of the most successful analytic methods used to deal with systems operating
under uncertainty conditions. Recent applications in the field of dam safety include (Li and Liang, 2016), (Ponnambalam
etal, 2019) and (El-Awady et al, 2019).

In the first paper a method based on a Bayesian network combined with stochastic Monte Carlo simulation is used in
this research to calculate the probability and analyze the risk of a single reservoir dam overtopping and two reservoirs
collapsing under the combined action of flood and landslide surge. Two adjacent cascade reservoirs on the Dadu River
in China are selected for risk calculation and analysis. The authors concluded that combining Bayesian network theory
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with stochastic Monte Carlo simulation was an effective method for calculating probabilities and analyzing the risk
associated with a single reservoir dam overtopping and for investigating whether multiple cascade reservoirs will
collapse under the combined action of various risks and working conditions. This study may constitute a firm basis for
providing useful technical support with respect to risk prevention and control in reservoirs in the future.

Ponnambalam et al paper pointed out that determining failure probabilities of a complex system using exhaustive
simulation methods is efficient only when the number of components is small. It proposes a BN approach to solve the
same problem in an efficient manner supported by simulations, where they are appropriate, calling this method the
simulation supported BN (SSBN). SSBN decomposes the network into smaller sub-networks; each simulated separately
to provide failure probability information. The BN allows for combining this information to calculate failure probability
of the entire system. SSBN makes the complex system easy to deal with by reducing the time and effort to solve.

In El-Awady et al paper Mountain Chute Dam system, which is a part of the Madawaska River System in Ontario,
is used as a case study. Bayesian Network (BN) is used to represent various components of dams with associated
probabilistic information such as marginal and conditional probabilities to estimate system failure probabilities. Expert
judgement, logic inference, and models of reservoir systems, may also be used to aid BN. The network representation
of Mountain Chute dam and generating station is relatively complex. While limited data are available for this network,
logic inference or eliciting expert judgement may be used to quantify the network probabilistically. This revealed a
significant difference in the failure probabilities when the BN is quantified using expert judgement than the case that
uses logic inference. Adding expert engineering judgement helped in reducing the uncertainty in the network, and gave
better estimates for the operation of the dam. The two cases of using logic inference and using expert judgement can be
considered two different scenarios that the decision maker can rely on. The worst-case scenario may be the one that uses
logic inference, and the safe operating scenario is the one that uses expert judgment. If more data is available, simulation
models may support BNs in estimating the steady state probabilities for such systems.

5. CONCLUSIONS

The progress made in the several past decades in the area of risk assessment for dams makes the formal risk assessment
an important part of dam safety decision making. Development of specific, detailed methodologies of risk analyses in
the US and Australia reached the level of maturity which allowed successful implementation of explicit risk assessment
results into dam safety decision making. This, in turn, increased the interest in analytic aspects of risk-informed dam
safety decision-making around the World, and encouraged research efforts aimed at improving analytic capabilities.

There is no doubt that with time, new, better and more complete methods of characterizing all probabilistic aspects
of dam failures will be developed, tested and implemented. Dam safety field is no different than any other area of
engineering where the progress is constant and new methods and approaches appear and replace the old ones. This
process will continue and as quoted out in the motto to this article we expect that any model we are now able to construct
will be replaced by more complete ones in the future.
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