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Abstract:

This work presents a simple tool for the assessment of maximum overtopping probabilities of dams. The
tool is based on empirical relations between the overtopping probability and the basic hydrological and
hydraulic characteristics of the dam-reservoir system: the Unit Storage Capacity, V'r, and the Unit Spillway
Capacity, Q"cap, both weighted with the relative importance of the 1,000-year flood. The surface issued from
the tool represents the limit above which no V' — Q"cap combination is statistically expected to offer a higher
probability. The tool was calibrated using the detailed overtopping models of 342,233 synthetic cases
generated from 30 existing dams and then validated against a set of 21 independent cases. The tool is useful
when analyzing a portfolio of dams in previous screening phases of dam risk analysis. It aims at identifying
overtopping as a relevant failure mode and easily classifying each dam in terms of its overtopping
probability. The tool is also a support for the definition and prioritization of corrective measures since it
assesses their impact in the overtopping probability reduction.
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INTRODUCTION

Large dams and protective dikes and levees are critical infrastructure whose associated risk must be assessed
and managed. Risk analysis techniques are useful tools to help owners make decisions in the field of dam
safety management. The development and application of these technigques helps the decision-making process
by optimizing the existing resources and pointing at the most efficient ways of using them (ANCOLD 2003;
ICOLD 2005; SPANCOLD 2012; USACE 2011).

The analysis of failure modes is a key process in risk analysis (FEMA 2015). The goal is to identify, describe
and structure the possible ways in which the dam may fail. Techniques such as Failure Modes Effects and
Criticality Analysis (FMECA) help systematize this process and ranking failure modes depending on their
probability of occurrence. To produce meaningful results using risk analysis it is important to capture all
those potential failure modes whose occurrence probability is deemed to be not irrelevant. A review of dam
safety information during a first screening stage is necessary to assess whether a potential failure mode
should be incorporated into the process or not.

Among the potential failure modes of a dam, overtopping is of particular importance. It has been the main
cause of nearly 30% of all dam failures worldwide over the last century (ICOLD 1995; Jandora et al. 2008).
Overtopping happens when the water level in the reservoir reaches the dam crest and starts spilling over the
downstream face of the dam. Overtopping can be caused by one or a combination of several of the following
reasons: floods, spillway gates failure, wind or earthquake triggered waves, dam crest settlement due to
earthquakes and/or internal erosion in the case of earth dams, and reservoir operation errors. This work is
focused on the overtopping caused by floods, which is the most frequent reason for overtopping (Costa
1985; Wahl 1998).

In this paper it is understood that overtopping is produced when the dam’s outlet works are unable to
successfully route the incoming flood, so the water level in the reservoir rises until the dam crest is reached
and water starts spilling over the dam. This endangers the structure itself, as the flow overrunning on the
downstream slope possess a certain erosive potential. The probability of a failure by overtopping is the
combination of two components: (i) the probability of occurrence of the triggering event, i.e. the overtopping
of the dam; and (ii) the conditional probability of the structural failure once the overtopping begins.

In order to determine whether this is a relevant failure mode that deserves to be considered deeply in a risk
analysis, it is necessary to previously assess the probability of occurrence of the overtopping, pover. This
probability is defined as the probability that a spill over the dam crest takes place in any year, regardless of
its magnitude or duration, and is expressed in inverse time units.

Several approaches of different complexity can be followed to define the probability of overtopping
occurrence (Kuo et al. 2007). Typically, studies use dam-specific models based on the routing of inflow
hydrographs to compute the maximum reservoir water level. A detailed analysis of overtopping requires
comprehensive information on hydrology, hydraulics, characteristics of dam, spillways and reservoir and
the use of routing methods (Michailidi and Bacchi 2017). In order to address the uncertainty related to
hydrologic and hydraulic factors, the use of probabilistic techniques such as Monte Carlo simulation
(Goodarzi et al. 2014; Kwon and Moon 2006) or Latin hypercube sampling (Hsu et al. 2011) is widespread
due to their conceptual simplicity and robustness. These techniques provide results with higher accuracy but
at the expense of a larger computational cost (Kuo et al. 2007; Sun et al. 2012; Wang and Zhang 2017).

However, it is not always advisable to perform analyses with a high level of detail (SPANCOLD 2012) but
to look for a balance between accuracy and effort. Depending on the scope of the study or the stage of the
process it may be reasonable to employ a less time and cost demanding methodology. This is especially
useful when analyzing a portfolio of dams, and in particular in the selection of the failure modes that have
to be incorporated in subsequent stages of the risk analysis. In these cases, the use of screening level
techniques such as Screening Portfolio Risk Analyses (SPRA) may be more appropriate. Performed at an
initial stage of portfolio risk assessment (Bowles et al. 1998), SPRA aim at identifying relevant failure
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modes and classifying each dam in a general and simplified manner, in terms of their potential failure risk
(FEMA 2015). SPRA technigues are based primarily on available information. They allow to prioritize
additional investigations for the dams at a higher risk. These techniques have been applied in several cases
(De Cea et al. 2010; Escuder-Bueno et al. 2008; Jeffrey T. McClenathan and Andy Harkness 2008; USBR
and USACE 2011).

The objective of this work is to provide a simple tool for the estimation of dam overtopping probability that
does not require the elaboration of ad hoc models but that is yet able to provide results on the conservative
side and with an adequate level of accuracy. Such a tool should be easy to apply and make use of main
characteristics of spill and storage capacity, as well as on hydrological loading, readily available for any
dam owner in the dam-reservoir technical information files.

The conceptual approach followed in the paper is as follows. First, a comprehensive, detailed model that is
able to accurately estimate the probability of overtopping is described. This detailed overtopping model is
of widespread use in the dam engineering field, and has been used by the authors in more than 40 dam safety
analyses in the last 15 years (Escuder-Bueno et al. 2016; Morales-Torres et al. 2016; Serrano-Lombillo et
al. 2017; Setrakian-Melgonian et al. 2017). This model provides an estimation of the overtopping
probabilities that will be used as reference probabilities against which the tool will be tested. Using the
information of 30 existing Spanish dam-reservoir systems as raw data, and varying their properties, a large
set of more than 5.6x10° virtual dam-reservoir systems is generated. Then, using the detailed model, the
probability of overtopping for each case is estimated. In the next part, the structure and formulation of the
proposed simple model is described and justified, and the set of 5.6x10° overtopping probabilities is used to
calibrate the parameters of the model. Finally, the calibrated tool is tested using some real dam-reservoir
systems as benchmark cases.

DETAILED MODEL FOR THE ASSESSMENT OF ANNUAL OVERTOPPING PROBABILITIES

For the calculation of the annual probability of overtopping of a dam, overtopping probability models were
used, henceforth referred as overtopping models. These are based on risk models, which complete
description can be found in SPANCOLD (2012). This section describes the structure of the typical detailed
model used in this work.

Usually, such modeling is performed using event trees, an exhaustive representation of all the possible
chains of events —represented by nodes— that can produce the dam overtopping (Serrano-Lombillo et al.
2011). The tree’s branches represent all the possible outcomes of their event of origin and have an assigned
probability. Any path between the initiating node and each of the nodes of the tree represents one of the
possible outcomes that might result from the original event and can be calculated as the product of the
probabilities associated with each branch.

These models can be represented using influence diagrams such as the one presented in Fig. 1. Each variable
is represented by a node and each relationship by an arrow. In this case, the overtopping model used is
composed of 5 nodes: Floods, Previous Reservoir Level, Spillways reliability, Flood routing and
Overtopping probability. These nodes contain information on the characteristics of the dam-reservoir
system, the hydrological loads and how they are routed. This information flows from one node to the next
until the last one in which the overtopping probabilities are finally calculated. For this work, the iPresas
software (iPresas 2017) has been used to calculate these probabilities.

Spillways Flood Overtopping
Reliability Routing Probability

Fig. 1. Structure of the detailed overtopping model used.




Node Floods (hydrological loads)

Floods are the initiating event (node) and the probabilities of the emerging branches are defined by the
probability linked to the inflow hydrographs, introducing the temporal component to the overtopping
probability. These are associated with a given return period (T) or its equivalent annual exceedance
probability, (World Meteorological Organization 2008). In this work, the hydrographs of return periods up
to 100,000 years have been extracted from the dam-reservoir technical information files and then
incorporated to each Floods node. In the cases where there is no hydrograph available with such high return
periods, it has been necessary to resort to statistical extrapolation through distribution functions of the peak
discharges (Chow et al. 2008).

Node Previous Reservoir Level

The water level in the reservoir preceding the arrival of a flood varies and can be determined through water
level frequency distribution curves. The variety of possible cases makes it difficult to capture through a
single variable the effect of these curves on the overtopping probability.

A homogeneous criterion has to be considered to establish this Previous Reservoir Levels. Consequently,
the initial reservoir water level when routing begins will be the Normal Operating Level (NOL) of the
reservoir, which is defined as the maximum level reached at the reservoir under normal conditions. Under
this assumption the results stay on the conservative side since overtopping probabilities will be
overestimated.

Node Spillways reliability

Spillways reliability is of great relevance for dam overtopping as a low reliability increases the probability
of reaching high levels in the reservoir, which increases overtopping probability (Fiedler 2010; Kuo et al.
2008). The information that this node includes is the probability that every spillway behaves properly, that
is, that in the moment of the arrival of the flood the spillway can be used at its full capacity. It is considered
a binary operation condition where each gate of a spillway works perfectly -no failure- or does not work at
all -failure- (SPANCOLD 2012). Reliability is simply defined as the probability to be in the no failure state.

The quantitative individual reliability of each outlet has been related to a qualitative description of the
condition of the spillway gate system which is based on standard cases used in dam risk analysis as shown
in Table 1, without being necessary to resort to detailed studies such as fault trees (Escuder-Bueno and
Gonzélez-Pérez 2014).

Table 1. Standard individual reliabilities of the spillway gates.

Case Reliability
Non-gated 100%
New / Very well maintained 95%
Well maintained, some minor problem 85%
Some problem 75%
Unreliable 50%
Not reliable at all / not used 0%

Node Flood routing

Another aspect to consider is the flood routing strategy through the controlled outlets and spillways of the
dam. This will determine how the inflows are managed, and consequently the resulting water level in the
reservoir. Only the use of spillways is considered here since their capacity and impact on overtopping
probabilities is in general much higher than that of the rest of outlets usually employed in the ordinary
operation of a dam (USBR and USACE 2011), like bottom outlets. In addition, it has been admitted as
homogeneous management criterion for flood routing to make output spills equal to input discharges as
much as this is possible (USBR and USACE 2015).
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Node Overtopping probability

The last node serves to evaluate overtopping probability. At the end of each branch of the event tree a certain
overtopping may or may not have happened. The overtopping probability is calculated as the sum of the
probabilities of all those branches where a certain overtopping has actually happened. Neither the
overtopping magnitude nor its duration is considered here.

GENERATION OF DAM-RESERVOIR SYSTEMS DATA

In order to have a set of overtopping probabilities covering a wide range of most practical, real-world dam-
reservoir systems, the model described above has been used to estimate the overtopping probabilities of a
large set of virtual dam-reservoir systems. The objective is to use these probabilities in the definition and
calibration process of the simple tool that is searched.

The process starts with 30 real dam-reservoir systems located in Spain. Their main characteristics are
presented in Table S1 of the Supplemental Material. Then this initial set is expanded by changing the key
parameters of each system, thus artificially increasing the number of cases. For this purpose, some of the
parameters of these 30 dams were systematically modified:

e For those dams with gated spillways, the number of spillways has been increased in -1, +1, +0 and
+2, and their length has been multiplied by 0.25, 0.5, 1, 1.5, 2 and 3.

o Different individual reliabilities for these gates: 50%, 75%, 85%, 95% and 100% have been
considered.

e For those dams with non-gated spillways, their width has been multiplied by 0.25, 0.5, 1, 1.5, 2 and
3.

e The characteristic relation Water height vs Volume of each reservoir has been modified by
multiplying their capacity by 0.5, 1, 1.5 and 2.

e The input hydrographs have been modified by multiplying their duration by 0.5, 1, 1.5 and 2, as
well as by multiplying their flow rates by 0.5, 1, 1.5 and 2.

The combination of each of these variations for the 30 dams resulted in a total of 561,024 synthetic cases.
Even though these cases do not correspond to the real dams, the results are considered valid approximations
since the calculation process of overtopping probabilities is logical and consistent.

Once these virtual dam-reservoir systems have been generated, their overtopping probabilities have been
calculated using the model described in the previous section. Each dam-reservoir system has been solved
obtaining an overtopping probability value, poer. Additionally, the following parameters have been
calculated for each problem solved: freeboard storage capacity, Vr; number of existing gates, n, and their
reliability, Rel; the release capacity of the gated spillways at the Normal Operating Level, Qg nou, at the
Design Level, Qg pi, and at the dam crest, Qg pc; the corresponding release capacities for non-gated
spillways: Qne not, Qne oL, Qne pc; and the total volumes and peak flows of the inflow hydrographs (e.g.
Vin;T_100 represents the volume of the 100-year return period flood, and Qe 1 100 is its peak flow). All these
parameters are described in detail in the next section. It is worth noting that, in this context, the “Design
level” refers to the maximum level reached in the reservoir when the Design Flood is routed, with the
following assumptions: (1) initial reservoir level is maximum operating level, and (2) all the spillways and
outlets are available and perform without problems.

For the calibration of the tool, it has been decided not to include those cases in which the probability of
overtopping is null, since its influence would be masked. Thus, 342,233 synthetic cases are retained and
have been used to adjust the simplified model. This amount of cases is large enough to consider the
developed tool as statistically significant and robust.



DEFINITION OF THE TOOL FOR THE ASSESSMENT OF ANNUAL OVERTOPPING PROBABILITIES

With the purpose of defining a tool (or simplified model) that estimates the annual probability of
overtopping, the characteristics that best capture the dam’s behavior against overtopping occurrence have
to be identified. These characteristics are the basic components of the formulation of the tool that will be
calibrated to adjust to the overtopping probabilities calculated with the detailed overtopping models.

Main variables characterizing the overtopping probability

Hydrological conditions, and particularly flood characteristics, are driving forces in dam overtopping
(Bowles et al. 1998). Its occurrence mainly depend on two connected dam-reservoir characteristics:
insufficient flood storage capacity and inadequate spillway capacity (Lee and You 2013; USBR 2014). The
works of Serrano-Lombillo et al. (2012) and Altarejos-Garcia et al. (2013) highlighted a direct relation
between these parameters and the overtopping probability. It is proposed that the tool relies on these
interactions and uses the mentioned characteristics of the dam-reservoir system to assess the overtopping
probabilities.

On the one hand, the reservoir freeboard volume represents the capacity of the reservoir for the storage of
exceeding incoming volumes. It can be defined as the volume available between the previous water level at
the beginning of a flood and a characteristic level which, for this particular overtopping analysis, is assumed
to be the dam crest (DC). Since the Normal Operating Level (NOL) is the maximum level reached at the
reservoir under normal conditions, adopting it as the previous water level leads the results to stay on the
conservative side. The freeboard volume Ve has thus been defined as the volume between the NOL and the
DC.

On the other hand, the outlet release capacity refers to the maximum discharge that the outlets are able to
assure. As stated before, only the spillways are considered. This capacity depends on the water level at the
reservoir, on the dimensions of the spillway, and on the regulating gates, if there are any, and their
availability. It is of interest, nonetheless, to characterize this capacity at a specific reservoir level. Among
the possible levels that could be used, the following three are of special relevance: the NOL, the Design
Level (DL), and the DC. In some cases, especially for non-gated spillways, the spillway capacity at the NOL
is null and thus should not be adopted as the representative level. Regarding the DL, it may capture the
capacity of spillways under normal conditions but not under extreme situations such as overtopping events.
Therefore, it has been decided to use the DC to characterize the spillways release capacity Qcap. A numerical
justification of this selection is presented below.

Since some spillways may be controlled by gates, it has been decided to distinguish between the capacity of
non-gated spillways, Qcapne, and of gated spillways, Qcap,c. The objective is to capture the effect of gates’
availability, which is affected by the number of gates, n, controlling the discharge and their individual
reliability, Rel. For instance, a spillway with a lower reliability increases the probability of reaching higher
reservoir levels, which increases the overtopping probability. In a spillway with N gates there are certain
probabilities of having 0, 1, 2... N gates working. If all gates work independently with a given individual
reliability, a binomial distribution of parameters n and Rel can be used to compute the probability of each
of them working (SPANCOLD 2012). For this work, the mean of the binomial distribution is taken as a
single factor to correct individual gated spillways’ capacities. The mean of the binomial distribution is
expressed as nxRel, and represents the average number of available gates working. The capacity will worsen
as the number of gates and their reliability decrease. Moreover, a dam may be equipped with different types
of gated spillways, with different reliabilities and discharge capacities. In the expression of the total capacity
of the gated spillways, the correction factor must be separately applied to the different spillway capacities.
However, the formulation of the tool does not contemplate combinations of reliabilities and thus for each
dam all spillway gates are assumed to have the same reliability.

The total release capacity Qcap is then expressed as:



QCap = QCap,NG + Rel Zi(QCap,Gi ' ni) 1)

where Qcapne IS the total capacity of all the non-gated spillways at the DC level; Rel is the individual
reliability of the spillway gates of the dam; i is the index designating the type of gated spillway; Qcapci iS
the individual discharge capacity through one gate of the spillway i; n; is the number of gates of the spillway
i.

In order to better capture these situations, the set of cases has been divided into 5 groups, one for each gate
reliability. Among the total of cases, 52,021 correspond to the reliability of 100% that includes the non-
gated spillways, and 72,553 cases to each of the 50%, 75%, 85% and 95% reliabilities. The non-gated cases
are fewer than the rest because this assumption entails more null probabilities and, as stated above, those
cases in which the probability of overtopping is null must be removed for the calibration of the tool.

The variables Ve and Qcap have to be weighted with the relative importance of the hydrologic input load. A
given freeboard will not have the same impact on the overtopping probability of a reservoir designed to
absorb floods with similar volumes than for flood volumes significantly higher. The same principle applies
for a given release capacity, that has to be weighted with the flood peak inflow.

In this study the Unit Storage Capacity, V'r, and the Unit Spillway Capacity, Q"cap, are proposed to capture
the characteristics of the dam-reservoir system. The V'r is defined as the ratio between the freeboard storage
capacity Ve and the volume of a representative flood Vit with a given return period T [Eq. (2)], while the
Q’cap is the ratio between the outlet capacity Qcap and the peak inflow associated to this flood Qe 1 [Eq. (3)].
For this work, the flood corresponding to a return period of 1,000 years has been taken as representative for
the characterization of the tool, as justified below.

14
Vip = @
IN,T=1,000
Q* — Qcap — QCap,NG"’Rel-Zi(QCap,G i'ni) (3)
Car  Qpr=1,000 Qp,T=1,000

Key relations between the main characteristics of the dam-reservoir system and the
overtopping probability

Fig. 2 shows the projection on the coordinated planes of the 342,233 virtual dam-reservoir systems solved
with the detailed overtopping model and grouped by their gates reliability. The values of the annual
overtopping probability, plotted in the vertical z-axis, as a function of Unit Storage Capacity, V'r, and the
Unit Spillway Capacity, Q"cap, are represented. For illustrative purposes, the z-axis is plotted on a
logarithmic scale to better appreciate the order of magnitude of its values, and the x-axis (V'r) and the y-
axis (Qcap) are not represented at the same scale.

Among the 342,233 total cases, a large span of variables are treated, covering the following ranges:

e Vg [0-2.1]

e Q'cap: [0-46]

®  Powr: [2.64x10 - 1]
Although the clouds of points obtained indicate a certain dispersion of results, a clear relationship between
these variables stands out: the greater the value of the freeboard storage capacity parameter, the smaller the
overtopping probability. Similarly, the probability decreases with the release capacity parameter. As
expected, the results indicate that for larger freeboards and release capacities, the dam will likely be able to
absorb the incoming floods with less risk of overtopping.
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Fig. 2. Projection of overtopping probability (pover) results with the Unit Storage Capacity (V') and the
Unit Spillway Capacity (Qcap) on the 3 coordinated planes, grouped by individual gates reliability: (a)
50%; (b) 75%; (c) 85%; (d) 95%; and (e) 100% (non-gated).

From Fig. 2, an upper limit of the overtopping probability clearly exists, above which no more cases
substantially emerge. This allows to find a relation between the Unit Storage Capacity, V', the Unit
Spillway Capacity, Q cap, and the maximum annual overtopping probability, povermax, that corresponds to a
threshold above which a certain value of power Will likely not be exceeded. This will lead us to stay on the
conservative side when estimating the probability. The objective is to find this relation, defined as:

Pover max = f (V*F ) Q*Cap) (4)

To overcome the uncertainty related to the dispersion of points, a statistically significant tool that
comprehends the variety of cases that can be given by any dam-reservoir system is needed. The expression
of the tool [Eq. (4)] should represent the upper envelope that covers the maximum number of points.

For the expression of this three-dimensional surface, the relations between the different variables are
analyzed. Fig. 3 shows an example of the density of points projected on the 3 coordinated planes for a gates
reliability of 95% (similar results are obtained for the rest of reliabilities). These densities have been
obtained by applying the Kernel Density Estimation technique (Parzen 1962; Rosenblatt 1956). Continuous
lines correspond to the intersection of the adjusted surface with the 3 different planes: a) Q"cap = 0; b) V' =
0; C) Pover = 1073,

From these plots it can be stated that:

e The envelope curve of the Q"cap and V'r variables for a given pover appears to be a straight line.

e The logarithm of povermax Can be expressed as the logarithm of the combination of the two other
variables, Qcap and V'r.

e By definition, the value of povermax IS limited to 1 and its logarithm is limited to 0.

e A cloud of points exceeding any adjusted surface is persistently detected for a range of low V¢
values [Fig. 3 (c)], in particular for the gates reliability of 50%, 75%, 85% and 95%.
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Fig. 3. Density plot of the projected points on the 3 coordinated planes for a gates reliability of 95%: (a)
V' VS Pover; (B) Q cap VS Pover; (€) Q cap Vs V'k for a given pover 0f 1073

Taking into account the previous considerations, an expression of the Eq. (4) is proposed as follows:

10910 (pover'max) = min (0’ a- loglo (b . V*F +c- Q*Cap + d)) (5)

Which is equivalent to:

. * * a
Pover,max = Mun ( 1; (b V'e+c-Q Cap + d) ) (6)
where a, b, ¢ and d are coefficients that must be adjusted for each gates reliability.

The objective is to adjust these coefficients so the upper envelope covers at least 95% of the calculated
points, considered to be statistically significant for this study. However, as stated before, there are points
that remain over the adjusted surfaces, corresponding to lower values of the Vs parameter. In order to deal
with this limitation, it has been decided to establish a critical value of the Unit Storage Capacity, named
Vkerit. Beyond this limit, the tool will be robust enough to capture the maximum expected probability of
95% of the cases with a maximum of 5% of the points exceeding the surface. Table 2 includes the critical
Unit Storage Capacity values, V' «rit, identified for each gates reliability case. It is worth noting that for the
non-gated dams, no Unit Storage Capacity V'r it Value is needed to ensure the correct performance of the
surface. Taking into account the criteria exposed above, the four coefficients of Eq. (6) have been adjusted
on an iterative process for each gates reliability and are presented in Table 3.

Eqg. (6), along with coefficients of Table 3, defines the surface that envelops at least 95% of the cases. An
example of resulting surface for the 95% gates reliability is presented in Fig. 4, where black and blue points
represent the empirical cases that fall over and under the envelope surface, respectively.



Table 2. Critical Unit Storage Capacity V"¢t defining the range of application of the tool.
Gates reliability
50% 75% 85% 95% 100%
Critical Unit Storage 0
Capacity V'r. or 0.30 0.25 0.20 0.15 (no limit)

Table 3. Adjusted coefficients of the tool grouped by gates reliability.
Gates reliability

Coefficients 50% 75% 85% 95% 100%
a -11.107 -11.056 -11.056 -11.056 -11.056
b 0.839 0.992 1.044 1.042 1.042
c 0.388 0.441 0.493 0.591 0.747
d 0.824 0.802 0.791 0.792 0.789

These results highlight the relative influence of each variable on the expected overtopping probability. They
also suggest how a variation of the probability can be achieved through the respective modification of the
Unit Storage Capacity, V', and the Unit Spillway Capacity, Q" cap.

Although the tool has been designed using the V' crit Values to capture 95% of the cases under the enveloping
surfaces, it is possible to enlarge its scope of application by not considering any limitation. However, this
will cause its performance to decrease as a larger number of cases remain above the povermax SUrfaces. Table
4 shows the different performances of the tool under both assumptions: considering and not considering the
Vet limitation. Should the user of the tool decide not to take into account the limitation, it is recommended
to treat carefully its results. Performance is here defined as the percentage of points effectively located under
the surface issued from the tool.

A summary of the process followed for the definition of the tool is presented in Fig. 5.

Fig. 4. Envelope surface and contour lines of equal probability for a gates reliability of 95%. Points
represent the empirical cases: (a) located over the envelope surface; (b) located under the envelope
surface.

Table 4. Performance of the tool considering and not considering the V" it limitation.
Gates reliability

50% 75% 85% 95% 100%
Considering Ve crit 95% 95% 95% 95% 97%
Not considering V'r it 85% 85% 85% 88% 97%
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Fig. 5. Process followed for the definition of the simplified tool based on probabilities issued from
detailed models.

Adequacy of the tool formulation

In the definition of the tool, and more specifically in the choice of the form and the variables of Eq. (6) to
be used, a series of assumptions has been taken. It is necessary to justify that these variables explain the
behavior of the overtopping probability as well as possible. This is done by comparing how well this
probability is explained through these variables using the relation described in Eq. (6) with how well it
would be explained using other variables or relations.

Although the coefficient of determination R? is widely used in statistics to assess how a dependent variable
is explained by other independent variables using linear regression models (Rawlings et al. 2001), it is not
an optimal choice in a nonlinear regime (Kvalseth 1985; Spiess and Neumeyer 2010). That is because the
total sum-of-squares is not equal to the regression sum-of-squares plus the residual sum-of-squares in non-
linear regression, which is the case of the present tool. In this work, the Akaike Information Criterion or
AIC (Akaike 1974, 1978) has been used to estimate the goodness of fit of the tool relative to each of the
other alternatives. The alternative with the lowest AIC is preferred.

Selection of the dam crest level for characterizing the outlet release capacity

The first assumption in the formulation of the tool to be checked is the selection of the level at which the
spillway’s release capacity has to be defined. In this work, the dam crest level, DC, is used to characterize
the spillways capacity Qcap (Alternative 0). This alternative has to be compared to the use of the Design
Level (Alternative 1A) and of the Normal Operating Level (Alternative 1B). Fig. 6 shows the AIC values
when using the different levels, for each gates reliability. Best results are obtained with the dam crest level
since the AIC values are lower for Alternative 0.
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Fig. 6. Comparison of AIC values considering the Dam Crest (Alternative 0), the Design Level
(Alternative 1A) and the Normal Operating Level (Alternative 1B) for the characterization of the spillways
capacity, per gates reliability.

Inclusion of number of gates and their reliability

The next assumption is the inclusion of a factor to correct gated spillways’ capacity, expressed as nxRel
(Alternative 0). The Alternative 2 to be compared to is the use of the Unit Spillway Capacity (Q"cap) without
taking into account this factor, which is:

Qcap — Qcap,NG +Zi(QCap,G i'ni) (7)

Q" =
Cap_Alt2 Qp.T=1/000 Qp,T=11000

Fig. 7 shows the AIC values when using the factor of correction (Alternative 0) and not using it (Alternative
2), for each gates reliability. The model improves when considering the proposed factor since the AIC values
are higher for Alternative 2, which justifies its use for the tool.

300,000
250,000 -
200,000 -
@ With the
% 150,000 factor
B Without the
100,000 factor
50,000 .
50% 75% 85% 95% 100%
Gates reliability

Fig. 7. Comparison of AIC values considering the factor of correction (Alternative 0) and not considering
it (Alternative 2), per gates reliability.

Selection of the 1,000-year flood as representative for the characterization of the tool

Among the different return periods of floods considered, the tool, and particularly the Unit Storage Capacity,
V’F, and the Unit Spillway Capacity, Q”cap, is based on the 1,000-year flood as shown in Eq. (2) and Eq. (3).
To validate the suitability of such assumption, it has been tested if another available return period in the
range from T=2 to T=100,000 years offers a better indicator AIC (Alternative 3). For visualization purposes,
the graph in Fig. 8 represents the difference of AIC values of the models using each available return period
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and using the T=1,000 as a baseline: 4AIC = AICt — AlCr=1000. HeNce, negative values indicate a more
suitable choice. Except for some isolated cases, in general the use of the T=1,000 flood offers better results
than the rest of the return periods. Moreover, the choice of the 1,000-year flood has the advantage of being
available in most of the hydrological studies for dams.
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Fig. 8. Comparison of AIC values between using a given return period T (Alternative 3) and T=1,000

(Alternative 0), per gates reliability.

Selection of a non-linear model for characterizing the tool’s equation

The equation is expressed as a non-linear relation between the two independent variables (V' and Q" cap)
and the dependent one (pover), leading to a curved surface as shown in Fig. 4. It has been tested if a linear
model, equivalent to a three-dimensional plane, would be preferable (Alternative 4). Fig. 9 presents the AIC
values of the quality of both the non-linear and the linear models. It is clear that a non-linear model is more
adapted for capturing the effect of the two independent variables on the overtopping probability.

300,000
250,000
200,000

O
= 150,000
<

100,000

50,000

0

B Non-linear
model

M Linear
model

50% 75% 85% 95% 100%
Gates reliability

Fig. 9. Comparison of AIC values using a non-linear (Alternative 0) and a linear (Alternative 4) model,

per gates reliability.

TOOL VALIDATION WITH PRACTICAL CASES

In order to validate its performance, the simple tool developed has been applied to several real world cases
that are not part of the set of dams used for the calibration of the tool.
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Description of the dam-reservoir systems

The simplified model has been applied to 13 dam-reservoir systems located in different geographical areas:
6 of them from Mediterranean river basins, 6 from Caribbean river basins and 1 from an Atlantic river basin
in South America. These cases cover a wide range of spillway capacities, freeboard storage capacity and
magnitude of the inflow hydrographs. The main characteristics of the dams are presented in Table 5. It is
worth noting that in the dams with gated spillways, four reliabilities have been considered: 50%, 75%, 85%,
and 95%.

Table 5. Main characteristics of the 13 dams analyzed.
Hydrological Freeboard

Spillway capacities (m?®/s)

loads volume
Name \Y Q \Y; Non- Gated
IN,1000 P,1000 F gated

(hm3)  (m¥s) (hm?) Qcapng Qcapcr  gatess  Qcapce  gates, Rel.
Dam 1 233 4241 586 8253 — — — — —
Dam 2 143 3542 73 10765 — — — — —
Dam 3 110 2756 126 5653 — — — — —
Dam 4 153 3201 40 12191 — — — — —
Dam5 153 3201 40 5134 — — — — —
Dam 6 277 6066 99 — 1921 5 — — 50-95%
Dam 7 2570 6132 1861 — 1255 1 — — 50-95%
Dam 8 22 600 9 — 212 3 234 3 50-95%
Dam 9 0.9 105 0.05 92 — — — — —
Dam 10 0.6 25 0.3 277 — — — — —
Dam 11 4.3 100 0.3 — 91 2 — — 50-95%
Dam 12 2.6 233 1 283 — — — — —
Dam 13 1096 7499 216 7649 — — — — —

Results and discussion

The tool has been applied to the 25 cases issued from these 13 dams, taking into account the different gate
reliability considered. The resulting estimated maximum overtopping probabilities povermax Of €ach dam are
presented in Table 6.

To contrast these probabilities, detailed overtopping models have been elaborated with the iPresas software
(iPresas 2017) following the indications described above. Table 6 also contains the overtopping
probabilities pover Obtained. It is worth stressing that in 5 cases the calculated probability is null. This fact
does not mean in an absolute way that there is never an overtopping in these dams, but instead, that
overtopping does not happen within the range of considered floods (i.e., with return periods of up to 100,000
years) and for any of the combinations of the rest of conditions. Moreover, 4 cases are outside the range of
application since their V' is below the critical value corresponding to their gates reliabilities (Table 2):
Dam 11.a, Dam 11.b, Dam 11.c and Dam 11.d. These cases are excluded from the analysis and thus only 21
cases remain. The graphical comparison between maximum overtopping probabilities from the tool and the
probabilities calculated with the detailed models is presented in Fig. 10 (a). In this graphic, null probabilities
are plotted at the edge of the grid. The coverage of the Q"cap and V'r values of the 25 validation set cases is
shown in Fig. S1 of the Supplemental Material.

Results show a good performance of the simplified tool. Maximum overtopping probabilities calculated
with the simplified tool are greater than the overtopping probabilities calculated with the detailed models
except for one case. This case represents the 4.8% of the total cases tested, which concurs with the definition
of the tool.
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Table 6. Comparison between overtopping probabilities resulting from the tool and the detailed model
(bolded cases are not applicable and thus not analyzed).

Simplified tool Detailed model
Parameters Maximum
Dam Unit Sto_rage Unit Spil_lway Reliability overtop_p!ng Over_t(_)pping
Capacity Capacity case probability probability (Pover)
(V*F) (Q*Cap) (pover,max)
1 2.51 1.95 100% 2.5x108 0.02
2 0.51 3.04 100% 7.2x107 0.02
3 1.16 2.05 100% 8.9x107 0.02
4 0.26 2.50 100% 2.69x10°7 0.02
5 0.26 1.60 100% 1.2x10* 1.0x10*
6.a 0.36 0.79 50% 1.9x107 3.7x10
6.b 0.36 1.19 75% 3.2x10°% 1.7x10°%
6.c 0.36 1.35 85% 1.3x1073 3.0x10*
6.d 0.36 1.50 95% 3.5x10* 1.1x10*
7.a 0.72 0.10 50% 1.4x1072 9.2x10*
7.b 0.72 0.15 75% 6.1x10° 5.8x10*
7.c 0.72 0.17 85% 4.4x10°3 4.5x10*
7.d 0.72 0.19 95% 3.6x10°% 3.2x10*
8.a 0.42 1.11 50% 5.2x10® 1.9x10°%
8.b 0.42 1.67 75% 6.1x10* 9.6x10°
8.c 0.42 1.89 85% 2.0x10* 1.5x10°
8.d 0.42 2.12 95% 4.4x10° 4.6x107
9 0.06 0.88 100% 1.1x10%? 1.0x10°%
10 0.54 10.87 100% 1.6x10 0.02
1l.a 0.06 0.90 50% 1.0x10*1 3.4x10°®
11.b 0.06 1.35 75% 1.5x1072 1.4x10°3
11.c 0.06 1.54 85% 5.0x10°% 8.1x10*
11d 0.06 1.72 95% 9.7x10* 4.0x10*
12 0.39 1.21 100% 2.8x10* 1.0x10*
13 0.20 1.02 100% 2.0x103 3.2x10*

2 No overtopping events produced for any flood with T<100,000 years.

One of the main applications of this tool in the context of dam safety management is the classification of
groups of dams according to their overtopping risk level. In order to verify the suitability of the tool for this
purpose, a classification of the 21 dam cases based on the probabilities calculated with detailed models and
with the simplified tool has been defined. Dams are ranked from 1, with higher overtopping probability, to
21, with lower probability. The relationship between their positions is presented graphically in Fig. 10 (b).

In order to assess the existing correlation between both classifications, a rank correlation analysis has been
performed. For this purpose, the Spearman’s rank correlation coefficient p is applied to the series of
positions of the dams, and evaluates to p = 0.945 with a p-value < 0.005 (using the t-distribution). This result
reveals a good correlation, not obtained by pure chance, at a 99.95% confidence interval: both models
capture similarly the safety level of each dam. Therefore, through the use of the tool it is possible to quickly
and easily estimate the overtopping risk level of each dam in a group of dams and thus prioritize the
adaptation measures to be implemented.
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Fig. 10. (a) Comparison between the overtopping probabilities calculated with the detailed models and
with the tool (white points correspond to the 4 cases that are outside the range of application). (b)
Comparison of the positions occupied by the 21 studied dams on the decreasingly ordered probabilities
calculated by both the detailed models and the simplified tool.

The tool is also useful for proposing mitigation measures, applicable when the calculated risk of overtopping
the dam is not tolerable, and even in some cases when it is tolerable and is to be reduced. Different structural
measures (e.g., the augmentation of the spillways’ release capacity) and non-structural measures (e.g., the
lowering of the pool to increase the freeboard volume) are commonly used (Afshar and Marifio 1990) and
can be easily studied by applying the tool. The implementation of any of these measures or a combination
of them would result in a modification of the characteristics of the dam-reservoir system: the freeboard
storage capacity, the spillway capacity and/or the gates reliability, and consequently in a reduction of the
overtopping probability. From the definition of the tool it is possible to determine and compare which
measures will have a greater impact in the reduction of the maximum probability of overtopping. This is
useful when establishing a classification of corrective measures based on their effectiveness and estimated
cost, which gives an idea of their efficiency. For example, consider three adaptation measures envisaged for
Dam 6.c, which maximum overtopping probability povermax=1.3x10"%/year (V'+=0.36; Q’cap=1.35) and
overtopping probability poer=3.0x10*/year. The measures consist of:

e Measure 1: the construction of a continuous parapet with height of 1.5 m, which increases the
freeboard up to 115.3 hm®, leading to a Unit Storage Capacity V'r= 0.42. The new maximum
overtopping probability povermax is 8.8x10*/year, while the new overtopping probability pover is
1.2x10%/year.

e Measure 2: the increase of the spillway capacity up to 3000 m?/s through each gate, calculated at
the dam crest level, which leads to a Unit Spillway Capacity Q'cap=2.10. The new maximum
overtopping probability povermax is 1.6x10*/year, while the new overtopping probability pover is
2.0x10/year.

o Measure 3: fixing of spillway’s gates, thus increasing their reliability from 85% to 95%. The new
maximum overtopping probability povermax is 3.5%10/year, while the new overtopping probability
Pover iS 3.4x105/year.

Therefore, the application of the tool shows that Measure 2 is expected to have a greater reduction of the
maximum overtopping probability povermax, followed by Measure 3 and finally Measure 1. This prioritization
corresponds with the one based on the overtopping probability pover.
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CONCLUSIONS

This work presents a simple tool for the assessment of maximum overtopping probabilities of dams based
on a few parameters of the dam-reservoir systems. The tool does not require the elaboration of ad hoc
overtopping models but is yet able to provide results on the conservative side and with an adequate level of
accuracy.

The tool developed is based on empirical relations between the overtopping probability of occurrence and
the basic hydrological and hydraulic characteristics of the dam-reservoir system: Unit Storage Capacity,
Vg, and the Unit Spillway Capacity, Q"cap, both weighted with the relative importance of the 1,000-year
flood. This information is readily available for any dam owner, generally included in the dam-reservoir
technical information files. The surface issued from the tool’s formulation represents the limit above which
no combination of V= and Q"cqp is statistically expected to offer a higher overtopping probability.

The probabilities issued from the detailed overtopping models of 30 existing dam-reservoir systems were
used to calibrate the tool. This initial set of study cases was expanded by changing the key parameters of
each dam, thus artificially increasing the number of cases. A total of 342,233 synthetic cases were generated
and used to formulate and calibrate the tool. The coefficients of the tool were adjusted so the upper envelope
offered maximum overtopping probabilities povermax COVering the calculated overtopping probabilities in at
least 95% of the cases. In order to better capture the diversity of dams, the tool was formulated for 5 different
gate reliability cases: 50%, 75%, 85%, 95% and 100% including non-gated dams.

Finally, the tool was successfully applied to 21 independent cases and validated with more complex risk
models. Results showed a good performance of the tool and a good correlation with the overtopping
probabilities calculated with the detailed models.

This tool is especially useful for dam engineers when analyzing a portfolio of dams in preliminary screening
phases of risk analysis. It aims at identifying the overtopping as a relevant failure mode and classifying each
dam in a simplified manner in terms of their overtopping probability. This classification would facilitate the
allocation of resources for the risk assessment of each dam emphasizing those with more compromised
safety levels, thus helping to optimize further efforts and saving the time of developing a detailed risk model
for each one. The tool is also a support for the definition and prioritization of corrective measures. It assesses
the impact of these measures in the reduction of the overtopping probability.
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SUPPLEMENTAL MATERIAL

Table S1. Main characteristics of the 30 dams used for the calibration of the tool.

Characteristics Hydlrological Freeboard Spillway capacigies at
oads volume dam crest (m°/s)
Dam Type H L Ca?ﬁ)\?gty Vintooo  Qp 1000 Ve gNa(:Qc_i Gated
(m) (m) (hmd) (hm®)  (md/s) (hmd) Qcapng  Qeaps  Gates

1 Gravity 47.2 267 22.38 1.85 77 1.04 — 119 1
2 Gravity 57.0 200 66.42 21.03 830 1.71 — 261 2
3 Gravity 41.7 335 18.60 33.86 1,474 2.77 — 606 2
4 Gravity 77.7 270 95.00 8.69 189 4.56 — 237 1
5 Gravity 31.0 464 72.0 51.84 914 9.68 — 159 5
6 Gravity 35.6 112 51.30 55.03 824 6.19 — 325 2
7 Gravity 74.0 534 44.13 55.63 510 24.31 254 33 1
8 Gravity 60.0 517 496.00 127.11 4,080 41.30 — 504 5
9 Gravity 37.6 196 22.30 48.43 4,928 6.06 679 562 3
10 Gravity 75.5 160 69.79 2418 517 5.85 — 235 2
11 Gravity 48.0 500 24723 4224 1,126 21.50 — 291 3
12 Gravity 31.0 198 1.00 9.88 375 0.89 671 — —
13 Gravity 40.5 311 24.00 15.03 485 2.23 — 405 3
14 Gravity 41.5 206 19.96 2.86 212 2.12 — 138 2
15 Gravity 96.2 229 308.00 5120 824 25.23 — 876 2
16 Gravity 40.4 425 248.78  43.28 1,843 26.63 — 465 3
17 Gravity 77.6 255 317.83 3324 993 25.86 — 298 3
18 Arch 36.5 130 10.26 5.47 291 0.91 163 — —
19 Arch 67.0 454 56.60 53.00 1557 15.64 1,029 146 2
20 Arch 75.5 420 110.00 63.14 5,265 33.16 1,650 — —
21 Arch 100.6 337 641.35 126.15 2,069 60.95 456 510 2
22 Arch 48.0 248 7.41 20.32 585 2.17 632 85 2
23 Arch 8.3 25 0.27 0.84 43 0.07 97 122 1
24 Weir 13.0 87 2.00 9.46 402 2.85 — 275 3
25 Weir 14.0 156 5.50 77.09 3,656 1.74 — 358 8
26 Weir 16.0 147 6.00 54.19 1,740 1.60 — 400 8
27 Weir 14.4 159 2.35 1756 330 1.13 — 264 8
28 Embankm. 16.06 263 0.46 0.16 39 0.14 49 — —
29 Embankm. 15.7 113 14.00 0.42 53 0.97 322 — —
30 Embankm. 64.0 460 75.00 3.06 265 16.62 410 — —
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Fig. S1. Coverage of the Q"cap and V' values of the 25 validation set cases (white points correspond to
the 4 cases that are outside the range of application).
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