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ARTICLE INFO ABSTRACT

Keywords: The assessment of critical infrastructures vulnerable to cascade failure phenomena requires a
Pumpe{i-smrage hyd_ropﬂwer systems holistic viewpoint accounting for the full cause-effect chain. A key case is the upper dam failure in
Dam failure mechanisms pumped-storage hydropower (PSH) systems, which can severely impact downstream in-
gi;::i‘:;ch frastructures. This study proposes a generalized framework to examine the potential conse-

quences of this catastrophic event, which is then showcased to a planned pumped-storage system
in the Aliakmon River basin, Greece. It integrates hydrodynamic simulations and semi-empirical
approaches to assess dam failure mechanisms and flood wave propagation, impulse wave gen-
eration, flood routing through the lower reservoir, and resulting risks. Several scenarios are
deployed through HEC-RAS and BASEbreach models, accounting for the influence of terrain on
wave dynamics and flood propagation. Impulse waves generated by sudden water inflows are
modeled using theoretical and semi-empirical methods, with key parameters such as wave
amplitude, run-up, and attenuation evaluated under both 2D and 3D propagation conditions. The
core scientific question is whether wave heights and run-up remain within safety thresholds, and
how resilient PSH systems are under cascading failures. The framework supports enhanced risk
assessment, resilient hydropower design, and sustainable water-energy infrastructure planning.

Impulse wave generation

1. Introduction

The term “critical infrastructure” is applied to systems, facilities and assets that are vital for the functioning of society and the
economy. Often, these comprise several interconnected components, whose local-scale malfunction or damage may cause adverse
impacts to the entire system, by means of cascade failure phenomena. In this vein, the resilience of critical infrastructures should be
addressed from a holistic viewpoint, thus emphasizing to complex effects of individual failures and interplays among the associated
system components.

A typical case involves individual failure effects across pumped storage hydropower (PSH) systems [1]. The expanding
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development of these critical infrastructures [2,3], which are pivotal in balancing energy grids and integrating renewable energy
sources [4-6], has highlighted the emerging need to address the risks associated with dam breaks [7-11]. These facilities, typically
composed of two interconnected reservoirs, operate by lifting water from the lower to the higher reservoir, and vice versa, to store and
release energy, respectively [12-15]. However, the proximity of reservoirs, coupled with their operational dynamics, introduces
unique challenges in managing cascading effects during upper dam failure events [11,16-18]. Such risks are amplified in mountainous
terrains where the rapid transfer of water and the confined topography can exacerbate downstream hazards [19-25].

Dam-break events are inherently probabilistic, driven by a complex interplay of natural and anthropogenic factors, including
extreme precipitation [26], seismic activity, operational failures, and structural defects [27]; [28]; [29]; [30-32]. For upper reservoirs,
the risk of failure is compounded by their elevation and stored potential energy [33-35]. When breached, these can unleash massive
volumes of water to downstream systems, leading to rapid inundation and secondary disasters, such as landslide-induced surges and
tsunami-like waves in the lower reservoir [36-41]; [42]. These dynamic phenomena underscore the need for comprehensive proba-
bilistic risk assessments and hydrodynamic modeling to anticipate and mitigate their impacts [30,43-46].

The hydrologic response of the lower reservoir to an upper dam break is multifaceted, since the sudden influx of water not only
alters the storage dynamics but also modifies the morphological and hydrodynamic conditions of the downstream system. Key pro-
cesses include flood wave propagation, amplification of flow velocities, and the generation of tsunamis as the incoming water interacts
with the reservoir’s surface, mimicking a landslide-induced impulse wave [47-50]. These phenomena create dual challenges: accu-
rately modeling the breach dynamics and understanding the downstream hydrodynamic response to optimize emergency response
strategies and infrastructure resilience [15,51-53].

Numerical simulations and physical models provide valuable insights to these processes, enabling the prediction of breach evo-
lution, flood wave routing, and inundation patterns [54-58]. Tools like the DB-IWHR model [59-61], the HEC-RAS dam break module
[62-66], and two-dimensional shallow water flow simulations have demonstrated their efficacy in capturing the temporal and spatial
characteristics of dam-break events under varying conditions [67-72]. For example, several studies have shown how breach formation
parameters, such as breach side slope, material erodibility, etc., govern the discharge hydrograph, while downstream flood routing is
influenced by the river morphology and the reservoir operating levels [73], i.e. initial levels at the breaching initiation [74-78].

Despite these advancements, the cascading effects of dam breaks across PSH schemes remain underexplored. Unlike conventional
systems, these configurations introduce dynamic interdependencies where upper dam breaches may rapidly compromise downstream
components, potentially causing impulse waves and overtopping. Addressing this gap, the present study develops and demonstrates a
comprehensive modeling framework that integrates multiple methods to capture the complexity of such cascading events. The faithful
representation of the entire chain requires detailed simulations that incorporate coupled breach models, multi-scale hydrodynamic
analysis and outflow structures routing [79-82]; [83]. Furthermore, the decisions regarding the management of the flood entering the
lower reservoir, namely spillway gate opening and hydropower station operation, may be subject to external constraints from the
electricity grid perspective. The key scientific questions are: (a) how can cascading failures in PSH schemes be systematically modeled
under uncertainty? and (b) what thresholds ensure resilience against overtopping or sequential dam failures? Answering these informs
both academic understanding and practical design.

This study centers on the PSH system associated with the Sfikia reservoir, situated in Aliakmon River basin, Northern Greece, which
is part of a network of interconnected hydroelectric reservoirs in series. The project encompasses the connection of the existing
reservoir with a proposed upper reservoir at Brava via the essential hydraulic infrastructure. Using a combination of advanced
simulation techniques and empirical methods, this research investigates the potential failure mechanisms of the upper dam, with a
particular focus on piping failures [84,85], and examines how such events influence flood wave dynamics as they propagate down-
stream, toward the Sfikia dam. Multiple failure scenarios are explored, employing hydrodynamic simulations to analyze flood wave
propagation and assess the downstream impacts. Emphasis is placed on understanding the hydrologic routing of the flood hydrograph
and the generation of large-scale impulse waves resembling tsunami phenomena. The findings aim to inform the development of risk
mitigation strategies [15], including warning systems and preventative measures, to enhance the safety and resilience of the integrated
pumped-storage hydropower system [86,87].

While several studies -as analyzed before-have addressed dam-break dynamics and emergency planning for single-reservoir sys-
tems or sequential cascades [88], pumped-storage hydropower (PSH) schemes present unique modeling challenges due to their
bidirectional operation, close reservoir proximity, and potential for rapid cascading effects. The literature has yet to fully integrate
breach modeling, flood propagation, impulse wave generation, and operational constraints into a unified framework tailored for PSH
settings. This study addresses that gap by synthesizing a plethora of tools into a reproducible methodology that supports both technical
planning and resilience assessment.

2. Methodological framework
2.1. Overview

The assessment of cascading effects in pumped-storage hydropower schemes requires an integrated modelling framework that
consists of five key components: (i) dam breach simulation; (ii) flood wave propagation analysis; (iii) flood hydrograph routing across
the reservoir(s) composing the greater scheme, (iv) impulse wave (tsunami) generation and propagation, and (v) an overarching
uncertainty-aware approach.

The diagram of Fig. 1 illustrates the chain of process and associated modelling elements for assessing the cascading effects of dam
failure within a PSH scheme. It highlights the interaction between hydrologic inflows, dam breaches, and subsequent risks to
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downstream infrastructures. The generic process begins with a flood inflow entering the upper reservoir, which, in the event of a dam
failure, generates a hydrograph that propagates downstream as a flood wave. This is routed into the lower reservoir, which may also
receive additional inflows, both natural (i.e., flood from upstream basins) and regulated (i.e., from turbines, spillways, and other
hydraulic works). The subsequent hydrologic routing and impulse wave generation (tsunami-like effects) may significantly influence
the water balance dynamics of the lower reservoir, up to posing a risk of overtopping its dam. Simultaneously, the lower reservoir
releases water through turbines and spillways, thus transferring the effects further downstream to additional reservoirs or hydraulic
structures. Each downstream infrastructure component is evaluated for the risk of overtopping, ensuring a systematic assessment of
cascading failure scenarios. The diagram also dictates several physical and modeling uncertainties, acknowledging the complexities in
predicting flood wave behavior, hydrologic routing, and dam stability. This framework provides a structured approach for assessing
the interdependencies of reservoirs in a pumped-storage system and identifying potential failure mechanisms that could lead to
widespread risk.

To handle the modeling uncertainties inherent in dam breach analysis and wave propagation, we adopted a scenario-based
approach. Multiple different breach simulations, using diverse models with varying assumptions, are conducted to explore a plau-
sible range of outcomes. This approach provides a structured yet practical alternative to fully probabilistic modeling.

2.2. Dam breach simulation

Dam failure can happen due to a multitude of mechanisms, such as extreme flood event, piping/seepage, landslide, earthquake,
foundation failure, equipment failure/malfunction, structural failure, upstream dam failure, rapid drawdown of pool, sabotage [89],
and planned removal [90]. The dominant failure reasons of embankment dams are overtopping and piping [91,92].

An overtopping failure occurs when the water level in a reservoir exceeds the dam crest, leading to uncontrolled flow over the
structure. The process can either be initiated by extreme hydrologic inflows from the upstream basin due to a heavy storm event
(flooding), often combined with inadequate spillway capacity, or by operational malpractices/mismanagement. For instance, the
optimal control of gated spillways is subject to increased risk of overtopping, particularly when the operator must take decisions under
highly stressed and highly uncertain conditions [93]. In the case of PSH systems, which is the focus of this research, an overtopping
may also be due to malfunctions of the electromechanical machinery and associated control devices. A characteristic example is the
2005 upper Taum Sauk Dam overtopping, due to the failure of reservoir stage sensors that led to over-pumping from the lower
reservoir [94,95]. Nevertheless, overtopping erodes the dam’s downstream face, progressively weakening its integrity and eventually
causing structural collapse (Fig. 2). Unlike internal erosion (piping), which develops gradually, overtopping failure can lead to rapid
and catastrophic breach formation. The severity of failure depends on factors such as dam material, water velocity, and erosion
resistance. Earthen dams are particularly vulnerable, as the flowing water quickly erodes the embankment, accelerating failure.

Internal erosion, usually referred to as piping, occurs when localized leaks develop within the dam body or its foundation. This
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Fig. 1. Outline of the generalized methodological framework.
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Fig. 2. Progression of failure event due to overtopping: (a) in a front view of the dam (Inspired by: [90]), (b) in a perspective view (Inspired
by: [96]).

phenomenon can result from compaction failures or differential settlements, particularly when technical specifications for dam
construction are not adequately followed. Fig. 3 illustrates the progression of a failure process in an earthen dam caused by internal

erosion.
The key parameters for modeling dam failure mechanisms are related to the geometric characteristics of the breach, including the
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Fig. 3. Progression of failure event due to piping: (a) in a front view of the dam (Inspired by: [90]), (b) in a perspective view (Source: [96]).

average breach width, By, the bottom breach width, W, the breach height, h,, and the water depth, as measured from the bottom to

the maximum level of the free surface, h,,.

The HEC-RAS software is mostly used to represent the evolution of a dam breach. This incorporates regression equations derived
from observed data of historical dam failures and allows for the input of erosion parameters to simulate simplified breach processes.
The HEC-RAS embeds alternative models, namely by Froehlich (1995)[97], Froehlich [98], MacDonald and Langridge-Monopolis
[99], Von Thun and Gillette [100], and Xu and Zhang [101]. Detailed information about each equation set can be found in the
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documentation document [90], which also provides guidance on model selection. A general recommendation is the use of multiple
equation sets to generate a range of parameter values and evaluate the resulting hydrographs.

Another well-known software is the so-called BASEbreach [102,103], including three methods, i.e. Macchione [104], Peter [105]
and Peter calibrated. Detailed information is provided in the documentation report (https://gitlab.ethz.ch/vaw/public/basebreach/-/
wikis/dam-breach-models).

2.3. Hydrodynamic modelling

The generalized framework incorporates hydrodynamic modeling to simulate the flood routing between the upstream and
downstream storage components of the PHS scheme, namely the breached upper reservoir and the lower one. This model should rely
on a high-resolution Digital Terrain Model (DTM). The two-dimensional flow area can be developed within the HEC-RAS environment
[106], or any other capable hydrodynamic model, to capture the region of interest (i.e., river course and floodplains) downstream of
the upper dam up to the banks of the lower reservoir.

Key requirements are: (a) building a computational grid of proper spatial discretization comprised by finite volume cells of size Ax,
to ensure numerical stability without refinement in high-slope areas; (b) choosing a proper time step, At, to satisfy the Courant-
Friedrichs-Lewy (CFL) criterion, i.e., CFL = “A—f(‘ <1 [107]; and (c) adopting a proper Manning roughness coefficient for the channel
and floodplain areas [108].

The boundary conditions [109] to be defined are: (a) the scenario-specific outflow hydrographs, as produced by the dam breaching
modeling approach; and (b) a stage-time curve at the downstream boundary, with a constant stage set to the Maximum Operating Level
(MOL) of the lower reservoir throughout the flood event.

2.4. Routing of the flood hydrograph through the lower reservoir

The propagation of the flood hydrograph entering the lower reservoirs is subject to the presence of spillways, gates and other
outflow control structures (e.g., turbines), which allow for partial or full attenuation of the incoming wave. Even in the worst-case
scenario of a full reservoir at the arrival time of the flood wave, the latter will be temporarily stored and routed to the downstream
system with a longer base time and reduced peak flow.

Input data of the routing model are the inflow hydrograph, i;, the stage-storage relationship of the reservoir, s = s(z), the stage-
discharge relationship of the spillway and the rest of outflow structures, ¢ = q(z), and the initial reservoir level, zo. Outputs are the
outflow hydrograph, q(t), and the time evolution of the reservoir level, z(t). The routing problem is based on the water balance
equation:

ds/dt =i(t) — q(t) @™

which is written in a discrete form as:
1. .
s(z) —=s(z1) =5 [i+51—-a(z) —a(z1)]at 2

At each time step j, terms s(zj_1), q(2j-1), ij, and ij_1 are known, while s(z;) and q(z;) are nonlinear functions of z;. The water balance
formula can be solved either iteratively or as a system of nonlinear equations, if setting the initial condition 2, at t;, and expressing s(z)
and q(z) via appropriate analytical formulae.

The stage-storage relationship may be expressed as a power function of the form:

s(z) =x(z — z)" 3)

where 2, is a characteristic low elevation (datum), such as the elevation of the bed at the dam site, and «, 4 are scale and shape pa-
rameters, respectively, that can be estimated through regression analysis of the reservoir’s geomorphology [110].

The stage-discharge relationship of the spillway depends on whether this is free or gated. In the first case, the hydraulic formula is
written as [111]:

q=c\/2g W, H*? Q)

where c is a discharge coefficient, depending on the flow conditions and the geometry of the ogee, W, is the effective width of the
spillway (total length, W, reduced to account for minor hydraulic losses), and H is the hydraulic head, defined as the flow depth above
the crest, z — 2., and the kinetic energy term. In fact, eq. (4) is quite complex, since both ¢ and H are functions of the outflow discharge,
g. In this respect, in several practical applications, eq. (4) is simplified by handling term C = c,/2g as a constant, by setting the full
width instead of the effective one, and by omitting the kinetic energy term, i.e.:

q=CW (z—z)"? )

In the case of large outflow conditions, it is recommended to slightly increase the shape parameter 3/2, as a proxy of accounting for the
kinetic energy term. Recent research by Efstratiadis [112] demonstrated that using the flow depth and adjusting the exponent achieves
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results equivalent to the more precise yet computationally complex approach that includes the kinetic energy term.

In the case of gated spillways (which are generally applicable in hydropower dams), the outflow dynamics are also subject to the
restriction/choking effect of the sluice gates. The representation of the submerged flow under gates is extremely complex, thus in
practical problems, simplified empirical approaches are strongly preferred. A widely used expression to account for the influence of
gates when the flow approaches their downstream face is proposed by the HEC-RAS Hydraulic Reference Manual [113], and ap-
proximates the outflow q as follows:

q=c+/2g W T"EB* " ©6)

where ¢ the discharge coefficient (typical range from 0.6 to 0.8), W the width of the gated spillway, T the trunnion height (from
spillway crest to trunnion pivot point), TE an exponent factor (typically value 0.16, default 0.0), B the height of the gate opening, BE an
exponent factor, (typical value 0.72, default 1.0), and H the upstream energy head above the spillway crest.

The routing problem may also be subject to additional processes, such as inflows from the upstream system and controlled outflows
from other hydraulic structures, as well as operational constraints, regarding hydropower scheduling, gate opening, etc., that must be
represented in the mathematical framework. Eventually, the total outflow passing from the lower reservoir may be input of a more
extended simulation chain, to assess cascade effects across the downstream system.

2.5. Impulse wave (tsunami) generation modeling

2.5.1. Problem setting and assumptions

Impulse waves, widely known as tsunamis, are generated when abrupt disturbances occur at the boundaries of a water body, such
as a sudden influx of water or landslides. These waves differ depending on the source. Surface landslides create disturbances with
wavelengths comparable to their heights, as opposed to submarine landslides, which typically produce tsunami waves with longer
wavelengths relative to their height. In the proposed framework, the sudden entry of a large portion (or even the entire quantity) of the
water stored in the upper reservoir into the lower reservoir is treated analogously to a surface landslide, namely a concentrated mass
falling into the lake and propagating as an impulse wave. In this vein, the key question is whether this tsunami will set the dam safety
under risk, in the case of overtopping.

In the proposed framework, two alternative options are recommended, the first one based on an analytical yet simplified repre-
sentation of the wave processes, and the second one employing a more detailed semi-empirical approach.

2.5.2. Theoretical approach

The theoretical model used to simulate impulse wave generation is based on the pioneering work of Sir Scott Russell [114] and
subsequent advancements by Di Risio and Sammarco [115]. It represents the wave generation mechanism as a vertical mass (or “box”)
falling into a 2D water body initially at rest. The phenomenon is divided into two main phases, i.e.: (a) impact phase, where the box
strikes the water’s free surface, transferring energy to the fluid as impulse pressure, and (b) submersion phase, where the box continues
to submerge until reaching the bottom, affecting wave propagation characteristics.

The analytical description of this process accounts for both pressure impulses, P = p,dAV, where p, is the mass density and AV its
velocity, and velocity distributions. The wave height n(x, t) generated by the disturbance is given by:

n(x,t)zp\/z{A Z(x+L.t) A { (et L, t)+i}}+ Ot‘" LVE) 4z, c - o))de

pB(t) A1) plt—1)
/ ST e A = HALZCL 9] + ALZ(.0)dr @
1/3
where f(t) ( \/_ h h2t ) ,Z(xt) = t) . A is the so-called Airy function [116], and t;, is the time interval for the box to come to

rest after its initial impact.

Although the interaction between the mass and the water is highly complex, simplifications are made to focus on predicting wave
characteristics far from the source. This approach offers two main benefits, since it is conservative (provides a first-order prediction of
maximum wave height, neglecting energy dispersion), and may also serve as an analytical benchmark for validating numerical models.

Additional factors that further diminish the impulse wave amplitude are the attenuation of the wave, the radial spreading and the
diffraction effects. In particular, the wave energy dissipates due to bottom friction, which is particularly significant in shallow water.
The friction factor, f,,, depends on the Reynolds number and bed roughness and can be modeled through the empirical relationships (e.
g. Ref. [117]):

A
fu=0.237r"%% r = k—,A =u,T / 27 ®
S

where up, is the maximum near-bed velocity, and k; is the grain size or roughness length.
Furthermore, the wave height diminishes as the wave spreads radially. The decay is governed by exponential relationships derived
from wave energy conservation laws, as shown in Evers et al. [25]. Finally, near obstacles, diffraction alters wave propagation patterns.
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The Helmholtz equation is often used to model wave diffraction, particularly around semi-infinite barriers [118].

2.5.3. Semi-empirical approach

Estimating and analyzing the impulse waves effects through the semi-empirical approach is based on a suite of recent tools
developed by the Laboratory of Hydraulics, Hydrology, and Glaciology (VAW) at ETH Ziirich [25]. The underlying methodology
provides practical, generally applicable equations for estimating wave characteristics and their impacts on dam infrastructure, across
two phases, i.e.: (a) wave generation and propagation; and (b) wave run-up and overtopping.

Regarding phase (a), the wave characteristics, including amplitude, height, and attenuation, are determined using empirical
equations. The analysis distinguishes between 2D propagation (longitudinally confined wave movement) and 3D propagation (radial
free wave spreading). 3D spreading dissipates energy faster, resulting in smaller wave heights compared to 2D scenarios. Key inputs

include the slide impact velocity, Vs, volume, V-, and thickness, s, the reservoir width, b, the still water depth, h and the slide density,
ps. Equations for estimating wave amplitude (e.g. a1, @) account for these variables and reservoir geometry, as illustrated in Figs. 4
and 5.

The methodology also evaluates wave run-up at critical locations, such as the dam site and opposing reservoir shores, by employing
2D analyses. The charsacteristic quantities affecting run-up include the wave height near the dam, H, the still water depth, h, the slope
angle of the dam face, f, and the freeboard height, f. The run-up height is then calculated by using the empirical relationship (with a
being the wave amplitude right before the run-up):

0 0.20
R:2aexp(0.4e)(%> ,s—a/h (©)]

3. Study area
3.1. System layout and problem setting

Cascading hydropower reservoir systems optimize river hydrodynamics while reducing flood risks in downstream regions, thus
offering greater flexibility compared to standalone projects [119]. The Aliakmon River Complex in Greece exemplifies this configu-
ration, since it involves four large hydroelectric reservoirs is series (Ilarionas, Polyfyto, Sfikia, Asomata), regulated downstream by a
smaller one (Agia Varvara). Sfikia and Asomata also form an open-loop PSH scheme across the complex, which is one of the two
large-scale pumped-storage works in Greece. The operator of the reservoirs is the Public Power Corporation (PPC S.A.).

The Brava-Sfikia pumped-storage system is a recently proposed project, whose design is still in preliminary phase. This aims at
utilizing the existing Sfikia reservoir as the lower reservoir and connecting it with an upper reservoir to be created on a neighboring
plateau at the location “Brava” (approximately 0.6 km southeast of the lake). While Sfikia integrates with the broader Aliakmon
complex, receiving inflows from Polyfyto and discharging into Asomata, the Brava reservoir will form a practically closed PSH system,
with negligible natural inflows.

This study aims to evaluate the cascading impacts of potential Brava dam failures on the Sfikia reservoir and the downstream
infrastructure. Central questions include identifying failure mechanisms, modeling critical parameters under uncertainty, assessing
flood wave propagation, and analyzing adverse effects, due to technical and operational constraints as well as additional stresses from
the upstream system (by means of outflows from Polyfyto). A key focus is the assessment of the likelihood of Sfikia dam overtopping
and subsequent cascading effects downstream. To address these challenges, the generic framework presented in Section 2 is applied,
emphasizing at potential failure mechanisms of Brava dam and flood hydrograph generation, hydraulic routing of the flood wave to
Sfikia, and impacts on Sfikia under various operational scenarios and impulse wave (tsunami) generation. These insights aim to
enhance risk mitigation and ensure the resilience of the interconnected hydropower system.

The study area (see Fig. 6) focuses on the hydrographic network and the region between the proposed upper reservoir at Brava,
developed as part of the pumped-storage project, and the existing lower reservoir, which is the Sfikia reservoir. Key infrastructures
relevant to this study include the upper and lower dams and reservoirs, i.e. Brava and Sfikia, respectively, along with their auxiliary
works, the key technical characteristics of which are briefly presented in the next section. The upstream Polyfyto reservoir will also be

Fig. 4. (a) Ilustration of main mechanisms of wave generation for the 2D case and (b) corresponding coordinate system (Source: [25]).
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Fig. 5. (a) Illustration of main mechanisms of wave generation for the 3D case and (b) corresponding coordinate system (Source: [25]).
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Fig. 6. Study area and location of the upper reservoir (Brava) of the pumped-storage scheme in relation to the Sfikia reservoir, which serves as the
project’s lower reservoir (Basemap source: ESRI et al., 2025).

accounted for in the analysis, by means of additional inflows to Sfikia reservoir, originating from its turbines and its spillway.
3.2. Technical data

3.2.1. Description of pumped-storage scheme

Key components of the PSH scheme are one main and two auxiliary dams allowing to formulate the upper reservoir at Brava
plateau, a reverse hydropower station, to be sited on the southeast shore of Sfikia reservoir, and an underground pipeline system
connecting the upper reservoir intake to the station. The power capacity of the system will be 441 MW for hydroelectric production and
467 MW for pumping.

The upper reservoir is designed to take advantage of the favorable morphology of the area to be inundated. In this vein, a 435 m
long, 45 m high earth dam is proposed to be constructed at the southwest edge of the basin, supported by two smaller auxiliary dams.
The maximum operational level will be +560.0 m, corresponding to a maximum lake area of 0.54 km? (the total area of the
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surrounding basin is 0.79 km?), and a total storage capacity of 10.25 hm®. For the pumped storage schedule, two operational modes are
foreseen, namely intraday (8 h production, 11 h pumping) and a more extended one (21 h production, 29 h pumping). The first mode
will require an active storage volume to recycle equal to 3.80 hm?, and the second one 9.96 hm®. The reservoir levels (minimum
operation levels) at the end of each production phase will be +552.3 m + 530.0 m, respectively.

3.2.2. Lower reservoir (Sfikia) characteristics

The Sfikia Hydroelectric Power Plant (HPP) is located on the middle course of Aliakmon, which is the longest river spanning
exclusively in the Greek territory. Its main components include a rockfill dam of 82 m height, formatting a reservoir of total storage
capacity of 100 hm® (active capacity 18 hm®). The minimum and maximum operational levels are +141.8 and + 146.0 m, the
maximum flood level is +147.0 m, and the dam crest is at +150.7 m. Additional structures include two gated spillway tunnels, of
maximum discharge capacity of 1600 m>/s, three intake tunnels of 160 m length, and an underground powerhouse equipped with
three vertical-axis reversible Francis turbines, each with a capacity of 105 MW (total capacity 315 MW). Its construction began in 1979,
and the station became operational between 1985 and 1986.

Sfikia is the first hydropower station in Greece equipped with reversible units, capable of functioning both as generators and
pumps. During periods of low electricity demand or low electricity market prices, the station pumps water from the downstream
Asomata reservoir, while it generates peak electricity during peak demand periods. The average annual energy production is estimated
at 380 GWh, of which 200 GWh is generated through pumped storage. This feature underscores the significance of the plant as a
cornerstone of Greece’s energy storage landscape.

The flood discharge system at Sfikia is located on the left abutment, near the power station, and consists of two parallel tunnels with
a diameter of 7.5 m. Upstream flow is controlled by four gates, each 7.2 m wide and 9.0 m high. Both tunnels include a steep upstream
section and a milder downstream one, ending with a chute structure. The crest of the flow control structure (ogee) is at +137.0 m. The
system is designed exclusively for free-surface flow conditions.

4. Analysis of upper dam breach processes
4.1. The case of overtopping

A first question to address is whether the Brava dam is possible to fail due to a flood inflow causing overtopping. Given the small
extent of the surrounding basin, i.e. 0.79 km?, a conservative approach is employed, by investigating three flood events generated by
an extreme rainfall event of 10,000 years return period. Three rainfall durations are considered, i.e. (a) 10 min, thus equal to the
basin’s time of concentration; (b) 24 h, which is a typical design duration for flood protection infrastructures across small basins; and
(c) 72 h, to account for prolonged extreme rainfall events, similar to the recent (September 2023) catastrophic Medicane “Daniel”
[120].

For the estimation of the 10,000-years rainfall, the updated Intensity-Duration-Frequency curves are utilized. These were devel-
oped as part of the first revision of the National Flood Risk Management Plans [121]. For the estimation of the flood volume, we
consider the effective rainfall falling over the net basin area, i.e. 0.25 km?, and the rainfall falling over the lake area, i.e. 0.54 km?. The
effective rainfall is estimated via the well-known runoff curve number method, by setting CN = 70 and assuming an initial abstraction
ration equal to 20 %. The results are presented in Table 1.

The resulting flood volumes are compared to the available buffer volume from the Maximum Operating Level (+560 m) to the crest
elevation (+561 m), which is estimated up to 620,000 m?3. Even under the unfavorable combination of the worst-case inflow scenario
(flood volume ~ 480,000 m®) that finds the reservoir at its MOL, and simultaneous non-operation of the turbines and bottom outlets
(conservative hypothesis), the flood volume is clearly smaller than the available buffer. Consequently, the overtopping scenario is not
further considered as a potential dam breach mechanism.

4.2. Investigation of dam breach due to piping

4.2.1. Configuration of piping scenarios

The case of dam breach due to piping is investigated following the rationale of section 2.2. Given that the phenomenon is highly
uncertain, ten scenarios are configured that are summarized in Table 2. These make use of the five available equation sets included in
HEC-RAS. Particularly, for the Von Thun and Gillette [100] and Xu and Zhang [101] methods, which account for dam erodibility as a
key parameter, two sub-scenarios are examined, assuming medium and high erodibility. Finally, the last three scenarios apply the
methods embedded in BASEbreach software (Macchione, Peter, Peter Calibrated).

Table 1
Total rainfall, flood peaks and flood volumes for various time scales.
Rainfall 10,000-years rainfall Flood volume over the upstream basin (m%) Flood volume over the reservoir area (m?) Total volume (m>)
duration (mm)
10 min 46.6 2114 30,580 32,694
24 h 455.0 86,551 245,685 332,237
72h 648.9 133,594 350,409 484,003
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Table 2

Examined piping scenarios.
Methodology Scenario
Software: HEC-RAS
MacDonald et al. (1984) 1
Froehlich [97]
Froehlich [98] 3
Dam erodibility: Medium
Von Thun and Gillette [100] 4a
Xu and Zhang [101] 5a
Dam erodibility: High
Von Thun and Gillette [100] 4b
Xu and Zhang [101] 5b
Software: BASEbreach
Macchione [104] 6
Peter [105] 7
Peter Calibrated 8

Input data include geometric properties and characteristic elevations (Table 3), and the elevation-storage function of the reservoir.
Furthermore, for scenarios 1-7, three erosion-related breach parameters (final bottom width, left-right side slope, and formation time
of the breach), are required, which are computed via the regression equations of HEC-RAS (Table 4). On the other hand, scenarios
8-10, utilizing BASEbreach, use a reservoir shape parameter, which is set to 1 [122,123].

4.2.2. Resulting flood hydrographs by dam breach scenarios

From the piping analyses conducted using HEC-RAS and BASEbreach, the outflow hydrographs for each scenario are produced,
which are depicted in Fig. 7. The flood peaks across the ten scenarios range from 4638 to 10,188 m>/s, while the flood volumes are
identical, since the entire stored water is released, after the dam breach (equal to the reservoir capacity up to the MOL, i.e. 10.25 hm?).

It is observed that the Froehlich [97], [98] and Von Thun & Gillette methods (medium erodibility) yield similar results regarding
the peak magnitude and time to peak of the hydrograph. In contrast, the Xu & Zhang (medium erodibility) and MacDonald &
Langridge-Monopolis methods produce smaller peaks at later times. The three methods included in BASEbreach (Macchione, Peter,
and PeterCal) result to similar peak magnitudes, but at earlier times. For the two methods (Von Thun & Gillette, Xu & Zhang) where
high erodibility scenarios were also examined, the resulting hydrographs exhibit higher peaks appearing earlier compared to the
medium erodibility scenarios, as expected.

Fig. 7 also depicts the average scenario (indicated with a dashed line), calculated as the mean of all 10 examined scenarios. It is
noted that its peak (4427 m®/s) is even smaller than the one of the most favorable scenario 5a, which is explained by smoothing effects
across different hydrograph shapes and associated timing properties.

4.2.3. Validation through empirical relationships for flood peaks

Based on the recommendations outlined in the HEC-RAS manual [90], the above results should be validated by comparing the flood
peaks with empirical regression equations for flood peaks. Tables 5 and 6 present the empirical relationships used for comparative
purposes and the associated parameter values, respectively.

The results for all examined equations are also presented in Table 6. It is observed that these are generally close to the flood peaks
derived from the simulation models and those from the empirical relationships. The analytical simulation models yield an average
peak discharge of 6744 m®/s and a maximum of 10,188 m®/s, while the empirical relationships produce an average of 7908 m%/s and a
maximum of 15,865 m>/s.

This comparative exercise serves as a form of validation in the absence of historical data, given that the upper reservoir is a planned

Table 3
Input data for piping scenarios.
Parameter Value
Dam crest elevation (m) 561
Breach bottom elevation (m) 523
Pool elevation at failure (m) 560
Pool volume at failure (hm®) 10.25
Breach weir coefficient 1.44
Piping coefficient 0.50
Dam crest width (m) 5
Slope of US dam face Z1 H:V 1
Slope of DS dam face Z1 H:V 1
Dam material Uniform
Dam type Uniform/stratified homogeneous
Dam erodibility Medium/High
Set time (hrs) 0:00
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Table 4
Erosion parameters of the breach calculated from regression equations.
Scenario Nr. Methodology Final breach width (m) Side slopes of breach (H:V) Breach formation time (h)
1 MacDonald et al. (1984) 50 0.5 1.2
2 Froehlich [97] 29 0.9 0.5
3 Froehlich [98] 28 0.7 0.47
Dam erodibility Medium
4a Von Thun and Gillette [100] 116 0.5 0.99
5a Xu and Zhang [101] 28 0.6 1.32
Dam erodibility High
4b Von Thun and Gillette [100] 116 0.5 0.56
5b Xu and Zhang [101] 38 1.05 0.69
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Fig. 7. Dam breach hydrographs for each piping scenario.
Table 5

Empirical relationships used for validating the results of analytical simulations.

Method

Empirical formula

Qmax (mg/s)

USBR (1982)

MacDonald and Langridge-Monopolis [99]

Froehlich [124]
Xu and Zhang [101]

SCS [125]
Hagen [126]

Singh and Snorrason [127] (1)
Singh and Snorrason [127] (2)

Costa [91] (1)

Costa [91] (2)

Costa [91] (envelope)
Evans [128]

Q =19.1(h,)"%®

Q = 1.154(V,,

hw)0.412

Q — 0»607VW0'295hW1'24

0199 /1, 1/3\ ~1274
Q@ o175 (E) Y B
[qv,5/3 h, hy,
Q =16.6(h,)"®
Q = 0.54(Shy)*®
Q =13.4(ha)"*

Q =1.776(5)*%
Q =1.122(5)*%
Q = 0.981(Shy)**
Q = 2.634(Shy)**
Q =0.72v,,%%

15,213

3951

6251
6171(medium)
8916 (high)

13,222
10,516
12,969
3503
12,111
3978
15,865
3741

infrastructure. The close alignment of simulated peaks with empirical expectations lends credibility to the modeled hydrographs.

4.2.4. Development of a representative hydrograph

The exceptional variability of the ten outflow hydrographs shown in Fig. 7 highlights the significant uncertainty associated with
failure mechanisms, their modeling, and prevailing conditions. Based on these scenarios, a representative hydrograph is also devel-
oped, to reflect a “medium probability” breach event.

The representative hydrograph considers the average one as a reference for extracting the temporal profile of the flows. Under this
premise, the peak of the representative hydrograph is set to coincide with the peak of the average hydrograph, which occurs 21 min
after the breach initiation. Similarly, the timing of the k-th highest values of both the average and representative hydrographs is
aligned. Once the timing of the representative hydrograph is established based on the average hydrograph, the ten scenarios are sorted

12
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Table 6
Input parameters for estimating peak discharge due to dam breach.
Parameter Description Value
hy, (m) Height of water volume above the breach initiation point 37
V,y (m®) Water volume above the breach initiation point 10.25 x 10°
S (m®) Reservoir storage above the breach initiation point 10.25 x 10°
hg (m) Dam height 38
Parameters for theXu and Zhang [101] method
hy Characteristic height separating large and small dams 15
bs Coefficient for earthen dams —0.649
by Coefficient for piping scenarios -1.039
bs high Coefficient for high erodibility —0.007
bs medium Coefficient for medium erodibility —0.375
By high b3 + b4 + b5 high -1.695
B4 medium b3 + b4 + b5 medium —2.063

in descending order, and their average is calculated. The first value, corresponding to the average peak discharge of the ten scenarios
(6744 m>/s), is assigned to time step 21. The remaining average values are positioned accordingly, following the already determined
temporal profile.

Fig. 8 compares the representative hydrograph with the average one, as well as with the ten individual outflow scenarios. Inter-
estingly, the representative hydrograph is quite close to the hydrograph corresponding to the method by Froehlich [98], generally
considered as the most recommended in the literature.

5. Flood wave propagation between the upper and the lower reservoir

While previous studies have offered valuable insights into dam-break scenarios and cascade reservoir systems, many have focused
primarily on single-reservoir configurations or cascades lacking the bidirectional flow complexity of pumped-storage hydropower
(PSH) (e.g., Ref. [10,33]). Our study expands upon this foundation by exploring the implications of upper dam breaches within PSH
systems, where operational dynamics, limited spatial buffering, and rapid wave propagation demand tailored modeling strategies.

5.1. Model inputs and assumptions

The modeling of flood wave routing resulting from dam breach scenarios was conducted using HEC-RAS 6.4.1. Three characteristic
outflow hydrographs were analyzed, namely the most favorable out of ten breach simulation scenarios (Xu & Zhang method, with
medium dam erodibility), the most adverse one (Von Thun & Gillette method, with high dam erodibility), and the so-called as
representative (section 4.2.4).

The three hydrographs were set as upstream boundary conditions to the HEC-RAS hydrodynamic model, to simulate their routing
across the downstream region of the dam up to the Sfikia reservoir (2D flow area), thus providing critical insights into the flood
dynamics. Key inputs and assumptions were: (a) a computational grid of 50 x 50 m sized finite volume cells, comprising 1070 ele-
ments, relying on a DTM by the Hellenic Cadastre, with spatial resolution 2 x 2 m; (b) a time step of 1.0 s, considering the CFL criterion,
(c) a Manning roughness coefficient of 0.06 for floodplain areas, as advised by Chow (1959), and (d) a stage-time curve at the
downstream boundary, by setting the stage to the Maximum Operating Level (MOL) of Sfikia reservoir (+146.0 m).

5.2. Routed hydrographs
Due to the steep terrain slopes and the relatively small distance, the shape of the routed hydrographs is quite similar to the upstream
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Fig. 8. Representative hydrograph (thick line, red color), contrasted to the ten outflow scenarios (thin lines, gray color) and their average (blue
dashed line).
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ones. In this respect, the lag time is minimal (approximately 5 min), and the peak flows are only slightly attenuated. Specifically, in the
adverse, favorable and representative scenarios, the peak discharge decreases by only 0.2 %, 0.4 % and 0.2 %, respectively (Fig. 9).

These hydrographs are utilized next, to assess the cascade impacts on the Sfikia reservoir and associated hydraulic structures. The
corresponding flood volumes range from 6.9 to 8.3 hm®, which are smaller than the initial water volume released due to the Brava dam
breach (10.5 hm®). This discrepancy arises because part of the water is retained along the flow path due to the storage capacity of the
stream.

5.3. Practical implications based on velocity and arrival time maps

Fig. 10 depicts the simulated maximum velocities and arrival times between the upper reservoir (Brava) and the lower one (Sfikia),
for the representative dam breach scenario.
Key remarks drawn from the velocity map are:

e Velocity distribution: Across the model domain from the Brava main dam to the Sfikia reservoir, the maximum velocities (>21 m/s)
are concentrated near the dam’s breach point, diminishing progressively downstream.

e Spatial patterns: The velocity gradients along the flow path illustrate the influence of topographical and channel constrictions. These
reflect rapid deceleration as the flood wave transitions from steep slopes to flatter terrain near the reservoir.

e Impact on Sfikia reservoir: Upon entering the reservoir, velocities drop significantly, indicating a dispersion of the flood’s kinetic
energy. This transition suggests a potential reduction in erosional forces within the reservoir’s vicinity.

e Implications for structures: The high velocities near the dam and along narrow channels pose critical risks to hydraulic infrastructure
and riverbank stability. These zones demand robust protective measures.

Regarding the arrival time map, key conclusions are:

e Flood wave propagation: The flood wave reaches the Sfikia reservoir within a short time frame (5-10 min for most areas), as result of
the steep terrain and the large velocities.

e Critical timing: The rapid wave propagation leaves minimal time for emergency response measures, emphasizing the need for
preemptive risk management strategies.

e Temporal distribution: Areas closer to the dam breach experience flooding within 3 min, while zones near the reservoir experience
delays up to 20 min. This progression underscores the time-sensitive nature of inundation impacts.

e Emergency planning: The rapid arrival times highlight the necessity for real-time monitoring systems and advanced warning pro-
tocols, to protect vulnerable downstream areas.

6. Assessment of cascade impacts on the lower reservoir
6.1. Problem setting

Following the generic framework rational for assessing cascading effects across PSH systems, two adverse phenomena over the
lower reservoir and associated structures are examined, namely: (a) the temporal storage of the arriving flood hydrographs and their
routing downstream via the turbines and spillways, (b) a tsunami-like wave propagating through the reservoir and reaching the Sfikia
dam. The associated processes are analyzed separately, to assess the risk of overtopping the Sfikia dam (crest elevation +150.7 m).

Specifically, the tsunami phenomenon is approximated via two approaches (theoretical and semi-empirical), as proposed in the
generic framework, since the overall problem is subject to major complexities and limited global experience. Both approaches aim at
representing the wave route between characteristic points A (entry of hydrograph), B, C, D and E (dam site), as shown in Fig. 11.

7000

e Hydrograph at the dam breach
point

s Hydrograph after routing (lower

reservoir entry point)

6000

5000

4000

3000

2000

Discharge (mds)

1000

Time step (min)

Fig. 9. Comparison of upstream (at the breach point) and downstream routed hydrograph at the lower reservoir entry point for the representa-
tive scenario.
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Fig. 10. (a) Maximum velocity, and (b) arrival time for the area between Brava and Sfikia reservoirs corresponding to the representative dam
breach scenario of Brava (Basemap source: ESRI et al., 2025).
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6.2. Flood hydrograph routing through Sfikia reservoir

Four scenarios were formulated, as combinations of two input hydrographs caused by the upper dam breach, i.e., representative
and most adverse, and two operational modes of the entire Aliakmon Hydropower Complex, i.e., idle and under design flood
conditions.

The idle mode assumes that both the hydropower stations and the spillways are closed, thus there are no water exchanges among the
individual reservoirs. Under this premise, Sfikia does not receive inflows from the upstream reservoir (Polyphyto), neither releases
water to the downstream one (Asomata). This means that to enforce the outflow control structures operating in their full capacity (600
mS/s for the tow turbines and up to 1600 m>/s for the gated spillway) and convey with safety the wave arriving suddenly due to upper
dam damage, a reasonable time lag must be accounted for. In this respect, it is assumed that the turbines need 10 min to become fully
active, with the spillway gates opening gradually over 30 min. This period represents the most adverse case, due to increased friction
on the rubber seals.

In contrast, the flood design mode assumes that all control structures across the Aliakmon Complex are fully operative at their
maximum capacity. Therefore, apart from the inflow hydrograph due to the dam breach, Sfikia also receives a constant inflow of 1720
m>/s, corresponding to the combined design discharge of the turbines and the spillway of Polyphyto. At the same time, the power
station of Sfikia is fully active, thus releasing 600 m®/s to the downstream reservoir, and the spillway gates are also fully open.

The rest inputs to run the routing problem are the initial reservoir level at the beginning of the routing process, which is set to the
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Fig. 11. Geometry of Sfikia reservoir and characteristics points illustrating the route of the wave produced by the water volume arriving at point A
(Basemap source: ESRI et al., 2025).
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MOL (+146.0 m), the elevation-storage function of the reservoir and the discharge formula of the gated spillway.

To derive the stage-storage relationship, a power-type expression (eq. (3)) is fitted to the higher storage and elevation values, by
setting 2, = 85.0 m. The optimized scale and shape parameter values were x = 0.00152 and 4 = 2.698, respectively. The quite large 1
aligns with the canyon-like topography of the reservoir [110].

The operational characteristics of the spillway system were derived from an experimental study, conducted in the context of its
design [129]. Based on this, the following stage-discharge nomograph was applied, corresponding to free flow conditions (fully open
spillway gates):

q=47.281 (z — 137.0)"°* (10)

It is observed that the exponent is slightly higher than the theoretical value of 3/2. As explained in section 2.3, this discrepancy arises
because the theoretical equation (3) incorporates the kinetic energy term. Under partially opened gates, eq. (6) is applied which
accounts for the time-varying height of gate opening, B, by setting ¢ = 0.70, W = 14.4 m (gate’s width), T = 9.0 m (trunnion height,
equal to the gate’s height), TE = 0 (default value), BE = 0.90 and HE = 0.65. The two exponent parameters, i.e. BE and HE were
assigned after a trial-and-error approach, such as the discharges for fully opened gates (i.e., B = T) are identical to the values estimated
by eq. (8), for free flow conditions.

The key results of the four scenarios are summarized in Table 7, while for two of them, the inflow, outflow and water level time
series are also depicted (Fig. 12). In the most realistic scenario, where the most representative breach hydrograph is routed and the
system is in idle mode, the maximum water level reaches 147.3 m, thus slightly above the maximum design flood level (+147.0 m) and
clearly lower than the dam crest (+150.7 m). Even under the most unfavorable conditions (worst-case breach hydrograph, under
design flood operation mode), the reservoir level lifts to a maximum elevation of 148.1 m, within approximately half an hour.
Consequently, there is still a quite large margin of ~2.6 m before reaching the dam crest, which may be viewed as a safe buffer.

6.3. Assessment of cascade impacts due to tsunami

6.3.1. Theoretical approach

The simulation of the impulse wave generated by the sudden water influx due to the Brava dam failure was conducted along the axis
depicted in Fig. 14. The analysis was carried out at a midpoint location (x = 330 m) over a simulation period of 200 s. Key inputs,
derived from the hydrodynamic analysis for the adverse scenario, were the collapsing block volume, Vo, = 8.32 hm?, its density,
Ppox = 1000 kg/m3, the downstream length, L = 2183 m, the outflow depth d = 7 m, and the initial velocity, with a resultant value
Vtot = 7 m/s, analyzed to Vhor = 6.93 m/s and Vvert = 0.97 m/s, for a slope equal to 14 %. The geometrical properties of the
simplified collapsing volume, namely its width and its equivalent length, were estimated by w = Vio, /(L d) and Leq = Vpox'/>.

The solution to the differential equation (eq. (7)) yielded a maximum wave height of approximately 12.4 m at the midpoint, as
shown in Fig. 13. Subsequent analyses accounted for attenuation mechanisms, specifically bottom friction and diffraction, along the
4400 m distance to the Sfikia dam (Fig. 14). Three scenarios were analyzed for three bottom friction coefficients, i.e. 0.05, 0.50 and
1.00. A total diffraction loss coefficient of 42 % was estimated based on the interaction of the wave with riverbanks treated as
impermeable barriers, according to the coefficients given by Goda [118].

The key results of the theoretical analysis, in terms of initial wave heights at the dam site and associated heights after diffraction,
estimated maximum run-up and associated water level, as well as safety margins (i.e., distance from dam crest), are summarized in
Table 8. While the wave heights at the dam are expected to cause significant run-up (eq. (9)) along the dam’s inclined surface of sloe
= 26.6° (Fig. 11, cross section DE), this remains within acceptable limits.

6.3.2. Semi-empirical approach
The semi-empirical approach follows the methodology of Evers et al. [25], which is briefly explained in section 2.5.3. Wave run-up
is analyzed at positions B and E of Fig. 11, considering wave characteristics and site-specific topographic features, such as slope angle j

Table 7

Assumptions and key outcomes of the four scenarios examined within the routing modelling through the lower reservoir (Sfikia).
Scenario 1 2 3 4
Operation mode Idle Design flood
Input hydrograph due to dam breach Representative Adverse Representative Adverse
Peak inflow (m>/s) 6729 10,169 6729 10,169
Inflow from Polyphyto (m®/s) 0 0 1720 1720
Time lag for turbine opening (min) 10 10 0 0
Time lag for gate opening (min) 30 30 0 0
Total maximum inflow (m3/s) 6729 10,169 8449 11,889
Maximum outflow (m®/s) 2129 2171 2179 2206
Maximum spillway discharge (m®/s) 1529 1571 1579 1606
Attenuation ratio 31.6 % 21.4 % 25.8 % 18.6 %
Maximum reservoir level (m) 147.25 147.81 147.77 148.06
Distance from dam crest (m) 3.45 2.89 2.93 2.64
Peak level rise time (min) 31 23 47 27
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Fig. 13. Results of wave height differential equation solution.

and water depth h. The detailed geometrical characteristics across all cross-sections are depicted in Fig. 15.
The wave generation and propagation are influenced by several key factors. The slide impact velocity is estimated at V; = 7.0 m/s,

derived from the adverse HEC-RAS scenario. The landslide volume 6/}) is calculated as E/—S =8.32 hm3, with an average thickness s =
7.0 and width w = 544.5 m. At the point of impact A, the water depth is 30 m, increasing to 50 m at location B. Using these parameters
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Table 8
Key results of theoretical analysis for three bottom friction coefficient values.
Bottom friction Initial wave height at the Wave height after Run-up, R Maximum water level Distance from dam crest
coefficient, f,, dam (m) diffraction (m) (m) (m) (m)
0.05 3.5 1.5 3.7 149.7 1.0
0.50 1.9 0.8 2.0 148.0 2.7
1.00 1.3 0.5 1.4 147.4 3.3

along with radial distance and wave propagation angle for the points of interest, wave propagation characteristics are analyzed with
3D equations for locations B and C, while 2D attenuation factors are applied for downstream locations C, D, and E.

The results of the wave propagation analysis show significant attenuation along its path. At location B, lying 660 m from the impact
point, with 0° wave propagation angle, the first wave crest amplitude is calculated to be 6.4 m. As the wave reaches location C (1392 m
distance, wave propagation angle 48°), the wave crest amplitude decreases to 1.9 m, as influenced by radial dispersion and bottom
friction. By the time the wave reaches the dam, at location E (4440 m from impact point A), the amplitude is further reduced to 0.55 m.
This progressive attenuation underscores the critical role of friction and geometric dispersion in dissipating wave energy over distance.

Wave run-up (R) is estimated at critical locations B and E through eq. (9). At location B, the run-up height is calculated to be
approximately 18 m, while at location E, it reduces to only 1.41 m, thus close to the favorable scenario of the theoretical approach.

The wave arrival times at key locations are also very critical. In this respect, it is estimated that the wave requires 31 s to travel from
location A to B, while it reaches the dam location E after only 208 s, thus much earlier than the time-to-peak of the routed hydrograph
(at least 27 min, for the most extreme scenario; Fig. 12). This outcome is of major importance, since a hypothetical coincidence of the
two peaks, i.e. from the flood routing and the tsunami wave, may lead to overtopping of Sfikia dam, with potentially catastrophic
cascade effects to the dam and the downstream hydrosystem.
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6.4. Discussion on tsunami modelling deficiencies

6.4.1. Theoretical approach

While the bottom friction is considered the primary mechanism for wave attenuation, several other mechanisms also contribute to
energy dissipation. Turbulent diffusion [130] plays a key role as the wave propagates, particularly at the wave front and within the
water column, where turbulent motion transforms wave energy into heat, gradually reducing wave height. Surface tension and vis-
cosity [131,132] at the water-air interface also lead to energy dissipation, with these effects being more pronounced for smaller waves
or those with shorter wavelengths. Wave breaking [133,134,135] is another significant mechanism; steep and high waves may break
during propagation, dispersing a substantial portion of their energy as turbulence.

Geometric dispersion is observed as waves radiate radially from the source, distributing their energy over a larger area and
reducing wave height [136,137]. This effect is highly dependent on the shape of the reservoir and its boundaries. Similarly, absorption
by vegetation or rugged shores [60,138,139] can attenuate wave energy, particularly in reservoirs surrounded by natural features.
Compared to artificial or smooth surfaces, natural shores tend to absorb more energy, contributing to wave attenuation. Interaction
with solid boundaries, such as irregular coasts or cliffs, often results in partial reflection or scattering of the wave, redistributing energy
and diminishing wave intensity.

Relief variations across the reservoir bed definitely influence wave speed and amplitude through refraction, thus redistributing
wave energy and reducing intensity [140,141]. Finally, the interaction of waves with suspended sediments by landslides or debris
flows adds another layer of energy dissipation, due to mixing and particle-fluid interactions [142,143].

6.4.2. Semi-empirical approach

This approach, although more comprehensive, is also subject to inherent uncertainties and limitations. For instance, the differences
between idealized geometries of reservoirs and channels (prismatic, channel form geometry, rectangular basin shape) and the omission
of key processes, such as volumetric displacement, reflection, and shoaling or constriction of the wave propagation at the dam
abutments may introduce inaccuracies. Simplified assumptions regarding radial propagation and energy dissipation may also affect
the accuracy of wave attenuation estimates. Additional uncertainties originate from the omittance of other important factors, such as
sediment interactions, shoreline conditions, and depth variations.

Despite these limitations, this approach provides a valuable framework for representing wave generation, propagation, attenua-
tion, and wave run-up processes. Nevertheless, the identified uncertainties highlight the need for further validation through detailed
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numerical simulations/CFD analyses [144,145], which could refine the model results and eventually enhance the reliability of hazard
assessments, both for the case of upper dam failures and also for landslide phenomena in reservoirs.

7. Conclusions

This research manifests a generalized framework for assessing the cascading impacts of the upper dam failure across PSH schemes,
under the broader prism of resilience assessment of critical infrastructures. The overall challenge is to describe and interpret the full chain
of cascade effects, by combining models of different levels of maturity, complexity, data specifications, user decisions and compu-
tational burden. The existence of multidimensional uncertainties across all modelling steps requires a balanced view, to ensure a
faithful representation of the individual processes and their interplays, eventually resulting in useful implications for practicians.

The framework was stress-tested to a planned system in Greece, where the failure of the upper dam may cause dramatic effects to
one of the most vital water-energy systems of the country, i.e. Aliakmon Hydropower Complex. Key findings include:

1. Dam breach modeling via empirical and semi-empirical tools reveals wide discharge variability, justifying the scenario-based
approach under uncertainty.

2. Flood wave propagation from the upper to lower reservoir occurs rapidly (order of magnitude of a few minutes), leaving minimal
response time.

3. Routing analyses confirm that even under worst-case inflows, the lower dam (Sfikia) maintains a safety margin.

4. Impulse wave simulations, using both theoretical and semi-empirical methods, show that tsunami run-up does not threaten
overtopping.

5. No synchronization was observed between peak routed flows and impulse wave arrival times, which reduces compound risk.

Policy Implications:

Early warning systems must account for short arrival times.
Regular maintenance of turbine and spillway operation is critical for emergency response.
Real-time monitoring of upper reservoir integrity can significantly improve preparedness.

These findings inform infrastructure design, emergency protocols, and energy policy aiming at resilience and sustainability.

We highlight that the abovementioned risk assessment procedure was hold under the premise that there will be sufficient time for
all essential actions, i.e., for accessing the spillway, notifying the Safety Officer, and allowing a slow and controlled opening to ensure a
smooth flow transition. This implies the need for systematic monitoring of all critical elements of the PSH scheme, enabling the im-
mediate notification of the operators and authorities of Aliakmon Complex, in the case of a breach of the Brava dam.

Nevertheless, it is important to acknowledge the significant uncertainties associated with the cascade phenomena, as well as the
inherent simplifications and assumptions of the underlying modeling procedures. In fact, the major uncertainties in wave attenuation
mechanisms and flood routing highlight the need for further refinement of impulse wave simulation approaches, even if the proposed
modeling arsenal is providing strong “weapons” for the day-to-day engineering practice. Our findings emphasize the importance of
detailed hydrodynamic assessments to support the safe operation and structural resilience of pumped-storage hydropower systems. In
this way, future research should take advantage of advanced numerical modeling to improve risk assessments and optimize mitigation
strategies.
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