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life. A dam failure is a catastrophic type of structural failure, which in the worst-case scenario can be rapid, causing an 
uncontrolled release of impounded water or the likelihood of such an unchecked release [3-6]. Among the major dam 
failures of the past, it is worth mentioning Bouzey in Eastern France in 1895 with a failure sequence that comprised two 
phases: an initial break near the crest in the middle of the structure over a length of 20 m, followed by the main collapse 
of 180 m of the dam to a depth of about 10 m [7]; Gleno in the Central Italian Alps in 1923 that suddenly collapsed a 
few days after the first complete reservoir filling due to structural deficiencies [8]; St. Francis in Southern California in 
1928 where immediately after the first complete filling of the reservoir, fractures and water leaks appeared on the face 
and abutments which, a few days later, extended to the base of the dam leading to its collapse [9]; Sella Zerbino in the 
Apennines of Northern Italy in 1935 due to an overtopping wave caused by an exceptionally severe rainfall where the 
flood exceeded the maximum capacity of the spillways and the bell valve was clogged up with sediments and debris [10], 
Niedow in Poland in 2010 due to a breach in the earth-type dam caused by an extreme rainfall with return period of over 
100 years [11]. Another important event is that of Vajont (1963), where there was no collapse of the dam but a landslide 
from one of the slopes caused a wave that overtopped the dam, flooding the downstream territories [12,13].

From this point of view, a useful tool to mitigate the consequences of these floods is the perimeter of the floodable 
areas, especially if they involve anthropized areas. Therefore, many regulations prescribe severe safety checks and pro-
vide operational guidelines for civil protection activities and emergency plans in floodable areas [13]. Historical floods 
generated by dam failure have been widely analyzed and modeled [14,15]. Both one-dimensional and two-dimensional 
models are generally considered in modeling, depending on the goal of the analysis [16-20]. These models are useful 
to decision-makers for defining civil protection activities and emergency plans and managing areas flooded by the dam 
[21-23]. An accurate estimate of inundation altitudes and the arrival time of flood waves are important to consider when 
developing emergency plans.

Most of the scientific literature on dam failure mainly focuses on analyzing catastrophic events and defining emer-
gency plans following events that have occurred or are related to design failure conditions. Very little research focuses 
on the emergency plans to manage dam emptying operations in advance for conditions such as earthquake safety of ex-
isting dams, as in this case study. For example, Zhou et al. [24] describe a risk analysis and emergency plans consequent 
to the barrier lake created by the Mw 6.5 earthquake in 2014, in Niulan River in southwest China. Azeez et al. [25] de-
scribe a dam break analysis and flood disaster simulation in the arid urban environment of Um Al-Khair Dam in Saudi 
Arabia. Latrubesse et al. [24] describe a dam failure with a catastrophic flood in 2018 in the Mekong Basin with fatali-
ties and displaced thousands of people. Gaagai et al. [17] describe a risk analysis of dam-break flooding in a semi-arid 
montane area of Yabous Dam in Northeastern Algeria. Sarchani and Koutroulis [18] describe a probabilistic model of 
a dam breach flood for Valsamiotis Dam in Crete. Verma et al. [19] describe a dam break flow simulation model for 
preparing emergency action plans for Bargi Dam failure, in India. Modeling is also widely used, but mainly to analyze 
catastrophic events. For example, Eldeeb et al. [20] analyzed the Grand Ethiopian Renaissance dam failure using HEC-
RAS to define flood inundation maps related to the failure.

The paper, through some case studies in Calabria, a region of Southern Italy, analyzes Italian regulations concern-
ing civil protection activities and emergency plans related to dam failure and earthquake safety. Also, this paper de-
scribes the coupled hydrological and hydrodynamic modeling carried out using HEC-HMS and HEC-RAS, respectively, 
to define three thresholds for each dam according to Italian regulations. These thresholds are the maximum flow rate for 
emptying the dams that are contained in the hydraulic pertinence areas downstream of the dams QAmax, the attention 
flow rate for the discharge of the dams Qmin beyond which hydraulic criticalities occur, and the incremental thresholds 
∆Q that identifies scenarios with greater hydraulic criticalities than Qmin.
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2. Materials and Methods
2.1. Study Area Description

Calabria is a region in southern Italy that is an interesting case study because of its geomorphological, climatic, 
hydrological, and anthropic peculiarities.

About geomorphological peculiarity, most (over 90%) of the Calabrian territory is mountainous or hilly, and the 
rest is flat. The main massifs are the Pollino, the Sila, and the Aspromonte, located in the northern, central, and south-
ern parts of Calabria, respectively, and all with a maximum altitude of about 2000 m. About the climatic peculiarity, 
Calabria has a notable variability with a mountain climate in the inland areas, with frequent rainfall and snowfall, and 
a Mediterranean climate along the coasts. The average annual rainfall is about 1100 mm, which varies from 1400 and 
1800 mm in mountainous and from 500 and 1000 mm along the coast. Regarding the hydrological peculiarity, most Cal-
abrian rivers, also called fiumare, have a hydrological regime, such as that of ephemeral rivers, that convey flow only 
during a rainfall event [27-30]. Regarding the anthropic peculiarity, in the latest 70 years in Calabria, considerable an-
thropic pressure has been observed, with the expansion of inhabited centers also close to rivers and coasts and often in a 
disorganized and unplanned way [31-38].

The analyzed dams are all located in the central-southern part of Calabria and are those of Lordo, within the Lor-
do River basin, Menta, within the Amendolea River basin, and Metramo, within the Mesima River basin (Figure 1). 
Menta and Metramo dams are in mountain areas far from the river mouth. In the first case, the river downstream of the 
dam does not cross inhabited centers, while the town of Galatro is crossed in the second case. Instead, the Lordo dam is 
located just 3 km upstream from the river mouth, close to the town of Siderno and there were no tributaries downstream 
of the dam.

Figure 1. Location of the analyzed dams.

2.1.1. Lordo Dam

The Lordo Dam is located at an altitude of just under 100 m, a few kilometers upstream from the town of Siderno, 
and the outlets are directly connected to the main stream. The dam has a reservoir area of 0.7 km2, is of the zoned type, 
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and is made up of loose materials. The central core is made of sandy clay with silt. The counter-cores and the filters, 
inserted between the core and the counter-core, are made of alluvial material from the riverbed. The upstream face is 
covered with limestone rocks while the downstream face is covered by grassy turf.

The dam height is over 40 m, and the crest is about 8.5 m wide and over 600 m long. The upstream face has slopes 
between 2.3 and 3.5 % while the downstream face has slopes between 1.85 and 2.5 %. The dam has two outlets, includ-
ing one surface and one bottom. The surface outlet is of the cup type with a diameter of 24 m and can drain at a flow 
rate of 220 m3/s. The bottom outlet has three sections: entrance, tunnel, and mouth. The entrance can drain at a flow rate 
of over 120 m3/s and consists of a circular pipe with a diameter of 3.8 m, a length of over 200 m, and a slope of 1%, 
operating mainly under pressure. Between the entrance and the tunnel, there are two rectangular gates measuring 2.4 x 
3 m. The tunnel has a diameter of 3.9 m, a length of over 4500 m, and a slope of 2% with free surface operation. At the 
mouth, there are two dissipation basins, connected to the Lordo River via a canal.

2.1.2. Menta Dam

The Menta dam is in the Aspromonte National Park at an altitude of over 1400 m, and the outlets are directly con-
nected to the main stream. The dam has a reservoir area of 0.8 km2 and is part of the Menta water scheme consisting of 
an intake structure, diversion tunnel, penstock, hydroelectric power station, and water purification plant. It is about 90 
m high, is made up of rockfill, and has a rectilinear main body and a lower extension on the right bank, with a circular 
shape and concavity towards the mountain, which closes a saddle located at a lower height than that planned for the res-
ervoir.

The dam has three outlets, including one surface, one bottom, and one of exhaustion. The surface outlet is of the 
free threshold type with a length of 60 m and can drain at a flow rate of about 220 m3/s. The bottom outlet can drain at a 
flow rate of 120 m3/s and consists of a circular pipe with a diameter of 4.3 m and a length of about 500 m. Before arriv-
ing at the tunnel, water must pass two rectangular gates measuring 1.7 x 2.2 m.

2.1.3. Metramo Dam

The Metramo Dam is located at an altitude of over 800 m, and the outlets are connected to the Metramo River, 
a tributary of the Mesima River, whose confluence is more than 20 km downstream. The dam has a reservoir area of 
1 km2, which is of the zoned type and made up of loose materials. The central core is made of sandy silt. The coun-
ter-cores and the filters, inserted between the core and the counter-core, are made of alluvial material from the riverbed 
and rockfill. The upstream face is covered with large rocks while the downstream face is covered by grassy turf.

The dam height is over 90 m, the crest is about 10 m, and the 7-meter safety clearances were applied between the 
crest and the maximum level of the reservoir, due to the great height and high seismicity of the site. The upstream face 
has slopes between 2.15 and 3.5 while the downstream face has slopes of 1.9. The dam has three outlets, including one 
surface, one bottom, and one of exhaustion. The surface outlet is of the cup type with a diameter of 18 m and can drain 
at a flow rate of 380 m3/s. The bottom outlet consists of a circular pipe with a length of about 600 m and a slope of 2.5%. 
Before arriving at the tunnel, water must pass two rectangular gates measuring 2.1 x 1.5 m. The exhaustion outlet con-
sists of a circular pipe with a length of over 900 m.

2.2. Overview of Regulations

The most recent regulation by the Italian authority about the safety of the dams and the management of down-
stream hydraulic risk is from the Directive of the President of the Council of Ministers of 2014 [39]. The main aim is to 
define the conditions for activating the alert phases for the dams’ safety and for managing the hydraulic risk, the actions 
following the activation of these phases also identifying the decision-makers. To do this, the regulation identifies the 
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functional and procedural links between the various decision-makers, the main one being Civil Protection, and indicates 
the drafting criteria for the Civil Protection Document, which is the reference framework for drafting the emergency 
plan for the territories downstream of the dam. This document contains information on the location and characteristics 
of the dam, the characteristics of the catchment area related to the dam, the characteristics of the reservoir (detention 
volume, operating, and maximum water levels, threshold values), and the municipality in floodable areas downstream 
of the dam. Regarding the threshold values, the Civil Protection Document defines three thresholds for each dam, QA-
max, Qmin, and ∆Q. QAmax is the flow rate value that allows the safe emptying of the dam, for example following an 
earthquake, without flooding the downstream areas or with flooding contained within the areas mapped as risk areas or 
attention areas by the Basin District Authorities. The Water Directive 2000/60 of the European Parliament and of the 
European Council abolished the previous Authorities at regional and basin levels and established 110 Basin District 
Authorities at the European level, seven of which are in Italy and Calabria falls within the Southern Apennines Basin 
District Authority, which includes all Southern Italy. The Floods Directive 2007/60 of the European Parliament and of 
the European Council defines the procedure for drafting the Flood Risk Management Plan (Italian acronym PGRA, “Pi-
ano di Gestione del Rischio Alluvione”). This plan is drafted by each Basin District Authority and contains the mapping 
of the risk and attention areas. QAmax is related only to the characteristics of the dam discharges and does not consider 
any contemporary rainfall events. Instead, Qmin is an indicator of the occurrence of fixed event scenarios (such as local-
ized flooding downstream of the dam) and considers the flow rates that can be generated by the catchment area down-
stream of the dam. Finally, the incremental thresholds ∆Q are values that are added to Qmin and are related to scenarios 
like those related to Qmin.

2.3. Methodology

The methodology was divided into three phases: morphometric, hydrological, and hydrodynamic modeling.
In the first phase, the morphometric modeling was carried out using the open-source software QGIS 3.10.7 ‘A 

Coruna’ and the free software HEC-HMS 4.10 to perimeter and morphometric characterize basins and main sub-basins. 
The perimeter of basins and sub-basins was carried out using the GIS tools of HEC-HMS, starting from the Digital 
Terrain Model (DTM) and Digital Surface Model (DSM) First and Last with 1 m and 2 m grid resolution available in 
the Italian Geoportal (http://www.pcn.minambiente.it/mattm/progetto-pst-dati-lidar). The pre-processing of the DTMs 
and DSMs and the morphometric characterization of basins and sub-basins were carried out using QGIS, starting from 
the shapefiles of basins and sub-basins, obtained with the GIS tools of HEC-HMS, the hydrographic network and the 
lithological map shapefiles available in the Open Data section of the Calabrian Geoportal (http://geoportale.regione.
calabria.it/opendata), and of the Corine Land Cover fourth level of 2018, available in the Open Data section of Higher 
Institute for Environmental Protection and Research, were used (https://groupware.sinanet.isprambiente.it/uso-coper-
tura-e-consumo-di-suolo/library/copertura-del-suolo/corine-land-cover/corine-land-cover-2018-iv-level). In this phase 
we are computing the following properties: area; perimeter; lengths of the hydrographic network and the main stream; 
maximum and average heights; average slope; concentration-time [40-42]; Curve Number (CN), associating a CN value 
with each land use and soil type categories.

The hydrological modeling phase was carried out using HEC-HMS to estimate the flow rate with fixed return time 
in basins and sub-basins, useful to define the rainfall scenarios downstream of each dam and modeled in the following 
phase. The return times chosen were 2, 5, 10, 15, 25, 50, 75, 100, and 200 years to consider frequent and extreme events. 
The input data for this phase is the maximum annual rainfall recorded by the rain gauges in the basins, available in the 
Calabrian Multi-Risk Functional Center (http://www.cfd.calabria.it/). Each rain gauge’s influence area was estimated on 
QGIS using the Thiessen polygon method [43]. The hydrological modeling was carried out using the Soil Conservation 
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no vegetation.

Figure 2. Lordo River basin.
The Mesima River basin (Figure 4) has an area of about 800 km2 and has been divided into 17 sub-basins. This 

basin has a perimeter of about 240 km, a length of hydrographic network of 850 km, a main stream length of over 50 
km, a maximum height of about 1300 m, an average height of over 400 m, an average slope of over 15%, a concentra-
tion-time of about 5.3 hours and a CN of 76. This river basin has a rounded shape with numerous large tributaries. The 
most important tributaries are Fiume Potamo, Fiume Fermano, Torrente Sciarapotamo, Fiume Vacale, Torrente Anguilla, 
and Fiume Metramo, and the dam is in the last one, which flows into the Mesima about 20 km upstream from the river 
mouth. Therefore, this portion of the basin upstream of the confluence has been divided into just 3 sub-basins with an 
area between 150 and 220 km2. This river is entirely natural, predominantly meandering, except the final straight part, 
and is characterized by thick vegetation especially in the Metramo River, except the part that passes through the town 
of Galatro where there is sparse vegetation with large rocks and there are about thirty check dams. Finally, most of the 
river is embanked, except the mountainous stretch between the dam and the town of Galatro. Table 1 shows the main 

 results of the morphometric modeling of the three basins.
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Figure 3. Amendolea River basin.

Figure 4. Mesima River basin.
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small village, some scattered houses, agricultural land, mining activities, and a coastal dune would be affected by the 
floods.

Figure 6. Floodable areas downstream of the Menta dam related to QAmax.
The QAmax and Qmin flow rates downstream of the Metramo dam occur without flooding the Metramo and Me-

sima rivers while downstream of Galatro the passage of QAmax occurs with only a few floods, are all located within 
attention areas of the PGRA that involve agricultural lands. The critical point is the upstream bridge inside Galatro town 
where the passage of QAmax under the bridges occurs with safety clearances of just 0.5 m, while the passage of Qmin 
under the bridges occurs with safety clearances of over 1.5 m. Instead, the ∆Q scenario was defined to obtain a safety 
clearance for the embankments of the order of one meter in all sections. The hydrological scenarios where the rainfall 
scenarios with fixed return periods are added to the QAmax threshold are characterized by various sections at risk of 
flooding. From this point of view, the greatest criticality is observed in the part of the river that passes through the town 
of Galatro. In fact, in this part, the QAmax passes without flooding. However, in the case of a concomitant hydrological 
scenario with a return period of 2 years, therefore a frequent scenario, to observe numerous sections at risk of flooding 
(Figure 7).
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Figure 7. Floodable areas downstream of the Metramo dam related to Q2 scenario added to the QAmax threshold.

4. Discussion

The paper describes the methodology to define the QAmax, Qmin, and ΔQ thresholds, according to the Italian reg-
ulation. The first is the maximum flow rate for emptying the dams that are contained in the hydraulic pertinence areas 
downstream of the dams, and the second is the attention flow rate for the discharge of the dams beyond which hydraulic 
criticalities occur, and the last is the incremental threshold value that is added to Qmin and identifies scenarios with 
greater hydraulic criticalities than Qmin. These thresholds are related to scenarios where it is necessary to safely empty 
the reservoir behind the dam, for example following an earthquake, and allow the consequent civil protection activities 
and emergency plans to be defined. In addition to the indications of the Italian regulation, this paper analyzes some hy-
drological scenarios where the rainfall scenarios with return periods of 2, 5, 10, 15, 25, 50, 75, 100, and 200 years are 
added to the QAmax threshold. These scenarios, especially for extreme events, can significantly expand floodable areas, 
with the need to define specific control operations, as studied by Nakamura and Shimatani in Japan [45].

The methodology described in this paper can serve as a basis for defining emergency plans and developing flood 
forecasting models [46], such as what has been done by Pianforini et al. [47] for the Parma River dam. This methodolo-
gy was applied in three dams of Southern Calabria, in Italy, very different from each other in terms of storage capacity, 
discharge capacity, size of the related river basins, and flow rates of these basins. The analyzed dams are those of Lordo, 
within the Lordo River basin, Menta, within the Amendolea River basin, and Metramo, within the Mesima River basin. 
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Menta and Metramo dams are in mountain areas far from the river mouth. In the first case, the river downstream of the 
dam does not cross inhabited centers, while the town of Galatro is crossed in the second case. Instead, the Lordo dam is 
located just 3 km upstream from the river mouth, close to the town of Siderno and there were no tributaries downstream 
of the dam. 

The Lordo River basin has an area of just over 10 km2, significantly smaller than Amendolea River basin, which is 
about 150 km2, and especially the Mesima River basin, almost 800 km2. These differences in size also lead to significant 
differences in terms of flow rate with fixed return time. The flow rate with a return time of 2 years varies between 60 m3/
s, in the Lordo River, 460 m3/s, in the Amendolea River, and 1300 m3/s, in the Mesima River, while the flow rate with a 
return time of 200 years varies between 260 m3/s, in the Lordo River, 1760 m3/s, in the Amendolea River, and 7000 m3/
s in the Mesima River. Instead, in terms of the QAmax threshold, the highest values are observed in the Lordo dam, 200 
m3/s, while for the Menta and Amendolea dams the values are about 80 and 140 m3/s, respectively. This is explained by 
the fact that these thresholds are not related to the basin size but to the characteristics of the outlets. The QAmax values 
of the Menta and Metramo dams are much lower than their respective river basins’ 2-year return time flow rates. Instead, 
the QAmax value of the Lordo dam is of the same order of magnitude as the 100-year return time flow rate of its river 
basin. Therefore, this high value is of the same magnitude as a very intense hydrological scenario, and this explains why 
it is associated with more sections at risk of flooding than the other two dams. However, these sections are all located in 
the meandering part and the floodable areas all fall within the areas of attention of the PGRA. In addition, these sections 
mainly involve agricultural lands with a few isolated houses, generally located at higher altitudes than those reached by 
the water levels while the anthropized part does not present any sections at risk due to the presence of the embankments. 
The QAmax value of the Menta dam creates some critical issues only in the mountainous area immediately downstream 
of the dam, but this is a non-anthropized area, characterized by steep slopes and thick vegetation, and does not create 
any further critical issues in the valley part. Instead, this part is affected by other hydraulic criticalities: ruins of check 
dams, embankment gaps, vehicular paths in the riverbed (panoramic views of a large part of the river are even available 
on Google Street View), narrowing of the riverbed near a small town, with a width reduction from 400 to 100 m, mining 
activities in the riverbed, excessive sediment deposits [48]. Instead, the most critical condition in terms of QAmax value 
concerns Metramo occurs when crossing Galatro town, a highly anthropized area where the river width is just a few me-
ters and there are numerous bridges while downstream of Galatro the passage of QAmax occurs with only a few floods, 
all located within attention areas of the PGRA that involve agricultural lands. The passage of QAmax under the bridges 
occurs with safety clearances of just 0.5 m, while the passage of Qmin under the bridges occurs with safety clearances 
of over 1.5 m, and just the hydrological scenarios characterized by events with a return period of 2 years cause many 
sections to be at risk of flooding. All this occurs even though the QAmax is much lower than their respective river ba-
sin’s 2-year return time flow rate. From this point of view, it should be noted that, unlike the outlets of the Lordo and 
Menta dams which are directly connected to their main streams, the outlets of Metramo dams are connected to the 
Metramo River, a tributary of the Mesima River, whose confluence is more than 20 km downstream. Consequently, the 
portion of the Mesima River basin relating to the part of the Metramo River upstream of Galatro town alone has an area 
of just 40 km2 and the flow rates vary from 350 and 1000 m3/s with return periods of 2 and 200 years respectively, much 
lower than those of Mesima River basin.

5. Conclusions

The paper, through some case studies in Calabria, a region of Southern Italy, analyzes Italian regulations concern-
ing scenarios where it is necessary to safely empty the reservoir behind the dam, for example following an earthquake, 
and allow the consequent civil protection activities and emergency plans to be defined.
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This analysis mainly highlighted that coupled hydrodynamic-hydrological modeling carried out using HEC-HMS 
and HEC-RAS, respectively, is essential to define the maximum flow rate for emptying the dams that are contained 
in the hydraulic pertinence areas downstream of the dams, the attention flow rate for the discharge of the dam beyond 
which hydraulic criticalities occur, and the incremental thresholds that identify scenarios with greater hydraulic criticali-
ties according to Italian regulation.

In addition, this study also analyzes conditions with the rainfall scenarios downstream each dam is added to QA-
max, even though they are not required by the regulation. These scenarios allow the identification of potentially flooda-
ble areas and the definition of emergency plans if it is necessary to empty the dam during rainfall events.
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