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Abstract

:

We pose the following research question: “what is the effect of flood protection works on flood risk?” To answer this question, we developed a flood risk assessment method that combines the typical hazard assessment via integrated hydrological and hydrodynamic calculations using HEC-HMS and 1D/2D HEC-RAS, respectively, and an original procedure for vulnerability assessment at the building level, which we applied in the town of Mandra in Attica, Greece. We performed calculations for 15 scenarios—combinations of return periods (T = 20, 50, 100, 150, and 200 y) and rain durations (t = 6, 12, and 18 h)—for the conditions of the year 2017, when there were no flood protection works, and today with these works in place. We identified the regions with high flood risk and concluded that the presence of the works caused a decrease in the inundation areas by 53–89%, along with reductions in the maximum water depths, the maximum flow velocities, and the average flood risk in Koropouli Street—the main street of Mandra, which suffered severe damage during the 2017 flood—by 38–62%, 18–52%, and 27–74%, respectively. The effect of the flood protection works increased with the increases in the return period and rain duration, while for the same return period the effect of the rain duration was more pronounced for the smaller return periods.
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1. Introduction


Between 1998 and 2009, Europe suffered over 213 major, damaging floods, including the catastrophic events along the Danube and Elbe rivers in the summer of 2002 [1]. Severe floods in 2005 further reinforced the need for concerted action. During the same period, floods in Europe caused some 1126 deaths, the displacement of about half a million people, and at least EUR 52 billion in insured economic losses [2], and even today catastrophic floods occur in parts of the continent, with disastrous results [3]. To reduce and manage the risks that floods pose to human health, the environment, cultural heritage, and economic activity, the European Commission proposed Directive 2007/60/EC on the assessment and management of flood risks (often referred to as the “Floods Directive” (FD)), which was published in the Official Journal in November 2007 [4]. According to the FD, “flood risk” is a function of the likelihood of a flood event together with the actual damage to human health and life, as well as the impacts on the environment and economic activities associated with that flood event. The quantification of flood risk is expressed either in monetary units or in loss of life units [5], if the losses are measurable, or in qualitative terms (e.g., allocation in classes) in the case of intangible damages (e.g., social, environment, cultural) to the affected areas [6]. The FD requires member states (1) to carry out a preliminary flood risk assessment (PFRA) to identify river basins that are areas of potentially significant flood risk (APSFRs) by 2011, (2) to draw up flood risk maps for these APSFRs by 2013, and (3) to establish flood risk management plans focused on prevention [4] (i.e., preventing damage caused by floods by avoiding construction of houses and industries in present and future flood-prone areas), protection (i.e., taking measures—both structural and non-structural—to reduce the likelihood of floods and/or the impact of floods in a specific location), and preparedness (i.e., providing instructions and a code of conduct to the public on what to do in the event of flooding) by 2015 [4].



Flood risk assessment (FRA) is an interdisciplinary task [7] that combines various sources and types of information and models to estimate, a priori, what possible flood events may look like (i.e., flood extent and inundation depth), how probable they are, and what the possible consequences of such a flood may be [8]. Within the implementation of the FD, FRA follows the conceptual framework typically applied in engineering and natural sciences, where risk (R) incorporates the concepts of hazard (H) and vulnerability (V); in mathematical terms, this is expressed as R = H × V [3]. Flood hazard expresses the probability that a flood of a particular intensity will occur over periods ranging from years to decades, in order to support risk management activities [9]. Intensity usually refers to the combination of various hazard elements, including water depths, extent of flood inundation areas, flow velocities (to assess erosion and the collapse of buildings), and rates of water level rise (to assess potential fatalities and flood duration) [10]. Vulnerability is the degree of harm expected under certain conditions of exposure, susceptibility, and resilience [11]. Exposure refers to the presence of at-risk elements (e.g., people, buildings, services, infrastructure, or other properties) that could be adversely affected [12]; susceptibility is the likelihood of dangerous events occurring based on local conditions or as a result of the element’s inherent inability to withstand the hazard impact [13]; while resilience is the ability of an at-risk element to anticipate, absorb or cope with, resist, and recover from the impact of a flood hazard [14]. To perform an FRA, firstly, flood hazard assessment (FHA) and flood vulnerability assessment (FVA) should be completed [15].



In the literature, there exist various approaches for flood hazard assessment (FHA) [16], which are influenced by a series of factors that can be divided into the following seven groups: hydrological and orographic, meteorological, geomorphological, cover characteristics, soil properties, infrastructure, and socioeconomic [17]; in practice, it is unclear how these factors affect one another and what their direct impact is on flood hazard [18]. FHA approaches are mainly quantitative and are often based on hydrological, hydrodynamic, or integrated hydrological–hydrodynamic modeling [19]; moreover, there are also qualitative methods that mainly rely on expert judgment [20]. FHA requires adequate observational data that can be based on recorded flood events; the latter are combined with time series of hydrological and hydrodynamic parameters, such as precipitation, river discharge, water depths, or water surface elevations, which can be used to derive the probabilities and corresponding magnitudes of possible flood events, e.g., via frequency analyses to derive return periods for certain surface water discharges/stages. FHA estimation within the FD requires the preparation of flood hazard maps for the APSFR according to the following scenarios: (a) floods with a low probability, or extreme event scenarios; (b) floods with a medium probability (likely return period (T) ≥ 100 years); and (c) floods with a high probability, where appropriate. For each scenario, the following hazard elements should be shown: (a) the extent of flooding, (b) the water depths or water elevations, and (c) the flow velocities or the relevant discharges. The approaches used in the calculation of return periods and probabilities by the 25 member countries include expert judgment, historical data, statistical analysis, modeling, hydrologic rainfall–runoff modeling, and hydrological studies [21]. Within the implementation of the FD in Greece, scenarios refer to T = 50, 100, and 1000 years, while flood hazard incorporates the hazard elements maximum water depth (D) and maximum water velocity (U) [22].



Usually, flood vulnerability assessment (FVA) refers to the assessment of susceptibility to damage to physical structures used for human shelter—which are mainly residential, commercial, or other buildings—as a result of flooding [23]. The term “damage” often refers to harm to the physical elements at risk, as well as the amount of resources needed to restore the affected elements to their original function. Understanding, quantifying, and analyzing the vulnerability of physical properties is essential for designing strategies and adopting an approach for its reduction [24]. Flood damage can be assessed at a town scale or an object level [8], the latter of which is typically a building. Building-specific flood damage models can be developed using (a) flood loss data that can be collected immediately after a flood or (b) synthetic data that are derived following analyses by experts, surveys, or interviews [25]; these empirical and/or synthetic “damage data” can be combined with influencing parameters that include hydrodynamic (i.e., flood hazard) characteristics and resistance (i.e., vulnerability) characteristics. The popular methods for assessing physical flood vulnerability are vulnerability curves, vulnerability matrices, and indicator-based approaches [26]; the latter have the strength of allowing significant factors (e.g., building material, construction type, number of floors, level of maintenance, ground floor material) that contribute to flood vulnerability to be considered during FVA [13]. Within the implementation of the FD in Greece, the following five classes of vulnerability have been defined: very low, low, medium, important, and very important; these are based on a detailed analysis of the potential impacts of the flood—i.e., the degree of harm—on the following four categories of indicators: (1) population, (2) national economy, (3) environmental, and (4) cultural [22].



Once FRE is accomplished, flood risk management plans can be established focusing on reducing the flood risk via prevention, protection, and preparedness measures. Flood protection measures can be structural and non-structural. Structural measures refer to any physical construction to reduce or avoid the possible impacts of hazards, or the application of engineering techniques or technology to achieve hazard resistance and resilience in structures or systems [27]; they range from heavily engineered interventions (grey)—such as dams, reservoirs, embankments (e.g., levees, dykes) [28,29], bypass and diversion channels, and channelization—to more natural approaches (green or nature-based solutions), such as restoration of rivers and their floodplains and removal of embankments, planting of trees, floodplains or storage areas in the floodplain, and wooden leaky barriers or engineered logjams in rivers and/or floodplains [30]. Non-structural measures are measures not involving physical construction, which use knowledge, practice, or agreement to reduce disaster risks and impacts—in particular through policies and laws, raising public awareness, training, and education [27]; these include building awareness and mapping of hazard zones, better weather forecasting, better early-warning systems, education, preparedness exercises, hazard identification signs, land-use controls, building codes, and others [31].



Given the complexity and uncertainties of urban hydrology and hydraulics [32], it is important to know the effects of flood protection works on flood risk in urban environments, especially when faced with extreme flash floods. Thus, in the present paper, we pose the following research question: “What is the effect of flood protection works on flood risk?” To the best of our knowledge, there are no published works related to this question, despite its significant scientific and practical interest. To answer this question, we developed an FRA approach and applied it at the lowest possible (e.g., micro) spatial scale for the town of Mandra in Attica, Greece, based on calculations and data of the disastrous flash flood that occurred on 15 November 2017. The rest of this paper is organized as follows: In Section 2 “Materials and Methods”, the area of study, the flood of 2017, the flood protection works, the scenarios of calculations, and the integrated modeling procedure are briefly described, and the proposed FRA approach is presented. In Section 3 and Section 4, “Results and Discussion”, the proposed FRA is applied to determine the flood risk for all scenarios in Mandra as it was during the flood in November 2017— i.e., effectively without flood protection works—and today with the works. In Section 5, we provide the “Conclusions”.




2. Materials and Methods


2.1. The Area of Study, the Flood of 2017, and the Main Characteristics of the Flood Protection Works


The town of Mandra is situated in western Attica at the foothills of Mt. Pateras, whose hydrographic network consists of several converging creeks with steep slopes that form the streams (St) St Soures and St Agia Aikaterini that pass through the town of Mandra, as shown in Figure 1. The town, with a population of approximately 11,300 people, is situated at the boundary between Thriassion Plain to the east and Mt. Pateras to the west. Mandra is built approximately 3 km from the sea (Gulf of Eleusis) and 22 km from Athens—the capital of Greece—at the western boundary of the region of Attica. The plain has been home to extensive development in recent years, with numerous industrial units and small towns surrounding Mandra, exhibiting extensive socioeconomic activity. The western side of the study area is dominated by limestone rocks and characterized by sharp reliefs with steep slopes, due to the significant neotectonic activity [33]. In terms of hydrology, with the exception of rainy days, the river network is dry for most of the year. The town of Mandra is shaped by a relatively dense urban fabric, dominated by reinforced concrete buildings and asphalt streets, and can be considered a typical example of a modern-day urban landscape in the Eastern Mediterranean region. Mandra and its surroundings have the characteristics of a semi-arid area, with an annual rainfall close to 400 mm. However, its steep slopes and relatively small catchments (<30 km2) [34] make it a flash-flood-prone area with a rich history of events in recent decades.



In 2017, these streams were characterized by significant morphological changes due to the intensive construction activities in the greater area that resulted in a dramatic reduction in their available cross-sectional areas, which was one of the main reasons for the disaster that occurred on 15 November 2017 [35]. The flash flood was estimated to correspond to a return period equal to approximately 150 years; most of the population was affected by the flood (24 deaths and 24 people injured), while basements and ground floors of buildings in the town were seriously damaged, along with severe impacts on infrastructure, vehicles, and the environment [34]. Officials estimated that 80% of the town area had been affected [36]. Due to this catastrophic event, the Greek Government immediately decided to construct flood protection works in Mandra based on their Final Study performed in 2014 for a design flood with a return period equal to 50 years, which was based on rainfall curves determined from a hydrological study performed in 1980. Moreover, in October 2019, the design of an exemplary early-warning system for floods in Mandra [37] was performed within the project CLIMPACT [38]. The construction of the flood protection works started in 2018 and was completed by July 2021; these works mainly included the following (see Figure 1): (1) the regulation of St Soures for a length of 1780 m, for a design flow equal to 91 m3/s (x = 239–1780 m) and 125 m3/s (x = 0–239 m); and (2) the diversion of St Agia Aikaterini to St Soures via a 1451 m long channel for a design flow equal to 47 m3/s. A more detailed description of the flood protection works can be found in the work of Stamou et al. [39].



In this work, the main areas of interest are the residential area and the industrial area in the town of Mandra. In the residential area, our attention is focused on Koropouli Street, which is the main street of the town of Mandra and suffered severe flooding during the flash flood of November 2017; the axis of Koropouli Street is shown in Figure 1 (noted as Koropouli conduit).




2.2. Scenarios of Calculations


Calculations were performed with and without the flood protection works for 15 combinations of values of return period (T = 20, 50, 100, 150, and 200 y) and rain duration (t = 6, 12, and 18 h), for a total of 30 scenarios, as shown in Table 1.




2.3. Hydrological and Hydrodynamic Modeling


The proposed FRA approach involves the use of an integrated modeling procedure that combines the hydrological model HEC-HMS [40] and the HEC-RAS 1D/2D model [41]. The hydrological analysis was conducted with the aid of the Hydrologic Modeling System (HEC-HMS) in order to incorporate and combine different methods concerning the rainfall–runoff transformation, the hydrological losses, and the river routing and, finally, to generate the flood hydrograph. The hydrological analysis output was then used in the River Analysis System (HEC-RAS), which has the ability to model unsteady flow through a river channel network and produce the water profiles, velocity, and inundation maps of the flood plain. Furthermore, two approaches—the GIS-based time–area diagram and the NRCS (SCS) Synthetic Curvilinear Dimensionless Unit Hydrograph—were employed. When effective rainfall was used as the input, the Soil Conservation Service Curve Number (SCS-CN) procedure was applied for estimation of hydrological losses based on the available total rainfall data [40]. The rainfall input was estimated for different periods based on intensity–duration–frequency (IDF) curves for the area [42,43]. HEC-RAS 1D/2D combines 1D modeling in the cross-sections of the two main streams in Mandra with 2D modeling in the rest of the potentially flooded area of the computational domain. The coupled 1D and 2D solution algorithm allows for direct feedback in each computation step between 1D and 2D flow fields [41].



The produced hydrographs and the corresponding peak discharges are shown in Figure 2 and Table 2, respectively.



The main input data for the hydrodynamic model were (i) the digital surface model (DSM) with a very high resolution equal to 0.80 m × 0.80 m, capturing all hydraulically important features of the area’s surface—including streets, trees, and buildings—that are required for detailed hydrodynamic calculations; (ii) the distribution of the Manning roughness coefficient values in the computational domain; and (iii) the input hydrographs of the two streams as their upstream boundary conditions (see Figure 2). A detailed description of the calibration procedure of the hydrodynamic model and more information on the hydrodynamic calculations can be found in [28].




2.4. Flood Risk Assessment Approach


In the proposed FRA, flood hazard follows the approach of the implementation of the FD in Greece, i.e., 5 classes of flood hazard are defined, which are calculated based on Table 3 using the elements maximum water depth (D) and maximum water velocity (U) as inputs, which correspond to the 5 hazard scores (H = 0.2, 0.4, 0.6, 0.8 and 1.0) quoted in parentheses; these scores can be considered as flood probabilities.



Susceptibility to flood damage was assessed at a town (i.e., micro) scale using the object “building” via a 4-step procedure that enabled us (a) to better differentiate generic classes of buildings (e.g., between types of houses), as there is less heterogeneity in these classes; and (b) to perform site visits and individual inspections to specify or improve the damage curves [44]. As a first step, a field survey was performed to record specific characteristics for each building examined, including light wells, underground garage doors, pilotis, numbers of adjacent structures, the buildings’ lowest openings (such as doors and windows), and their elevation relative to the surrounding area. In the second step, the recorded building characteristics were connected to the probability of a building experiencing internal flooding through statistically significant relationships, while in the third step a score of this probability was determined based on the presence of these building parameters and their respective weights denoting their influence. The fourth step divided the buildings in 5 classes of vulnerability (V), ranging from 0.2 (very low) to 1.0 (very high).



To estimate vulnerability on an individual building basis, we collected and exploited data on building characteristics, using features that have been associated with structures’ susceptibility to flooding in the literature [45,46,47,48,49,50]. To this end, we used statistical associations documented by Diakakis et al. [51] for buildings in Greece, which connected specific external characteristics (i.e., light wells, underground garage doors, pilotis, numbers of adjacent structures, buildings’ lowest openings (such as doors and windows), and their elevation relative to the surrounding area) with the impact of a flood on the building. This association is given by the following equation [51]:


Y = 1.372 + 1.143LW + 1.124UGR + 1.031PLT1 + 0.900PLT2 + 1.231BLO1 + 1.155BLO2 − 0.838ADJ1



(1)




where LW, UGR, PLT1, PLT2, BLO1, BLO2, and ADJ1 are independent variables representing distinct building characteristics, as shown in Table 4.



The dependent variable (Y) of binary logistic regression is connected with the estimated probability (p) of the flood’s binary outcome via Equation (2), which can be reformed into Equation (3):


Y = ln (p/1 − p)



(2)






p = exp(Y)/(exp(Y) + 1)



(3)







Using Equation (3) and substituting the dependent variable (Y) using Equation (1), we connected the independent variables (i.e., building characteristics) with the probability of internal flooding. This probability (p) was used as a proxy indicator of vulnerability for each building, with values ranging from 0 to 1. The probability of internal flooding was also chosen as a measure of vulnerability to address the uncertainty inherent in risk assessment [28,52]



For cartographic purposes, we grouped probability (p) values into 5 categories: 0 to 0.2, 0.2 to 0.4, 0.4 to 0.6, 0.6 to 0.8, and 0.8 to 1.0. Risk was calculated as R = H × V [3].





3. Results


3.1. Calculated Inundation Area


Inundation areas were calculated for all scenarios and are shown in Figure 3; these ranged from 0.10 to 2.14 km2. Indicatively, the inundation areas for scenarios S20-06, W20-06, S200-18, and W200-18 are shown in Figure 4. Moreover, Table 5 depicts the effect of the flood protection works (%) on the inundation area.



Based on Figure 3 and Figure 4, as well as Table 5, the following remarks can be made:




	
The inundation areas range from 1.45 to 2.14 km2 without works for the extreme scenarios S20-06 and S200-18, and from 0.10 to 1.00 km2 with works for the extreme scenarios W20-06 to W200-18. The inundation area increases with increasing return period and increasing rain duration.



	
The effect of the works on the inundation areas is very pronounced. The presence of the works results in a decrease in the inundation areas by 53–89%. As expected, this reduction decreases with increasing return period, while for the same return period the effect of the rain duration is more pronounced for the smaller return periods.









3.2. Flood Hazard Assessment


Figure 5 and Figure 6 show the calculated maximum water depths and flow velocities, respectively, for scenarios S20-06, W20-06, S200-18, and W200-18, while Figure 7 and Figure 8 show the distribution of the calculated maximum water depth and maximum flow velocity along Koropouli Street for the same scenarios, respectively. In Figure 9 and Figure 10, the calculated flood hazards are shown in the residential and the industrial area, respectively, for four indicative scenarios. In Figure 11, the distribution of the calculated flood hazard along Koropouli Street is shown for four indicative scenarios, while Table 6 and Table 7 show the average hazard values along Koropouli Street for all scenarios and their reduction because of the flood protection works, respectively.



Based on Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 and Table 6 and Table 7, the following remarks can be made:




	
Along Koropouli Street, the maximum water depths range from 1.58 to 1.98 m for the extreme scenarios S20-06 and S200-18 (without works), respectively, and from 0.60 to 1.18 m for the extreme scenarios W20-06 and W200-18 (with works), respectively. The maximum flow velocities range from 8.66 to 10.21 m/s for the extreme scenarios S20-06 and S200-18 (without works), respectively, and from 4.13 to 8.40 m/s for the extreme scenarios W20-06 and W200-18 (with works), respectively. The maximum water depths and flow velocities increase with increasing return period and increasing rain duration. The effect of the flood protection works on the maximum water depths is significant. The presence of the works reduces the maximum water depths by 38–62% and the maximum flow velocities by 18–52%; the maximum reductions are observed for the minimum return period and maximum rain duration.



	
The maximum flood hazard values in the residential area range from 0.80 to 1.00 m for the extreme scenarios S20-06 and S200-18 (without works), respectively, and from 0.60 to 0.80 m for the extreme scenarios W20-06 and W200-18 (with works), respectively. Following the behavior of the maximum water depths and flow velocities, the flood hazard increases with increasing return period and increasing rain duration. Moreover, the effect of the flood protection works on the average flood hazard along Koropouli Street is pronounced; the average value of hazard ranges from 0.75 to 0.78 for the extreme scenarios S20-06 and S200-18, respectively, and from 0.19 to 0.65 for the extreme scenarios W20-06 and W200-18, respectively. In other words, the presence of the works results in a decrease in the flood hazard by 24–75%; as expected, this reduction decreases with increasing return period and decreasing rain duration. It should be noted that this dependence on the rain duration becomes weaker with longer rain durations.









3.3. Vulnerability Assessment


Figure 12 illustrates the probability of internal flooding as a proxy indicator of the building’s flood vulnerability in five classes, with values ranging from 0 to 1.0. In total, vulnerability assessment was applied to 1462 buildings, covering constructions within the floodplain at this segment of the streams. Overall, in the examined sample, the values ranged from 0.099 to 0.893, with a mean value of 0.368 (standard deviation = 0.176). The higher vulnerability values were observed mostly for buildings with belowground openings—especially underground garage ramps/doors. There were no particular spatial patterns identified, apart from a small patch of low vulnerability in the oldest part of the town, where belowground openings were almost entirely absent. The majority of the buildings belonged to the second (light green) and third (yellow) vulnerability classes, whereas only a few were found to belong to categories four (orange) and five (red) (Figure 12).




3.4. Risk Assessment


Figure 13 and Figure 14 show the calculated risk for the scenarios S20-06, W20-06, S200-18, and W200-18 in the residential area and the industrial area, respectively, while Figure 15 shows the relationship between the average risk and the flood return period. Based on Figure 13, Figure 14, Figure 15 and Figure 16 and Table 8 and Table 9, the following remarks can be made:




	
The maximum flood risk values in the residential area range from 0.73 to 0.86 for the extreme scenarios S20-06 and S200-18 (without works), respectively, and from 0.46 to 0.59 for the extreme scenarios W20-06 and W200-18 (with works), respectively. The flood risk increases with increasing return period and increasing rain duration.



	
The effect of the flood protection works on the average flood risk along Koropouli Street is pronounced; the average value of risk ranges from 0.28 to 0.32 for the extreme scenarios S20-06 and S200-18, respectively, and from 0.07 to 0.23 for the extreme scenarios W20-06 and W200-18, respectively, i.e., the presence of the works results in a decrease in the flood risk by 27–74%. This reduction decreases with increasing return period and decreasing rain duration; moreover, its dependence on the rain duration becomes very small with longer rain durations.










4. Discussion


This study explores the effects of flood protection works on the basis of hydrological and hydrodynamic model-derived calculations, using the town of Mandra in Greece as a case study. The study exploits a novel approach in assessing flood vulnerability in combination with flood hazard assessment to estimate the changes in flood risk under various rainfall and discharge scenarios. The findings illustrate a significant reduction in overall flood risk in the study area when scenarios with and without flood protection works are compared. In addition, the study presents a novel approach in estimating the overall risk by combining flood hazard assessment with flood vulnerability assessment on a building-by-building basis.



Examination of flood hazard shows a reduction in all indicators used in the present study (including flood extent, flow velocity, water depth, and average hazard), across the length of the flood plain examined, when the scenarios with flood protection works are employed. Similar findings are shown in the examination of the overall flood risk, with a clear reduction when flood protection works are present, across different scenarios of return period and duration. In all scenarios, the impacts decrease as the return period increases, indicating that the flood protection works in question are expected to have a more impressive effect on less extreme rather than more extreme storms.



Our results are consistent with the findings of previous studies [53,54]. Based on the concept of the disaster risk triangle (hazard, vulnerability, and exposure), a comprehensive analysis method and a general procedure were combined for urban flood risk analysis in China [54]. An urban flood simulation model and an urban flood damage assessment model were proposed for the estimation of the flood risk reduction due to flood control works in the Pudong flood protection area in Shanghai. Calculations showed that flood control works reduced the flood risk by 15.59% for the 66-year flood return period; however, for longer return periods, the flood risk reduction was only 7.06%. This conclusion is consistent with the findings of the present study, in which it was shown that the effect of flood protection works decreases with increasing return period and increasing rain duration. Moreover, in a recent study on the possible completion of a waterway from Padova to the Venice Lagoon, in Northeast Italy, it was shown that the use of the waterway as a flood canal to divert part of the Brenta’s floodwaters to the Venice Lagoon reduced the flood hazard in the downstream region of the Brenta and Bacchiglione Rivers. The effect of the waterway on flood risk reduction was tested by simulating several recent flood events characterized by important discharges in both the Brenta and Bacchiglione rivers [53].



In terms of practical implications, this study demonstrates a highly transferable approach that has the potential to provide an actual quantification of the benefit (if any) that such infrastructure has on flood hazard and flood risk, and to illustrate the changes in actual physical attributes of floodwaters, including depth, velocity, and extent. This is of particular importance in any cost–benefit analysis when planning for such flood protection interventions, for understanding how flood risk is expected to change depending on the type and characteristics of the planned works. Moreover, because of the visualization that it incorporates (i.e., flood extent or flood risk maps), the proposed approach can be a good communication tool, which is expected to be of interest to risk, insurance, and civil protection professionals, policymakers, and urban planning officials, as well as academics and engineers. The approach followed in this study can be applied in different parts of the world provided that the relevant data are available.



With regard to limitations, it must be noted that the differences calculated in depth, velocity, and flood extent are subject to assumptions that accompany the models used. In addition, the model predictions are subject to change depending on the condition of the channel and the hydraulic works. It is not rare to see accumulation of debris, vegetation, or vegetation fragments on bridge piers or at the entrances of drainage conduits [55], affecting the flow [56] or, in some extreme cases, blocking part of the channel or reducing its cross-sectional area [57,58]. Similar limitations should be noted for floodplain flow, as given the complexity of hydraulics in urban areas, changes—for example, in road infrastructure, new buildings, etc.—may result in diversion of flow in other parts of the floodplain or lead to differences in depth and velocity compared to what the model predicts based on the current conditions. Furthermore, it must be noted that the vulnerability estimation approach focuses on the susceptibility of buildings to internal flooding, excluding structural damages in the load-bearing structure. Future research could explore statistical relationships between construction materials and multiple criteria against flood impact to enrich the proposed approach. However, given the extensive similarities in construction methods and materials used in this case and in Greece in general due to strict building codes, there are expected to be only minor variations in vulnerability. In addition, there are various factors that affect the uncertainty of the calculated water depths, flow velocities, and inundation areas, which influence the calculation of flood hazard and risk. Some of the most important parameters include (a) the quality of the input data to the models, such as the geometric characteristics of the calculation domain, i.e., the DSM, the rainfall characteristics, and the values of the Manning roughness coefficients; (b) the assumptions that accompany the models, such as the simplifications made in the hydrodynamic equations—e.g., using the diffusion-wave equations—and the resolution of the computational grid; and (c) the methodologies adopted for the estimation of flood hazard and vulnerability [59]. To deal with these uncertainties, in the present work, we employed (a) the use of scenarios with various rainfall characteristics, and (b) the use of a hydrodynamic model that was calibrated [39] and optimized [19] via the use of the minimum required grid dimensions to combine fast computations and grid-independent results.




5. Conclusions


We developed a flood risk assessment method that combines the typical hazard assessment via integrated hydrological and hydrodynamic calculations using HEC-HMS and 1D/2D HEC-RAS, respectively, and an original procedure for vulnerability assessment at the building level, and we applied it in the town of Mandra in Attica, Greece.



We performed calculations for 15 scenarios—combinations of return periods (T = 20, 50, 100, 150, and 200 y) and rain durations (t = 6, 12, and 18 h)—for the conditions of the year 2017, when there were no flood protection works, and today with these works in place.



We identified the regions with high flood risk and concluded that the presence of the works resulted in a decrease in the expected inundation areas by a significant degree, i.e., 53–89% (for t = 18 h) and 56–93% (for t = 6 h). Moreover, we concluded that the maximum water depths, maximum flow velocities, and the average flood risk on Koropouli Street—which is the main street of Mandra and suffered severe damages during the 2017 flood—were expected to be reduced by 38–62%, 18–52%, and 27–74%, respectively. Average flood hazard values followed the same pattern, with an estimated reduction of 24–75% depending on the scenario (i.e., duration and return period). The effect of the flood protection works decreased with increasing return period and increasing rain duration, while for the same return period the effect of the rain duration was more pronounced for the smaller return periods. Overall, this study demonstrates a method that provides an actual quantification of the impact of flood protection works on flood risk in an urban environment. This approach could be followed elsewhere to improve the planning and development of such works, as well as to fine-tune policies and urban planning in post-development periods.
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Figure 1. The area of study, the flood protection works, and the areas of interest. 
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Figure 2. Calculated discharge hydrographs for (a) St Soures and (b) St Agia Aikaterini. 
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Figure 3. Calculated inundation areas for all scenarios (dotted lines refer to scenarios with flood protection works). 
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Figure 4. Inundation area for 4 indicative scenarios: (a) Scenarios S20-06 (left) and W20-06 (right) for T = 20 y and t = 6 h. (b) Scenarios S200-18 (left) and W200-18 (right) for T = 200 y and t = 18 h. 
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Figure 5. Maximum water depths (m) for 4 indicative scenarios: (a) Scenarios S20-06 (left) and W20-06 (right) for T = 20 y and t = 6 h. (b) Scenarios S200-18 (left) and W200-18 (right) for T = 200 y and t = 18 h. 
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Figure 6. Maximum water velocities (m/s) for 4 indicative scenarios: (a) Scenarios S20-06 (left) and W20-06 (right) for T = 20 y and t = 6 h. (b) Scenarios S200-18 (left) and W200-18 (right) for T = 200 y and t = 18 h. 
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Figure 7. Maximum water depth along Koropouli Street for 4 indicative scenarios: (a) Scenarios S20-06 and W20-06 for T = 20 y and t = 6 h. (b) Scenarios S200-06 and W200-06 for T = 200 y and t = 18 h. 
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Figure 8. Maximum water velocity along Koropouli Street for 4 indicative scenarios: (a) Scenarios S20-06 and W20-06 for T = 20 y and t = 6 h. (b) Scenarios S200-06 and W200-06 for T = 200 y and t = 18 h. 
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Figure 9. Flood hazard (H) in the residential area for 4 indicative scenarios: (a) Scenarios S20-06 (left) and W20-06 (right) for T = 20 y and t = 6 h. (b) Scenarios S200-18 (left) and W200-18 (right) for T = 200 y and t = 18 h. 
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Figure 10. Flood hazard (H) in the industrial area for 4 indicative scenarios: (a) Scenarios S20-06 (left) and W20-06 (right) for T = 20 y and t = 6 h. (b) Scenarios S200-18 (left) and W200-18 (right) for T = 200 y and t = 18 h. 
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Figure 11. Calculated flood hazard (H) along Koropouli Street for 4 indicative scenarios: (a) Scenarios S20-06 and W20-06 for T = 20 y and t = 6 h. (b) Scenarios S200-18 and W200-18 for T = 200 y and t = 18 h. 






Figure 11. Calculated flood hazard (H) along Koropouli Street for 4 indicative scenarios: (a) Scenarios S20-06 and W20-06 for T = 20 y and t = 6 h. (b) Scenarios S200-18 and W200-18 for T = 200 y and t = 18 h.



[image: Water 14 03936 g011a][image: Water 14 03936 g011b]







[image: Water 14 03936 g012 550] 





Figure 12. Calculated building vulnerability grouped in 5 classes. 
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Figure 13. Flood risk in the residential area for 4 indicative scenarios: (a) Scenarios S20-06 (left) and W20-06 (right) for T = 20 y and t = 6 h. (b) Scenarios S200-18 (left) and W200-18 (right) for T = 200 y and t = 18 h. 
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Figure 14. Flood risk in the industrial area for 4 indicative scenarios: (a) Scenarios S20-06 (left) and W20-06 (right) for T = 20 y and t = 6 h. (b) Scenarios S200-18 (left) and W200-18 (right) for T = 200 y and t = 18 h. 
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Figure 15. Relationship between the average risk and the flood return period (dotted lines represent scenarios with flood protection works). 
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Figure 16. Calculated flood risk along Koropouli Street for 4 indicative scenarios: (a) Scenarios S20-06 and W20-06 for T = 20 y and t = 6 h. (b) Scenarios S200-18 and W200-18 for T = 200 y and t = 18 h. 
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Table 1. Scenarios of calculations.
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Flood

Protection

Works

	
No

	
Yes






	
T(y)

	
20

	
50

	
100

	
150

	
200

	
20

	
50

	
100

	
150

	
200




	
t = 6 h

	
S20-06

	
S50-06

	
S100-06

	
S150-06

	
S200-06

	
W20-06

	
W50-06

	
W100-06

	
W150-06

	
W200-06




	
t = 12 h

	
S20-12

	
S50-12

	
S100-12

	
S150-12

	
S200-12

	
W20-12

	
W50-12

	
W100-12

	
W150-12

	
W200-12




	
t = 18 h

	
S20-18

	
S50-18

	
S100-18

	
S150-18

	
S200-18

	
W20-18

	
W50-18

	
W100-18

	
W150-18

	
W200-18
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Table 2. Peak flow rates.
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T (y)—St Soures

	
T (y)—St Agia Aikaterini




	
t (h)

	
20

	
50

	
100

	
150

	
200

	
20

	
50

	
100

	
150

	
200






	
6

	
32.31

	
39.82

	
46.11

	
50.04

	
52.96

	
57.27

	
70.59

	
81.72

	
88.7

	
93.86




	
12

	
38.13

	
46.99

	
54.41

	
59.05

	
62.49

	
58.77

	
75.88

	
87.85

	
95.35

	
100.9




	
18

	
39.39

	
48.55

	
56.21

	
61.00

	
64.56

	
62.26

	
76.73

	
88.83

	
96.41

	
102.03
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Table 3. Flood hazard classes.
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U (m/s)




	
D (m)

	
<0.5

	
0.5–2.0

	
2.0–4.0

	
>4.0






	
<0.2

	
Very Low (0.2)

	
Very Low (0.2)

	
Very Low (0.2)

	
Low (0.4)




	
0.2–0.5

	
Low (0.4)

	
Low (0.4)

	
Medium (0.6)

	
Medium (0.6)




	
0.5–1.0

	
Low (0.4)

	
Medium (0.6)

	
High (0.8)

	
High (0.8)




	
1.0–1.5

	
Medium (0.6)

	
Medium (0.6)

	
High (0.8)

	
Very high (1.0)




	
1.5–2.0

	
High (0.8)

	
High (0.8)

	
Very high (1.0)

	
Very high (1.0)




	
>2.0

	
Very high (1.0)

	
Very high (1.0)

	
Very high (1.0)

	
Very high (1.0)











[image: Table] 





Table 4. Description of independent variables representing building characteristics.
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	Independent Variable
	Description





	LW
	Light well (Cour anglaise)



	UGR
	Garage ramps leading to underground spaces



	PLT1 and PLT2
	Pillars (pilotis) and their relevant position; PLT1 denotes pilotis below ground level and PLT2 denotes pilotis at ground level



	BLO1 and BLO2
	Relevant position of the buildings’ lower openings (windows or doors); BLO1 denotes openings below ground level and BLO2 denotes openings at ground level



	ADJ1
	Adjacency to other buildings (measured as the number of sides exposed to open space); in this case, ADJ1 denotes 1 open side.
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Table 5. Reduction in the inundation area (%) because of the flood protection works.






Table 5. Reduction in the inundation area (%) because of the flood protection works.





	T(y)
	20
	50
	100
	150
	200





	t = 6 h
	93
	77
	69
	61
	56



	t = 12 h
	89
	73
	62
	56
	54



	t = 18 h
	89
	73
	62
	55
	53
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Table 6. Average hazard on Koropouli Street.






Table 6. Average hazard on Koropouli Street.





	Flood

Protection

Works
	No
	Yes
	No
	Yes
	No
	Yes
	No
	Yes
	No
	Yes





	T(y)
	20
	20
	50
	50
	100
	100
	150
	150
	200
	200



	t = 6 h
	0.75
	0.19
	0.79
	0.33
	0.82
	0.47
	0.83
	0.58
	0.85
	0.62



	t = 12 h
	0.77
	0.24
	0.80
	0.37
	0.83
	0.57
	0.85
	0.63
	0.86
	0.65



	t = 18 h
	0.77
	0.24
	0.80
	0.37
	0.83
	0.58
	0.85
	0.64
	0.86
	0.65
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Table 7. Reduction in the average hazard (%) on Koropouli Street due to the presence of the flood protection works.






Table 7. Reduction in the average hazard (%) on Koropouli Street due to the presence of the flood protection works.





	T(y)
	20
	50
	100
	150
	200





	t = 6 h
	75
	58
	43
	30
	27



	t = 12 h
	69
	54
	31
	27
	24



	t = 18 h
	68
	54
	31
	25
	24










[image: Table] 





Table 8. Average value of risk on Koropouli Street.






Table 8. Average value of risk on Koropouli Street.





	Flood

Protection

Works
	No
	Yes
	No
	Yes
	No
	Yes
	No
	Yes
	No
	Yes





	T(y)
	20
	20
	50
	50
	100
	100
	150
	150
	200
	200



	t = 6 h
	0.28
	0.07
	0.28
	0.12
	0.29
	0.16
	0.30
	0.19
	0.31
	0.21



	t = 12 h
	0.28
	0.10
	0.29
	0.13
	0.30
	0.19
	0.31
	0.22
	0.31
	0.23



	t = 18 h
	0.28
	0.10
	0.29
	0.13
	0.30
	0.19
	0.31
	0.22
	0.32
	0.23
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Table 9. Reduction in the risk (%) on Koropouli Street due to the presence of the flood protection works.






Table 9. Reduction in the risk (%) on Koropouli Street due to the presence of the flood protection works.





	T(y)
	20
	50
	100
	150
	200





	t = 6 h
	74
	58
	46
	36
	32



	t = 12 h
	66
	56
	37
	30
	27



	t = 18 h
	66
	56
	36
	29
	27
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