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Abstract

:

The present work is aimed at assessing the change in time of flood risk as a consequence of landscape modifications. The town of San Donà di Piave (Italy) is taken as a representative case study because, as most parts of the North Italy floodplains, it was strongly urbanized and anthropized in the last several decades. As a proxy for flood risk, we use flood damage to residential buildings. The analysis is carried out at the local scale, accounting for changes to single buildings; GIS data such as high-resolution topography, technical maps, and aerial images taken over time are used to track how the landscape evolves over time, both in terms of urbanized areas and of hydraulically relevant structures (e.g., embankments). Flood hazard is determined using a physics-based, finite element hydrodynamic code that models in a coupled way the flood routing within the Piave River, the formation of levee failures, and the flooding of adjacent areas. The expected flood damage to residential buildings is estimated using an innovative method, recently proposed in the literature, which allows estimating how the damage evolves during a single flood event. The decade-scale change in the expected flood damage reveals the detrimental effect of urbanization, with flood risk growing at the pace of a fraction of urbanized areas. The within-event time evolution of the flood damage, i.e., how it progresses in the course of past or recent flood events, reflects changes in the hydrodynamic process of flooding. The general methodology used in the present work can be viewed as a promising technique to analyze the effects on the flood risk of past landscape evolution and, more importantly, a valuable tool toward an improved, well-informed, and sustainable land planning.
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1. Introduction


Flood risk is rapidly increasing worldwide due to both climate change, improper land planning, and urban sprawl [1,2,3,4,5,6,7,8,9,10,11,12,13,14]. Flood risk is determined by the combination of hazard, vulnerability, and exposure. Thus, a reduction (or at least the control) of flood risk can be pursued by acting on its determinants, which means following three main approaches [15,16,17]: (i) protection, to reduce hazard through the construction of structures and systems, (ii) management, to reduce vulnerability through non-structural measures aimed at improving preparedness and resilience, and (iii) retreat and/or interdiction, to reduce exposure by relocation to safer areas and by preventing new settlements in flood-prone areas.



Up until the recent past, attention and efforts were mainly focused on structural mitigation measures, with the construction of engineered structures aimed at reducing flood hazard [18,19,20,21]. Structural defense measures, such as river confinement with levees, have been shown to be the subject of intrinsic limitations and negative byproducts: the overloading of the downstream river stretches [22] and the false perception of safety that encourages human settlement in flood-prone areas, also known as the levee effect [23,24,25,26,27,28,29]. This has prompted the scientific community to overcome or, at least, to support the protection-against-floods paradigm with a wealth of flood-management approaches aimed at dealing with floods to limit the expected flood damage [19,30,31,32,33,34]. Alternative measures were proposed mainly to reduce the vulnerability of exposed assets at a property level; for example, considering buildings, door seals, and small walls can prevent water from entering houses; making the ground floor a bit higher than the surrounding area may ensure a larger safety margin against nuisance flooding, etc. [35,36,37,38,39].



Less attention is generally paid to exposure and to its key role in determining the flood risk, possibly due to factors such as people’s difficulty to consider low-probability events which have a high-impact and strong economic and financial interests associated to urbanization. For example, in most of ex-ante flood damage analyses, the main focus is on measures for reducing hazard or vulnerability, whereas exposed items are considered as a fixed (i.e., untouchable) characteristic of the region. Moreover, restrictive measures on exposure (e.g., evacuations of existing buildings or preventing from new constructions) are generally imposed only in the most hazardous regions, such as floodplains or areas immediately adjacent to water courses, whereas less severe restrictions to limit exposure are given to the surrounding, flood-prone areas. However, the number and the location of elements susceptible to floods play a fundamental role in determining flood risk [40]. Hence, exposure should be carefully considered in flood risk assessment and in the identification of proper mitigation measures [41].



It is unfortunately a known fact that built-up areas are continuously expanding and, in some parts of the world, they expand at exceptional rates, demanding for land and natural resources [42]. On the one hand, unregulated urbanization entails detrimental effects on flood hydrology, with a reduction in concentration times and an increase in peak discharges [10,43,44,45,46]. On the other hand, land-use changes from natural to urban environment largely increase flood exposure because of the increased asset value and the higher flood susceptibility of buildings and structures composing the urban landscape [47,48]. This has been highlighted by several previous studies that, upon analyzing the past trends of floods, showed an increase in flood losses during the second half of the 20th century, e.g., [49,50]. While most of them provided only a qualitative perspective, a few studies quantitatively assessed the historical evolution of exposed areas as well [51,52,53]. When proper normalization procedures were used to disregard temporal differences in socio-economic exposure [54], no significant positive trends of flood losses were found [53], indicating that the trace of climate change on flood risk was still poorly detectable. Particularly on short-term periods, the growth of urban settlements near water courses and the accumulation of assets in flood-prone areas [55,56,57] may overcome the climate-related effects in shaping the flood risk [4,58,59,60], making urban sprawl the key factor for flood risk growth [61,62,63,64].



This is especially important for developing countries, where urban settlements are growing fast year-by-year; here, the rapid increase in exposure can massively increase flood risk in the near future. Considering that structural protection measures require huge monetary resources [65], the future development calls for a proper, well-informed land planning.



The analysis of the historical evolution of exposure is a fundamental preliminary step to assess future trends of flood risk. Previous analyses have usually considered the regional, national, or global scale with the goal of identifying general trends. These large-scale analyses typically relied on gridded data with relatively poor spatial resolution, as for example, aggregated land-use information providing the predominant land cover at each element of the computational grid. While reducing the needed effort, such kind of data entails unavoidable inaccuracies at the local-scale [49,66,67,68]. Considering that urban sprawl typically proceeds on a district-by-district level, large-scale analyses are unable to reveal the local-scale mechanisms that affect flood exposure, and hence to shed light on effective strategies and possible solutions that may reduce such exposure [69]. In fact, small-scale, high-resolution analyses revealed that not only the amount, but also the layout of the urban environment (i.e., density and location of exposed items within flood-prone areas) play a role in shaping the expected flood damage [70,71].



In this work, the goal is to estimate the effects of landscape modifications on flood risk at the micro-scale. We consider a real case study and apply a physics-based methodology to track the evolution of flood risk in time. The expected damage to residential buildings is used as a proxy for flood risk, a choice motivated by the fact that residential buildings represent by far the most exposed asset category in the study area. The land-use changes in the last 40 years are tracked using geographical information extracted from aerial photographs and other high-resolution data sources. A deterministic analysis at the single building scale avoids uncertainties linked to the spatial aggregation of land-use data on structured grids. Interestingly, the expected flood damage to residential buildings is estimated using the innovative method recently proposed by Lazzarin et al. [72], which also allows estimating how the damage evolves during a single flood event, implicitly accounting for the duration of flood events at the local scale. Information on how the damage progresses in the course of flood events, i.e., the within-event time evolution of flood damage, is an interesting exercise as it can reflect the effects ascribed to changes in the hydrodynamics of flooding processes and how they interact with the damaging of exposed assets.




2. Materials and Methods


2.1. Study Area and Available GIS Data


The study area (15.04 km2) is located in the northern part of Italy, in the municipality of San Donà di Piave, adjacent to the Piave River (Figure 1a,b). The Piave River is 230 km long; the average flow discharge is of the order of 100 m³/s. Close to the study area, the river has a width spanning from 50 m to 100 m and can convey a discharge as high as ~2700 m³/s during floods. Continuous levees, ~6 m high over the external terrain, separate the compound cross-section of the river from the external floodplains (Figure 1c,d). In the study area, the terrain slope is directed to the south–east, with elevations ranging from 5 m above the sea level (a.s.l.) close to the Piave levees in the northern part to −1 m a.s.l. in the southeastern portion (Figure 1d).



The terrain elevations are derived from LiDAR surveys carried out between 2004 and 2009 by the Italian Ministry of the Environment (http://www.pcn.minambiente.it, accessed on 13 March 2023). Both the digital surface model (DSM) and the digital terrain model (DTM) are available with a spatial resolution of ~1 m. The DSM is derived from the first-pulse data and allows identifying the presence (and the elevation) of treetops and building roofs; in the DTM, data referring to roof and canopy are treated as outlier, and the elevation is interpolated based on that of the neighboring points so as to recover the elevation of the bare soil.



A set of aerial images, taken in 1983, 1990, 1999, and 2004, were extracted from the repository of the Veneto region (https://idt2.regione.veneto.it, accessed on 13 March 2023); additional aerial images, for 2015 and 2021, were retrieved from Google Earth. Technical maps in vector form, derived from photogrammetric data retrieved between 1987 and 2003, were downloaded from the same repository.




2.2. Tracking the Landscape Change in Time


Exposure to flooding is one of the key parameters in flood risk. Among different possible definitions of exposure [73], here, we consider flood exposure as the presence of items potentially subject to flood damage, which can be quantified through the number or the value of assets in the flood-prone area [49,74]. Changes in time of exposed items and, in particular, residential buildings, are then considered as a proxy for flood risk in the study area.



The evolution of the landscape in the study area was analyzed using the available aerial images. To obtain a digital representation in a vector form of the building footprints at the different years, we started from the building footprints that were present in the technical map, and removed or added building footprints so as to match the configuration of each single aerial image. The six different layouts obtained from the available aerial images are shown in Figure 2, in which the building footprints are grouped into the three categories of residential buildings, industrial and commercial buildings, and other buildings.



Table 1 collects the value of absolute (S) and relative (SREL) footprint surface area, as well as their increase compared to the 1983 initial layout, for the different categories. Areas occupied by residential, industrial/commercial, and other kind of buildings have all increased along the years (see also Figure 3). The largest variation involves the surface occupied by residential buildings, which passes from 937,000 m2 to 1,467,209 m2 (+56.6% in 38 years). In the same period, the areas occupied by industrial/commercial and by other buildings also show large increments, since they have grown by 78.4% and 47.4%, respectively, compared with that of 1983. Globally, considering the whole urban settlement, the footprint area of buildings increased by a factor of 1.61 (from 1.37 km2 to 2.20 km2). A similar trend has been obtained for similar periods in different geographical contexts: de Moel et al. [52] reported factors of 1.94 and 1.50 for the Netherlands in the 1960–2000 and 1980–2015 time intervals, respectively; Jongman et al. [67], for the number of properties in areas at risk and not at risk in the Netherlands, obtained 2.13 and 1.50 for the 1974–2012 time interval; and Fuchs et al. [70] obtained 1.7 for the territory of Austria for the 1977–2015 time interval.



Of course, such an increase in urbanized area has notable implications on flood risk, especially because the region is adjacent to a large river with high levees and insufficient discharge capacity. The Piave River caused various and severe flooding events in the recent past; the most notable example is the disruptive inundation occurred in 1966, when an exceptional flood wave led to the collapse of levees in different parts of the final reach of the Piave River. The return period between of the 1966 flood event at Nervesa della Battaglia (about 40 km upstream of San Donà di Piave) was estimated to be in the range between 100 and 300 years.



The spatial distribution of exposed buildings during the last 40 years, shown in the above Figure 2, allows for some additional considerations. In the 1983 layout, most of the urban settlements were confined in the older, historical center of San Donà di Piave, located in the southwestern part. The industrial and commercial buildings were few and surrounded by relatively large non-built areas; just outside the historical center, the land was mostly agricultural with the presence of a few isolated housing units. In the last few years, the residential areas increased their size along some preferential pathways that changed within the considered period. In 2021, the densely urbanized area has expanded to occupy most of the study area, strongly reducing agricultural land. A similar trend is observed for the industrial and commercial areas. The nature of change in land use is twofold for both the residential and industrial/commercials areas [75,76], consisting of both expansion (i.e., the enlargement of the urban area) and densification (i.e., the increase in building concentration). While the total number of items exposed to a potential flood is greatly increased, not all parts of the study area showed the same developing trend. While the central, residential part has changed little during the years, most of the urbanization involved the surrounding area, where the exposed items increased at a very large rate.



A final important aspect concerns local changes of the topography. In particular, it has to be stressed that the flooding of nearly plain areas is largely affected by the presence of “linear” obstacles, such as road and railway embankments, as well as by the levees of artificial channels forming complex irrigation and drainage networks. In the study area, the DTM includes all the relevant linear obstacle that are present in the most recent layout (i.e., year 2021). To obtain a realistic DTM for the previous scenarios (i.e., 1983 to 2015), the elevation of levees and embankments has been adjusted to match the aerial images.




2.3. Hydrodynamic Model for Hazard Assessment


The hazard scenario is derived using the two-dimensional (2-D) hydrodynamic model 2DEF [44,77,78,79,80,81], which allows for a physics-based description of the flood routing within the Piave River, of the formation of levee failures, and of the flooding of adjacent areas in a coupled fashion. The numerical approach, the model effectiveness in reproducing the river flow, the levee failure, and the subsequent flooding processes have been described in Viero et al. [80]. Essentially, the model solves a modified version of the traditional shallow water equations (SWEs) to account for wetting–drying processes [44,78,79,82], which read:


  η ( h )   ∂ h   ∂ t   + ∇ · q = 0  



(1)






  g ∇ h +   D   D t       q   Y     + J − ∇ · R e = 0  



(2)




where t denotes time; (x; y) are the axes of the Cartesian reference frame; g is gravity; h is the free surface elevation; q = (qx; qy) is the depth-integrated velocity (i.e., flow rate per unit width); D/Dt is the Lagrangian (or material) total derivative that lumps local and advective accelerations; Y is the equivalent water depth (i.e., water volume per unit area, see Defina’s [78]); J = (jx, jy) is the energy dissipation due to the bottom stress, which is computed with the Gauckler–Strickler formula; and the tensor Re accounts for the Reynolds stresses in the horizontal plane. In the continuity Equation (1), η(h) is a storativity coefficient that accounts for the wetted areal fraction of the computational domain (it is computed on a cell-by-cell basis, [44,77]).



A mixed Eulerian–Lagrangian approach is used to express the Lagrangian derivative of velocity in the momentum Equation (2) in a finite-difference form [79]. The shallow water equations are then solved using an efficient, semi-implicit, finite element Galerkin method on unstructured triangular grids. As for the modeling of flood-prone rural areas, the model allows coupling 2D triangular cells with one-dimensional (1-D) channel elements to include the main drainage network in a convenient and numerically efficient way. The presence of minor channel networks, such as ditches and furrows, can be accounted for by means of a sub-grid approach for anisotropic flow resistance [83]. Other kinds of 1D special elements [84] allows modeling weirs, sills, regulation devices, pumping stations, and the formation of breaches in earthen levees, induced either by overflowing or by piping [80]. Urbanized areas can be modeled at a large scale by exploiting the efficient artificial porosity approach [77,85].



The model has long been used to study the hydro- and morpho-dynamics of major Italian rivers [32,80,86], as well as lagoon hydro- and morpho-dynamics [87,88], water renewal [89], and temperature dynamics [90] in tidal environments.



In the present study, the computational mesh covers an area of ~589 km2. It includes the Piave River from Nervesa della Battaglia to the mouth in the Adriatic Sea at Cortellazzo, east of the Venice Lagoon. The flexible unstructured grid allows using computational elements of very different sizes, with cell-side length of ~500 m far from the study area, to far less than 10 m in the urban area, where a detailed description is needed. To obtain a detailed description of the flow field in the vicinity of buildings, the building-block technique is used [91]; the polygons describing the building footprint are used to force the generation of the grid, and then the cells that fall within these building footprints are assigned based on the DSM. Then, the elevation of the remaining cells has been assigned based on the DTM, so that the bare soil elevation is considered elsewhere.



The hydrodynamic model of the downstream stretch of the Piave River was calibrated in previous studies [92,93]. Standard values of the Strickler coefficients were given to the computational elements of the external flood-prone areas, depending on the local land-use, and a sensitivity analysis showed that they have a minor impact on the model results. This is because the terrain slope, and in turn the flow velocity, are quite modest in the external area, and the flood pattern is mainly dictated by the embankments and similar obstacles that characterize the local topography.



To generate a verisimilar flood scenario in the study area, we used the flood wave of the recent flood event which occurred in 2018, with a peak discharge of ~2400 m³/s at San Donà di Piave (about 3200 m³/s at Nervesa della Battaglia, corresponding to a return period of about 40 years). While no overflowing nor levee failure were recorded during this event, in the present analysis, we consider a possible levee breach to occur in the upstream part of the analyzed area. The physics-based approach proposed by Viero et al. [80] is used to model the formation and the evolution of the breach in the left levee of the Piave River. A 1D special element at the failure location is used to simulate the initial piping phase, with the progressive erosion of a preferential flow pathway through the core of the levee, up to the collapse of the levee; the breach formation continues by simulating the lateral erosion of the levee margins. During the receding phase of the flood, the shear stresses decrease, thus preventing a further breach enlargement. During the process of breach formation, the discharge through the breach is computed according to the water levels just within and outside the breach, thereby capturing the coupled nature of the phenomenon and the mutual feedbacks of within- and outside-river hydrodynamic processes. For further details, the reader is referred to Viero et al. [80].



In the external areas, the computational domain extends sufficiently so that floodwaters continue flowing toward the downstream low-lying areas, without the need of prescribing outflow boundary conditions close to the study area.




2.4. A Model for the Within-Event Time-Evolution of Damage to Residential Buildings


A damage model has been coupled to the hydrodynamic model 2DEF. In the present analysis, the focus is on the damage pertaining to the residential buildings, and the formulation proposed by Lazzarin et al. [72] has been used for the damage assessment. The parameter W [94] describes the hydrodynamic forcing considering both water depth and velocity from a physical point-of-view; it is defined as a function of the water depth Y and the Froude number F as:


  W =       Y     Y   W         α     1 + β   F   2      



(3)




with YW = 3.5 m, α = 1.0, and β = 0.3 for residential buildings.



To describe the temporal evolution of the damaging process, the relative damage DREL is computed for each item by integrating over time the rate at which it progresses. The rate is computed using the logistic-type equation:


    d   D   R E L     d t   = c   D   R E L   1 − γ       1 −     D   R E L     m a x   V ,   D   R E L           1 + γ    



(4)




where c is the damage rate factor, γ is a calibration parameter in the range 0 < γ < 1, and V is the vulnerability (i.e., fraction of the exposed items that can be damaged when solicited by a constant hydrodynamic forcing, W, lasting for a reasonably long period of time).



The parameter γ and the functions V(W) and c(W) must be calibrated in a preliminary phase. For residential buildings, through a comparison with the results provided by the synthetic damage model INSYDE [95], Lazzarin et al. [72] found γ = 1.0 and c(W) = pWq (with p = 0.04 h−1, q = 1.3). The vulnerability function is applied in the form V(W) = bWa with a = 0.8 and b = 0.41 for 1-floor buildings, and b equals to 0.22, 0.14, and 0.10 for 2-, 3-, and 4-floor buildings, respectively; when the number of floors, nfB, exceeds 4, b = 0.41/nfB is assumed. In this way, if the water depth is high enough to almost completely damage the ground floor of a building, and not to affect the higher stories,     D   R E L     is close to unity for single-story buildings, and ~1/nfB for multistory buildings.




2.5. Coupling of Hydrodynamic and Damage Models


As damage typically increases with exposure, the different layouts of the study area are expected to produce increasing flood damage through the years [60]. However, different layouts can also change the flood hydrodynamics, which can be affected by the presence or absence of buildings and infrastructures in the urban and peri-urban areas; hence, the hydrodynamic and the damage models have to be run sequentially for each of the six urban layouts considered in the study.



The hydrodynamic model provides water depths and flow velocity at each point of the computational domain for the entire duration of the flood, which are the primary variables for the computation of flood damage to buildings.



To compute the damage, the location and extent of the buildings within the study area are saved as a set of polygons (Figure 4a). For each polygon, which represents a single building (Figure 4b), the model computes the surface area, SB, and identifies the grid cells falling within the polygon and the external cells adjacent to the polygon sides. The height of the building, hB, is estimated as the difference between the elevation, hF, of the cells within the polygon and that of the elements just outside the building footprint. Then, the number of floors, nfB, is determined as a function of the mean inter-floor height (~3 m).



For each time step of the hydrodynamic model and for each polygon, the model evaluates the maximum water depth occurring on the adjacent cells, YMAX,B (Figure 4c). The flow velocity, UB, is then computed by the model at the same cell where the maximum depth occurs. The time-varying hazard degree for each building is estimated in terms of the W parameter, for each item category, according to Equation (3). Given the vulnerability and the damage rate functions, V(W) and c(W), defined for each item category, the model evaluates the within-event time-evolution of the relative damage, DREL, for each object. The monetary damage, D€,REL, can be finally obtained by multiplying DREL by the reconstruction/replacement cost per unit area.



As a simplifying assumption, in the present application to residential buildings, the reconstruction/replacement cost is assumed to be 80% of the market value of the building, where the market value of a residential building in the analyzed area is approximatively composed of the cost of construction (80%) and the value of the land (20%). The market value for the town of San Donà di Piave is found in the database provided by the Italian Revenue Agency (Agenzia delle Entrate). For residential buildings with a normal state of maintenance, values for 2021 range from 1100 EUR /m2 to 1350 EUR /m2. Accordingly, the mean market value is assumed to be 1250 EUR /m2, and the reconstruction/replacement value 1000 EUR /m2. The direct tangible damage D€ for each building can be estimated as the product of the monetary relative damage D€,REL (per unit area) and the exposed area, which is computed as the product of the footprint surface, SB, and the number of floors, nfB. The total damage D€,TOT affecting the whole region can be finally obtained by adding the values of the damage D€ for items of all the considered categories. The monetary estimates of damage, associated to previous building layouts, all refer to the present market value; this is equivalent to estimating the expected damage in the present day, supposing that the building layout has not changed since, e.g., 1983. This allows estimating the variation in expected damage ascribed only to landscape change, disregarding the change in time of building value.



In the present study, we only consider the predominant item category, which is that of residential buildings. In general, the model allows the evaluation of damage to different building types using the same procedure (e.g., residential, industrial/commercial, shack). Proper parameters for Equations (3) and (4) have to be specified, of course. Moreover, the damage model can be extended to consider different items (e.g., green areas, agricultural lands, roads); in this case, the description of the hydrodynamic forcing is even easier since the item elevation broadly coincides with the ground elevation, and hence water depth and velocity can be taken directly from the values computed by the model at the given location. Additional important categories exposed to floods include people and vehicles. The model parameter for these categories are already assessed [72,94], but it must be stressed that early warning systems for floods and the proper actions of civil protection can succeed in evacuating people and vehicles with sufficient lead times [96]. Hence, for people and vehicles, the estimation of the real exposure is a challenging task.





3. Results


As anticipated in Section 2.3, flood damage depends on both the exposure (i.e., the layout of buildings and obstacles) and hazard (hydrodynamic flow field as it varies in space and time); the building layout and the hydraulically relevant landscape features also affect the flooding process. Given that the goal of the present study is to highlight the effect of urbanization and landscape modifications on flood damage, as well as to show the potentiality of the damage model recently proposed by Lazzarin et al. [72], we consider a flooding event characterized by the same upstream boundary conditions for all the six layouts (i.e., 1983, 1990, 1999, 2004, 2015, and 2021); that is, the same flood wave is routed within the Piave River and the same levee failure is supposed to occur in all the six different scenarios. Of course, the flood patterns and the local flow field are expected to change in the different layouts because of the landscape modifications.



Evaluating all the components of flood risk as well as computing the real flood risk in rigorous probabilistic framework is beyond the scope of the present work. Hence, we use the expected damage to residential buildings (i.e., the predominant kind of exposed items) as a proxy to track the change in time of flood risk.



In the hypothetical hazard scenario here considered, a levee breach is supposed to form in the left levee of the Piave River due to the onset of a piping erosion process. The discharge through the breach increases fast, up to 500 m³/s at the same time of the flood peak within the Piave River (Figure 5a). The outflow through the breach, which exceeds 20% of the river discharge, produces a significant drawdown within the river (Figure 5b). The water depth in the floodplain just outside of the breach rises up to ~3 m.



Figure 6 shows the evolution in time of the flooded area during the flooding event, computed with the hydrodynamic model for the 1983 and the 2021 layouts of the study area. In both cases, shortly after the levee breaching, water moves eastward. High velocities are observed near the breach location, especially during the first phase of the flooding, and water depths remain quite low. With the flood evolving, floodwaters move to the northeastern part, following the topographic gradient; then, especially in the more recent layouts, a larger portion of water is conveyed southward. About 30 h after the failure, high water depths are observed in the northeastern part of the study area, where the ground elevation is relatively low and the levee of a secondary channel (pink line in Figure 7) acts as an important blocking feature, obstructing the southward waterflow. In the most recent layouts (i.e., 2004, 2015, and 2021) this levee is discontinuous, as an inverted siphon was built to allow for a new road passage. This preferential pathway increases the southward flow rate, reducing the maximum water depths in the northern part of the domain and worsening the hazard scenario in the southern region. Increased flow velocities are found downstream of the levee interruption. In all situations, water is finally conveyed to the southeastern part due to the topographical gradient. The southwestern part of the urban settlements, which coincides with the historical center of San Donà di Piave, is negligibly affected by the flooding event. This is due in part to the location chosen for the levee failure, and in part to the local topography; the ground elevations of the dry region are, on average, 1.5 m higher than the surrounding terrain.



Figure 7 shows the results provided by the hydrodynamic models in terms of maximum water depth, Y, and flow velocity, U, occurred in the course of the flooding events considering the 1983 and the 2021 layouts of the study area.



The coupling of hydrodynamic and damage model, according to the approach proposed by Lazzarin et al. [72], allows for accounting the time evolution of the hazard scenario during a single flooding event, and to estimate the spatially distributed, within-event time evolution of the damage. This is shown in Figure 8, where the relative damage to residential buildings, nfB⋅DREL, is plotted at different time instants for the 1983 and the 2021 layouts (note that the relative damage, DREL, is multiplied by the number of floors, nfB, for normalization purposes, as nfB⋅DREL almost coincides with the damage occurred to the ground floor of multistory buildings). The first aspect to note is the delay in the damage formation with respect to the flooding, which can be appreciated by comparing Figure 6 and Figure 8. Then, the propagation of the flood has a direct influence on the spatial and temporal evolution of the damage (Figure 8). About one day after the beginning of the levee breaching (t = 40 h), only the buildings close to the failure location are damaged. At 50 h, the damage is far greater in the 2021 layout than in 1983, because of the significant urbanization at the northwestern area. At 60 h, in the layout of 1983, the most damaged buildings are those located in the northern part, whereas in 2021, the damage is visibly growing fast, along with the damage in the central and eastern parts of the study area. This is due to the presence of a continuous channel levee in 1983 (highlighted in pink in the above Figure 7), interrupted since the early 2000s for the construction of a new road. The presence of this southward passage causes, in the recent layouts, smaller damages in the northern part, and damaged buildings in the far eastern part. At 70 h, these eastern buildings are also reached and affected by the floods in the 1983 layout, but the damage results are lower than in the 2021 layout.



Numerical values related to effective exposed buildings and to the associated expected damage are reported in Table 2. Passing from the 1983 to the 2021 layout, the total damage, D€,TOT, associated to the considered flooding event shows a considerable increase (+85.5%, Table 2), which is far larger than the increase in both the number of buildings (+43%) and of total building area (+53%). Table 2 shows that not only the exposed buildings have increased in the years, but also the relative damage, DREL,TOT (+21%), leading to a far greater total damage, D€,TOT. This means that the number of exposed buildings has increased much in areas that, in the considered flooding scenario, are relatively hazardous. A second reason that can concur to the increase in relative damage is the different flood propagation due to the presence of a larger number of buildings. In urban areas, the presence of buildings reduces the space for water storage and subsequently increase the water velocity due to narrow paths [77,97]. This is expected to increase both water level and velocity, and hence the expected damage. As an example, Figure 6 shows how the presence of dense buildings in recent layouts modify the propagation of the flood, especially during the first stage of flooding.



Figure 9 shows the within-event time evolution of the total and the relative damage for the different layouts. In particular, Figure 9a shows that, in the time interval between 50 and 70 h, the growing trend of the total damage, D€,TOT (Figure 9a), changes when passing from the 1999 to the 2004 layouts. The relative damage (Figure 9b,c) shows a similar change of trend and, in addition, its value at the end of the flooding event is not monotonically increasing as the significant urban sprawl would suggest. According to Table 2, DREL,TOT passes from 0.0198 to 0.0188 from 1999 to 2004, respectively, and then rises again. This particular occurrence is the outcome of a different flooding process and, in particular, of the construction of the aforementioned new road.




4. Discussion and Conclusions


In this study, flood damage has been analyzed using advanced hydrodynamic and damage models. A study area at a municipality scale, close to the levees of a relatively large river, has been chosen as a representative of the North Italian territory. Here, a large portion of cultivated terrains has been turned into residential areas in the last decades, leading to a massive urbanization of flood-prone areas.



Using available GIS data and aerial images taken at different time instants in the last 40 years, we determined the change of land use at the building scale. The hydrodynamic model solved in a coupled way the propagation of flood within the river, the formation of a hypothetical levee breach by piping erosion, and the ensuing flooding of the external area. The different layouts of buildings, as they changed during the years, were explicitly included in the hydrodynamic model, which allowed for the capture of mutual feedbacks between flooding dynamics and the presence of buildings, i.e., to compute the time-varying hazard conditions for each building in the numerical domain, while accounting for the effects that the presence of buildings exerts on the spreading of floodwaters. Both these aspects are important: the damage depends on the local hazard conditions that can change rapidly in space [62,73,98], and the layout of buildings has also proven to affect the flooding scenario significantly [85,99,100,101,102,103].



The present study confirmed the obvious dependence of flood damage on exposure; in addition, the building-scale analysis showed that exposure is not solely determined by the number (or the value) of buildings exposed to flood. Moreover, given the spatial variability of hazard variables (e.g., water depth and velocity), the location of exposed assets within the flooded areas has shown to play an important part in shaping the potential flood damage. In the present study, while the urbanized area has increased by 53% in the last 40 years, the expected damage has increased by 85%.



The local scale analysis highlighted that the dynamics of the flooding process is of great importance. The space- and time-variations of hazard conditions depend on the propagation of the flood wave in the initially dry land. For nearly flat areas, as is typical for densely populated floodplains, flood propagation is crucially affected by the presence of obstacles and of preferential pathways [13,83,104]. The present study showed that the removal of a short segment of drainage channel levees, substituted with an inverted syphon to construct a new road, produced tangible changes to the flood pattern and, in turn, of the expected damage to buildings. In such kinds of geographical contexts, solving for hydrodynamics using physics-based methods becomes crucial as simplified approaches cannot properly account for the presence of embankments and of relatively small, yet effective, flow pathways [105,106].



The use of an innovative damage model able to track not only the spatial distribution, but also the time evolution of damage in the course of a single flooding event provided additional and useful information. First, the flood duration at each position within the domain is considered naturally and explicitly, allowing us to determine the most critical aspect(s) responsible of the final damage (e.g., maximum flow depth, velocity, or flood duration), and thus to arrange proper defense strategies aimed at reducing the damage. Second, the present model application shows that the within-event time evolution of damage reflected changes in the flooding dynamics.



The study has some limitations. The analysis has been restricted to residential buildings, which provides only a partial view on the multifaceted damage occurring in case of flooding. The choice of using the expected building damage as a proxy for flood risk is partly justified by the fact that residential buildings are by far the principal type of exposed assets. A complete analysis of expected damages should not exclude other categories of assets that are present within the region. For example, as opposed to the increase in damage to buildings, the agricultural loss is expected to decrease due to the reduction in cultivated areas caused by urbanization.



We recapitulate that, in estimating the expected monetary damage, we only considered changes to the building layout, which is recognized as the main factor in damage assessment [107]. The variation in time of the reconstruction/replacement value and of the vulnerability of exposed items have been disregarded. Accordingly, the monetary estimates of damage obtained in this study have the single goal of appreciating the net change in damage ascribed to landscape modifications. Using a constant market value per unit building area while disregarding the role of economical revaluation and the bias of inflation surely allows for clearer comparisons [59].



As a final point, we stress that land-use policies, well-informed from a technical point of view, can substantially contribute to mitigate flood risk, especially in the medium- to the long-term [40,59,108]. While reducing exposure is difficult in already urbanized landscapes, limiting the exposure increase should have a key role in driving land-use policies in developing countries.
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Figure 1. Study area: (a) location in the north of Italy; (b) aerial view of the study area in the San Donà di Piave Municipality with the course of the Piave River in blue; (c) schematic of cross-section A-A (out of scale); (d) the DTM with elevations in meters above the sea level (a.s.l.). 
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Figure 2. Maps of the building footprints in the study area in the last 40 years: residential buildings (pink), industrial and commercial buildings (blue), and other buildings (orange). 
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Figure 3. Relative footprint surface (SREL) through the years for the different categories of buildings in the study area. 
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Figure 4. Method to compute flood damage. (a) Study area with a zoomed-in view of building footprint superimposed on the aerial image; (b) computational grid with details of the estimation of the surface SB and the number of floors nfB of buildings; (c) plot of instantaneous water depths with details of the estimation of the hydrodynamic forcing on a single building. (i.e., maximum surrounding water depth YMAX,B and velocity UB). 
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Figure 5. Hazard scenario. (a) Discharge hydrographs within the Piave River upstream (solid line) and downstream (dash-dotted line) of the levee breach location and through the breach (dotted line); (b) water levels within the Piave River with (solid line) and without (dashed line) the breach formation, and just outside of the levee breach location (dotted line). 
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Figure 6. Spatial distribution of the water depth, Y, during the flooding event in the 1983 layout (upper panels) and in the 2021 layout (lower panels). 
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Figure 7. Results of the hydrodynamic simulation in terms of maximum water depth (left) and flow velocity (right) as a consequence of the failure of the left levee of the Piave River. The results refer to the 1983 and the 2021 layouts (upper and lower panels, respectively). 
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Figure 8. Spatial distribution of the relative damage to residential buildings referred to the ground floor, nfB⋅DREL, during the flooding event for the layout of 1983 (upper panels) and of 2021 (lower panels). Dots correspond to single buildings. 
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Figure 9. Temporal evolution of (a) the total damage D€,TOT, (b) the relative damage DREL,TOT, and (c) the relative damage referred to the ground floor, for residential buildings for the different layouts since 1983 to 2021. 
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Table 1. Absolute (S) and relative (SREL) footprint surface area and their increase compared to the 1983 layout, for different building categories in the study area during the last 40 years.
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Residential

	
Industrial and Commercial

	
Other

	
Total




	
Year

	
S [m2]

	
SREL

	
% *

	
S [m2]

	
SREL

	
% *

	
S [m2]

	
SREL

	
% *

	
S [m2]

	
SREL

	
% *






	
1983

	
937,000

	
0.0623

	

	
334,787

	
0.0223

	

	
94,935

	
0.0063

	

	
1,366,722

	
0.0909

	




	
1990

	
1,066,044

	
0.0709

	
+13.8%

	
428,982

	
0.0285

	
+28.1%

	
107,051

	
0.0071

	
+12.8%

	
1,602,077

	
0.1065

	
+17.2%




	
1999

	
1,217,534

	
0.0809

	
+29.9%

	
507,225

	
0.0337

	
+51.5%

	
127,015

	
0.0084

	
+33.8%

	
1,851,774

	
0.1231

	
+35.5%




	
2004

	
1,306,676

	
0.0869

	
+39.5%

	
579,361

	
0.0385

	
+73.1%

	
128,265

	
0.0085

	
+35.1%

	
2,014,302

	
0.1339

	
+47.4%




	
2015

	
1,419,070

	
0.0943

	
+51.4%

	
585,436

	
0.0389

	
+74.9%

	
130,007

	
0.0086

	
+36.9%

	
2,134,513

	
0.1419

	
+56.2%




	
2021

	
1,467,209

	
0.0975

	
+56.6%

	
597,165

	
0.0397

	
+78.4%

	
139,976

	
0.0093

	
+47.4%

	
2,204,350

	
0.1466

	
+61.3%








* Increase since 1983.
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Table 2. Characteristics of exposed residential buildings through the years: number of buildings, footprint area S, average number of floors nfB and exposed area S⋅nfB (with its increase compared to 1983). Results of the model for the simulated levee failure considering the different yearly layout: total damage D€,TOT, relative damage DREL,TOT and relative damage for the first floor nfB·DREL,TOT (with the corresponding increase compared to 1983).
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	Year
	n. of

Buildings
	Mean nfB
	S⋅nfB [m2]
	% *
	D€,TOT [EUR]
	% *
	DREL,TOT
	% *
	nfB∙DREL,TOT
	% *





	1983
	5284
	3.211
	3,008,767
	
	51,634,419
	
	0.0172
	
	0.0551
	



	1990
	5901
	3.193
	3,404,318
	13.1%
	59,939,236
	16.1%
	0.0176
	2.6%
	0.0562
	2.0%



	1999
	6610
	3.192
	3,886,348
	29.2%
	77,139,893
	49.4%
	0.0198
	15.7%
	0.0634
	15.0%



	2004
	7142
	3.173
	4,145,500
	37.8%
	77,869,616
	50.8%
	0.0188
	9.5%
	0.0596
	8.1%



	2015
	7461
	3.152
	4,472,644
	48.7%
	88,575,568
	71.5%
	0.0198
	15.4%
	0.0624
	13.3%



	2021
	7569
	3.143
	4,610,819
	53.2%
	95,775,646
	85.5%
	0.0208
	21.0%
	0.0653
	18.5%







* Increase compared to 1983.
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