
12 December 2025

Alma Mater Studiorum Università di Bologna
Archivio istituzionale della ricerca

Samela, C., Carisi, F., Domeneghetti, A., Petruccelli, N., Castellarin, A., Iacobini, F., et al. (2023). A
methodological framework for flood hazard assessment for land transport infrastructures. INTERNATIONAL
JOURNAL OF DISASTER RISK REDUCTION, 85, 1-17 [10.1016/j.ijdrr.2022.103491].

Published Version:

A methodological framework for flood hazard assessment for land transport infrastructures

Published:
DOI: http://doi.org/10.1016/j.ijdrr.2022.103491

Terms of use:

(Article begins on next page)

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

Availability:
This version is available at: https://hdl.handle.net/11585/960888 since: 2024-02-23

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

http://doi.org/10.1016/j.ijdrr.2022.103491
https://hdl.handle.net/11585/960888


1 

 

A methodological framework for flood hazard assessment for land transport 1 

infrastructures 2 

 3 

Caterina Samela1*, Francesca Carisi2, Alessio Domeneghetti3, Natasha Petruccelli3, Attilio 4 

Castellarin3, Franco Iacobini4, Alessandro Rinaldi4, Alessandra Zammuto4, Armando Brath3 5 

1 Institute of Methodologies for Environmental Analysis (IMAA), National Research Council (CNR), Tito Scalo (Potenza), Italy. 6 
2 Interregional Agency for the Po river (AIPO), Parma, Italy. 7 

3 Department of Civil, Chemical, Environmental and Materials Engineering (DICAM), University of Bologna, Bologna, Italy. 8 
4 Technical Department, Rete Ferroviaria Italiana (RFI) S.p.a., Rome, Italy. 9 

*
Corresponding author: Caterina Samela, caterina.samela@imaa.cnr.it 10 

 11 

Abstract 12 

The complexity of land transport infrastructures, their length and the heterogeneity of potential 13 

hazardous scenarios across large areas make flood hazard assessment a challenging task. We propose a 14 

parsimonious, rapid and operational procedure that enables large scale applications and, at the same time, a 15 

detailed evaluation of individual segments of linear transport infrastructures. In particular, we focus on 16 

extensive land transport infrastructure networks (i.e., railways) and propose a methodological framework for: 17 

(1) identifying segments of the network that are prone to fluvial flooding, and (2) grouping the identified 18 

elements into different hazard classes depending on the mechanism and severity of the expected flooding 19 

scenario (i.e., damage due to potential embankment overtopping, embankment instability due to infiltration, 20 

erosion or washout, train or vehicles collision against fluvial deposits or debris, etc.). Network sections at risk, 21 

as well as main hazardous flood indices (e.g., water depth), are estimated referring to official inundation maps, 22 

when available, or by means of Digital Elevation Model (DEM)-based algorithms and geomorphic indices 23 

(e.g., Geomorphic Flood Index-GFI). In addition, a DEM-based approach is proposed to identify potential 24 

debris flow sources threatening the infrastructure. The procedure has been developed and tested for the Italian 25 

Railway Network (focusing on seven river basins), but it can be adapted to different cases and different land 26 

transport infrastructures. A first comparison with historical flood events proves the potential of the procedure, 27 

which can support stakeholders in planning measures for managing and mitigating the flood risk associated 28 

with the transport networks across large spatial scales. 29 

 30 

Keywords: transport infrastructures; railway systems; flood hazard; debris-flow; DEM-based approach; 31 

Geomorphic Flood Index. 32 
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1. Introduction 34 

A reliable transport infrastructure is one of the cornerstones of a thriving economy due to its fundamental 35 

role in economic and social development. Industrialized countries are generally characterized by transport 36 

infrastructure networks (e.g. roads and railways) significantly extended. As such, they are exposed to a variety 37 

of adverse meteoric and hydrogeological events (e.g. intense rainfall, floods, erosion, landslides, etc.) (Petrova 38 

& Bostenaru, 2020). These phenomena can produce a series of negative impacts on linear transport 39 

infrastructures, including accidents, damages to the infrastructures and/or their components, delays, 40 

interruptions and malfunctions, causing significant direct and indirect socio-economic losses (Nester et al., 41 

2008; Moran et al., 2010; Kellermann et al., 2015; Jaroszweski et al., 2010; Otto et al., 2019). Even a damage 42 

of a single infrastructure element/segment can lead to a systemic loss of connection and efficiency of the 43 

transport network, generating socio-economic losses in the short and long term.  44 

The present work focuses on hazards related to flood phenomena, which in the period 2000 to 2019 45 

represented the most common type of disaster worldwide and, after storms, the costliest in terms of recorded 46 

economic damage (651 billion US$) (UNDRR, 2020).  47 

Examples are the extensive damages to infrastructures occurred during Hurricane Maria in Puerto Rico 48 

in 2017, and those caused by the Tbilisi (Georgia) floods in June 2015, where the cost of transport assets 49 

represented approximately 60% of the total damage (Koks et al., 2019). Another example is the severe damage 50 

suffered by the Austrian Federal Railways due to floods events occurred in central Europe in May and June 51 

2013, which affected track structures, caused widespread service disruptions, with a total cost of about 84 52 

million USD (Kellermann et al., 2016). These numbers give confidence that flooding can be catastrophic for 53 

transportation networks and their users. In addition, the expected damage due to flood phenomena is destined 54 

to rise in future decades as a consequence of the economic and social development in areas exposed to flood 55 

(Domeneghetti et al., 2015; Liu et al., 2020; Tellman et al., 2021) and because of the increase in the extent and 56 

socio-economic function of transport systems (Dawson et al., 2016). Also, ongoing climate change may play 57 

a role in increasing the frequency of flood events responsible for such damages (see, e.g. Hall et al., 2005; de 58 

Moel et al., 2011; Blöschl et al., 2019).  59 

In this scenario, there is a clear need to design a methodological framework aimed at evaluating the 60 

flood-related hazard for extended transportation networks, paving the way for the identification of high-risk 61 

components and an effective maintenance and mitigation measures planning.  62 

Tackling the flood-induced hazard assessment of land transport networks requires dealing with some 63 

specific issues that characterize such phenomena: i) major river floods are usually driven by large-scale 64 

atmospheric circulations, thereby affecting large areas (Prudhomme and Genevier, 2011; Lavers et al., 2013) 65 

with the potential of disrupting several network components concurrently (Zhu et al., 2021). Thus, methods 66 

allowing an assessment over large areas are essential. ii) Working at large spatial scales means considering 67 

infrastructure length and complexity, the computational issues of running large scale hydraulic models and the 68 

widespread lack of appropriate and detailed flood hazard data (Chang et al. 2010). As a consequence, several 69 

studies assessed natural hazards impacts on transportation infrastructures avoiding a detailed treatment at the 70 
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asset level and preferring a system-level perspective (Chang et al., 2010; Gil and Steinbach, 2008; Kellermann 71 

et al., 2016; Lamb et al., 2019; Koks et al., 2019). For instance, Koks et al., (2019) performed an estimate of 72 

the global risk of road and railway assets extracted from OpenStreetMap (OSM) to different types of natural 73 

hazards, among which flooding, making use of state-of-the-art global hazard maps. They found that ~7.5% of 74 

the road and railway assets are exposed to a 1/100 years flood event and also that surface and river flooding 75 

presents the highest expected annual exposure levels in most countries (globally 39% and 34%, for surface 76 

and river flooding, respectively). In other works, the networks have been modelled with simplified approaches 77 

where a fixed percentage of damage to linear networks is estimated depending on the phenomenon of interest 78 

(Kellerman et al., 2016; Otto et al., 2019) or using generalized assumptions on infrastructure density rather 79 

than considering individual segments or bridge structures (Koks et al., 2019). More advanced approaches, 80 

although still rare, evaluate the interaction between the various phenomena and the infrastructure through, for 81 

example, fragility functions, statistical and empirical approaches, probabilistic analyses and machine-learning 82 

models (see e.g. Tsubaki et al., 2016; Guikema, 2009). In this sense, a significant example is the recent work 83 

by Van Ginkel et al. (2021), who performed a flood risk assessment for the European road network by adopting 84 

an object-based approach applied to high-resolution exposure data (Open Street Map), allowing to account for 85 

segment-specific attributes (i.e., individual road segments) and thus allowing for targeted risk reduction 86 

strategies. Some other approaches focused on the impacts of the transport network malfunction on society, 87 

such as those based on various economic theories and simulation techniques for the evaluation of the dynamic 88 

behavior of transport systems (see e.g. Perez- Morales et al., 2019; Dunn et al., 2013; Guze, 2014; Pregnolato 89 

et al., 2017). The majority of these works are conceived on a case-study basis, where historical scenarios were 90 

available (Hong et al., 2015), or investigated flood impacts on transportation systems focusing on the 91 

vulnerability of assets (Kellermann et al., 2015; Pregnolato et al., 2017; Singh et al., 2018; Koks et al., 2019). 92 

All these efforts attempt to develop tools capable to support transport infrastructure managers in ranking 93 

intervention priorities on the individual elements of the networks (Kellermann et al, 2015; 2016; Otto et al., 94 

2019). However, the implementation of detailed investigations to large geographical areas is still limited.  95 

In this context, we propose a parsimonious and operational approach that allows rapid large-scale 96 

implementation and, at the same time, a detailed treatment at the transport segment level. Among the various 97 

types of linear infrastructures, this work focuses on railway networks, although the methodology can be easily 98 

adapted to road and motorway networks.  99 

The methodological and knowledge advances presented in this work originate from a collaboration with 100 

Rete Ferroviaria Italiana (RFI) S.p.A., the public body that manages the Italian railway infrastructure. The 101 

increasing awareness about flood hazard and the progress made in the knowledge of its spatial distribution on 102 

the Italian national territory (i.e., extensive flood hazard mapping in actuation of 2007/60/CE Flood Directive) 103 

offer the appropriate groundwork to investigate flood-related hazard for railway infrastructures. Referring to 104 

hazardous maps of the River Basin Authorities, out of a total of 16.787 km of Italian railway network, about 105 

4000 km (nearly 24%) are exposed to flooding, erosion, etc., while nearly 2500 km belongs to areas prone to 106 

landslides, subsidence, mud flow, etc.. A recent investigation of Firmi et al. (2021) depicts an even more severe 107 
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condition, highlighting that approximately 7700 km of railway network extend through hilly and mountainous 108 

areas potentially susceptible to landslides and 9000 km in urban floodplains potentially intersected by 109 

hydraulic phenomena.  The uncertainty on hazard estimation stems from the fact that a significant portion of 110 

railway segments runs through areas were hydrogeological hazards is not properly investigated: detailed 111 

studies are resource intensive and thus limited to major rivers and more critical hydraulic nodes. This condition 112 

is frequent in both developed and developing countries.  113 

The proposed approach aims at enhancing the assessment of flood-related hazards of physical transport 114 

infrastructures. In particular, innovative elements can be summarized as follows: i) high spatial resolution, 115 

since the approach looks at elementary segments of the railway network; ii) characterization of type and 116 

severity of expected flood phenomena for each segment (i.e., damage due to potential embankment 117 

overtopping, embankment instability due to infiltration, erosion or washout, train or vehicles collision against 118 

fluvial deposits or debris, etc.); iii) flood hazard classification, giving account of the intervention priority; iv) 119 

assessment of the hazard associated with the overall river network: the approach refers to pre-existing state-120 

of-the-art flood hazard maps, but it also incorporates hydro-geomorphic fast-processing methods (e.g. the 121 

Geomorphic Flood Index, Samela et al., 2017; 2018) to extend the identification of flood- and debris-prone 122 

areas for territories lacking detailed investigations.  123 

The proposed methodological structure has been developed with the perspective of large-scale 124 

application (i.e., national), where the identification and prioritization of intervention measures would enable 125 

stakeholders to implement appropriate risk-mitigation strategies and prepare effective network management 126 

plans under alert and emergency conditions, with the aim of promoting a proactive approach and prevent the 127 

adverse impacts of natural hazards. It this sense, it is worth mentioning that a quantitative estimation of 128 

severity, costs, impacts and disruption associated to a flood-related events is out of the scope of the current 129 

work. Nevertheless, the outcomes achievable by implementing the presented approach represent key 130 

information for future works aimed at advancing the risk assessment towards such targets. 131 

 132 

 133 

2. Methods 134 

The identification of infrastructures at risk and the classification of different flood phenomena 135 

threatening them is carried out following the workflow schematized in Figure 1. In particular, the 136 

methodological framework entails three sequential steps: 137 

1) identification of the railway section (RS) potentially affected by water-related hazardous scenarios (i.e., 138 

adopting official hazard maps or other; see section 2.1);                 139 

2) characterization of the hazardous events based on few geomorphic parameters (e.g., slope, concentration 140 

time, debris flow triggering sources, etc.) estimated by analyzing the topography of the basin derived from a 141 

DEM (Digital Elevation Model); 142 

3) identification of associated damage scenarios and flood hazard class attribution based on previously 143 

estimated parameters. 144 
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Criteria, assumptions and threshold values adopted for the implementation of the methodological 145 

framework are described and discussed in the following sections. 146 

 147 

 148 

Figure 1. Workflow for the identification of the railway sections (RSs) affected by water-related hazardous scenarios and 149 

the consequent classification of flood phenomena. 150 

 151 

2.1 Identification of flood-prone areas and affected railway 152 

The proposed methodology affords this task distinguishing two common situations: i) areas for which 153 

flood inundation maps are available from the competent Authorities (e.g., the District Basin Authorities in 154 

Italy); this case is illustrated in section 2.1.1. ii) areas that, to date, have not been the object of detailed flood 155 

hazard assessments. Generally, this latter condition is more common for main-river tributaries and minor 156 

stream-networks, for which historical data and detailed hydraulic investigations are not available. Procedures 157 

to deal with these cases are illustrated in section 2.1.2.  158 



6 

 

2.1.1 Areas mapped in the national Flood Risk Management Plans (FRMPs) 159 

In Europe, the Floods Directive 2007/60/EC demands the basin authorities to provide the delimitation 160 

of areas affected by flood events for three scenarios: H1, which describes rare events (return period, Tr, up to 161 

500 years), hazard scenario H2 describing frequent events (Tr = 100-200 years) and scenario H3 for very 162 

frequent events (Tr = 20-50 years). These maps are contained in the Flood Risk Management Plans (FRMP) 163 

provided by local River Basin Authorities. These multiple datasets have been merged together in a mosaic 164 

lastly updated in 2017 (Trigila et al., 2018) (most recent release at the moment of the analyses), which offers 165 

a homogeneous coverage of the entire Italian territory, although often incomplete at the basin level (minor 166 

order streams are generally neglected). Continuous updating over time is guaranteed by the Floods Directive 167 

2007/60/EC, which requires the FRMP to be reviewed and updated every 6 years. 168 

The example in Figure 2 shows the overlap between FRMP maps and the railway network. In particular, 169 

panel (a) depicts the Italian RSs that fall within the areas mapped by the FRMPs for the three scenarios. Panels 170 

(b) and (c) represent a zoom of the area between Turin and Vercelli (black box), displaying inundation maps 171 

(panel b) and the affected railway segments (panel c), marked with the colors corresponding to the hazard 172 

degree. RSs not directly exposed to inundations are represented in green. The proposed approach considers all 173 

the sections exposed to the different scenarios as they intersect one or more of the hazardous areas (H1, H2 174 

and H3) identified by the District Basin Authorities.  175 

 176 

 177 

Figure 2. Panel a) Italian railway network overlapping with areas mapped by the FRMPs for various hazards levels (H1, 178 

low probability, in yellow, H2, medium probability, in orange, H3, high probability). Referring to the area within the 179 

black box, panel b) depicts the areas at risk for the FRMP; panel c) shows the segments that fall within the floodable 180 
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areas, marked with the colors corresponding to the hazard degree. The portions of railway line that do not fall into flood 181 

hazard areas are colored in green. 182 

 183 

RSs identified as exposed to flood hazard represent the portions of network for which the assessments 184 

will be carried out. As one can notice, a single section can be exposed to multiple levels of hazard. Specifically, 185 

the sections exposed to hazard H2 are also exposed to hazard H1, i.e. they are a subset of them, while those 186 

exposed to H3 hazard are exposed to both H2 and H1 hazard. In case of exposure to multiple hazardous 187 

scenarios, the values assumed by the hydraulic parameters (e.g., water depth) are scenario-dependent. For this 188 

reason, the flood hazard assessment has to be carried out separately for the three hazard scenarios. 189 

2.1.2 Areas not mapped in the FRMPs 190 

In many areas, FRMPs are absent or non-exhaustive. To overcome this problem, an alternative 191 

procedure is followed to first identify the flood susceptible areas and then verify the possible presence of 192 

exposed RSs. This is achieved through a fast-processing approach based on a flood hazard indicator called 193 

Geomorphic Flood Index, GFI (Samela et al., 2017), which is derived from topographical information 194 

extracted from a DEM. It is defined as follows: 195 

𝐺𝐹𝐼 = 𝑙𝑛⁡(
ℎ𝑟

𝐻
)           (1) 196 

where ℎ𝑟 is a variable water level estimated for each basin location as the water depth in the closest point of 197 

the river network (along the hydrological path), while H is the difference in elevation between the location 198 

under exam and the closest point of the river network previously identified. The values of ℎ𝑟 are estimated as 199 

a function of the contributing area through the scaling law in Eq. (2):  200 

ℎ𝑟 ≈ 𝑏𝐴𝑟
𝑛            (2) 201 

with 𝐴𝑟 upslope drainage area in the river element considered, b and n scale factor and exponent 202 

(dimensionless) of the power law (see Samela et al., 2017, 2018 for further details). 203 

Specifically, the GFI is calculated for each basin, then, the area mapped by the FRMPs (observed or 204 

simulated by hydrodynamic models) is used to calibrate a threshold binary classification, which is then applied 205 

over the unstudied areas to identify flood susceptible territories (locations with a GFI value higher than the 206 

threshold). An important advantage of the GFI method is the reduced extension of the mapped area required 207 

for its calibration. Samela et al., (2017) showed that for a reliable calibration a flood hazard map that covers 208 

at least 2% of the basin of interest is sufficient. This and other studies (Tavares da Costa et al., 2019) have 209 

shown satisfactory results in the use of this index on a large scale, despite the possible variability of the 210 

climatic, hydrological and topographical conditions of the territory. Therefore, the GFI represents a suitable 211 

method for mapping areas where detailed investigations (e.g., Hydrogeological Management Plans–PAI or 212 

FRMP) are not present (or not exhaustive), allowing the calibration of the method over neighboring and 213 

geomorphologically similar areas already mapped by the competent authorities. The GFI method is very 214 

versatile also considering DEMs of different resolution. Although the procedure benefits from high resolution 215 

(e.g., greater (lesser) DEM accuracy guarantees more (less) reliable results), Samela et al., (2018) and 216 
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Manfreda et al., (2015) have shown that DEMs normally available online, having horizontal resolution of 25-217 

90 m, are suitable for large-scale and data scarce environments applications, suggesting the use of resolution 218 

compatible with the scale of the processes being investigated. 219 

The FRMPs offer an almost national coverage of the main watercourses, thus those maps can be the 220 

base for the calibration of the GFI procedure. The flood susceptibility maps resulting from the application of 221 

the GFI will have hazard characteristics in accordance with the maps adopted for calibration, namely they 222 

represent a susceptibility with the same recurrence interval of the hazard map used for calibration. Since 223 

FRMPs provide maps for 3 hazard scenarios (H1, H2 and H3), the GFI maps will be characterized by the same 224 

flood frequencies.  225 

It is worth noting that this kind of fast-processing analysis, based on geomorphological indices, does not 226 

consider the physical processes of surface water runoff (i.e., its propagation in space and time, as well as the 227 

interaction with infrastructures). However, the resulting mapping still allows a preliminary identification of 228 

critical intersections, which can then be analyzed in detail. 229 

Once the GFI-based mapping is obtained, the sections exposed to the hazards H1, H2 and H3 are 230 

extracted in the same way described in Section 2.1.1. 231 

 232 

2.2  Topographical and hydrological characterization of affected RSs  233 

Railway infrastructure is evaluated by referring to a series of railway sections (RSs): any time a variation 234 

occurs on one of the main geometrical or functional characteristics of the infrastructures (e.g., n° and type of 235 

tracks, intersections, deviations, etc.) a new RS is depicted. For the scope of this work, a RS has a maximum 236 

length of 5 km. 237 

For each RS falling within flood hazard areas, the spatial element of reference for the subsequent 238 

geomorphological and hydrological characterization are hereafter called “reference points” (red points in 239 

Figure 3). In those cases where the RS intersects the river network, reference points are identified at the 240 

intersections (Figure 3, panel a). Alternatively, in case the railway network intersects the flood hazard areas 241 

but not the river network, we adopted as reference point the closest river point along the steepest descend path 242 

from the downstream end of the infrastructure segment (see Figure 3, panel b). 243 
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 244 

Figure 3. Scheme of the possible intersections of the railway network (grey line) with: a) the river network (blue lines); 245 

or b) the flood hazard areas (blue areas). Brown dashed lines depict the hydrographic basins closed at the reference points 246 

(red points).  247 

2.2.1 River slope estimation 248 

The type of flood phenomena affecting a given railway depends on the local channel slope: fast flood 249 

phenomena are typical of hilly/mountainous area, slow flood phenomena characterize valley bottom. Thus, 250 

river slope is estimated locally from the DEM considering the point of the river network closest to the RS      251 

under exam (Figure 3) and is defined as the steepest downward gradient between the cell and its 8-connected 252 

neighbors. 253 

2.2.2 Time of concentration of the draining basins 254 

Time of concentration (𝑇𝑐) has been defined by the International Glossary of Hydrology (WMO, 1974; 255 

Beven, 2020) as the period of time required for storm runoff to flow from the most remote part of a drainage 256 

basin to the outlet. This parameter is often used to quantify the speed of formation of flood events and gives 257 

an idea of the warning time that may be available in case of intense rainfall events. This latter aspect is relevant 258 

for the railway company while evaluating the feasibility of protection/mitigation measures (such as, for 259 

example, interruption of the line, slowing down of the traffic, etc.).  260 

𝑇𝑐 [hours] is evaluated for all the upslope drainage basins that contribute to the above-mentioned 261 

reference points according to Giandotti's formula (Eq. (3); Giandotti, 1934; frequently used in Italy, while 262 

alternative formulations may be adopted elsewhere): 263 

𝑇𝑐 =
4√𝐴+1.5𝐿

0.8√𝐻
           (3) 264 

where A is the upslope contributing area of the point of interest (the reference point) [km2], L the length of the 265 

main channel within the identified basin [km], and H the difference between the mean basin elevation and the 266 

outlet elevation [m]. 267 

The proposed methodology allows the estimation of the required variables using exclusively the DEM. 268 

Further details on 𝑇𝑐 ⁡calculation are reported in Section 4. 269 
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2.2.3 Potential debris flows sources  270 

The hazardous scenario associated with the possible impact against alluvial materials is predominantly 271 

related to the presence of potential source areas of debris flows near the railway, which could impact and 272 

invade the railway infrastructure. Debris flows typically occur as a result of the combination of intense rainfall, 273 

even of short duration, usually characterized by very short notice periods, over areas characterized by critical 274 

slope gradient and in presence of sediment (e.g., Pastorello et al., 2017; Horton et al., 2013). Considering the 275 

typical rapidity of these phenomena, mapping areas potentially susceptible to trigger debris flow has a 276 

fundamental role for identifying the RSs most at risk.  277 

The scientific literature reports several methods aimed at identifying the source areas and the 278 

evolutionary dynamics of debris flows; however, only a few appear easily adoptable on a regional (or wider) 279 

scale and, consequently, of interest for the present purposes (see for example: O'Brien et al., 1993; Crosta et 280 

al., 2003; Iovine et al., 2005; Rickenmann, 2005; Pirulli and Mangeney, 2008; Iverson et al, 1998; van Westen 281 

et al., 2006; Berti and Simoni, 2007). The most suitable approaches for the purpose are those that make use of 282 

morphological and topographical parameters of the basin of interest. These methods require input data usually 283 

obtainable from DEMs or, eventually, from a few other information layers (geological or soil type maps). 284 

Among the approaches proposed in literature in the last decades (Fannin and Wise, 2001; Cavalli and Grisotto, 285 

2006; Miller and Burnett, 2008), Pastorello et al. (2017) investigated the identification of source areas at 286 

regional scale by identifying the two most significant quantities: the local slope and the extent of the upslope 287 

contributing area (i.e. flow accumulation, which is seen as a proxy of water load) (see also Montgomery and 288 

Dietrich, 1994). As regards the second parameter, the locations of possible initiation of a debris flow are 289 

identified as those having a contributing area higher than 10 ha (Montgomery and Foufoula-Georgiou, 1993; 290 

Santos and Duarte, 2006), while, regarding the local slope, critical conditions are expected in case of slope 291 

higher than 27% (see also Takahshi, 2007; Rickenmann and Zimmermann, 1993). The reliability of these 292 

assumptions is confirmed by the good agreement between source area maps and observations collected in some 293 

basins of Northern Italy (Pastorello et al., 2017). In addition to the lower threshold value (slope>27%), an 294 

upper limit above which debris flows phenomena usually do not occur must also be defined: Cavalli et al. 295 

(2017) suggest an upper slope threshold equal to 78%, a value representative of the friction angle of the 296 

material usually affected by debris flows in the Alps. Similarly, Dai and Lee (2001) recorded a significant 297 

reduction in the occurrence of debris flows for slopes>84%, a slope threshold usually indicative of the presence 298 

of rocky material, which is not very prone to the formation of similar phenomena. Finally, Blais-Stevens and 299 

Behnia (2016) consider possible flows up to a gradient of 143%. The presence of these potential source areas 300 

in the upslope drainage area of a certain RS does not necessarily imply that the railway line will be involved 301 

in instability phenomena. In this regard, Blais-Stevens and Behnia (2016) identify the average distance traveled 302 

by a debris flow in 500 m. Starting from this consideration, and considering the inevitable uncertainty 303 

associated with these assessments, it was considered appropriate to maintain a safety margin by adopting a 304 

distance threshold value, d (minimum distance between the source points and the railway line), equal to at least 305 

1 km (this value can be adjusted after inspections or more precise data depending on the area of interest). In 306 
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case of sources closer to the railway line, this is considered to be exposed at risk of impact with alluvial 307 

materials. On the contrary, sources farther than 1 km are neglected. 308 

Figure 4 shows a conceptual summary of the operational procedures adopted in this work: identification 309 

of locations with an upslope drainage area greater than 10 ha and a slope higher than 15 ° (~ 27%); as regards 310 

the last parameter, for precautionary purposes, a value of 55 ° (~ 143%; Blais-Stevens and Behnia, 2016) is 311 

adopted as the maximum slope threshold. The source points to be considered are those located within 1 km 312 

(Euclidean distance) to the railway segment. Once identified as potential source point, the hypothetical debris 313 

flows path is determined based on the maximum local slopes of the terrain. The representation scheme used 314 

is, thus, consistent with the actual evolutionary dynamics of the phenomenon.                 315 

 316 

Figure 4. Railway line and possible trigger areas for debris flows. 317 

  318 

2.3  Identification of associated damage scenarios and attribution of flood      hazard classes 319 

According to the workflow summarized in Figure 1, the last step consists in evaluating the exposure of 320 

each section to one or more damage scenarios (overtopping, infiltration, washout, impact against alluvial 321 

materials) and assigning a flood hazard class to each affected section. The values assumed by the geomorphic 322 

and hydrological parameters described in the previous subsections allow to identify the potential damage 323 

scenarios associated to each section and, consequently, to define six flood hazard classes. Criteria and 324 

thresholds for class attribution are specified in Table 1. 325 

 326 

  327 
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Table 1. Classification of flood phenomena due to the different parameters and identification of related damage scenarios. 328 

Flood 

hazar

d      
class 

Description 

of the flood 

phenomena 

River 

slope 

Sub-basin 

time of 

concentratio

n  

Debris flow 

phenomena 

Geo-

morphologic

al 

parameters 

for debris 

flow 

initiation 

sources 

Damage scenarios 

Overtoppin

g (A) 

Infiltration 

(B) 

Washout 

(C) 

Impact 

against 

alluvial 

materials  

(D) 

I 

Hill/mountain 

flood 

phenomena 

with potential 

debris flow 

sources > 4% A few hours 

Yes 

Contributing 

area > 10 ha  

and  

slopes angle  

> 27% 

X   X 

II 

Hill/mountain 

flood 

phenomena 

without  

debris flow 

No 

Contributing 

area ≤ 10 ha 

and/or  

slopes angle  

≤ 27% 

X    

III 

Rapid  

flood 

phenomena 

with potential 

debris flow 

sources < 4% < 12 hours 

Yes 

Contributing 

area > 10 ha  

and  

slopes angle  

> 27% 

X X X X 

IV 

Rapid  

flood 

phenomena 

without  

debris flow 

No 

Contributing 

area ≤ 10 ha  

and/or  

slopes angle  

≤ 27% 

X X X  

V 

Slow  

flood 

phenomena 

with potential 

debris flow 

sources < 4% ≥ 12 hours 

Yes 

Contributing 

area > 10 ha  

and  

slopes angle  

> 27% 

X X X X 

VI 

Slow  

flood 

phenomena 

without  

debris-flow 

No 

Contributing 

area ≤ 10 ha 

and/or  

slopes angle  

≤ 27% 

X X X  

 329 

To further clarify the proposed classification, the tree diagram in Figure 5 illustrates the expected 330 

flooding phenomena and, thus, the consequent flood      hazard class attribution, depending on whether or not 331 

predefined thresholds for the geomorphic and hydrological parameters described in the previous subsections 332 

are exceeded. 333 
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 334 

Figure 5. Tree diagram showing the classification of flood phenomena with the possible associated damage scenarios.  335 

 336 

2.4 Potential application for detailed damage scenario description  337 

Overtopping, infiltration, washout and impact against alluvial materials are potential damage scenarios 338 

to which RSs might be subject in the event of a flood, depending on the geomorphic and hydraulic parameters 339 

previous described. However, activation and intensity of such scenarios depends on both hydraulic load and 340 

tracks characteristics (i.e., tracks elevation relative to the ground level, trackbed shape and materials, etc.). To 341 

check for critical sections, and rank the priorities of intervention, a more detailed analysis is needed, which 342 

considers the geometrical characteristics of railways track (if possible      based on a high-resolution DSM – 343 

Digital Surface Model) together with hydraulic and geotechnical parameters driving the critical phenomena 344 

(e.g. water depth for overtopping, hydraulic gradient for piping, etc.). 345 

Among the most critical scenarios for railways transport there is the track impairment caused by 346 

trackbed overtopping, which is chosen as an example to show the potential use of the methodological 347 

framework presented in this work. Similar considerations can be done also for other damage scenarios (e.g., 348 

infiltration, washout, etc.), in relation to their specific hydraulic descriptors. According to the guidelines 349 

currently in use by RFI, the railway is considered critical as regards overtopping if Eq. 4 is satisfied:  350 

∆ℎ = ℎ𝑝𝑓 − ℎ𝑤 < 2.5𝑚          (4) 351 

where ∆ℎ represents the freeboard, ℎ𝑝𝑓 is the height of the rail and ℎ𝑤 the water depth. A quite cautionary 2.5 352 

m threshold is chosen to consider the significant uncertainty associated to the estimates of the water depth. 353 

For each RS falling in areas mapped by the FRMPs, or using the GFI approach, the methodology 354 

requires the identification of the water depth associated to the reference point for the different hazard scenarios 355 

(H1, H2 and H3). According to the presented methodology, the water depth for different hazards is estimated 356 

in a simplified way by exploiting the elevations of the DEM at the edge of the inundated areas (Figure 6). 357 

Specifically, a DEM-section is drawn across the inundation extent in correspondence of each reference point. 358 

The elevations of the DEM at the two inundation edges are linearly interpolated (blue points) along the drawn 359 
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line: the water depth is estimated at the reference point, that corresponds to the railway location (yellow point 360 

in Figure 6), in relation to the ground elevation (see Figure 6). 361 

 362 

 363 
Figure 6. Conceptual scheme for the simplified determination of the water depths over inundated RS: plan representation 364 

in panel a) and section representation in panel b). The yellow point in both panels indicates the reference point of the 365 

analyzed RS. The red line represents the terrain profile through the reference point. Blue points indicate the inundation 366 

edges obtained intersecting the inundation extent with the DEM.  367 

 368 

It is worth mentioning that it is not necessary to resort to this simplified approach when expected water 369 

depths are provided by competent Authorities. Once the water depth is identified, it can be compared with the 370 

height of the rail and the verification of the freeboard is soon completed. Similarly, water depth estimates 371 

might be used for evaluating the potential activation of other hydraulic damage scenarios (e.g., piping 372 

activation across the trackbed), in accordance to expert-based guidelines in use by RFI.  373 

 374 

3. Case studies and dataset 375 

The described methodology has been tested on several basins in Italy (Figure 7). Case studies have been 376 

selected across the country, including both flat and hilly areas. Five river basins (Dora Baltea, Tronto, Aulella, 377 

Paglia and Basento) have been investigated considering RS     s falling into flood hazard areas as identified by 378 

the FRMPs (three scenarios H1, H2 and H3) (Figure 7, panel a)). Five river basins (Chienti, Torto, Aulella, 379 

Paglia and Basento) partially covered by FRMP mapping have been analyzed using the GFI technique (Figure 380 
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7, panel b)). Among them, three basins (Aulella, Paglia and Basento) have been studied with both inundation 381 

delineations (FRMP and GFI) for comparison purposes and to emphasize the potential improvements 382 

obtainable by applying the GFI method. 383 

 384 

 385 
Figure 7. Geographical setting of the case studies: panel a) depicts the selected basins containing railway      intersecting 386 

flood hazard areas mapped in the FRMP; panel b) shows the selected basins with sections falling in areas not mapped in 387 

the FRMP and studied with the GFI approach. The study basins are colored in red, the railway network      in green. 388 

 389 

Several data and information layers have been exploited for the analysis of flood hazard along railway 390 

infrastructures, which are summarized below: 391 

- national coverage of railways and stations, containing information relating to the position and 392 

characteristics of each element, such as the type (number of tracks; type of embankment, etc.) (vector files 393 

provided by RFI). 394 

- Digital Elevation Model (DEM) with national coverage at 20 m resolution (from SINAnet, ISPRA; 395 

see Data availability section).       396 

- National coverage of main and secondary hydrographic basins, and hydrographic network, obtained      397 

from the SINAnet of the ISPRA. 398 

- National coverage of the FRMP flood hazard maps derived for three return periods (Tr): H1 (Tr up to 399 

500 years), H2 (Tr = 100-200 years) and H3 (Tr = 20-50 years); maps updated to 2017 SINAnet website.       400 

  401 
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4. Results and discussion 402 

4.1 Flood hazard class attribution  403 

This Section illustrates in detail the results obtained for the Paglia basin (1404 km2, including 404 

approximately 110 km of infrastructure), which was one of the case studies analyzed using both FRMP and 405 

GFI maps. It also provides an overview of the most significant findings obtained over the other selected basins.  406 

Figure 8, panel a) represents the hydrologically conditioned DEM; panel b) the derived flow directions; 407 

panel c) the flow accumulation. Panels d), e), f) show respectively in yellow, orange and red the RSs falling in 408 

flood-prone areas for hazard scenarios H1, H2 and H3 according to the FRMP maps; the remaining part of the 409 

railways network is shown in grey. Cyan points in panel d, e, f) represent the reference points of each section. 410 

  411 

 412 

Figure 8. Paglia case study. Panel a): Conditioned DEM; b): flow direction; c): flow accumulation; d), e), f): RSs falling 413 

in areas mapped by the FRMP with associated hazard H1 (yellow), H2 (orange) and H3 (red), respectively. The cyan dots 414 

represent the reference points and the outlets of the upslope drainage basins of each section. 415 

 416 

Starting from the information described, river slope, time of concentration and potential debris flows 417 

occurrence were evaluated at each reference point. Also, water depths at the same locations were estimated 418 

 1 

d) e) f) 
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(according to Section 2.4). Although evaluated for all flood scenarios, for the sake of brevity, Table 2 only 419 

reports the results for the intermediate hazard scenario H2, which designation is important because it describes 420 

frequent events and is often adopted as the standard for flood protection measure design and floodplain 421 

management regulations. 422 

 423 

Table 2. Classification of RSs exposed to the flood hazard scenario H2 according to the FRMP and GFI in the Paglia river 424 

basin. In italic the variables used for defining the flood hazard class. RSs identified as exposed by the GFI analysis only 425 

are highlighted with a grey background. 426 

 FRMP - H2 

 

GFI - H2 

ID 

River 

slope 

[%]  

Sub-basin 

surface 

[km2] 

Tc 

[h] 

Debris-

flow 

[Y/N] 

Water 

depth 

[m]  

Flood 

hazard 

class 

River 

slope 

[%]  

Sub-basin 

surface 

[km2] 

Tc 

[h] 

Debris-

flow 

[Y/N] 

Water 

depth 

[m]  

Flood 

hazard 

class 
 

215 <1‰ 2.61 1.61 NO 8.40 IV <1‰ 2.61 1.61 NO 5.75 IV  

241 <1‰ 3.86 0.99 NO < 0.05      IV <1‰ 674.77 12.30 YES 11.60 V  

360 <1‰ 95.84 9.28 YES 2.50 III <1‰ 95.84 9.28 YES 2.09 III  

439 0.04 48.65 3.08 YES < 0.05      III 0.05 48.65 3.08 YES 6.26 I  

668 - - - - - - <1‰ 696.74 12.63 YES 5.83 V  

1123 <1‰ 289.71 12.64 YES < 0.05      V <1‰ 289.57 12.62 YES 10.67 V  

1614 0.05 22.46 2.55 YES < 0.05      I 0.15 22.46 2.56 YES 23.12 I  

1650 0.07 11.11 3.23 YES 4.29 I <1‰ 34.36 7.89 YES 10.34 III  

1882 0.25 1.12 0.87 YES < 0.05      I 0.05 48.64 2.99 YES 25.72 I  

2027 <1‰ 233.78 11.88 NO < 0.05      IV 0.10 30.92 3.37 YES 9.86 I  

2055 <1‰ 5.30 1.92 YES < 0.05      III <1‰ 20.32 3.52 YES 0.60 III  

2466 0.04 1.64 0.73 YES 6.26 III <1‰ 634.52 11.91 YES 3.32 III  

2450 - - - - - - <1‰ 1365.01 17.47 YES 17.35 V  

2752 0.07 11.95 2.20 YES 0.00 I 0.05 11.95 2.20 YES 15.00 I  

3142 <1‰ 4.25 2.44 NO < 0.05      IV <1‰ 211.98 11.02 YES 8.48 III  

3285 - - - - - - <1‰ 11.42 2.13 YES 3.67 III  

3980 <1‰ 212.08 10.84 YES < 0.05      III <1‰ 212.08 10.84 YES 14.95 III  

 427 

Table 3 reports the metrics obtained in calibrating the linear binary classification based on the GFI for 428 

the Paglia river basin for the H2 scenario. The calibration is carried out comparing, cell by cell, the GFI flood-429 

prone/flood-free areas with the FRMP flood hazard maps, obtaining a contingency table and performance 430 

metrics.  431 

 432 

Table 3. Performance measures obtained in calibrating the linear binary classification based on the GFI for the 433 

Paglia river basin. The Area Under the Receiver Operating Characteristics curve (AUROC) value that aggregates the 434 

performance of the classifier at all threshold values is also reported. 435 

Paglia River Basin – H2 

True Positive Rate 

RTP 

False Negative Rate 

RFN 

True Negative Rate 

RTN 

False Positive Rate 

RFP 

Area Under the ROC 

curve 

AUROC 

90% 10% 75% 25% 0.87 

  436 
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Figure 9a shows the spatial distribution of the GFI in the Paglia basin; Figure 9b illustrates the flood 437 

hazard map according to the FRMP (specifically, H2 is shown) that was used to calibrate the GFI binary 438 

classification and identify the flood-prone areas for each hazard scenario; Figure 9c represents the GFI flood-439 

prone areas for the H2 hazard scenario.      440 

Predicted flood-prone areas have a very high True Positive Rate (RTP) (90% of the raster cells are 441 

correctly identified as flood-prone). On the other hand, the False Positive Rate (FPR) of 25% obtained for the 442 

Paglia basin shows a tendency to over predict flood-prone areas. 443 

 444 

Figure 9. Panel a): spatial distribution of the GFI in the Paglia river basin; b): FRMP mapping of H2 hazard scenario, 445 

used for the calibration of the GFI method; c): resulting flood-prone areas map for the H2 hazard scenario according to 446 

the GFI approach. 447 

 448 

Table 2 also reports the results of the analysis performed on the Paglia river basin with the GFI approach.  449 

Looking at results, it can be noticed how the greater extent of the river network investigated with the 450 

GFI approach translates into an increase in the number of exposed RSs. In addition, the flood hazard class 451 

attributed to a given section may vary in relation to the adopted approach. As a matter of fact, a different 452 

inundation extent may result in the identification of different reference points, thus potentially different slopes 453 

(e.g. RSs 439, 1650), drained basins and exposure to debris flow phenomena (e.g., RSs 241, 2027). This also 454 

entails differences in terms of Tc and water depth. In particular, changes in the flood extent delineation and 455 

consequent intersection with different portions of RSs result in different hydrological parameter estimations 456 

(see also eq. 3) and thus in different Tc values (e.g., longer Tc adopting the GFI in one-third of the cases along 457 

the Paglia basin).   458 

Concerning the water depth, in general, GFI tends to overestimate compared to FRMP, where inundation 459 

map is typically derived from more detailed investigations (i.e., hydraulic modeling; see e.g. Manfreda and 460 

Samela, 2019). Although a direct comparison of RSs having the same ID could be misleading for the reasons 461 

mentioned above, water depth values for GFI appear significantly higher than those retrieved from FRMP. 462 

Among the different reasons, this appears to be mainly due to the simplified approach adopted in this case. 463 

Conceptual scheme in Figure 6 provides an intuitive explanation, highlighting how the topography of the valley 464 

surrounding the river network may be responsible for such differences. This aspect represents a limitation of 465 

the current approach to be aware of in case the values of the expected water depth might be used for more 466 

detailed investigations. Future methodological development will deal with this particular issue.  467 
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For each hazard scenario, Figure 10 graphically shows the comparison between the flood risk classes 468 

obtained in the Paglia basin using the FRMP maps (panels a, b, c) and those obtained using the GFI maps 469 

(panels d, e, f). Sections are mapped with different colors according to the different classes.  470 

 471 

Figure 10. Classification of the sections based on the expected alluvial phenomena in the Paglia basin, according to the 472 

FRMPs for the hazard scenarios H1, H2 and H3 (respectively: panels a, b, c), and according to the GFI procedure for the 473 

hazard scenarios H1, H2 and H3 (respectively: panels d, e, f). Not classified sections are depicted in green. 474 

 475 

From Figure 10 it is worth noting that the railway line exposed to flood hazard according to GFI mapping 476 

is more extended than the one obtained using the FRMP maps. The same consideration emerged in all the five 477 

basins investigated with the GFI method. Although they are not described in detail for the sake of brevity, the 478 

most meaningful findings are summarized in the following Table 4 and Table 5. Specifically, Table 4 shows 479 

how the flood hazard areas identified by the GFI procedure are significantly larger than the ones spotted in the 480 
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official maps. This can be attributed to different reasons: i) in general, GFI seems to overestimate the flood 481 

inundation extent (this is in line with previous findings; e.g., Manfreda and Samela., 2019; Samela et al., 2017); 482 

ii) the inclusion of the minor order river network ensured by this method, which are often neglected in FRMP 483 

maps. Accordingly, the exposed railway line in terms of linear extent, reported in Table 5, results much higher 484 

for the GFI analysis for all the case studies.  485 

 486 

Table 4. Areas [km2] identified as potentially affected by floods according to FRMP and GFI maps for all the case studies. 487 

Case 

study 

River 

basin 

Basin 

surface 

[km2] 

Floodable surface - H1 

[km2] 

Floodable surface - H2 

[km2] 

Floodable surface - H3 

[km2]  

 

FRMP GFI FRMP GFI FRMP GFI  

1 Aulella 408.3 7.91 38.48 6.95 38.13 5.54 35.22  

2 Paglia 1403.8 87.75 224.89 70.33 200.34 55.29 200.34  

4 Basento 1552.8 63.55 166.71 59.77 166.71 48.01 157.12  

 488 

Table 5. Linear extent (in km) of RSs potentially affected by floods according to FRMPs and GFI maps for all the case 489 

studies. 490 

Case 

study 

River 

basin 

Basin 

surface 

[km2] 

Affected infrastructures 

H1 [km] 

Affected infrastructures 

H2 [km] 

Affected infrastructures 

H3 [km]  

 

FRMP GFI FRMP GFI FRMP GFI  

1 Aulella 408.3 8.74 21.75 6.98 21.49 6.24 21.07  

2 Paglia 1403.8 64.27 87.71 54.93 82.73 35.34 82.73  

4 Basento 1552.8 36.22 82.29 28.21 82.29 19.41 77.19  

 491 

A comprehensive summary of the analysis performed over all the investigated basins (5 with the FRMPs 492 

maps and 5 using the GFI method) is reported in Table 6, which provides the total number of affected RSs in 493 

each basin, and how they rank in each flood     hazard class. The three basins investigated using both methods 494 

(indicated with grey background) corroborate what observed in the Paglia basin: exploring larger areas and 495 

longer railway segments brings to the identification of an increased number of potentially affected RSs. 496 

 497 

  498 
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Table 6. Number of RSs for each flood hazard class (and their percentage with respect to the total exposed infrastructure) 499 

for the five case studies investigated on the basis of the FRMP (hazard scenario H2) and for the five case studies 500 

investigated with the GFI approach. The three basins in common are highlighted with a grey background. The last column 501 

reports the total number of exposed sections. 502 

FRMP- H2 

Case 

study 

River 

basin 

No. of 

sections in 

class I 

(% of total) 

No. of 

sections in 

class II 

(% of total) 

No. of 

sections in 

class III 

(% of total) 

No. of 

sections in 

class IV 

(% of total) 

No. of 

sections in 

class V 

(% of total) 

No. of 

sections in 

class VI 

(% of total) 

Total exposed 

sections  

1 Aulella 
3 0 2 1 0 0 6 

 50% 0% 33.3% 16.7% 0% 0% 

2 Paglia 
4 0 5 4 1 0 

14 
28.6% 0% 35.7% 28.6% 7.1% 0% 

3 Basento 
4 0 5 1 2 1 

13 
30.8% 0% 38.5% 7.7% 15.4% 7.7% 

4 
Dora 

Baltea 

13 2 5 1 5 1 
27 

48.1% 7.4% 18.5% 3.7% 18.5% 3.7% 

5 Tronto 
3 0 1 3 0 2 

9 
33.3% 0% 11.1% 33.3% 0% 22.2% 

Total 
27 2 18 10 8 4 

69 
39.1% 2.9% 26.1% 14.5% 11.6% 5.8% 

GFI - H2 

Case 

study 

River 

basin 

No. of 

sections in 

class I 

(% of total) 

No. of 

sections in 

class II 

(% of total) 

No. of 

sections in 

class III 

(% of total) 

No. of 

sections in 

class IV 

(% of total) 

No. of 

sections in 

class V 

(% of total) 

No. of 

sections in 

class VI 

(% of total) 

Total exposed 

sections  

1 Aulella 
5 1 4 0 0 0 

10 
50% 10% 40% 0% 0% 0% 

2 Paglia 
5 0 7 1 4 0 

17 
29.4% 0% 41.2% 5.9% 23.5% 0% 

3 Basento 
6 0 10 0 2 0 

18 
33.3% 0% 55.6% 0% 11.1% 0% 

4 Torto 
5 0 3 2 0 0 

10 
50% 0% 30% 20% 0% 0% 

5 Chienti 
3 3 0 2 0 0 

8 
37.5% 37.5% 0% 25.0% 0% 0% 

Total 
24 4 24 5 6 0 

63 
38.1% 6.3% 38.1% 7.9% 9.5% 0% 

 503 

4.2 Validation against historical flood events and procedure limitations 504 

With the intent of providing evidence on the value of the proposed methodology, we validated our results 505 

by comparing the RSs resulting exposed to flood hazard to historical records of critical conditions attributable 506 

to fluvial or pluvial flood scenarios. Memories of past critical conditions were collected with the support of 507 

RFI referring to the 2001-2014 period for the three basins where both FRMP and GFI maps were used. The 508 

H2 hazard scenario has been chosen again being the one of major operational interest. In the three basins 509 

investigated with both methodologies, we looked for recorded flood events and then we verified how many of 510 

them involved RSs labelled as exposed according to our analyses. The recorded events are shown with blue 511 
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dots in Figure 11. Panels of Figure 11 show the overlap between the location of the historical flood events and 512 

the RSs belonging to the different classes or not classified for: a) Paglia, b) Basento and c) Aulella basins. 513 

 514 

Figure 11. Comparison of exposed sections and recorded local inundations for Paglia, Basento and Aulella basins (panels 515 

a), b) and c), respectively). The spatial geolocation of the historical flood events is depicted with blue dots. RSs found to 516 

be at risk according to the analysis with the GFI approach (H2 scenario) are represented in different colors according to 517 

their flood hazard class; the non-classified portion of the railway network is represented by the grey line. 518 

 519 

Table 7 shows the results of this comparison, reporting the percentage of real events occurred along 520 

exposed sections with respect to the total. The events that occurred at railway stations were referred to the RS      521 

immediately upstream. Results highlight how the GFI approach ensures a wider identification of sections 522 

potentially affected by hydrological events. As a matter of fact, some of the locations affected by these 523 

phenomena in the past have been properly spotted with the GFI approach, while neglected by the analysis 524 

performed adopting FRMP maps. It is also possible to note the failure of both methods in identifying additional 525 

places affected by flood events. This might be due to the fact that among the hydrological events recorded as 526 

"alluvial", together with riverine floods, also pluvial inundation caused by local convective meteoric 527 

phenomena are included. Evidently, those latter events cannot be described by the methodology reported here. 528 

In addition, it is worth mentioning that a fast-processing geomorphologic approach, as the one tested, is 529 

certainly approximated with respect of performing hydrologic-hydraulic modelling. Nevertheless, the 530 

information obtained can be useful to target the investments on the critical points of the railway line and 531 

appropriately prioritize additional detailed analyses and interventions.  532 

Furthermore, the level of accuracy ensured by the approach is expected to increase adopting input data 533 

of higher precision: the availability of high resolution DEM, or DSM (Digital Surface Model), would allow to 534 

considerably reduce the uncertainty in the results and obtain a more realistic information on the state of the 535 

railway line, allowing to provide assessments not only on the hazard of each section, but also on its actual 536 

 1 
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exposure to the different damage scenarios (overtopping, infiltration, washout, impact against alluvial 537 

materials). 538 

Concerning debris flow, the identification of the triggering areas and flow paths is carried out by 539 

exploiting exclusively topographic information, which can be derived from the DEM (i.e., flow accumulation 540 

and slope). Though suitable for large scale investigation and validated in previous studies (see e.g., Pastorello 541 

et al., 2017), it is worth noting that the adopted approach presents elements of uncertainty and margins of 542 

improvement. Potential threshold distinction in relation to other distinctive parameters (e.g., topographic, 543 

geologic, soil or land cover type, etc.) is not provided in the literature (to the best of our knowledge), yet. 544 

Nevertheless, such possibility might enhance the approach accuracy, especially for the definition of debris 545 

flow dynamics, which is likely to appear more sensitive to those parameters compared to the identification of 546 

triggering areas. That said, the range of the adopted threshold is considered to be wide enough to appear 547 

prudential in the identification of the triggering areas, which sounds appropriate for the scope of the overall 548 

investigation framework. Additional and more detailed analysis will be eventually planned for the basins where 549 

debris flow risk appears more severe. 550 

 551 

Table 7. Historical flood events recorded in the years 2001-2014 that affected the railway network in the 3 basins 552 

investigated on the basis of both official FRMP maps and GFI method; the total number of events and the number of 553 

events occurring on exposed sections are reported (hazard scenario H2). 554 

FRMP – H2 

River basin 

No. of recorded 

historical flood 

events 

No. of exposed 

sections 

% of events on 

exposed sections 

     Hazard class 

of the involved 

sections  

Aulella 1 1 100% I  

Paglia 5 2 40% III  

Basento 12 3 25% III, I  

GFI – H2 

River basin 

No. of recorded  

 historical flood 

events  

No. of exposed 

sections 

% of events on  

exposed sections 

     Hazard class 

of the involved 

sections  

Aulella 1 1 100% I  

Paglia 5 3 60% III  

Basento 12 6 50% I, III  

 555 

 556 

5. Conclusions  557 

The present paper illustrates a fast-processing methodology for large-scale assessment of flood hazard 558 

on transport infrastructure, with a focus on rail networks. The developed methodology is based on the use of 559 

geomorphological variables, which can be inferred through specific analyses from a DEM of adequate spatial 560 

resolution. Specifically, the methodology carried out enables: 561 

- The identification of the network segments (railway sections, RSs) that are prone to different flood 562 

hazard scenarios (H1, low probability; H2, medium probability; H3, high probability) by using the official 563 
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FRMP maps. The obtained result is a homogeneous mapping, with a potential national coverage, based on the 564 

most recent information (FRMP 2017). 565 

- The development of an investigation algorithm to identify potentially floodable areas, for various 566 

return periods, that represents a completion and an alternative to the use of the official maps offered by the 567 

River Basin Authorities. This approach is based on the Geomorphic Flood Index (GFI), which considers 568 

exclusively the topographic characteristics of the area of interest and is able to offer a more extensive mapping 569 

of the flood susceptible areas, also considering the minor order river network, largely neglected in the existing 570 

flood hazard maps (PAI, FRMP). This alternative mapping enables the identification of flood-related hazards 571 

for RSss located in areas not yet investigated by the FRMP. 572 

-  Advancements on the evaluation of the hydrological characteristic of the expected flood events 573 

through the estimation of the time of concentration of the drainage basins closed at the RSs of interest. 574 

- Extension towards the identification of RSs that can be potentially affected by the impact with alluvial 575 

materials (debris-flow), which triggering locations and paths are estimated based on the topographical 576 

characteristics of the area of interest. 577 

- The development of an algorithm for a preliminary evaluation of the water depth expected at the 578 

flooded RSs, useful to evaluate the risk of overtopping of the railway network in case of the availability of 579 

more detailed information about the rail height or a high-resolution DSM. 580 

The proposed methodology was applied and tested over seven Italian basins, only partially considered 581 

in the FRMPs, and considering three hazard scenarios (H1, H2 and H3). To perform a first validation of the 582 

procedure reliability, the results were compared with historical flood events that involved the railway 583 

infrastructure. Results were found to be in line with the experiences and observations reported by RFI (network 584 

manager) regarding the occurrence of slowdowns or service interruptions, defining the result of the application 585 

satisfactory. The methodology is suitable for assessing the criticality of sections and estimating a ranking of 586 

intervention priorities, which could be useful for planning hazard mitigation interventions and measures to be 587 

adopted during the event. Additional investigations will be carried out in the next future to test the 588 

performances of the proposed methodological framework in different hydrological/morphological conditions. 589 

This simplified methodology represents a useful tool for the assessment of the classes of inundation and 590 

mass-movement phenomena for sections that intersect areas at risk of flooding, whether they are already 591 

mapped or not in official basin planning tools. The study showed how the GFI procedure can be adopted to 592 

extend the mapping where official maps are non-exhaustive or completely lacking. The strength of the 593 

methodology resides on its applicability to any hazard scenario and study area, requiring only a DEM of 594 

adequate resolution (i.e., 20 m in our study) and some reliable information for small portions of the area of 595 

interest (for calibration purpose).  596 

Concluding, the presented study has led to the identification of useful tools and methodologies for a 597 

rapid and homogeneous identification, potentially suitable for large spatial scales application, of RSs prone to 598 

water-related hazards, which represents a first step of the process intended to assess and mitigate the overall 599 

flood-related risk for the railway network. Future investigations will combine current hazard assessment with 600 
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network exposure (n° of trains, passengers, cargo, etc.) and vulnerability assessment leading to the 601 

identification of risk reduction measures.  602 

Furthermore, the methodology is flexible and, with appropriate adaptations, suitable to perform analyses 603 

of other transport networks (e.g., road infrastructures). 604 

 605 

Data availability      606 

DEM, hydrographic basins and hydrographic network, as well as FRMP flood hazard maps are available from 607 

the National Environmental Information System Network (SINAnet) of the Italian Institute for Environmental 608 

Protection and Research (ISPRA) (http://www.sinanet.isprambiente.it/it/sia-ispra/download-609 
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