CLIMATE IMPACT ANALYSIS — APPLICATION EXAMPLE ON
HILLSLOPE DEBRIS FLOWS AND DEBRIS FLOWS ALONG THE
GERMAN RAILWAY NETWORK
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ABSTRACT

Gravitational mass movements cause considerable damage to rail infrastructure and traffic. Since most gravitational mass movements in

Germany are triggered by adverse weather conditions, they can be considered as a climate impact. In order to determine which parts of a
transport network are particularly at risk from a specific climate impact, the BMDV Network of Experts from the German Federal Ministry
for Digital and Transport (BMDV) has developed the integrated climate impact analysis. This tool estimates climate impacts on the transport
sector based on a three-step procedure (exposure, sensitivity and criticality analysis). In this paper, we present the exemplary application
of the three steps for hillslope debris flows and debris flows along the German railway network. The resulting maps can serve as decision
support tools for railway operators to identify route sections with an increased need for adaptation measures and to prioritize the construc-

tion of new protection structures.

INTRODUCTION

Gravitational mass movements represent a significant source of danger for the safety of rail transport and can cause major economic damage.
Although gravitational mass movements do not occur as frequently as other natural hazards in Germany, the magnitude of disruptions cause
by individual events can be severe. A recent example of a particularly large event along the German railway network occurred in March 2021
in the Upper Middle Rhine Valley near the village of Kestert (close to the famous Lorelei). A rockfall with a volume of approximately 16000
m3 led to a seven-week full closure of the railway line at the footslope, which is part of the important European freight corridor Genoa —
Rotterdam, on which usually 114 freight trains and 56 local passenger trains run per day (Bundesanzeiger 2023). Events of this magnitude
are rare, however, the gravitational mass movements that occurred along the German railway network between 2018 and 2020 reduced daily
train traffic per track segment by 16 % on average (Fabella & Szymczak 2021).

According to Dikau & Glade (2003), around 10 % of the area of Germany can be classified as vulnerable to gravitational mass movements.
Transport infrastructure is particularly relevant and exposed because it is interconnected throughout the country, as demonstrated by the
evaluation and monetarisation of damages by Klose et al. (2012). Using the example of the middle mountain regions of two federal states
(Hesse and Lower Saxony), they show that damage to transport infrastructure accounts for around 90 % of the total damage caused by
gravitational mass movements between 1980 and 2010. Particularly remarkable is that a great proportion of the damage affected the railway
infrastructure (34.2 %) despite a low number of events in the given period (4.9 %).

In terms of transport routes, gravitational mass movements most often result in the blocking or destruction of transport infrastructure (Kraut-
er et al. 2012). They can cause damage to the substructure and superstructure and destabilize dams and embankments. Damage on overhead
lines is mainly caused by falling processes, while track position failures occur mainly in deep-seated slides or slumps. Depending on the
extent of the damage and the stability conditions after an event, a line closure is necessary, which, depending on its duration and length,
entails time-consuming detour or the transfer to other modes of transport. Particularly in the case of spontaneous and rapid events such as
hillslope debris flows and debris flows, there is also a risk of train derailments (Figure 1). Compared to road transport, mass movements of
identical size pose a higher risk of damage for rail traffic due to the fixed track, longer braking distance and train length (Krauter et al. 2004).
Knowledge about vulnerable areas along railway networks, preventive measures and expected changes in the intensity and frequency of
gravitational mass movements in the course of climate change are therefore of great importance for resilient rail transport. In this paper, we
present how a three-stage climate impact analysis can be used to identify areas in the German railway network that are at risk from hillslope

debris flows and debris flows and to categorize them for the prioritization of adaptation and action measures.

METHODS

This study focuses on the German railway network. It has a length of 34207 km, of which some lines are specifically dedicated to high-speed
trains. However, in most parts of the network, the tracks are shared by all types of trains (regional, long-distance and freight). A GIS-lay-
er of the rail network is available on the Open Data Portal of Deutsche Bahn AG (DB), Germany’s largest railway operator (https://data.
deutschebahn.com/dataset/geo-strecke.html). To determine which parts of the railway network are particular at risk, we applied the concept
of the climate impact analysis, developed by the BMDV Network of Experts, a cross-modal format of departmental research founded by the
German Federal Ministry for Digital and Transport (BMDV). The climate impact analysis serves to assess the current and future climatic in-
fluences and the resulting climate impacts on the transport sector to identify the transport elements that are most affected by and vulnerable

to climate change and to prioritize adaptation needs (Hinsel et al. 2020). The climate impact analysis is a three-step procedure based on
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an exposure, sensitivity and criticality analysis. The exposure analysis aims at detecting the spatial and/or temporal distribution of transport
infrastructure that is potentially at risk due to a specific climate impact, e.g. floods, drought or gravitational mass movements. Based on
simulated slope stability models and high resolution digital elevation models, a process-oriented hazard indication map for hillslope debris
flows and debris flows with a resolution of 5 m was generated for a defined design event (100-year 24h precipitation, KOSTRA dataset of the
German Weather Service) (DZSF 2023; Rinderer et al. submitted). The potential events were then intersected with the Germany-wide railway
network according to their impact on the railway network and the estimated magnitude (Figure 1). Depending on the simulated cubatures,

three hazard classes were distinguished: low (less than 100 m3), medium (100 to 1000 m3) and high (greater than 1000 m3).
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Figure 1: A detailed view of two track sections in the Upper Middle Rhine Valley from the hazard indication map for hillslope debris flows and debris flows to illustrate the level of detail in
the modelling results. The numbers of the hazard classes refer to low (1), medium (2) and high (3) hazards. The red circle indlicates the location of the debris flow event from 25th June 2016,

which led to a train derailment and can be seen in the photographs. The photographs were kindly provided by the Bundesstelle fiir Eisenbahnunfalluntersuchung.

The second step of the climate impact analysis — the sensitivity analysis — investigates the vulnerability of transport infrastructure by climate
impacts, depending on object- and route-specific infrastructure characteristics. For the presented example, the presence or absence of slope
stabilization structures, derived from a data set provided by DB Netz AG, was choosen. The presence of slope stabilization structures can
indicate a low sensitivity due to already sufficient protection. However, it should be kept in mind that more information beside the presence
of a structure is necessary for a reliable estimation, e.g. information about the condition and the dimensions of the structure. Therefore, with
the available data set, it is not possible to determine in a realistic way whether the protection structures are sufficient or not. Since sensitivity
analysis is a crucial step in cliamate impact analysis, we show an example of how it can be performed. However, this step is not included
in the integrated climate impact analysis (Figure 2d). The criticality analysis — the third step of the climate impact analysis — evaluates the
traffical importance of route sections. As several indicators for the determination of criticality exist, we used the results specifically designed
for the climate impact analysis of the BMDV Network of Experts from BASt (unpublished), where a set of 15 indicators was combined to
a single criticality indicator, which is available for each route segment of the German railway network. Important factors influencing the
criticality rating are for example the volume of passenger and freight traffic, the allowed speed or the presence of particularly critical infra-

structure such as large bridges, terminals for combined transport or logistic centres.

RESULTS AND DISCUSSION

Exposure analysis

Around 9 % of the German railway network are potentially affected by hillslope debris flows or debris flows (Figure 2a). The most vulner-
able parts of the German railway network are located in the middle mountain ranges. The alpine regions in southern Germany are also
affected but the total length of railway network in alpine regions of Germany is low compared to the middle mountain region. The greatest
vulnerability in the middle mountain regions is not only due to the basic natural features, but also to the anthropogenic shaping of the land-
scape during the construction of the railway lines. While new high-speed lines are often built in a straight line not following the topography,
but compensate for topographical differences with artificial structures such as bridges and tunnels, old railway lines often follow the major
river valleys in Europe’s middle mountain regions. Particularly in these areas, it is necessary to construct artificial embankments in many
places to stabilize the track body, and slopes are cut during the construction process, leading to a change in the slope geometry, especially
in the footslope area. As the construction of many European railway lines dates back more than 100 years, a large part of the alignments and

embankments have been constructed according to different specifications than today (Rachoy & Scheikl 2006). Artificial embankments can
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remain stable for years and only become unstable over time due to the long-term effects of weathering processes and heavy precipitation

events. Furthermore, it must be taken into account that the water content on slopes in the rail environment is influenced in many ways, for
example by track drainage facilities, culverts of flowing waters and slope drainage.
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Figure 2: The three steps of the climate impact analysis (exposure (a), sensitivity (b) and criticality (c) analysis) for the hazard of hillslope debris flows and debris flows along the German

railway network. The map of the climate impact analysis (d) shows only these route sections which are exposed to hillslope debris flows and debris flows and are in the highest criticality
class. The presence or absence of a slope stabilization structure was not considered.
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Sensitivity analysis

The data set contains a total of 1014 entries of slope stabilization structures (Figure 2b). Most of them are located in the middle mountain
regions and at the traffic routes along major rivers. Only for some measures it is indicated against which type of mass movement the safety
structure was constructed. However, around 84 % of the structures are located in areas potentially affected by hillslope debris flows and
debris flows as indicated in the exposure analysis. But without information on the condition of the safety structures and their dimensions, it
cannot be concluded that these areas are adequately protected. For a reliable statement, more detailed information on the safety structures,
e.g. from inspections, is required. Based on the length of the total railway network, the number of measures appears to be very low. A pos-
sible explanation for this could be that the data set only comprised of measures that have been commissioned by DB and may not include
other measures. If two modes of transport run parallel to each other, a safety structure built to protect a road, for example, can also protect
the rail. A complete cadastre of all safety structures along the transport routes in Germany would therefore be desirable. It would also be
helpful to have supplementary information on the condition of the safety structures and their dimensions to estimate if they are adequately

adapted to projected climate change.

Criticality analysis

Around 11 % of the railway network is at the highest criticality level (Figure 2c). These include both the most important domestic German
transport axes for passenger and freight traffic and important European freight corridors. The sections in the highest criticality level are pre-
dominantly electrified double-track lines on which high velocities are possible. Freight traffic has been assigned a higher weighting in the
calculation of criticality, with eight of the 15 individual indicators relating exclusively to freight traffic. This is due to the fact that the security
of supply with consumer goods should be in the foreground of criticality assessments (BASt unpublished). Since most of the German rail-
way network is approved for both types of use, the combined indicator gives a good overall overview of the criticality of the entire railway
network. Depending on the research question or the focus of the analysis, however, it is equally conceivable to use only one or selected

individual indicators for the criticality analysis and to adjust their weighting accordingly.

Integrated climate impact analysis

The map with the integrated climate impact analysis shows only these route sections which are exposed to hillslope debris flows and de-
bris flows and are in the highest criticality class (Figure 2d). This affects approximately 282 route kilometers, which can be identified as the
highest priority sections for new adaptation measures. The railway section currently protected by safety measures need to be inspected in
terms of the appropriate type and condition of the existing safety measures.

Possible applications by infrastructure operators

The maps presented are currently being prepared for publication on freely accessible internet portals so that they can be downloaded
and used by infrastructure operators. The maps can be used to identify hotspots that are prioritized for the implementation of adaptation
measures. Furthermore, the maps can serve as an important basis for environmental impact assessments, as is already being done with a
map on landslides and embankment slides (EBA 2018). This map was validated by an infrastructure operator based on the effects of the
heavy rainfall events in July 2021 in south-eastern Bavaria (Szymczak et al. 2023). A high degree of correspondence was found between
the sections of the hazard information map identified as potentially at risk and the actual and correctly documented damaged areas in the
vicinity of the railroad line number 5471. The heavy rainfall events triggered embankment slides and erosion despite extensive structural

safety installations. So the maps can help to identify regions possible at risk in case of extreme events.

CONCLUSIONS

In this paper, we showed the exemplary application of the climate impact analysis developed by the BMDV Network of Experts for the
risk of hillslope debris flows and debris flows along the German railway network. The climate impact analysis can be used to derive which
sections/routes have an increased need for adaptation measures (exposure analysis, sensitivity analysis) and which should be prioritized
(criticality analysis, integrated climate impact analysis). It is therefore a valuable tool for transportation agencies and operators. However,
the exact methodology for combining the different layers and the quality of available data sets need to be considered and communicated
to operators. Studies on railway networks must also take into account factors specific to railways for the implementation of measures, e.g.
long braking distances of trains compared to cars that play a role in the positioning of warning systems, the division of the line into block

sections, and the fact that even short-term bypasses of railway lines are associated with a high logistical and personnel effort.
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