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ABSTRACT
Gravitational mass movements can have a significant impact on the safety and operability of railway networks. Even though Germany is 

characterized by mainly low to moderate relief some sections of the approximately 34’000 km of railway network are affected by rapid mass 

movements. The aim of the study presented in this paper was to assess the potential hazard from hillslope debris flows and debris flows 

to the entire German railway network. Based on available digital data, a process-oriented methodology for the delineation of hazard areas 

was developed. The two models used are based on a combination of deterministic and probabilistic approaches to simulate flow trajecto-

ries, flow dispersion and runout distance of hillslope debris flows and debris flows. The approach was tested and optimized in three pilot 

regions, compared to 2D hydraulic modeling results and validated in the field. The models were then applied to the entire German railway 

network. The resulting hazard indication map provides a good overview of sections of the railway network potentially affected by hillslope 

debris flows and debris flows.

INTRODUCTION
In certain sections along the German railway network rapid mass movements such as debris flows and hillslope debris flows can impact the 

safety and operability of railways. This includes passengers, staff, goods, and railway infrastructure. In case of an incidence indirect costs can 

arise from train cancellations and deviations. In an earlier project funded by the Federal Ministry for Digital and Transport (BMDV) of Ger-

many an engineering geological hazard indication map for landslides and embankment failure was created for the German railway network 

(Kallmeier et al., 2019). This map was mainly based on nationwide available information on geology and slope with an expert-based set of 

hazard modification criteria. It was however not process-oriented in the sense that the trajectories and runout distance of mass movements 

were not simulated. One of the conclusions from the project was that the rapid mass movements, such as hillslope debris flows and debris 

flows, require further detailed investigation. These two processes account for a large number of events that cause damage to the German 

railway network.

On behalf of the German Centre for Rail Traffic Research at the Federal Railway Authority (DZSF), geo7 AG (Bern / Switzerland) and ge-

omer GmbH (Heidelberg / Germany) developed a new regional hazard indication map for hillslope debris flows and debris flows for the 

entire German railway network. The underlaying modeling concept and results are presented in this paper. The challenge was to assess the 

hazard of hillslope debris flows and debris flows for more than 34’000 km railway network of entire Germany and at the same time deter-

mine the source areas, flow trajectories and potential runout distance in a process-oriented way. The applied models used a combination of 

deterministic and probabilistic approaches and resulted in realistic hazard indication zones. These hazard indication zones show all location 

along the railway network where hillslope debris flows and debris flows can potentially occur not accounting for probability of occurrence 

or risk in case of an event. By applying simplified versions of physically based models, we were able to process the entire railway network 

within a reasonable amount of time.

MODELING CONCEPT
To reflect differences in source areas, trigger mechanisms and process areas, a differentiation between hillslope debris flows and debris flows 

was necessary, and consequently two different models were used: the SlideSim model for hillslope debris flows and the MGsim model for 

debris flows. Both models were developed by geo7 and had been tested in different case studies in Switzerland and Germany. Necessary 

input parameters were derived from the digital elevation model DGM5 of the Federal Agency for Cartography and Geodesy (BKG) based on 

the elevation models of the federal states, the digital baseline data model Basis-DLM (BKG & federal states of Germany) as well as the soil 

map 1:200 000 (BÜK 200) of the Federal Institute for Geosciences and Natural Resources (BGR) and the KOSTRA data 2.0 of the Deutscher 

Wetterdienst (DWD) ( Junghänel et al., 2017).

The workflow, model components and inputs for deriving the hazard indication map for hillslope debris flows and debris flows is shown 

in Figure 1. The first step was to determine the source areas. For hillslope debris flows, a physically-based slope stability model (In-

finite-Slope-Stability approach, Montgomery & Dietrich, 1994) was used. For debris flows potential source areas were determined empirically 

using the parameters channel slope and catchment size (Rickenmann, 2014). The 2-parameter approach of Voellmy (1955) and the lumped 
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slope approach (Heinimann, 1998) were used for the runout distance. Monte-Carlo simulations resulted in potential flow paths and ultimate-

ly the process areas that could potentially be affected by hillslope debris flows and debris flows.

The volume of each hillslope debris flow and debris flow was roughly estimated from the thickness of loose soil material at the source point 

(hillslope debris flow) and from the erosion of loose material along the flow path in the channel (debris flow). Based on the probabilistic 

flow paths an order of magnitude of the expected sediment load was derived and classified for the designation of hazard areas. The hazard 

areas were then intersected with the railway network. The result was presented as a synoptic hazard indication map for hillslope debris 

flows and debris flows along the German railway network.

Figure 1: Workflow for the generation of the hazard indication map of hillslope debris flows and debris flows along the German railway network. Shown in grey are model input data, in blue 

sub models, in light blue model criteria, in green results of the sub models and in yellow the final result.

The described modeling concept was tested and optimized in three pilot regions, which were situated in the Pre-Alps, the Elbe Sandstone 

Mountains, and the Sauerland region. The pilot regions were chosen in such a way that they covered typical landscapes in Germany in 

which hillslope debris flows and debris flows can occur. The railway network in the pilot regions was investigated on site and the simu-

lated hazard zones were checked for plausibility. In one of the pilot regions, the simulated process area derived from the regional hazard 

indication models was compared to a 2D hydraulic simulation and good agreement was found in terms of hazard area and runout distance. 

The regional hazard indication models and their parameters were optimized and then transferred to the remaining areas of Germany. Since 

these parameters are mainly physically based such as the friction parameters or criteria for the definition of source areas, it is also technically 

legitimate to assume that these parameters are valid in other landscapes of similar characteristics.

The geospatial data like flow direction, flow accumulation as well as the start cells for hillslope debris flows and debris flows were calculated 

individually for the river basins of Germany (open data from the Federal Institute of Hydrology, BfG). The simulation of hillslope debris 

flows and debris flows then took place for each of the 500 km² sub-catchments, with simulations limited to start cells within a buffer of 

1000 m on both sides of the railway network. The partial results were then combined into a Germany-wide grid for hillslope debris flow 

and debris flow process areas.

RESULTS
The result of the simulations is the hazard indication map for hillslope debris flows and debris flows for the German railway network, which 

will be publicly available in 2024 via the Geoportal (https://geoportal.eisenbahn-bundesamt.de) or mobilithek (https://mobilithek.info/ ). 

Figure 2 shows a small section of the hazard indication map in the upper Middle Rhine Valley north of Bingen. The four panes show the map 
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of process areas for hillslope debris flows (top left), for debris flows (top right), the hazard indication classes for hillslope debris flows and 

debris flows (bottom left) and the hazard indication classification transferred to the railway network (bottom right) The hazard classification 

was based on the simulated size of the hillslope debris flows and debris flows. A total of 34’177 km of tracks were analyzed of which 606 

km (2 %) were tunnelled and thus not at risk. 2’450 km (7 %) were found to be potentially affected by hillslope debris flows and 1’276 km 

(4 %) by debris flows. For the remaining 31’121 km (91 %) and 32’295 km (95 %), respectively, no hazard due to hillslope debris flows or 

debris flows was identified. When considering both processes in combination (synoptic assessment) 3’191 km (9 %) of the German railway 

network were potentially affected by hillslope debris or debris flows. For the remaining 30’380 km (89 %) no hazard due to hillslope debris 

flows or debris flows was identified. Existing protective measures were not considered. This is typical for hazard assessment at the regional 

scale as it is not possible to examine the type and condition of the protective measures in the field across entire Germany.

Figure 2: Simulated process area of hillslope debris flows (top left) and debris flows (top right) as well as hazard indication classes for hillslope debris flows and debris flows combined 

(bottom left) and hazard indication classes transferred to the railway network (bottom right) for a section of the upper Middle Rhine Valley north of Bingen. Geobasisdaten: © GeoBasis-DE 

/ BKG, 2021).

The results were validated using available inventories of documented events across Germany. From the 65 documented rapid mass move-

ments and 1’604 documented landslides in the inventory of the Deutsche Bahn 85 % and 74 % were within or 5 m next to the simulated 

process areas. The hazard indication map for hillslope debris flows and debris flows was also compared to the engineering geology hazard 

indication map along the German railway network developed by Kallmeier et al. (2019). According to the new hazard indication map for 

hillslope debris flows and debris flows a total length of 3’191 km railway tracks was potentially affected by hillslope debris flows and debris 

flows and 1’343 km were potentially affected by landslides and embankment failure in the engineering geology hazard indication map. 

However, both validations need to be interpreted with care. The former due to lack of location accuracy and number of documented events, 

the latter due to different processes covered in the two hazard indication maps.
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SUMMARY AND CONCLUSIONS
In this project, a methodology for assessing the potential hazard from hillslope debris flows and debris flows to the German railway net-

work was developed. For this purpose, process-oriented models and nation-wide available geospatial data were used. The final product of 

the project was a regional hazard indication map for hillslope debris flows and debris flows along the entire German railway network. The 

map shows the total of all possibly affected railway sections. However, it needs to be kept in mind, that not all hillslope debris flows and 

debris flows will occur at the same time. The probability of occurrence is typically not considered in regional hazard indication maps, like 

the one presented here.

Given the large area that needed to be assessed the applied approaches and models were simple and needed to be run with generally 

applicable model parameters. E.g., the soil and geology data were mapped at a scale of 1: 200.000 and therefore did not resolve the natural 

heterogeneity. Nonetheless, the datasets allowed for differentiation between geological regions and soil distribution in Germany. Especially 

the topography could be considered well and therefore resulted in realistic flow trajectories and runout distances. Simulations with a more 

complex 2D hydraulic debris flow model (RAMMS:Debrisflow) in the Pre-Alp pilot region were in good agreement with the results of the 

regional hazard indication models. 

The new regional hazard indication map provides an overview on the railway sections potentially exposed to hillslope debris flows and 

debris flows. It allows for prioritizing further detailed studies and/or the planning of protective measures for sections particularly at risk. The 

so-called hazard “hot spots” need further investigation in the field by experts. For such “hot spots” typically more complex hydraulic models 

can provide additional information on flow velocity, flow depth and pressure of hillslope debris flows and debris flows that are necessary 

to design safety measures.

The regional hazard indication map provides an overview on railway network sections potentially at risk that can also be helpful for the 

personnel responsible for the maintenance of the tracks. The hazard indication map is a reliable dataset to perform further analysis such 

as risk assessments or complex climate impact analyses (e.g., Szymczak et al. 2024). The models used are capable to account for changes 

in extreme precipitation or changes in landcover. In this respect, the hazard indication map for hillslope debris flows and debris flows is a 

versatile dataset to contribute to the current and future protection of the railway infrastructure throughout Germany.
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