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Abstract

:

In contrast to river floods, the enormous erosion potential in catchments contributes significantly to the extent of damage to infrastructure in valleys. This paper investigates the impact of the heavy precipitation event of 14–15 July 2021 on the railroad in the Ahr valley in Rhineland-Palatinate, Germany. In a first step, a detailed overview of the climatological and hydrological drivers using spatially high-resolved precipitation distribution and peak discharge modeling is provided, and the event is placed in a broader context by comparing it to past flash flood events from 1910 and 2016. In a second step, a detailed mapping of damages along the railroad line is performed using aerial photographs. The mapping revealed that bridges are the weakest point during a flood event and that they contribute to an increase and modification of the flood wave through backwater effects. Since flood events are expected to increase in the future, there is an urgent need to increase the resilience of transportation to this hazard and to answer the question of what magnitudes and return periods of events should be used in future sizing of rail infrastructure.
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1. Introduction


River flooding is one of the most serious natural hazards worldwide. Recently, destructive flash floods caused by extreme rainfall during the period 12–15 July 2021 occurred in Germany, Belgium, Luxembourg and neighboring countries, with the areas along the rivers Ahr and Erft as well as the Vesdre in the basin of the Meuse being most severely affected [1]. In some valleys of the Eifel, western Germany, the flood was far more violent, faster and more unpredictable than previously thought possible for such an event in Central Europe [2]. According to Kreienkamp et al. [1], the flooding resulted in at least 184 fatalities in Germany, 38 in Belgium and caused considerable damage to infrastructure such as houses, communication facilities, roads and railway lines, making the event the deadliest European flooding event in nearly three decades and the costliest on record [3]. In case global warming reaches 2 °C, the 6th Intergovernmental Panel on Climate Change (IPCC) assessment report states that extreme precipitation and pluvial and fluvial floods will increase with high confidence in Western and Central Europe [4], meaning that floods caused by heavy precipitation can be expected more often and more severe in the future. In addition, it must be considered that even disregarding climate change, increasing land sealing and anthropogenic changes in river valleys can cause a further increase in floods. In this context, it is essential not only to consider water volumes, and to understand floods triggered by heavy precipitation not only as a phenomenon of too much fast-flowing water [2]. Instead, it is important to assess the erosion potential in the catchment area, because mobilization of large amounts of sediment and deadwood often leads to entrapments at narrow points, e.g., bridges. As a result, runoff is impeded, backwater occurs, and water can reach higher areas [5]. This aspect is particularly important in deeply incised valleys with narrow valley bottoms.



Transport infrastructure has a special role to play, as on the one hand it is affected by natural events, and on the other hand it can contribute to amplifying the effects of them. A functioning and efficient transportation system is a basic requirement for modern economy, supplying society with goods and services. Disruptions or breakdowns in the transportation system can result in potential fatalities, large replacement costs, loss of service even for extended periods, and reputational damage [6]. For instance, road closures left some places inaccessible for days for any forms of emergency response during the flooding event in July 2021 [1]. Otherwise, the artificial constructions of transport routes such as dams, tunnels and bridges can lead to the effects of natural processes being intensified. Bridge piers can lead to higher flood levels upstream, besides eddy currents and high flow velocities near piers can cause local erosion [5]. In turn, the collapse of bridges is often caused by the process of scouring [7]. In mountainous areas, main transport routes usually follow valley courses, reducing the often already limited potential floodplains. Slope cuts for route construction and the construction of tunnel portals, artificial embankments and slopes can interact with deep seated landslides (e.g., [8]) or lead to slope instabilities, thus increasing the potential for gravitational mass movements to occur [9]. In special cases, the means of transport itself represent the main triggering factor for the natural hazard, for example in case of embankment fires, which are frequently caused by fixed brakes [10,11].



The adaptation of transport infrastructure to climate-related natural hazards is a topical issue (e.g., [12]). This is especially true for railroad transport, which is particularly vulnerable to traffic disruptions compared to road transport due to its more complex infrastructure, rail-bound driving, relatively lower network density and thus fewer alternative routes [13]. However, it should be kept in mind that many railroad lines across Europe were constructed over 150 years ago [6]. Consequently, at that time infrastructure was not built in such a way that it is adapted to current climate change and furthermore does not meet the latest building standards. For instance, many railway embankments and slopes along railroad networks were constructed before modern design standard existed [6]. The used end tipping techniques with excessively steep slope angles makes them particularly vulnerable to slope failures during periods of prolonged or intense precipitation [14].



In this study, we examine the impact of the heavy precipitation event in July 2021 on the Ahr valley railroad in Rhineland-Palatinate, Germany. Large parts of the railroad were completely destroyed by the flood. In a first step, we provide a detailed overview of the climatological situation and the spatially highly resolved distribution of precipitation amounts in the catchment area and set up a simple hydrological model to estimate peak discharges. We place the event in a longer time frame and show differences and similarities to the flood events in the Ahr valley of 1910 and 2016. In a second step, we undertake a detailed mapping of the damage that occurred along the railroad line and address the question of the extent to which the railroad bridges contributed to the increase in the flood wave and the erosion potential.




2. Materials and Methods


2.1. Description of the Study Area


The Ahr, a tributary of the Rhine River, is a 85 km long river in the Rhenish Slate Mountains in Western Germany (Figure 1). The catchment area covers 897.5 km2 with its spring located in the High Eifel Mountains at an elevation of around 520 m asl and its confluence in the Rhine River in Sinzig at around 53 m asl. Although the average bottom slope of 0.4% at the middle and lower reaches is not very steep, parts of the catchment are above 600 m asl, so that the whole catchment area is pretty prone to surface runoff intensification [15]. The normal level of the gauge in Altenahr is 0.5 m [16]. Our study focusses on the lowest part between Ahrbrück and Sinzig, since a railroad line serves only this region (Figure 1). In this area, the Ahr valley can be divided into two different geomorphological units. The western part between Ahrbrück and Walporzheim is a canyon-like valley, as are most areas in the catchment upstream of the Ahr. The eastern part downstream of the village Walporzheim is formed as a wider flat river valley. A higher degree of settlement and sealing of the area can be observed in the eastern part. This is mainly due to the largest towns of the Ahr valley, Bad Neuenahr-Ahrweiler with approximately 25,000 residents and further downstream Sinzig with approximately 18,000 residents [17]. In the western part, there are considerably smaller towns with less than 2000 residents, namely Altenahr, Mayschoß (between bridges 6 and 7), Rech (downstream bridge 7), Dernau (upstream bridge 8) and Walporzheim.



2.1.1. Flood Events in the Ahr Valley


Due to the special topographic setting, flood events are common in the Ahr valley. Hence, regulation of the Ahr River started as early as 1880 and was completed before World War One [18]. Seel [18] listed historical flood events in the Ahr River and its tributaries for the time period 1348–1980. These total 75 flood events are equally distributed between summer half-year (May to October, 31 events) and winter half-year (November to April, 33 events) with 11 events missing a seasonal reference, suggesting that flood events in summer are a common phenomenon in the Ahr valley. Summer flood events are characterized by a rapid increase with high flow velocity and a fast decrease, while winter flood events swell more slowly and typically have a preliminary phase with high water levels and are of longer duration. Outstanding catastrophic events, based on the resulting damage, are those of 1601, 1804 and 1910, all of them summer floods finally triggered by thunderstorms. The Trierbach and the Adenauer Bach are usually the main drainage systems for the precipitation that triggers the floods. Roggenkamp and Herget [19] reconstructed peak discharges of historic floods and concluded that the flood events from July 1804 and June 1910 were larger than any recently gauged flood. The most recent flood event before 2021 occurred on 1–2 June 2016, with the highest gauge value measured to that date (3.71 m at Altenahr) [16]. This “century flood“ was caused by a sequence of violent storms with heavy precipitation. The extent of the damage reached historic dimensions, but people did not lose their lives [16]. The event from 14 July 2021 is unique in terms of its magnitude, as water levels reached their highest values since measurements began. The exact water levels are not known as all gauging stations along the Ahr River were damaged or destroyed by the flood wave; however, estimates showed water levels of about 7–8 m at gauge Altenahr [20]. The estimated discharge of 400–700 m3/s [20] is above the reconstructed discharge of the 1910 event (496 m3/s at gauge Altenahr) but below the 1804 event (1280 m3/s at gauge Dernau; value for gauge Altenahr not available) [19].




2.1.2. The Ahr Valley Railroad


The Ahr valley railroad connects the municipalities of the lower Ahr valley to the cities in the Middle Rhine valley. The Rheinische Eisenbahngesellschaft opened the first section of the line from Remagen to Ahrweiler on 18 September 1880 [21,22]. The line was continued to Altenahr on 1 December 1886 and to Adenau on 15 July 1888 [21]. Construction of a second track started in 1910. The flood event from 13 June 1910 swept away the scaffolding used to extend the line and, along with it and other flotsam, destroyed the construction worker’s canteens and numerous road bridges [18]. Thus, the expansion of the Ahr valley railway was delayed, but it was possible to resume operations from Remagen to Altenahr as early as 18 June 1910 [21,22]. The current line prior to the flood event in July 2021 is 29 km long and runs from Remagen to Ahrbrück. The route features five tunnels, and a total of 11 railway bridges cross the Ahr River. The railroad line is not electrified and is double-tracked only between Remagen and Walporzheim. The route of the former second railway track up the valley is used as a cycle path between Rech and Altenahr.



The railroad line between route kilometers 8 and 29 (i.e., between the stations Heimersheim and Ahrbrück) and seven of the bridges crossing the Ahr were completely destroyed by the flood event in July 2021, making a complete reconstruction necessary [23]. On 8 November 2021, the first part of the line between Remagen and Ahrweiler was reopened and extended to Walporzheim one month later [24]. However, the reconstruction of the section between Walporzheim and Ahrbrück will take several years [24].





2.2. Meteorological Description of Events


To place the July 2021 event in a larger context, meteorological and hydrological characteristics are compared to conditions during the flood events of June 1910 and June 2016. We focused on these two events because the June 2016 event was the largest event recorded by measuring systems and the June 1910 event is the largest reconstructed at a time when the railroad line already existed and for which meteorological and hydrological data are available. For a more detailed description of the hydrometeorological situation before and during the rainfall events, several data sources were investigated. For soil moisture, we used Germany-wide raster data of soil moisture under grass and sandy loam provided by Deutscher Wetterdienst (DWD) [25]. Soil moisture is determined and regionalized in the AMBAV model using multiple linear regression from meteorological parameters such as air temperature, total precipitation, wind and solar radiation [26]. The raster data have a spatial resolution of 1 × 1 km. Precipitation resources were hourly RADOLAN (Radar Online Adjustment) rasters of the radar based quantitative precipitation estimation with a resolution of 1 × 1 km for the 2016 and 2021 events. Area-wide, spatially and temporally evenly distributed radar measurements were combined with in situ precipitation measurements, taking advantage of both data sources [27,28]. For the 1910 event, daily precipitation values from stations were regionalized to a grid with a spatial resolution of 1 × 1 km using the HYRAS method [29]. The antecedent precipitation index (API) is a weighted summation of daily precipitation amounts over 21 days based on RADKLIM data [30], which could only be calculated for 2016 and 2021.



All three flood events are linked to a specific weather situation: Firstly, low air pressure dominates the upper troposphere. Secondly, a corresponding depression near the ground causes an increasingly unstable stratification of the troposphere. This situation is often connected with precipitation, especially in summer with severe thunderstorms and heavy rainfall. The situation is intensified by the inflow of warm and very humid air masses, usually from the Mediterranean region. A third important aspect is the topography. If the direction of the storm tracks is unfavorable, i.e., for the Eifel uplands from north (north-east) to south (south-west), then the air masses are additionally forced to rise because of the local orography (relief precipitation). In all three cases, a multiple of the precipitation amounts that would otherwise fall in an entire month (Figure 1) fell within a short period of time.



In the night of 12–13 June 1910, heavy thunderstorms in the upper Ahr catchment (i.e., the area between Hillesheim and Adenau including Nohner Bach, Trierbach and Adenauer Bach) led to high precipitation totals of up to 125 mm per day (Figure 2). Weather observers reported that most of the rainfall occurred within two and a half hours. Additionally, heavy rainfall with up to 30 mm in a few hours already affected the region the day before [31]. In the days from 27 May to 2 June 2016, recurring heavy rainfall in a similar region as in 1910 was the main cause of the flood (Figure 2). Although the single precipitation was not extreme, the weather situation persisted for six days. During this period, total precipitation amounts of up to 130 mm were measured. The flood’s trigger was then at least a single strong precipitation event. At the station Nürburg-Barweiler, more than 42 mm were recorded in just three hours on the evening of 1 June 2016 [32]. The period 12–15 July 2021 was characterized by a slow-moving depression, resulting in both recurrent and persistent heavy rainfall. This time, however, large parts of the Ahr catchment, especially the west and the north, were affected with precipitation totals of 70 to 100 mm per day [33] (Figure 2). In this case, an exceptionally warm Baltic Sea provided further energy and moisture supply, which led to exceptionally extreme precipitation. Models show a deviation of the sea surface temperature of Baltic Sea from the long-term mean of 4 to 7 K [34].



Figure 2 summarizes the moisture conditions and precipitation totals before the three flood events on different time scales. Soil moisture on the respective day prior to both the 2016 and 2021 events was very similar. High, but not exceptionally high soil moisture was observed, decreasing slightly from about 90–100% to 70–80% towards the northeastern part of the catchment. However, regarding the antecedent precipitation index (API) for the last 21 days and the precipitation totals for the last six days prior to both events, a larger amount of rain has fallen in 2016. In this year, the API reached partly values of 60 mm, and within the last six days before the event up to 100 mm of rainfall could be observed in parts of the catchment. In contrast, in 2021 the maximum value of the API was 40 mm and very isolated rainfall totals of 80 mm were reached within six days before the event. The largest amount of precipitation occurred in 2021 during the last 24 h before the event with up to 145 mm precipitation in some parts of the catchment. This is in some parts more than twice as much precipitation as in the same period before the 2016 event. Concerning the temporal evolution, the 1910 event was more similar to the 2021 event than the 2016 event, with less intense precipitation totals within six days before the event and high intensities during the last 24 h. In terms of spatial extent, it is notable that the flooding in 1910 was caused by one single extreme rainfall area covering two thirds of the Ahr catchment, located in the southern part over the catchment area of the Adenauer Bach. In parts of the area precipitation values of up to 125 mm within 24 h before the event were recorded. In June 2016, the triggering event was again concentrated in the southern part of the catchment but with considerably lower precipitation totals. The rainfall event in July 2021 covered almost the whole catchment area with highest values in the northern and western parts where the precipitation area moved parallel to the Ahr River.




2.3. Methods


2.3.1. Hydrological Investigations


To describe the hydrologic characteristics of the three flood events in 1910, 2016 and 2021, the accumulated potentially available runoff was derived from the particular distributed rainfall values in the catchment area. A digital surface model (DSM) based on laser scanning surveys provided by the Federal Agency for Cartography and Geodesy (Bundesamt für Kartographie und Geodäsie, BKG) with a resolution of 5 m was prepared and used for calculating flow direction and accumulation as well as the catchment boundaries and stream courses for the Ahr valley [35]. Distributed precipitation values were incorporated as weights in the flow accumulation to obtain the amount of potential runoff that had fallen in the catchment area above certain points in the valley. This allows the comparison of the determined accumulated precipitation values with the measured and reconstructed discharge values at the gauges and other relevant positions along the river course. The toolbox “Hydrology“ in ArcMap was used for the preparation of the DSM, while the pixel values were extracted and further analyzed with scripts in Python and R.



As input for the weighted flow accumulation, the same precipitation data was used as described in Section 2.2 and shown in Figure 2 [27,29]. The State Office for Environment Rhineland-Palatinate (Landesamt für Umwelt Rheinland-Pfalz, LfU RLP) operates several gauging stations on the Ahr River and its tributaries. Measured discharge values were available for the event in 2016 and as raw data values for the beginning of the event in 2021 [36]. During peak discharge in 2021, several gauging stations at the Ahr were destroyed and consecutive discharge values were reconstructed by the LfU RLP based on reported water levels and the nearest still measuring gauge stations [36]. Directly measured discharge values were not available for the 1910 event, but discharge values reconstructed from maximum water levels were obtained by Roggenkamp and Herget [19]. For better comparison with the maximum daily available data from 1910, mean daily averages were calculated for the events of 2016 and 2021 based on the data with higher temporal resolution when necessary.




2.3.2. Damage Mapping on the Railroad Line


The mapping of damages focused on the railroad infrastructure and fluvial morphological changes in the Ahr River in the lower part of the valley (Figure 1). Three aerial photographs taken at different times after the event were used for mapping (Figure 3): (1) aerial photograph from the German Aerospace Center (Deutsches Zentrum für Luft-und Raumfahrt, DLR), taken on 16 July 2021; hereafter referred to as “DLR_16.07.2021” [37]; (2) aerial photograph from the State Office for Surveying and Geographic Information Rhineland-Palatinate (Landesamt für Vermessung und Geobasisinformation Rheinland-Pfalz), taken on 24 July 2021; hereafter referred to as “RLP_24.07.2021” [38]; (3) aerial photograph from the Federal Agency for Cartography and Geodesy Bundesamt für Kartographie und Geodäsie), taken on 3 September 2021; hereafter referred to as “BKG_03.09.2021” [39]. Thus, damage and fluvial morphological changes could be derived for short and longer periods.



The mapping’s objective was to (1) record and classify the damage along the entire railroad line and (2) record the damage and river morphological changes at the 11 bridges in detail. The high-resolution data RLP_24.07.2021 served as the basis for the aerial photo analysis, whereas the other aerial photographs were additionally consulted for verification and possible change analysis. For the second question, a supplemental field survey was conducted on 23 March 2022 to verify the results of the aerial photography-based findings and document long-term changes in the riverbed. The mapped damages were compared to flood warning levels assigned to areas in the Ahr valley before the event. These include legally defined and reported floodplains as well as flood hazard maps issued and published by the Ministry for Protection, Environment, Energy and Mobility Rhineland-Palatinate [15]. These maps are calculated based on the return interval of flood events (usually for floods with a return period of 10, 100 or more years (extreme floods)) and discharge values that have been measured by gauging stations since recordings started. They are determined after specific examination and consideration by the responsible authorities, and serve to inform the public and show specific risks and hazards (e.g., expected water depths). Figure 4 gives an overview of the structure of the analysis and used datasets as well as intermediate results used for the conclusions.






3. Results


3.1. Hydrology of the Three Flood Events


The calculated accumulated precipitation values of the whole catchment above and the discharge values at the gauging station Altenahr are shown in Figure 5. In 1910, the highest precipitation values were reached on the day before peak discharge, leading to an average discharge value of 496 m3/s. Similar to 1910, in 2021 the largest proportion of the precipitation occurred one day before peak discharge causing discharge comparable to 1910 (991 m3/s, reconstructed by LfU [36]) and surpassing the discharge level of the 2016 event. The amount of precipitation one day before the event in 2016 was significantly less than the other two events but several precipitation events occurred within six days before the event. Peak discharge value in 2016 was 236 m3/s and hence was the highest value measured at the gauging station Altenahr up to that time. Supplementing Figure 5, Table 1 summarizes peak discharge and water levels derived from various sources. The estimated peak discharge between Rech and Dernau is much higher than that of Altenahr in 2021. In terms of water level, the 2021 event is more comparable to the 1804 event than to the 1910 event.



The time lag between the occurrence of the greatest amount of precipitation and the peak discharge value for the 2021 event for various gauging stations on the Ahr River and selected tributaries is shown in Figure 6 (for locations of gauging stations and tributaries see Figure 1). The increase in discharge first reached the gauging stations in the upper catchment area, Kirmutscheid, Kreuzberg and Müsch, due to the short distance between precipitation area and streams. In Kreuzberg and Müsch, the time lag between precipitation and flood event were especially short with 2.9 h and 4.4 h, respectively (Table 2). The gauging stations in Niederadenau and Denn, although equally located in the upper catchment area, received less discharge with a larger time difference between precipitation and discharge peak, because they are located on the southern part of the Ahr catchment that received significantly less rainfall. At the gauging stations of the lower Ahr, Altenahr and Bad Bodendorf, the peak discharge arrives around 8 and 10 h after the peak of the rainfall event and approximately 6 and 8.5 h after the first peak discharge was measured at the first gauging station in Kirmutscheid in the evening of 14 July 2021.




3.2. Damage Mapping


3.2.1. Entire Railroad Line


The damage mapping for the entire railroad line based on the aerial photograph RLP_24.07.2021 is shown in Figure 7. The extent of damage was divided into five categories based on the damage categories used by the Copernicus Emergence Mapping Services in their flood mapping monitoring. Since the aerial photographs were taken shortly after the event, some sections of the line were still buried, so the degree of damage could not be determined. This fact is reflected in the category “possibly damaged”, which represents 8.3% of the total track (Figure 7). The category “not determinable” includes the tunnel sections that comprise 2.1% of the total distance. In total, around one third of the total railroad line is damaged (categories “destroyed”, “damaged” and “possibly damaged”) with a concentration of damages in the western section between Ahrbrück and Walporzheim (64% of this section). Here, the railroad runs close to the river most of the time and through designated flood zones for several kilometers. All of the 11 railroad bridges crossing the Ahr River are located in this section, where the course of the Ahr River is strongly meandering. Downstream from Walporzheim the widening of the Ahr valley made it possible to construct the railroad line at greater distance from the river. Hence, the overlap of the railroad line with designated flood zones is smaller than upstream of Walporzheim. Only the station of Heimersheim is located close to the river and was completely destroyed by the flood. Track sections categorized as “destroyed” and “damaged” are mainly located between Ahrbrück and Walporzheim, especially nearby bridges. A particularly severely affected area is located southwest of Mayschoss in the so-called “Laacher Bogen”, where the railroad line runs directly along the cut bank of the meander bend (Figure 8g). Strong lateral erosion has taken place there, so that the base of the slope on which the railroad line ran has been completely eroded in places, and the slope edge has shifted several meters in a southwesterly direction.



A closer look at the rail sections that are located in designated floodplains and flood-prone areas shows that the majority have indeed been damaged or destroyed (Figure 7c). Only a small percentage of track sections in the warning areas has not been classified as damaged based on the aerial photographs, so the warning maps have been tragically confirmed in this regard. However, an even larger portion of damaged or destroyed tracks were in areas without warning levels, as the 2021 flood event exceeded the flood levels used to calculate warning areas.




3.2.2. Bridges


The Ahr valley railroad crosses the Ahr River a total of 11 times. Most of these bridges (seven) are arch bridges, two have concrete rolled girders, and one each is a truss and a steel bridge (Table 3; Appendix A). The oldest bridge dates back to 1907, the youngest are the two rolled girder bridges activated in 1951. The bridge lengths range from 52 to 91 m. With eight out of 11, a cycle path bridge accompanied the majority of the bridges.



Only for three bridges no damage was visible in the aerial photograph taken shortly after the event. The more detailed view during the field survey in March 2022, however, revealed that piers were damaged (bridge 8) and stone slabs were removed from the bridge (Figure 8d). Four of the bridges had been completely removed at the time of the field survey, and only the piers remained on two bridges. Verification of the track body’s condition derived from the aerial photographs could not be carried out in the field, because the tracks surrounding the bridges had already been removed over a large area at the time of the field survey.



The greatest destruction and bridge failures occurred mainly in the peripheral areas. Only one bridge (bridge 10) had a pier in the middle of the riverbed more severely affected than the edge areas, so this pier was removed while the other piers are still in place (Figure 8e). The piers of two other bridges (bridges 2 and 8) with visible damage upstream are currently located in the river bed, but this is due to the widening of the river bed as a result of the flood event (Figure 8d). Prior to the event, they were located on the riverbank. Seven of the bridges are constructed on meandering parts of the river. The greatest destruction is not on the cut bank of the meander loop, as one might expect, but on six out of these bridges on the slip-off slope. A special situation occurred at bridge 6. Discharge conditions near the bridge were altered during the flood event because parts of the discharge (according to personal communication with Michael Göller estimated to be about 10%) were rerouted through the road tunnel when water levels reached the road level and rejoined the river just upstream of the bridge (Figure 9). This changed the morphological situation, i.e., the “normal” slip-off slope became the cut bank and vice versa. Furthermore, it must be taken into account that the Ahr valley is a landscape strongly altered by humans in past and present, which in turn influences the fluvial processes. In addition to the railroad line, roads also run through the valley, leading to a further narrowing of the area available to the river. Narrow sections of the valley can be particularly susceptible to erosion processes during flooding events. A special situation exists at bridges 7, 9 and 11, where on the orographic left bank of the river, the railroad line meets the federal highway at an acute angle. It is precisely at this point that bridge failure and large-scale erosion of railroad embankments and, in some cases, the road’s retaining walls occurred (Figure 8f).



Visual analysis of the flow path of the Ahr River during the flood event showed that the water mostly found its way on both sides of the bridges, especially at the upstream bridges. At the bridges further downstream, the river bed was mostly shifted to one side. The widening of the river bed was still visible at five bridges on the day of the field survey. In the immediate vicinity of each bridge, traces of lateral erosion could be observed, mostly on both banks and in different material (gravel, meadow, retaining walls). The slope cuttings and torn out rock slabs prove the enormous erosion potential of the flood wave. Deep erosion of gravel areas downstream of the bridge occurred at two bridges (3 and 9). Detection of new accumulation areas during the field survey proved difficult due to extensive construction in and along the river bed. At two bridges, new gravel areas could be observed in the river bed downstream of the bridge. The accumulation of alternative material during the flood event (trees, cars, campers) was mainly a phenomenon at the bridges further upstream, especially at bridges 1, 2 and 4.






4. Discussion


4.1. Classification of the 2021 Event in Meteorological and Hydrological Terms


According to Kreienkamp et al. [1], a precipitation event like July 2021 is expected on average approximately every 400 years in the current climate for a given location within the studied larger region of middle or Western Europe. Of course, a single extreme event can never be caused by climate change, but attribution research shows that climate change likely amplified the event [1]. However, with further increases in greenhouse gas concentrations and earth surface temperatures such heavy precipitation events will probably occur more frequently. The event was characterized by a large area of precipitation with widespread high precipitation totals. Considering the extremity of an event on the basis of the methods of Müller and Kasper [42], it is to be assessed as one of the most extreme events observed in Germany so far.



Flood hazard maps are usually based on measured water level values. From these, the limit values for flood events with a certain probability of occurrence (HQ10, HQ100) and the definition of extreme flood events are derived. The June 2016 flood event was a flood of the century (HQ100) according to the gauge records, but the maximum values measured were significantly lower than the values of the July 2021 event. In case of the Ahr, therefore, the actual possible heights of flood waves were significantly underestimated. That the July 2021 flood event is not an isolated occurrence is shown by the reconstructions of water levels by Roggenkamp and Herget [41] with comparable values for the 1804 and 1910 events. For two other events in the last approximately 200 years (June 1888 and January 1918), the reconstructed discharges were also above the measured maximum of the 2016 event. Hydrological data that include historical data would therefore lead to different limits and show a different picture within the flood hazard maps. Of course, it must be taken into account that the reconstruction of historic events requires resources, reconstructed gauge values may only be available for individual rivers and individual events, and flood hazard maps at the federal state or state level are produced using a uniform methodology for all rivers and catchments. However, a reference to existing reconstructed data would be useful in order to better assess what is actually possible in terms of gauge values on specific rivers in order to be better prepared for such extreme events.



The hydrology of flash floods is different from those of river floods, because erosion and transport of floating debris cause substantial blocking and backwater effects and strongly alters flow properties. A detailed analysis of Korswagen et al. [43] on buildings in the Ahr valley found that structural failure due to hydrostatic flood pressure was observed in very few cases, while most severe structural damage was caused by erosion and damming of debris. However, only a few studies on the impact of large wood in rivers exist (e.g., [44,45]), and the feedback between large-scale debris of anthropogenic origin and fluvial geomorphology is still an open question. Hence, the modification of flood waves and flow properties by entrained material has been insufficiently considered in the preparation of flood hazard maps and protection measures [46]. With this background knowledge, the observation that many large objects such as trees, cars, and mobile homes were swept away by floodwaters during the 2021 event and the fact that the flood was an extremely rare event in terms of magnitude, it is not surprising that parts of the railroad line that were outside the flood-prone areas were also destroyed.




4.2. Damages on the Railroad Line and Interactions between Transport Infrastructure and the 2021 Flood Event


As discussed in Section 4.1, the event was meteorologically an extremely rare one with a return period of 400 years [1]. Railroad infrastructure cannot be prepared for all possible events and be completely resilient towards such extreme events. It is therefore necessary to define for events of which magnitude and with which probability of occurrence railroad lines should be designed. Especially in case of flood events, the situation is very complex because the railroad infrastructure company and the railroad operator are not responsible for the conditions in the catchment area outside the railroad premises. In this context, changes in the catchment area that reduce infiltration capacity play a crucial role in flood generation. Therefore, when flood events exceed expected or planned levels, the options available to rail operators are very limited. The Ahr valley is a strongly anthropogenically shaped landscape in which only few retention areas are available for the Ahr. Due to the flood event, old flow paths were reactivated, e.g., a former oxbow around a rock near Altenahr-Altenburg, and anthropogenically created structures were used as new flow paths, e.g., the road tunnel near Altenahr between bridges 5 and 6 (Figure 9) and a rock cut of the former line alignment near Laach (Figure 8h). These new flow paths changed the flow conditions in the downstream river and created new areas of deposition and erosion, which is particularly evident at bridge 6. Shortening the flow path cancels out the positive contribution of meanders to reducing peak discharge attenuation [47]. The choice of routing for a transport infrastructure can thus not only be affected by a flood event, but the transport route itself can contribute significantly to modifying the flood wave. Therefore, various aspects such as flood protection, spatial planning and railroad infrastructure planning must be considered as a whole. Some sections of the Ahr valley railroad run directly through flood-prone areas, where they are built on embankments. These artificial embankments as well as the track itself often consist of easily mobilizable material, so that they represent an easily erodible bedload potential in case of a flood event. Complete erosion of the railroad embankments could be observed at several locations. Since lateral erosion is an important process of solids mobilization (e.g., [46]), it is therefore of great importance to design structures for bank protection in such a way that the erosion potential is minimized as far as possible and that construction and dimensioning are adapted to a possible overflow.



Bridges generally reduce the cross-section available for flow and are therefore a very critical point during flood events. The Ahr valley has a high density of bridges. Additionally to the 11 railroad bridges studied, there are 20 other bridges located in the same section of the Ahr valley. Some of them are located in the immediate vicinity of the railroad bridges, so that it is not possible to assign the observed damage and river morphological changes exactly to one bridge as the causative factor. However, particularly noteworthy here is that only at the railroad bridges an extreme backwater of material could be observed, which is all the stronger the smaller the flow cross-section. As soon as the river flows over the bridge, a self-reinforcing effect occurs, since this drastically reduces the drag force in the culvert and thus the force is no longer sufficient to transport the accumulating bedload further [48]. We observed a particularly strong backwater effect at the arch bridges. The arch bridges of the Ahr valley railroad have a rough underside, which favors channel clogging [48]. Congestion then causes the river to seek new flow paths outside the riverbed, which can result in destruction within areas that are far from the riverbed under normal flow conditions. If the enlargement becomes dislodged, the flood wave can cause great destruction downstream with effects similar to those of a dam failure [49]. To reduce backwater effects during future flood events, the deposition of flotsam and debris should be considered when sizing culverts. However, larger bridge openings require long approach ramps for railroad tracks [46], which can lead to space problems in narrow valleys. Thus, when a new bridge is built, a first step could be to consider whether the bridge should be rebuilt at the same location or whether there may be more suitable locations. In addition, a detailed fluvial morphological and hydrological analysis can help to identify critical sites and select suitable locations for new structures. The special hydromorphodynamic conditions during flood waves must be taken into account when dimensioning structures, because, as shown in our study, normal flow conditions can be reversed by impoundment effects and the creation of new flow paths, i.e., the greatest erosion potential may be located on the slip-off slopes instead of on the cut banks. Another protective measure is the demolition of unused bridges if they contribute to the hazard. This happened, for example, in 2016 in the Ahr valley with a railroad bridge on the disused section upstream of Ahrbrück, where there was a strong backwater effect [50].



Among natural causes, extreme floods are one common reason for bridge collapse [51]. Of the total 112 bridges in the Ahr valley, only 35 were fully usable after the flood event and 17 were of limited use [52]. In our detailed analyses of the 11 railroad bridges, it was noticeable that in almost all cases the greatest damage to bridges occurred on the river banks through undercutting and scouring of the foundations, erosion of the abutments and bank failure. The edge areas of bridges are particularly susceptible to flood damage, and this should be taken into account during bridge construction. Similar observations were made by Koks et al. [53]. The authors stated that the interface stability between water, soil and foundation elements was found to be compromised at almost all bridge damage location visited.



In the Germany-wide rail network, the Ahr valley railroad is of secondary importance, as it does not connect any major centers, is not located on any important national or international transport corridor, and is geared only to local passenger transport. However, other parts of the Germany-wide route network also run through low mountain ranges and along rivers with similar topographic and hydrologic features, so they potentially can be affected as well by heavy precipitation-related flood events, which can occur anywhere in Germany [54]. An event with similar effects on the regional rail infrastructure occurred in August 2002 in the Erzgebirge [46]. Of course, the findings from the Ahr valley cannot be transferred 1:1 to other regions and routes due to the special topography and the intensity of the triggering event, but we would like to use this study to raise awareness of the impact of heavy precipitation events on railroad infrastructure. Reconstruction of destroyed rail lines, for example, offers the opportunity to design culverts and bridges differently to better withstand future extreme events. In addition, Koks et al. [53] emphasize the importance of local-scale studies as a complement to large-scale studies for better understanding of the real impacts on critical infrastructure.




4.3. Comparison of Damages on the Railroad for the 1910, 2016 and 2021 Flood Events


It is difficult to compare historic flood events with actual events, since the magnitude of a flood wave strongly depends on the conditions in the catchment area and along the river course, e.g., land use, degree of sealing, proportion of settled areas, river regulations. Roggenkamp and Herget [19] stated that it is a future challenge to investigate the likely modern level of an event such as 1804 or 1910, because the peak levels of historic flood events would, most likely, be higher with the current structure in the Ahr valley. However, some similarities exist between 1910 and 2021. Regulation of the Ahr river started as early as 1880 and was completed before World War One [18]. The Ahr valley railroad was finalized in 1888, and the route did correspond to today’s course in many places [55]. The two events are also comparable in meteorological and hydrological terms. Therefore, it makes sense to compare the damage to the railroad line for both events. There are no detailed mappings and aerial photographs of the 1910 event, but references and information about the event can be found in literature. For the 2021 event, the damming effect at bridges, among others by mobile homes, is mentioned as a factor that clearly contributed to the increase of the flood wave. In 1910, there were no campsites with caravans in the Ahr valley, but damming effects are also mentioned there, so material had to be available [22]. At the time of the June 1910 flood event, the double-track expansion of the Ahr valley railroad was in full swing. Workers’ shacks and construction cranes near the river were washed away by the Ahr and caused backups at bridges [18]. However, the reopening of the railroad line took place on 18 June 1910, only five days after the event [21,22], which means a much shorter recovery time than today. Only the resumption of work on the new line was delayed for a longer period [21].



Why the damage was so much greater in 2021 than in 1910 cannot be explained definitely by this study. However, one clue could be the different spatial distribution of precipitation events (see Figure 2). The focus in 2021 was on the northern catchment, accordingly the tributaries’ contribution to the north regarding the Ahr’s total runoff is larger than the contribution of those to the south (Figure 6). This is also confirmed by the runoff reconstructions of Roggenkamp and Herget [41]. In contrast, during the 1910 flood event, most of the total runoff was generated at the southern tributaries Adenauerbach and Trierbach [18]. Thus, different parts of the catchment were affected by the triggering event. In addition, properties throughout the catchment have changed significantly over the past 100 years. This relates to settlement area, proportion of forest land, and flood control measures. Büchs [56] also mentions changes in vineyard management as an important reason for the changed runoff behavior during precipitation. As part of land consolidation in the 1970s, very steep large terraces with high concreted walls were created, through which the water is drained away in steep drainage channels. The original small terraces enclosed by dry stone walls were much flatter and more graded, allowing surface water to drain much more slowly. However, in order to make accurate statements about the causes of the different damage potential of the two events, large-scale land use change mapping in the Ahr catchment is necessary. Interestingly, reconstructions of peak discharges by Roggenkamp and Herget [41] show that flood waves reached the magnitude of the July 2021 event before anthropogenic influences, more precisely during a flood event in July 1804 triggered by a heavy precipitation event after days of persistent precipitation [57]. From this, Roggenkamp and Herget [41] concluded that anthropogenic changes in the Ahr valley cannot be considered as causative for the extreme flood magnitude in July 2021, but may simply have caused a further amplification.



The flood event of June 2016 is more comparable with regards to the characteristics in the catchment area. Despite significantly lower discharge values than in 2021, considerable damage occurred in the municipalities of Altenahr and Adenau and the city of Bad Neuenahr-Ahrweiler [58]. In Altenahr, the Ahr River flowed through the road tunnel as observed for the 2021 event [16]. This shows that the measures implemented as part of a nature conservation project on the upper Ahr from 2007 (more space for the Ahr in the upper reaches, sturgeon stones and riperian planting in the estuary area of the tributaries for greater dynamics and flow diversity) have not been sufficient as protective measures against a flood of the century [56]. The 2016 flood event did not cause any damage to the Ahr valley railroad, so that operations did not have to be interrupted. Thus, the railroad line has been prepared for an event of this magnitude.





5. Conclusions


This paper investigated the impact of the heavy precipitation event of July 2021 on the railroad in the Ahr valley by combining hydrological methods and damage mapping based on aerial photographs. The study has shown that bridges are a weak point in case of a flood event. On the one hand, they contribute to an increase in the flood wave due to the backwater effect, and on the other hand, they are the most severely damaged parts of the railroad line in our case study. Due to the time-consuming reconstruction work, it takes several years for the Ahr valley railroad to be put back into operation.



Reconstruction of the destroyed railroad lines can be seen as an opportunity to make the entire railroad infrastructure more resilient to climate. It is particularly important to build bridges more resilient to flood events, e.g., by using slimmer bridge structures without center piers in the riverbed. The recommendations cannot be validated with this study, but can be addressed in further studies. Special attention should be given to how culverts and railroad embankments should be sized for events of what magnitude so that they can be enlarged or elevated if necessary. It would be of great benefit if the observations of this study regarding the different flood events initiate a technical regulatory discussion of this circumstance.



This study aims to inspire further investigations in appropriate flood warning levels and infrastructure design. A flood with a magnitude similar to the 2021 event has occurred on the Ahr about every 100 years over the past 200 years (1804, 1910, 2021), thus these events are not extremely rare. Based on the investigations of this study, it would be advisable to include those flood events in the designation of flood-prone zones and to develop corresponding recommendations for action for infrastructure and buildings located in these areas.
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Figure A1. Photo documentation of bridge 1. Data source of aerial photos: [37,38,39,40]. 






Figure A1. Photo documentation of bridge 1. Data source of aerial photos: [37,38,39,40].
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Figure A2. Photo documentation of bridge 2. Data source of aerial photos: [37,38,39,40]. 






Figure A2. Photo documentation of bridge 2. Data source of aerial photos: [37,38,39,40].
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Figure A3. Photo documentation of bridge 3. Data source of aerial photos: [37,38,39,40]. 






Figure A3. Photo documentation of bridge 3. Data source of aerial photos: [37,38,39,40].
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Figure A4. Photo documentation of bridge 4. Data source of aerial photos: [37,38,39,40]. 






Figure A4. Photo documentation of bridge 4. Data source of aerial photos: [37,38,39,40].
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Figure A5. Photo documentation of bridge 5. Data source of aerial photos: [37,38,39,40]. 






Figure A5. Photo documentation of bridge 5. Data source of aerial photos: [37,38,39,40].
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Figure A6. Photo documentation of bridge 6. Data source of aerial photos: [37,38,39,40]. 






Figure A6. Photo documentation of bridge 6. Data source of aerial photos: [37,38,39,40].
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Figure A7. Photo documentation of bridge 7. Data source of aerial photos: [37,38,39,40]. 






Figure A7. Photo documentation of bridge 7. Data source of aerial photos: [37,38,39,40].
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Figure A8. Photo documentation of bridge 8. Data source of aerial photos: [37,38,39,40]. 






Figure A8. Photo documentation of bridge 8. Data source of aerial photos: [37,38,39,40].
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Figure A9. Photo documentation of bridge 9. Data source of aerial photos: [37,38,39,40]. 






Figure A9. Photo documentation of bridge 9. Data source of aerial photos: [37,38,39,40].
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Figure A10. Photo documentation of bridge 10. Data source of aerial photos: [37,38,39,40]. 






Figure A10. Photo documentation of bridge 10. Data source of aerial photos: [37,38,39,40].
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Figure A11. Photo documentation of bridge 11. Data source of aerial photos: [37,38,39,40]. 
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Figure 1. (a) Overview map of the Ahr river catchment indicating the locations of the mentioned towns, gauging stations and tributaries, and detailed maps of the distribution of sealed (b) and built-up areas (c), which only show the lower part of the catchment served by the Ahr valley railroad. The inserted table in the overview map (a) shows the precipitation sum per month and year, averaged over the entire catchment area of the Ahr River and over a 30-years period between 1991 and 2020. 
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Figure 2. Comparison of hydrometeorological conditions before the precipitation event expressed as soil moisture (in usable field capacity (%)) from AMBAV model [25,26] and 21-days antecedent precipitation index (API) based on RADKLIM data [30] for the flood events in 2016 and 2021. Precipitation totals (mm) are presented for the events 1910, 2016 and 2021 for six days and one day before the event, based on RADOLAN data [27]. Note that the source of the precipitation values for 1910 is different, gridded station data instead of radar data, resulting in the coarser effective resolution. 
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Figure 3. An example from the three different aerial photographs [37,38,39] showing bridge 3. The photograph from 2011 was taken as reference for the conditions before the 2021 event [40]. 
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Figure 4. Flowchart summarizing the methodology used in this study. 
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Figure 5. Accumulated precipitation values in the catchment above and discharge values at the gauging station in Altenahr during five days before and after peak discharge for the three flood events in June 1910, June 2016 and July 2021. As for 1910 no discharge measurements are available, the peak discharge is presented as a point, derived from the reconstruction of Roggenkamp and Herget [19]. The reconstructed discharge values for 2021 are from LfU [36]. 
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Figure 6. Discharge and precipitation values for the 2021 event at different gauging stations on the Ahr River (a) and selected tributaries (b). Peak discharge values (Qmax) for the events in 1910 and 2016 are integrated as horizontal lines. 
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Figure 7. (a) Damage mapping on the railroad line for the sections Ahrbrück–Walporzheim (west) and Walporzheim–Bad Bodendorf (east) based on the aerial photograph RLP_24.07.2021. Designated flood zones are registered along the Ahr River based on the legally defined and reported floodplains as well as flood hazard maps issued and published by the Ministry for Climate Protection, Environment, Energy and Mobility Rheinland-Pfalz [15]. The diagram shows the percentage of the different damage categories for the whole railroad line as well as separate for the western and the eastern section (b) and compares the classified damage categories with designated flood warning levels (c). 
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Figure 8. Examples of observed damages and fluvial morphological changes along the railroad line. (a) Damages on bridge 2 through backwater effects. (b) A crack in the foundation of bridge 2. (c) Remains of the two-lane bridge 5. The cycling path went into the tunnel on the left, the railroad line into the tunnel in the middle. The tunnel on the right is the lower lying road tunnel, through which flowed parts of the discharge. (d) Damaged pier at bridge 8. The damaged pier was located on the river bank before the event; the course of the Ahr River ran only through the two front arches. (e) Remains of bridge 10 with a missing pier in the middle of the riverbed. (f) Location of the removed bridge 11 at the narrowest point of the Ahr valley. The road’s retaining wall (left) was eroded by the flood event. (g) The cut bank of the meander “Laacher Bogen” with strong lateral erosion, undercutting the railroad embankment. The route of the railroad line is indicated by the masts. (h) The meander neck at Laach, where parts of the flood wave shortened the meander bench, following the road (ancient railroad track). (i) Mini map providing an overview of the localization of the photos. 
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Figure 9. Aerial views before (left, [40]) and after (right, [37]) the event and a photograph illustrating the special situation at bridges 5 and 6 where the drainage situation was partially reversed due to the lower road tunnel. 
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Table 1. Comparison of water levels and peak discharges for different flood events in the Ahr valley. The mean comparative values are < 1 m for water level and 8 m3/s for discharge. Data sources: [18,19,20,36,41].
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	Date
	Water Level (m)
	Peak Discharge (m3/s)





	21 July 1804
	ca. 7 (estimated, gauge Ahrweiler)
	1208 (reconstructed, gauge Dernau)



	13 June 1910
	5 (estimated, gauge Ahrweiler)
	496 (reconstructed, gauge Altenahr)



	2 June 2016
	3.71 (measured, gauge Altenahr)
	236 (measured, gauge Altenahr)



	14 July 2021
	7–8 (estimated, gauge Altenahr)
	400–700 (estimated, gauge Altenahr)

991 (reconstructed, gauge Altenahr)

1000–1200 (estimated, between Rech and Dernau)
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Table 2. Time lag between the precipitation in the respective catchment areas above and discharge peaks at various gauging stations along the Ahr and some of its tributaries.






Table 2. Time lag between the precipitation in the respective catchment areas above and discharge peaks at various gauging stations along the Ahr and some of its tributaries.





	
Gauging Station

	
River km

	
Discharge Peak

	
Precipitation Peak

	
Time Difference (h)




	

	

	
m3/s

	
Time

	
mm

	
Time

	






	
Ahr

	

	

	

	

	

	




	
Müsch

	
63.0

	
496.0

	
14 July 2021 21:15 h

	
921

	
14 July 2021 16:50 h

	
4.4




	
Altenahr

	
31.7

	
991.0

	
15 July 2021 01:00 h

	
2077

	
14 July 2021 16:50 h

	
8.2




	
Bad Bodendorf

	
4.9

	
898.0

	
15 July 2021 03:00 h

	
2297

	
14 July 2021 16:50 h

	
10.7




	
Tributaries

	

	

	

	

	

	




	
Kirmutscheid/Trierbach

	

	
127.0

	
14 July 2021 19:00 h

	
258

	
14 July 2021 11:50 h

	
7.2




	
Niederadenau/Adenauer Bach

	

	
40.4

	
14 July 2021 21:45 h

	
138

	
14 July 2021 11:50 h

	
9.9




	
Denn/Kesselinger Bach

	

	
69.2

	
14 July 2021 22:45 h

	
206

	
14 July 2021 12:50 h

	
9.9




	
Kreuzberg/Sahrbach

	

	
158.0

	
14 July 2021 19:45 h

	
204

	
14 July 2021 16.50 h

	
2.9
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Table 3. Summary of damages and fluvial morphological changes on the 11 bridges of the Ahr valley railroad crossing the Ahr River.
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Bridge 1

	
Bridge 2

	
Bridge 3

	
Bridge 4






	
bridge type

	
arch bridge with four arches

	
arch bridge with five arches

	
arch bridge with five arches

	
steel bridge




	
combined with cycle path bridge

	
no

	
no

	
no

	
yes (railroad track upstream)




	
length (m)

	
52

	
60

	
70

	
58




	
area (m2)

	
458

	
654

	
588

	
302




	
year of activation

	
1912

	
1912

	
1912

	
1907




	
status description (based on RLP_24.07.2021)

	
track buried, no visible damage to the bridge

	
track buried, damage to the bridge on orographic left bank

	
track buried, no visible damage to the bridge

	
track buried, damage to the bridge on both banks




	
place of the greatest destruction of the bridge (orographic and morphologic)

	
left; cut bank

	
left

	
right; slip-off slope

	
left; slip-off slope




	
status description (based on BKG_03.09.2021, post-event photographs and field survey)

	
no external damage to the foundation visible, stone slabs on the bridge removed

	
foundation still in place, but partially destroyed on the orographic left bank, cracks present and arches sagged, one pier damaged upstream

	
no external damage to the foundation visible, stone slabs on the bridge removed

	
bridge completely removed, only foundations left at the edges




	
flow path of the Ahr during the flood event

	
on both sides of the bridge, impoundment of material mainly on the left bank, widening of river bed

	
on both sides of the bridge, mainly left through the road underpass, impoundment of material mainly on the right bank

	
on both sides of the bridge

	
on both sides of the bridge, especially on the slip-off slope because of accumulated material on the cut bank




	
change of the river course post-event

	
same river bed as pre-event

	
widening of river bed to the left, river flows through three arches (pre-event: two arches)

	
widening of river bed to the right, river flows through 3 arches (pre-event: 1 arch)

	
widening of the river bed to the left




	
erosion

	
lateral erosion on the right bank upstream, on both banks downstream of the bridge

	
lateral erosion in meadow terrain on the left bank upstream and on stone wall on the right bank at the bridge

	
lateral erosion of gravel and meadow areas on the right bank of the river, deep erosion of gravel area downstream of the bridge

	
lateral erosion on the left bank downstream of the bridge




	
accumulation

	
new gravel area below the bridge on the right bank

	
new gravel area downstream of the bridge

	

	




	

	
Bridge 5

	
Bridge 6

	
Bridge 7




	
bridge type

	
arch bridge with three arches

	
arch bridge with three arches

	
truss bridge




	
combined with cycle path bridge

	
yes (railroad track downstream)

	
yes (railroad track upstream)

	
yes (railroad track downstream)




	
length (m)

	
66

	
91

	
87




	
area (m2)

	
538

	
538

	
505




	
year of activation

	
1938

	
1938

	
1936




	
status description (based on RLP_24.07.2021)

	
track torn away, bridge destroyed, first pier on orographic right bank torn away

	
track buried, bridge destroyed on orographic right bank

	
track torn away, half of the bridge and embankment on orographic left bank destroyed and torn away




	
place of the greatest destruction of the bridge (orographic and morphologic)

	
right; slip-off slope

	
right; slip-off slope

	
left; slip-off slope




	
status description (based on BKG_03.09.2021, post-event photographs and field survey)

	
bridge completely removed

	
foundation still in place, but partially destroyed on the orographic right bank

	
bridge completely removed, only foundations left at the tunnel portal




	
flow path of the Ahr during the flood event

	
on both sides of the bridge

	
change of the flow conditions due to the new flow path of parts of the discharge through the road tunnel, confluence just upstream of the bridge

	
shifting the course of the river to the left




	
change of the river course post-event

	
widening of the river bed to the left, same river bed as pre-event at time of field survey

	
widening of river bed to the right, river flows through 2 arches (pre-event: 1 arch)

	
same river bed as pre-event




	
erosion

	
lateral erosion on both banks

	
lateral erosion on the right bank

	
lateral erosion on the left bank




	
accumulation

	

	
debris fan at the tunnel portal upstream of the bridge, new gravel area on the left bank downstream of the bridge

	




	

	
Bridge 8

	
Bridge 9

	
Bridge 10

	
Bridge 11




	
bridge type

	
arch bridge with 4 arches

	
concrete rolled girders

	
concrete rolled girders

	
arch bridge with 4 arches




	
combined with cycle path bridge

	
yes (railroad track upstream)

	
yes (railroad track downstream)

	
yes (railroad track upstream)

	
yes (railroad track downstream)




	
length (m)

	
65

	
58

	
58

	
75




	
area (m2)

	
657

	
281

	
281

	
645




	
year of activation

	
1911

	
1951

	
1951

	
1911




	
status description (based on RLP_24.07.2021)

	
track buried, no visible damage to the bridge

	
track torn away, bridge and embankment on orographic left bank destroyed

	
track torn away, bridge destroyed on orographic right bank

	
track torn away, more than half of the bridge and embankment on orographic left bank destroyed




	
place of the greatest destruction of the bridge (orographic and morphologic)

	
left

	
left; slip-off slope

	
right

	
left




	
status description (based on BKG_03.09.2021, post-event photographs and field survey)

	
foundation still in place, one pier damaged upstream

	
only piers still in place

	
only piers still in place, one pier completely removed

	
bridge completely removed




	
flow path of the Ahr during the flood event

	
shifting the course of the river to the left

	
shifting the course of the river to the left

	
on both sides of the bridge, shifting the course of the river to the right

	
on both sides of the bridge, especially on the left




	
change of the river course post-event

	
widening of river bed to the left, river flows through three arches (pre-event: two arches)

	
same river bed as pre-event

	
same river bed as pre-event

	
same river bed as pre-event




	
erosion

	
lateral erosion on the left bank

	
deep erosion of gravel area downstream of the bridge

	
lateral erosion on both banks, torn out rock slabs on right bank downstream of the bridge

	
lateral erosion on both banks up- and downstream of the bridge




	
accumulation
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