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Abstract

Record rainfall triggered devastating and deadly flooding in Western Europe between July 14-16™, 2021. The extreme
weather event killed more than 230 people in Germany and Belgium and cost billions of dollars in damage.
Reconnaissance studies within some of the most affected areas of all three countries, provided insight into
geotechnical and geo-structural performance of critical infrastructure elements, such as bridges and road networks.
This report presents reconnaissance observations collected between August 9th - August 16th, 2021. The
reconnaissance team used terrestrial LIDAR technology, multispectral imaging, visual observations, and cellular
photography, as well as UAV (unmanned aerial vehicle) imaging and structure for motion modeling to discern critical
damage patterns of infrastructure networks and buildings, and to document important erosion and soil relocation
patterns along the river courses.
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1. Introduction

A major storm system (low pressure system “Bernd”) stalled over Western Europe on July 14-15, leading
to record-setting rain over Belgium, Germany, Luxembourg, Switzerland, France and the Netherlands. The
areas most affected by the storm were Germany, Belgium, Luxembourg, and the Netherlands. The flooding
resulted in at least 191 fatalities in Germany and 38 in Belgium, with several more people missing to date
and estimated insured losses over $3 billion (reuters.com). Belgium reported an estimated insured loss of
EUR 2.164 billion (RTBF, 2021) suggesting that overall losses of at least two to four times that amount
have to be expected there. Adding the loss figures from all other affected countries the overall amount from
the July floods yields EUR 46 billion (Munich Re, 2022).

Considerable damage to infrastructure included houses, motorways and railway lines, bridges, and utility
lines. Road destruction and closures left some places inaccessible for days, cutting off some villages from
evacuation routes and emergency response. Due to local access restrictions and military mobilization in
many of the affected areas, access to the public was not permitted until July 30th, 2021. In addition, towns
most affected by the flood experienced large amount of disaster tourism (e.g., tourist busses arrived to
inspect the flood consequences) as well as heavy air traffic due to personal drone flights by observers and
curious onlookers, hindering German military units (Bundeswehr) and emergency response units
(Technisches Hilfswerk) to quickly access and conduct rescue operations.

The severe flooding was caused by extreme rainfall over a period of 1-2 days (July 14-15th), pre-
event soil saturation from previous rain, and local hydrological factors. Areas near small rivers or river
tributaries without flood defenses became quickly overwhelmed by the volume of rain and represented the
most affected/damaged areas. Some of the hydrological monitoring systems were destroyed during the
flood and data of sufficiently high quality and quantity is not available from all hydrological stations
(WDR.de, 2021). The amount of damaged/destroyed monitoring stations accumulates to more than 30.

The observed rainfall amounts in the Ahr/Erft and the Belgian part of the Meuse catchment broke
historical records by large margins. According to preliminary data, the flood was initially categorized as a
500-year return event or rarer, more recent estimates anticipate the event to be closer to a 1000 year or
higher return event. On 16 July, the German Ministry of Defense declared a state of emergency in the parts
of the country that were most affected (Muenchner Merkur, Jul 16, 2021).

The 2021 flood was amongst the deadliest floods in Western Europe and worldwide. According to
floodlist.com, an international data collection site for flood events, July 2021 represents the worst month
on record with over 920 casualties in floods, landslides, and other rain-related incidents worldwide
(Floodlist.com, 2021). While areas in Germany (e.g., Valley of the river Ahr, “Ahrtal””) have historically
experienced a multitude of flood events (see Section 1.4), this event surpasses any of the previously
recorded death tolls in Europe due to flooding. Local authorities are investigated for inadequate
preparations, as forecasters issued warnings similar to the 100-year flood event in 2016 when water levels
rose from 0.9 m to 3.75 m along the river Ahr, but in some cases failed to take appropriate action. Water
levels during the 2021 floods in the Ahrtal exceeded 11.00 m (10 times rise in water elevation) at selected
locations, representing a significantly larger flood event than 2016. Many survivors told the reconnaissance
team that, while warnings were issued, the severity of the flood event and the predicted volume of rainfall,
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which was estimated by forecasters to be significantly higher than the 100-year return event, was not
communicated clearly to residents through local authorities. As a result, some of the victims underestimated
the danger and did not evacuate, nor turn off electricity, according to the Chairman of the German center
for disaster management (BBK), Armin Schuster (EDNHnews.de, 2021). A recent EU evaluation estimated
around 56,000 people living along the river Ahr prior to the flood events. The Supervisory and Service
Directorate (ADD, Aufsichts- und Dienstleistungsdirektion) assumes that 42,000 people are affected. At
least 17,000 of them have lost their entire belongings or are facing considerable damage.

Figure 1.1. European flood events in the last two decades, current flood shows preliminary data for July 2021 (adapted and
updated from https://ednh.news/why-have-the-floods-in-europe-been-so-deadly/)

1.1. Location of flood events and focus of reconnaissance efforts

As documented by the BBK, the German center for disaster management (Bundesamt fiir
Bevolkerungsschutz und Katastrophenhilfe), the two German states most affected by the floods were
Rheinland-Pfalz  (Rhineland-Palatinate) and Nordrhein-Westfalen (North Rhine-Westphalia). In
Rheinland-Pfalz, the most damaged areas included the Ahrtal, several regions in the National Park “Eifel”,
as well as the city of Trier. In Nordrhein-Westfalen, the floods created most damage to the districts of
Hagen and Wuppertal, the county of Euskirchen, as well as the Rhein-Sieg area. Figure 1.2 shows a map
with the most impacted areas in Germany.
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Figure 1.2. Areas in Germany affected by the 2021 Western European Floods, Source: Bundesamt fir Bevilkerungsschutz und
Katastrophenhilfe (BBK)

Flooding in Belgium concentrated mainly in the valley of the river Vesdre (districts of Pepinster, Ensival,

and Verviers), the valley of the river Meuse (Maaseik, Liege), the valley of the river Gete (Herk-De-Stad

and Halen), and the Southeast of Brussels (Wavre). Figure 1.3 shows a map that includes the affected areas

in Belgium and the Netherlands. The Netherlands were the least affected country amongst its neighbors,

experiencing strong flooding but no casualties. Major damage concentrated in the district of Limburg in the
South of the Netherlands.

Figure 1.3. Map of heavily flooded areas in Belgium, Netherlands and Germany
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1.2. Areas visited by the reconnaissance team, overview of schedule and locations

The reconnaissance team visited the most heavily affected flood areas from Aug 8, 2021 - Aug 18, 2021.
Table 1 presents a day-by-day schedule of the locations studied within the scope of the on-site efforts. Some
of the key locations are highlighted in Figure 1.4. Information leading to the choice of locations were
obtained from different local and federal authorities as shown in Figure 1.5. The international constellation
of the reconnaissance team allowed for separating members into smaller groups with specific expertise,
foci, and language skills to maximize data collection, measurements, and on-site communication with
survivors and authorities in the field.

Table 1.1 Reconnaissance site visit itinerary

Sunday, Aug 8th Arrival, Germany, Team Meeting @ Nuerburgring

Monday, Aug 9th Visit to downtown Bad Muenstereifel & surrounding areas, visit Euskirchen
downtown and suburb areas

Tuesday, Aug 10th Visit Gmiind, Erftstadt-Blessem, Blessem gravel mine, Erftstadt freeway
connector (Autobahn Al), Bliesheim, Steinbachtalsperre

Wednesday, Aug 11th Visit Ahrtal Part 1: Muesch, Antweiler, Schuld, Ahrbrueck

Thursday, Aug 12th Visit Ahrtal P3 Bad Neuenahr-Ahrweiler, Sinzig, Rhein river areas
Friday, Aug 13th Visit Ahrtal P2: Altenahr, Dernau, Bad Neuenahr)

Sat Aug 14th Schleiden, Ruhrbachtalsperre

Sun Aug 15th Travel to Liege, Belgium

Monday, Aug 16th Belgium, Valley of the river Vesdre, from Liege via Pepinster to Verviers
Tuesday, Aug 17th Belgium, Valley of the river Meuse

Wednesday, Aug 18th NL (Maastricht area), Meeting with the Limburg Waterboard, Site visit
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Figure 1.4. Map of some of the visited key areas with the Ahrtal highlighted by the white box.
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Figure 1.5. Aerial imagery example of damaged locations as available from public resources. Here: Erftstadt-Blessem obtained
from https://activations.zki.dlr.de/images/products/ACT152/P30/2021_DLR-
ZKl_004_P30 V01 _Germany_Flood_beforeafter 3 timestamps_Blessem_300

1.3. Meteorological conditions prior and at the time of the event

1.3.1. Germany

The weather situation in Germany on the days from July 12 to July 15, 2021 was characterized mainly by
low air pressure over Central Europe. In conjunction with a low-pressure system slowly approaching from
France, the troposphere was increasingly unstably stratified. Warm and very humid air masses reached
Germany from the Mediterranean region in a rotating motion around the low-pressure system "Bernd".
Forced uplift (orographically and dynamically) and slight damming effects in the western low mountain
ranges (Sauerland, Westerwald, and Eifel) resulted in recurring or persistent heavy rain, first regionally and
later over large areas. In the following days, high pressure system "Dana" pushed low pressure system
"Bernd" away toward southeastern Europe which led to persistent heavy precipitation in the Eastern
Erzgebirge and Lusatia, as well as in the Berchtesgadener Land (Junghaenel et al., 2021).
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According to the German Meteorological Services, Baden Waurttemberg, Hessen, Rheinland-Pfalz,
Saarland, and Nordrhein-Westfalen were the first areas to be affected by the rainfall event starting July 12,
2021.

On July 13, precipitation occurred primarily in the center of Germany (Figure 1.6). For example, according
to radar measurements, up to 87 liter/m? fell in 2 hours in the Erzgebirge Mountains (Marienberg region)
(Table 1.2). In the Hofer Land (Upper Franconia), 43 liter/mz2 fell in only 30 minutes according to radar
measurements in Selbitz. In Querfurt (Saalekreis), 66 1/m2 were recorded in only 2 hours at the Mihle-
Lodersleben station. But also the northern parts of Hessen (Waldeck-Frankenberg district) and especially
the Ruhr area and South Westphalia were strongly affected. The cities of Solingen and Hagen, as well as
Wuppertal, were severely affected by major flooding. In Hagen, more than 241 liter/m? of precipitation
were measured in only 22 hours at a station of the State Office for Nature, Environment and Consumer
Protection (LANUYV, 2021).

Beginning on 14 July and until the morning hours of 15 July, heavy continuous rainfall with localized
extreme rainfalls were reported. The focus of the precipitation activity extended from Dortmund over
Cologne, Euskirchen, Gerolstein, Bitburg to Trier (Figure 1.6). Here, more than 100 liter/m?2 of precipitation
were recorded over a wide area in 72 hours. Regionally, more than 150 I/m? of precipitation fell within 24
hours (Figure 1.6 and Table 1.2).

Figure 1.6 RADOLAN precipitation analysis showing rainfall over 72hrs (left) and 24hrs (right) prior to the 15 July major flood.
Source: DWD, Hydrometerologie, obtained from Junghaenel et al., 2021
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Table 1.2 presents average and maximum daily precipitation data over the three days prior to the main
flood. For comparison the reference rainfall data for years 1991-2020 in the month of July is included.

Table 1.2. Average and maximum precipitation per day or over 3 days per river basin in I/m2, as well as the mean total for July
(reference period 1991-2020). Source: DWD Hydrometerologie, obtained from Junghaenel et al. 2021

1.3.2. Belgium

On 14 and 15 July 2022, the catastrophic flood over Belgium was caused by a stationary low-pressure area
with a core over Germany that hardly moved because it was 'trapped’ between 2 high pressure areas, one
high pressure area with a core in the Near Atlantic Ocean west of the British Islands and a second
anticyclone over Central and Eastern Europe. An occlusion attached to the depression and situated over
western Germany and the south and east of Belgium produced intense excessive rainfall.

Such a phenomenon is better known as a "blockade". In this case, it was a low-pressure blockade
with persistent precipitation over the same regions for many hours or even longer than a day, leading to
extreme precipitation totals. The rain zone stretched in a north-easterly direction over Belgium, causing the
same regions to be affected for a long time by intense precipitation. The relief of the Ardennes and the High
Fens also formed a reinforcing factor. The following precipitation amounts were measured in Belgium over
a period of 48 hours (see also Figure 1.7):

. At Jalhay : 271.5 mm

. At Spa:217.1 mm

. At Neu-Hattlich : 189.0 mm
. At Mont Rigi : 192.4 mm
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At such extreme amounts of precipitation, people referred to it as “water bomb”. For comparison, the
average expected amount of precipitation in July in central Belgium is 76.9 mm.

Figure 1.7. Map of rainfall amounts over 48 hours in Belgium on 14-15 July 2022 (source: RMI)

Comparison of these rainfall amounts with local observations and extreme value statistics shows that in the
current climate such a precipitation event can be expected once every 400 years. Due to climate change,
both the intensity and the frequency of this type of events are expected to increase.

The extreme amounts of precipitation have led to unprecedented high discharges in several rivers
in the Walloon Meuse basin, including Vesdre Ambléve, Ourthe, and Hoégne. Also, the thin stony soils in
the Ardennes, which can absorb little water, and the previous precipitation in June and early July, which
already partly saturated the soil with water, were partly responsible for the rapid drainage of water. Small
streams like the Hoégne, a tributary of the Vesdre, have quickly become raging mountain streams. For
example, the Hoégne has a discharge of less than 1 m®/s in a normal summer period. On the night of 14 to
15 July 2021, however, a discharge of 87 m3/s were measured, and a water height of 2 m was recorded.

More than 38,000 homes in Wallonia were damaged by the floods, 5,000 of which were severely
damaged, and 642 homes completely destroyed. The human toll is also extraordinarily heavy: many people
were surprised in their house, in their cellar or in their car by the suddenly rising water level. In addition to
dozens of missing persons, there were 41 fatalities.
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1.3.3. Netherlands

On Tuesday and Wednesday, July 13 and 14, 2021, exceptionally heavy precipitation in the Belgian,
German, and Dutch parts of the Meuse and Rhine basins, led to flooding of the (side) rivers in many places.
The 1- and 2-day precipitation amounts (160 - 180 mm in two days) and discharges of the rivers are very
rare, particularly in the summer season. For both precipitation and peak discharges, the probability is much
smaller than can be directly deduced from the measurement series and is estimated to less than 1:100 to
1:1000 per year. Several days in advance large amounts of precipitation were predicted; discharge forecasts
were adjusted upward until shortly before the flood event.

The peak discharge on the Meuse near Eijsden and several tributaries is the highest ever recorded.
Water levels on the Meuse are lower downstream of Roermond than during previous floods and also lower
than expected on the basis of earlier model calculations. The probabilities of occurrence of the measured
water levels is approximately 1:200 per year on the Meuse at Borgharen and decreases, due to top flattening,
to a probability of occurrence of 1:15 per year at Gennep. Also in the tributaries the exceeding frequency
of the measured water levels varies strongly. At many places along the Geul, the Geleenbeek and the Roer
the probability of occurrence is estimated at 1:100 to 1:1000 per year.

At the time of the high water the hydrological measuring network of the Limburg Water Board functioned
reasonably well (except for a few failed measuring points due to failed gauges), giving a good overview of
events. However, the information on actual precipitation was of insufficient quality. The number of
precipitation meters in the area is limited, and the real-time KNMI radar product underestimated the
precipitation volumes by approximately a factor of three to four.

It is estimated that more than 2,500 homes, 5,000 residents and some 600 businesses in the directly flooded
area. With the standard method for damage assessment (SSM2017), experiences, and based on international
sources, the total damage is currently estimated in the range of € 350 - 600 million. Household and building
damage to homes and businesses, business interruption, damage to infrastructure and agriculture are the
biggest damage items.
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1.4. Geological and geophysical conditions in the flood regions of Germany

The main flooded areas in Germany are the Eifel region and the Ahr valley. Both regions have unique
geological and natural features.

Surface geology in the Eifel area is mostly characterized by Devonian rock and red sandstone from
the Triassic period. Soil of the Eifel are reflective of the different surface rocks with brown topsoil covering
often Devonian rock and podzolic soils often covering red sandstone. Erosion has led to mineral and
organics depleted top soils on many of the slopes (https://www.nationalpark-eifel.de/en/nature-
landscapes/geology-soils-and-climate/).

The river Ahr cut the Ahrtal into sandstone, siltstone, and clay slate. Steep to vertical walls frame
the Ahr in sections, while significant meanders resulted from limited inclination (Meyer, 1993). Wineries
have taken advantage of many of the steep slopes with 53% of all grape fields being located on slopes > 60
degree. The river Ahr has a length of about 90 km with an elevation change of approximately 400 m. Soils
along the Ahrtal are dominated by slate with some loess and sandy clays from Altenahr to Rech and sandy
to gravelly clays and loess from Rech to Ahrweiler. Sandstone, loess and basaltic rock can be observed in
many locations along the Ahrtal (https://www.lgb-
rlp.de/fileadmin/service/lgh_downloads/boden/steinundwein/ahr_07032017.pdf).

Narrow river valleys are common within the Eifel National Park and are characteristic for the Ahrtal.
This amplified the flood severity through significant rainwater catchment and runoff, small to negligible
flood plains, and accelerated flow velocities. Figure 1.7 shows an example of the terrain surrounding Bad
Minstereifel. The cross-sections were generated with the open source GIS tool of Rhineland Palatine
(available at: https://www.wms.nrw.de/geobasis/wms_nw_dop and https://www.geoportal.nrw/). The river
Erft, located at the lowest point in the valley (Figure 1.7) has limited flood plain areas and is fringed by
often steep slopes. Local geologists highlighted specifically the role of steep rocky slopes along the Ahrtal
as a key contribution to the severe and rapid flooding (https://www.ardmediathek.de/video/swr-aktuell-
rheinland-pfalz/experte-geologie-im-ahrtal-beguenstigte-flutkatastrophe/swr-
rp/Y3JpZDovL3N3ci5kZS9hZXgvbzE1ODUxXMil/).
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Figure 1.8. Top) Aerial image of the Erft River in Bad Muenstereifel with highlighted cross-sections
(https://www.wms.nrw.de/geobasis/wms_nw_dop). Bottom) Elevation profiles for cross-sections A-D based on
https://www.geoportal.nrw/.

Soil conditions including state of saturation play an important role in the development of flood events.
While soil can store and retain precipitation, soil behavior can change with changes in saturation, and the
amount of water that can be absorbed is restricted by the type of soil and the initial water content. According
to the German Meteorological Services (Deutscher Wetterdienst, DWD). The three weeks prior to the flood
event were characterized by recurring precipitation throughout Germany resulting in increased soil
saturation and limited water absorption capabilities prior to storm event “Bernd” (Fig. 1.9). The soils in
Rhineland-Palatinate and in South Westphalia were reported to have hardly any capacity for water
absorption (in some cases less than 10 mm free soil water storage), the soils in the southwest of North
Rhine-Westphalia were still capable of absorbing water to a limited extent (just over 75 mm free soil water
storage).
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Figure 1.9. Remaining water absorption capabilities of soil covered with grass within the top 60 cm of the soil layer on July 12,
2021, estimated by the German Meteorological Service (DWD).

1.5. Historical context of flood events in the regions

The regions visited during the August 2021 reconnaissance are historically known flood regions in
Germany in which repeated strong rainfall events have led to substantial flood related incidents and damage.
Hereafter, we review the flood history of three of the four main rivers involved in the most recent flood
events, the rivers Erft, Urft, Ahr, and Wupper. Areas around the river Wupper were not visited by the team.

Erft: The Erft rises on the northwestern edge of the Ahr Mountains, part of the Eifel region, in the village
of Holzmilheim, district of Euskirchen, and flows into the Rhine after 106.6 km near Neuss-
Grimlinghausen. The elevation change from the spring (527 m a.s.l., mainstem headwaters) and the mouth
(31 ma.s.l.) is 469 m, corresponding to a bottom gradient of 4.7 %.. The Swist, the largest tributary, flows
into the Erft north of Weilerswist. Extreme runoff situations are typical for the Erft, with extreme floods
mainly resulting from local heavy precipitation in the Erft catchment in the summer. A list of flood events
of the river Erft can be found at
https://de.wikipedia.org/wiki/Liste_der Hochwasserereignisse_an_der_ Erft

Ahr: The Ahr rises in Blankenheim in the district of Euskirchen, flows through the Ahr valley, and into the
Rhine River near the town of Sinzig in the district of Ahrweiler. Its total length is 85.1 km. The elevation
change from its spring (474 m above sea level) to the mouth (53 m above sea level) is 421 m, corresponding
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to a bottom slope of 4.9 %o.. The characteristic feature of the summer floods of the Ahr is the rapid rise in
water level combined with high flow velocity and a rapid decline. Winter floods, on the other hand, swell
slowly, usually have a preliminary high-water stage and a longer duration with gradually fall back to
average water levels. In a historic compilation of flood events of the Ahr by Seel (1983), 31 of 64 recorded
floods occurred between May and October and 33 in November to April. Extreme flood events had a similar
occurrence regarding summer versus winter with 5 in summer (1601, 1804, 1818, 1848, 1910) and 4 in
winter (1687, 1739, 1795, 1880). Based on documented damage, the most severe floods are those of 1601,
1804, and 1910, all summer floods triggered by thunderstorms. A complete list of flood events along the
river Ahr can be found here: https://de.wikipedia.org/wiki/Liste_der Hochwasserereignisse_an_der_Ahr.

To date, according to the EU evaluation, around 56,000 people live along the Ahr River in the district of
Ahrweiler. The Emergency & Response Directorate (ADD) assumes that 42,000 people were affected by
the 2021 flood. Of these at least 17,000 have directly lost belongings and/or are facing considerable damage,
based on satellite assessments. The Ahr flooded an area of about 200 hectares and damaged about 3000 of
a total of 4200 buildings (70%). 62 bridges were destroyed. The region is traditionally characterized by
wine production and tourism, representing the economic basis of the Ahr valley. While vineyards are
located on the slopes, residential areas and tourist infrastructure are mostly located at low elevations close
to the river.

Urft: The Urft is a 46.4-kilometre-long (28.8 mi) right-hand tributary of the river Ruhr in the county of
Euskirchen in North Rhine-Westphalia. It flows through the village of Urft in the municipality of Kall. The
Urft rises in the North Eifel region. The Urft river caused substantial damage in the town of Gmuend, and
its tributary, the river Olef, caused severe damage in the city of Schleiden. The Urft Dam is the oldest dam
in the Eifel and is in the middle of the Eifel National Park. It was constructed for the purpose of flood
protection and energy generation, as well as for drinking water supply in the region. With a length of 12
km, a width of 1 km, and a maximum depth of 52 m, the Urftsee reservoir has a capacity of 45.5 million
cubic meters. The dam did not experience any damage during the flood event; however, water was released
during the rainfall event contributing to increased downstream water volume in nearby towns.

Wupper: The Wupper is a 116-km long tributary of the Rhine in North Rhine-Westphalia. Rising near
Marienheide in the western Sauerland region, it runs through the mountainous region Bergisches Land in
Berg County and enters the Rhine near Leverkusen, south of Dusseldorf. Fifteen dams and two large river
impoundments are located in the Wupper catchment area. They have significantly mitigated flood peaks
since the end of the 1980s (Ministerium fur Umwelt, Landwirtschaft, Natur-und Verbraucherschutz, NRW).

1.6 Existing flood protection mechanisms and preparation for flood events in affected
countries

Flood events are recognized as a local natural hazard in all the affected regions, and a variety of flood
protection mechanisms have been put in place. For example, the “Landesamt fuer Natur, Umwelt und
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Verbraucherschutz NRW” (LANUV; State agency for nature, the environment, and consumer protection)
lists the following mechanisms to manage flood risk: flood watches and warnings including the publication
of water level stages at different gages along the rivers, updated watches and warnings, and an information
website; flood risk maps and flood risk management plans; identification and mapping of spatial flood
extend; bathymetric and flow velocity river maps; flood protection infrastructure such as levees and dams;
wetland development that can serve as flood plains; public information regarding flood protection in
construction, flood response planning, and insurance
(https://www.lanuv.nrw.de/umwelt/wasser/hochwasserschutz). Similarly, Rhineland-Palatine (RP) offers a
flood portal (https://www.hochwasser-rlp.de/) with flood watches and warnings, water level recordings,
flood maps and flood risk maps (https://hochwassermanagement.rip-umwelt.de/serviet/is/200042/). RP is
also developing increased wetlands and natural flood plain zones and has invested in flood water retainment
mechanisms such as levees (https://hochwassermanagement.rip-umwelt.de/servlet/is/201062/).

The river Meuse that was center of many of the damages and loss of life in Belgium and the
Netherlands has been center of a significant river restoration program over the last 30 years
(https://www.rivierparkmaasvallei.eu/sites/default/files/2101005_maasinbeeld.pdf) including the
development of natural flood plains, the extraction of gravel, and strengthening of dikes. Indeed, the
sections of the river that were subject to this significant river restoration project encountered less damages
through the increased flood capacity of the river. In Belgium, flood warnings were issued by the Royal
Meteorological Institute and also through the European Flood Awareness System (EFAS;
https://www.efas.eu/en).

In the Netherlands, river flood protection particularly along the rivers Rhine, Meuse, and Scheldt
has been an important topic of civil and environmental engineering since the Romans. Flood protection
mechanisms reach from hard and earthen flood protection mechanisms such as dikes, levees, pumping
stations, and canal design to natural approaches including reclamation of wetlands and flood plains. A
detailed overview is provided by a report from the Dutch Center for Water Management (Rijkswaterstaat)
available at:
https://web.archive.org/web/20140221225045/http://www.rijkswaterstaat.nl/en/images/Water%20Management%20
in%20the%20Netherlands_tcm224-303503.pdf. Water management in the Netherlands is distributed between
the Rijkswaterstratt and district water boards. Flood warning, mapping, and risk assessment is provided by
Deltares (https://www.deltares.nl/en/areas-of-expertise/flood-risk/) including through the forecasting model
FWS Rivieren (https://www.imprex.eu/system/files/generated/files/resource/flood-early-warning-and-forecasting-
across-europe-netherlands.pdf).

In summary, the affected neighboring countries have invested a significant amount of effort in flood
prediction and warning, as well as flood mitigation and response mechanisms on local, regional, state,
country, as well as European Union level. Nevertheless, the flood 2021 was referred to as a “monumental
failure of the system” regarding warning and response (e.g.,
https://www.theguardian.com/world/2021/jul/19/german-villages-could-be-left-with-no-drinking-water-
after-floods). Such media publications are in line with statements by local stakeholders and residents
received by the GEER team. In the media, local decision making (or lack thereof) in response to the
warnings was often pointed at as the most impactful issue. Local residents who talked to the GEER team
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stated that they were aware of warnings but felt that the information they received did not clearly
communicate the severity of the event and risk.

1.7 Early remote data collection and before and after imagery

Significant amounts of imagery and information became available early through residents and local
stakeholders actively posting imagery and videos on social media platforms. Those images and videos were
rapidly further disseminated by the media. Additionally, aerial imagery was collected by regional, state,
and federal authorities, and partially published to inform the public and provide timely updates on flood
maps. A variety of these information outlets also provide before-during-after flood imagery of affected
areas. Here, a small selection is provided with respective sources.

The German Remote Sensing Data Center (ZKI) and the German Aerospace Center (DLR) offer
many before-after aerial images with detailed supplementary information. Those can be accessed at
www.dlIr.de. The following are some excerpts of examples (Fig. 1.10-1.12). The ZKI also communicated
with the GEER team prior to GEER mobilization and provided imagery that assisted with reconnaissance
planning.

Figure 1.10. Before (left) and after (right) imagery obtained from along the Ramersbacher Strasse and the Ahr river in Bad
Neuenahr-Ahrweiler, Germany. (Source: ZKI/DLR, accessed through dir.de).
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Figure 1.11. Copernicus-Sentinel 2 imagery from June 13, 2021 (left) and July 18, 2021 of the Ahrweiler region. Source: EU
Copernicus Sentinel 2, accessed via dir.de.

Figure 1.12. Aerial imagery obtained from Erftstadt-Blessem from June 30, July 16, and July 18, 2021. Source: ZKI/DLR,
accessed through https://activations.zki.dlIr.de/.
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The following examples represent publications through different media channels.

Figure 1.13. Before and after imagery of Altenburg (district Altenahr) published by the ARD Tagesschau and accessed through
https://www.facebook.com/tagesschau.

Residents, visitors, as well as media outlets also published numerous videos and contributions during and
after the flood events through YouTube. The amount of public data assisted significantly with the planning
and decision making for the GEER reconnaissance mission. However, many privately published
information were often unclear regarding specific timing and locations. Therefore, special thanks goes
particularly to federal and state agencies who provided well georeferenced information, as well as to the
many representatives of different local authorities who assisted with identifying key locations of interest as
well as safe access for the team.
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2. Data Collection

2.1.  Overview of information collected & technology used

Reconnaissance data were collected through unmanned aerial vehicle (UAV) and terrestrial photography,
terrestrial light detection and ranging (LiDAR) scans, multispectral photography, UAV-derived structure-
from-motion models, satellite imagery, on-site measurements (manual), material sample collection (shovel
& bags), and on-site interviews. The documentation included geotechnical and structural damage, water
levels (taken at visible watermarks) on buildings, general information on flood progression and water level
rise, infrastructure damage, riverbed erosion and sediment redeposition, scour, utility network performance,
and first response information.

LiDAR scans were performed at five sites in Germany and two sites in Belgium. LiDAR is an
optical remote-sensing technique that uses laser light to densely sample the surface of the earth, producing
highly accurate 3D measurements. LIDAR produces dense mass point cloud datasets that capture the three-
dimensional condition of the location being scanned. These point clouds can be managed, visualized,
analyzed, and shared using the open-source software package Cloud Compare as well as proprietary
packages such as ArcGIS. LIiDAR scans were collected using a ground-based Leica RTC 360 medium-
range laser scanner and processed using Cyclone 360 (proprietary software for Leica scanners). Additional
LiDAR scans were obtained using a hand-held iPad Pro 2020 with built-in LIDAR sensor which was
accessed using the 3D Scanner App for data collection and processing.

Multispectral imaging was performed at one site. This was a test application where images were
taken from the ground to determine if this type of deployment is useful in rapid, post disaster
reconnaissance. The multispectral sensor collects simultaneous images at five high resolution narrow bands
(blue, green, red, red edge, and near infrared) as well as a thermal image. With the resulting images, it is
possible to identify features in the images that reflect light in a similar fashion, potentially identifying
erosive or depositional patterns in soil or degree of saturation in different materials. Multispectral images
were collected using a MicaSense Altum multispectral and thermal camera and manually processed in
Python using MicaSense multispectral image processing libraries.

UAYV imagery was collected both through double-gridded autopilot missions and manual image
collection to document flood damage. Double-gridded nadir image collection provides multiple overlapping
images taken from different sides of objects such that high resolution; three-dimensional models of a site
can be created using structure-from-motion (SfM) techniques. UAV image collection is quicker and
provides more coverage compared to LIDAR, though at lower accuracy. For the automated gridded
missions, image overlap ranged from 70-90%—this maximized the amount of data that could be collected
while still providing reasonable resolution in the generated 3-D models. Drone images were collected using
DJI Mavic2 drones and three-dimensional SfM models were created using Pix4D.
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Table 2.1 Overview of Lidar Scans during the reconnaissance visit (obtained with Leica RTC 360)

Type of Structure

Location (City/Country)

GPS coordinates

Photo

Road Bridge
across Erft river

Euskirchen, Germany

50°40'01.2"N 6°47'56.5"E

Rail Bridge +
Pedestrian Bridge

Mayschoss, Germany

50°31'05.2"N 7°01'36.4"E

Tunnel Exit/Road

Altenahr, Germany

50°30'59.0"N 6°59'48.6"E

Double Bridge
near Tunnel Exit

Altenahr, Germany

50°31'01.0"N 6°59'48.2"E

Road Bridge Liers, Germany 50°27'25.2"N 6°56'43.2"E
Road Bridge Trooz, Belgium 50°34'16.3"N 5°41'22.9"E
Road Bridge Pepinster, Belgium 50°34'0.552" N

5°46'57.648" E
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Table 2.2. Overview of Lidar Scans during the reconnaissance visit (obtained with iPad Pro 2020)

Type of Structure

Location (City/Country)

GPS coordinates

Photo

‘Outlet’ from City
Wall

Bad Minstereifel,
Germany

50°39'59.99" N 6°47'57.03"
E

Footbridge

Bad Minstereifel,
Germany

50°33'19.18" N 6°45'53.64"
E

Bridge Pier - Erft
River

Euskirchen, Germany

50°39'38.71" N 6°48'17.13"
E

Bank Scour - Erft
River

Euskirchen, Germany

50°39'42.44" N 6°48'16.02"
E

Floodplain
Scour/Deposition
- Erft River

Euskirchen, Germany

50°39'46.46" N 6°48'11.91"
E

Bridge Abutment
- Erft River

Euskirchen, Germany

50°39'59.99" N 6°47'57.03"
E

Bridge Deck/Pier
- Erft River

Euskirchen, Germany

50°39'59.99" N 6°47'57.03"
E

43




Road (Head-cut
from Gravel Pit)

Blessem, Germany

50°48'48.76" N 6°47'42.04"
E

Dam - Steinbach
Talsperre (Scour
near crest)

Near Kirchheim,
Germany

50°35'25.7249" N
6°50'5.5184" E

Dam - Steinbach
Talsperre (Rills
downstream face)

Near Kirchheim,
Germany

50°35'25.7249" N
6°50'5.5184" E

Bank Scour - Ahr
River

Putzfeld, Germany

50°29'39.25" N 6°58'57.13"
E

Bridge Pier /
Abutment Scour -
Ahr River

Putzfeld, Germany

50°29'39.62" N 6°58'54.34"
E

House Foundation
Scour

Bad Neuenahr -
Ahrweiler, Germany

50°32'29.45" N 7°6'35.79"
E

Bridge Pier Scour

Sinzig, Germany

50°32'58.81" N 7°14'40.65"
E
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Table 2.3. Overview of SfM models recorded during the reconnaissance visit

Type of Structure | Location (City/Country) | GPS coordinates Photo

Gravel Mine Blessem, Germany 50.81865° N
6.79390° E

Flooding Damage | Blessem, Germany 50.81360° N

near 6.79483° E

Radmacherstrasse

Dam (Talsperre) | Steinbach, Germany 50.59326° N
6.83894° E

Bank Scour, Euskirchen, Germany 50.66126° N

Floodplain 6.80463° E

Scour/Deposition

- Erft River

Bridge Abutment | Bad Minstereifel, 50.55739° N

Scour Germany 6.76583° E

Table 2.4. Overview of Multispectral Camera Imaging conducted during the reconnaissance visit

Type of Structure

Location (City/Country)

GPS coordinates

Photo

High water mark
on hotel

Bergischer Hof Bridge,
Germany

50°31'04.80" N 7°01'37.16"

E
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Table 2.5. Overview of Soil Sample locations collected

Type of Sample Location (City/Country) | GPS coordinates Photo
Soil sample, Bad Minstereifel, 50.55628179196182,

riverbed, Erft Germany 6.765454452058204

Sediment deposit | Bad Minstereifel, 50.551309740679955,

in flooded car Germany 6.762934764639411
Soil Sample Campground Gut 50.49439166912573,
Puetzfeld 6.982455823015818
Soil Sample, Blessem, Germany 50.81948591139152,
Gravel mine 6.79356877369972
Rock sample, Altenahr, Germany 50.516294189855685,
Tunnel Exit 6.99653790006852
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2.2. Data curation and publication

Data collected by the GEER team during the reconnaissance mission from August 9 - 18, 2021 in Germany,
Belgium, and the Netherlands are published and available through the DesignSafe-Cl Data Depot under
DOI: 10.17603/ds2-0ddt-ss87. The data repository is organized by country and data collection dates
(Germany, August 9-13, 2021; Belgium, August 16, 2021; Netherlands, August 18, 2021), and contains
general information about the instruments (i.e., data collection tools) used. Within the different country
folders, data are organized by location (i.e., town, region, or specific sites such as the two dams visited).
Within the different location folders, data are organized by data collection method (i.e., photos, drone aerial
imagery, structure from motion, lidar). Readme files are provided for all location folders describing the
types of data collected at this location and listing the GEER members who collected the data including
contact information.

2.3.  Sample Data

A set of sample data, including LIDAR, UAV imagery, UAV based SfM models, multispectral imaging,
and photographs of collected information are depicted below. Figures 2.1 and 2.2 show sample LiDAR data
obtained from (a) the Leica RTC360 laser scanner and (b) iPad Pro 2020 using the 3D Scanner App.

Figure 2.1 shows a bridge in Trooz Belgium, which suffered damage to the middle pier and the
bride abutments. Scour likely caused settlement of the middle pier, inducing rotation and damage to the
bridge deck. The bridge was passable for pedestrian traffic; however, restricted for motorized vehicles. The
team took extensive photography and obtained LiDAR scans of the bridge from 2 locations.

Figure 2.1. Photograph (top) and Lidar model (bottom) of road bridge crossing the river Vesdre in Trooz, Belgium.
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Figure 2.2 shows scour on the downstream side of a railroad bridge pier crossing the Erft River near Kdélner
Stralle in Euskirchen, Germany. The armoring, which consisted of a hardened concrete-rock cap, was
eroded and undermined exposing the pile walls surrounding the bridge pier. The exact failure mode could
not be deduced, however hard armoring such as this is brittle and subject to cracking. Cracks can allow
hydraulic jacking of sections of the concrete-rock cap (the same process that can occur in concrete spillway
chutes, like the Oroville Flood Control Outlet Spillway in California, USA during the 2017 flood events).

Figure 2.2. Photograph (left) and LIDAR model (taken with the iPad Pro 2020) (right) of scour damage at foundation level of
railroad bridge crossing river Erft, parallel to Kélner Stral3e

Figure 2.3 shows an example of post-processed imagery from the multispectral camera. In this image, the
maximum water level reached during flooding can be clearly seen just below the 2nd story windows. The
color variation indicates the undistorted, calibrated reflectance for a particular narrow band-the blue band
in this case, which differentiated the high-water mark most clearly. Since multispectral imagery was
manually collected on-foot, it was not possible to automatically post-process collected images using
software such as Pix4D as might be normally done with drone-borne image collection. Image processing
was performed in Python using the MicaSense image processing library provided through GitHub
(https://micasense.github.io/imageprocessing/). With this library, the radiance to reflectance conversion
factor for each of the narrow bands is extracted so that raw radiance images can be converted to reflectance,
as shown in Figure 2.3. This workflow in Python is ideal for manually processing and visualizing relatively
small datasets, as was the case with this test deployment.
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Figure 2.3. Multispectral imaging of residential building near Mayschoss.

Figure 2.4. shows a structure from motion (SfM) model generated from UAV-collected images. The SfM
model is of the Steinbachtalsperre, located between Euskirchen and Bad Muenstereifel. The SfM models
created of this dam had ~2cm resolution with measurement error of approximately 8 cm in plan and 13 cm
in vertical. Images were collected using a DJI Mavic2 drone with both manual image collection and
autopilot missions planned using Pix4Dcapture. For the images collected to create this model, approximate
flight time was 40 minutes. The SfM model shown in Figure 2.4 was created in Pix4D using 288 images.

Figure 2.4. Structure for Motion model of Steinbachtalsperre

Standard UAV imagery was collected using two DJI Mavic2 drones, operated by the team on the ground.
Still image and video footage was captured to provide an aerial view of damage. Figure 2.5 (left) shows an
aerial photograph of a riverbed near Euskirchen, which documents the extent of riverbank erosion and
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exposure of critical infrastructure; Figure 2.5 (right) shows an aerial photograph in Blessem near the gravel
mine, where access was entirely restricted due to ongoing rescue and cleanup activities.

Figure 2.5. Sample UAV photos taken, Left: Erft river in Euskirchen, Crossroad Kdélner Straf3e; Right: landslide damage
triggered through inflow into the Blessem gravel mine
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3. Field observations (documented in chronological order)

3.1. Day 1: Bad Minstereifel & Euskirchen

3.1.1. Introduction and Locations

Figure 3.1 & 3.2 show maps of areas visited during the first day of the reconnaissance. Bad Munstereifel is
a historic town in the district of Euskirchen, Germany, with about 17,000 inhabitants, situated in the
southwest of North Rhine-Westphalia. The town represents a popular vacation destination. Bad
Minstereifel and its surroundings has an area of approximately 151 km? (58 sq mi) and is located at
elevations of 200 m to 586 m (656 to 1,923 ft) above sea level. The river Erft flows through the town. Over
the centuries, floods of the upper Erft river caused numerous severe events, repeatedly resulting in loss of
life and severe damage to houses, roads, bridges, and fields. Table 1 presents specific places visited by the
team and their GPS coordinates.

Figure 3.1. Location of Bad Munstereifel in Germany

Figure 3.2. Bad Munstereifel, shaded area representing the area explored by the team, blue line represents the river Erft
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Table 3.1. Places visited, Data collected, and GPS-coordinates

Town

Visited Places

Applied methods

GPS-coordinates

Bad-Minstereifel

historic city-centre

images
soil samples
measurement of water levels

50.552137; 6.763145

Werkbriicke

drone images

50.553238; 6.761479

Werther Tor & Bridge
near Werther Tor

drone images

50.557341; 6.765897

Euskirchen

Downtown

images
measurement of water levels

50.660776; 6.788895

Kdolner Strale
(Bridge Scour &
Riverbed erosion)

images

drone images,
shear strength
lidar

50.661224; 6.804757

Briicke Erftstralie

Images,
drone images,
lidar

50.666848; 6.798949
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3.1.2. Observations

3.1.2.1. Bad Munstereifel: Historic City Center

The team started its investigations near the Orchheimer Tor and walked the city center to document damage.
Figure 3.3 shows a before and after photograph of the historic downtown area. Substantial damage was
observed to houses (basements and ground level stories), embankments, historical bridges, roads, and utility
services.

Figure 3.3. Before (left) and after (right) photograph of the city center Bad Minstereifel, Source:
https://www.dw.com/en/flooding-in-germany-before-and-after-images-from-the-ahr-and-eifel-regions/a-58299008

At the time of the team’s visit most of the city center area has been filled with soil (and compacted) to
enable residents and rescue services to access the city center. Local residents reported an outage of all utility
services immediately after the flood. Five days after the flood event, drinking water was re-established and
about 50% of the city center was re-connected to the fresh-water network, however, water had to be boiled
before consumption. About one month later (August 18th), the water boiling mandate was relieved and
only selected parts of the city were required to continue with precautions (https://www.bad-
muenstereifel.de/rathaus-service/hochwasserkatastrophe/). Twelve days following the flood, electricity
was re-established. Mobile service points from Germany’s primary telecommunication providers (e.g.,
Telekom) were established to help residents with wireless services and charging options. To date
(November 2021), the landline communication network has not yet been re-established in the city center.

Residents reported an overwhelming support system immediately after the event, including food
sharing and distribution, first aid and response to elderly residents, emotional and medical support, clean
up and disinfection (especially for houses with wastewater issues), and immediate financial help. Local
restaurants cooked their food reserves on outside gas stoves, supplying hundreds of affected inhabitants,
until external supplies arrived.

Approximately one month after the event (August 16th), train replacement services were established
using bus and taxi networks. The German association of Engineers without Borders visited the town on a
monthly basis to provide structural assessment services free of charge to local residents. Above all, old half-
timbered structures were particularly affected by the consequences of the flood. In order to preserve the
historic building fabric, the Rhineland Regional Council (LVR) has actively published useful information
on its homepage about drying, exposing and preserving half-timbered structures, as Bad Mdnstereifel
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strives to re-establish its historic charm. Figure 3.4 shows photographs immediately following the flood
obtained from online sources. The photos show screenshots of video footage taken 1-2 days after the flood.
The photographs in the top row depict damages directly adjacent to the Erft river, and the photographs on
the bottom show damage to a pedestrian zone not located near the Erft. However, flood waters ripped out
the entire street and its subsurface construction, uncovered utility infrastructure, and held water residues in
many parts of the city center area. As visible in Figure 3.4 (top left), the water level in the Erft was still
high, reaching elevations just below the arch of the bridge. Road construction seemed to have been
performed with cobblestone placed on asphalt and underlain by compacted fill.

For reference, Bad Miinstereifel is located in “frost zone 1” (Frosteinwirkungszone 1), a mapping
system in Germany that indicates frost penetration depths across the county. Zone 1 represents the lowest
(i.e., shallowest) frost depth with a maximum estimated penetration of 1.2m (BASt, 2012). Zone 1 requires
the upper 40-55cm below surface to represent structural bearing layers for road construction. In this zone,
utility infrastructure such as wastewater and electricity are typically placed 60cm below ground surface.
The minimum embedment depth of drinking water pipelines is 80cm below ground surface, most
construction however, places drinking water pipes at approximately 100cm -120cm below ground surface.
Drinking water pipelines also must be placed at least 100cm away from wastewater pipes. Figure 3.4 top
left indicates the two sets of utility supply lines (the shallower lines on the right (wastewater, and
electricity/telecommunications) and the lower left line to be drinking water. The exposed pipes suggest
damage depths in extent of at least 1.0m below ground surface.

Figure 3. 4. Screenshots of damage immediately following the flood, Source: (Wochenspiegel.de, 2021:
https://www.youtube.com/watch?v=0xhy68LQ96E)
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Figure 3.5 shows photographs of damaged structures in Bad Munstereifel taken during the team's visit. All
walkways and temporary dirt roads were filled after the flood.

Figure 3.5. Damage to embankments, bridges, utility lines along the Erft in the historic center of Bad Munstereifel (all photos by
the GEER team)
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3.1.2.2. Bad Munstereifel Werkbricke

The Werkbriicke is located right in front of the Bad Miinstereifel Stadtmauer (the wall that encompasses
the city center), built in the 13th century and the first half of the 14th century. It is 1.6 km long and has
several passages for the Erft river. Figure 3.6 shows a set of photos before and after the flood event which
depict the Werkbriicke and Stadtmauer prior to the flood (top, and center left) during the flood event
(Source: Twitter, Bad Minstereifel), and at the time of the team visit (Fig. 3.6 bottom row).

Figure 3.6. Picture of the Werkbruecke: Top row: Before flood (Source: google earth); Center: during flood (center) Source:
Patrick Hamm one day after flood (July 16th), Source: https://www.youtube.com/watch?v=7mzZDH_P_1qg4 , Bottom photos: at
time of teams visit, August 9th, 2021
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3.1.2.3. Bad Munstereifel Werther Tor

As the youngest of the four city gates, the Werther Gate was rebuilt in 1416. Its predecessor was washed
out by the flood of July 1416 and collapsed. The gate did not experience any substantial damage during
the 2021 flood and remained structurally intact. However, water masses rushing through the gate removed
and destroyed an entire house just northeast of the gate. Adjacent to the Werther Tor was another, smaller
gate (unnamed), through which water exited with high velocities. Substantial road damage was
documented just outside the gate, exposing utility networks.

Figure 3.7. Left: Werther Tor, immediately after the flood (Source: @AshfordTwinning,
https://twitter.com/AshfordTwinning/status/1415990484925919236); Right: small gate to the left of Werther Tor, with substantial
surface damage (50.557167, 6.765114)

Damage areas around the outskirts of the city wall are highlighted in Figures 3.7 and 3.8. The
reconnaissance team investigated the bridge near the Werther Tor and adjacent surface damage as shown
in Figure 3.7.
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Figure 3. 8. Bridge and surface damage outside the Bad Muenstereifel Stadtmauer, near Werther Tor

As shown in Figure 3.8, the bridge itself was passable and structurally intact at the time of the teams visit,
however, all on-ramp and off-ramp infrastructure was washed out. Much of the soil surface adjacent to the
bridge (right side in the photograph below) is post-flood fill material. The surface of the parking lot on the

left-hand side (Fig 3.9) was eroded as well. Figure 3.10 shows a wide-angle view of the destroyed area,
including the washed-out bridge support.

Figure 3.9. Bridge near Werther Tor, at time of reconnaissance visit (left) and google earth picture showing pre-flood condition
(50.557369, 6.76584576)
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Figure 3.10. Aerial photo showing extent of damage to adjacent parking lot and erosion of soil material within bridge abutment
area ( 50.557486, 6.765991).

Figures 3.11 and 3.12 show close-up photographs of the damage around the bridge, including the depth of
the scoured material. Utilities are exposed, the depth of the manhole is estimated to be 50cm. Damage to
the river embankment is visible in Figure 3.11. Further embankment damage was documented in the

downstream direction (Fig. 3.12).

Figure 3.11. Damage around the bride, riverbank damage (top row), bridge on-ramp and off ramp damage with severely
scoured surface material and exposed manholes (50.557325, 6.7658949)
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Figure 3.12. Embankment damage just below the bridge structure (50.55748613, 6.7659919).

3.1.3. Water level documentation in Bad Miinstereifel

Water level measurements were taken at several locations throughout Bad Munstereifel. These included
primarily visible water line marks at houses. Figures 3.1 displays several photographs of team members
recording water marks at houses based on dirt lines in windows or wet marks along a brick facade. Figure
3.14 shows the water level rise in downtown Bad Munstereifel, indicating an estimate rise of up to 4.0m at
the location shown in the photograph.

Figure 3.13. Examples of watermark recordings along Wertherstrasse in Bad Minstereifel
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Figure 3.14. Example of water level rise of the Erft in the city center of Bad Minstereifel (50.5536697, 6.7626261)

3.1.2.5. Euskirchen Downtown

Severe flooding destroyed large parts of downtown Euskirchen causing damage to business and residential
buildings in the city center. Figure 3.15 shows a photograph of Euskirchen taken during the flood event.

Figure 3. 15. Captures from online footage showing water rushing through the city center of Euskirchen, Source:
https://www.youtube.com/watch?v=VA BOmMNI1jl, Source of photo on the right: Spiegel.de, by Gabriel Rinaldi, 17.07.2021.

At the time of the team visit, most parts of the city center were in the progress of being cleaned up, with
most of the larger debris removed. Stores along the city center’s pedestrian zone were almost fully flooded,
construction and repair work was underway. Water levels in the downtown region were visually estimated
and watermarks suggested water levels of nearly 2.0m above the ground surface.
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Figure 3.16. City center (pedestrian zone along Neustrasse) of Euskirchen at the time of the team's visit (50.6602526,
6.7899711)

A large contributor to the flooding of Euskirchen’s city center appeared to be the underground routing of
the river Erft through tunnels and with many structural flow obstructions, as shown in Figure 3.17 and 3.18
below. Immediately next to (or rather behind) the bridge shown in Figure 3.18 was a Gabion wall, which
was tilted and damaged at the time of the team’s visit, likely due to the pressure of the water overflowing

the channel.

Figure 3.17. Channel system of the Erft tributary “Mitbach” in the center of Euskirchen (50.657640, 6.7861305)
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Figure 3.18. Bridge over small Erft tributary (Veybach) which obstructed the river flow (left), damaged gabion wall immediately
behind the bridge (right), (50.6579006, 6.78616520)

3.1.2.6. Euskirchen: river Erft near Kolner Strale

The team visited a stretch of the Erft river near Kolner StraRe, Euskirchen. Figure 3.19 shows three specific
locations assessed. Foundation damage was investigated near the railroad bridge shown on the right of
Figure 3.19. Foundation scour was also observed at the foundation level of the road bridge; however,
damage was relatively limited, allowing for continued bridge traffic. Substantial riverbed erosion was
documented along the remaining stretch of the Erft.

Figure 3.19. Erft river in Euskirchen with three areas of damage documented by the reconnaissance team.
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Figure 3.20 shows the foundation damage at the railway bridge. The middle pier appeared to be supported
by a cofferdam foundation, which experienced severe scouring and erosion. The riverbanks were also

eroded and partially refilled by contractors on site.

Figure 3.20. Foundation damage at middle pier of railway bridge (50.660347, 6.805227)

Figure 3.21 shows the road bridge from an upstream location. Exposed utility lines are shown to the left,
severe river erosion is visible on the right. The connection between the bridge foundation area and the
existing river soil (i.e., the rip-rap region) was substantially damaged, several parts of the rip-rap were
relocated downstream.
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Figure 3.21. Scour damage at the foundation level of the Road bridge across the Erft @ Koélner Strasse (50.660347, 6.805227).

Further downstream and along a small park, the Erft riverbanks showed significant erosion with clear
erosion scarps, as well as exposed utilities (Fig. 3.22). The erosion scarps revealed vegetation grown on
about 10-30 cm of topsoil over an approximately one meter thick, rocky soil layer (possibly historic fill)
over finer grained and muddy river bed sediments (Fig. 3.23). Flood waters reached well into the river-
fringing park. Mostly organic debris accumulated around tree bases, and more interestingly coarse sediment
accumulations stretched meters towards the downstream direction of the trees, sometimes topped with fine
river sands (Fig. 3.23 (right) and Fig. 3.24). The deposits showed similarities to the dune accumulation
from lee-wake vortices and scour in unidirectional flow conditions.
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Figure 3.22. Riverbank erosion along the Erft river near Kdlner Str in Euskirchen (50.661315, 6.8048277)

Figure 3.23. Left: Close-up of eroded Erft riverbank scarp. Right: Organic debris and gravel deposits around trees (50.6628713,
6.8038167).
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Figure 3.24. Fine sediment on coarse sediment deposition stretched meters in the downstream direction from trees, particularly
when organic debris was wrapped around the tree base (50.6628713, 6.80381670).

3.1.2.7. Euskirchen: Bridge across the river Erft @ Erftstrale

The bridge on Erftstrasse crossing the Erft was blocked for any car sized vehicle traffic at the time of the
team visit. The bridge was missing one of its supporting elements which appeared to be an abutment wall;
the remaining pier experienced substantial tilt (50 cm of horizontal movement below the bridge girder),
only poorly supporting the bridge on an edge. The bridge had consequently sagged, but not failed. Before-
After imagery obtained from Google maps is shown in Figure 3.25.

Figure 3.25. Bridge Crossing before flood per Google maps (left), Bridge after flood at time of teams visit (right). (50.6668240,
6.7988197)

Residents reported that people had still driven personal car size vehicles over the sagged bridge before it
was blocked. Scour development was visible at the river center side of the still standing pile and of the
missing pile. Interestingly, deposits seemed more prominent on the riverbank side of the piles, instead of a
traditionally expected upstream/downstream focused differentiation of scour evolution. Erosion at the
abutments suggests that the river may have risen to or beyond the bridge deck height, raising the question
if flotation of the bridge deck may have contributed to the structural response, and specifically the loss of
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the bridge abutment structure and shift of the other. Erosion on the riverbank side of the lost abutment wall
appeared more severe than on the other side where soil cracks suggested that a larger riverbank failure
would have occurred soon, but eventually did not happen, likely also being related to the loss of the bridge
abutment structure on the heavily eroded side versus the shifted bridge pile on the lesser eroded bank side.

Figure 3. 26. Erft river bridge on Erftstrasse. Top left) Overview of damaged bridge highlighting severe erosion on the left
riverbank side and the total loss of a bridge pile on the same side. Top right) Larger context of the shifted bridge pier showing
distinct scour at the river center side and deposition on the riverbank side. Bottom left) Shifted and tilted bridge pile with gravel

deposits on its river bank side, minor erosion at the foundation of the abutment and river bank erosion aligning well with the
bridge abutment. Bottom right) Aerial image of the scene revealing river bank near gravel deposits. (50.666831, 6.798996)

Figure 3.27. Shifted and tilted bridge pier with team member J. Stamm for reference (left). Horizontal movement of pier at deck
interface (center), tilted support pier (right). (50.6668317, 6.7989968)
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3.1.4. Samples collected

Soil samples were collected in Bad Munstereifel (BM) from within a parked car (Table 2.3), thus,
representing sediment loads carried within the flood waters (BM1), from an eroded riverbank location near
the Werkbriicke (BM2), and from within the Erft river in Bad Munstereifel downtown (BM3; Table 2.3).
Sieve analysis and Atterberg tests were conducted for BM1. Limited soil material allowed Atterberg tests
only for BM2, and sieving was only performed on BM3. For BM1, sieve analysis suggested 63.31% fines,
35.5% sand, and 1.2% gravel. Atterberg testing suggested a liquid limit of 35, a plastic limit of 28, and a
plasticity index of 7. BM2 yielded a liquid limit of 54, a plastic limit of 35, and plasticity index of 19. BM
3 featured a median grain size of 3.76 mm with 0.11% fines, 93.7% sand, and 6.3% gravel, and with a
coefficient of uniformity of 8.3 and a coefficient of curvature of 0.93. Water content measurements were
taken with a Dynamax moisture gauge yielding w = 41% directly by the water, 30% at a distance of 50 cm
away from the river, and approximately 1% near the road.

In