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Abstract. Flash floods are caused by intense rainfall events
and represent an insufficiently understood phenomenon in
Germany. As a result of higher precipitation intensities, flash
floods might occur more frequently in future. In combination
with changing land use patterns and urbanisation, damage
mitigation, insurance and risk management in flash-flood-
prone regions are becoming increasingly important. How-
ever, a better understanding of damage caused by flash floods
requires ex post collection of relevant but yet sparsely avail-
able information for research. At the end of May 2016, very
high and concentrated rainfall intensities led to severe flash
floods in several southern German municipalities. The small
town of Braunsbach stood as a prime example of the dev-
astating potential of such events. Eight to ten days after
the flash flood event, damage assessment and data collec-
tion were conducted in Braunsbach by investigating all af-
fected buildings and their surroundings. To record and store
the data on site, the open-source software bundle KoBoCol-
lect was used as an efficient and easy way to gather infor-
mation. Since the damage driving factors of flash floods are
expected to differ from those of riverine flooding, a post-hoc
data analysis was performed, aiming to identify the influence
of flood processes and building attributes on damage grades,
which reflect the extent of structural damage. Data analyses
include the application of random forest, a random general
linear model and multinomial logistic regression as well as
the construction of a local impact map to reveal influences
on the damage grades. Further, a Spearman’s Rho correla-
tion matrix was calculated. The results reveal that the dam-
age driving factors of flash floods differ from those of river-

ine floods to a certain extent. The exposition of a building
in flow direction shows an especially strong correlation with
the damage grade and has a high predictive power within the
constructed damage models. Additionally, the results suggest
that building materials as well as various building aspects,
such as the existence of a shop window and the surroundings,
might have an effect on the resulting damage. To verify and
confirm the outcomes as well as to support future mitigation
strategies, risk management and planning, more comprehen-
sive and systematic data collection is necessary.

1 Introduction

Flooding is a common hazard in central Europe, resulting in
high economic losses (Munich Re, 2017). To promote and
tailor local planning, flood risk management policies such as
the European Floods Directive (2007/60/EC) set up frame-
work conditions for member states to implement flood risk
management on national, regional and local levels. Risk as-
sessments and policy decisions are expected to take differ-
ent flood types into account (e.g. coastal floods, riverine
floods, pluvial floods, flash floods), according to the local cir-
cumstances (BMUB, 2007). In Germany, for instance, storm
surge and river flooding are dominant and were therefore
considered risks with national significance. Due to recent se-
vere riverine flooding in eastern and southern parts of Ger-
many, particularly in August 2002 and June 2013, the flood
risk management system and the relevant legislation have
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been substantially improved by the Omnibus Flood Protec-
tion Act of 2005 and the EU Floods Directive (2007/60/EC)
and its implementation in the Federal Water Act of 2009
(e.g. Thieken et al., 2016b). In support, a large body of lit-
erature exists that addresses the topic of riverine flooding
in Germany and its effects as well as demands on people,
policy makers and general planning. In this regard, risk as-
sessment strategies and effects of preparedness decisions are
presented and extensively discussed with a strong focus on
recent major riverine flood events. (e.g. Bubeck et al., 2013;
Kienzler et al., 2015; Bracken et al., 2016; Osberghaus and
Philippi, 2016; Thieken et al., 2016b; Kundzewicz et al.,
2017). However, when implementing the EU Floods Direc-
tive in Germany, surface water flooding and flash floods were
not considered significant risks and were thus neglected. This
assessment is currently questioned due to destructive flash
flood events in May and June 2016 that caused damages of
EUR 2.6 billion (Munich Re, 2017).

Flash floods are defined as rapid flood events as a result
of very intense, timely and concentrated precipitation, which
is potentially enhanced by orographic features (Gaume et al.,
2009; Borga et al., 2014). According to Gaume et al. (2009),
flash floods can be triggered by diverse hydrological and me-
teorological processes and are, compared to riverine and plu-
vial flooding, associated with a higher number of fatalities.
Whereas pluvial floods are related to urban areas and caused
by sewage overflow and surface run-off (Maksimović et al.,
2009), flash floods usually occur in mountainous regions,
where they can trigger debris flows and/or hyperconcentrated
flows. Debris flows and hyperconcentrated flows are char-
acterised by the amount of transported and suspended sedi-
ment. With a sediment concentration between 60 and 80 vol-
ume percent, the quantity of solid material is often higher for
debris flows than for hyperconcentrated flows (Gaume et al.,
2009). Both flow types show a variation in grain size distribu-
tion and deposition characteristics as well: while debris flows
potentially carry large debris, boulders and gravel, hypercon-
centrated flows transport finer sediments (Pierson and Costa,
1987; Gaume et al., 2009; Totschnig et al., 2011; Hungr et
al., 2013; Borga et al., 2014).

Weather extremes in Europe are expected to occur more
frequently, leading to strong storms, droughts and heavy pre-
cipitation in various regions (Beniston et al., 2007; Murawski
et al., 2015; Volosciuk et al., 2016). More intense and con-
centrated rainfall in central Europe might increase the hazard
of severe flash flood events, not only in mountainous regions
but uplands as well, affecting regions which were previously
not perceived as flood prone. Further, an increased risk due to
a change in exposed objects and their vulnerability can be de-
tected, which is mainly influenced by urbanisation and eco-
nomic growth as well as changing land use patterns (Thieken
et al., 2016a; European Environment Agency, 2017). As a
result, flash floods are progressively perceived as a serious
hazard in central Europe. Yet, the implications on elements

at risk are poorly understood and assessing their vulnerabil-
ity, also in comparison to riverine floods, is challenging.

Vulnerability can be defined as the tendency for elements
at risk to suffer negative effects and damage if affected by
a specific hazard (Cardona et al., 2012). Regarding flash
floods, vulnerability and risk estimations were already con-
ducted in several studies. For instance, Papathoma-Köhle
(2016) pointed out that vulnerability assessments for flash
floods or debris flows need to be reviewed and adjusted con-
stantly. In her study, an indicator-based method was used
for assessing the vulnerability of elements at risk which are
exposed to debris flows in South Tyrol. In this regard, the
relevance of building characteristics and location for vul-
nerability estimations were highlighted. Similarly, Fuchs et
al. (2012) conducted a study which describes the vulnera-
bility of elements at risk, based on clusters of similar dam-
age ratios caused by flood events. This spatial approach re-
vealed that higher damage ratios are not only a result of
stronger floods, debris flows or hyperconcentrated flows, but
are also dependent on land-use patterns and the characteris-
tics of the elements at risk, such as the type and year of con-
struction. With regard to non-alpine environments, Hlavčová
et al. (2016) performed a post-hoc analysis of three strong
flash flood events which occurred between 1988 and 2004
in northern Slovakia, focusing on the hydrology as well as
hydraulic and topographic properties of the catchment areas.
They showed that the modelling of flash flood events is ac-
companied by major uncertainties due to the lack of data and
overall non-linear relationship between precipitation, run-off
and catchment properties.

Concerning flash floods in central Europe and particularly
non-alpine environments, we are in the early stages of under-
standing specific and subsequent damaging processes from
such floods. Especially in respect to vulnerability estimations
of the elements at risk as well as the damage driving fac-
tors, flash floods are insufficiently understood. Yet, it can be
assumed that damage processes of flash floods differ from
those of riverine floods, highlighting the need for elaborate
research in this field. Riverine floods commonly emerge on
the basis of large catchment areas after long-lasting rainfall
or snowmelt, which leads to high surface and groundwater
run-off and relatively slow-rising water levels. In contrast
to riverine floods, flash floods originate from catchments in
which geographical features such as steep slopes and defined
channels result in rougher flow dynamics in terms of velocity,
sediment transport and discharge (Borga et al., 2014). Here,
potential damage to buildings comprises erosion and phys-
ical impacts, which, on the other hand, do not seem to be
distinct damage patterns in riverine flooding (see Kreibich et
al., 2009).

To obtain a better understanding of the damage processes
of flash floods as well as of effective mitigation options, a
comprehensive damage database that links process dynamics
and intensities with damage and loss is needed, but is cur-
rently not available. Consequently, we present the flash flood
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in Braunsbach, a town in the district of Schwäbisch Hall in
Baden-Württemberg, Germany, as a case study, having col-
lected and analysed data in order to add to the knowledge of
damage caused by flash floods and governing factors.

Intense rainfall at the end of May and beginning of
June 2016 over central Europe led to severe surface wa-
ter flooding and flash floods, which were partly accompa-
nied by mud and debris. Several municipalities mainly in
the south of Germany were hit, eleven people lost their
lives and infrastructure and buildings were heavily damaged
(GDV, 2016). The insured losses of these events amounted to
EUR 1.2 billion (GDV, 2016) and the overall loss was esti-
mated at EUR 2.6 billion (Munich Re, 2017), an extraordi-
nary monetary loss caused by flash floods in Germany. The
district of Schwäbisch Hall in Baden-Württemberg was par-
ticularly affected. Moreover, at the beginning of June 2016
the municipality of Rottal-Inn in southern Bavaria was hit
by flash flooding, triggered by the same weather conditions
(GDV, 2016).

A small village in Schwäbisch Hall named Braunsbach
faced an especially severe flash flood on 29 May that caused
high damage to buildings and infrastructure. The village of
Braunsbach contains just about 1000 residents, yet due to the
devastating character and abruptness of this event, the me-
dia attention was high and policymakers were interested. The
monetary losses for the municipality of Braunsbach ( ∼ 2500
residents) were estimated at EUR 104 million, which is more
than 90 % of the estimated EUR 112 million of total dam-
age in Schwäbisch Hall (Landkreis Schwäbisch Hall, 2016).
The catchment of the creek primarily responsible for the
inundation in May 2016, the Orlacher Bach, is only about
6 km2 in size and characterised by steep slopes, in which the
stream descends ∼ 180 m over a distance of 3.1 km. Heavy
rainfalls in the catchment area between 18:45 and 20:00 of
29 May resulted in an estimated accumulated precipitation
of 60 mm, based on radar data which was recorded 70 km
south of Braunsbach. Due to inconsistencies and attenuation
effects, the data were corrected up to 153 mm after the ap-
proach of Jacobi and Heistermann (2016), (see Bronstert et
al., 2017). The extraordinary rainfall patterns finally led to
the severe flash flood, which was accompanied by massive
amounts of debris and rubble. Streets along the main run-off
channel were blocked by layers of debris, up to a thickness of
2 to 3 m, while numerous houses in the area showed severe
structural damage. Given the town size, event duration and
catchment area, the losses were extremely high. Eventually,
this event and similar cases of severe flash flooding in Ger-
many triggered a reassessment of local risk and revealed that
the processes and impacts of flash floods are insufficiently
understood (in Germany), also showing that research on and
management of this particular flood type needs to catch up,
particularly in comparison to river floods.

Our research paper follows two major objectives. Using
the flash flood in Braunsbach as a case study, it is aimed
at identifying, analysing, comparing and discussing factors

that govern damage caused by this event, applying different
linear and non-linear methods. As a second issue, the digi-
tal methods used for the ex post damage data collection in
Braunsbach and the creation of this database are presented
and discussed to demonstrate accompanying challenges as
well as successes during the field work.

2 Methods

Collecting and analysing data on structural and non-
structural damage to buildings is valuable for understand-
ing specific damage processes, helping to design and assess
effective mitigation measures and creating damage models
which can be used to estimate potential monetary losses ex
ante. Thus, a digital survey was designed to collect relevant
information in Braunsbach which can be used for detailed
post-hoc analysis. The type of recorded information is based
on existing literature on flood damage surveys (e.g. Thieken
et al., 2005; Schwarz and Maiwald, 2007; Merz et al., 2010;
Molinari et al., 2014).

2.1 Contents of the survey

The survey as well as the data collection was implemented
with KoBoCollect, a self-explaining and network-based
open-source software which was developed by the Har-
vard Humanitarian Initiative together with the Brigham and
Women’s Hospital in 2014 (KoBoToolbox, 2016). The soft-
ware is designed for quick and reliable information collection
after natural disasters or in humanitarian crises. Open-source
software, as a method for data collection and gaining knowl-
edge, is increasingly becoming important within the field of
natural hazards (Eckle et al., 2016; Klonner et al., 2016). For
instance, OpenStreetMap (OSM) and other voluntary geo-
graphic information services help to create comprehensive
databases of up-to-date geospatial data which also can be
used for natural risk assessment (Schelhorn et al., 2014; Vaz
and Arsanjani, 2015; Yang et al., 2016).

The gathered information in Braunsbach included an es-
timation of damage grades of the affected buildings ranging
from D1 (no structural damage, slight non-structural dam-
age) to D5 (very heavy structural damage, very heavy non-
structural damage). For this classification, the scheme devel-
oped by Schwarz and Maiwald (2007) was adopted to ob-
tain a consistent database and to ensure comparability with
follow-up studies and with data on riverine flood damage (Ta-
ble 1). Since monetary losses could not be recorded shortly
after the event, this classification scheme further offers op-
tions for potential subsequent loss estimations. Additionally
recorded information included the GPS coordinates, the ad-
dress (for internal computational use only), the inundation
depth at the building in centimetres, visible damage caused
by debris, visible contamination by oil or sewage, the build-
ing material and type, specific precautionary measures at the
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Table 1. Assignment of damage grades Di to damage cases: examples from the flood in August 2002 (after Schwarz and Maiwald, 2007).

Damage grade Damage pattern (sketch)

D1: no structural damage, slight non-structural damage
– moisture penetration of walls and ceilings

D2: no structural damage to slight structural damage, moderate non-structural damage
– moisture penetration and contamination
– small cracks in walls, dented doors and windows

D3: moderate structural damage, heavy non-structural damage
– larger cracks in walls, dented doors and windows
– beginning subsidence of the building
– replacement of building components necessary

D4: heavy structural damage, very heavy non-structural damage
– collapse of load-bearing walls, large cracks
– replacement of load-bearing components necessary

D5: very heavy structural damage, very heavy non-structural damage
– collapse of large building parts
– demolition necessary

building, the building usage (residential, commercial, pub-
lic, etc.), the number of storeys and types of outbuildings,
the estimated year of construction, the perceived condition
of the building before the event, existing shop windows on
the ground floor, the existence of a cellar, the sealing degree
of the near surroundings and the exposition (of the building)
in flow direction. All variables except for the address, inun-
dation depth, storeys and the estimated year of construction
were pre-coded with the option to record open answers or NA
values, resulting in a nominal-, ordinal- and interval-scaled
data structure. The complete survey with variable descrip-
tions can be seen in Table 2. A more detailed description of
the data set, as well as the anonymised data, can be found in
Vogel et al. (2017a).

2.2 On-site data collection

The on-site damage assessment was carried out between 7
and 8 June 2016, i.e. 9 to 10 days after the event. The digi-
tal survey was conducted by a team of five researchers who
investigated all buildings in Braunsbach affected by the flash
flood using mobile tablet computers with an integrated GPS
function.

Some of the flooding characteristics, such as flow veloc-
ities and grain size as well as the degree of erosion and
amount of suspended material, could not reliably be deter-
mined in the aftermath of the event. Hence, the exposition

of the building was used as a proxy instead. It is assumed
that the degree of exposition can be related to flow veloc-
ities, hydrostatical forces and (to a certain extent) to sed-
iment/debris load, which in turn leads to different erosion
rates at the buildings’ foundation. The exposition in flow di-
rection describes the exposition of building walls, corners or
parts to the direction and area of the main run-off channel.
In this case, a high exposition means that at least one side of
the building was fully exposed to water and potential debris
flows. A medium exposition was assumed when parts of the
building were exposed. Sheltered buildings are characterised
by a low exposition.

A thermographic camera (model Testo 876,
160 × 120 pixels) was used to validate and to derive
the inundation depth in such cases, where a reliable esti-
mation through visible traces and marks was not possible.
This was done by detecting the remaining moisture in the
walls – caused by inundation – through slight differences
in surface temperature. A second advantage of the ther-
mographic camera was the detection of different building
materials, which may be covered externally (i.e. plastered
half-timbered houses could still be identified as such; see
Vogel et al., 2017b).
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Table 2. Features of 94 buildings affected by flooding in Braunsbach, Germany, recorded between 7 and 8 June 2016, and their frequency of
occurrence.

Variable Characteristics No.

Damage grade D1 (no structural damage, slight non-structural damage) 39
D2 (no to slight structural damage, moderate non-structural damage) 34
D3 (moderate structural damage, heavy non-structural damage) 5
D4 (heavy structural damage, very heavy non-structural damage) 6
D5 (very heavy structural damage, very heavy non-structural damage) 5
No damage 5
NA 0

Inundation depth (cm) Integer value 88
NA 6

House type Single-family house 46
Apartment building 25
Semi-detached house 3
Terraced house 0
NA 20

Building material Masonry 71
Half-timbered 26
Wood 10
Concrete 0
Steel 0
Rubber 0
NA 1

Building usage Residential 58
Commercial 8
Combined/mixed 21
Public services 6
NA 1

Near surrounding sealed Yes 64
Mainly yes (small areas around not sealed) 21
Mainly no (larger areas around not sealed) 8
No 0
NA 1

Exposition in flow direction High (at least one side of the building fully exposed to water flow) 34
Medium (parts of the building exposed to water flow) 34
Low (sheltered by other buildings/slightly exposed to water flow) 26
NA 0

Damage caused by debris Yes 55
No 37
NA 2

Building condition before event Good 45
Medium 46
Bad 1
NA 2

Outbuildings present Yes 32
No 59
NA 3
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Table 2. Continued.

Variable Characteristics No.

Type of outbuilding Garage 11
Carport 1
Barn 8
Shed 7
Summerhouse 1
Greenhouse 0
Conservatory 0
Other 7

Number of storeys Integer value 93
NA 1

Shop window Yes 18
No 74
NA 2

Having cellar Yes 30
No 57
NA 7

Estimated construction year Integer value 88
NA 6

Structural precaution Higher ground floor 19
Different (building) materials (of cellar and ground floor) 24
Protection of cellar duct 3
Other 4
No precaution 49
NA 3

Contamination visible Yes 77
No 15
NA 2

Contamination type Oil 4
Chemicals 0
Sewage 0
Mud 77
Other 0

NA means not available.

2.3 Post-hoc data analysis

The data were preprocessed and analysed/prepared in R 3.3.1
and QGIS 2.14.3, using the R packages randomForest, ran-
domGLM and nnet. Since our study aims to identify and
analyse damage driving factors of flash floods, the following
variables and binary-coded variable expressions were consid-
ered and used as predictor variables for the damage grades:

– Building material (binary-coded):

– masonry (selected also in case of unidentifiable
building material)

– wood

– half timbered.

– Precaution (binary-coded):

– different (building) materials (of cellar and ground
floor)

– higher ground floor

– no structural precaution visible.

– External forces:

– inundation depth

– exposition in flow direction

– contamination visible (binary-coded).

– Resistance parameters:

– (building) condition before event
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– estimated construction year.

– Various:

– shop window present (binary-coded)

– near surrounding sealed

– having cellar (binary-coded)

– outbuilding present (binary-coded)

– private building usage (binary-coded).

The choice of the variables which were specifically analysed
was based on both judgements (e.g. if the near surrounding
is sealed or if an outbuilding or shop window is present) and
the existing literature. Here, Thieken et al. (2005), Merz et
al. (2010) and Maiwald and Schwarz (2015) give an overview
of important damage-influencing factors in cases of (river)
flooding, including building characteristics, precaution mea-
sures and contamination.

2.3.1 Models and correlation tests

Detecting non-linear and non-monotonic relationships within
recorded data becomes increasingly important with regard to
flood loss modelling and associated uncertainties (Kreibich
et al., 2016). Consequently, a random forest model (RF)
(Breiman, 2001) was chosen as a method of analysis due to
its potential to display non-linear relationships between vari-
ables. The random generalized linear model (RGLM) (Song
et al., 2013) was constructed as an alternative model to com-
pare the results of the non-linear RF to a method which im-
plies linear variable coherences. Both models use the same
predictor variables and the damage grade as dependent vari-
ables (excluding cases where no damage was recorded) in
order to identify potential damage driving factors (Figs. 1
and 2).

The RF is calculated with 500 trees and 4 random variables
per split. The number of trees represents the default settings
of the algorithm. The number of variables per split corre-
sponds to the square root of the total variable count (16 in this
case, resulting in 4 random variables per split). The RGLM
takes 100 iterations with 50 samples per iteration (bag) and a
varying count of variables (2 to 16) per bag. Also, the number
of iterations within the RGLM represents the default settings.
The number of samples per bag was set to two-thirds of the
total number of observations in the data set (73 in this case
due to the need to complete observations, resulting in 50 ob-
servations selected by bootstrapping). The count of variables
per bag is randomly chosen between 2 and the total count of
variables. The variable/feature importance of the RF is given
by the mean decrease Gini, which describes the loss in model
performance when permuting the feature values (Breiman,
2001). A higher mean decrease Gini indicates higher impor-
tance of the particular variable for the RF model prediction.
The feature importance of the RGLM is expressed through
the selection count of a variable for the model prediction.

Figure 1. Random forest feature importance (mean decrease Gini)
for the response variable damage grade.

Figure 2. Random generalized linear model feature importance
(times selected) for the response variable damage grade.

By using feature-forward selection, a higher selection count
of a particular variable indicates a stronger predictive power
within the RGLM model (Song et al., 2013). The perfor-
mance of both models is given by the rate of false classi-
fications, based on the out of bag predictions. The relative
number of cases which were not recognised as the true class
is hereby shown in percent (see Sect. 3.2).

Categories with a nominal variable structure (i.e. building
usage, building material and structural precaution measures)
exist in a binary format, allowing for basic correlation tests.
Thus, the identified feature importance from the models was
compared to the results from a Spearman’s rank correlation
matrix. The Spearman’s rank correlation was chosen due to
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Figure 3. Spearman’s rank correlation matrix and correlation significance of relevant variables (see Table 2 for a description of the variables).
The count of complete cases for the analysis was 73.

its advantage of being suitable to analyse variables with dif-
ferent scales of measurements and indicates the strength of
monotonic relationships. Here, the same variables as in the
RF and RGLM models were used (Fig. 3). An exhaustive list
of variable correlations is attached in Appendix A, which is
based on 51 complete observations within the data set.

Furthermore, a multinomial logistic regression was ap-
plied to test variable coherences between the damage grades
and a local impact indicator (Fig. 4) which describes a com-
bination of inundation depth and the buildings’ exposition in
flow direction (the construction of the local impact indica-
tor is explained in Sect. 2.3.2). By treating the damage grade
as a categorical variable, the multinomial logistic regression
model gives probabilities of category affinity, given a spe-
cific local impact. In order to obtain more data points per
category and to reduce modelling uncertainties, the damage
grades 3, 4 and 5 were combined into a single class (com-

pare Table 1). The inherent calculations are based on artificial
neural networks (Ripley, 1996; Venables and Ripley, 2002)
which again do not require any model-specific assumptions
such as linearity.

2.3.2 Derivation of a local impact indicator

Maiwald and Schwarz (2015) give an up-to-date overview
of factors which influence structural damage to buildings in
cases of flooding. The building material, condition (before
the event) and age are especially important factors that are
related to a building’s resistance potential. Factors such as
inundation level, flow velocity, fluid density, specific energy
and contamination relate to “action” parameters and describe
external forces (Maiwald and Schwarz, 2015; Milanesi et al.,
2015). Thus, in our study, the inundation depth measured at
the building and the building’s exposition in flow direction
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were combined to create a local impact value, which can be
seen as a proxy for local flood-related impact and hydrostat-
ical forces at the building. Consequently, we chose a combi-
nation of these factors where both contribute to equal extents.
While the inundation depth has continuous values which are
roughly uniformly distributed between 2 and 360 cm for 88
recorded observations (see Table 2), the exposition in flow
direction is recorded in three classes (low, medium, high; see
Table 2). To achieve comparable variable ranges, the exposi-
tion classes low, medium and high are transformed into the
mean values of the lower (29 observations), middle (30 ob-
servations) and upper third (29 observations) of recorded wa-
ter levels. The derived values 56, 135 and 232 fit into the
range of observed water levels, enabling a combination of
both attributes (Fig. 5). The calculated local impact corre-
sponds to the sum of water level and transformed exposition
value. Please note that the exposition values are not used to
replace water levels but are only transformed into a compa-
rable range.

Furthermore, a local impact map was created in QGIS
(Fig. 6) by calculating Voronoi diagrams for the geocoded
data points and solely displaying the area with affected
houses. For simpler visual appearance and better distinction
of the displayed data, the Voronoi diagrams were smoothed
with a Gaussian filter. The local impact map is used for visu-
alisation and comparison of the local impact indicator to the
spatial distribution of the damage grades, since potential ar-
eas of similar local impact between and around the buildings
are shown. However, it has to be noted that the local impact
was measured directly at the buildings and is therefore hypo-
thetical for the surrounding areas.

3 Results and discussion

The flash flood in Braunsbach was accompanied by a consid-
erable amount of sediment and building rubble, potentially
showing flow characteristics of debris flows such as those
defined by Totschnig et al. (2011), Hungr et al. (2013) and
Borga et al. (2014). Yet, a clear distinction between flash
floods and debris flows is not always straightforward and
could not be reliably determined in the field. Throughout our
discussion, we will therefore use the term “flash flood” only.
The following section begins with a general reflection on the
data collection process, limitations and data quality. There-
after, the damage-influencing factors are identified and dis-
cussed by applying different linear and non-linear methods.
Finally, features such as the local impact and the damage
grades are spatially visualised, helping to discuss our out-
comes and illustrating the flash flood processes in Brauns-
bach.

3.1 Data collection and field work; assumptions and
limitations

The in-field work load can be estimated at roughly 10 h,
in which a team of five researchers was able to survey 96
buildings in Braunsbach (corrected to 94 observations after
database checks), each specifying 18 variables. In addition,
a picture has been taken along with the coordinates, the ad-
dress and, if needed, further details regarding the building’s
usage. Table 2 provides an overview of the data types and
frequency distributions. One week after the event, the struc-
tural damage to buildings and building characteristics were
still assessable, since the main work within this period was
focused on clearing the roads and establishing paths for large
construction machinery as well as removing and cleaning the
interior of affected buildings. The progress of the clean-up
work was even beneficial for the damage assessment to a cer-
tain degree, as a thick layer of debris and rubble previously
covered big parts of the damaged buildings. However, a few
buildings could not be reliably examined, since debris and
rubble were still considerably hampering the access.

When handling the thermographic camera it has to be
pointed out that, even 1 week after the event, remaining
moisture and visible traces could still be detected without
problems. Yet, ascending humidity in the walls is a point
to consider when using a thermographic camera for water
level estimations. Rising moisture can distort the observa-
tion of actual water levels at the building. For that reason the
thermal images were checked against estimations based on
visible mud contamination and marks caused by water and
transported debris as well. Since the thermally derived water
levels matched well with visible traces, the inundation depth
for buildings derived from thermal images could be accepted
without any correction. Still, when using a thermographic
camera for water level estimations on buildings, it has to be
considered that the type of flood (flash flood, riverine flood)
has an effect on the duration of the inundation and thus on
the distinctness of visible moisture boundaries. Considering
the short inundation times in Braunsbach, the overall good
visibility of moisture boundaries was remarkable.

Overall, the in-field data collection was greatly facilitated
by the use of KoBoCollect in terms of speed, handling of the
gathered data and efficiency of data processing and analy-
sis. However, to create a uniform database and to maintain
consistency among the different team members throughout
the data collection process, objective criteria for items such
as the structural damage had to be defined. Therefore, care-
ful preparations and agreements were carried out prior to the
field trip off site as well as on site. In retrospect, we consider
the data to be consistent because the team members had very
similar opinions, e.g. on the damage grades or exposition in
flow direction. Thus, a bias in the data set due to personal
variations in expert judgement is expected to be low. This as-
sumption is further supported by the engineering analysis of
Maiwald and Schwarz (2016), who applied the same dam-
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age classification system to assess the buildings structural
damage in Braunsbach. Their report reveals that the distribu-
tion of the recorded damage grades after a second inspection
(D1: 40, D2: 43, D3: 5, D4: 7, D5: 3) is relatively similar
to the distribution presented in this study (D1: 39, D2: 34,
D3: 5, D4: 6, D5: 5 as shown in Table 2). Although it is not
known which damage grade was assigned to which build-
ing, it is likely that, even among people with different quali-
fications (experienced engineer, researcher or student), com-
parable results can be achieved and data collection can be
consistent. This offers interesting options for crowd-sourced
information collection using open-source software such as
KoBoCollect, which can be helpful for scientific research.

3.2 Models and correlation tests

First, the collected data were used to identify damage driving
factors by creating a random forest model (RF) and a random
generalized linear model (RGLM) with the damage grade as
response variable. In a next step, a Spearman’s rank corre-
lation matrix was constructed. In the following, the different
model and correlation results are discussed and compared to
each other.

The post-hoc data analysis revealed that the RF and
RGLM both show a relatively poor model performance,
based on the false classifications. Here, the percentages
of false classifications for the RF are 33.3 % for damage
grade D1, 41.9 % for D2 and 100 % for D3 and higher. The
RGLM performed slightly better with a false classification of
33.3 % for D1 and 41.9 % for D2, 20 % for D3, 80 % for D4
and 100 % for D5. However, trends and relations of predictor
variables with the damage grade can be derived. Both mod-
els give the highest feature importance for the damage grade
to the inundation depth and the exposition (of the building)
in flow direction. Here, the mean decrease Gini for the RF
were 11.3 and 6.9 (average: 2.7), whereas the RGLM feature
selection counts in 100 iterations were 96 and 89, respec-
tively (average: 39) (Figs. 1 and 2). It is further shown that
the RGLM compared to the RF indicates a different variable
importance hierarchy for variables other than the inundation
depth, the exposition in flow direction and the estimated con-
struction year. This is due to different internal calculations of
the variable importance, as explained in Sect. 2.3.1. Yet, this
issue also suggests that, apart from the inundation depth, the
exposition in flow direction and possibly the estimated con-
struction year, differences in variable importance are less dis-
tinct in both models and the predictive power is low, which
hampers the interpretation of the importance hierarchy when
comparing both models.

Regarding the correlation tests, the highest positive (and
significant) correlations can be seen between the damage
class and the exposition of the building in flow direction as
well as the damage class and inundation depth with values
of 0.69 and 0.66, respectively (Fig. 3). Hence the correlation
analysis strongly confirms the results of the RF and RGLM.

The detected a strong link of the exposition of the building in
flow direction and the inundation depth to the caused dam-
age makes sense, given the nature of the event and the mass
of debris, water and mud flowing down the main channels
within the village of Braunsbach. These results are confirmed
by Maiwald and Schwarz (2016) as well, who identified the
exposition of a building to the flow direction as an impor-
tant parameter for potential structural damage. A high expo-
sition in flow direction can be related to a higher flow force
of water, higher flow velocities and intensities acting on a
building. Investigations on these parameters regarding river-
ine floods by Kreibich et al. (2009) resulted in weak correla-
tions with recorded damage grades of residential buildings.
It is revealed that the exposition in flow direction is an espe-
cially significant damage driving factor of flash floods which
does not show strong importance in riverine flooding.

The estimated construction year of a building displays a
certain importance within the RF as well as the RGLM model
with a mean decrease Gini of 5.9 and a feature selection
count of 52 (see Figs. 1 and 2). In this case, the correla-
tion analysis does not reveal any significant monotonic re-
lationships between the estimated construction year and the
damage grade (Fig. 3). Additionally, the building condition
before the event displays only slight importance within the
RF and a slight, non-significant correlation with the damage
grade. Since the construction year is related to the overall
preservation and the building’s state of the art in terms of
technology, it can still be assumed that newer buildings or
buildings in a better condition have a higher resistance to
structural damage. This is in line with Maiwald and Schwarz
(2015), who consider the building age and condition to have
an influence on the expected structural damage.

Further, a positive correlation, but of low significance, can
be observed between the damage grade and the existence of
a shop window with a value of 0.19 and a p value of 0.11
(Fig. 3). Accordingly, the RF model shows a certain variable
importance with a mean decrease Gini of 2.4 (Fig. 1). Here,
it can be assumed that a trend towards higher damage grades
caused by shop windows on ground level which – if they
break – create debris and water paths into the building. Also
Maiwald and Schwarz (2016) underline the fact that broken
windows may allow water and debris to accumulate inside
the building, causing damage to sustaining building struc-
tures. Yet, our results might also be affected by the fact that,
in this case study, buildings with shop windows mainly occur
along the main street and city centre and are therefore located
inside the main flow channels.

No (obvious) precaution at the property level indicates a
slightly higher chance of higher damage by displaying a pos-
itive correlation of 0.1 with the damage class, although the
significance is low (p value 0.4) and there is no remarkable
importance within the RF and the RGLM models. Yet, this
is in line with the negative correlation between the damage
class and the precaution measure “different (building) ma-
terials (of cellar and ground floor)” of −0.19 which in fact
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Figure 4. Probabilities of the damage grade predicted by the multi-
nomial logistic regression model (see Table 2 and Sect. 2.3.2 for de-
tails on the damage grades and the local impact indicator). It can be
seen how the probability for a specific group affinity changes with
an increasing local impact value and shifts towards higher damage
grades.

shows a low significance (p value 0.11) but still allows for
meaningful assumptions. This is supported by Thieken et
al. (2005) and Merz et al. (2010), who claim that different
precautionary measures significantly reduce the damage to
buildings in the case of flooding. Still, the question arises as
to what degree precautionary measures, which were effec-
tive at riverine flooding, are suitable for mitigating structural
damage to buildings in cases of flash flooding.

The building material masonry seems to have a slight
damage-reducing effect by displaying a negative correlation
of −0.09 (p value 0.43) with the damage class, while the
half-timbered building material shows a very slight but non-
significant positive correlation of 0.08 (p value 0.49) with
damage. Interestingly, the RGLM model only considers the
building material masonry as relatively important for the
damage grade prediction, whereas the RF does not display a
significant feature importance for all building materials. Al-
though it is not clearly shown which distinct building mate-
rial is related to lower structural damage, it can be assumed
that if being hit by debris, half-timbered houses are more sus-
ceptible to structural damage than houses made of masonry
and concrete due to their lower structural stability (Schwarz
and Maiwald, 2007).

Overall, when performing detailed analyses such as mod-
els and correlation tests it has to be considered that the
database of 94 data points is rather small and assumingly

Figure 5. Deriving the local impact indicator. The recorded inun-
dation depth is sorted in ascending order. By sorting, the relatively
uniform distribution of the inundation values is shown, which al-
lows for the general procedure. On the left, the mean values of the
lower, middle, and upper third of the sorted inundation depth (56,
135, 232 cm) are given, which were used to replace the exposition
classes, low, medium and high. This step enables a comparable vari-
able range and the derivation of an interval-scaled indicator for fur-
ther analysis.

insufficient for creating representative and universal results.
This fact could also explain the low model performance
and low significance in some of the cases discussed above.
Nonetheless, it is important to point out the strong correla-
tions in many cases of up to 0.69 (damage class and expo-
sition in flow direction) revealing obvious damage driving
factors and showing as well that the data collection within
the team of different researchers was consistent.

3.3 Evaluation of the local impact

In Fig. 6, the town of Braunsbach as well as the corre-
sponding local impact during the event and recorded damage
grades are illustrated. The map reveals that highly damaged
buildings and a strong local impact – which relates to hydro-
statical and impact forces at the building (see Sect. 2.3.2) –
occurred along the main run-off channels of water and debris
during the event. Higher damage grades were also recorded
in the lower-lying town regions, where the tributaries Or-
lacher Bach and Schlossbach flow into the river Kocher, since
debris and water accumulated in these areas and caused se-
vere structural damage. Most of the higher damage grades are
located in high local impact areas. Yet, especially in those ar-
eas, the degree of damage differs strongly, highlighting the
complexity of damage driving processes that cannot be ex-
plained by the local impact alone. The flow characteristics
of debris and rubble during severe flash floods can be un-
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Figure 6. Map of the study area with the local impact, which is
a combination of the inundation depth at the building and its ex-
position in flow direction (see text for further details). Further, the
damage grades as recorded on site using the classification scheme
of Schwarz and Maiwald (2007) are shown; see Table 1 for a verbal
description of the damage grades.

foreseen and influenced by chaotic factors, changing sedi-
ment deposition as well as bedload processes (Totschnig et
al., 2011; Hungr et al., 2013). Thus, it can be assumed that,
during the flash flood in Braunsbach, chaotic factors and de-
position of debris led to various damage patterns which re-
main inexplicable through quantitative analysis and model-
ling. This is strongly supported by the engineering report of
Maiwald and Schwarz (2016), who claim that chaotic flow
processes at the building caused by rubble and debris can
greatly influence the inundation depth.

However, it is revealed that buildings with a high exposi-
tion in flow direction are more susceptible to severe struc-
tural damage, since the probability of large debris colliding
with building walls is much higher and erosion of the foun-
dation is more likely to happen. Also Maiwald and Schwarz
(2016) stated that the recorded damage patterns differ from
damage patterns caused by riverine flooding and appear to
be more severe due to higher hydrodynamic stress and colli-
sion of debris with the building. Conversely, some buildings
can benefit from shadowing effects of neighbouring build-
ings, which retain debris and suspended material to a certain
degree.

To further evaluate the local impact indicator, a multino-
mial logistic regression was applied. By analysing the de-
pendency between only the local impact indicator and the
damage grade, the influence of external forces on the dam-
age grade can be observed separately, since resistance pa-
rameters and building characteristics are neglected. As can

be seen in Fig. 4, there is a clear coherence of an increas-
ing local impact and an increasing probability to belong to
higher damage grades. However, in accordance with Fig. 6,
Fig. 4 reveals again that external forces are not enough to ex-
plain the complex damage pattern. Especially for moderate
impact values (around 300 to 400), non-negligible probabil-
ities are assigned to all damage grades. Further, if higher lo-
cal impact values are considered, a large model uncertainty
has to be taken into account, which is shown by the 95 %
confidence interval that covers a probability range of 45 %
for the corresponding damage grade affinity. This means that
i.e. given a local impact value of 550, the chance of belonging
to class D2 ranges from 5 to 50 % and for greater equal D3
from 50 to 95 %. The large variability can be explained by the
small number of observed data points with high local impact
values. Additionally an increasing complexity of the damag-
ing process for higher local impact values might contribute to
the model uncertainty. Still, Fig. 4 shows that a local impact
indicator can be suitable to evaluate the hydrostatical forces
of this type of hazard, which, in addition to the characteristics
of the element at risk, might allow vulnerability estimations
such as performed by Papathoma-Köhle (2016).

It can be summarised that, next to individual flow and de-
position processes of the flood, local factors, shadowing pro-
cesses, and building characteristics shared a certain impor-
tance as damage driving factors in Braunsbach, highlighting
the complexity of this event. This is supported by the findings
of Fuchs et al. (2012), who revealed as well that damage to
buildings is not only caused by flood-inherent processes and
intensities, but is also influenced by building characteristics
and is dependent on the general land use pattern.

According to Varnes (1984), risk reflects the expected
damage which is governed by the hazard, exposure and vul-
nerability. Our results show that the local impact – which
stands as a proxy for elements of the hazard processes and
the exposure – is a meaningful external indicator of structural
damage caused by flash floods, although it does not fully
explain the recorded damage grades. It can be used either
in multivariable damage models or in future risk maps for
flash-flood-prone regions, introducing a valuable parameter
for current and future risk and damage assessments. How-
ever, questions arise on how to collect necessary data for a
reliable calculation of respective values. A feasible option is
the derivation of values from aerial images in combination
with digital elevation models to identify buildings which are
exposed or shielded. Given the specific type of hazard, in this
case flash floods, the local impact according to potential in-
undation depths and a building’s exposition in flow direction
could be estimated either manually or by algorithms. Prere-
quisites and challenges, however, comprise the accessibility
of data, up-to-dateness, adequate image resolutions and qual-
ity checks. Here, further research is needed to evaluate poten-
tial uses of indicators such as the local impact, which can be
relatively easily derived and hold a proxy character.
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An alternative and quantitative approach to assessing hy-
draulic forces on buildings is the computation of flow fields
during flash floods, taking into account local slope and
fluid densities. This approach is presented by Milanesi et
al. (2015), who introduce a conceptual model which de-
scribes the acting forces on humans during rapid floods.
However, detailed information about the building shape and
geometry, friction coefficients as well as flow dynamics are
required for the computation.

Consequently, when performing damage and risk assess-
ments for flash floods in future, compromises must be found
on issues such as the robustness and uncertainties of models,
data availability and efficient data handling.

4 Conclusion

The evaluation and data analysis in this study resulted in im-
portant information about the impacts (damage to buildings)
of the flash flood event in Braunsbach. It is revealed that not
only does the water depth seem to be a risk factor in flash-
flood-prone regions, often considered as the only damage
driving factor in riverine flood loss modelling, but so does
the exposition of a building in flow direction and suscepti-
ble building parts like shop windows. This result consider-
ably differs from investigations on damage caused by river-
ine floods. Yet, the damage driving as well as damage reduc-
ing factors of flash floods are complex, often unpredictable,
contingent upon the surrounding and dependent on certain
building characteristics.

Knowing processes of flash floods and their impacts can
help to create awareness for future events and support strate-
gic planning with regard to similar emergencies. Concern-
ing the European Floods Directive 2007/60/EC and its im-
plementation in Germany, implications according to the Ger-
man Federal Water Act exist. The evaluation of flash floods
and surface water flooding as a significant risk would result
in the obligation to create new nationwide hazard and risk
maps. As a further consequence, the German Federal Water
Act intends to place a building ban in all areas that are af-
fected by a 100-year flood event, which would lead to serious
consequences for local planning in flash-flood-prone regions.
Therefore, flash floods are currently judged as a general risk
throughout Germany.

Still, maps such as the presented local impact map could
be a supportive and feasible first step in order to update and
perform risk and damage assessments. The estimation of the
local impact could be used in integrated risk management
and strategic planning of mitigation measures against fu-
ture hazards in Braunsbach or similar villages in that region.
Thus, the introduced concept may be beneficial for the iden-
tification of potentially vulnerable locations on a small scale
and within case studies, helping us to understand the poten-
tial future development of flash-flood-prone regions. How-
ever, further investigations are needed in order to verify the
results and to obtain larger databases.

To facilitate data collection in the future, the case fur-
ther demonstrates the potential of mobile devices and open-
source applications. In the field, the simplicity, speed, quality
and handling of information using the open-source applica-
tion KoBoCollect particularly stood out as a great success.
Even in a short time and with a small team of researchers
it was possible to gather a fair amount of useful informa-
tion that could be further processed and analysed. The public
availability of the software makes it a fast and ad-hoc tool
for assessing different kind of questions, usable in various re-
search fields, not only for scientific but also for private uses.
However, further aspects to discuss are whether the quality
of crowd-sourced information is suitable for scientific inves-
tigations and how to approach and deal with possible lim-
itations, security and copyright issues as well as uncertain-
ties. Still, it can be concluded that open-source data collec-
tion software for mobile use has great potential as a scientific
tool with which to generate extensive valuable data under
challenging conditions. It should be especially considered
in time-critical research applications such as ex post disas-
ter analyses, as was demonstrated by the presented case of
Braunsbach.

Data availability. The data sets used in this article are available at
https://doi.org/10.5880/fidgeo.2017.015 (Vogel et al., 2017a).
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Appendix A

Figure A1. Spearman’s rank correlation matrix and correlation significance of all variables in the data set. The count of complete cases for
the analysis was 51.
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Maksimović, Č., Prodanović, D., Boonya-Aroonnet, S., Leitão, J. P.,
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