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A B S T R A C T

Fluvial processes have a significant impact on buildings and infrastructure and despite their local character they
cause annually considerable costs in mountain areas worldwide.

Vulnerability studies are based mainly on empirical data from past events whereas laboratory studies in-
vestigating the impact forces on buildings are still limited.

The paper presents a study on impact forces resulting from complex flow processes on buildings, the influ-
encing factors they depend on and the identification of process parameters they correlate with.

A 1:30 physical scale model was built, representing the torrential fan of the Schnannerbach torrent (Austria).
Measurement devices, installed on the building structures located on the torrential fan, recorded impact forces
induced by a set of fluviatile flood scenarios. The measured impact forces were compared to computation results
using recently developed calculation approaches and to measurements resulting from experiments with a sim-
plified, homogeneous scale model set-up with a single wall element in a rectangular flume. The results show a
clear correlation between the approaching flow heights and the impact forces on exposed buildings. Compared to
clear water conditions, bed-load transport and deposition processes highly influence the impact forces due to
sediment accumulations close to the buildings on the torrential fan. The gained insights contribute to a better
understanding of potentially damage-causing impacts on buildings resulting from the interaction of flood pro-
cesses and the exposed built environment.

1. Introduction

Despite considerable efforts aiming at the protection of areas subject
to torrential hazards (Fuchs and McAlpin, 2005; Oberndorfer et al.,
2007; Holub and Fuchs, 2009), significant losses have been recorded
during the last decades in European mountain regions (e.g., Hilker
et al., 2009; Fuchs et al., 2015). Particularly within steep torrential
fans, flood discharge and sediment transport triggered by heavy rainfall
and snow melt often leads to channel outbursts and, consequently, to
substantial damage to buildings (Mazzorana et al., 2012, 2014) and
infrastructure (Eidsvig et al., 2017). Due to climate change effects
(Keiler et al., 2010), magnitude and frequency of such hazards is ex-
pected to increase. These effects together with socio economic changes
in high risk areas are expected to affect the spatial pattern of exposure

and risk in the future (Fuchs et al., 2015, 2017a,b; Röthlisberger et al.,
2017). Recent efforts in research of structural vulnerability of buildings
focus on the refinement of empirical relationships linking the degree of
loss of individual buildings to the impact forces of torrential hazards
(e.g., Quan Luna et al., 2011; Totschnig et al., 2011; Totschnig and
Fuchs, 2013; Papathoma-Köhle et al., 2012, 2015). These empirical
vulnerability functions allow for the estimation of expected direct losses
as a result of the hazard impact, based on a spatially explicit re-
presentation of the process magnitude and the elements at risk classi-
fied into building categories. However, data availability regarding the
intensity of the natural process and the characteristics of the buildings
(e.g. material, geometry, etc.) is limited (Fuchs et al., 2007). Moreover,
since vulnerability functions are based on empirical data, they are case
study specific and cannot be transferred elsewhere (Papathoma-Köhle
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et al., 2011). In this respect, Mazzorana et al. (2014) proposed a method
to quantify the vulnerability of buildings exposed to torrent processes
focusing on the root causes responsible for damages of buildings ex-
posed to such hazards (i.e. process and impact model) and the physical
response from a structural perspective. However, there are limited
studies focusing on the determination of the impact forces on buildings
exposed to torrential hazards once the sediment laden flows become
unconfined. To close this gap and since real-scale data are so far barely
available, the study of process-structure interactions in an experimental
setup may be considered as an alternative approach (Hübl and König,
2007). Finally, resulting impact forces should be quantifiable by nu-
merical modelling approaches in order to be implemented in opera-
tional risk management.

Although the impact forces due to the process are the main trigger
for building damages, their measurement and computation remains a
challenge (Douglas, 2007). Therefore, proxy data such as the ap-
proaching flow heights or flow velocities have been mainly used until
now to estimate the potential vulnerability of exposed buildings (Fuchs
et al., 2007; Gall et al., 2009; Papathoma-Köhle et al., 2017). To
overcome the challenges of using proxy data for the hazard intensity,
Quan Luna et al. (2011) used numerical-back-calculation to develop
vulnerability curves for different process parameters and properties
such as: flow height, kinematic viscosity and impact pressure. However,
common calculation approaches fail to provide highly accurate and
precise results with respect to the complex three-dimensional flow be-
haviour and sediment transport processes (Mazzorana et al., 2014;
Gems et al., 2016). Research focusing on the impacts of clear water
processes is more advanced, but, predominantly, the model set-up to
determine the impact forces on individual objects in the laboratory has
been kept rather simple (Armanini et al., 2010; Mignot and Riviere,
2010; Guillen-Ludena et al., 2017; Riviere et al, 2017). Significant
differences between the types of fluvial torrential hazards (floods, flu-
viatile processes, debris floods and debris flows; ONR 2009) and the
large variety of damage-causing mechanisms pose an extra challenge to
research. In the literature, a number of studies present equations for the
estimation of the impact forces of sediment transport processes and, in
particular, debris flow hazards (Hübl and König, 2007; Vilajosana et al.,
2007; Bergmeister et al., 2009; Proske et al., 2011; Scheidl et al., 2013).
However, impact forces of fluviatile sediment transport with a sediment
concentration less than 20%, and a relatively long duration of the im-
pacting event seem to be different from debris flow impacts, even if this
has not been proven by empirical loss data so far (Fuchs et al., 2015). In
contrast to floods and fluviatile sediment transport, debris flows are
defined as a non-Newtonian fluid (Johnson, 1984) and therefore, they
are not directly comparable with strictly Newtonian flow behaviour
(Tropea et al., 2007). Consequently, the impacts generated by these
flow behaviours are remarkably different: the impact of debris flows
tends to be impulsive with peak loads of very short durations, whereas
impacts of fluviatile sediment transport are uniform and of longer
durations.

To sum up, there is an apparent need to study process-structure

interactions for torrential hazards in an experimental setup since real-
scale data are not available. Physical scale models provide the oppor-
tunity to directly measure impact forces on buildings on a well-defined
scale and set-up. Our study contributes to a better understanding of the
impact forces on buildings under different scenarios. This enables en-
gineers to enhance the design of buildings in hazard areas (Holub et al.,
2012), supports the assessment of the physical vulnerability of build-
ings, and highlight the need and assess the effectiveness of local
adaptation measures (Holub and Fuchs, 2008).

2. Case study

The study focuses on experiments using a physical scale model to
provide insights about the interaction of fluviatile hazard process and
elements at risk. The physical model is a representation of the torrential
fan of the Schnannerbach torrent which is located in the Stanzertal
valley in Tyrol (western Austria, Fig. 1). On the settled torrential fan,
the rigid torrent channel is characterized by a sequence of artificial
steps and pools and a mean gradient of about 13%. Recent flood events
in 1999, 2002 and 2005 relocated large amounts of sediment from the
catchment (area=6.3 km2) to the confluence with the receiving water
(Rosanna river; Rudolf-Miklau et al., 2006; Chiari, 2008). The flow and
sediment deposition processes during the observed flood events were
similar with regard to the type of relocation process. In the confluence
zone the transport capacity of the receiving water course is not suffi-
ciently high to transport all incoming sediments (Gems et al., 2014).
Accordingly, a regressive deposition process in the torrent occurred,
starting from the confluence zone and spreading towards upstream,
finally caused overtopping and overbank sedimentation along the tor-
rent channel. Especially the well-documented flood event of August
2005, when about 35,000m3 of sediment were transported to the lower
reach of the torrent, led to substantial damages in the village of
Schnann with a reported loss of € 403,000 (Rudolf-Miklau et al., 2006;
Totschnig et al., 2011). Studies on the specific event include the ones of
Chiari (2008) and Gems et al. (2014) focusing on the event re-
construction and on the design of flood protection measures on the
torrential fan. The present work, on the other hand, focuses on the
damage-generating processes in the settlement area, the measurement
of impacts on the buildings and their correlation with quantifiable
process indicators such as approaching flow heights at the building and
impact pressures.

The flood event of August 2005 was used as a model proxy since
valuable data and information on the process characteristics were
available (Rudolf-Miklau et al., 2006; Fuchs et al., 2007; Chiari, 2008;
Totschnig and Fuchs, 2013; Gems et al., 2014; Kammerlander et al.,
2016, Lucerne, 2016).

At least 16 buildings reported significant losses during the 2005
flood event, however, only three buildings were used for our study
(Fig. 1). Fig. 1 also shows the respective grain size distributions which
were sampled at different locations in the Schnannerbach and also in
neighbouring torrents in the days after the flood event (Rudolf-Miklau

Fig. 1. Overview of the village of Schnann and model boundaries (left), pictures from the torrential fan after the flood event 2005 (middle) and grain size dis-
tributions of the Schnannerbach torrent and closely situated torrents (right).
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et al., 2006). To quantify the impact forces of sediment laden processes
on the building envelopes, two different grain size distributions, namely
the distributions 1 and 2 in Fig. 1, were determined on the basis of these
data and used in the experiments. They cover different fractions of
quartz sand and gravel and represent the mean (distribution 1) and the
upper (coarse) limit (distribution 2) of the sampled data originally
analysed after the 2005 event. The second (coarser) distribution (2) was
mainly used to analyse potential influences of the grain size char-
acteristics on the impacts. All information on grain sizes in the diagram
is given in prototype dimensions. Further details on the definition of the
grain size distributions can be found in Section 3.2 and scaling issues
are discussed in Section 4.3.

3. Methods

Preliminary experiments using a single plate in a straight rectan-
gular flume were conducted before analysing the process dynamics on
the Schnannerbach torrent. Both, the preliminary tests and the
Schnannerbach scale model were scaled 1:30 according Froude simi-
larity. Details on the model set-up and the aims of the experiments are
discussed in the following sections.

3.1. Preliminary experiments

Preliminary experiments and correlated numerical calculations
(FLOW-3D) were undertaken having the following objectives:

(i) to optimize the installation procedure of the measurement devices,
(ii) to improve the experimental procedure and data management for

the highly complex experiments at the scale model of the
Schnannerbach torrent.

(iii) to ensure the applicability of Froude similarity for scaling the
impact forces to prototype dimensions and

(iv) to obtain a large sample of measurement results for the identifi-
cation of influential parameters on the impact forces

A plate with a measurement device to detect the impact forces was
placed in a straight rectangular flume with a width of 0.5 m. Different
gradients in the channel from 4% to 15% were tested as well as dif-
ferent plate sizes and angles to the flow direction. Further details on the
set-up of the preliminary model can be found in Sturm et al. (2017a,b).
Although this experimental setup doesn’t represent any prototype tor-
rent, the measurements provide appropriate measurements to set the

basis for the Schnannerbach experiments at the same scale. A number of
experiments were run, each one representing different torrential pro-
cesses from clear water conditions to fluviatile sediment transport
under different boundary conditions (Göttgens, 2016; Sturm et al.,
2017a). Beside the impact forces, the approaching flow heights at the
plate and the flow velocities in the unaffected flow field upstream the
plate were measured for every experiment. The measurement results in
the flume were used for validating a 3d-numerical model (FLOW-3D)
containing the flume with the single plate for clear water conditions.
The validated numerical model was further applied to underpin the
validity of Froude similarity for scaling the force measurements in the
laboratory to prototype dimensions. For that purpose, the numerical
model was set up at two different scales; the scale model dimensions
and the prototype dimensions. Both numerical models were calibrated
on the measured approaching flow heights and flow velocities in the
flume. When scaling the numerically calculated forces at model scale,
the impact forces could be compared accordingly. Although the impact
forces result from hydrostatic and hydrodynamic components, it could
be ensured that Froude similarity correctly scales measured impact
forces on the plate. To determine the independency of the computa-
tional mesh on the calculated forces, a third model having twice the cell
size of the prototype was created. The calculated forces were compared
with the measured forces from the experiments. The results show good
accordance for all investigated numerical scenarios and consistency to
the measurement results (Fig. 2). Further, the numerical calculations
showed the compatibility of the measured quantities (flow depth, flow
velocities, discharge, specific normal force; Fig. 2) for different scales
when using Froude similarity.

Sturm et al. (2017a,b) provide detailed information on the mea-
sured quantities of impact forces on the plate in the straight rectangular
channel and the influencing parameters during the preliminary ex-
periments.

3.2. Physical scale model of the Schnannerbach torrent

A physical model scaled by 1:30 representing the Schnannerbach
torrent channel and its fan with a mean gradient of 13% was con-
structed (Fig. 3). The study focused on the impacts on three specific
buildings in the case study area. They were equipped with 16 mea-
surement devices on the torrent-facing wall elements. The 17 sur-
rounding, remaining buildings, not equipped with measurement de-
vices (Figs. 1 and 3), were considered only as removable surrounding
buildings, which potentially may influence the process and impact
patterns on the three equipped buildings. Surrounding buildings were
constructed as rigid blocks without any openings. For the three
equipped buildings, model set-ups with and without openings in the
building envelope were analysed (see Section 3.3). The geometry of the
buildings was accurately determined to natural conditions using pho-
togrammetry. The measurement devices, equipped on the wall ele-
ments, are force sensors (“K3D60 20N”, ME-measuring systems) con-
nected to appropriate measurement amplifiers (“GSV-1A16USB K3D”,
ME-measuring systems). Measured voltages induced by the ap-
proaching loads are converted to forces by means of a calibrated rela-
tion of the values. By the manufacturer (ME-measuring systems) cali-
brated force sensors were further verified by statically loading the
sensors with calibrated weights. In addition to centrically induced
loads, the force sensors were also loaded eccentrically. The detailed
calibration of the sensors proved good conformities with the calibration
of the manufacturer and caused negligible adjustments of the calibra-
tion values. The impact force devices are attached to a rigid framework
inside the building and are insensitive to eccentric load applications.
Fixed attachment spots of the devices inside the building represent a
rigid framework, on which the wall elements were centrically mounted.
These wall elements were freely movable in order to avoid mutual in-
teraction and the transmission of the impact forces to the bottom of the
scale model. The gaps between the wall elements themselves and the

Fig. 2. Comparison of impact forces on a single wall correlated to different
discharges in a straight rectangular flume at two scales; joined to prototype
dimensions using Froude similarity.

M. Sturm et al. Journal of Hydrology 565 (2018) 1–13

3



bottom were masked with thin plastic films to avoid sediment getting
stuck in these gaps and potentially distorting the measured impact
forces. Fig. 4 provides a 3D-model of building 2 with its main compo-
nents as well as a close view on building 2 recorded after one of the
experiments. In the 3D-model of the building, the attached walls of
sensor 9 and 10 were removed to see the inside structure of the building
with its base plate and framework. A total of 16 measurement devices
were installed to record three-axial pressure forces with a high temporal
resolution of 200 Hz. Kaiheng et al. (2011) and Scheidl et al. (2013)
suggest even higher resolutions for debris flow impacts, since the pro-
cess durations are short and a high resolution of the first impact is
crucial to detect the maximum forces. For longer event durations of
fluviatile processes and a more uniform process behaviour compared to
debris flows a temporal resolution of 200 Hz was found adequate in
terms of temporal resolution, frequency limit and data capacity. The
setting of the temporal resolution was analysed during the preliminary
experiments. Therefore, the impact forces and especially the impact
peaks were compared at different resolutions (Sturm et al., 2017a).
Compared to the first impact of a debris surge (Scheidl et al., 2013), the
first impact of a fluviatile hazard process on a certain object is less
extreme due to the successive overtopping of the torrent channel.

To determine the impacts of sediment transport processes on the
buildings, the sediment was supplied continuously with a conveyor belt
to the channel at the upper model boundary. Two grain size

distributions were used for the supply of sediments (Fig. 1, distribution
1 and 2, prototype dimensions). They consist of different grain classes
of quartz gravel and sand each. Both grain size distributions are
strongly related to the field samples at different locations in the
Schnannerbach and also neighbouring torrents (Fig. 1), featuring si-
milar catchment and process characteristics (Rudolf-Miklau et al.,
2006). In order to avoid suspended load transport behaviour and co-
hesion effects in the experiments, the minimum grain size in the ex-
periments was set to 0.0005m (0.015m in prototype dimensions).
Those fractions of sediments finer than 0.015m amount to 20% to 35%
in field samples. For the experiments, those fractions were assigned to
the next coarser fraction, featuring a grain size range from 0.015m to
0.030m (Fig. 1, prototype dimensions).

The bed of the rigid torrent channel between the steps was filled
with bed-load according to grain size distribution 1 (Fig. 1). To take the
roughness of the stonewalled channel into account, a structure was
carved into the wall elements surface to resemble the joints of the stone
layers. The terrain outside of the channel was uniformly covered with
0.5 mm diameter sands (0.015m in prototype dimensions) to represent
the average roughness of the overland flow areas.

Flow velocities of the water surface on the floodplain were mea-
sured with PIV methods (Thieleke and Stamhuis, 2014) for clear water
conditions. Therefore, swimming tracers were added flatly to the water
on the floodplain and its flow paths were detected by cameras filming

Fig. 3. Overview on the components of the Schnannerbach scale model.

Fig. 4. 3D-model of building 2 with main components (left) and picture of building 2 after an experiment with deposited sediments (right); model dimensions.
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with 60 fps from top view. The surface flow velocities were estimated
with the post-processing software of Thieleke and Stamhuis (2014)
when tracking the moving distances of single tracers between video
frames in defined time steps. The impacting flow heights at the wall
elements as well as the deposition heights around the buildings were
measured for all experiments by use of water gauges plotted on the wall
elements. One camera was recording the experiments from top view
and three cameras, each focusing on one of the three equipped build-
ings, supported the documentation of the experiments.

3.3. Experimental programme

The experimental programme included clear water experiments and
experiments with continuous sediment supply (Fig. 5). The considered
clear water discharges in the torrent channel did not exceed channel
capacity, not even the 150-year design flood peak (30m3 s-1 in nature
according to Rudolf-Miklau et al., 2006). However, to achieve impacts
of clear water on the buildings, six specific overtopping spots along the
channel were defined, located at the numbered channel bed steps
(Fig. 3) and overtopping was achieved through mobile closure devices
in the channel. These six different overtopping spots lead to a high
variety of impacts detected by the different measurement devices re-
lating to spatial dispersals and impact angles on the wall elements.

With the aim to analyse representative scenarios under sediment-
laden conditions in accordance with the observed flood events char-
acterised by overtopping of the channel due to regressive deposition,
the deposition process in the channel and the amount of supplied se-
diment had to be assessed in detail. Using different grain size dis-
tributions, Gems et al. (2014) demonstrated that the sediment con-
centration of the flow is a highly sensitive parameter for sediment
deposition in the channel. For the sediment-laden experiments, the
assumed initial condition was a blockage of the channel cross section at
the village bridge (Fig. 3). Through the regressive deposition, all con-
sidered buildings were affected by the hazard process during each
process scenario. To represent regressive deposition accordingly, ex-
periments showed that in this part of the torrent, a sediment con-
centration of 15.5% was required for grain size distribution 1 and
12.5% for grain size distribution 2 (Fig. 1). Lower sediment con-
centrations did not result in a regressive deposition behaviour and a
slightly higher concentration exceeded the transport capacity of the
flow in the torrent channel with regard to fluviatile sediment transport

(compare Gems et al., 2014).
Based on these findings, experimental scenarios with different dis-

charges, different grain size distributions and sediment loads were de-
fined and tested (Fig. 3). In total 120 clear water experiments and 20
sediment experiments were conducted. Almost steady-state discharges
were set for all experiments. Minor changes in the transport capacity of
the channel due to the observed sediment depositions and corre-
sponding dynamics in the flow behaviour led to necessary, small ad-
justments of the discharge during the sediment experiments. Although
clear water conditions showed a steady-state condition at every spot
within the model for each of the experiments, sediment transport and
deposition processes led to temporarily variable conditions in the tor-
rent channel and on the torrential fan, despite the steady-state condi-
tions at the upstream model boundary.

To determine the influence of the flow passing through the build-
ings, openings in the building envelopes were considered as well in
specific experimental scenarios. Comparison of hazard scenarios with
and without the influence of surrounding buildings on the impact forces
enabled the quantification of the influences of the settlement structure
on the impact forces. Further experiments, which were performed to
create the roughness structure on the floodplain and to determine its
influence on the hazard processes on the floodplain are not discussed in
the present paper.

4. Results

All presented experimental results focus on the physical model of
the Schnannerbach torrent and are presented in real scale dimensions.
Due to the different widths of the wall elements (Fig. 3) and in order to
provide comparable and transferable modelling results, the measured
forces are illustrated in terms of specific parameters related to a wall
element width of 1m. Concerning the experiments with openings
(doors and windows) in the wall elements, the wall widths were ad-
justed accordingly. The presented results in this paper focus on the
specific normal forces, although three-dimensional forces were mea-
sured. The measured shear forces on the wall elements were sig-
nificantly lower than the normal forces and thus not relevant for pos-
sible damages.

Fig. 5. Overview of the experimental programme; prototype dimensions.
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4.1. Clear water experiments

The discharges of every single clear water experiment (Fig. 5) are
considered to be steady-state for the entire duration of the experiment.
However, unpreventable marginal variabilities in discharge and in-
homogeneity in the flow paths produced slight fluctuations in the
measurement results, depending on the magnitude of the discharge,
even at steady-state conditions (Sturm et al., 2017a). For this reason,
the impact forces of the clear water experiments are presented as
boxplots featuring the mean values and the associated standard devia-
tions of the forces. The clear water modelling results for one specific
experimental model layout are shown in Fig. 6. For the specific impact
forces, ten different discharges (Fig. 5) are represented in an increasing
order as boxplots for every single wall element. The discharge values
result from scaling the discharges from 1 l s-1 to 10 l s-1 to prototype
dimensions. Comparing the impact forces to the flow velocity-plots, the
spatial pattern of the flow intensities could be clearly demonstrated.
Fig. 6 shows the effects of the buildings on the flow field and the ve-
locity patterns for three different discharges. Further, the three illu-
strated velocity patterns show increasing velocities with increasing
discharges on the floodplain, which further results in increasing impact
forces on the exposed wall elements. The most significant impacts were
measured on the wall elements 3 (building 1, Fig. 3) and 11 (building 2,
Fig. 3), mainly resulting from the direct flow for this specific experi-
mental setting. For these wall elements, the fluctuations of the forces
increased with increasing discharge. All measurement devices on the
wall elements, with the exception of wall elements 12 and 13, recorded
none or only very small impact forces. For this specific experimental
model layout, the impact forces ranged from 0 to 6 kN m-1 and most of
the values did not exceed 0.5 kN m-1 for clear water conditions. Flow
velocities were evaluated with supply of swimming tracers and the PIV
analysis. For this reason, they could only be determined as velocities on

the water surface at those spots, where the tracers were located. This
leads to a fragmented representation of velocities on the floodplain il-
lustrated in Fig. 6. Besides, the small flow depths on the plain area and
the highly turbulent flow conditions made the procedure especially
difficult to execute.

The obtained results clearly show that parameters such as flow
heights and velocities, approaching flow angles and possible shadowing
between buildings (as shown in Fig. 6 for building 3) affect the impact
forces on the wall elements. The measured approaching flow heights of
the discussed model layout show a good accordance with the impact
forces. A correlation of approaching flow heights and impact forces was
performed for every wall element and for all clear water experiments
(Fig. 7). Based on the illustrated measured forces on the single wall
elements, the mean values of each measured time series of one steady-
state experiment were used for presentation and further analyses. As
synopsis of all experimental layouts and all measurement data a unified
regression curve is presented in Fig. 7. The proposed regression curve is
a quadratic function according to equation (1), where h is the ap-
proaching flow height in meters at the wall and f represents the specific
normal force in kNm-1.

= ∗ + ∗f h h1.01145 3.35613 2 (1)

A statistical analysis of the regression (95% prediction and con-
fidence intervals) is added to Fig. 7, as well as the deviation of the
single measurements from the regression curve and its frequency dis-
tribution. Most of the measurements are within a range of 1 kN m-1 to
the regression curve with single deviations from the regression curve
not exceeding 3 kN m-1. Compared to the correlation in Fig. 7, a more
pronounced consideration of the dynamics in the flow field on the
impact forces could be achieved by a correlation of flow velocities on
the floodplain and the impact forces. In Fig. 8, the correlation of the
measured flow velocities in the unaffected flow upstream the wall

Fig. 6. Specific normal forces and water surface velocities (PIV measurements) for one specific model layout (without surrounding buildings; without openings in the
wall elements; overtopping location: channel bed step 5); wall elements and channel bed steps according Fig. 3; prototype dimensions.
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element with the impact forces, again for all measurements at clear
water conditions is shown. The impact forces are affected not only by
the flow velocity itself, but also by the angle of the velocity vector at the
wall elements. Therefore, the measured values were divided in two
diagrams, each representing upstream flow angles at the wall element
above (left diagram) and below (right diagram) 45°. However, the
consideration of flow velocities on the floodplain for regression analysis
is challenging due to the fact that those velocities at the wall element
can hardly be determined and correlated to the respective impact
forces. Turbulences in the backwater of the wall elements made those
measurements impossible, hence it has to be assumed that there were

no flow velocities directly at the wall elements (Armanini et al., 2010).
Furthermore, flow velocities are more difficult to measure compared to
the presented approaching flow heights at the wall elements. A re-
gression of flow velocities and impact forces, corresponding to the
correlation of approaching flow heights and the impact forces illu-
strated in Fig. 7, is not sufficient, since the velocities are associated with
high dispersion deriving from variable impacting flow angles and
complex backwater effects.

For the experiments, the hydrostatic force component seems to be
more dominant than the hydrodynamic force component (Fig. 9). In
Fig. 9, Eq. (1) is compared with other calculation approaches and

Fig. 7. Correlation of approaching flow heights and specific normal forces for all clear water experiments; prototype dimensions.

Fig. 8. Correlation of flow velocities and specific normal forces for all clear water experiments, each focusing upstream flow angles above (left) and below (right) 45°;
prototype dimensions.
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measurement results from Sturm et al. (2017a). The only measurement
results in Fig. 9 are the datasets from Sturm et al. (2017a). The other
values result from Eq. (1) and formulas, where flow depths and velo-
cities are estimated with the Manning-Strickler equation assuming very
broad flow cross sections equivalent to conditions on a floodplain and a
gradient of 13%. As illustrated in Fig. 6, the flow velocity field features
a high spatial variation of hydraulic conditions on the floodplain mainly
caused by the existence of buildings. The explicit and accurate identi-
fication of the location of the relating flow velocity for each of the 16
considered building walls and the different experimental layouts is
challenging. The flow velocities can only be correlated to the ap-
proaching flow heights with great dispersion. Therefore, a more gen-
eral, theoretical approach is chosen for these estimations using the
Manning-Strickler equation. The Strickler-parameter was set to 50m1/

3 s-1. The approaching flow height h directly at the wall was correlated
to the calculated flow depths hm and velocities by using the Eq. (2) from
Armanini et al. (2010), where Fr is the Froude number and hm is the
flow depth on the related spot on the floodplain. The calculated flow
velocities are lower than the measured surface velocities.

= +h (1 0.5*Fr )*hm
2 (2)

Further, the hydrostatic and the hydrodynamic force components
were calculated based on the determined approaching flow heights and
velocities and are shown in Fig. 9. The drag coefficient cd for calculating
the hydrodynamic force was set to 1.3. According to Armanini et al.
(2010) the dynamic impacts of waves against a vertical wall are ex-
pressed through equations (3) and (4) for the different conditions of a
completely reflected wave and a formation of a vertical bulge at the
wall. In these equations, which are considered in Fig. 9, Fs is the hy-
drostatic force in the free-flow area and α means a calibration coeffi-
cient which was set to 1.0.

= + ∗ ∗F Fr F(1 1.51 ) , completely reflected waves
1.2 5

3 (3)

⎜ ⎟= + ∗ ∗⎛
⎝

+ ∗
+ ∗

⎞
⎠

∗F Fr α Fr
Fr

F(1 0.5 ) 1
1 0.5

, Formation of vertical bulges
2

2

2

(4)

The investigations of Sturm et al. (2017a) in the straight rectangular
flume show good accordance with Eq. (1). Equation (3) describes the
process of a completely reflected wave at the wall at lower Froude
numbers and thus, results in significant lower impact forces than the
measured values. The formation of a vertical bulge at the wall ex-
pressed through Eq. (4) underestimates the measurements expressed

through Eq. (1) even more, but is still higher than the calculated hy-
drodynamic force. Even if the experiments from Armanini et al. (2010)
are comparable to the Schnannerbach experiments, the impact pro-
cesses are still different. Armanini et al. (2010) used channel slopes up
to 44% for their experiments which resulted in high investigated Froude
numbers from 3 to 7. The dynamic force component seems to be
dominant for the total impacts of these processes. The Schnannerbach
and the preliminary experiments (Sturm et al., 2017a) with slopes up to
15% reached Froude number maxima up to 5. The experiments showed,
that lower longitudinal slopes and lower Froude numbers lead to lower
vertical bulge formations directly at the wall (Eq. (2)). As a con-
sequence, the static force component becomes more dominant. Since
the Schnannerbach and the preliminary experiments studied lower
slopes and lower Froude numbers than the experiments of Armanini
et al. (2010), the hydrostatic force component is more dominant within
these experiments. Fig. 9 confirms this statement by comparison of the
hydrostatic and the hydrodynamic force for the same flow conditions.

Last but not least, different model layouts resulted in highly dif-
fering impact forces for clear water experiments. In more detail, the
consideration of surrounding buildings on the floodplain led to de-
flections of the flow and changes of the impact forces. The experiments
were run with and without surrounding buildings. The influence of
surrounding buildings on the impact forces of each wall element can be
seen in Fig. 10. It is noteworthy that for clear water conditions, the
influence of surrounding buildings on the impact forces is also highly
dependent on the location of channel overtopping. Fig. 10 clearly shows
that the impact forces of walls 2, 3 and 11 are higher for the case with
surrounding buildings, while the forces on walls 12 and 13 are mostly
lower. As expected, the influence of surrounding buildings on the forces
of the wall elements located very close to the channel is low. The de-
veloped flow paths on the floodplain, influenced by different building
structures, are a dominant factor on the impact forces for clear water
conditions and are more influential than the discharge on the floodplain
itself.

4.2. Experiments with sediment transport

The experiments with sediment transport comprise 20 experiments
with varying sediment supply. Although all the results are presented
herein, we focus on a specific experiment to illustrate the experimental
process and its outcomes. The development of the impact forces under
continuous sediment supply for this specific experimental layout for
each of the three buildings is illustrated in Fig. 11. Further, the plan

Fig. 9. Comparison of Eq. (1) with the measurements of Sturm et al. (2017a) and comparable calculation approaches; prototype dimensions.
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Fig. 10. Influence of surrounding buildings on the specific normal forces of all clear water experiments (Fig. 3); prototype dimensions.

Fig. 11. Results of a specific sediment experiment (model layout with surrounding buildings and with openings in the building envelope; discharge 20.2 m3/s; grain
size distribution 1; sediment concentration 15.5%; total sediment load∼12,000m3); prototype dimensions.
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views show the development of the regressive deposition on the
floodplain at three specific times during the experiment. In the same
figure, pictures of the three buildings during the approaching peak
impact forces are shown. The impact forces in Fig. 11 are illustrated in
three diagrams, each representing one building. The beginning and the
end of sediment supply are marked as dashed lines in the diagrams.

Due to the regressive deposition in the torrent channel, the impacts
on the wall elements are temporarily shifted and highly variable during
the experiment. The intrusion of the flow mixture into the buildings
through the openings led to an additional impact force on the wall
coming from the inside and resulted in negative force values on the wall
elements 1, 7 and 16. The highest specific impacts were measured at
wall element 11 because of the orientation of the wall with respect to
the flow direction for this specific experimental layout. As discharge
was set to zero again, the forces decreased to a specific, almost constant
value, which can be described as a static force, resulting from the
pressure of the wet sediment deposition pushing against the walls.
Experiments with fluviatile sediment transport clearly showed that the
highest impact forces during the flood events are substantially higher
than the first impacts on the wall elements and the static forces of de-
posited sediment in front of the building at the end of the experiment.
This is evident by the temporal distribution of the impact forces shown
in Fig. 11.

The 20 executed experiments with sediment supply clearly showed
that the different characteristics (e.g. discharge, sediment concentra-
tion, sediment grain sizes) of the fluviatile hazard process in the
channel are not significant for the deposition on the floodplain. As
observed, if there is any overtopping of the channel at high flood in-
tensities, the impacts are mainly influenced by the sediment depositions
on the floodplain, which lead to different flow paths on the floodplain
and, consequently, to different approaching flow behaviour, decreasing
or increasing the impact forces accordingly. This confirms the findings
of Sturm et al. (2017a), suggesting that the sediment deposition process
in a straight rectangular flume in front of the wall element leads to a
deflection of the flow and a considerable reduction of the impact forces
at certain topographic and hydraulic conditions. When depositions in
the channel or on the floodplain direct the flow to the wall element, the
forces increase due to the higher specific discharge on the wall element.
With the grain size distributions illustrated in Fig. 1 and maximum
sediment concentrations of 15.5% (Fig. 5), impacts of coarser grains
were not detected in the measurement results, because backwater ef-
fects in front of the wall elements decelerate the sediments and reduce
the impacts.

According to the correlation illustrated in Fig. 7, the measured
impact forces and the approaching flow heights of the water–sediment-
mixture of the 20 sediment experiments (Fig. 5) and most relevant wall
elements are summarized in Fig. 12. The approaching flow height is
defined as the sum of deposition height and the height of the over
flowing liquid-solid mixture compared to the clear water depths in
Fig. 7. The illustrated values represent time-averaged impacts and flow
heights over time steps of 164 s (prototype dimensions) during the
entire duration of each experiment. For this diagram, the values of the
wall elements 1, 7 and 16 which may cause negative values due to their
orientation and distort the correlation, were neglected. The spread of
the experimental results is significantly higher than the one from the
clear water experiments (Fig. 7). However, a clear trend of increasing
impact forces with increasing approaching flow heights could still
clearly be observed. A regression curve of the function type as Eq. (1) of
these values expressed by Eq. (5) was developed, where f is the specific
normal force in kN m-1 and h is the approaching flow height directly at
the wall element in meters.

= ∗ + ∗f h h4.47492 2.29447 2 (5)

To compare the impact forces of the water-sediment-mixture with
those of the clear water experiments, Eq. (1) was added to Fig. 12. The
clear water Eq. (1) leads to slightly lower impact forces especially at

lower approaching flow heights. The fluctuation of the forces and the
maximum impact forces are much higher with sediment loaded dis-
charges. As expected, an estimation of the impacts of sediment trans-
port processes is more challenging than for clear water conditions, due
to peculiar phenomena of unconfined biphasic flow such as avulsions,
channelization and flow diversions at deposition lobes (de Haas et al.,
2018). In more detail, the maximum impact forces at clear water con-
ditions reach values up to 14 kN m-1 (Fig. 7), whereas the impacts of the
water-sediment-mixture highly exceed this value and attain a quantity
up to 60 kNm-1. The deviation of the measurements from the regression
curve has its main spread around 10 kN m-1, with single outliers up to
50 kNm-1. Further statistical analyses show the 95% confidence and
prediction intervals of all the 9019 individual measurement points
(Fig. 12). Although the probability of occurrence of high impact forces
is rather low for all measurements points (1:9019), due to the number
of investigated flood events (20), this probability is considerably higher
(1:20).

4.3. Main findings and discussion

Knowledge regarding the interaction between elements at risk and
fluviatile hazard process is still limited. Measuring these interactions in
the natural environment is nearly impossible and for this reason la-
boratory experiments are a feasible alternative to capture interactions.
The preliminary studies of Sturm et al. (2017a,b) aimed at the assess-
ment of impact forces at different flow conditions and its influential
parameters at a simple model set-up in a confined channel. Compared
to the preliminary studies, the conducted experiments at the Schnan-
nerbach model provided scale model measurements of impact forces on
whole buildings located on a specific torrential fan and captured the
extent of the impact forces generated by different flow processes under
more natural boundary conditions. The experiments clearly showed the
development of the impact forces during fluviatile flood events and the
interaction between the buildings on the torrential fan and its influence
on the impact forces. Due to the application of 16 measurement devices
attached to wall elements exposed differently by the flow provided
substantial data for detecting impact forces induced by approaching
flow processes. A correlation with the approaching flow height as in-
fluencing process parameter for clear water conditions and fluviatile
sediment transport processes is delivered. Our study highlights the
following key statements and that factors which have a substantial in-
fluence on impacts caused by floods and fluviatile hazards:

1. a clear relation between the approaching heights and the impact
forces for clear water conditions which scatters much wider for
fluviatile sediment transport processes

2. the presence of specific neighbouring buildings in reducing the
impact force due to deflecting the flow and shielding the element at
risk

3. the presence of specific neighbouring buildings in increasing the
impact force due to redirecting the flow on the floodplain and for-
cing it on the element at risk

4. the orientation of walls in relation to the flow direction and minor
differences of the impact force under different conditions as far as
the sediment transport is concerned

The research presented herein has led to some interesting results
that could be considered in hazard zone mapping, land use planning
and the construction of prospective local protection measures. The re-
sults can be used to inform land use planning decisions and to support
engineers in retrofitting buildings during the mitigation and the re-
construction phase. The experiments can be extended to include local
adaptation measures, including simple, low-cost changes or additions to
buildings that may reduce the impact of hazardous processes and
consequently reduce the costs.

The experimental tests would not have been possible without a
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number of assumptions and limitations. These are mainly related to the
scaling of the model and the limitation of the range of the sediment
grain size used to reproduce sediment transport. In more detail, the
reproduction and calibration of the flow and sediment deposition pro-
cesses are therefore challenging and based on previous studies (Rudolf-
Miklau et al., 2006; Chiari, 2008; Gems et al., 2014). Froude similarity
was used for scaling the flow processes and the impact forces which was
verified to scale the measurements accordingly (Section 3.1). It was not
possible, however, to reproduce the material behaviour of the building
envelope within the scale model.

The definition of a representative grain size distribution in physical
scale modelling is generally influenced by the aims and some basic
conditions of the scale model set-up and underlies certain scale effects
(Waldron, 2008; Gill and Pugh, 2009; Oliveto and Hager, 2005; Heller,
2011). For the analysis of bedload transport processes in rivers focus is
mainly set on the Shields-diagram, which differentiates motion and
non-motion conditions in terms of the critical Shields-parameter and
depending on the grain-related Reynolds-number. Ensuring grain-re-
lated Reynolds-numbers larger 80 to 100, the critical Shields-parameter
is almost constant at a level of 0.06 (Shields, 1936). To avoid scale
effects in the transport of bedload in physical scale models, the scale
factors have to be defined with respect to the prevailing grain sizes in
the river and the grain-related Reynolds-number. For the case study of
the Schnannerbach torrent, the defined grain size distributions and the
model scale 1:30 led to grain-related Reynolds-numbers above 100 for
flood conditions in the rigid torrent channel and thus ensured that there
are no scale effects in terms of initial motion conditions. A change from
bedload transport in prototype dimensions to suspended load transport
in the scale model was as well not observed due to the defined
minimum grain size of 0.0005m (laboratory dimensions; compare

Kresser, 1964).
The experimental measurements were calibrated on the detailed

flood documentation. Based on the input quantities, the natural flow
and sediment depositions could be reproduced with high temporal and
spatial accuracy which underpins the scalability of these processes. The
applicability of the chosen grain size distribution 1 was already proved
by previous experiments of Gems et al. (2014) who focused on the
capacity of the rigid torrent channel of the Schnannerbach and re-
gressive deposition processes starting from the confluence with the
receiving water (Rosanna River) during the flood event in August 2005.

However, scaling of the field samples to laboratory conditions (grain
size distributions 1 and 2, Fig. 1) includes also a certain narrowing of
the grain size spectrum as the finest fractions below 0.0005m (la-
boratory dimensions) were added to the next coarser fraction (Section
3.2). Even though it does not relevantly influence bedload transport
behaviour and deposition processes in the torrent channel as discussed
above, the question arises whether a narrowed grain size distribution
leads to changes on the impacts at the buildings compared to perfectly
real conditions. As discussed above, limiting to fluviatile transport
process with sediment concentrations below 20% results in only mar-
ginal influences of grain size distribution and sediment concentration
on the impacts compared to the topography and arrangement of
buildings on the flood plain. The experiments with the grain size dis-
tributions 1 and 2 did not show relevant differences of impacts at the
buildings, even though there are significant differences of characteristic
grain diameters. Amongst, the d50 of distribution 1 is 0.039m com-
pared to the a d50 of 0.960m of distribution 2 and the fraction finer
0.03m amounts to 42% for distribution 1 compared to 28% for dis-
tribution 2. With this background, the narrowing of the grain size dis-
tribution does not lead to scale effects as long as the sediment

Fig. 12. Correlation of approaching flow heights and specific normal forces for all sediment experiments; prototype dimensions.
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concentration and the maximum grain size do not significantly increase
compared to the conditions in the experiments. Also deposition evolu-
tion on the floodplain is only marginally influenced by the narrowing of
the grain size since the depositions are initiated by the obstacles on the
floodplain and not by low Shields-parameters. However, for a quanti-
tative and more profound assessment of the influence of grain size
characteristics on the impacts, further experiments are mandatory.

Scale models entail considerable effort in construction, measure-
ment techniques and calibration. However, they are prototypes for a
specific area and the results are not always transferable. Nevertheless,
measurements of scale model experiments could deliver calibration
data for numerical models (e.g., Basement, 2006–2017). The applica-
tion of numerical methods could be used to reproduce additional ex-
perimental scenarios and assign the calibration parameters on similar
floodplains which could be further implemented in operational risk
management.

The present study can be expanded in the future to further in-
vestigate the influence of openings in the building envelope on the
impact forces. Furthermore, future studies may include research on the
influences of spatial configurations of the built environment, debris
flow processes and load distributions concerning static forces of the
sediment depositions as well as combined forces with the dynamic
impacts of the flow processes. Additional mechanisms such as abrasion
or scouring that may also be responsible for damage should be also
analysed. Further analyses should also focus on comparable experi-
ments on different floodplains and the application of numerical analysis
is recommended to make the introduced approaches more accessible to
a broader set of endangered areas affected by torrential flooding pro-
cesses. The experiments contained 16 measurement devices with dif-
ferent locations and orientations to different flow intensities and pro-
cesses, which led to a variety of measurements. Nevertheless, the results
showed a clear correlation of the approaching flow heights and the
impact forces for all measurements (Figs. 7, 12). The results can be used
for estimations of impact forces of clear water and fluviatile sediment
transport processes on buildings located on alluvial fans with compar-
able gradients and process intensities. Sturm et al. (2017a) provide
additional studies on the influence of different gradients (4%–15%) on
the impact forces.

In general, further laboratory studies are necessary to shed addi-
tional light on the interaction between natural processes and elements
at risk. Additional laboratory experiments may support vulnerability
studies and research based on empirical data in order to improve risk
assessment and the design of risk reduction strategies as a response to a
changing environment.

5. Conclusions

The research presented herein focuses on laboratory experiments
aiming at the better understanding of the interaction of buildings with
clear water, hyper concentrated or debris flows. The conducted ex-
periments provide scale model measurements of impact forces on
buildings located on a specific torrential fan. The study is one of the few
studies in the literature using laboratory experiments and scale models
to investigate the interaction between buildings and torrential hazards.

The results are very important for the field of vulnerability research.
They may contribute to the validation of existing methods of vulner-
ability assessment (e.g. vulnerability curves) but also for the support of
newly developed methods in the same field (indicator based ap-
proaches). In more detail, vulnerability assessment methods using in-
dicators (e.g. considering building characteristics) may benefit from
laboratory experiments that can confirm the relevance of some in-
dicators or even contribute to their weighting.

Laboratory experiments, in general, may give a very good insight to
the interaction between natural processes and elements at risk not only
in mountain areas but also in other environmental contexts where the
built environment is threatened by natural hazards. The understanding

of this interaction is a prerequisite for the designing of effective risk
reduction strategies in a rapidly changing world.

Acknowledgements

The study originates from the project “Vulnerability analysis of
buildings exposed to torrent hazards – small scale experimental mod-
elling of impacts on buildings and derivation of physics-based vulner-
ability functions”, funded by the Austrian Science Fund (FWF: P27400-
NBL). Bruno Mazzorana has also been supported by the Iniciativa
Cientifica Milenio (ICM) through grant NC160025 “Millenium Nucleus
CYCLO The Seismic Cycle Along Subduction Zones”, Chile and Maria
Papathoma-Köhle has also been supported by the FWF-Elise Richter-
programme.

The authors further acknowledge five anonymous reviewers, who
comprehensively contributed to this paper providing valuable reviews
of earlier versions of this manuscript.

References

Armanini, A., Larcher, M., Odorizzi, M., 2010. Dynamic impact of steep waves against a
vertical wall. Proceedings of First European IAHR Congress, Edinburgh.

Basement – Basic Simulation Environment for Computation of Environmental Flow and
Natural Hazard Simulation, 2006–2017. Version 2.7. ETH Zurich, VAW, Vetsch, D.,
Siviglia, A., Ehrbar, D., Facchini, M., Kammerer, S., Koch, A., Peter, S., Vanzo, D.,
Vonwiller, L., Gerber, M., Volz, C., Farshi, D., Mueller, R., Rousselot, P., Veprek, R.,
and Faeh, R.

Bergmeister, K., Suda, J., Hübl, J., Rudolf-Miklau, F., 2009. Schutzbauwerke gegen
Wildbachgefahren. Ernst & Sohn (in German).

Chiari, M., 2008. Numerical modelling of bedload transport in torrents and mountain
streams. PhD thesis, University of Natural Resources and Applied Life Sciences,
Vienna.

De Haas, T., Densmore, A.L., Stoffel, M., Suwa, H., Imaizumi, F., Ballesteros-Cánovas,
J.A., Wasklewicz, T., 2018. Avulsions and the spatio-temporal evolution of debris-
flow fans. Earth-Sci. Rev. 177, 53–75.

Douglas, J., 2007. Physical vulnerability modelling in natural hazard risk assessment.
Nat. Hazards Earth Sys. Sci. 7 (2), 283–288.

Eidsvig, U.M.K., Kristensen, K., Vangelsten, B.V., 2017. Assessing the risk posed by nat-
ural hazards to infrastructures. Nat. Hazards Earth Sys. Sci. 17 (3), 481–504.

Fuchs, S., McAlpin, M.C., 2005. The net benefits of public expenditures on avalanche
defence structures in the municipality of Davos, Switzerland. Nat. Hazards Earth Sys.
Sci. 5 (9), 319–330.

Fuchs, S., Heiss, K., Hübl, J., 2007. Towards an empirical vulnerability function for use in
debris flow risk assessment. Nat. Hazards Earth Sys. Sci. 7, 495–506.

Fuchs, S., Keiler, M., Zischg, A., 2015. A spatiotemporal multi-hazard exposure assess-
ment based on property data. Nat. Hazard Earth Sys. Sci. 15 (9), 2127–2142.

Fuchs, S., Röthlisberger, V., Thaler, T., Zischg, A., Keiler, M., 2017a. Natural hazard
management from a co-evolutionary perspective: exposure and policy response in the
European Alps. Ann. Am. Assoc. Geographers 107 (2), 382–392.

Fuchs, S., Karagiorgos, K., Kitikidou, K., Maris, F., Paparrizos, S., Thaler, T., 2017b. Flood
risk perception and adaption capacity: a contribution to the socio-hydrology debate.
Hydrol. Earth Syst. Sci. 21 (6), 3183–3198.

Gall, M., Borden, K.A., Cutter, S.L., 2009. When do losses count?: six fallacies of natural
hazards loss data. Bull. Am. Meteorol. Soc. 90 (6), 799–809.

Gems, B., Sturm, M., Vogl, A., Weber, C., Aufleger, M., 2014. Proceedings of the
Interpraevent in the Pacific Rim.

Gems, B., Mazzorana, B., Hofer, T., Sturm, M., Gabl, R., Aufleger, M., 2016. 3-D hydro-
dynamic modelling of flood impacts on a building and indoor flooding processes. Nat.
Hazard Earth Sys. Sci. 16, 1351–1368.

Gill, T.W., Pugh, C.A., 2009. Sediment Transport Similtude for Scaled Physical Hydraulic
Modeling. World Congress, Vancouver.

Göttgens, H., 2016. Experimentelle Untersuchung zur Einwirkung geschiebeführender
Abflüsse auf Gebäude. Master thesis, University of Innsbruck (in German).

Guillen-Ludena, S., Lopez, D., Riviere, N., and Mignot, E., 2017. Extreme flood flow in an
increasingly urbanized floodplain: an experimental approach. In: Proceedings of the
37th IAHR World Congress, Kuala Lumpur, 2017.

Heller, V., 2011. Scale effects in physical hydraulic engineering models. J. Hydraulic Res
49 (3), 293–306.

Hilker, N., Badoux, A., Hegg, C., 2009. The Swiss flood and landslide damage database
1972–2007. Nat. Hazard Earth Sys. Sci 9 (3), 913–925.

Holub, M., Fuchs, S., 2008. Benefits of local structural protection to mitigate torrent-
related hazards. WIT Trans. Information Commun. Technol. 39, 401–411.

Holub, M., Fuchs, S., 2009. Mitigating mountain hazards in Austria – Legislation, risk
transfer, and awareness building. Nat. Hazard Earth Sys. Sci. 9 (2), 523–537.

Holub, M., Suda, J., Fuchs, S., 2012. Mountain hazards: reducing vulnerability by adapted
building design. Environ. Earth Sci. 66 (7), 1853–1870.

Hübl, J., König, U., 2007. Real scale debris flow experiments at Schesatobel / Austria.
Geophys. Res. Abstr. 9, 03436.

Johnson, A.M., 1984. Debris flow. Brunsden & Prior (eds.) Slope instability, pp. 257–361,
Chichester: John Wiley & Sons.

M. Sturm et al. Journal of Hydrology 565 (2018) 1–13

12

http://refhub.elsevier.com/S0022-1694(18)30585-7/h0005
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0005
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0015
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0015
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0025
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0025
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0025
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0030
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0030
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0035
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0035
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0040
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0040
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0040
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0045
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0045
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0050
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0050
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0055
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0055
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0055
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0060
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0060
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0060
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0065
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0065
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0070
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0070
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0075
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0075
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0075
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0080
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0080
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0095
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0095
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0100
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0100
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0105
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0105
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0110
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0110
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0115
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0115
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0120
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0120


Kaiheng, H., Fangqiang, W., Yong, L., 2011. Real-time measurement and preliminary
analysis of debris-flow impact force at Jiangjia Ravine, China. Earth Surf. Proc. Land.
36 (9), 1268–1278.

Kammerlander, J., Gems, B., Sturm, M., Aufleger, M., 2016. Analysis of flood related
processes at confluences of steep tributary channels and their receiving streams – 2d
numerical modelling application. In: Proccedings of the 13th Congress Interpraevent
2016, Lucerne, 2016.

Keiler, M., Knight, J., Harrison, S., 2010. Climate change and geomorphological hazards
in the eastern European Alps. Philos. Trans.R. Soc. Lond. Ser. A Math. Phys. Eng. Sci.
368, 2461–2479.

Kresser, W., 1964. Gedanken zur Geschiebe- und Schwebstoffführung der Gewässer.
Österreichische Wasserwirtschaft, 16, 1964 (in German).

Mazzorana, B., Comiti, F., Scherer, C., Fuchs, S., 2012. Developing consistent scenarios to
assess flood hazards in mountain streams. J. Environ. Manage. 94 (1), 112–124.

Mazzorana, B., Simoni, S., Scherer, C., Gems, B., Fuchs, S., Keiler, M., 2014. A physical
approach on flood risk vulnerability of buildings. Hydrol. Earth Syst. Sci. 18 (9),
3817–3836.

Mignot, E., Riviere, N., 2010. Bow-wave-like hydraulic jump and horseshoe vortex around
an obstacle in a supercritical open channel flow. Phys. Fluids 22, 117105.

Oberndorfer, S., Fuchs, S., Rickenmann, D., Andrecs, P., 2007. Vulnerabilitätsanalyse und
monetäre Schadensbewertung von Wildbachereignissen in Österreich, BFW-Berichte,
139, Vienna, 2007 (in German).

Oliveto, G., Hager, W.H., 2005. Further results to time-dependent local scour at bridge
elements. J. Hydraul. Eng 131 (2), 97–105.

ONR 24800, 2009. Schutzbauwerke der Wildbachverbauung – Begriffe und ihre
Definitionen sowie Klassifizierung, 2009-02-15, Austrian Standards Institute, Vienna,
2009 (in German).

Papathoma-Köhle, M., Kappes, M., Keiler, M., Glade, T., 2011. Physical vulnerability
assessment for alpine hazards: state of the art and future needs. Nat. Hazard Earth
Sys. Sci. 58, 645–680.

Papathoma-Köhle, M., Keiler, M., Totschnig, R., Glade, T., 2012. Improvement of vul-
nerability curves using data from extreme events: debris flow event in South Tyrol.
Nat. Hazard Earth Sys. Sci. 64, 2083–2105.

Papathoma-Köhle, M., Zischg, A., Fuchs, S., Glade, T., Keiler, M., 2015. Loss estimation
for landslides in mountain areas – an integrated toolbox for vulnerability assessment
and damage documentation. Environ. Modell. Softw. 63, 156–169.

Papathoma-Köhle, M., Gems, B., Sturm, M., Fuchs, S., 2017. Matrices, curves and in-
dicators: A review of approaches to assess physical vulnerability to debris flows.
Earth-Sci. Rev. 171, 272–288.

Proske, D., Suda, J., Hübl, J., 2011. Debris flow impact estimation for breakers. Georisk 5
(2), 143–155.

Quan Luna, B., Blahut, J., van Westen, C.J., Sterlacchini, S., van Asch, T.W.J., Akbas, S.O.,
2011. The application of numerical debris flow modelling for the generation of

physical vulnerability curves. Nat. Hazard Earth Sys. Sci. 11, 2047–2060.
Riviere, N., Vouaillat, G., Launay, G., Mignot, E., 2017. Emerging obstacles in

Supercritical Open-Channel Flows: Detached Hydraulic Jump versus Wall-Jet-Like
Bow Wave. J. Hydraul. Eng. 143 (7).

Röthlisberger, V., Zischg, A., Keiler, M., 2017. Identifying spatial clusters of flood ex-
posure to support decision making in risk management. Sci. Total Environ. 598,
593–603.

Rudolf-Miklau F., Ellmer, A., Gruber, H., Hübl, J., Kleemayr, K., Lang, E., Markart, G.,
Scheuringer, E., Schmid, F., Schnetzer, I., Weber, C., Wöhrer-Alge, M., 2006.
Hochwasser 2005 – Ereignisdokumentation, Teilbericht der Wildbach- und
Lawinenverbauung Vienna, 2006 (in German).

Scheidl, C., Chiari, M., Kaitna, R., Müllegger, M., Krawtschuk, A., Zimmermann, T.,
Proske, D., 2013. Analysing Debris-Flow Impact Models, Based on a Small Scale
Modelling Approach. Surv. Geophys. 34, 121–140.

Shields, A., 1936. Anwendung der Aehnlichkeitsmechanik und der Turbulenzforschung
auf die Geschiebebewegung. Mitteilungen der Preussiischen Versuchsanstalt für
Wasserbau und Schiffbau, 26, Berlin, Germany, 1936 (in German); English transla-
tion by W.P. Ott and J.C. van Uchelen available as Hydrodynamics Laboratory
Publication No. 167, Hydrodynamics Lab., California Institute of Technology,
Pasadena.

Sturm, M., Gems, B., Aufleger, M., Mazzorana, B., Papathoma-Köhle, M., Fuchs, S., 2017a.
Scale model measurements of impact forces on obstacles induced by bed-load
transport processes. In: Proceedings of the 37th IAHR World Congress, Kuala Lumpur,
2017a.

Sturm, M., Gems, B., Mazzorana, B., Gabl, R., Aufleger, M., 2017b. Validierung experi-
menteller und 3-D-numerischer Untersuchungen zur Einwirkung hydrodynamischer
Fließprozesse auf Objekte. WasserWirtschaft, 06/2017, 21-27, 2017b (in German).

Thieleke, W., Stamhuis, E.J., 2014. PIVlab – Towards User-friendly, Affordable and
Accurate Digital Particle Image Velocimetry in MATLAB. J. Open Res. Software 2 (1),
e30.

Totschnig, R., Sedlacek, W., Fuchs, S., 2011. A quantitative vulnerability function for
fluvial sediment transport. Nat. Hazards 58 (2), 681–703.

Totschnig, R., Fuchs, S., 2013. Mountain torrents: quantifying vulnerability and assessing
uncertainties. Eng. Geol. 155, 31–44.

Tropea, C., Yarin, A.L., Foss, J.F., 2007. Springer handbook of experimental fluid me-
chanics 661–676 Springer.

Vilajosana, I., Bacher, M., Surinach, E., Hübl, J., Khazaradze, G., Garcia de Yebenes, L.,
2007. Mud flow detection experiments at Schesatobel, Austria. Geophys. Res. Abstr.
9, 07765.

Waldron, L.W., 2008. Physical modelling of flow and sediment transport using distorted
scale modelling. Master thesis, Louisiana State University and Agricultural and
Mechanical College, 2008.

M. Sturm et al. Journal of Hydrology 565 (2018) 1–13

13

http://refhub.elsevier.com/S0022-1694(18)30585-7/h0130
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0130
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0130
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0140
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0140
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0140
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0150
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0150
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0155
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0155
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0155
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0160
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0160
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0170
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0170
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0180
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0180
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0180
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0185
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0185
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0185
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0190
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0190
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0190
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0195
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0195
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0195
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0200
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0200
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0205
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0205
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0205
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0210
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0210
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0210
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0215
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0215
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0215
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0225
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0225
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0225
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0245
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0245
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0245
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0250
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0250
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0255
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0255
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0260
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0260
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0265
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0265
http://refhub.elsevier.com/S0022-1694(18)30585-7/h0265

	Experimental analyses of impact forces on buildings exposed to fluvial hazards
	Introduction
	Case study
	Methods
	Preliminary experiments
	Physical scale model of the Schnannerbach torrent
	Experimental programme

	Results
	Clear water experiments
	Experiments with sediment transport
	Main findings and discussion

	Conclusions
	Acknowledgements
	References




