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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 investigating the impact forces on buildings are still limited.
The paper presents a study on impact forces resulting from complex ﬂow processes on buildings, the inﬂuencing 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 simpliﬁed, 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 processes and the exposed built environment.
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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 expected 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 representation of the process magnitude and the elements at risk classiﬁed 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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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 distributions of the Schnannerbach torrent and closely situated torrents (right).

interactions for torrential hazards in an experimental setup since realscale data are not available. Physical scale models provide the opportunity 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 engineers to enhance the design of buildings in hazard areas (Holub et al.,
2012), supports the assessment of the physical vulnerability of buildings, and highlight the need and assess the eﬀectiveness of local
adaptation measures (Holub and Fuchs, 2008).

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 exposed 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 numerical modelling approaches in order to be implemented in operational 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 approaching 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 behaviour 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, ﬂuviatile 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 impacting 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

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 suﬃciently 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 torrent channel. Especially the well-documented ﬂood event of August
2005, when about 35,000 m3 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 reconstruction 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
2
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basis for the Schnannerbach experiments at the same scale. A number of
experiments were run, each one representing diﬀerent torrential processes 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 computational 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 measured quantities of impact forces on the plate in the straight rectangular
channel and the inﬂuencing parameters during the preliminary experiments.

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.

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 characteristics 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.

3.2. 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 constructed (Fig. 3). The study focused on the impacts on three speciﬁc
buildings in the case study area. They were equipped with 16 measurement devices on the torrent-facing wall elements. The 17 surrounding, remaining buildings, not equipped with measurement devices (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 photogrammetry. The measurement devices, equipped on the wall elements, are force sensors (“K3D60 20N”, ME-measuring systems) connected to appropriate measurement ampliﬁers (“GSV-1A16USB K3D”,
ME-measuring systems). Measured voltages induced by the approaching loads are converted to forces by means of a calibrated relation of the values. By the manufacturer (ME-measuring systems) calibrated 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 calibration 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 interaction and the transmission of the impact forces to the bottom of the
scale model. The gaps between the wall elements themselves and the

3. Methods
Preliminary experiments using a single plate in a straight rectangular 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 similarity. 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 identiﬁcation 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 different 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 torrent, the measurements provide appropriate measurements to set the
3
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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.

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 components 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 process 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 similar catchment and process characteristics (Rudolf-Miklau et al.,
2006). In order to avoid suspended load transport behaviour and cohesion eﬀects in the experiments, the minimum grain size in the experiments was set to 0.0005 m (0.015 m in prototype dimensions).
Those fractions of sediments ﬁner than 0.015 m 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 0.015 m to
0.030 m (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 (0.015 m in prototype dimensions) to represent
the average roughness of the overland ﬂow areas.
Flow velocities of the water surface on the ﬂoodplain were measured 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
4
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Fig. 5. Overview of the experimental programme; prototype dimensions.

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 buildings, supported the documentation of the experiments.

(compare Gems et al., 2014).
Based on these ﬁndings, experimental scenarios with diﬀerent discharges, diﬀerent grain size distributions and sediment loads were deﬁned 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 corresponding dynamics in the ﬂow behaviour led to necessary, small adjustments 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 torrent channel and on the torrential fan, despite the steady-state conditions at the upstream model boundary.
To determine the inﬂuence of the ﬂow passing through the buildings, 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.

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 (30 m3 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 relating to spatial dispersals and impact angles on the wall elements.
With the aim to analyse representative scenarios under sedimentladen conditions in accordance with the observed ﬂood events characterised by overtopping of the channel due to regressive deposition,
the deposition process in the channel and the amount of supplied sediment had to be assessed in detail. Using diﬀerent grain size distributions, Gems et al. (2014) demonstrated that the sediment concentration 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 considered buildings were aﬀected by the hazard process during each
process scenario. To represent regressive deposition accordingly, experiments showed that in this part of the torrent, a sediment concentration of 15.5% was required for grain size distribution 1 and
12.5% for grain size distribution 2 (Fig. 1). Lower sediment concentrations 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

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 1 m. Concerning the experiments with openings
(doors and windows) in the wall elements, the wall widths were adjusted accordingly. The presented results in this paper focus on the
speciﬁc normal forces, although three-dimensional forces were measured. The measured shear forces on the wall elements were signiﬁcantly lower than the normal forces and thus not relevant for possible damages.
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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.

the water surface at those spots, where the tracers were located. This
leads to a fragmented representation of velocities on the ﬂoodplain illustrated 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 steadystate 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 approaching ﬂow height in meters at the wall and f represents the speciﬁc
normal force in kN m-1.

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 inhomogeneity 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 deviations 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 velocity patterns for three diﬀerent discharges. Further, the three illustrated 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 experimental 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

f = 1.01145∗h + 3.35613∗h2

(1)

A statistical analysis of the regression (95% prediction and conﬁdence intervals) is added to Fig. 7, as well as the deviation of the
single measurements from the regression curve and its frequency distribution. 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
6
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Fig. 7. Correlation of approaching ﬂow heights and speciﬁc normal forces for all clear water experiments; prototype dimensions.

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 regression of ﬂow velocities and impact forces, corresponding to the
correlation of approaching ﬂow heights and the impact forces illustrated 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

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

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.
7
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Fig. 9. Comparison of Eq. (1) with the measurements of Sturm et al. (2017a) and comparable calculation approaches; prototype dimensions.

through Eq. (1) even more, but is still higher than the calculated hydrodynamic force. Even if the experiments from Armanini et al. (2010)
are comparable to the Schnannerbach experiments, the impact processes 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 consequence, 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 differing impact forces for clear water experiments. In more detail, the
consideration of surrounding buildings on the ﬂoodplain led to deﬂections 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 developed 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.

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 velocities 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 identiﬁcation 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 approaching ﬂow heights with great dispersion. Therefore, a more general, theoretical approach is chosen for these estimations using the
Manning-Strickler equation. The Strickler-parameter was set to 50 m1/
3 -1
s . 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 2)*hm

(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 expressed 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 hydrostatic force in the free-ﬂow area and α means a calibration coeﬃcient which was set to 1.0.
5

F = (1 + 1.51∗Fr 1.2 ) 3 ∗Fs , completely reflected wave

(3)

α∗Fr 2 ⎞
F = (1 + 0.5∗Fr 2) ∗ ⎛1 +
∗Fs , Formation of vertical bulge
1 + 0.5∗Fr 2 ⎠
⎝
⎜

⎟

4.2. Experiments with sediment transport

(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 expressed through Eq. (4) underestimates the measurements expressed

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
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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 ∼12,000 m3); prototype dimensions.
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lower approaching ﬂow heights. The ﬂuctuation of the forces and the
maximum impact forces are much higher with sediment loaded discharges. As expected, an estimation of the impacts of sediment transport 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 conditions 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 kN m-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 kN m-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).

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 deposited 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 concentration, 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 intensities, 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 effects 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–sedimentmixture 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 = 4.47492∗h + 2.29447∗h2

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 laboratory experiments are a feasible alternative to capture interactions.
The preliminary studies of Sturm et al. (2017a,b) aimed at the assessment 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 Schnannerbach 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 inﬂuencing 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 inﬂuence 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 forcing 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 results can be used to inform land use planning decisions and to support
engineers in retroﬁtting buildings during the mitigation and the reconstruction 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

(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
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Fig. 12. Correlation of approaching ﬂow heights and speciﬁc normal forces for all sediment experiments; prototype dimensions.

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 regressive 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 0.0005 m (laboratory 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 marginal 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 distributions 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 0.039 m compared to the a d50 of 0.960 m of distribution 2 and the fraction ﬁner
0.03 m amounts to 42% for distribution 1 compared to 28% for distribution 2. With this background, the narrowing of the grain size distribution does not lead to scale eﬀects as long as the sediment

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 processes are therefore challenging and based on previous studies (RudolfMiklau 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-related 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 0.0005 m (laboratory dimensions; compare
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of this interaction is a prerequisite for the designing of eﬀective risk
reduction strategies in a rapidly changing world.

concentration and the maximum grain size do not signiﬁcantly increase
compared to the conditions in the experiments. Also deposition evolution 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 quantitative 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, measurement 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 application of numerical methods could be used to reproduce additional experimental 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 investigate 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 experiments 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 processes. The experiments contained 16 measurement devices with different locations and orientations to diﬀerent ﬂow intensities and processes, 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 comparable 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 additional 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.
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