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ABSTRACT

The implementation of effective disaster risk reduction measures is a challenging task, as not only the climate is changing, but natural pro-
cesses are continuously influenced by human activities. Therefore, it becomes necessary to continuously re-evaluate and to integrate human
interventions in the hazard analysis process. The Hofermiihle sub-catchment area in Waidhofen a.d. Ybbs is considered one exemplary
case study within the Flysch Zone in Lower Austria, in which the physical processes and the anthropogenic influence on the landslide dy-
namics is clear. In 2013, heavy rainfall triggered a rotational landslide that developed into a mudflow in the lower part of the catchment. In
response to this event, the authorities constructed a diversion dam and a series of drainage systems to protect downstream infrastructure.
This study aims to examinate the impact of those interventions and to evaluate their effectiveness by integrating field-based monitoring data

into time-series analysis and run-out simulations.

INTRODUCTION

Implementing adequate disaster risk reduction measures in the context of global change is an increasing challenge (Gariano & Guzzetti,
2016). Landslides influenced by anthropogenic activities and land use changes on slopes are becoming the norm (Alcantara-Ayala, 2017).
According to several authors, landslides are now considered “socio-natural hazards” resulting from the interactions between physical pro-
cesses and human interventions on slopes (Alcantara-Ayala, 2017; Gill & Malamud, 2017). The removal of vegetation, changes in land use,
the addition or extraction of surface material, and insufficient drainage are just a few examples that demonstrate how slope interventions
can increase the likelihood of landslide occurrence (Gill & Malamud, 2017). However, the counterproductive effects of mitigation measures
on landslide dynamics are still largely unknown and not fully integrated in the modeling process (Verachtert et al., 2012; Gariano & Guzzetti,
2016). Therefore, the present study aims to investigate the interactions between mitigation and protection measures to reduce landslide risk

and the resulting hazard in simulated landslide scenarios on the selected slope in the Hofermuhle catchment (Austria).
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Fig 1. Location of the study site. (a) Location of the Hofermiihle sub-catchment within the Redtenbach catchment. (b) Location of identified landslide subsystems, the diversion dam built by

WLV and the installed sensors that are part of the monitoring system in the study area. (c) Mudflow event in 2013 in the Hofermiihle catchment.

The Hofermiihle sub-catchment drains into the Redtenbach catchment, and it is located in Konradsheim, Waidhofen a.d. Ybbs, Lower Austria
(Fig. 1a). It illustrates how physical processes and anthropogenic activities can converge, interact, and influence each other (Stumvoll et al.,

2021; Marr et al., 2023). The geomorphological and lithological characteristics of the region, especially the complex transitions between the
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Flysch and Klippen zone, make it highly susceptible to the occurrence of landslides that threaten agricultural land, critical infrastructure, and
forests (Petschko et al., 2014). The slope has an inclination of about 14°SE and it is affected by a complex landslide with two active zones,
referred to as Subsystem I and II, respectively (Fig. 1b). Subsystem I corresponds to a slow landslide (cm/year) with a potential landslide
depth of 3.5 m and subsystem II is considered a slow regressive landslide with a potential depth of 2 m (Fig. 2) (Stumvoll et al., 2021). The
first documented landslide activity in Hofermuhle was recorded on July 2, 1975, followed by an initiation to the orographic left side of the
stream in 2011 (Sausgruber, 2016; Marr et al., 2023). In 2013, it is assumed that heavy rainfall triggered a landslide reactivation of Sub I and
II and the accumulated material concentrated in the Hofermiihle torrent, leading to a 20 m/h earth-to-mudflow process down to the Red-

tenbach valley (Fig. 1¢) (Sausgruber, 2013).
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Fig 2. Cross-section of subsystem Il landslide. Profile line is defined in Fig 1. The profile corresponding to 2009 was obtained from the Digital Terrain Model provided by the Geological Survey
of Lower Austria (2009).

The potential impact of a mudflow similar to the 2013 event prompted the Austrian Service for Torrent and Avalanche Control Authority
(WLV) to take action and develop mitigation and protection measures. In 2019, a diversion dam was built near the outflow of the catchment
to protect the houses in the area of the mudflow deposit (Luhn et al., 2023). In addition, subsurface and surface drainage systems were
installed on the agricultural pastureland in the landslide area (Stumvoll et al., 2022). However, the location of most drainage pipes is rather
vague and makes their investigation very difficult. Their location must be considered especially if the influence of drainages on the pre-
conditions and triggering factors of landslides must not be neglected (Luhn et al., 2023). To bridge the knowledge gap between the lack
of baseline data and the dynamics of triggering mechanisms in landslide evolution, long-term monitoring plays a crucial role as it supports
practitioners to improve their understanding and predictive capability of landslide accelerations and impacts (Canli et al., 2016). Therefore,
a long-term monitoring network has been established in the landslide area that includes a variety of sensors and methods to understand

changes in surface and subsurface parameters (Marr et al., 2023).

In July 2015, a meteorological station has been installed on site to monitor various parameters with a resolution of 5 minutes, i.e. air tem-
perature (°C), relative humidity (%), solar radiation (kW), wind speed (m/s), precipitation (mm) and snow depth (m). Subsurface data is
available from 2018, including the use of n.9 Time Domain Reflectometry probes (TDR) to measure volumetric water content (m3/m3) and
n.8 piezometers to measure water pressure head (m) (Fig. 1b). In addition, Dynamic Probing Heavy (DPH) tests and percussion drilling were
carried out to obtain information about the slope subsurface. Landslide displacements are measured using manual inclinometers to record
the cumulative displacement on a monthly basis. In addition, discontinuous monitoring using Unmanned Aerial Vehicle (UAV) surveys and

Terrestrial Laser Scanning (TLS) will be conducted at regular intervals to better understand the surface changes (Marr et al., 2023).

METHODS

Assessment of drainage impact on slope hydrology

The impact of the drainages was based on understanding the response of the slope to hydrological changes in relation with the spatial
distribution of the mapped outlets. This study uses a time series analysis and GIS techniques to analyse the slope hydrology and to iden-
tify potential critical conditions that triggered slope acceleration events. The long-term monitoring data related to groundwater levels and

precipitation, provide the opportunity to investigate spatial and temporal relationships in landslide dynamics and to better understand the
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potential influence of drainage pipes. A preliminary data processing consisted of the correction of the piezometric data to obtain the water
level at the ground surface was carried out. Then, it was possible to correlate this data with precipitation and the cumulative displacement
of the inclinometer to identify possible triggering factors responsible for the acceleration of the subsystems at the specific locations of the
inclinometers. Finally, an Inverse Distance Weighting (IDW) correlation using GIS was performed in order to visualize the spatial behaviour

of monthly and seasonal groundwater levels, particularly considering the locations of the drainage outlets.

Hazard scenarios and protection measures

Simulations were carried out to assess the potential impact of future hazard scenarios based on past landslide activity recorded in the study
area. The landslide scenarios were modelled using the software r.avaflow, a GIS-based open-source tool for simulating complex and cas-
cading mass flows (Mergili et al., 2017). It uses a general two-phase model that describes the dynamics and interactions of the mixture of
solid particles and viscous fluid. The tool uses a two-phase model from Pudasaini (2012) to simulate the propagation of flows from one or
more predefined release areas or hydrographs moving downward through a Digital Terrain Model (DTM), with the option to include solid
and fluid material entrained by the basal surface (Mergili et al., 2018). The release heights of solid and fluid, the entrainment heights and
the flow parameters can be defined. The spatio-temporal evolution of the flow is calculated by a depth-averaged mass and momentum
balance equation for the solid and fluid components (Pudasaini, 2012). The solution of the differential equation and the propagation of the
flow is possible with the high-resolution Total Variation Diminishing Non-Oscillatory Central Differencing (TVD-NOC) scheme introduced
by Nessyahu and Tadmor (1990). The output of r.avaflow consists mainly of raster maps for the maximum and temporal heights (m) of the

solid and fluid phases, velocities, pressures, kinetic energies and entrained heights (m) (Mergili et al., 2017).

Considering that the predominant material of the landslide is clay-rich regolith, a single fine-grained phase model was used. First, the 2013
complex landslide was simulated using as input data the Digital Elevation Model (DEM) from 2007, the extent of the landslide from the
orthophotos provided by the Geological Survey of Lower Austria and the reported landslide depth from the WLV (Sausgruber, 2013; Saus-
gruber, 2016) (defined as scenario S1). During this process, it was also possible to back-calculate the rheological properties of the landslide
mass using the available aerial photographs and the recorded velocities as calibration data. Subsequently, using the multi-temporal UAV data,
different hazard scenarios were defined based only on different landslide geometries. The landslide depth and frictional properties were
estimated using Dynamic Probing Heavy (DPH) and core analysis data. Scenario two (S2) corresponded to the current landslide extent of
Sub II under the current topographic conditions, scenario three (S3) corresponded to the potential future landslide geometry of Sub II based
on the formation of a potential crown in recent years, and scenario four (S4) corresponded to a worst-case scenario including Sub I and II.

Table 1 shows the selected input parameters of simulations S2 to S4 using the calibrated values of S1.

Scenario surface of the landslide (m?) Volume of the landslide (m?)
51 527.4 2,5352.0
52 395.9 3,003.3
53 523.6 4,167.2
54 5,823.8 29,3484
Table 1. Selected scenarios
Parameter Value
Density (Kg/m?) 2,000
Internal friction angle [*) 35.0
Basal friction angle (") 20.0
Fluid friction number 0.5
Logl0 of kinematic viscosity (m*/s) 3.3
Yield strength (Pa) 0
Factor of slow motion (s) 3,600

Table 2. Summary of selected input parameters for simulations S1-S4
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As a result, different simulated deposition areas were obtained to assess the landslide final extent in each run-out scenario. The maximum

and final deposition depth were exported during each simulation process.

RESULTS AND DISCUSSION

This work presents the monitoring data for the selected period from December 2018 to September 2023. Based on the correlations evi-
denced in the time series analysis, the landslide dynamic consist of an alternation of slow movements and acceleration stages (Fig. 3), usually
occurring when preceding low groundwater levels are followed by a sudden rise in the groundwater level. In Figure 4, the acceleration
episodes recorded by the inclinometer data show a relationship between landslide displacement and hydrological triggering factors. How-
ever, it is noteworthy that the groundwater rise does not always correspond to heavy precipitation events, such as the acceleration events
in January 2020 and December-January 2023(Fig. 4).
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Fig 3. Cumulative displacement from inclinometer data and acceleration events corresponding to inclinometers 1, 2 and 4.

The hydrological response is consistent with the field observations and the previous conceptual model of the slope (Stumvoll et al., 2022).
The Hofermuhle slope is characterized by the presence of clayey soils that can shrink during the dry season and consequently form desic-
cation cracks. During the snow and/or rainy season, water can easily penetrate through the soil and increase the pore water pressure, thus,
triggering acceleration episodes. Groundwater levels are reported in Figure 4 for the selected monitoring period for piezometers 1 to 8. It is
important to note that piezometers 3 and 8 report the lowest groundwater levels even if they behave similarly to the others to precipitation
events. The acceleration episodes that do not correspond to heavy precipitation events normally occur in Winter season, this might be

explained by a sustain rise in groundwater levels due to snow melt (Petschko et al., 2014).
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Fig 4. Time series of the hydro-meteorological data from 2019 to 2023, reported from the piezometers 1 to 8. In the same graph, landslide acceleration events are also indicated.
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Considering that the rise of the groundwater level plays an important role in the occurrence of shallow landslides, it is also important to
analyse its spatial behaviour. The interpolation of the monthly and seasonal piezometer data allowed to visualize the spatial behaviour of
the groundwater levels in the active areas of the slope (Sub I and ID). Figure 5 illustrates the spatial distribution of the groundwater levels
for the winter and summer period of 2022. The analysis of the seasonal groundwater levels indicates that the water levels are higher in
winter and spring in the subsystems, which is consistent with the acceleration’s stages registered by the inclinometers for the same period.
In addition, Subsystem II has a higher water table than Subsystem I (Fig. 5). The distribution of the groundwater levels can also highlight
the role of the drainage pipes as the outlets are mostly characterized by low water table values. Due to this reason, the low groundwater
levels registered in the piezometers 3 and 8 could be explained by their potential proximity to the drainage system whose linear position
has not yet been verified. However, it is also important to mention that despite the existence of several drainage pipes, the water table is

notably high, affecting the progressive creep of the shallow landslide over time.
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Fig 5. Spatial distribution of the groundwater levels for the Summer (June-July-August) and Winter (December-January-February) season in 2022. In the map, the location of the mapped

drainage outlet is reported.

This work also focused on the development of potential hazard scenarios to evaluate the efficiency of the diversion dam in the lower part
of the slope. It is important to clarify that the simulation results are influenced by the initial conditions and the model parameters. Therefore,
the parametrization of the different scenarios were based on the partial and complete failure of the corresponding subsystem (S2 to S4). Ac-
cording to the final deposition depth maps reported in Figure 6, the constructed dam is an efficient measure to mitigate the potential impact
of an event similar in magnitude and intensity to the 2013 mudflow under current conditions (S2, Fig. 6b). It would also be an appropriate
measure if the active area of Subsystem II is potentially mobilized (S3, Fig. 6¢). However, the simulated worst-case scenario evidence that
the diversion dam is not a sufficient measure when Subsystems I and 1I fail during the same event. In this case, it is likely that it the dam
would not divert all the potential material, and also, it would lead to the compounding impact of road disturbance and river damming (84,
Fig. 6d). The potential damage of S4 underlines the need to gain a better understanding of the landslide processes and mechanisms through

further investigations in order to define its probability and impact for supporting local authorities.
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Fig 6. Run-out simulations from modelling process using the software r.avaflow. (a). Final deposition map for S1 corresponding to the 2013 event, used for the calibration process. (b) Final
deposition map for S2 that considers the impact of an event similar to the 2013 mudflow under current conditions. (c) Final deposition map for S3 that considers the potential unstable area

detected during the monitoring activity. (d) Final deposition map for S4 for worst-case scenario.

CONCLUSIONS

The analysis of the spatial and temporal variations of the groundwater levels revealed the evolution of the Hofermiihle landslide during
the monitoring periods and its relationship with triggering factors. Moreover, the correlations between the groundwater changes and the
inclinometer data show that both subsystems I and II are evidencing acceleration stages after rise in the water level. In addition, it seems
that antecedent dry conditions followed by a sudden increase in water table play an important role in landslide accelerations. Although
some piezometers close to the drainage pipes indicated a lower groundwater level, the regions corresponding to the active subsystems,
in particular Subsystems I and II have higher groundwater levels during the winter and spring seasons. This could explain the progressive
creep of Subsystem II and the seasonal creep of Subsystem I. As a result, it is evident that the drainage system is not sufficient mitigation

measure to regulate the pore water pressure on the unstable slope.

This study also integrated the field-based monitoring data and the time series analysis to define potential hazard scenarios to understand the
slope evolution after the interventions and evaluate the capability of the constructed dam after the event in 2013. According to the results, the
diversion dam is an effective measure to protect important downstream infrastructure from mudflows of similar magnitude to the 2013 event.
However, it is not a sufficient measure to reduce the impact of an extreme event in which Subsystems I and II fail simultaneously. Further-
more, the simulations only consider the 2013 event as a reference and do not consider scenarios in which the water from broken drainage
pipes interacts with the landslide bodies. For this reason, it is crucial to advance the integration of anthropogenic measures into landslide

modeling and to investigate different hazard scenarios with multiple combinations to improve landslide preparedness and response.
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