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ABSTRACT

In the Alps, well-equipped pre-failure research sites are rare. The Hochvogel (2592 m a.s.l., Allgdu Alps) is paradigmatic of slope failure
dynamics in high alpine carbonate rock. The imminent failure and ongoing movement of >200,000 m3 in the range of 1-2 cm/a make this
site a benchmark for developing effective monitoring and early warning under the effects of climate change. Since 2018, we are combining
continuous and periodical observations to systematically explore the capacity of high-resolution multi-method monitoring including crack-
meters, inclinometers, rain gauge and geophones, complemented with geodetic, photogrammetric, and remote sensing surveys in epochs
during summer months. Here we present strategies towards reliable early warning of rock slope failures featuring five years of monitoring

data that proof heavy rainfall and snowmelt to be the main drivers, both altering under climate change.

INTRODUCTION

An increasing number of alpine hazards including landslides and rock falls, as well as more intensive land use and growing populations cre-
ate a great need for improved coping strategies (Huggel et al. 2012a; Dietrich and Krautblatter 2017). Additionally, climate change is thought
to exacerbate the risk, e.g., because of permafrost degradation, more frequent and stronger heavy precipitation events, or faster snowmelt
(Huggel et al. 2012b; IPCC 2019). As the environmental changes in the current setting are unprecedented, empirical experience is missing.
Therefore, we need a detailed scientific understanding of landslide process dynamics, which is the basis for reliable early warning (Intrieri et
al. 2012; Sittele et al. 2016). Due to their lower cost compared to protective structures, real-time monitoring and early warning systems gain
more and more importance (Planalp 2015; Sittele et al. 2016; Chae et al. 2017, Pecoraro et al. 2019). While monitoring techniques improved
a lot over the last years (Chae et al. 2017; Hormes et al. 2020), only a limited number of operational early warning systems at imminent fail-
ures are existent. However, as the geological and morphological settings of unstable slopes are very divers, advances in slope failure early

warning are dependent on more well-documented case studies.

The imminent Hochvogel rock slope failure (Fig. 1) includes up to ca. 200,000-600,000 m3 of carbonate rock and is, due to its ongoing
deformation and comprehensive observation, a benchmark site to gain knowledge of slope failure dynamics. As part of the AlpSense pro-
ject (www.cee.ed.tum.de/landslides/alpsense), we are observing the unstable mass during failure preparation and until failure since 2018
(Leinauer et al. 2020, 2021). By combining continuous and periodical observations, we systematically explore the capacity of high-resolution
multi-method monitoring. The combined analysis of these now available data not only allows an evaluation of the monitoring system’s

reliability but also a quantified determination of the most relevant drivers controlling the landslide.

Figure 1: Overview photo of the Hochvogel rock slope instability. The yellow arow marks the summit cross (see the persons on the summit for scale). The red arrows mark movement direc-

tion. The orange line follows the main crack, the blue lines mark the lateral cracks.
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METHODS

At the Hochvogel, we have developed a multi-method monitoring approach that includes periodical space-borne and air-borne methods,
as well as terrestrial high-resolution monitoring (Fig. 2). Our continuous monitoring system includes multiple crackmeters, surface incli-
nometers, thermistors, a rain gauge, and a webcam which send their data wirelessly every 10 min (Leinauer et al. 2020). A network of 4-7
geophones is additionally monitoring the seismic signals of stress release events at the summit (Dietze et al. 2020). These observations are
complemented by the project partners with geodetic, photogrammetric, gravimetric, UAV and remote sensing surveys in epochs during sum-
mer months as well as continuous dGNSS measurements with two rovers. In this article we focus on the continuous real-time monitoring

data from classical geotechnical and seismic monitoring.

Figure 2: Multi-method approach at the Hochvogel outdoor laboratory, developed in the AlpSense-project.

The displacement and rain data are downloaded directly from our data management system (see details in Leinauer et al. 2020) with a reso-
lution of 10 min for the vibrating wire crackmeters and the non-heated tipping bucket rain gauge. Data aggregation and smoothing reduces
noise that is mainly introduced by daily oscillation. The seismic stations at the summit consist of DATA-CUBE geophones and are logging
the seismic signal with a frequency of 100-400 Hz. By picking seismic crack events we identified all signals that are associated with rock
fracture, e.g., rock bridge failure along cracks and sliding planes (Dietze et al. 2020). All data are then smoothed, plotted next to each other,

and evaluated systematically via cross-correlation (for details see Leinauer et al. 2024).

RESULTS AND DISCUSSION

All cracks generally opened over the last 4.5 years. The seasonal displacement pattern is most distinguishable at crackmeter Crack06 (Fig. 3)
that is monitoring the most active lateral crack. The crack opened >60 mm over the last 4.5 years with a clear seasonal pattern. The highest
displacement rates appear every year in May and June during snowmelt. During this time of the year, the first thunderstorms bring additional
water into the system. Later, the summer months are usually dry except distinct heavy precipitation events (>20 mm rain fall sum). With a
time lag of a few hours, the unstable mass accelerates during these events and decelerates again during dry conditions. During October and

November, with progressively freezing conditions, the mass movement stagnates. This condition contains over 6-7 months.

Although this pattern is not so obvious at the other cracks, it shows, that, at least a proportion of the whole instability, is highly sensitive to
small changes in the hydrostatic pressure. This in turn leads to the assumption that the unstable mass is close to its limit equilibrium and
that minimum a partial failure is somewhat imminent. The displacement data with 10 min resolution are therefore a valuable source of in-
formation for early warning. However, a timely forecast of the final failure is still impossible as the overall trend is in the linear regime and

not sustainably accelerating (Intrieri et al. 2019; Leinauer et al. 2023).
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Figure 3: Displacement at the most active crack with a strong seasonal signal due to the snowmelt in May/June. During the summer months, strong precipitation events result in an accel-

eration of the unstable mass.

On the other hand, the appearance of seismic crack events (>20,000 in total) seems not to correlate with higher displacement rates. We
therefore conclude that internal progressive rock fracturing is not a main driver of the movement at the Hochvogel. Most of the detected
crack events are initiated by temperature fluctuations and frost activity with only few hours lag time. As heat conduction in rock is relatively
slow, we infer that we mainly detected shallow crack events. The seismic activity originating from the decametre-deep sliding plane during
mass movement is currently obscured by the dominant shallow signal. Of course, this might change when the seismic activity increases at
the sliding surface closer to failure. On the other hand, an increased mobility of the unstable mass will probably also increase the seismic

activity closer to the surface.

We also checked the timing of local earthquakes in the earthquake catalogues which seem not to control movement nor fracturing. Fol-
lowing the Newmark analysis (Jibson 2007), usual earthquakes that happened in the region during the last decades including the strongest

1930 Namlos event (M 5.3, 20 km distance) are too small to trigger a major rock fall unless the factor of safety is already very close to 1.

CONCLUSIONS

The real-time monitoring system with high-resolution displacement data complemented by periodic areal measurements can be a reliable
source for early warning actions that can be a cost-efficient mitigation strategy. At the Hochvogel, rainfall and snowmelt are the main driv-
ers controlling the acceleration of the unstable mass. Climate change can increase the frequency and intensity of heavy rainfall events and
can concentrate snowmelt. We therefor classify the Hochvogel as climate change influenced (not triggered), as the main drivers may be

intensified.
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