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ABSTRACT
The Höllental Gorge in Grainau is part of the main hiking route to the Zugspitze and a major tourist attraction in the Bavarian Alps. After 

several rockfalls in the recent past (up to 300 m³), we detect, assess and monitor geomorphic hazards in the Höllental Gorge. For the first 

time, multi-temporal terrestrial laser scanning (TLS) is applied in this extreme topography to (i) detect rockfall, (ii) identify and monitor 

hazardous objects and (iii) perform event analysis of slope instabilities and hyperconcentrated flows. A 615 m³ rock tower above the track is 

equipped with an early warning system. We show that TLS in alpine gorges is well suited for the detection and quantification of rockfalls of 

several orders of magnitude.  Events above a certain size are likely to be detected even before failure. Here we present a benchmark rockfall 

hazard assessment and safety concept for alpine gorges with high safety requirements, providing several years of data.

INTRODUCTION
The Höllental Gorge in Grainau (Bavaria) is part of the Zugspitze ascent route and, with up to 2000 visitors per day, one of the most popular 

tourist destinations in the Bavarian Alps. The gorge is drained by the Hammersbach stream from SW to NE and has an extreme topography 

with a maximum depth of 100 metres and a width of 10 to 20 metres. Geologically, the gorge is located in the Wetterstein limestone, and 

the relief is oriented along several large faults, which is also reflected in the degree of rock mass fragmentation (Hornung and Haas, 2017). 

As a result of several rockfalls in 2014, 2017, 2018 and 2023, as well as a devastating hyperconcentrated flow in June of 2020, the natural 

hazard potential of the gorge is increasingly coming to the attention of the public. The Technical University of Munich is working together 

with the operator of the gorge (German Alpine Club, Garmisch-Partenkirchen section) to detect, monitor and assess natural hazards such as 

rockfalls, cliff falls and hyperconcentrated flows, and ultimately to develop a safety concept for the gorge. Between the priorities of chang-

ing safety requirements, the touristic experience of an undisturbed mountain environment and natural processes in (high) alpine terrain, 

two questions arise: (i) What is an effective strategy to manage risks resulting from gravitational mass movements in the gorge? And (ii) is it 

possible to use terrestrial laser scanning to detect and possibly monitor those and other geomorphological processes in the narrow gorge? 

In addition to terrestrial laser scanning, we use wireless sensor networks and classical geotechnical surveys and evaluate their applicability 

and complementarity in alpine gorge systems.

METHODS
The approach to natural hazard management in the Höllentalklamm gorge is divided into three strategies: (i) multitemporal laser scanning to 

detect new deformations and active rockfall areas, (ii) monitoring and warning of known, persistent movements, and (iii) rerouting around 

risk objects and eventually structural engineering measures.

Since autumn 2018, a semi-annual terrestrial laser scan survey of the visible areas of the entire gorge has been carried out with a Riegl VZ400 

laser scanner. For each time interval, an average of 80 scan positions are merged into an overall model of about 80 million points with a 

homogeneous resolution of 5 cm and registered on a reference point cloud. Similar to recent studies on alpine rockfall activity, such as 

(Hartmeyer et al., 2020) and (Draebing et al., 2022), a change detection is then performed using M3C2 (Lague et al., 2013) relative to both 

the previous and first epoch (10/2018) with a detection threshold of 3 cm. This ensures that both seasonal rockfall events and small defor-

mations accumulated over several years can be detected. In the safety concept of the gorge, the multitemporal laser scan survey is primarily 

used for rockfall monitoring, the detection of particularly active zones and the identification of unstable volumes, at its best even before 

the final failure. The obtained high-resolution point clouds can also be used for further analysis, such as event analysis and documentation 

following natural events like rockfalls or hyper-concentrated flows.

During autumn 2016, a wireless sensor network was installed in a highly exposed 615 m³ rock tower in the middle of the gorge. The tower, 

which is located directly above the hiking trail, was equipped with three vibrating wire crack detectors in different orientations to provide 

redundant measurements and to map tilting, sliding or lateral rotation. The data is transmitted every 30 minutes to a master node, where it 

is read daily by the gorge maintenance staff and sent to trained personnel at the gorge operator. If a defined deformation rate threshold is 

exceeded, further action can be taken in good time. The system was recently upgraded to a real-time early warning system.
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Where an early warning system is not feasible due to the expected cubature and/or realistic early warning time, permanent measures such as 

trail diversions or structural measures are implemented. In April 2017, for example, a rockfall of about 300 m³ occurred about 100 m before 

the gorge exit, burying parts of the gorge and the outer path and damming the Hammersbach for a short time (Figure 1, left). The event took 

place before the gorge was opened to tourists, so no one was injured. The resulting overhang, which also has a volume of around 300 m³, 

partly collapsed in December 2022 and is still considered to be at risk of falling. In this area, the footpath has been permanently relocated 

to a structurally reinforced tunnel running parallel to the path. In another area, where a small rockfall occurred in spring 2023, the unstable 

rock mass was permanently stabilised with a reinforced underpinning.

RESULTS AND DISCUSSION
The data obtained from the terrestrial laser scanning campaigns and the installed crack gauges provide important insights into the natural 

hazard potential of gravitational mass movements and into the understanding of alpine natural hazard processes in general.

Change detection between the biannual laser scanning campaigns shows the high level of geomorphological activity in the study area. 

More than 200 rockfalls are recorded each year as direct detachments from the rock face. The volumes range from a few dm³ to 150 m³, 

with small volumes occurring with a much higher frequency. In addition, the number of rockfalls in the months from November to May, 

when the gorge is closed to visitors, is 4 to 10 times higher than in the months from June to October. This is probably related to the main 

causes of rockfalls, such as frost cracks and high water pressure during snowmelt. Regarding the spatial distribution of rockfalls, relatively 

increased rockfall activity or larger magnitudes are evident especially in the area of the canyon exit (near rockfall 04/2017, see above) and at 

the intersections of major faults. With this in mind, the permanent relocation of the path into the tunnel shortly before the gorge exit seems 

reasonable. Particularly interesting is the detection of an approximately 9 m high rock tower in the middle of the canyon, which collapsed 

in winter 2019/2020 (Figure 1, right). The area of instability could already be identified in the two previous scan campaigns - i.e. before the 

final failure - with a deformation rate of about 5 cm/yr, and with the main deformation occurring in winter 2018/2019. As the footpath was 

outside the hazard zone at this point, no further action had to be taken. However, the events from 12/2022 and spring 2023 (see above) did 

not show significant pre-failure deformation. This is likely attributed to the failure initiation in an overhang, resulting in an instant accelera-

tion of the failure. These examples show that it is generally possible to identify instabilities in the Höllental Gorge before failure, depending 

on the magnitude and expected type of failure.

Figure 1: Left: scarps of the rockfalls 04/2017 (~300 m³) and 12/2022 (~150 m³) at the end of the Gorge. High rockfall activity in this area was already evident in the first year of measurements 

(center). Also, a preparing 9 m high rocktopple was detected in this time interval (right).

The data from the crack sensors of the early warning system at the instrumented rock tower (615 m³, see 2.2) show hardly any anomalies 

so far. However, it is becoming apparent that the tower is sensitive to external seismic triggers. For example, in December 2016 and May 

2017, deformations of about 1 mm in one hour were measured, which are related to snow blasting in the surrounding area. In addition, the 

hard-to-reach area of the installed instrumentation is subject to episodic small rock falls, which has required the system to be reinforced on 

several occasions.
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On 13 June 2020, a locally limited extreme precipitation event with about 60 mm of precipitation in one hour occurred in the Höllental, the 

catchment area of the Hammersbach. As a result, the Höllental gorge experienced flow heights of up to 10 m and massive sediment mobi-

lisation (hyperconcentrated flow). Blocks up to 20 m³ were mobilised and a high erosion rate in the bedrock channel was observed. This is 

the first time that the rate of bedrock incision in alpine gorge systems caused by such extreme events has been quantified (Stammberger and 

Krautblatter, 2023). This is important not only for the analysis of natural hazards, but also for the understanding of the geological formation 

processes of such gorges.

Complete safety from natural hazards in (high) alpine terrain cannot be achieved, but the safety concept we have developed in cooperation 

with the German Alpine Club (DAV) helps to identify and drastically reduce risks. The systematic laser scanning of the gorge plays a crucial 

role in this, but two points must be considered. On the one hand, only those parts of the rock walls that can be seen from the path can 

be scanned, meaning that rock ledges and very narrow areas are not optimally captured due to occlusion. To a certain degree, this can be 

compensated for by the high number of scan positions (= viewpoints) and a sufficient overlap of the individual point clouds. On the other 

hand, for smaller but still dangerous rockfalls, spontaneous failure tends to be the rule, making it virtually impossible to detect them in 

advance. It is therefore helpful to identify rockfall "hot spots" from the long-term data record in order to reduce the risk. The installed early 

warning system with crackmeters has been damaged by rockfall in the past, but continued to function reliably after the failure of a dam-

aged crackmeter due to its redundant design. To further reduce the warning time, the system has recently been upgraded to an automatic 

transmission and warning early warning system using LoRa technology similar to (Leinauer et al., 2021).

CONCLUSIONS
In this study we investigate a tectonically predisposed, deeply incised canyon in a well-studied mountain range, the Wetterstein Mountains. 

We use multitemporal TLS of visible areas to (i) locate rockfall hotspots, (ii) possibly identify rockfalls prior to their final failure, and (iii) 

monitor potentially unstable rock sections. In addition, changes in the channel bed due to hyperconcentrated flows can be tracked for a 

better understanding of the process. Larger objects, such as a 615 m³ rock tower, are monitored using crack sensors integrated into a wireless 

sensor network. In cooperation with the DAV, we are working on guidelines for action and the realisation of an automated early warning 

system. The results of the last four years show that TLS is well suited for the detection of rockfalls (post- and partly pre-failure) above the 

detection level of about 30 mm. The crackmeters measure deformations in the sub-millimetre range and indicate that the rock tower is 

generally stable, but appears to be sensitive to external triggers such as snow blasting.
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