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ABSTRACT

Rock slope deformation processes pose persistent hazards in mountainous regions. This study conducted a Terrestrial Laser Scanning (TLS)
monitoring of two slope deformations located in Tyrol (Austria). After the acquisition of 3D point clouds by TLS 3D displacement vectors
are derived using Feature to Feature Super Voxel-based Spatial Smoothing (F2S3) as well as Image Correlation IMCORR). Both methods
were compared in terms of their applicability for the monitoring of rock slope deformation at the sites Steinlehnen (Sellrain) and Malgrube
(Oberberg). Significant displacement with a maximum of 1.1 m could be measured at the Steinlehnen site, and 2 m at the Malgrube site.
IMCORR has shown to be best applicable for a first overview over larger areas of interest while F2S3 shows advantages in terms of the real

3D component of displacements.

INTRODUCTION

Mountain ranges all over the world are becoming increasingly populated, with both people and infrastructure spreading further and higher
into valleys than ever before. Though, living in Alpine areas comes with certain natural hazards, such as rockfalls, avalanches, debris flows,
and flash flooding. One process that is often overlooked is slope deformation (Crosta et al., 2013). Occurring in highly stressed rock masses,
rock slope deformation is defined as large scale deformation of steep, high mountain slopes with slow to immeasurable slow movement
rates (Hungr et al., 2014). The alternation of quiescent phases and acceleration phases, which can cause damage to infrastructure, and sec-
ondarily triggered processes such as rockfall, debris flows or shallow debris slides caused by slope deformation, make it clear how important
it is to monitor these processes. For this study two sites Malgrube and Steinlehnen in Tyrol (Austria) have been chosen. Steinlehnen, located
above the village Gries im Sellrain, as shown in figure 1, experienced its first documented acceleration period in 1852, when a massive rock
avalanche and the destruction of several farm houses were recorded in the community chronicle (Bednarz et al., 2005). Further acceleration
followed in 2003 causing intense rockfall and the evacuation the Reichenhofe Settlement at the foot of the slope deformation (Henzinger,
2005; Zangerl & Engl, 2009). The Malgrube site (pictured in figure 2) in the Obernberg valley has been affected by rockfall events in July
2021 and July 2022, so the road that runs through the valley had to be relocated to the other side of the valley. Both sites have been mon-
itored for this study using point clouds obtained from Terrestrial Laser Scanning (TLS) and 3D displacement vectors calculated with the
two methods Feature to Feature Super Voxel-based Spatial Smoothing (F2S3) and Image Correlation IMCORR). The aim is not only to gain
further knowledge about the activity and displacements at both sites, but also to compare the two methods regarding their applicability for

the monitoring of rock slope deformations.

Figure 1: Overview of the Steinlehnen site (Tyrol, Austria).
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Figure 2: Overview of the Malgrube site (Tyrol, Austria).

METHODS

The point clouds for the Steinlehnen site, covering a two-year timespan from 09.09.2020 to 13.10.2022 were already available registered and
georeferenced (Fey 2022). The Malgrube point clouds were collected by TLS on 27.07.2021 (Federal State of Tyrol 2021) and on 21.10.2022
(Rauch 2023), so that a period of one year and three months was covered. In the following point clouds were filtered for vegetation removal,
using the “Ground Classification (PC)” tool implemented into the LASERDATA LIS Package in SAGA GIS. In addition, the point clouds of the
Malgrube site were thinned to homogenize point densities, as the scans were conducted by different scanners (RIEGL VZ-6000 and VZ-4000)

and operators, resulting in different scan patterns and point densities.

The displacement vectors for each site were derived using F2S3 and IMCORR. F2S3 is a novel point-based method for the calculation of
three-dimensional displacement vectors out of point clouds. It consists of three modules, which are (i) local feature descriptor, (i) supervox-
el segmentation and (iii) neural network-based outlier detection. The first module is a deep learning-based 3D local feature descriptor (3DS-
moothNet), which maps each input point into low-dimensional feature vectors leveraging the local geometric properties of each point and
analyzing its neighbourhood. These feature vectors enable point correspondences based on the similarity of the feature vectors, allowing for
the calculation of dense displacement vector fields, sensitive to the surface displacement and hence capturing true 3D displacements. Taking
into account, that slopes do not move as one rigid body and following the local consistency assumption the point clouds get segmented
by the supervoxel segmentation algorithm. Finally, the neural network-based outlier detection algorithm identifies noise and outliers within
the built-up correspondences for further filtering (Gojcic et al., 2020; Kenner et al., 2022). The output is a dense displacement vector field,

where the median vector was gridded to three 2x2 m rasters comprising displacement magnitude, dip and azimuth angle.

The second method IMCORR is a well-established method for the tracking of slope deformations. It identifies corresponding patterns with
similar textures in two images captured at different times (Fey et al., 2015). As images are required as input the point clouds have to be
rasterized to 2.5D DEMs from which hillshades are calculated — both the DEMs and the hillshades represent a spatial resolution of 0.1 m. To
ensure uniform illumination and display of all features in both images, non-direct lighting methods such as Ambient Occlusion are employed
to generate the Hillshades (Fey et al., 2015; Tarini et al., 2006). For the derivation of a three-dimensional vector, the original DEM raster for
each hillshade can be used to interpolate the Z component of the movement (Fey et al., 2015). The computation of the displacement vectors
involves utilizing a moving reference and search window, each of user-defined size. Following the recommendations made by Fey et al.
(2015) the reference window size was set to 64x64 pixels and the search window size to 128x128 pixels. The reference window determines
the properties of the image texture pattern, that is then sought after in the picture of the other epoch. The search window is centred on
the same pixel as the reference window, but in the image of the other epoch. A displacement vector then gets drawn from the centre of
the reference window to the pixel of the search window with the peak correlation. The result is a displacement vector field of user defined
density (Im as utilized in this study), providing the two-dimensional displacement, as well as the three-dimensional displacement, if the

DEM is given. For this study, the three-dimensional vectors have been used.

RESULTS AND DISCUSSION

The results for the Steinlehnen site directly highlight the previously known major scarp as well as the active subdomain defined in figure
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3. While it is straightforward to distinguish both from the F2S3 results, the IMCORR results make it somewhat difficult to delineate active
subareas without further filtering. The F2S3 results given in figure 4 show 3D displacement magnitudes from 0.5 to 0.7 m along the major
scarp, while the IMCORR results in figure 6 exhibit slightly higher values, up to 1 m for the two-year observation period. Within both results
outliers are clearly visible. With F2S3 these outliers — detectable by visual interpretation -, showing very high magnitude values are mostly
located on debris fields in the lower part of the slope deformation, while the outliers within the IMCORR results are mostly located along
the edges of the area of interest and in forested, or densely vegetated zones. While the dip angles derived from F2S3 for the first scarp show
a progressive steepening from around 40° at the top of the scarp, to 45 to 50° at the bottom, the IMCORR dip angles show a much higher
degree of scattering, ranging from 30° to 50°. On the active subdomain both results further vary, while both make it possible to delineate
it into subparts. Within the IMCORR results an upper, lower and middle part are identified. The upper part of the active subdomain shows
displacement magnitudes ranging from 0.4 to 0.8 m, while the displacements reach their maximum in the middle part with values between
0.8 and 1 m. Below this, the displacement magnitudes get lower and transition from 0.6 m to 0.2 m at the bottom of the active subdomain.
Same as with the major scarp, there is intense scattering within the dip angles, making it hard to draw conclusions on them. The F2S3 results
show a different set of subparts. Here the top part displays magnitude values ranging from 0.6 to 0.8 m with dip angles gradually flattening
from 45° at the top to 35 at the lower boundary of the top subpart. Further flattening is to be observed in the middle part, showing dip
angles as flat as 26°. These go along with smaller displacement magnitudes between 0.45 and 0.6 m. Together with the steepening of the
lowest subpart that also forms the part with the fastest displacement of up to 1.1 m a steplike formation is to be made out within the active
subdomain. This is confirmed, when plotting the dip angles on a cross section of the slope, as shown in figure 5. The steps within the dip

angles of the active subdomain become clearly visible.
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Figure 4: F253 displacement magnitudes at the Steinlehnen site over the two year observation period. Both the major scarp and the active subdomain are are clearly depicted.
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Figure 5: The dip angles of the displacement along a cross section of the Steinlehnen site obtained with F2S3. The stepped pattern along the active subdomain (starting at 1700 m of eleva-

tion) is clearly visible. The dip angles in the lower part of the cross section indicate flatter dip angles, hinting towards a rotational mechanism of the slope deformation.
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Figure 6: IMCORR displacement magnitudes calculated for the Steinlehnen site. Large outlier values are present along the edges of the area of interest.

The results of the Malgrube site show a much different outcome. The F2S3 results only cover a minor part of the area of interest around the
top of the active subdomain. However large displacement magnitudes could be obtained, between 1.5 and 2 m at the very top decreasing
to 0.6 to 1 m at the bottom of the top section for the one year and three month observation period. The dip angles show a similar decrease,
ranging from 70° at the very top, to 40° at the bottom of the top section. Within the IMCORR results the displacement magnitudes are lower,
reaching up to 1.5 m at the very top of the active subdomain, decreasing to 0.5 m at the bottom of it. While the IMCORR results spread
much further across the site as the F2S3 results, it becomes apparent, that they incorporate much more outliers representing very high dis-

placement magnitudes.

Upon analyzing the results obtained from both sites, significant movement and geomorphological changes within the investigation period
are evident. The major scarp as well as the active subdomain as hotspots of movement within the Steinlehnen site align well with previous

findings.

In order to evaluate the potential failure mechanism, discontinuities that might serve as sliding planes need to be analysed. The stepped
pattern of dip angles derived from F2S3 at the active subdomain are therefore of interest, since the dip angles of the surface movement is
primarily influenced by the shape of the underlying sliding plane (Kenner et al., 2022). Hence a stepped sliding plane might be assumed
at the Steinlehnen site. Together with the displacement rates going from high to low to high, along the steps, a rotational sliding as pattern
of movement can be assumed. Regarding the Malgrube site, no such conclusions can be made about the sliding plane, since the available
results are only available for the major scarp, but lower sections are covered with vegetation and debris. However, displacement magnitudes
of up to 2 m during the observation period of a little over one year show a high level of activity at the site. The results achieved with F2S3
and IMCORR at both sites, further highlight strengths and weaknesses of both methods. Looking at the F2S3 results of the Malgrube site
reveals that F2S3 struggles with building correspondences between inhomogeneous point clouds (Kenner et al., 2022). This manifests in the
distribution of results over just a small portion of the Malgrube site. IMCORR on the other hand, struggles with surface that has changed or

has been destroyed between the two epochs (Fey et al., 2015). This is to be seen within the results of the Malgrube site, that include many
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outliers, as well as data gaps within the IMCORR results. Furthermore, the 3D component of the IMCORR displacement interpolated from the
underlying DEM, results in an overestimation of displacements at terrain features with steep topography, like steps or scarps. These points
all lead to F2S3 and IMCORR contributing well to each other when used for the monitoring of slope deformation. While IMCORR is easier
to use, less complicated and less demanding in terms of computational resources, it lacks a true 3D component within its displacement
results. However, it’s an effective tool to gain a first overview over a larger area of interest and to identify certain hotspots of movement.
Furthermore, it is better suited for the use at sites without complex topography and terrain features, such as steep, rugged slopes or steps
within the terrain. F2S3 in comparison is more complex in terms of usage and computation, but it excels in terms of accuracy and the true 3D
component of its calculated displacements. It should be noted though, that it is not applicable for studies that are based on point clouds that
are created with different scanners and/or different users resulting in inhomogeneous point clouds with differences in geometry and density.
If used together within a study, IMCORR is best used to gain a first understanding of the site, as well as of the hotspots of movement, that are

of particular interest, with F2S3 being best used on these identified hotspots, to gain accurate results as well as insights on the 3D movement.

CONCLUSIONS

This study analyses rock slope displacements at two sites, Steinlehnen and Malgrube (Tyrol, Austria). For both sites, significant displace-
ments could be derived, comparing the two methods F2S3 and IMCORR. At the Steinlehnen site the results showed a clear delineation
between the major scarp and the active subdomain. While both methods made it possible to subdivide the active subdomain into three
distinct parts, only the dip angles derived from F2S3 showed a stepped pattern within the movement in the active subdomain, which leads
to the assumption of a stepped sliding plane underneath. The Malgrube site showed high displacement rates of up to 2 m for the period
of investigation, however, the achieved results are limited to a small portion of the slope, due to destruction of the surface, as well as used
point clouds with differences in point density and geometry. Both methods showed their strengths and weaknesses for the monitoring of

slope deformation, while they complement each other when used together within a study.
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