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ABSTRACT
Slow-moving landslides are characterized by complex kinematics that differ on a spatial and temporal scale. Moreover, their deformation 

rates make short-term approaches ineffective, resulting in challenges in understanding landslide behavior and its relation to triggering fac-

tors. This study presents the combined application of landslide monitoring and hydro-meteorological measures conducted at the Brandstatt 

landslide (Lower Austria, Austria). A spatio-temporal analysis of deep and surface evidences is presented in order to establish an effective 

approach to monitoring the evolution of slow movements. The results are then interpreted in terms of the landslide´s kinematics to define 

markers of potential deformation trends. In order to gain a deeper understanding of the evolution of landslide activity, the presented time 

series of measures will be extended. The long-term series will provide practical solutions to support local authorities in hazard management.

INTRODUCTION
Landslides represent one of the most important and frequent geohazards worldwide (Froude and Petley, 2018). However, among the differ-

ent slope instabilities, slow-moving landslides are often underestimated, even if their impacts can permanently affect, for years and decades, 

public and private infrastructure (Petley, 2012), as well as socio-economical aspects and agricultural practices. Slow-moving landslides creep 

downslope at rates ranging from millimeters to meters per year and have been widely studied worldwide in regions that present mechan-

ically weak materials, such as clay-rich soils and rocks (Lacroix et al., 2020; Handwerger, 2019). Most commonly, triggering mechanisms of 

slow processes are related to hydro-meteorological factors, such as heavy rainfall events and pore-water pressure transients (Li et al., 2023; 

Kavoura et al., 2020), that act in activating and reactivating displacement patterns. Despite this, slow-moving landslides often present com-

plex dynamics and exhibit a non-linear response in relation to hydrological conditions with time (Van Asch et al., 2007). As a result, it’s not 

possible to characterize the landslide activity using short-term monitoring because the movement develops over long periods of time. While 

most of the slow-moving landslides are slowly creeping downslope, only showing episodic acceleration stages, some of them, or sectors of 

larger movements, can evolve into rapid processes and fail (Li et al., 2023). Consequently, this slow-to-fast transition can lead to significant 

damage to infrastructure and sometimes even fatalities. For this reason, it is of great importance to interpret the displacement patterns on 

the spatial and temporal scales to assess the landslide dynamics and predict potential slope failures.

This study presents the combination of deep and surficial displacements and hydro-meteorological measures to characterize the evolution 

of a slow-moving landslide. This approach has been applied at the Brandstatt landslide, a complex earth slide system (Cruden and Varnes, 

1996), active in the Northern-Eastern Austrian Alps. This landslide has been periodically active since the mid-1960s, showing an alternation 

of continuous slow movements and acceleration stages in the last decades, especially in response to heavy rainfall events (Marr et al., 2023). 

Furthermore, given the predisposing conditions (geological and climatic settings), the investigation and monitoring approaches developed 

in this case study can be applied to other unstable slopes with comparable conditions. For this reason, it has been selected as a benchmark 

for researching similar slope processes in the region.

SITE DESCRIPTION
The Brandstatt landslide is located in the municipality of Gresten, in the district of Scheibbs (Lower Austria, Austria) (Figure 1a). It involves 

an area of about 0.2 km2 on the north-facing slope, located in the pre-alpine region, between 405 and 540 m a.s.l. Here, the main trigger-

ing factors driving the slope processes include heavy rainfall and rapid snow melting (Stumvoll et al., 2022). This landslide site is located 

in a complex geological transition zone between the Flysch and the Klippen Units and the Northern Calcareous Alps, which represents 

the main factor in the landslide activity in the region (Marr et al., 2023; Stumvoll et al., 2022; Petschko et al., 2014). In addition to relatively 

low rates of movement, the landslide deformation has repeatedly damaged the road that traverses the unstable area, which represents the 

unique infrastructure for the farmers in the area. Hence, an engineering geological survey was conducted in 2010 by the Geological Survey 

of Austria, consisting of two boreholes and geophysical investigations (electrical resistivity tomography, ERT) (Figure 1b). Based on their 

findings, a preliminary comprehension of the unstable area was achieved, and the main sliding surface was estimated at a depth of 20 m 

(Schweigl, 2012). However, the exact extent and depth of the slope instability remain unknown, and a wide distribution of information was 

not reached during these investigations. 
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Figure 1: Brandstatt landslide site. (a) Location of the study area (Lower Austria, NE Austria); (b) Boreholes and geophysical investigations (2007, ERT profiles) performed on the landslide 

area by the Geological Survey of Austria. Source satellite image: ArcGIS Pro 3.0.0 (World Imagery, Maxar, 2022).

METHODS
Monitoring sensors have been installed in the Brandstatt landslide as part of the establishment of a landslide observatory embedded in the 

NoeSLIDE project (ENGAGE research group, University of Vienna; project information and real-time monitoring at www.noeslide.at). The 

selected locations considered both the findings of previous studies and past acceleration events (Marr et al., 2023), and the current evidenc-

es in the landslide area (Figure 2). The monitoring network includes the use of continuous sensors for hydro-meteorological parameters 

(automatic devices, with real-time transmission to a server) and manual measurements of landslide displacements (on-site, on a monthly or 

quarterly basis), e.g., inclinometer tubes installed in boreholes. Among the surface observations, a meteorological station has been installed 

since July 2022 to mainly monitor precipitation and snow depth. Hydrological data in the subsurface have also been available since 2022, 

consisting of nine Time Domain Reflectometry probes (TDR) to measure volumetric water content at different depths in the soil mass and 

three piezometers (Figure 2). Deep movements are measured using manual inclinometers, and, in total, five inclinometer tubes have been 

installed at depths ranging from 4.5 to 6 m. Further site-specific information on the monitoring devices, including detailed descriptions, can 

be found in Marr et al. (2023). Investigations were carried out progressively during field campaigns and discontinuous surveys (Figure 2). 

In particular, field methods, such as dynamic probing heavy (DPH) tests and percussion drilling, have been used to investigate the subsur-

face characteristics by the resistance of the different soil layers. The penetration depth ranged from 3.5 to 14 m from the ground surface 

and reached a maximum depth of around 16 m (Marr et al., 2023). In addition, surveys using both unmanned aerial vehicles (UAVs) and 

terrestrial laser scanning (TLS) measures are currently being executed as a discontinuous investigation in order to detect surface changes.

Figure 2: Location of the monitoring devices installed at the Brandstatt landslide, as well as the DPH tests performed in the area in 2022 and 2023. Orthophoto is provided by the Federal 

State Government of Lower Austria (NOEL GV, 2014).
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RESULTS AND DISCUSSION
This work presents the monitoring data for the selected period, from August 2022 to September 2023. The unstable area has been experi-

encing different deformations rates, with the western sector showing significantly higher activity than the eastern one. As a result, some of 

the inclinometer tubes have been rendered no longer usable by the excessive deformation and subsequently replaced. New tubes have been 

strategically placed close to the inactive ones to ensure the continuous monitoring while minimizing the influence of the already measured 

deformation. Cumulative displacements of the inclinometer tubes (Inc. A to D) evidenced different displacement rates and the presence of 

slip surfaces varying in space and depth, in a range from 2 m to 4 m, respectively (Figure 3a). Negative values in the deformation plots, 

e.g., values below 2 m in Inc C, refer to the development of an upslope bending of the lower part of the inclinometer case due to the soil 

deformation. As one inclinometer (Inc. E) is supposed to be located in a stable area, the marginal deformation recorded is not reported in 

this section, as it falls within the expected range of the measurement accuracy. The deformation recorded also displays the direction of the 

resultant movement, visualized as a vector showing the magnitude of the cumulative displacement (Figure 3b). Thus, the most active part of 

the slope Based on this evidence, the most active part of the slope corresponds to the sector where Inc. A was installed, sheared off between 

January and February 2023, and it has currently been replaced by Inc. AA. 

Figure 3: Time series of the displacement measures in the period August 2022 to September 2023. (a) Deformation measures (Inc. A to D) reported along the downslope/A-axis). Inc.A and C 

sheared off between January-February and March-April 2023, respectively; (b) The direction of the resultant movement shows the magnitude of the cumulative deformation. Here, different 

color scales are presented to highlight acceleration stages. In sub-Figure 3b, a box showing the boundaries of Figure 5 is also reported.

During the selected period, the acceleration stages in landslide displacements revealed a relationship with hydrological triggers. In Figure 4, 

cumulative deformations indicate shear movements at the depths showing the maximum deformation rate of the tube. Observable changes 

arise with rainfall events in relation to the increase in pore-water pressure resulting from infiltrating water. However, deformation measures 

exhibited a complex response to rainfall events, showing different observable trends based on the spatial location (Figure 4). For example, 

the deformation rate of Inc. A significantly increased following rainy periods in September and November 2022, ultimately contributing to 

subsequent shearing off. In contrast, the other inclinometers displayed a more gradual deformation trend without the accelerations observed 

in Inc. A (Figure 4). Furthermore, the development of acceleration stages is also influenced by the hydrological conditions of the soil. In fact, 

even with comparable rainfall amounts, heavy rainfall events in April and July 2023 resulted in different deformation patterns. The authors 
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assumed the unusual acceleration of both Inc. B and D was linked to the occurrence of a wet period influencing the soil moisture (Figure 

4). Consequently, a non-linear behavior of the landslide dynamics is evident in response to hydrological changes, occurring in both the most 

and least unstable areas, and complex interactions may develop due to antecedent precipitation. 

Figure 4: Measured deformation for the selected inclinometers from August 2022 to September 2023. In the same plot, the daily precipitation is also reported.

The progressive trend identified in Inc.A motivated a multi-temporal UAV-based survey to monitor surface changes in this sector of the slope. 

However, given the current limitations in UAV applications for assessing the short-term dynamics of slow processes, this study primarily fo-

cused on providing a rapid estimation of the spatial distribution of surficial patterns. Four surveys were conducted on a monthly basis from 

January to April 2023 (using a DJI Mavic 2 Pro) and, utilizing the Structure from Motion (SfM) software Pix4D (Pix4D Inc. Product), high-res-

olution 3D point clouds were generated from 2D images captured during each month. The resulting point clouds were georeferenced using 

ground control points (GCPs). In the range of 8 to 12, equally distributed GCPs were measured during each survey using a high-precision 

GNSS device. To assess the accuracy of the georeferenced point clouds, approximately 1/3 of the GCPs were utilized as checkpoints. The 

resulting digital elevation models of difference (DoDs) are reported in Figure 5 and the elevation changes calculated between consecutive 

months, January-February (Figure 5b), February-March (Figure 5c) and March-April (Figure 5d), respectively. Here, positive values, pre-

dominantly associated with vegetation growth, are intentionally excluded from the visualization, as they do not contribute to the primary 

focus of this study. Preliminary vertical error estimation indicates that the level of detection exceeds 2 cm. Thus, negative values were then 

classified into classes, ranging from -2 to -20 cm at 2 cm intervals, to enhance the interpretability of the maps, facilitating a more focused 

analysis of slope dynamics. Negative changes are predominantly located near the Inc. A. location. In particular, the displacement pattern 

between March and April has been correlated with the previously mentioned heavy rainfall event, which resulted in substantial deformation 

as confirmed by field evidences in this area (i.e., surface ruptures) (see Figure 5d).
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Figure 5: Multi-temporal UAV-based survey in the surrounding area of the Inc.A, in the western sector of the landslide. Elevation changes are represented in classes at 2 cm intervals, in 

which the one representing 0 to -2 cm was displayed transparently to account for uncertainties in the UAV data. (a) Surface deformations mapped between January and April 2023; (b-d) 

Change detection displayed for the repeated monitoring surveys, in the intervals between January-February (b), February-March (c) and March-April (d), respectively.

CONCLUSIONS
The analysis of the spatial and temporal distribution of displacements revealed the evolution of the Brandstatt landslide during the moni-

toring period and its relationship with triggering factors. As a direct investigation of the landslide materials hasn´t been conducted yet, the 

spatial distribution of slope deformations becomes a key indicator to better understand the landslide dynamics. Based on the combined ap-

plication of monitoring data and hydro-meteorological measures, a framework for interpreting the displacement patterns is as follows. This 

slow-moving landslide is assumed to be large-scale and deep-seated as previous studies confirmed, but it´s also characterized by shallower 

and secondary slope processes that are activated during rainfall events, as it could be shown by the monitoring devices. In particular, field 

observations and deformation measures obtained from both inclinometers and UAV-based surveys have identified different deformation 

activities over the unstable slope. However, the connection between shallow deformations and the deeper process remains unknown due to 

the lack of information about the deep movement since the current installations did not reach the expected depths of the estimated failure 

surface. In conclusion, the use of UAV-based methods proves an effective approach to rapidly mapping surface displacements associated 

with landslide evolution, even when monitoring slow movements. However, during the selected monitoring period, change detection using 

UAV-SfM was limited by vegetation cover interference. Despite the well-known limitations of this technique, some strategies can enhance 

the efficiency of the SfM workflow: i) Planning flight missions in the field to ensure consistent flying altitudes, accurate area coverage and 

comparable results in terms of resolution and spatial extent during repeated surveys; ii) Using an imported processing zone in Pix4D in 

a shapefile (.shp) or Keyhole Markup Language (.kml) format to improve the processing and reduce the computational time, focusing ex-

clusively on the region of interest. Therefore, gaining a better understanding of the complexity of the deep-seated process is essential for 

a comprehensive assessment of landslide hazard and for supporting local authorities in the development of effective mitigation strategies. 

Furthermore, long-term monitoring of displacements, along with various hydro-meteorological and geotechnical parameters, is crucial for 

assessing potential acceleration stages and the reactivation of the entire slope process. 
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