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1 | INTRODUCTION

Slowly deforming slopes in mountainous areas are a widespread phe-
nomenon, continuously changing topography by complex and nested
spatio-temporal activity patterns (Crosta et al., 2013). These processes
are referred to as deep-seated gravitational slope deformations
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(DSGSDs), where spatial and temporal varying displacements of sev-
eral millimetres up to a few centimetres per year are typically
observed (Ambrosi & Crosta, 2006; Brckl et al., 2006). They promote
the formation of deep-seated landslides as subunits, with displace-
ments exceeding 1 m per year (Lacroix et al., 2020; Pfeiffer et al.,
2018). Shear zones or sliding surfaces can evolve hundreds of metres
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below the surface, whereas complex internal deformation structures
contribute to a uniquely and constantly changing slope geometry.
Characteristic geomorphological features are scarps, trenches, grabens
and double or multiple crested ridges in the upper parts, counter-
scarps in the slope’s mid-section and bulging, buckling folds and highly
fractured rock masses at the slope’s foot (Agliardi et al, 2012;
Chigira, 1992; Crosta et al, 2013). Besides their characteristic
landscape-shaping behaviour, slow deformations can cause serious
damage to infrastructure and affect livelihoods. In order to prevent
damage and mitigate the hazard, detailed knowledge of the hydrome-
chanical factors controlling the sliding behaviour is of great relevance
(Bonzanigo et al, 2007; Eberhardt et al, 2007; Hofmann &
Sausgruber, 2017).

Once a DSGSD has developed by strain localisation and conse-
quential formation of shear zones (Agliardi et al., 2013; Zangerl et al.,
2010, 2015), the activity of therein hosted deep-seated landslides is
generally controlled by changes in the stress fields (Eberhardt, 2008;
Preisig et al., 2016). Predominantly, these changes are induced by
fluctuations in pore-water pressure (PWP) and accompanying changes
in effective stress in a landslide’s shear zone. Several studies have
demonstrated the correlation between PWP or groundwater-related
variables (e.g., groundwater recharge, reservoir level) with landslide
activity (Bonzanigo et al., 2007; Eberhardt et al., 2007; Zangerl et al.,
2010). Changes in PWP typically occur within short time periods,
leading to seasonal or episodic phases of accelerated landslide move-
ment after prolonged rainfall and intense snowmelt (Pfeiffer et al.,
2021). Over longer periods, nested slope deformations (DSGSDs)
cause significant topographic changes, leading to an over-steepening
of the foot. Once a critical threshold of over-steepening is reached,
secondary and spontaneous slope failures are commonly observable
phenomena (Agliardi et al., 2012; Glueer et al., 2019). These
short-term mass relocation processes, on the other hand, induce
stress and strain relocation, which may also affect the activity of
the DSGSD or enclosed deep-seated landslides. Continuous
deformation degrades the rock strength by fracturing, fragmentation
and alteration (Preisig et al., 2016). The longer the deformation, the
more intense is the strength degradation. In this context, secondary
slope failure processes at the continuously steepening and degrading
foot evolve to be increasingly likely. Buttressing effects by
interactions of the landslide’s toe with the alluvium of a dynamic river
bed additionally influence the slope’s geomechanical conditions
(Zangerl et al., 2015).

Several studies aim at reproducing the activity of
hydrometeorologically driven deep-seated landslides using a variety
of model approaches. Van Asch and Buma (1997) developed a hydro-
logical model to describe groundwater fluctuations and their impact
on the temporal frequency of instability of landslides. Corominas et al.
(2005) proved that prediction of landslide displacements from ground-
water level is feasible by rheological parameters and solving the
momentum equation extended by a viscous term (Bingham and power
law). Preisig (2020) exploited a one-way coupled hydromechanical
numerical modelling strategy to assess slope stability under expected
groundwater pressure changes. Whereas the hydrological component
is well represented by a large number of studies (Corominas et al.,
2005; Preisig, 2020; Van Asch & Buma, 1997), the geomechanical
effect of changing slope geometries is only marginally investigated in

the existing literature and predominantly based on theoretical

assumptions (Molnar, 2004). In particular, the lack of accurate topo-
graphic long-term monitoring data is supposed to be a key issue for a
precise reassessment of historic, past, or even pre-failure slope stabil-
ity conditions. Zangerl et al. (2015, 2021) respond to these challenges
by reconstructing pre-failure topographies based on present-day digi-
tal terrain models (DTMs) combined with the interpretation of the
landslide’s geomorphological features.

Recently, precise and detailed assessments of landslide topogra-
phies can be performed with the help of various remote sensing tech-
nologies. Laser scanning and photogrammetry performed from
different platforms provide crucial topographic data for investigating a
variety of landslide-associated research questions (Gigli et al., 2014;
Jaboyedoff et al., 2012; Scaioni et al., 2014). Different sensor and
acquisition methods acquiring 3D surface data induce a multitude of
advantages, disadvantages and challenges depending on the res-
earch’s aim (Salvini et al., 2013; Scaioni et al., 2014; Tofani et al.,
2013). Whereas passive photogrammetric methods face challenges in
densely vegetated areas, laser scanning as an active remote sensing
technique is feasible for retrieving topographic data, even below the
canopy (Baltsavias, 1999). Hence multitemporal airborne laser scan-
ning (ALS) acquisitions represent an important and ready-to-use data
archive. Complemented by more accurate, temporally and spatially
higher resolved uncrewed aerial vehicle laser scanning (ULS)
campaigns, solid time series of topographic 3D data can be made
available (Zieher et al., 2019). These datasets provide a unique archive
to investigate landslide-induced topographic changes well suited to
be integrated in any geomechanical modelling framework of a
deep-seated landslide.

Here we present a geomechanical modelling strategy that is able
to assess and replicate the activity of a subunit of a large DSGSD—the
Vogelsberg landslide (Tyrol, Austria; for location see Figure 1b,d)—
under different hydrological and topographic conditions. Changes in
the model's geometry are precisely assessed using combined ULS and
ALS data covering a period of 13 years. Thus, geomorphological pro-
cesses responsible for assessed topographic changes are identified
and quantified. Based on these precise observations, potential future
topographic scenarios and a pre-failure topography were approxi-
mated and discussed. Geomechanical modelling was carried out for
both different hydrological and topographic parametrisations.

Objectives of the present study were to

e assess recent topographic changes, reconstruct a probable
pre-failure topography and project potential future topographic
conditions of the Vogelsberg landslide,

e parametrise a slope stability model accounting for both changing
topographic and hydrological boundary conditions,

e present and quantify the impacts of long-term topographic
changes and seasonal hydrological conditions on the landslide
activity, and

o identify and quantify critical parameters controlling the evolution

and formation of the Vogelsberg landslide.

2 | STUDY AREA

The northeastern-facing slope at the entrance of the Watten valley
from 750 to 2200 m a.s.l. is subject to a large DSGSD (Figure 1b).
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FIGURE 1 Overview of the active part of the Végelsberg landslide. (a) Detailed map of the sliding area, position of selected ATTS
reflectors, core drilling and springs (sliding mass division, after Engl, 2018). (b) Map showing morphological structures and outline of the DSGSD.
(c) Time series of displacement rate at selected ATTS reflectors and (d) location of the Vogelsberg landslide (data source DTM and ATTS: Federal

State of Tyrol) [Color figure can be viewed at wileyonlinelibrary.com]

Located within the Lower Austroalpine Innsbruck Quartzphyllite
complex (Haditsch & Mostler, 1983; Rockenschaub et al., 2003),
varieties of quartzphyllite characterise the geological setting of the
DSGSD. An active sliding mass (i.e., deep-seated Végelsberg landslide)
is situated on the foot of the DSGSD. Here, two varieties of
quartzphyllite are noticeable: in the hanging a quartz-rich sericite
phyllite containing metacarbonatic intercalations and in the lying a
chlorite-sericite-phyllite (Engl, 2018). Prominent, narrow and isoclinal
folded schistosity slightly dipping towards WNW is apparent at
outcrops around the DSGSD (Pfeiffer et al., 2022). A high degree of
fragmentation and decomposition can be recognised at the
Vogelsberg landslide’s foot. (Engl, 2018).

The bulged and compressed toe at the Wattenbach and the
extensionally imprinted ridge in the upper and southernmost part of
the study area indicate complex, large-scale and deep-seated slope
deformations covering an area of approximately 4 km2. These mor-

phological features of deep-seated and nested slope deformations

overprint a glacially shaped valley morphology and hence provide
evidence for post-glacial deformation activities. Situated between
750 and 1050 m a.s.l., the Vogelsberg landslide is known to cause
damage to buildings and infrastructure (Zieher et al., 2019). The
Végelsberg landslide covers an area of approximately 0.28 km? and is
subdivided into two interacting slabs based on morphological indica-
tions (Figure 1a; (Engl, 2018)). The higher lying crown of the north-
western slab (Slab A), as well as its very pronounced bowl-shaped
central part, indicate a more intense deformation history compared to
the southeastern slab (Slab B). Recent automated tracking total station
(ATTS) measurements prove this observation and show the highest
(up to 10 cm a~?!) and most dynamic velocity on a reflector target
situated on slab A (Figure 1c). An ATTS target mounted in the
intersection zone (Slab AB) of the two slabs shows smaller (up to
7 cm a~ 1) but still temporally varying velocity. In contrast, an ATTS
target mounted on Slab B shows almost constant velocity of 2 cm a2

without distinct temporal variations.
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As a consequence of intense precipitation in October 2008, the
foot of the over-steepened Vogelsberg landslide failed with a lateral
extent of up to 100 m and failure depths of multiple metres
(Klebinder & Graf, 2012). The onset of this slope failure occurred at
an elevation of 860 m a.s.l., which simultaneously marks a prominent
change in the slope’s gradient. Whereas a steeper slope towards the
Watten River is located below the onset of failure, a moderately
inclined slope characterises the area above and is assumed to result
from combined deep-seated slope deformation and glacial over-
printing. In spring 2009, this piggyback landslide slowed down but epi-
sodically reactivated after distinct precipitation events. Overall, it can
be assumed that this secondary process has relocated a significant
amount of material and therefore explicitly modified the topography
of the Vogelsberg landslide. The nearby Wattenbach, draining an
approx. 73 km? big catchment, has shown significant fluvial and
torrential activity during the Holocene (Patzelt, 1987). Fluviatile
influence at the Vogelsberg could be mapped from the recent
Watten River elevation (ca. 750 m a.s.l.) to the change in the slope’s
gradient and onset of recent spontaneous slope failures at 860 m
a.s.l. Moreover, recent fluvial dynamics were observed to play a
crucial role in the context of the secondary failure processes on the
foot of the Vogelsberg landslide (Grafenauer, 2014).

3 | MATERIALS AND METHODS

3.1 | Modelling strategy and background

In order to assess and replicate the geomechanical behaviour of the
Vogelsberg landslide under changing hydrological and topographic
conditions (Figure 2), a reproducible and purpose-fitting strategy

of model parametrisation was established based on following

Crown Morphologically
reconstructed

Morphological-based
topography reconstruction || aser scanning

after Zangerl et al. (2021)

background assumptions. As conceptualised in Figure 2, multiple geo-
morphological processes are known to shape a slope’s topography.
First, in the case of a continuously moving deep-seated landslide, the
time-dependent deformation itself can induce topographic changes,
becoming more pronounced the longer the process continues. Typical
resultant morphologies are a convex/bulge-shaped foot and a subsi-
dence/concave-shaped middle and upper part (Agliardi et al., 2012;
Zangerl et al., 2015). Second, spontaneous slope failure at the foot of
such deep-seated slides becomes more likely the longer the slow
deformation process lasts. Major mass relocation at the foot can have
a significant impact on the superordinated sliding geometry, induce
stress relocations and affect the deformation behaviour of the deep-
seated landslide. Third, relocated material gets deposited in the valley
and thus exposed to fluvial or torrential activity. Depending on local
river characteristics, alluvial levels and associated buttressing effects
can change over time and significantly affect the activity of deep-
seated slides (Korup et al., 2010; Zangerl et al., 2015).

In order to assess topographic changes and consider them in a
geomechanical model, topographic monitoring techniques as well as
reconstruction and projection approaches were applied. Each topo-
graphic time step (see time series in Figure 2) became additionally
parametrised by essential parameters comprising a geological model
of the slope and respective geotechnical parameters. The geological
model provides geometric information of lithological boundaries, slid-
ing surface(s), slope topography and pore pressure distribution. In this
study the internal friction angle (¢), cohesion (c), specific weight (y)
and the grain size distribution are used to describe the geomechanical
characteristics of the sliding material. The applied modelling
procedure focused on investigating the effect of changing boundary
conditions or parameters (e.g., topography, pore water pressure
distribution, cohesion, internal friction angle) on the stability and

deformation behaviour of the Végelsberg slope.
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FIGURE 2 Research concept. Conceptual deep-seated landslide affected by hydrological and topographical changes potentially affecting a
slope’s stability. Schematic time series indicates datasets available for model parametrisation. Parametrisation beyond the observation period
demand for reconstruction and projection approaches [Color figure can be viewed at wileyonlinelibrary.com]
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3.2 | Subsurface monitoring

The subsurface of the active part of the landslide is investigated by a
network of monitoring instruments in place since spring 2018. Knowl-
edge about the subsurface is based on three core drillings (KB1, KB2
and KB3) conducted within the active landslide (Figure 1). Retrieved
material samples were used for geotechnical characterisation of the
sliding mass. Obtained cores were recorded and documented regard-
ing their geological appearance (Engl, 2018). After core withdrawal,
two boreholes (KB1 and KB2) were extended as groundwater moni-
toring wells continuously recording the piezometric head. One bore-
hole (KB3) was equipped with an inclinometer. The screen of KB1
well was between 16 and 49 m depth, whereas KB2 was between
21 and 39 m below the surface. Periodic inclinometer measurements
record the deformation pattern along a vertical profile and therefore
provide information about the depth and range of current shearing.
Coring and the installation of instruments were commissioned by the
Austrian Service for Torrent and Avalanche Control.

3.3 | Monitoring the landslide’s topography

ATTS measurements assess the 3D surface displacement at single
points (retro-reflecting prisms) on a (sub)daily resolution. An ATTS
installed on the opposite site of the Watten valley and operated by
the federal state of Tyrol (division of geoinformation) performs posi-
tion measurements of 53 ATTS retroreflecting prisms (Figure 3a).
The measurements of each prism's 3D position results in a time
series providing insights into the landslide-induced displacement at
the respective location. Besides the derived 3D displacement vec-
tors, the dense temporal resolution of these measurements enables

a precise determination of the landslide’s velocity, indicating phases

(@
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ATTS targets/
2D dispacement
D Active sliding mass
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of landslide acceleration or deceleration as a response to snowmelt
or rainfall (Pfeiffer et al., 2021). The measurement accuracy is
specified by the standard deviation of the decomposed time series
(£ 0.54cma™?).

In contrast to the ATTS measurements at single points, comple-
mentary laser scanning acquisitions provide an area-wide assessment
of topography and landslide-induced surface changes (Hu et al., 2020;
Pfeiffer et al., 2018). Three airborne laser scanning campaigns from
October 2007, May 2013 and October 2020 were commissioned by
the federal state of Tyrol and provide consistent 3D surface informa-
tion of the study area. Three ULS campaigns were further carried out
in 2018, 2019 and 2020 using a Riegl VUX-1LR laser scanner
mounted on a Riegl RICOPTER with an APPLANIX AP20 Inertial Mea-
surement Unit (IMU) and two Sony Alpha 6000 digital cameras
(Zieher et al., 2019). Efficient mission planning was carried out before
acquisition using a simulation approach after Bremer et al. (2019) to
fulfil flight security requirements, to optimise point densities and to
ensure sufficient data coverage. The 3D point clouds were acquired in
up to six individual flights per campaign, covering the Voégelsberg
landslide, including areas surrounding the active part and the opposite
site of the Watten valley to support multitemporal registration
(Figure 3a). A pulse repetition rate (PRR) of 820 kHz, an angular step
width of 0.06°, a beam divergence of 0.03°, a flight altitude between
50 and 60 m and a speed of approximately 8 m s~ ensured a mini-
mum point density of 500 points per square metre (Zieher et al.,
2019). Specifications of utilised laser scanning data are summarised in
Table 1. Multitemporal registration was carried out by applying the
iterative closest point (ICP) algorithm (Besl & McKay, 1992) using sta-
ble areas (e.g., non-deformed or stable infrastructure, roads and build-
ings) within the point clouds. The point clouds were classified into

ground and non-ground points using the TIN densification algorithm
proposed by Axelsson (2000).

FIGURE 3 Panel (a) shows the topographic monitoring setup, ATTS position, prisms and respective 2D displacement vectors (1000-fold
exaggerated). Panel (b) shows reconstructed contour lines (dashed green lines) following Zangerl et al. (2021), describing a probable pre-failure

topography [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Characteristics of performed Laser scanning campaigns

Platform  Sensor Date Spatial resolution (cm)
ALS ALTM 3100 13 Oct 2007 100

ALS LMS-Q680i 18 May 2013 50

ULS VUX-1LR 3 Aug 2018 2

ULS VUX-1LR 14 Aug 2019 2

ALS VQ-780 I Oct/Nov 2020 50

ULS VUX-1LR 6 Nov 2020 2

Digital terrain models with a spatial resolution of 0.25 m were
derived from the classified ground points by aggregating the average
elevation per raster cell. Digital terrain models of differences (DoD)
were derived by subtracting subsequent multitemporal DTMs and
used to assess topographic volumetric changes, which are particularly
evident at the over-steepened foot due to secondary and spontane-
ous slope failures. For the area-wide assessment of coherent 3D dis-
placements, an image correlation (IMCORR) approach that is able to
assess vertical and horizontal displacement components was applied
(Bremer, 2012; Fahnestock et al., 1992). For this analysis, hillshade
images derived from the DTMs were used as input. In the next step,
two selected cross-sections were extracted from the multitemporal
point clouds in order to reconstruct a detailed surface representation
for the slope stability analysis. Multitemporal profiles were further
used (i) to assess recent incision or filling at the alluvium, (i) to assess
changes in the landslide’s geometry due to secondary slope failures

and (iii) as a basis to derive scenarios of potential future topographies.

3.4 | Reconstruction of past and scenario building
of potential future topographies

A pre-failure topography was approximated using a reconstruction
approach presented and applied to other deep-seated rockslides by
Zangerl et al. (2015, 2021). This approach utilises present topographic
information of assumed stable areas around the active and depressed
sliding zone. Corresponding and hypothetical contour lines were
mapped by inferring lines within the active, bowl-shaped and mass-
depleted area (Figure 3b; Zangerl et al., 2021).

The plausibility of the reconstructed pre-failure topography was
evaluated by re-transformation (rotation and translation) of a recent
topographic profile (ALS 2007). Displacement vectors connecting
corresponding points of the untransformed and the transformed part
of the slope were compared to the observed ATTS displacement
vectors along a 2D profile. Additionally, a morphologically based and
reconstructed vector indicating the landslide’s total experienced
displacement was mapped by connecting the landslide’s crown with
the onset of its depletion zone (Figure 2). When the directional com-
ponents of the recorded ATTS measurements and the morphologically
reconstructed vector agree with the constructed vectors that are
required to align present-day topography to the reconstructed
pre-failure topography, the reconstruction approach is considered
plausible.

Precisely assessed and quantified topographic changes by ALS
and ULS over the last 13 years were the basis for the development

of probable future topographic scenarios. Scenarios of spontaneous

slope failures at the foot and related changes of the alluvial
elevation were developed and their geomechanical effects on the
Voégelsberg landslide were investigated. The first scenario represents
a slope cross-section where the magnitude of observed slope failure
and mass loss between 2007 and 2013 is tripled. Relocated material
is deposited in the Watten River, inducing an elevation increase
of approximately 25 m (Figure 4a). In a second scenario this material
is assumed to be cleared by torrential or fluvial processes of
the Watten River (Figure 4b). A third scenario is presumed as a
continuation of river incision and describes a transect where the
foot's upper topography is formed by the constructed slope failure
from scenario 1, but the lower part of the foot is the result of
further river incision (—25.5 m) and similar slope inclinations of the
embankment as they are currently observed (Figure 4c). A fourth
scenario consists of an ensemble of topographies and is based on
the recent topography but step-wise investigates different alluvial
elevations, deviating by +30 m to —30 m from the recent elevation
level (Figure 4d).

3.5 | Geotechnical material characterisations
Material obtained from core drillings and representing the assumed
shearing depth was analysed with regard to its grain size distribution,
density (y: specific weight) and shear parameter (gp: angle of internal
friction and c: cohesion). Sieving and sedimentation tests were carried
out to determine the grain size distributions of each sample per bore-
hole. Immersion weighting was done with sealed and undisturbed
samples to estimate the density. Five consolidated drained triaxial
shear tests considering each of three different load steps (100, 200
and 300 kPa) with a shear velocity of 0.003cm min~! were carried out
to assess the material’'s strength. Three disturbed samples (KB1, KB2
and KB3) were prepared in a 7 cm diameter cell. One additional sam-
ple obtained from KB3 was first prepared as an undisturbed sample
and analysed in a 10cm diameter cell applying a multi-step experi-
ment. Subsequently, the same sample was re-prepared and investi-
gated in a disturbed multi-step experiment in order to assess the
potential effect of structures that could not be considered in dis-
turbed samples. Table 2 summarises the installation properties of the
samples analysed by triaxial shearing. The angle of internal friction
and cohesion were analysed considering both the concepts of residual
shear strength and peak shear strength.

3.6 | Geomechanical modelling: Slope stability
assessment and model calibration

The analytical slope stability model GGU Stability (Bu, 2020) was used
to calculate the balance of resisting and driving forces following the
method of Janbu (1954) along a vertical 2D cross-section and for mul-
tiple observed, reconstructed and projected topographic and hydro-
logical boundary conditions (Figure 5a). The resulting factor of safety
(FoS) was used to determine the change of the slope’s stability for dif-
ferent model parametrisations. Two vertical 2D cross-sections (Profile
1 and Profile 2; Figure 1a) following the slope inclination and inter-
secting with the boreholes were analysed. Supported by information

deduced from the drilling cores’ sequences, outcrops, field mapping,
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FIGURE 4 Topographic scenarios studied in the geomechanical model. (a) Scenario 1: severe secondary slope failure at over-steepened
landslide foot. (b) Scenario 2: material deposited onto the river bed by Scenario 1 removed by fluvial river activity. (c) Scenario 3: ongoing fluvial
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TABLE 2 Samples and their installation properties for triaxial shear tests

KB1
Extraction depth (m) 53
Cell diameter (cm) 7
Installation density (g cm™3) 2.2
Water content (%) 7.8

=

| Mutlitemporal topographies |
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FIGURE 5 Workflow and photos of material samples. (a) Geomechanical modelling and parametrisation strategy able to assess the effect of
long-term topographic and short-term hydrological changes. Photos of core drilling samples showing subsets in KB1 (b) from 45 to 54 m below
the surface and in KB2 (c) from 42 to 51 m below the surface. Sections used for geomechanical material characterisation are indicated by a green
polygon. Photos: J. Pfeiffer (08/2018) [Color figure can be viewed at wileyonlinelibrary.com]
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2 | WiLEY-IE0

piezometer records, inclinometer records and laser scanning data, two
simplified geological models could be designed for use in the model.

Lower and upper boundaries defining the area of investigated
slip surfaces were specified. Within this area possible slip surfaces
were investigated and the one with the lowest FoS was kept as a
result. The lower boundary of the investigated sliding mass was
defined by the intersection point with the alluvial elevation (Watten
River) at the landslide’s toe, the bedrock depth within the boreholes
and morphological indications for the onset of the depletion zone.
The upper boundary was set in compliance with the requirement to
allow only the formation of deep-seated sliding surfaces. A depth of
15 m below the surface for the central part was identified to be
reasonable, neglecting the formation of small and shallow sliding
surfaces, which were not the target of the investigation. Within this
range all possible combinations of slip surface geometries were
investigated. The slip surface indicating the lowest FoS (most
unfavourable) was identified and compared to other results with
different parametrisations.

Two definitions of pore pressure distributions were used within
the modelling framework. For better comparability, the phreatic sur-
face was set equal to the topographic line (saturated conditions) while
modelling past, recent and future slope stabilities. In a separate model
run, the effect of varying pore pressure distributions was investigated
using present topographic conditions. Parametrised with recently
observed piezometric heights and mapped spring districts, the effect
of changing pore water distributions was investigated by various
model runs and compared to corresponding deformation behaviour.
The influence of a potential lowering of the phreatic surface induced
by respective mitigation measures was additionally investigated by
scenarios of lowered phreatic surfaces. Moreover, this model run aims
at calibrating the model by identifying the parameter set that is close
to the limit equilibrium of stability. On that basis a sensitivity analysis
was performed by a systematic one-at-a-time (OAT) sensitivity analy-
sis, since parameter sensitivity is variable among different landslides
and depends on boundary conditions and geometry of the landslide
(Schneider-Muntau et al., 2022).

4 | RESULTS

41 | Geological and geometrical landslide
characterisation

Geomorphological mapping indicates a presence of two interacting
slabs persistent at the active Vogelsberg landslide (Engl, 2018).
Modelling Profile 2 passes the northwestern slab (Slab A) whereas
modelling Profile 1 strikes along the intersection zone (Slab AB) of the
southeastern Slab B and northwestern Slab A. The crown of Slab A is
mapped at 1070 m a.s.l. Slab B’s crown reaches maximum elevations
of 1020 m a.s.l. The maximum elevation difference between Slab A's
crown and the depletion zone is 103 m and shows a horizontal projec-
ted distance of 216 m. In movement direction this information is
assumed to indicate the total experienced displacement of the active
Vogelsberg landslide. Based on the mapped distances, the resulting
displacement vector features a vertical angle of 25.5°, which
agrees with the inclination of recently measured displacement vectors

(see Section 4.2).

Consecutive inclinometer measurements performed in KB3 local-
ise the deformation within —40 to —50 m depth below the surface.
Within this range, most of the deformation focuses between —48 and
—50 m (Figure 6c). Three core drillings revealed a sequence of
disintegrated rock (i.e., soil) with depths of —53 m in KB2, —60 m in
KB1 and —70 m in KB3 (Figure 5b,c; Engl, 2018). The volume of the
disintegrated and loose rock mass is approximated by 10 million m®
(Vecchiotti et al., 2022). Spring districts indicating intersection zones
of groundwater and topography are tied to more inclined areas of the
slope (Figures 1a and 6a,b), located right below the crown (920-
1000 m a.s.l.) and at the over-steepened foot (800-850 m a.s.l.).
Within the boreholes (KB1, KB2 and KB3) groundwater was encoun-
tered at —7.5, —4.2 and —24.2 m below the surface while drilling
(Figure 6d; (Engl, 2018)). In KB2 the piezometric head varied between
—8.5 and —7 m below the surface during the monitoring period from
February 2018 to October 2021. The temporally varying movements
observed at Slab A and the intersection zone (AB) show conformity
with piezometer recordings in groundwater well KB2.The landslide’s
acceleration observed in spring 2019 coincided with periods of
elevated phreatic level (Figure 6d)

Comparing the known characteristics of the landslide with
criteria of the landslide classification scheme proposed by Cruden
and Varnes (1996), the Vogelsberg landslide can be classified as an
earth slide. Relevant key criteria are type of material and type of
movement. The landslide material refers to earth since the moving
mass consists of predominantly fine soil (see Section 4.3). The type
of movement is defined as slide, since the transition from stable to
moving along a vertical profile is observed to be within a relatively
discrete zone of intense shear strain (Figure 6c; (Cruden &
Varnes, 1996)). The high degree of disintegration of the sliding mass
along the borehole indicates an intense history of shearing, which
could be the result of multiple stress relocations and thereby
induced relocations of shearing. Based on recent inclinometer mea-
surements, the main shearing can be observed within a range of
2 m, which, compared to the thickness of 50 m of moving material
in KB3, represents a small proportion. The applied geomechanical
modelling approach therefore simplifies the shear zone to a single
sliding plane. By transferring this geological knowledge onto the
two modelling cross-sections (Profile 1 and Profile 2), the first step
of geometrical model parametrisation was performed. Representing
present topographic and hydrological conditions, these geometric
models are applicable to the investigation of recent geomechanical
characteristics (Figure 6a,b).

4.2 | Assessed, reconstructed and projected
topographic changes

DoD maps indicate major erosion of about 18.400 m® material
between 2007 and 2013 at the Vogelsberg landslides’ foot, which
occurred between 815 and 860 m a.s.l., covering an area of approxi-
mately 50 x 50m and showing maximum erosion depths of up to
—7m (Figure 7a). Eroded material was deposited right below the
removal zone at elevations between 815 and 740m a.s.l. (Watten
River), showing positive DoD map values in the range of 2-5 m. Maxi-
mum elevation gains of up to 7 m can be observed around the Watten

River's alluvium. The volume of accumulated material is estimated as
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FIGURE 6 Geological models, inclinometer, piezometer and ATTS data. (a) Cross-section through KB1 drilling and (b) cross-section through
KB2 and KB3 drillings integrated as reference in the geomechanical model; (c) depth profile of cumulative displacement assessed with repetitive
inclinometer measurements and d) time series of landslide velocity (light grey: raw data; black: spline) and phreatic level (blue: raw data; black:

spline) [Color figure can be viewed at wileyonlinelibrary.com]

16.500 m®. This indicates a minor negative mass balance that could be
associated with erosional effects of the Watten River.

7.400 m® of material was eroded between 2013 and 2020. The
main erosion can be observed of the order of —2 to —3 m in height
between 780 and 830 m a.s.l. (Figure 7b). Only a few raster cells
within the DoD map represent positive values and therefore only a
minor accumulation of 2.700 m®, indicating a strongly negative mass
balance. This observation points to the important role of the Watten
River, which is assumed to remove relocated landslide material by tor-
rential floods. In this context, well-recognisable erosion areas repre-
sented by negative DoD values of up to —2 m at the orographic left
embankment indicate the destabilising effect of the Watten River.

Areas of coherent displacement could be identified based on the
applied IMCORR algorithm between annual ULS acquisitions. The
results reveal a distinct area of coherent 3D displacement with magni-
tudes of 3-4 m at the Vogelsberg landslide’s foot between 780 and
815 m a.s.l. (Figure 7c,d). This area overlaps the erosion zone detected
in the DoD map between 2013 and 2020. Areas of equidirectional
displacement vectors indicate a highly active and pronounced sliding
process which continuously changes the topography of the landslide’s
toe at considerably high movement rates. Compared to the general
sliding of the deep-seated landslide of the order of 0.02-0.10 m a3,
the intense displacements of multiple metres per year are attributed
to shallower piggyback slides occurring on top of the Vogelsberg
landslide’s foot.

Whereas along modelling Profile 1 no significant topographic

changes can be detected, modelling Profile 2 cuts these highly active

area of piggyback slides and secondary spontaneous slope failures
and visualises them along a cross-section (Figure 8a). The collapse of
the foot between 2007 and 2013 and a distinct removal of material
between 860 and 815 m as.l. reflected along the cross-section
(Profile 2) is shown in Figure 8b. Relocated material was deposited in
the Watten valley depression and temporarily induced a 3 m rise of
the alluvial and an 8 m lateral shift of the river's position (Figure 8c).
Between 2013 and 2020, 2 m incision of the river lowered the level
of alluvium again. Material that accumulated at elevations between
815 and 750 m a.s.l. during the collapsing events of 2007-2013 was
eroded between 2013 and 2020. In summary, the secondary (piggy-
back) slope failures that have occurred at the foot of Vogelsberg land-
slide have a considerable influence on the landslide’s topography and
are closely interlinked to the alluvial elevation. A decline of the land-
slide’s mass as well as lateral and vertical shifts of the alluvium at the
foot of the landslide are evident. Multitemporal laser scanning data
demonstrates that significant topographic changes on the active land-
slide are associated with secondary slope failures at the foot and
thereby the related rise of the alluvium (riverbed).

Reconstructed pre-failure topography, including extrapolated dis-
placement vectors that are required to align pre-failure and present
topography along the 2D cross-section, are shown in Figure 8d. The
vertical component of the reconstructed vectors is within the range of
vertical directions recently measured at ATTS prisms (Figure 9). The
reconstructed topography overlays the current topography by up to
40 m and provides a considerably larger sliding mass before failure.

Evidenced by the geomorphological shape and geometry of the
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FIGURE 7 LiDAR-based maps of assessed topographic changes. Panels (a) and (b) show DoDs calculated by subtraction of ALS DTMs from
2007, 2013 and 2020. Negative values indicate mass loss and positive values indicate mass gain. Panels (c) and (d) show calculated annual 3D
displacement vectors between the ULS acquisitions from 2018, 2019 and 2020 [Color figure can be viewed at wileyonlinelibrary.com]

Watten valley, a pronounced (post-glacial) fluvial overprinting of the
glacially formed valley is obvious. Terraces located on the orographic
right site of the Watten River are present at different elevations multi-
ple tens of metres above the recent alluvium's height. Morphologi-
cally, these terraces could fit with the reconstructed pre-failure
topography and entail the consideration of different alluvial heights
while replicating and investigating the geomechanical formation of
the Vogelsberg landslide. Therefore, topographic cross-sections
including four different alluvial heights (+54, +3, +14 and £ Om)
were combined with the landslide’s pre-failure topography (Figure 8d).
For the recent alluvium’s elevation (& O m) additionally four embank-
ment inclinations (70°, 40°, 35° and 30°) starting from the lowest
point in the river were considered in individual model runs.

43 | Geotechnical parameter
The specific weight of the sliding mass material was determined
between 20.3 and 21.2 kN m~3. Supported by the observed continu-

ous landslide deformation and indicated long history of deformation,

the principle of residual shear strength (rO) was applied, assuming a
cohesion of 0kN m™2. Analysing the peak shear strength (peak) indi-
cates a cohesion between 0 and 38.4kNm~2 and a friction angle
between 26° and 32.6° valid for the analysed samples (Figure 10a and
Table 3). Grain size distributions show well-graded, (extremely) poorly
sorted and non-uniformly distributed characteristics and a clay con-
tent of less than 9% (10b).

44 | Slope stability

Under present conditions, results of geomechanical modelling indicate
the slope to be either slightly above or slightly below its limit equilib-
rium, depending on the applied setting of material parameters, phre-
atic surface and the investigated cross-section. Resulting FoS
calculated for each material parameter set (Table 3) and at static pore
pressure distribution adapted to present observations are slightly
above equilibrium limit. Differences can be observed between the
two considered cross-sections. Profile 2 features generally lower FoS
values compared to Profile 1 (Figure 11c). The OAT-sensitivity

85UB0 7 SUOILIOD 3AIR.D 8|edldde 8Ly Ag pauienoh a1e sajo e YO ‘SN J0 Sejni oy A%eiq1T8ulUO A8|IM UO (SUOIPUOD-PUR-SLLBY/WI0D 8| IMARiq | Bul|UD//SaNY) SUORIPUOD PUe SWB | 8L} 88S * [1202/T0/8T] U0 ARiqi]8uliuo A8|im ‘Jend wniuezsbunyosiojsepung Aq £2S5 dse/z00T OT/I0p/wod" A3 1M Atelq1jeuljuo//sdny woly papeojumod ‘G ‘€202 ‘LE86960T


http://wileyonlinelibrary.com

PFEIFFER ET AL.
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analysis revealed the angle of internal friction and pore water distribu-
tion to be the most sensitive parameters tested at a constant
predefined sliding geometry (Figure 12a). If higher values are adopted
for the material parameters (¢, ¢ and y) the FoS enhances, implicating
a more stable slope. The cohesion is observed to have the lowest sen-
sitivity. Profile 2 is more sensitive to changes in the specific weight
compared to Profile 1, where the sensitivity of specific weight and

cohesion are almost equal. Nevertheless, the observed minor impact

200 300 400 500 600 700 800

of varying cohesion values on the resulting slope stability should be
evaluated differently when considering the concept of non-predefined
sliding geometries. Material parameters can strongly influence the
geometry of a failure mechanism (Schneider-Muntau et al., 2022).
Investigations of different sliding geometries within a predefined
range showed that the cohesion determines the depth of where slid-
ing most likely occurs. Generally, the higher the cohesion the more
likely it is that deeper and bent/slanted sliding surfaces developed.

Changes in material parameters (¢, ¢ and y) over time—for exam-
ple, due to material disintegration—are neglected in this study and set
to constant values for the landslide mass. This approach is valid, when
considering residual strength parameters, which are not supposed to
change due to further shearing. In contrast, hydrological conditions
and topographic parameters were observed to change considerably
over time. Among them, observed and projected short-term-variations
in the phreatic surfaces show differences in sensitivity between the
investigated cross-section. Profile 1 shows a more sensitive response
to variations of phreatic surface compared to Profile 2. The 1.5m
range of observed phreatic variations between 2018 and 2021
induces a change in stability of 1.5% for Profile 1 and 1.1% for Profile
2 (Figure 12b). These variations in stability could be directly linked to
recently observed variations in landslide velocity.

Between 2007 and 2020, significant topographic changes were
assessed along Profile 2. Between the sub-period from 2007 to 2013,
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FIGURE 10 Geotechnical parameter: (a) triaxial shear test; (b) grain size distribution [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Geotechnical characteristics of the landslide mass

Sample Cpeak(kN m72) CrO(kN m,2) (ppeak(o) (ﬂro(o) }'(kN m,3)
KB1 34.7 0 30.2 31.83 21.26
KB2 32.7 0 31.5 32.61 21.32
KB3 38.4 0 26 27.75 20.34
KB3undisturbed 0 - 32.3 - 20.36
KB3disturbed 9 - 314 - 20.59
@ « (b) ~ ©) « FIGURE 11 Resulting slope stability
- : - =] expressed by FoS and parametrised by a set of
-
T o] — T o | T o - geotechnical parameters shown in Table 3.
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stability assessments for resulting model geometries yield a decrease
in stability in the range of 5.1% for a residual shear strength par-
ametrisation (p=32.6°, c=0 and y=21.3kN m~2) and 3.2% for a
peak shear strength parametrisation (¢ =31.5°, c=32.7kNm™2 and

y=21.3kNm™3) (Figure 13). During the subsequent period from
2013 to 2020, resulting slope stability increases by 1.6% (residual)
and 1.3% (peak), respectively. Considering the different alluvial

elevations prevailing at respective investigated topographic
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parametrisation, it becomes obvious that alluvium uplift enhances sta-
bility and alluvial erosion reduces calculated stability. This nonlinear
relation becomes even more pronounced while investigating the
effects of reconstructed and projected topographic scenarios specify-
ing a wide range of different alluvial levels (Figure 11d).

A hypothetical severe secondary slope failure event as represen-
ted by Scenario 1 would lead to an increased slope stability of +8.6%
(residual) and +12.5% (peak). Potential future fluvial erosion to the
alluvial level of 2020 (Scenario 2) would implicate equal stability con-
ditions as they prevailed prior to Scenario 1. Continuous fluvial ero-
sion as hypothetically pictured by Scenario 3 would negatively
influence the stability (—35.5% for residual and —29.6% for peak
shear strength) and therefore increase the activity of the Vogelsberg
landslide. A distinct change in the sliding geometry is likely at an allu-
vial level between 5 and 10 m lower than the recent level (Figure 14).
With increased lowering of the alluvium’s level, a more frequent for-
mation of shallower sliding surface (i.e., closer to the upper boundary

of potential shearing) can be observed. Implications of potential future

alluvial levels on the change in slope stability are shown in detail by
results obtained from topographic ensembles investigated by Scenario
4. Starting from the present topography, a potential future increase in
alluvial level of 35 m would increase the slope stability by +8.7% and
+10.6%, respectively. An erosion of the same magnitude would, on
the other hand, decrease the slope stability by —37.9% and —40.7%,
respectively (Figure 13).

Assessed slope stabilities for the reconstructed pre-failure topog-
raphies are above the reference (ALS 2007) in the case that the
assumed fluvial erosion has not reached an approximate level of
27.6 m and 23.9 m, respectively, above the current alluvium height.
Further erosion leads to a pronounced stability decrease. The slope
stability analysed using the pre-failure topography, the present allu-
vium level and an embankment of 70° indicate stability values of
—28% below the topographic reference from 2007. Different
embankment inclinations show additional influence on resulting
change in stability. Whereas a steep inclined embankment features

the most negative stability changes, less inclined embankments would
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implicate comparably lower changes in stability (—20.7% for residual
—22.8% for peak shear strength). Furthermore, it is observed that
moderately inclined embankments tend to develop deep-seated
sliding surfaces, whereas a steeply inclined embankment generally
features more shallow sliding surfaces.

For the present and future topographic parametrisations, the
material parameters referring to residual shear strength generally face
higher slope stability changes compared to those derived by the peak
shear strength parameters (Figures 11b and 13). Model runs para-
metrised with reconstructed topographies, on the other hand, show
the opposite behaviour, which could be associated with sliding sur-
faces formed at different depths. Generally, stability values of sliding
bodies where the most unfavourable sliding surface has formed at
shallower areas (closer to the upper considered limit) are lower com-
pared to those featuring a deep-seated sliding surface (closer to the
lower considered limit) (Figure 11a). A compilation of identified, most
unfavourable, sliding surfaces developed at past, present and future
topographic parametrisations is shown in Figure 14, where the
control of the alluvium level on the depth of the sliding surface is
recognisable.

5 | DISCUSSION

The Vogelsberg landslide, a deep-seated earth slide located at
the lower part of a large DSGSD, shows considerable deformation
(2-10 cma™!), observed down to —50 m below the surface. An
intense history of shearing, fragmentation and disintegration of bed-
rock formed the unconsolidated landslide mass, with the deepest
known bedrock boundary at approximately 70 m below the surface.
Detailed topographic monitoring based on ULS and ALS acquisitions
have shown that parts of the over-steepened landslide foot were
recently subjected to spontaneous slope failures and sliding processes
exceeding magnitudes of 100 cm a~ 1. Between 2007 to 2020 this
mass relocation accounted for approximately 0.26% of the total esti-
mated Vogelsberg landslide volume. Combined with fluvial and torren-
tial activities, the alluvium level located at the landslide’s foot was
detected to be highly variable, experiencing vertical changes of the
order of 3 m within 6 years. Even though point densities of classified
ground points are typically low in forested and steep areas along the

embankment of the Watten River, the magnitude of investigated

topographic changes is multiple times higher compared to the spatial
resolution of the data. Hence significant topographic changes could
be assessed both along vertical cross-sections and area-wide. Topo-
graphic reconstruction and approximation of a pre-failure topography
following Zangerl et al. (2021) revealed results that are consistent
with currently observed displacement vectors. However, the recon-
struction approach is straightforward, and the resulting topography
must be considered a smoothed approximation of the pre-failure
topography lacking topographic details (Zangerl et al., 2021). Further-
more, the interaction between DSGSD and therein hosted deep-
seated landslide could not be considered due to unavailable informa-
tion about DSGSD deformation potentially overprinting recent defor-
mation and obtained results of the reconstructed pre-failure
morphology of the Vogelsberg landslide.

Geomechanical analysis of driving and resisting forces of the
Voégelsberg landslide has been shown to be close to limit equilibrium.
The sliding mass defined in the cross-section through Slab A
(Profile 2) is slightly dominated by driving forces, whereas along the
intersecting Slab AB (Profile 1) resisting forces prevail. The generally
higher velocity and the more pronounced temporal dynamics recorded
on Slab A frame this model result. At constant topographic and
material parameters, changes in the phreatic surface showing a range
of 1.5 m are observed to control the landslide velocity. Starting from a
reference parametrisation, observed hydrological variations were
identified to affect the resulting slope stability by up to 1.5%.
Correlations between recently recorded groundwater levels and
displacement rates indicate modelled variations of slope stability to be
reliable proxies for investigating the effects of potential future
(e.g., measure-related) groundwater levels.

Assuming constant hydrological and material parameters, particu-
larly the change in alluvium elevation, was identified to have the
greatest influence on the slope’s stability. Changes in topography
therefore could affect the activity of the Vogelsberg landslide that
would not be explainable by changes in the hydrological regime alone.
A major increase in stability of the order of +-3.2% (peak strength par-
ametrisation) and +5.1% (residual strength parametrisation) is associ-
ated with secondary slope failures at the landslide’s foot and the
entailed uplift of the alluvium between 2007 and 2013. Whereas an
uplift of the alluvium contributes to more stable conditions, removal
of alluvium leads to a reduced stability of the slope. In absolute num-

bers, an alluvium rise of 1 m would induce an increase of stability by
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0.7%. Potential future river incision, on the other hand, induces a
slope stability decrease of the same magnitude until 5 m below the
recent level. Between 10 and 30 m of incision, the gradient of stability
decrease abruptly and rises to 1.6% per metre. Given that between
5 and 10 m of alluvium lowering a new, mostly unfavourable, sliding
surface develops, this observation demonstrates the impact of differ-
ently shaped and inclined sliding geometries on potential erratic land-
slide behaviour.

Assessed stability variations attributed to topographic changes
are representative of the investigated cross-section (Profile 2).
Because the observed topographic changes are spatially restricted,
presented values of topography-induced stability changes are
assumed to constitute the upper of potential values. Observed sec-
ondary slope failures and thereby induced changes in the alluvium'’s
level are limited to a 70 m lateral extent, which only represents a small
proportion of the whole lateral extent of the Vogelsberg landslide
(c. 350 m). Potentially stabilising 3D effects should therefore be con-
sidered while interpreting obtained results.

The bedrock depth is detected within three core drillings and
assumed at outcrops around the landslide’s scarp. Detailed
evidence on the bedrock depth at the Watten River and geometric
information about potential subsurface interactions between sliding
mass and alluvial sediments is missing. Hence the range of investi-
gated shear surfaces is fixed to the lowest potential slip surface,
which is bound to the intersection with the profile’s lower end
(e.g., Watten River). However, Zangerl et al. (2015) obtained
comparable results and proved the positive (e.g., buttressing) effect
of the alluvium by using a 2D discrete element modelling approach
that also takes account of subsurface interactions of a rockslide
and alluvial deposits.

Strongly negative mass balances between present and
reconstructed topographies indicate a long history of sliding. Initial
formation of the deep-seated Voégelsberg landslide could be traced
back to a post-glacial alluvium level of 23.9 m (peak strength) and
27.6 m (residual strength), resulting in limit equilibrium conditions.
Investigated topographies featuring the reconstructed pre-failure sur-
face but present-day alluvial levels indicate extraordinary and unlikely
low FoS values and slope stability deviations of up to —28% below
the reference of 2007. Although pre-failure conditions likely featured
comparably higher material parameter values representing more sta-
ble conditions, these critical alluvial levels of between 23.9 and
27.6 m can be considered minimum values inferring landslide evolu-
tion. Assuming that present-day measured average velocities
(5 cm a~%) have prevailed since the formation of the Vogelsberg land-
slide and that the total experienced 3D displacement accounts for
240 m, a formation age of 4.8 ka before present could be estimated.
Deceeding the limit equilibrium at the assumed critical alluvial level,
simultaneous sliding and ongoing fluvial erosion are seen as inter-
linked dominant processes that led to today’s topography. Although
continuous and slow movement varies with a magnitude of several
centimetres depending on the state of the hydrological forcing
(Pfeiffer et al, 2021, 2022), its persistency throughout time is
assumed to induce following process cascade. Preceding movements
lead to recurring over-steepening of the foot, consecutive secondary
slope failures spontaneously relocate material from the upper foot to
the toe, and succeeding fluvial erosion removes temporarily deposited

landslide material. Such a geomorphic feedback between landslides

T WILEYL
and river channels is well known from many tectonically active moun-

tain belts (Korup et al., 2010).

Based on this, we conclude that recently observed short-term

variations in landslide activity are directly associated with groundwa-
ter level variations. From a long-term perspective, recently explored
effects of climate change on the activity of the Vogelsberg landslide
indicate a reduced frequency of accelerating events (Zieher et al.,
2022). On the other hand, topographic changes, in particular the
interactions of the landslide foot with the Watten River’s alluvium, are
seen as a crucial variable regulating the landslide’s response to

adjustments of its geometrical boundaries.

6 | CONCLUSIONS

The present study investigates the effects of a changing topography
on the stability of the slowly moving deep-seated Vogelsberg land-
slide in Tyrol (Austria). Observed topographic changes between 2007
and 2020 caused by rapid, secondary slope failures and piggyback
slides at the foot of the landslide were included in the geomechanical
modelling. For considering long-term changes of topography, the
pre-failure topography was reconstructed based on geomorphological
interpretation and by extrapolating today’s observations of landslide
velocity. Future scenarios of topography were then developed to
assess the respective effects on the landslide’s activity.

Besides of the hydrometeorological forcing, which is governing
the landslide’s seasonal and interannual dynamics, topographic
changes modifying the sliding mass geometry were identified to have
considerable impact on the location and form of the sliding surface
and slope stability. On the one hand, mass relocation processes
observed between 2007 and 2013 in the lower, over-steepened part
of the landslide and the associated raise of the alluvium led to a
general increase in slope stability. On the other hand, fluvial erosion
successively deepened the alluvium between 2013 and 2020, causing
a trend towards less stable conditions. These effects of present-day
topographic changes on landslide activity are overprinted by dynamics
of the hydrometeorological forcing, leading to variations in groundwa-
ter level, causing short-term stability changes.

Over longer time spans, landslide activity is governed by its
geometry and the height of the alluvium (i.e., the valley bottom
formed by the Watten River) as an interplay of sediment relocation at
the over-steepened landslide foot and incision due to fluvial erosion.
Based on the reconstructed pre-failure topography the onset of the
landslide’s movement was reanalysed and may have initiated when
the alluvium reached 27.6 m above the recent level. Further scenarios
considering various heights of the alluvium revealed that the
landslide’s activity may increase with progressing erosion by the
Watten River. Furthermore, after the incision surpasses 5 m compared
to today’s level, the landslide may form a deeper sliding surface,
potentially changing its behaviour fundamentally.

The presented modelling approach allows us to draw conclusions
about the effects of mitigation measures. Changes in both the
topography at the landslide’s toe and the slope’s hydrology are
presumed to modify its activity pattern. Reducing the groundwater
level may enhance slope stability by approximately 1% per metre.
Raising the landslide’s toe by, for example, enforced alluvial

sedimentation enhances the stability by 0.7% per metre. Whenever
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conclusions about topographic effects controlling the activity of

deep-seated landslides are tainted by stabilising three-dimensional
effects, the presented integrated topographic monitoring and
geomechanical modelling approach is transferable to other case

studies featuring similar data availability.
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