
A DEEP-SEATED GRAVITATIONAL SLOPE DEFORMATION AFFECTING 
A HIGHWAY BRIDGE: FROM LONG-TERM MONITORING TOWARDS A 
GEOMECHANICAL MODELC01

ABSTRACT
Detailed investigations of deep-seated gravitational slope deformations (DSGSDs) are of particular importance where system-relevant infra-

structure is involved. This study presents a geological-geophysical characterisation and long-term monitoring of the Padauner Berg DSGSD, 

which affects a motorway bridge located at the Brenner Pass near the Austrian-Italian border. Inclinometer measurements, geodetic surveys 

and InSAR data indicate that the DSGSD creeps at circa 10 mm/year along several shear planes with seasonal variation in velocity. The 

InSAR derived velocity changes correlate only partly with changes in inclinometer deformation rates most likely explained by the complex 

internal structure of the DSGSD.

INTRODUCTION
Deep seated gravitational slope deformations (DSGSD) are widespread in the European Alps (Crosta et al. 2013) and our knowledge on their 

future behaviour due to changing climate conditions is limited. Detailed research on parameters accelerating a DSGSD is especially required 

when human settlements or system-relevant infrastructure are affected (e.g. Pfeiffer et al., 2021; Zangerl et al., 2010).

In this study, we present the results of long-term monitoring and detailed geological observations of a DSGSD affecting the abutment of 

a motorway bridge (Lueg Bridge) at the Brenner pass near the Austrian-Italian border. The so called Padauner Berg DSGSD originates in 

densely foliated calcareous schists and calcareous phyllites (“Bündnerschiefer”, Venediger Nappe System), dipping towards the Northwest. 

The DSGSD developed from a catastrophic rock slope failure between 6,200 – 6,500 calibrated years before present (Ostermann & Sanders, 

2017), which dammed a backwater lake, the Lake Brenner (Shafieiganjeh et al., 2022).

The Lueg Bridge itself was built in 1966-1969 and measures 1.804 m in length. Already then, the civil engineers were aware of the creep 

deformation of the slope a the Padaunerberg towards the valley and thus installed a special foundation at the bridge’s southern abutment, 

which is capable of compensating the DSGSD’s movement (Stratowa & Vilanek, 1972).

Figure 1: Simplified geological-geomorphological map of the Padauner Berg region (modified after Rockenschaub & Nowotny, 2009).
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METHODS
The basic characterisation and process understanding of the Padauner Berg DSGSD is based upon geomorphological and geological map-

ping. The internal structure of the mass movement is investigated by 12 hybrid seismic cross sections and by 29 core drill holes, thereof 

13 inclinometers. The inclinometer measurements, that were carried out since 2015, enable a detailed process understanding of the mass 

movement. Moreover, the drill cores retrieved from the DSGSD provide information on the internal structure of the DSGSD, and are used 

to obtain geotechnical, geological and hydrogeological parameters from laboratory and in-situ tests. All this data is input to a 3-dimensional 

geological model using the software Petroleum Experts Ltd. Move 2023. E-W horizontal displacement data is investigated from the level 3 

EGMS (European Ground Motion Service) InSAR dataset (egms.land.copernicus.eu accessed on 05.01.2024). In order to visually compare 

deformation rates of the InSAR- and inclinometer displacement data, the inclinometer data is subsampled at the depths of the interpreted 

shear horizons.

RESULTS
The Padauner Berg DSGSD is characterised by a nearly 2 km long, E-W trending scarp area, the shape of which is predominantly controlled 

by pre-existing, NW-SE and NE-SW striking faults (Figure 1). The DSGSD can be distinguished into a main part consisting of sheared bedrock 

fragments (calcareous shists and greenshists) with block sizes of up to several hundred metres and a frontal part consisting of a granular soil 

(Figure 2). Core date obtained from the boreholes of the frontal part of the DSGSD show angular calcareous schist and phyllite fragments 

in cobble to boulder grain size within a silty matrix. Several decimetre thick, dark coloured, clayey silt layers occur at certain depths, which 

are interpreted as individual shear horizons within the DSGSD body. Towards the Northwest, the DSGSD deposits partly overlie fluvial sedi-

ments representing the original creek bed of the Sill. Towards the Lake Brenner in the South, the DSGSD deposits intercalate and overthrust 

lake-deposits. Based on core data, the inclinometer-measurements and the seismic data, several shear horizons within the DSGSD body can 

be distinguished (Figure 3).

Figure 2: Inclinometers at the Paudauner Berg DSGSD: the green arrows show the horizontal movement of the inclinometer-heads between 2017 and 2023 (1000 x magnified, see green 

scale). The triangles represent the individual semi-annual measurements of the inclinometer-heads. White line depicts the trace of the seismic cross section (Figure 3).

The hybrid seismic data (combined refraction and reflection seismic) images the entire postglacial valley fill that lies above the bedrock 

(Figure 3). A concave shaped glacial erosion surface is interpreted above the bedrock, mainly based on the geometries of the first postglacial 

unit and the high seismic velocities. The first postglacial unit has strong subhorizontal reflections, which onlap the glacial erosion surface 

with seismic velocities up to 4000 m/s, probably representing the upper part of a glacial moraine and pro-glacial sediments. This unit is 

overlain by low amplitude and non-continuous reflections and seismic velocities up to 2500 m/s corresponding to fluviatile silts to gravels, 
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outcropping at the surface north of the DSGSD. A strong and concave shaped reflection separates this unit, which is interpreted as the basal 

shear surface of the Padauner Berg DSGSD. The unit above the basal shear surface is characterized by intermediate-amplitude reflections, 

where a few reflections partly rise from the basal shear surface towards NW, which could be interpreted as secondary shear surfaces within 

the DSGSD.

Figure 3: Interpreted seismic cross section displaying the postglacial sedimentary infill and the Padauner Berg DSGSD. Shear horizons of the DSGSD are indicated by seismic data and 

deformation zones in the inclinometers. Blue dots indicate locations of water springs. A detailed description of the seismic profile is provided in the main text. Location and trace of seismic 

profile is given in Figure 2.

A dense grid of eight inclinometers monitoring the lower DSGSD body since 2015, indicate coherent NW-directed movement and at least 

three shear horizons with active deformations. In 2023, five additional inclinometers were installed to spatially densify the deformation 

monitoring and also to ensure a complete observation period in the future once the old inclinometers will be sheared off. Geodetic meas-

urements of the inclinometer heads indicate as well WNW-directed movements with surface deformation rates ranging from 3.4 to 10.5 mm/

year (Figure 2). The detachment horizons of the individual inclinometers correspond well with compacted silty-clay layer in the core (Figure 

4) and listric reflections in seismic data (Figure 3) supporting the existence of at least three shearing horizons within the DSGSD frontal part. 

Figure 4: Drill core showing the dark, silty-sandy soil of a shear horizon within the frontal part of the Padauner Berg DSGSD.
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Deformation paths over time of inclinometer displacements in A-A direction are displayed in Figure 5a subdivided into basal detachment 

and the secondary and tertiary shear horizons. Three inclinometer data at the basal detachment show the most accumulated deformation 

(~19-22mm) except one outlier (KB40A_67m) with only ~4mm, which is not further explained hereafter. The mean annual deformation rate 

of the three basal detachments (KB4_33.5m, KB3_32m, KB32_33.5m) indicate an overall acceleration in 2019 ranging from 2.04 ± 0.4 mm/

year in 2015 – 2019 and 4.71 ± 0.004 mm/year 2019 – 2022 (Figure 5a). The basal detachment measurements of KB32_33.5m doesn’t show 

an acceleration in 2019 but follows a quasi-linear trend throughout the whole observation period. An overall trend of acceleration from 2019 

onwards is also not indicated by inclinometer measurements of the secondary shearing planes (grey lines in Figure 5a). However, relatively 

short acceleration phases are indicated in the secondary shear planes in the summer months of 2019 and 2021. Significantly, the acceleration 

phase in summer 2021 is also observable in the basal detachment measurements. Deformation in the tertiary shear horizon (blue line in 

Figure 5a) is step wise with quiescence of up to 1.5 years and sometimes even slight reversal of deformation as indicated in autumn 2019, 

representing its subordinated role in the overall deformation. 

Figure 5 : Comparison of a) inclinometer time-deformation paths with b) horizontal E-W displacement of Level 3 InSAR data a) Inclinometer time-deformation paths in A-A direction at 

selected depths of the basal detachment (red lines), the secondary (grey lines) and tertiary shear horizons (blue line) of the Padauner Berg DSGSD. b) InSAR level 3 horizontal displacement 

data at the Padauner Berg DSGSD with mean annual deformation rates (Source : EGMS Copernicus, 2023). 

These observations indicate that deformation in the frontal part of the Padauner Berg DSGSD is not linear and not limited to the basal shear 

surface but distributed over several shear planes. Several small springs drain the local groundwater within the DSGSD, and their locations 

are concentrated at certain heights, also corresponding to some of the shearing surfaces acting as local aquitards (Figure 3). 

The frontal part of the Padauner Berg DSGSD is covered by InSAR level3 E-W displacement data available from the European groundmotion 

service (Figure 6). Due to the similar orientation of the InSAR E-W displacement data with the overall WNW-directed deformation path of the 

DSGSD, the InSAR data are compared without further corrections. In the frontal part of the DSGSD, the mean velocity of the single InSAR 

points shows a mean velocity 8.8 mm/year in the time period 2018-2022, which correspond well to the geodetic data of the inclinometer 

heads. The annually mean velocities in the observation period range from 5.5 mm/year in 2020 to 11.6 mm/year in 2021 (Figure 5b). Strik-

ingly, the peak annual displacement rate in InSAR data in 2021 corresponds well with the acceleration phase in the inclinometer measure-

ments (Figure 5). However, the annual InSAR deformation rates do not correlate with the acceleration of the inclinometer measurements of 

the basal detachments from summer 2019 onwards. 
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The incremental velocity measurements of InSAR data points, that vary from -90 to +70 mm/year indicate a seasonal variation (Figure 6). 

Creeping rates increase quite rapidly during late winter and spring, with maximum velocities during spring or early summer, followed by 

a more continuous stagnation of the movement in autumn. In Winter times the motion of the DSGSD is at least for a short period reversed 

probably indicating a rebound effect. 

The three-dimensional geological model fundamentally supported the interpretation of the geological horizons in crosscutting seismic sec-

tions, borehole data and surface data. Moreover, this geological model combined with further detailed analysis of field measurements and 

laboratory investigations, will ensure high-quality input data to a three-dimensional finite element model of the Padauner Berg DSGSD and 

its involved infrastructure.

Figure 6: InSAR level 3 E-W displacement data at Brenner Pass region – Padauner Berg (source: Copernicus EGMS). Bottom: Incremental velocity of the level 3 E-W displacement InSAR 

data indicating a seasonal variation. Red line shows running sum.

DISCUSSION & OUTLOOK
In theory, the existence of inclinometer deformation paths at the shear horizons of the DSGSD provide first-order validation of the InSAR 

E-W displacement data. However, our data shows that this is only partly true, as the DSGSD itself is separated in different blocks and at 

least three shearing horizons are present with different deformation rates. Only the short acceleration phase present in all shear horizons 

within the DSGSD in 2021 corresponds to the largest velocity in InSAR data of the observed time period. In contrast, a general acceleration 

of the basal detachment from summer 2019 onwards is not present in InSAR data. Short and long-term variations in displacement rates in 

inclinometer data together with seasonal variation in InSAR velocity suggest a certain influence of climatic conditions in DSGSD velocity. In 

the near future, we will compare the displacement data with nearby climate data to evaluate the role of summer and winter precipitation in 

DSGSD velocity. Moreover the reversed DSGSD movement during winter needs to be investigated in detail, as potentially snow cover could 

affect the InSAR signal.

The exceptionally large amount of high-quality data obtained from field- and laboratory investigations, will be input to time-dependent, ge-

otechnical numerical modelling, using finite-element calculations with advanced constitutive models at the Padauner Berg DSGSD. Once this 

FE model is calibrated to best fit the natural creep behaviour of the DSGSD, we aim to simulate the influence of different scenarios related 

to changing external factors, such as precipitation or maintenance measures of the involved infrastructure. These model scenarios are crucial 

for a save and sustainable assessment of possible future soil-structure interactions and the longevity of the infrastructure.
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