LANDSLIDE DISASTER MANAGEMENT AND MITIGATION MEASURES ON
THE HOCHREUTE SLOPE, HORBRANZ MUNICIPALITY
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ABSTRACT

On 28 April 2023, the Hochreute landslide in the municipality of Horbranz, Vorarlberg, Austria, was reactivated after approximately 300
years of inactivity due to heavy rainfall, resulting in the displacement of 400,000 m3 of material and the destruction of 5 buildings. From a
geological point of view the anncient mass movement is situated in the Upper Freshwater Molasse, consisting of marlstones with interca-
lated sandstones, predominantly fine sandstones. Its mechanism is comparable to other known landslide events in this Flysch zone on the
northern edge of the Eastern Alps (Gschliefgraben, Pechgraben, Fiirwag landslide). The paper describes the initial geotechnical analysis of
the event, the emergency response immediately after the event and gives an outlook on the planned protection measures. The landslide is

still active and poses an acute threat to other residential buildings in Horbranz.

RECENT LANDSLIDE EVENTS ON HOCHREUTE SLOPE AND DISASTER MANAGEMENT
The Hochreute landslide in the municipality of Horbranz (Vorarlberg), an old mass movement system, became highly active since 28 April
2023 (Fig 1. In 2010, sinkholes had already appeared in the area of the farmhouses, which were repaired by the Austrian Torrent and Av-

alanche Control Service including the installation of a drainage pipe.

The event was preceded by a precipitation event of 43 mm on 28 April 2023 and an extreme precipitation event 8 months earlier on 19
August 2022 (24-hour precipitation at Pfinder station 208.11 mm; 60-minute precipitation 66 mm). On 28 April 2023, at about 22:00, the
slope above a farmhouse (house numbers 3 and 4) on the Hochreute property began to slide over a width of about 150 metres. This first
landslide destroyed a sewage pipe coming from Eichenberg and about 4 hectares of forest. No one was injured, but 39 people were evac-

uated immediately as a precaution.

Fig 1 Overview of the Hochreute landslide (municipality of Horbranz, Vorarlberg) ((c) WLV)

In May 2023, the slope started to move again. Previously the movement had been reduced to a few centimetres a day, but by July it was
back to five metres a day. By the end of July, more than 400,000 cubic metres of mud, debris and wood had started to move. In about three
months (from the end of April to the beginning of August), the slope moved 26 metres downhill. (Fig 2) There were originally four houses
in the central danger zone. These buildings could not be saved and the farmhouse (number 3 or 4) was the first to be demolished. By the

end of 2023 it had become clear that a fifth house was also uninhabitable due to the continuing movement of the slope.
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Due to the geological conditions and the renewed rainfall, further erosion is expected in the affected area. This poses an increased risk to

the settlement area below. Urgent measures were needed to stabilise the landslide.
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Fig 2 Hochreute landslide (Horbranz): Accumulated horizontal displacement graphs of different measuring points [cm] and daily precipitation [mm] over time/space (Landesamt fiir Vermes-

sung Geoinformation Vorarlberg, 2023).

LANDSLIDE GEOLOGY

Procedure of the investigations (event documentation)

Immediately after the first landslide event, a team of experts comprising geologists from the Vorarlberg provincial government, the Austrian
Torrent and Avalanche Control Service and an engineering bureau began geotechnical investigations of the landslide. The aim of these
investigations, which included test drillings, was to provide a comprehensive safety assessment and define immediate measures, as well as
to develop a geotechnical basis for a protection project. The landslide was also recorded in the Torrent and Avalanche Control Service's

standardised event catalogue.

General geological description of Hochreute landslide

The slope area between the municipalities of Lochau and Hoérbranz (Vorarlberg) is formed by rocks of the Pfinder Formation, which are
classified as '"Upper Freshwater Molasse'. The Hochreute landslide represents a large, ancient mass movement system. It consists of a cres-
cent-shaped steep scarp followed by a gently inclined fine grained landslide mass underneath of it. The Molasse rocks which crop out in
the scarp area consist mainly of marlstones with interbedeed sandstones, mainly fine grained sandstones. A 'Nagelfluh' bank occurs in the
upper part of the outcrop (Geological Survey of Austria, 1982). With the exception of the 'Nagelfluh' bank, these rocks are very susceptible
to weathering. The bedding planes dip gently to the NW (Geological Survey of Austria, 1982; Hermann & Schwerd, 1983). On the 28th of
April 2023 a large rockslide took place in the scarp area. The entire collapse has a height difference of about 50 metres and a width of about

150 metres. Disintagreated material of the rockslide was deposited on top of the fine grained landslide.

Upper part of the landslide mass - farm area

The upper part of the landslide mass, below the scarp area, is 6° flat. In the area of the more than 40° steep and 50 metre high, some water
seepage was visible at the front at the time of the inspection. In the lower northern part, a trickle of water emerges from the slope and
collects in a depression created by landslides at the foot of the excavation area. According to Austrian Standard B4400-1 (Austrian Standard,
2010), the landslide mass is classified as a fine-grained soil, a fine-sandy clay-silt - silt 37 to 53%, clay 28 to 36%, sand 10 to 20% with minor
percentages of gravel. Latest soil laboratory tests carried out on samples of the landslide material revealed a friction angle in the range from
15.4° to 28.4° and resudial friction angles of only 13.6° to 15.8°. The cohesion lies in the range between 11.6 to 34.1 kPa. The Atterberg’s
plasticity index IP is between 20 to 22. In the Cassagrande plasticity chart the soil material of the landslide mass plots over the A-line in the
field of a middle plastic clay. Despite the lack of mineralogical soil-mechanical investigations of the Hochreute landslide mass, a significant
proportion of the clay mineral montmorillonite can be assumed, as is known from several publications (e.g. Geological Survey of Austria,

1982; Westermayr et al., 2009) on the same rock sequence.

The northern and southern boundaries of the landslide mass are formed by two SE-NW trending shear fractures. The northern one follows a
water-bearing gully that flows into the Ruggbach stream. The southern crack runs for a few tens of metres in the meadow, then disappears

and reappears for about 10 metres below the bend in the terrain, where it disappears again. Where the shear fracture disappears, about 35
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metres south-west of the farmhouse, a movement bulge pushes slightly over the edge of the ground.

Forehead of the landslide

The landslide toe bulge drops 23° to the Ruggbach. The movement has been going on for month. The maximum movement rate was +/-
1.5 m/d and 5 houses were heavily damaged. One recently completed house and a bulge south of the house are tilting uphill, indicating a
curved sliding surface, i.e. a rotation of the sliding mass. There is slope water below the houses and the terrain was heavily waterlogged.
The basal areas of mass movement were cancelled out in the Ruggbach torrent. Distinct convex bulges in the terrain were visible on the

lowest slope towards the stream.

Mechanism of the Hochreute landslide

The sinking and sagging in the area of the demolition caused what was probably an almost water-saturated landslide mass to be loaded in
advance. Such fine-grained soils only dry out superficially; the water is largely bound in the soil. The water content of these soils therefore
hardly changes even a few metres below the surface. In the case of the reactivation of the Hochreute mass movement, it can be assumed
that in the fine-grained, almost water-saturated landslide mass below, excess pore water pressure was created as a result of of loading by dis-
integrated material of the rock slide out of the scarp area. This phenomenon is well known and is referred to in the literature as ‘undrained

loading’ (Bertolini, 2010; Hutchinson & Bhandari, 1971; Poisl et al., 2012; Sausgruber, 2005).

The carried out drillings with combined measurements exhibit that several shallower shear planes exist in the landslide mass. In addition to
the loading on the upper part of the landslide mass, undrained loading due bulging at the movement front and the intrusion of water along

the highly dilated failure zones are a significant factor in the movements.
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Fig 3 Overview of the measures at the Hochreute landslide ((c) WLV) [Legend translated: Boreholes (blue dots); deep drainage (black line); dam (green field); material removal (hatched

yellow); maintenance path (grey); sinkholes 2010 (yellow dots); drainage line 2010, destroyed (turquoise dashed line); geological profiles (red line)]

Drillings

Core drilling was planned for August to investigate the subsurface (Fig 3), but the acceleration of the landslide at the end of July made
core drilling impossible. Instead, 6 hammer drill holes were drilled in early September. 4 boreholes (P1-P4) were developed as gauges and
pump tests were carried out along the support path in the area that was not moving at the time; the two boreholes B1 and B2 could not be
developed with gauges due to the speed of movement. The rock was encountered at a depth of 6 to 15 metres. A further 5 holes (B3-B7)

were drilled using an excavator mounted drill rig. The rock was encountered in the upper slope area (holes B3-B5) at a depth of between
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5 and 9 metres and in hole B6 below the drift at a depth of approximately 10 metres. Borehole 7 was drilled to a depth of 16 metres and
did not encounter the bedrock at this depth.

PROTECTION CONCEPT AND INITIAL MEASURES

In the summer of 2002, the Austrian Torrent and Avalanche Control Service drew up a project with the necessary protection measures and
implemented the most urgent measures by the end of the year. The Hochreute landslide project, with a total cost of €4.3 million, includes
the following technical and forestry measures: completion of the corase grain filled drainage ditches, construction of a dam, reforestation for
slope stabilisation and erosion control, rehabilitation of forest roads, drainage of waterlogged areas and levelling of terrain cracks, removal

of material on the uphill side of the damand and at the front bulges, and rehabilitation of the Eplisgehrbach torrent and its tributaries.

Based on the results of the geological investigation of the landslide, the geologists also made recommendations for an extended protection

concept:

a) Early warning system for immediate action:

Based on the movement data, it cannot be ruled out that the landslide will continue to move westwards and NW in the future. If this were
to happen, more houses would be affected. In order to detect such developments as early as possible, further measuring points were rec-
ommended, in particular the installation of inclinometers. In addition to the speed of the movement on the ground surface, the depth of
the movement is decisive for possible immediate measures. Experience with similar mass movements in Austria has shown that if they are
detected in time, attempts can be made to reduce the excess pore water pressure. In the case of the Gschliefgraben mass movement (Poisl
et al., 2012) and the Pechgraben earth flows (both in Upper Austria), deep drainage slots and pumping wells were able to slow down or
stop the movements significantly. Whether drainage slots or pumped wells are used depends largely on the depth of the movement. Chain

tachymeters or TDR systems, which provide continuous data on the depth of movement, are advantageous in this context.

b) Planned visualisation of the landslide inventory:
In order to visualise the landslide movements, it was recommended to plot the cracks and compression bulges be plotted on a site plan. In
order to clearly show the evolution of the movement, it would be advantageous to show the changes in the structures mentioned from time

to time in different colours. Drainage channels, drainage ditches, water outlets, ponding and puddles should also be shown on the site plan.

c) Further soil mechanical analysis of the landslide mass:
The above information on soil mechanical properties e.g. since the presence of the swellable clay mineral, montmorillonite, is suspected
, which could have a decisive influence on the soil mechanic properties, both qualitative and quantitative clay mineral analyses. Further

analysis will include the undrained shear resistence of the material in UU-experiments as well as the shear strength in triaxial tests.

OUTLOOK AND FUTURE DEVELOPMENTS

At the time of writing, the Hochreute landslide was still active and emergency measures were being implemented. The torrent and avalanche
control project provides a flexible framework to adapt the measures and further geotechnical investigation programmes to the development
of the landslide dynamics. Accompanying disaster management measures by the municipality of Horbranz will be unavoidable in the event

of an emergency, in particular the relocation of those parts of the settlement that are intensively affected by the slope movement.
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