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ABSTRACT

This contribution presents a brief overview of investigation and monitoring methods which may help to detect and localise
deep-seated rock slides in the surroundings of reservoirs. The identification and localisation of critical slopes and ancient/pre-ex-
isting rock slides in the early stage of a project (i.e. feasibility study) is essential to avoid endangering the planned infrastructure
project and if necessary, adapting the project. The knowledge about deep-seated rock slides has increased over the decades. In
particular, new insight was gained about rock slide geometry, kinematics, temporal deformation behaviour, hydrogeology and
geomechanics. Major technical and methodical improvements have been made in recent years concerning the successful appli-
cation of terrestrial and airborne based remote sensing tools to measure 2D/3D slope deformations on surface and to develop
high-resolution digital terrain models for detailed geomorphological-geological mapping and geological-geometrical model design.
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1. Introduction

Worldwide, active and inactive deep-seated rock
slides are frequently observed in low-strength rock
masses such as foliated metamorphic rocks (Riemer
1995). Generally, these rock slides often affect entire
slopes, reach volumes of millions of m3, and usually
belong to the compound type of rock slides (Hungr et
al. 2014). Active or reactivated over longer periods of
time slowly moving rock slides can adversely affect
infrastructure such as high- and railway lines, reser-
voir dams, pressure pipes, pipelines, and settlements
due to differential and localised displacements of the
ground surface and subsurface (Huang et al. 2016; Gu
et al. 2017). Because of the typical slow base activ-
ity of many rock slides, they are sometimes either
not recognised or their damage potential is underes-
timated. Even for slow movements the damage can
be considerable and the life-cycle of a structure can
be reduced, accompanied with a great economic loss
(Barla et al. 2010; Petley 2013). In some rare cas-
es there is also the danger of total slope failure and
acceleration to extremely high velocities, which in the
worst case, can cause dramatic consequences. Reacti-
vation of ancient or pre-existing rock slides or parts
thereof is frequently observed and can be triggered
by various factors comprising e.g. reservoir infilling
or drawdown, toe erosion by flooding, extreme pre-
cipitation and snow melt, dynamic loading by earth-
quakes, construction of a cut slope, or loading the
slope in the upper area. Due to the large volume the

stabilisation of deep-seated rock slides is difficult,
very costly or not feasible at all. In many cases miti-
gation measures based on groundwater management
due to the construction of drainage drifts are possi-
ble but the success to reduce the deformation rate is
not always guaranteed. Therefore, the identification
of critical slopes and ancient rock slides which can
endanger the planned infrastructure in an early stage
of the project (i.e. feasibility study) is essential. Dur-
ing this early phase a cost-effective adaptation of the
project may be possible in many cases.

In the past, thousands of dams and reservoirs were
built worldwide and according to the global reservoir
and dam database (GRanD) more than 7,000 dams
greater than 15 m in height or with a reservoir vol-
ume of more than 0.1 km3 are documented (see Fig. 1,
Lehner et al. 2011). In addition, about 3,700 hydro-
power reservoirs and dams (FHReD) are under con-
struction or in an advanced planning stage. The large
number of new dam and reservoir projects for differ-
ent utilisations require comprehensive planning and
hazard assessment of the reservoir slopes, especially
early when a feasibility study is performed. This may
avoid future landslide induced construction and oper-
ation problems.

This contribution presents a brief overview of data
and methods which can help to detect, localise, char-
acterise and assess ancient deep-seated rock slides in
the surroundings of large dam reservoir projects. In
addition, it supports the planning of additional in-si-
tu investigation and monitoring campaigns which are
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Fig. 1 Global distribution of (dam) reservoirs larger than 0.1 km3 (red dots, Global Reservoir and Dam Database V1.3 [GRanD,
globaldamwatch.org], data from Lechner et al. 2011, earth map by Natural Earth. Free vector and raster map data @ naturalearthdata.com).
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fundamental for subsequent slope stability analyses
and hazard assessments.

2. Geodata for rock slide identification
and localisation

In many cases, deep-seated rock slides are not obvi-
ous because of their low activities and vegetation
cover. A multi-disciplinary approach is required to
analyse both size/geometry as well as the movement
behaviour of the rock slide consequently. Before
beginning with a detailed and expensive field inves-
tigation campaign a comprehensive desk study using
a geographical information system (GIS) is useful.
Therefore, high-resolution digital elevation or terrain
models (DEM, DTM) usually obtained from airborne
laser scanning (ALS) campaigns and supplemented
by multi-temporal high-quality aerial images from
airborne and UAV campaigns are needed for the pro-
ject area. Because of the importance of high-resolu-
tion DEMs for landslide analyses these data should
be a standard nowadays (Tab. 1). However, there

. Geomorphological structures

| ——4 Primary scarp
= = = = Secondary scarp
| e Uphill facing scarp

are still recently published studies with reference to
landslides and reservoirs with no high-quality DEMs
being presented, but rather a focus is given on linear
subsurface investigations by boreholes. Only by com-
bining both, geomorphological-geological mapping
on surface based on high-resolution DEMs (obtained
by laser scanning or photogrammetry) and subsur-
face investigations a proper three-dimensional rock
slide model can be obtained. Commonly, deep-seat-
ed rock slides are characterised by the formation of
different slabs with variable sizes, movement veloc-
ities, and internal shear zones (Fig. 2). Geomechan-
ically, these shear zones are of primary concern for
stability analyses or predictions relating to future
deformations. The material is the result of cataclasis
and fragmentation of the rock during shearing and
possesses soil-like mechanical and hydraulic proper-
ties. Stability and deformation behaviour of the rock
slides is influenced by hydro-mechanical properties
of these zones. Scarps mapped at ground surface
should be correlated with basal and internal shear
zones encountered in the subsurface (e.g. in drillings)
to get a better understanding of the dimensions and
geometry of the rock slide mass. GIS processed DEMs

Fig. 2 Hillshade of a deep-seated rock slide in metamorphic rock showing the main, secondary and uphill facing scarps of sliding slabs, and
rock slide dammed lake sediments in the upstream (Stupfarri rockslide in the Kaunertal valley, Austria, DEM source: TIRIS — Amt der Tiroler

Landesregierung).
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Tab. 1 Types of geodata for rock slide identification and localisation.

Digital elevation
/ terrain model

High-resolution DEM/DTM with a raster size <1 m

Airborne and terrestrial laser scanning,
UAV — based photogrammetry

Ortho-images . .
g ideally multi-temporal

Digital high-resolution ortho-images, raster size <20 cm,

Optical imagery by plane, helicopter or UAV

Optical satellite images

Optical imagery with a resolution of 10-60 m over land
and coastal waters, e.g. Sentinel 2, for a general survey only

Optical imagery satellite based

Topographic maps

Ground relief, drainage, forest cover, administrative areas, populated
areas, transportation routes and facilities, man-made features

Cartographical mapping methods

Regional geological maps

Pre-existing maps of the region (Scale 1:50,000 to 1:200,000)

Geological field mapping

Detail logical
etailed geological maps | ¢ 10 11000 to 1:10,000)

Detailed geological mapping of the project area

Geological field mapping

Landslide inventory maps e
to accepted classification systems

Pre-existing maps of landslide types and features according

Combination of desk study and field survey

Historic records Age data and chronology of landslides

Field survey, archives, age-dating

e.g. one-light-source or multi-directional hillshades,
applying advanced filtering techniques, slope rough-
ness and inclination are the basis to perform accurate
and detailed geomorphological and geological terrain
analyses and mappings (Reuter et al. 2009). Primary
aim of a desk study is to detect structures and slope
geometries which resulted from gravitational slope
deformations. In particular, multi-directional hill-
shades highlight the terrain surface very plastically.
Typically, primary and secondary scarps, uphill facing
scarps, extensional cracks, slope bulging and depres-
sions, the boundary between the rock slide and the
undeformed rock mass, increased fracture density
and rock mass loosening, etc. are clear indicators for
deep-seated slope movements (see Fig. 2). Additional-
ly, optical satellite images, pre-existing geological and
topographical maps can be analysed during the desk
study with the purpose of planning the field survey.

3. Geological-geomorphological field survey

The subsequent geological-geomorphological field
survey is based on the high-resolution DEMs and
high-quality ortho-images and include the verifica-
tion of the observations from the desk study as well
as the field-based mapping of geological (e.g. soil,
rock, faults, joint network, springs and streams) and
geomorphological features which are not obvious in
remote sensing data (Table 1). According to the map-
ping results the areal extent of a rock slide (i.e. head
scarps, lateral flanks and further landslides features,
see WP/WLI UNESCO Working Party on World Land-
slide Inventory 1993) and surface boundaries of slabs
are determined which enable a first and rough estima-
tion of the thickness. The spatial extension, the shape
of the primary scarps and the internal structures of
the rock slide provide information about the kinemat-
ics (e.g. translational, rotational, compound failure).

Mapping of all features (including slabs) is essential
because of the complex geometry i.e. slab forma-
tion and movement behaviour of some rock slides
(e.g. Zangerl et al. 2010). Further, it allows the clas-
sification of the evolution and activity stage in some
cases.

4. Deformation monitoring

The choice of the investigation methods to monitor
the deformation behaviour of a rock slide depends
on project requirements and local circumstances.
Depending on the particular project phase, sur-
face and/or subsurface measurements are needed
which again should be performed continuously (e.g.
to detect acceleration phases and their triggers) or
episodically only. The slow movement rates of only a
few millimetres or centimetres per year of some rock
slides in combination with small time constraints giv-
en by many early project specifications are the rea-
sons why accurate deformation monitoring systems
with low detection limits are required. Conclusive-
ly, depending on the monitoring method, rock slide
velocity and size, a sufficiently long measuring peri-
od, sometimes more than a year, need to be planned
to obtain significant data. For example, the detection
of slope displacements for a 1000 m high rock slide
slope with an annual displacement rate of mm to a
few cm is challenging when reliable deformation data
above the measuring accuracy should be attained in a
short period. For some projects, there is a mismatch
between the time span prescribed for project plan-
ning and the time span needed to get reliable infor-
mation about the rock slide activity. Furthermore, it is
important to note that the activity behaviour of a rock
slide can change during the live-cycle of an infrastruc-
ture and the occurrence of unexpected acceleration
phases should be considered.
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Large rock slides are a challenge for monitor-
ing due to the large measuring distances, but recent
developments of remote sensing techniques provide
new useful tools (Tab. 2). Satellite-based radar inter-
ferometry (InSAR) can be applied to measure areal
slope deformations when vegetation cover is low and
slope exposure is ideal with regard to satellite move-
ment (Casagli et al. 2017; Zhang et al. 2013). A par-
ticular advantage of this remote sensing method is
the possibility to detect deformations as far back as
to the nineties, since from that time radar-images are
available.

For larger rock slide velocities (i.e. decimeters to
metres per year) airborne-based photogrammetric
and laser scanning methods are available should be
applied to get dense point clouds and high-resolu-
tion DEMs. If multi-temporal scanning and imaging
was done displacement maps can be obtained. New
advanced methods based on image processing and fea-
ture tracking of terrain breaklines enable the extrac-
tion of 3D displacement vectors of the surface (Fey
et al. 2015; Jaboyedoff et al. 2012; Razak et al. 2011).

Terrestrial radar interferometry (TRI, GB-InSAR)
can also be applied by installing the system on the
ground mostly opposite of the slope to be monitored.
The radar interferometry method is able to detect and
quantify deformations from repeat monitoring set-
ups of extremely slow moving rock walls and slopes
(millimetres per year) to slow/moderate movements
(metres per day) acquired during episodic and con-
tinuous measurement campaigns (Bardi et al. 2014;
Caduff et al. 2015; Crosta et al. 2013; Cruden and
Varnes 1996).

Terrestrial laser scanning (TLS) represents a fur-
ther useful method for spatial change detection anal-
yses and deformation monitoring (Fey and Wich-
mann 2017; Jaboyedoff et al. 2012). The long-range
TLS method enable contact-free measurements of
the terrain, and depending on the distance, is able to
measure slope deformations of decimetres per year.
Although TLS is less accurate than GB-InSAR, it has
the advantage that measurements can also be carried
out in forested and vegetated areas by getting the ter-
rain surface recorded.

UAV-based photogrammetry is a cost- and time-ef-
fective method which can be applied to monitor rock
slide deformations in a sparsely vegetated area by the
acquisition of multi-temporal high-resolution images
(Cardenal et al. 2008). Image matching and correla-
tion algorithms deliver time-series of surface defor-
mation models which enable the determination of
movement directions, velocity fields, volume balances
and geomorphological terrain changes (Casagli et al.
2017). Although this method is fast and inexpensive,
a major disadvantage is that areas with dense vegeta-
tion cover cannot be successfully recorded.

Traditional total station or differential global
positioning system (GNSS) measurements are reli-
able methods to obtain 3D displacement vectors of

Tab. 2 Selected slope deformation monitoring methods.

evod —oeston |

Survey by UAV or aircraft, dense point clouds,
area-based data, can penetrate vegetation cover,
detection of displacements in the range of dm to m

Airborne laser
scanning (ALS)

By tripod from ground, dense point cloud,
area-based data, can penetrate vegetation cover,
detection of displacements in the range of cm
todm

Terrestrial laser
scanning (TLS)

Areal displacement, sensitive to vegetation cover,

Satellite-based . . )
detection of displacements in the range of cm

InSAR
todm
Terrestrial Areal displacement, sensitive to vegetation cover,
radar- permanent monitoring, detection of displacements
interferometry | in the range of mm tom
Areal displacement, sensitive to vegetation cover,
UAV-Photo- . P . . &
detection of displacements in the range of cm
grammetry
todm
GNSS, Manually or automatically, pointwise measurement
Tachymetry, with reflectors, 3D displacement vectors, detection
Levelling of displacements in the range of mm to cm
Drillings and tube installations needed, exact
detection and localisation of active shear zones
(rupture planes), detection of displacements in the
. range of mm to cm, rapid loss of the inclinometer
Inclinometer

device through shearing of the borehole, expensive,
preliminary rock slide model required to define
borehole location and depth correct, detection

of displacements in the range of mm to dm

individual targets installed on a rock slide (Carla et al.
2019). When these systems are automated they form
robust permanent monitoring and warning systems.
Generally, pointwise inclination data of 3D displace-
ment vectors are particularly useful to develop pre-
liminary kinematical models of a rock slide (i.e. rota-
tional or planar sliding mechanism).

Results from exploration campaigns confirmed
that rock slide deformation accumulates primarily
along basal and internal shear zones (Noveraz 1996;
Zangerl et al. 2015). Detection of these shear zones
is crucial to establish a sound geometrical model and
to determine the extension of the rock slide into the
depths. Thus line-shaped measurements along a ver-
tical borehole by inclinometer devices, installed for
episodic or continuous (i.e. in-place systems) meas-
urement are needed (Stark and Choi 2008). During
installation a solid mechanical infill between the incli-
nometer tube and the fractured rock mass is required
to transmit the shear displacements to the tube and
to obtain accurate measurements. In order to get
interpretable measurement results sufficient long
time intervals should be planned between the base-
line and the follow-up measurements for very slow
and deep-seated rock slides. Incorrect conclusions of
measured data are quite common, especially for deep
installations, and therefore a critical assessment con-
sidering the geological model and the application of
systematic error correction methods is recommended
(Mikkelsen 2003; Willenberg et al. 2003).
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5. Geological-geotechnical subsurface
characterization

Subsurface in-situ investigations are usually not part
of an initial feasibility study but may become impor-
tant when potential dam foundation sites need assess-
ment concerning the occurrence of ancient deep-seat-
ed rock slides. Therefore, a more detailed study is
required to investigate the geological and hydrogeo-
logical characteristics of rock slides. Although costly,
subsurface investigations based on core drillings with
borehole loggings in combination with inclinome-
ter measurements and/or investigation drifts are
required to improve the rock slide model obtained
solely from surface data and to localise the basis/
thickness of the rock slide mass and shear zones. If
the rock slide is inactive or extremely slow inclinome-
ter measurements are not able to localise shear zones,
at least not within a reasonable period of time. Under
such conditions a detailed geological core logging is
needed provided that the drilling quality is high and
the core recovery high. Core drillings into deep-seated
rock slides are technically challenging and should be
done by experienced drilling companies to maximize
the gain in knowledge. Fluctuations of the rock qual-
ity designation values (RQD) between low and high,
increased fracture densities, weathering and coating
of fracture surfaces, and sections of fault-zone like
totally crushed material (clay to gravel grain fraction)
are typical characteristics of rock slide masses (Zan-
gerl et al. 2010, 2014, 2015). Very low RQD values
are usually observed around the basal contact or in
the surrounding of internal shear zones. It should be
noted that the degree of internal rock mass fragmen-
tation and loosening of a rock slide is often related to
the accumulated amount of slope displacements.
Geophysical investigations based on advanced data
processing allows a further improvement of the geo-
logical-geometrical model. Seismic methods by com-
bining reflection, refraction and tomography provide
usually meaningful results of the subsurface, but
require a qualitative interpretation of the results, ide-
ally by joint analyses with borehole data (Briickl and
Briickl 2006; Briickl et al. 2006; Frei and Keller 2000).

6. Hydrogeological characterization

If a dam reservoir is planned in a rock slide prone
area information about the hydrogeological situation
is particularly mandatory. This is especially true since
the reservoir may influence the groundwater flow
system within the slope differently (Strauhal et al.
2016; Zangerl et al. 2015). Monitoring of piezometric
heights in boreholes is suggested to assess ground-
water flow systems and time-depending pore pres-
sure distributions, as well as the hydro-mechanical
coupled characteristics (Crosta et al. 2014). Typically,

the complex and heterogeneous hydrogeological situ-
ation of a rock slide suggests the installation of sever-
al monitoring piezometers at various locations in the
slope (Moore 1999). Groundwater may occur in high-
ly fractured sections which can hardly be predicted in
many cases. Furthermore, hydrogeological rock mass
parameters such as hydraulic conductivity or storativ-
ity values at in-situ scale can be determined for exam-
ple by borehole-based hydraulic packer tests, both
for the bedrock and the rockslide mass. Again, a high
number of tests is required because of the typically
heterogeneous nature due to fracturing and fragmen-
tation of deep-seated rock slides. These parameters
are required to analyse and forecast the future impact
of initial reservoir impounding and level fluctuations
on slope behaviour. The detection of water barriers
with low hydraulic conductivities, such as compacted
till covers or thick fault gouge-shear zones is highly
relevant in this context, given that they could have
a strong impact on time-depending groundwater
fluctuations.

7. Discussion and Conclusion

In the future the number of large-scale dam and res-
ervoir projects will increase. Many of them will be
planned in rock slide-prone areas. In an early planning
stage comprehensive feasibility studies for dam reser-
voirs are essential to avoid stability problems of dam
foundations or reservoir slopes. All the ancillary data
and methods mentioned above focus on the detection
and localisation of ancient i.e. pre-existing deep-seat-
ed rock slides which can adversely affect infrastruc-
ture in the surrounding of dam reservoirs. Experienc-
es show that multidisciplinary approaches including
high-resolution digital elevation models beside defor-
mation models and instrumented core drillings are
the basis for a successful identification and assess-
ment. Data from geomorphological-geological sur-
veys, surface and subsurface investigations, if possi-
ble, and deformation measurements are needed for
a comprehensive feasibility study i) to identify, local-
ise and map ancient rock slides and landslide-prone
areas, ii) to establish preliminary geological-geomet-
rical rock slide models by considering its complexity
due to the formation of different slabs, iii) to assess
the present activity of the rock slides, and iv) to pro-
vide data for subsequent more detailed planning and
investigation. All these data form the basis for further
project planning and risk assessments, whereby the
importance of a high-resolution digital elevation mod-
el with a raster size <1 m must be emphasized. The
early stage of a dam reservoir project is also ideal for
hydrogeological, geomechanical and hydro-mechani-
cal coupled numerical modelling (Alonso and Pinyol
2011). All of the abovementioned data should be
implemented in detailed numerical models to analyse
the potential impact of the first infillings, water level
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draw downs and later infillings of a planned reservoir
on the pore pressure distribution and the resulting
change in slope behaviour. Both stationary and tran-
sient modelling should be carried out because of the
various filling stages of a reservoir. Despite the com-
plex three-dimensional landslide geometries and het-
erogeneous and anisotropic characteristics, this step
is usually done by two-dimensional models currently.
Further developments in this context are expected in
the future.

Deep-seated rock slides which were newly formed
as first-time failures are not considered herein. Poten-
tial first-time slope failures are much more difficult
to locate and the assessment of the spatial extent and
thickness is therefore a challenge and require addi-
tional efforts and methodical approaches.
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