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5.1 Introduction

Through the consolidation of alpine settlement areas there have been an
increasing number of incidents in recent years related to the activity of
landslides in Northern Tyrol (Austria). This has led to humans, buildings,
and communication and transportation routes being increasingly threat-
ened. In 1999 a rockfall event in Huben (Otztal, Austria) destroyed a wood
mill and cut the main power supply for the inner Otztal. In the same year
increased deformation rates at the Eiblschrofen (Schwaz, Austria) induced
reoccurring rockfall events. In early summer 2003, parts of the deep-seated
Steinlehnen rockslide system (Gries i. Sellrain, Austria) were reactivated,
causing an acceleration of a sliding slab (Henzinger 2005). Secondary
events in the form of increased rockfall activity were the direct conse-
quence of these slope movements and demanded temporary evacuations
and roadblocks as immediate measure. In order to protect the road and set-
tlement area permanently a safety dam was built. After the floods in Tyrol
in August 2005, parts of the complex Zintlwald landslide system (Stren-
gen, Austria) accelerated. This was triggered on the one hand by increased
water infiltration of the slope and on the other hand by intense fluvial ero-
sion of the slope foot. As a consequence important supra-regional infra-
structure such as sections of the Arlberg national road were destroyed. In
addition, the possibility was given that a rapid landslide could dam the
river Rosanna. Considering that a collapse of this dam would entail a sud-
den flood event downstream, a monitoring and warning system has been
installed.

This case study showed that slowly moving slopes can develop into rapid
landslides with a high power of destruction. More often they can lead to
differential block movements causing damage to the infrastructure on the
surface and below the ground. For instance, long and wide cracks were
discovered on buildings situated on the deep-seated Niedergallmigg-
Matekopf landslide (FlieB3, Austria, Kirschner and Gillarduzzi 2005).
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Landslides that occur close to reservoirs possess a generally high risk po-
tential and thus require detailed investigation and permanent monitoring.
These landslides offer ideal conditions for the comprehensive study of the
underlying slope mechanisms and processes, because they provide long-
term deformation measurements, well documented in-situ investigations
e.g. boreholes, investigation adits and geophysical surveys (e.g. Leobacher
and Liegler 1998, Tentschert 1998, Briickl et al. 2004, Watson et al. 2004,
Zangerl et al. 2007).

This paper focuses on basic mechanical processes, temporal activity distri-
butions, applied geophysical investigations and monitoring methods of
deep-seated landslides in fractured rock masses.

5.2 Landslide classifications

A simple and clear definition for the term “landslides” was proposed by
Cruden (1991) and taken on by the International Geotechnical Society,
UNESCO Working Party on World Landslide Inventory and represents the
beginning of an international harmonising of the mass movement nomen-
clature: “Landslide is a movement of a mass of rock, earth or debris down
a slope”. This definition includes debris flows but not ground subsidence
or snow avalanches.

However literature offers a large number of different classification
schemes for landslides. Due to the complexity and ambiguity of different
terms, which is particularly the case in German-speaking countries, this
paper refers to the practical and useful classification of Varnes (1978) and
Cruden and Varnes (1996). In principal, these categorisations are based on
the type of movement and type of material.

According to this, landslide movement types are termed as falls, topples,
slides, spreads and flows, whereas complex landslide systems may be clas-
sified by a combination of different terms. In regard to the type of material
it is possible to differentiate between rock and soil. For the further descrip-
tion of landslides Varnes’ (1978) classification also includes a subdivision
into different classes of acceleration, ranging from “extremely slow” for
movement rates of under 16 mm/a to “extremely rapid” when there is ac-
celeration of over 5 m/s.
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5.3 Temporal distribution of dated landslides in the East
Alpine region

Landslides are characterised by complex combinations of geological, hy-
drogeological, rock or soil mechanical and climatic processes. In order to
understand potential causes, trigger mechanisms and the temporal distribu-
tion of deep-seated landslides geochronological data of fossil and active
case studies were compiled. Age dating of landslides in the Alps was pre-
viously based on relative criteria such as geomorphological and lithostrati-
graphical field evidences. Consequently it was assumed that flucio-glacial
erosion and glacier withdrawals triggered numerous prominent landslides
in the Late-Glacial and early Post-Glacial (e.g. Abele 1974). But already
early attempts of age dating, by means of pollen analysis of lake sediments
that are genetically linked with landslides, indicated that some landslides
took place in the Holocene (e.g. Sarnthein 1940). This was confirmed by
first radiometric C-14 dating of Alpine landslides, e. g. the rocklslides at
Molveno (Trentino, Italy), Kofels and Hochmais (both Tyrol, Austria),
which yielded clearly Holocene ages for the slope failures (Marchesoni
1958, Heuberger 1966, Schmidegg 1966). Further dating showed that also
several other deep-seated rockslides, e.g. in the Tschirgant (Tyrol; Patzelt
and Poscher 1993) and Eibsee region (Bavaria; Jerz and Poschinger 1995)
took place in the middle Holocene and not as previously believed in the
Late-Glacial.

For the dating of Quaternary sediments and prehistoric landslide deposits
there are a number of different radiometric analysis methods available (e.g.
Geyh and Schleicher 1990, Lang et al. 1999). In the Eastern Alps, the ma-
jority of landslides were dated with the classic radiocarbon method, using
organic remnants that are a) present in sediments buried by the rockslide
(maximum age of the event), b) trapped within the rockslide debris (proxy
for the event), and/or c) that were deposited in rockslide-dammed backwa-
ter deposits or lakes situated atop the rockslide mass (minimum age of the
event). In recent years, new absolute age dating methods have been devel-
oped and increasingly applied. Among these are surfaces exposure dating
using in-situ-produced cosmogenic radionuclides, applied e. g. at sliding
planes and accumulated rockslide boulders of the Kéfels landslide (Tyrol;
Ivy-Ochs et al. 1998), optically stimulated luminescence (OSL) methods
for dating landslide deposits and associated backwater sediments as well as
U-/Th dating methods. At the prominent Fernpass rockslide, which is one
of the largest landslide of the Alps, the field situation enabled the applica-
tion of three individual dating methods on samples from geologically dif-
ferent localities (Prager et al. 2008a, Ostermann et al. 2007), which are a)
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C-14 dating of organic material accumulated in rockslide dammed back-

water deposits, b) Cl-36 exposure dating of sliding planes at the scarp (and

accumulated rockslide boulders), and c¢) Th-230/U-234 disequilibrium dat-
ing of post-failure aragonite cements that precipitated in the pore-cavities
of the landslide deposits. All dating data coincide well and indicate that the

Fernpass rockslide took place in the middle Holocene at about 4200-4100

yIS.

Based on this, and in order to evaluate the spatial and temporal distribution

of mass movements in Tyrol and its surrounding areas, a GIS linked geo-

database was set up. For the first time all available radiometric data of late-
glacial and Holocene landslides in the East Alpine region were compiled

(Fig. 5.1). Analyses of these data indicate that both rock slope failures (e.

g. rockslides, rockfalls) and debris flows occurred rather continuously dis-

tributed in the Late-Glacial and Holocene. However, it is noticeable that

there are two temporal clusters of increased landslide activities: a) in the
early Holocene between 10500-9400 BP, comprising the large rockslides
of Kofels, Kandertal and Flims, and b) in the middle Holocene between

4200-3000 BP, when several of the largest landslides in the Eastern Alps

took place (e.g. Eibsee, Fernpass, Tschirgant, Haiming, Pletzachkogel).

Furthermore, the compiled age data show that several slopes were repeat-

edly reactivated in the Holocene. Multiple failure events in the Alpine re-

gion were, amongst others, documented in the following areas:

e Fernpass rockslide (Tyrol): a main large-scale failure event in the mid-
dle Holocene, a laterally adjacent secondary rockslide and the initial
stage of a rockslide were observed (Prager et al. 2007);

e Tschirgant massif (Upper Inntal, Tyrol): two distinct scarp regions fea-
turing at least five different failure events in the middle Holocene
(Patzelt 2004);

o Kofels (Oetztal, Tyrol): one major rockslide in the early Holocene and
at least one larger secondary event (Ivy-Ochs et al. 1998, Hermanns et
al. 2000);

e Tumpen (Oetztal, Tyrol): several failure events, two of which dated
roughly around the middle Holocene (Poscher & Patzelt 2000);

o Pletzachkogel (Lower Inntal, Tyrol): at least three temporally differing
rockslide events in the Late-Glacial and middle Holocene, as well as
smaller rockfall events in the 20th century (Patzelt 2004);

e Multiple reactivations or accelerations of pre-existing landslides in time
intervals of a few thousand years were observed in Gepatsch-Hochmais
(Kaunertal, Tyrol; Schmidegg 1966), Heinzenberg (Switzerland,
Weidner 2000) and La Clapi¢re (France, Cappa et al. 2004);
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e Several cases of recent landslides, such as the in Val Pola (1987, Italy)
and Randa (1991, Switzerland) have shown that failure was structurally
controlled and that there were precursory events in (pre-historic times
(Azzoni et al. 1992, Sartori et al. 2003).
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Fig. 5.1 Spatial and temporal distribution of mass movements in the Tyrol (Aus-
tria) and its surrounding areas (Prager et al. 2008b). Beyond Tyrol only dated fos-
sil landslides are shown. Do: Dolomites rock slope failures, Fa: Farchant debris
flow, Fb: Frauenbach debris flows, FI: Flims rockslide, Fp: Fernpass rockslide,
Ga: Gadria river, Hi: Hintersee rockslide, Hm: Hochmais rockslide, Is: Isel river,
Ma: Marocche di Dro, Mo: Molveno rockslide, Me: Melach river, Pg: Prittigau
rock slope failures, Pk: Pletzachkogel rockslides, Si: Sill river, Ts: Tschirgant
rockslide, Wb: Weillenbach river
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However, not only rock slope failures but also dated debris flows show
fluctuating activities in the Holocene. Periods of increased debris accumu-
lation rates were established for the Tyrolean Inn valley and its main tribu-
taries, occurring at about 9400, between 7500-6000 and at around 3500 C-
14 years (Patzelt 1987), and were probably climatically controlled by the
amount of water in the catchment areas. These periods partially correlate
temporally with glaciers advances in the Austrian Central Alps (Patzelt
1977) as well as with several other large landslides in the Eastern Alps
(Fig. 5.2).

Hence, these data suggest that the stability conditions of numerous fossil
landslides were affected by the climatically controlled water pressure dis-
tribution in the slopes. Similar phases of increased slope instabilities were
previously detected in the Swiss and North Italian Alps (Fig. 5.2) and gen-
erally attributed to climate changes (Raetzo-Briilhart 1997, Dapples et al.
2003, Soldati et al. 2004).

The principal cause for Alpine landslides may be ascribed to glacier re-
treats, but this was not necessarily the direct trigger. In fact, the majority of
slopes remained in a “stable” position for several thousands of years, after
ice-withdrawal, before complete collapse set in. Detailed field studies and
compiled geological data indicate that deep-seated slope deformations may
generally be attributed to the propagation and coalescence of brittle dis-
continuities. Progressive failure is induced by complex interactions of dif-
ferent time-dependent processes such as a) stress redistributions due to
glacial loading and unloading, b) subcritical crack growth, ¢) seismic ac-
tivity and d) climatically controlled pore pressure changes (Prager et al.
2008b).

As a result, the analyses of the compiled data set shows that a) periods of
significantly increased mass movement activity are distinguishable (Fig.
5.2), b) spatial accumulations of slope instabilities occur (Fig. 5.1) and c)
predisposed areas were repeatedly (re)activated for mass movements and
even posses high risk potential of future events. Consequently, well docu-
mented case studies indicate that the pre-failure mechanisms are of essen-
tial importance for the early detection of endangered settlement and eco-
nomic areas.
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Fig. 5.2 Temporal distribution of fossil mass movements in Tyrol and the sur-
rounding region (Prager et al. 2008b). Vertical axis = calibrated years before pre-
sent (BP = before present), horizontal axis = dimensionless sequence of dated
events

5.4 Basic principles of deformation and failure processes
of landslides

For the estimation of the hazard potential of landslides it is decisive to un-
derstand the failure mechanisms, the deformation behaviours and the slope
kinematics. Thus, for example, any sound forecast of slope instabilities is
fundamentally affected by whether a translational or rotational slide pre-
vails, or whether toppling or falling processes or complex combinations of
both dominate the slope deformation. Only combined analyses of geologi-
cal, hydrological, geomorphological, geodetical, geophysical and other ex-
ploratory data (e.g. boreholes and investigation adits) enables the devel-
opment of a comprehensive model, which is able to represent the natural
system characteristics as close as possible.
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5.4.1 Fracture mechanical processes

The steeply inclined scarps on rockfall locations indicate that slope failures
are induced by fracture mechanical processes such as fracture growth of
new and coalescence of already existing fractures. Einstein et al. (1983)
and Eberhardt et al. (2004) assume, that fully persistent discontinuities sel-
dom occur in nature, and much rather that slope failures are induced by in-
teractions of existing discontinuities and fracture propagation. In general a
jointed rock mass consists of intact rock blocks (including microcracks and
micropores), which are bound by discontinuities such as bedding planes,
joints and fault zones. Intact rock bridges between these discontinuities in-
crease the strength of a rock mass. This means that the stability of rock
slopes is determined by the orientation, density and size of fractures in a
rock mass (Einstein 1993).

Fracture propagation strongly depends on the existing stress field as well
on the fracture geometry and network (Einstein and Stephansson 2000). In
regard to the development of fractures there are three different basic frac-
ture modes: mode I = opening, mode II = sliding, in-plane shear and mode
IIT = scissoring, anti-plane shear. Naturally complex combinations of these
three modes are likely to occur. Classical fracture mechanics postulates
that in a linear, elastically solid body fracture propagation takes place with
acoustic velocity of the medium when a critical stress intensity factor (K¢
for mode I, Kjc for mode II) is reached in the crack tip. In the case of a
stress intensity factor K; (or K;;) below the critical stress intensity factor
the crack remains stable.

However, there are physical-chemical processes in fractures that enable
slow crack propagation even below this K;c-threshold, referred to as sub-
critical crack growth (Fig. 5.3; Atkinson 1984). Due to the complex inter-
actions of pore pressure, stress corrosion, dissolution, diffusion, ion ex-
change and microplasticity it is very difficult or nearly impossible to esti-
mate the time factor for this mechanism. For example, the process of stress
corrosion, which is characterised by weakening of crystal bonds through
chemical fluid activities (e.g. water) in the crack tip, leads to slow crack
propagation. The application of this fracture mechanical model on unstable
slopes would, however, mean that over a longer time period the fracture
density and persistence continuously increase. In the long term this leads
to a continuous decrease in the slope stability and to a failure event when
the strength threshold is exceeded.

Besides the sub-critical and critical crack growth, also temperature effects
must be considered when dealing with rather shallow seated rockfall
events. In-situ measurements at the rockfall Val d’Infern (Graubiinden,
Switzerland) show, that temperature induced stress changes affect the rock
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mass to depths of about 10 m. These cyclical loading conditions lead to
progressive fracture displacements and thus reduce the long-term stability
(Kréhenbiihel 2004). Furthermore the stability of Alpine rock flanks may
also be influenced by permafrost conditions, depending on the exposition,
inclination and elevation of the slope.
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Fig. 5.3 Schematic illustrations showing (on the left) crack growth velocity versus
stress intensity factor (K;) for Mode I loading: sub-critical crack growth starts
when driving forces exceed a threshold K,. Approaching to a critical level K¢,
cracks propagate dynamically to near the velocity of sound in the rocks. Note that
increasing pore pressures pano) may significantly accelerate crack propagation ve-
locities. On the right, variations of sub-critical tensile crack growth in different
rock types are shown (log/log plot; arrows indicate range of experimentally ob-
tained data; K c=fracture toughness, K,=stress corrosion limit; modified after At-
kinson 1984, 1987)

Given the extremely complex interactions of the physical and chemical
processes discussed above, the time-dependent reduction of rock mass
strength is difficult to forecast without any deformation monitoring data.
So far only a few fracture mechanical based stability approaches are pub-
lished. For example, a time-dependent cohesion loss model derived by
Kemeny (2003) suggests that after a phase of progressive strength reduc-
tion slope failure occurs very rapidly. This and some case studies show
that long lasting deformation phases preceded the failure event. For exam-
ple, pre-failure deformation measurements in the region of a rockfall near
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the Jungfraujoch (Switzerland) proved that the actual event was preceded
by rock deformation phases of at least one year (Keusen 1998). A high
resolution monitoring device based on extensometers was installed 85 days
before the failure event. Whereas during the first 2 months after installa-
tion a relatively linear displacement trend was measured (total displace-
ment of 4 mm), the slope started to accelerate 2.5 weeks before failure and
finally collapsed after another 10 mm of displacement. Also geodetic
measurements at the rockfall Val d’Infern, which were performed between
1995 and 2006, showed increasing slope velocities before it collapsed
(Krahenbiihl 2006). Based on such acceleration patterns, the time of slope
failure can be determined by analyses of inverse slope velocities versus
time (Voight 1988).

5.4.2 Sliding processes

If a fully persistent sliding zone is formed through fracture mechanical
processes, then further slope deformation is essentially determined by slid-
ing processes resulting from material creep and/or shear slip in these
zones. The sliding mass itself is mostly characterised by relative little in-
ternal deformation. Whether a fully persistent sliding zone can exist within
a slowly creeping, deep-seated landslide has often been debated controver-
sially, but is highly relevant for stability analysis. In some cases detailed
field investigations show that surface deformation is obviously the result
of flexural or block toppling mechanisms without any indications of a con-
tinuous sliding zone (Zischinsky 1969, Amann 2006). However, in many
cases the slope kinematics is clearly characterised by sliding mechanisms.
This is confirmed by several field observations and inclinometer measure-
ments on landslides showing a) extensive sliding planes in the scarp area,
b) a discrete offset between sliding masses and the stable bedrock unit, ¢)
lateral exposures of sliding zones and d) kakirites (i.e. uncemented brec-
cias and gouges) acting as active sliding zones. Also data obtained from
boreholes and investigation adits in Switzerland (Noverraz 1996) show
that the major deformation of deep-seated mass movements generally oc-
curs along discrete sliding zones (Fig. 5.4).
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Fig. 5.4 Inclinometer data of seven deep-seated landslides in Switzerland showing
major displacement along discrete sliding zones (Noverraz 1996)

Similar results were obtained from several rockslides in the Tyrolean Alps
(e.g. Gepatsch/Kaunertal, Gries/Sellraintal), where one or more sliding
zones control slope deformation and kinematics (Zangerl et al. 2007). Ex-
ploration adits, borehole data and field surveys show that these sliding
zones can extend to thicknesses of several metres and consist of slope fail-
ure induced kakirites. These sliding zone kakirites are characterized by in-
tensively fractured, fragmentised and triturated rocks which are generally
difficult to distinguish from tectonically formed fault breccias and gouges.
Several field studies show that already existing tectonic fault zones are of-
ten reactivated as sliding zones of landslides (Fig. 5.5). Conclusively it
was found that many of the investigated landslides are in fact “slides”
which are characterised by slipping along discrete shear planes and/or
creeping within one or several sliding zones. In this case “creeping” is de-
fined as a continuous material deformation under constant stress state (e.g.
Hudson and Harrison 1997).



5 Process-based investigations and monitoring of deep-seated landslides 147

striations
from
liding

Fig. 5.5 a) Tectonically formed kakirite of a brittle fault zone acting as a mass
movement sliding zone, b) slope failure induced slickenside striations (landslide
system Steinlehnen, Tyrol; location see Fig. 5.13)
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Fig. 5.6 Map of the Hochmais-Atemkopf rockslide (Kaunertal, Tyrol) and its
monitoring system showing: a) primary and secondary scarps of different sliding
slabs (red lines; grey coloured: Hochmais slab), b) episodic triangulation points
(red arrows), c¢) automatic total station measurements (blue points), d) investiga-
tion adit that passes from the stable bedrock into the Hochmais slab (see Fig. 5.7)

In the Kaunertal, the active sliding slab Hochmais has slid over glacial till
and talus material and continued to move towards the valley bottom (Fig.
5.6). Exploration adits and boreholes document that the sliding zone did



148  Zangerl et al.

not form directly between the sliding mass and its soil substrate beneath,
but much rather a 4 to 5 m thick sliding zone developed within the glacial
till itself (Fig. 5.7). In the exploration adit, which intersects the active
movement zone, permanent measurements are taken with a wire exten-
someter in order to measure the horizontal displacement vector. In addition
vertical displacements have been measured by means of episodic levelling.
Based on a linear regression analysis of both data sets the E-W orientated
displacement vector at the base of the sliding mass dips about 32° to the
East (Fig. 5.8). Comparisons with levelling und triangulation measure-
ments on the surface of the sliding mass show similar slope velocities and
dip angles as observed in the sliding zone. Thus, the Hochmais rockslide
represents a slide along a several meter thick distinct deformation zone,
whereby the internal deformation of the sliding mass is comparatively
small.
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Fig. 5.7 Schematic illustration of the exploration adit which intersects both the
stable bedrock and the active sliding slab Hochmais (Kaunertal, Tyrol). Along this
adit interval, a wire extensometer device, a water level gauge and levelling points
were installed
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Fig. 5.8 a) Linear regression between levelling and wire extensometer measure-
ments and the resulting dip angle of the displacement vector at the base of the ac-
tive sliding slab Hochmais, b) calculated subsidence between both levelling meas-
urements in 1968 and 2004 around the movement zone in the exploration adit. The
levelling measurements in the region of the sliding zone showed subsidence
whereby it could not definitely be determined in how far the total slip along the
movement zone is due to pure material creep and/or accumulation of small shear
slip movements on numerous discrete planes

5.4.3 Failure and temporal behaviour of sliding zone materials

Classical approaches to estimate the slope stabilities are based on the cal-
culation of the safety factor, i.e. defined as the ratio between the driving
and resisting forces. With this factor it is possible to estimate the present
stability of a slope, even though time-dependant strength degradation
processes are not considered. The shear strength of the sliding zone mate-
rial, i.e. the resisting forces, is of decisive important for the determination
of the stability conditions. A simple model for the estimation of the shear
strength represents the Mohr-Coulomb model, which is based on two pa-
rameters only, the cohesion and the friction angle. These can be deter-
mined by means of triaxial compression or shear box tests in the labora-
tory.

Results of tests performed on different sliding zone materials, i.e. kakir-
ite and glacial till samples, are given in Table 5.1 Irrespective of the ap-
plied laboratory testing method the friction angle of the material ranges be-
tween 31° and 39°, and the cohesion was found to be below 54 kN/m”.
Comparisons of these laboratory data with shear strength parameters ob-
tained from back-calculations show that - for some investigated landslides
- friction angles significantly below 31° and cohesions close to 0 are
needed to induce slope failure. This discrepancy suggests that laboratory
tests and in-situ back-calculation may differ due to scale effects, pore pres-
sure influences and others.
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Table 5.1 Mohr-Coulomb shear parameters of sliding zone samples

Sample number  Test type Friction angle (°) Cohesion (kN/m®)
KGl1 CD1 35,3 14,0
RS-saturated 32,3 14,8
RS-unsaturated 36,4 222
KG2 CDl1 30,7 54,0
RS-unsaturated 32,7 36,7
HM1-K CD1 34,1 15,0
RS-saturated 30,9 37,4
HM1-M1 CD1 36,0 18,0
CD2 36,2 7,0
RS-saturated 34,4 36,2
HM1-M2 CD1 39,1 24,0
CD2 38,0 6,0
RS-saturated 35,8 42,9

Samples KG1, KG2 and HM1-K: kakirite formed from paragneiss; samples HM1-
M1 and HM1-M2: glacial till material from the sliding zone (see Figs. 5.7); CD:
triaxial tests of cylinders with D x H= 10 x 20 cm (CD1) or 4 x 7.5 cm (CD2);
RS: fully saturated and unsaturated shear box test.
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Fig. 5.9 Theoretical time-deformation behaviour (creeping) of material under con-
stant stress

The deformation along an existing sliding zone is characterised by time-
dependent processes such as material creep and/or friction along small-
scale slip planes (Fig. 5.9). If creeping is the dominant mechanisms, the
viscous deformation phase can be subdivided into three main regimes:
primary, secondary and tertiary creep. So-called primary creep occurs si-
multaneously with the application of load and it is characterised by a
monotone decrease in the creep rate. The secondary or steady-state creep is
characterised by constant creep rates. If the loading is sufficiently high and
enduring, an increase in the creep rate ensues until the material fails (terti-
ary creep).

The time-dependent (viscous) creep characteristics of sliding zone materi-
als can be determined by laboratory tests. Therefore samples are loaded by
constant stress over a longer period of time. Results from triaxial creep
tests show that after consolidation under a defined stress condition all
samples (approximately stationary) began to creep in a secondary manner
(Fig. 5.10).
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Fig. 5.10 Creep curves of a) a sample of glacial till material and b) a sample of
kakirite rock

The evaluation of the laboratory tests was done with a linear-viscous
and a non-linear-viscous model (Schneider-Muntau et al. 2006, Renk
2006), whereby the elastic deformations were analysed separately. In the
case of the linear-viscous model according to Newton, for each test the
viscosity of the material can be obtained from the applied stresses and the
measured creep strain rates. The equivalent creep strain rate £ can be de-
termined from the strain rate tensor and the Mises equivalent stress from
deviatoric stress tensor:

= 1 eq. 5.1

-1z (eq. 5.1)
n

The assessment using a non-linear-viscous model was based on the follow-

ing equation:

(eq. 5.2)

The crucial material parameters are the viscosity #, the yield stress g,
which describes the stress state when the material begins to deform vis-
cously, and the exponent 7, that describes the non-linear behaviour. For the
determination of these parameters several laboratory tests are needed.
Based on the stress and creep strain rate of each single laboratory test a re-
gression function can be calculated using the method of the least squares
fit, which best describes the material behaviour according to the 3 parame-
ters. For a non-linear-viscous model with n>1, the increase of the stress
has a higher influence on the creep strain rate than in a purely linear-
viscous model.

Seeing as triaxial tests only allow for relatively small displacements and
strains, for the study of larger deformations ring shear experiments can be
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conducted. In addition, laboratory tests always include scale effects, which
need to be taken into account in the transferral to real models. Nevertheless
geotechnical laboratory tests can contribute to a better understanding of the
deformation processes along sliding zones.

Because there are parallels discernable in the movement patterns of active
brittle fault zones with the formation of kakirites and sliding zones from
landslides, frictional approaches from earthquake mechanics can be trans-
ferred to landslides. Thus, through the application of empirical material
laws, such as the state- and velocity dependent friction laws (Ruina 1983,
Dieterich 1992), it is possible to describe acceleration phases with subse-
quent stabilising or complete failure of slopes (Helmstetter et al. 2004).

5.4.4 Temporal deformation behaviour of landslides

Alpine regions are characterised by rock falls, topples, flows and slides
with velocities ranging from several mm/a to several m/s. Slope instabili-
ties that end in a sudden collapse show a deformation behaviour that de-
picts an accelerated velocity curve (Fig. 5.11). However, some landslides
are characterised by a base activity superimposed by episodic phases of a
higher slope velocities, which can be observed particularly in spring due to
snow melting and rainfalls (Fig. 5.11). These phases of acceleration and
stabilisation can presumably be ascribed to pore pressure fluctuations, to
stabilising effects in the slope foot area and/or to changes in the material
properties of the sliding zone itself.

Time series of deformation measurements from two cases studies show
significant acceleration phases and periods of minor activity (Figs. 5.12
and 5.14). Remarkably, the velocities of low and high activity phases can
differ about a factor of up to 8000, as was observed at the Steinlehnen
rockslide (Zangerl et al. 2007; Figs. 5.13 and 5.14). There at the end of
June and beginning of July 2003, a maximum slope velocity of over 4 m
per day was measured here with a terrestrial laser scanner. After a one-
month acute phase, whereby the trigger of this acceleration phase is still
unknown, a continuous decrease of the velocity ensued (Fig. 5.14a). In
spring 2004, once again there was a phase of acceleration with a maximum
slope velocity of up to 4 cm per day (about a factor of 100 lower), which
was followed by a deceleration to about 0.5 mm per day in the autumn of
2004 (Fig. 5.14b,c). Even the strong rainfall in August 2005 could not lead
to a remarkably reacceleration of the sliding slab (Fig. 5.14b, Zangerl et al.
2007).
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Fig. 5.11 Temporal deformation types: episodic accelerated velocity, constant
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(modified according to Keusen 1997)

Cyclical movements but in a much lower magnitude could also be ob-
served at the Hochmais rockslide (Zangerl et al. 2007, Figs. 5.6 and 5.12).
Exceptionally long time-series of about 40 years observation period show
that the yearly slope velocity varies between 0.01 mm and 1 mm per day,
i.e. a factor of 100. Every year an acceleration phase begins between Janu-
ary and March and lasts to the summer. This interval marks a period where
precipitation in the form of rainfall does not occur. Instead, a regression
analysis of the data together with that of the reservoir levels show a good
temporal agreement between the slope velocity and the depletion of the
Gepatsch reservoir (Figs. 5.7 and 5.12, Evers 2006, Zangerl et al. 2007).
Hence for this case study the slope velocity is primarily influenced by the
reservoir water level.

Similar velocity patterns, however not connected to reservoirs, could be
observed at the landslides of La Clapiére (France, Helmstetter et al. 2004),
Triesenberg (Liechtenstein, Francois et al. 2006) or Gradenbach (Austria,
Weidner 2000). On the basis of these case studies a relationship between
hydrological or hydrogeological influence factors and slope activity could
be shown.
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Fig. 5.13 Overview of the Steinlehnen rockslide system (Gries i. Sellraintal, Ty-
rol) with a highly active sliding slab (Ortho-image: TIRIS Land Tirol). Red
squares = laser scanner windows, yellow points = terrestrial survey points, meas-
ured from the opposite slope (cf. Fig. 5.14). The complete rockslide system shows
a difference in height of about 800 m and a thickness of about 70 m. The highly
active sliding mass reaches a thickness of about 20 m. The discontinuities which
may induce these slope failures are not the foliation and compositional layering
dipping flat into the slope, but one of the main fracture sets dipping moderately
inclined down the slope
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Fig. 5.14 Deformation monitoring of the highly active sliding slab Steinlehnen (cf.
Fig. 5.13): a) total displacement of laser scanner windows measured from the op-
posite slope, b) total displacement of triangulation points measured from the oppo-
site slope, and c) derived velocity pattern of triangulation points
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5.5 Geophysical investigation methods

5.5.1 Active seismic methods

Active seismic methods can be applied to investigate the geometry, inter-
nal structure and material parameters, e.g., landslide thickness and bounda-
ries, the basal sliding zone, degree of fracturing, sliding mass porosity
(Briickl 2006). The objective of all active seismic methods focuses on the
determination of the seismic velocity field in the subsurface through analy-
sis of the wave propagation. The seismic velocity is related to the me-
chanical parameters of the rock mass, especially to the bulk modulus, shear
modulus and the density (Ewing 1957).

Seismic waves can be generated with hammers, mechanically or pneu-
matically accelerated drop weights, vibrators or detonating explosives. The
recording of the seismic waves can be done via geophones in a linear (2-D
seismology) or an areal arrangements (3-D seismology). The signals of the
geophones are stored in a portable registration unit. Given that the propa-
gation of seismic waves represents an extremely complex process, several
different seismic methods that focus on different types of waves are avail-
able (Kearey 2002). The three most important methods are described in the
following paragraph:

a) Seismic reflection concentrates on the measuring and processing of
seismic waves, which are reflected at boundaries characterised by a change
of seismic impedance (i.e. the product of seismic wave velocity and den-
sity). Reflected waves never appear as first breaks; therefore an appropri-
ate data acquisition and processing must be applied to extract these signals
from the entire wave field. Most of the different reflection processing
techniques (e.g. static correction, spike deconvolution, bandpass filter,
NMO-correction, CDP-stacking, migration) were developed for the hydro-
carbon exploration industry (Yilmaz 1987) and then transferred to engi-
neering and environmental related tasks.

b) Seismic refraction is based on the analyses of critically refracted seismic
waves, which appear as first breaks in the seismogram. Since the first
breaks are clearly detectable, data acquisition and evaluation of signals is
easier and less influenced by geological conditions. Data processing of
seismic refraction measurements can be done based on different methods
such as picking of first breaks, delay-time method and time to depth con-
version. Hence a layered model characterised by a step-like velocity-depth
function will be obtained. The fundamental condition that critically re-
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fracted seismic waves can occur in a rock or soil is related to the seismic
behaviour of the refractor. A seismic velocity of the refractor higher than
the velocity of the overlaying layer should be given. In contrast to seismic
reflection, velocity inversions (with an increase of depth) can not be re-
solved. Even though the penetration depth of seismic refraction is smaller
than that of seismic reflection, the former provides better resolution of the
velocity field.

c¢) Seismic tomography is based on the travel times of transmitted waves.
These travel times contain integral information about the velocity along
the seismic ray. Generally, the standard measurement geometry applied to
seismic tomography is performed between two boreholes. Nevertheless the
principles can also be transferred to surface investigations (seismic refrac-
tion tomography). This method is also based on observation and process-
ing of the travel times of first breaks. Seismic tomography needs a con-
tinuous increase of the velocity with depth, because only then waves are
able to return back to the surface (geophone). In spite of this basic condi-
tion, velocity inversions are possible under certain circumstances. The data
processing (picking of first breaks, forward modelling with a initial veloc-
ity field, wave front inversion) results in a spatially distributed velocity
field. The resolution of the tomographic method depends on the quantity of
rays penetrating the subsurface and their direction. In the ideal case the
rays cover directions from 0° to 180° in relation to the surface.

For the seismic methods, the penetration depths, the resolution of velocity
and depth, and the accuracy mostly depends on the measuring geometry
(geophone distance, profile length) and on the frequency domain of the
source and the geophones. The penetration depth for seismic refraction is
1/4 to 1/3 of the total profile length and therefore the geophone distance is
normally larger than for the seismic reflection, where the penetration depth
is mainly influenced by the strength of the source and the subsurface ve-
locity field. In order to get a good resolution a small geophone distance
should be applied. The frequency domain of the seismic measurements
also restricts the resolution, because the wavelength of the seismic wave is
a product of the frequency and the velocity. So the size and thickness of a
structure must be adequately large to be resolved. In general, for all meth-
ods it can be said that the velocity and depth can be determined with an ac-
curacy of 15-20%. The classic seismic survey is performed along 2-D pro-
files, whereby subsurface mapping of complex 3-D structures remains
difficult. For this reason an increasing number of 3-D seismic surveys
were carried out, particularly in oil field exploration.
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In the Tyrol a 3-D refraction seismic survey was carried out to explore the
thickness and internal structure of the large-scale Niedergallmigg - Mate-
kopf rockslide (Fig. 5.15, Chwatal et al. 2005, 2006). The upper part of the
sliding mass is composed of paragneisses and schists, which were thrust on
phyllitgneisses, phyllites and amphibolites that are encountered at the mid-
dle and lower part of the slope (Kirschner and Gillarduzzi 2005). Morpho-
logical features, in particular the size of the main scarp, indicate a total
displacement of about 180 m. Results from geodetic measurements show
annual surface displacements ranging between 5 to 10 centimetres for the
active sliding mass.

Matekopf 2248m

River Inh
: 853m ﬂaf _ :
Fig. 5.15 View of the Niedergallmigg-Matekopf landslide. Insert shows move-
ment induced fracturing of a house on the landslide

In order to perform the 3-D refraction seismic survey 373 seismic stations
were installed along 4 profiles comprising a total length of 7.5 km and a
geophone distance of 15-25 m. 41 shots were recorded simultaneously by
all receivers. This geophone set up enabled a 2-D analysis along the 4 pro-
files but also a 3-D inversion of the whole data set (inline and cross-line
shots).

The seismic data show a vertical gradient of the velocity for the sliding
mass and a nearly constant velocity for the underlying compact rock.
Therefore, a combination of seismic refraction tomography for the land-
slide mass and standard seismic refraction method for the compact rock
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were applied. In order to analyse the measured data, 3-D processing tech-
niques described by Briickl et al. (2003) and tomographic inversion algo-
rithm published by Hole (1992) were used. As a result, the 3-D seismic ve-
locity distribution of the landslide system and its stable surrounding is
gained.

The P-wave velocities of the sliding mass are near the surface 1000-2000
m/s, at depths of 25-150 m 2000-3000 m/s and below 150 m 3000-4000
m/s. Further below velocities of 4800-5200 m/s were measured, which can
be interpreted as the basis of the landslide (Fig. 5.16).
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Fig. 5.16 S-N section of the 3-D velocity field of the Niedergallmigg-Matekopf
landslide

Based on the seismic results a geometrical model showing the spatial
thickness distribution of the Niedergallmigg-Matekopf landslide was con-
structed, featuring a maximum thickness of 320 m and a volume of 0.43
km® (Fig. 5.17). At the lateral boundaries, i.e. areas yielding little seismic
information, morphological observations (e.g. scarp features) were added
to establish the geometrical model. In addition, in areas without seismic
data i.e. the upper region of the landslide, an interpolation technique was
used.
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Fig. 5.17 Thickness map of the Niedergallmigg-Matekopf landslide

Plotting the P-wave velocities of the sliding mass versus depth an average
velocity depth function that is based on the assumption of dry or drained
slope conditions (Briickl and Parotidis 2005) can be fitted. The porosity of
the fractured rock mass may be estimated from a relationship according to
Gassmann (1951) and Watkins et al. (1972) and is based on P-wave veloci-
ties. For the Niedergallmigg-Matekopf landslide an average creeping rock
mass porosity of 0.21 was estimated (Fig. 5.18)
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Fig. 5.18 Velocity-depth and derived porosity-depth function of the Nieder-
gallmigg-Matekopf landslide

5.5.2 Ground Penetrating Radar

Ground Penetrating Radar (GPR) systems enable quick and non-
destructive field explorations to depths of some tens of metres and were, in
the Eastern Alps, already applied to rock-glaciers and water-unsaturated ta-
lus-deposits (e. g. Sass and Wollny 2001, Krainer et al. 2002). Now GPR
measurements were successfully taken for near-subsurface investigations
at different accumulation areas of fossil landslide deposits to analyse their
thickness, internal structure and spatial distribution. Field surveys were
carried out off-road at two lithologically different sites in Tyrol (Austria):
firstly, at a rockslide in the Otztal basement complex, and secondly, in the
Northern Calcareous Alps at medial to distal accumulation areas of the
prominent Fernpass rockslide. System parameters, measurement modes
and data processing are documented in Prager et al. (2006).

Based on detailed field studies and drilling campaigns, at Fernpass down
to depths of 14 m, the processed and topographically corrected GPR data
can be well attributed to different depositional units. At both sites, the ra-
dargrams show several distinct reflectors with varying intensities and ge-
ometries, extending to depths of at least 20-30 m. Remarkably, the radar
signals were not effectively shielded by the shallow-seated groundwater
table, but penetrated down into deeper parts of the water-saturated rock-
slide deposits and their substrate. The combined field and subsurface data
indicate that the distal Fernpass rockslide deposits spread upon groundwa-
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ter-saturated, fluvio-lacustrine sediments and show strong variations in
thickness. Measurements taken at a distance of about 11 km from the up-
permost scarp area, clearly point to a maximum thickness of the distal slide
debris of approx. 20-30 m. As a further result, the Toma, i.e. cone-shaped
hills composed of rockslide debris, show deeper roots than the topographi-
cally less elevated rockslide deposits between them. These undulating
basal reflectors indicate subsidence of the rockslide debris into the fine-
grained substrate due to loading; a distinct sub-planar sliding plane is not
detectable here. Further GPR measurements were taken at an alluvial
plain, which is situated on top of the medial Fernpass rockslide deposits.
Here the processed radargrams clearly show an on-lap of prograding debris
flows onto the hummocky rockslide relief, a geometry which correlates
well with the field situation and drilling data. Furthermore, the internal
stratification of the fluvial debris is best recognisable in the radargrams
and demonstrates the high resolution of the applied GPR system. There-
fore, this is a useful tool to explore near-subsurface structures, even in
groundwater-saturated environments and hardly accessible study-areas.

5.6 Monitoring of landslides

Even though falls, rapid topples and slides may occur seemingly unex-
pected and suddenly, such events are nearly always characterised by long-
term preparation phases. The cause for pre-failure deformation can be
found in the physical properties of soil and rock masses, which are able to
accumulate elastic and plastic deformation before failure occurs. This
characteristic material behaviour enables the application of monitoring and
warning systems with the aim of an early detection of possible slope fail-
ure. In addition, surface and subsurface deformation monitoring of land-
slides are absolutely essential for the development of kinematic models.
Classic monitoring systems are based on the recordings of displacements
and strains on the surface or in the depths of the landslides. In addition
new monitoring systems based on micro seismic activity have been devel-
oped. These systems measure the seismic energy released through fracture
and deformation processes within a landslide.

5.6.1 Deformation Monitoring

Deformation measurements aim to determine the kinematics and temporal
velocity behaviour of unstable slopes. Although field observations can
provide indications of the current movement status of a landslide, the ques-
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tion whether a slope is currently stabilised or moving can only be defi-
nitely answered with deformation measurements. Landslide deformation
measurements provide data for the spatial distribution, orientation and
magnitude of the displacement vectors on surface and subsurface and the
temporal and spatial variation of slope velocities. Based on surface defor-
mation data a spatial differentiation between stable bedrock units and ac-
tive sliding masses as well as between variable active sub-slabs can be per-
formed. These data are useful for the determination of the temporal slope
activity, the landslide kinematics and the acceleration/trigger factors. In
general, deformation measurements also form the basis for slope stability
forecasts. The resulting difficulties in regard to the temporal development
of a slope can clearly be seen in Fig. 5.11. This is especially the case for
the prognosis of episodically accelerated slope velocities with a relatively
linear base trend. In contrast, for accelerated slope velocities the trend and
time of failure are easier to predict.

Slope deformation can be monitored a) pointwise, b) linewise and c) areal
and can be measured in-situ and/or by remote sensing methods. Point data
can be obtained through triangulation (x,y,z-coordinates), levelling (verti-
cal z-coordinate), global positioning system (GPS, x,y,z-coordinates), wire
extensometer (distance between 2 points), joint- or crackmeter (distance
between 2 points), laser distance meter (distance between 2 points) and
water level gauge measurements (vertical z-component between 2 points).
Line data are the result of inclinometer measurements (Willenberg 2004),
some types of extensometer- (Kridhenbiihl 2004) and Trivec measurements
(Kovari 1988). Areal information about the deformation field on the sur-
face of a landslide can be obtained by photogrammetry (Casson et al.
2003), terrestrial or satellite based radar interferometry (Rott et al. 1999,
Fig. 5.19) and terrestrial or airborne laser scanning (Scheikl et al. 2000,
Kemeny et al. 2006, Figs. 5.13 und 5.14).

Crucial parameters when planning a slope monitoring system are a) the
number of observation points that are needed to monitor the whole land-
slide, b) the size and boundaries of a landslide, and c) the expected slope
velocity and hence the required accuracy of the measurement method. Fur-
thermore, it must be clarified in how far surface observations are represen-
tative for the understanding of landslide kinematics or whether borehole
data (inclinometers) are needed to obtain the internal deformation behav-
iour. Moreover, the accessibility of the measuring area is decisive for the
choice of an appropriate system. The frequency of the measurement cam-
paigns should be defined when working with an episodical type of moni-
toring set-up. First evidences of the spatial distribution of slope deforma-
tion and its velocities may be given by structural and geomorphological
features (open cracks, vegetation markers, etc.). Based on these field ob-
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servations and the estimated slope velocity the time span between the first
and second measuring campaign is defined. Subsequent monitoring data
can be used to refine the measuring interval. At some landslides with high
risk potential it is essential to install permanent monitoring systems that
are able to record slope displacements continuously. Usually such monitor-
ing systems can be upgraded with automatic warning devices, which set
off an alarm when a predefined velocity threshold is reached.

0.0
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27/9/95/ - 12/9/96 mma

Fig. 5.19 Surface velocity pattern (mm/a) of the Hochmais-Atemkopf rockslide
(Kaunertal, Tyrol), derived from radar interferogramms from 27.09.1995 and
12.09.1996. In the lower region of the slope no velocity values could be obtained
due to forestation (from Rott et al. 1999)

The displacement vectors of points can be measured in form of absolute
and relative coordinates. Absolute coordinates may be gained from Global
Positioning Systems (GPS) and geodetic terrestrial methods. Latter may
also be applied for relative displacement measurements between stable ref-
erence points outside and unstable points on the landslide (Fig. 5.20). This
measurement configuration helps to avoid large measuring distances and
height differences and therefore yields highly accurate measurement data.
Other relative displacement measurements may result from wire exten-
someter or joint-meter installations. Given that these methods can only
measure the distance between two points, a check by means of terrestrial
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geodetic methods to obtain the 3-D displacement vector of the stable and
unstable point is necessary to avoid misinterpretations.

179050 179150 179250 179350

179180 179250 179350

Fig. 5.20 Relative monitoring network around a mountain ridge to detect the rock-
slide activity (Kreuzkopf, Tyrol). Whilst the monitoring points 110, 111, 112, 113
are assumed to be stable, the points 150, 151, 152, 153 are on the sliding mass.
Through the relatively short distance of less than 100 m and the minor height dif-
ference of less than 40 m possible displacements can be achieved with an accuracy
of less than 2 mm (Orthofoto: Tiris Land Tirol)

For any deformation and risk analyses, data of the temporal variation of
slope velocities are essential. In order to determine this, the measured dis-
placement values must be numerically differentiated over time. The data
thus obtained can be plotted in a velocity versus time diagram, whereby
the velocity represents a derived value. Differential values such as the ve-
locity of slope points are error-prone, especially when data points are tem-
porally close together. Considering this and the fact that monitoring points
contain a measurement error, the differentiation of such data sets can lead
to great fluctuations in the calculated velocities. For example laser scanner
raw data (Fig. 5.14a) from the Steinlehnen rockslide yielded widely scat-
tering slope velocities, because of the relatively large measurement error
and the high frequency of measurement campaigns. In order to avoid unre-
alistic velocity pattern fluctuations, a) the displacement curves may be
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smoothed out, b) the time intervall between measurement campaigns for
differentiation may be increased and/or ¢) more accurate measurement
methods such as terrestrial geodetic surveys may be applied. Based on pre-
cise triangulation measurements performed monthly at the Steinlehnen
rockslide it was possible to calculate a velocity-time curve (Fig. 5.14b,c).

5.6.2 Seismic monitoring

Slope movements are characterised by the formation of new and coales-
cence of brittle fractures in the sliding mass and active sliding zones and
presumably by “stick-slip” movements on existing shear planes. These
fracturing and failure processes induce seismic energy that can be meas-
ured with a seismic monitoring network. The seismic events (“microearth-
quakes”) can be analysed to determine the magnitude and source location
of brittle deformation.

Since 2001 regular seismic monitoring campaigns were conducted on the
deep-seated rockslides in Gradenbach (Carinthia, Austria) and Hochmais-
Atemkopf (Tyrol, Austria). In 2005 the monitoring campaign was ex-
tended to the large-scale Niedergallmigg-Matekopf landslide (Fig. 5.15).
Analyses of these monitoring data led to the design of a monitoring net-
work which focused particularly on the observation of deep-seated mass
movements (Fig. 5.21). The basic problems, when applying microseismic
monitoring to landslides are: a) the signal strength of the events caused by
landslides is usually very weak, b) settlements and infrastructure generate
a high seismic noise level and c) there is still a lack of knowledge about
the characteristic of the expected microseismic events.

Overall geophones register a variety of events (local earthquakes, events
created by humans), that can not easily be classified due to their waveform
and frequency characteristics. In order to allocate seismic events to land-
slides, the monitoring network should not only cover the landslide mass it-
self but also the surrounding areas (Fig. 5.21). Moreover, the seismological
observation stations surrounding the landslide should be incorporated in
the monitoring network.
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Fig. 5.21 Schematic set-up of a monitoring network for the observation of deep-
seated landslides

Currently there is not enough information available about the characteris-
tics of such landslide-induced seismic events (frequency pattern, wave
form, duration of an event) to search specifically in the recorded data set.
For the detection of events already known signals such as human generated
»hoise“ as well as global, regional and local earthquakes are eliminated
from the data. The remaining signals that can not be assigned to any of the
known types of events are classified as “interesting”. Earthquake cata-
logues and the surrounding seismological observatories aid in making a
distinction between global, regional and local earthquakes. Spectro- and
sonograms are used to detect weak signals and to visualise the frequency
content (Joswig 1990). Different algorithms such as STA/LTA (Allen
1982, Allen 1978) and Principle Component Analysis (Magotra 1987,
Wagner 1996) were tested for their automatic detection of events. The sen-
sitivity of these detectors has to be adjusted to a very high level to be able
to also detect weak events. This high sensitivity causes a great number of
“error detections”. For an improved and automatic detection of events
“pattern recognition algorithms” can be applied (Joswig 1990). The disad-
vantage of these algorithms is that a profound knowledge about the fre-
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quency characteristics of the interesting events is presupposed, however, is
currently unavailable.

The localisation of the events is an important indicator of whether a regis-
tered event is a micro-earthquake induced by landslides. For “interesting”
events, showing a sufficient signal-noise-ratio, localisation can be con-
ducted with the help of first arrival travel times and a 3-D P-wave velocity
model. Using the NonLinLoc software the source coordinates can be de-
termined (Podvin and Lecomte 1991, Lomax et al. 2005). This localisation
method was tested with controlled seismic sources i.e. dynamite detona-
tions at the study site Hochmais-Atemkopf and shows that through a 3-D
velocity model reliable results can be achieved (Fig. 5.22). Generally it
was found that localisation of the epicentre in regard to a transferred coor-
dinate system parallel to the slope inclination are easier to determine than
the focal depth.

Fig. 5.22 Re-localisation of the detonations of the measurement campaign
Hochmais-Atemkopf (Kaunertal, Tyrol). Black triangles = actual detonation
points, grey circles = re-localised detonations

Currently there is not enough information available about the characteris-
tics of such landslide induced events (frequency pattern, wave form, dura-
tion of an event) to search specifically in the recorded data set

However, events with low signal-noise ratio or emerging energy cannot be
detected by standard detection and localization routines. Spectrogram and
image processing routines are used to automatically detect and classify the
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recorded seismic events. Localization routines based on amplitude distri-
bution are used to localise events with no clear first P-wave arrival (Mertl
and Briickl 2007). Many events that could be classified as micro-
earthquakes exhibit composite or multi-event characteristics. Such events
were observed on all three examined slopes (Fig. 5.23). The total duration
of micro-earthquakes lies between 5-20 seconds, whereby the main part of
the frequency content is <30 Hz. The later events of a composite micro-
earthquake mostly exhibit a lower frequency content than the primary
event.
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Fig. 5.23 Typical registration of a multi-event microearthquake, recorded on the
landslide Gradenbach

Besides the composite and multi-events other types i.e. narrow frequency-
band and low-frequency events were recorded on the three slopes. How-
ever, these could not distinctly be classified as landslide induced events.
Figure 5.24 depicts an example of such a “narrow frequency” event.
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Fig. 5.24 Typical registration of a narrow-frequency event, recorded on the land-
slide Gradenbach

5.7 Summary

The complexity and variability of diverse kinematical landslide types re-
quires multi-disciplinary approaches to analyse the underlying processes
and mechanisms. Therefore disciplines from the field of geotechnics, geol-
ogy, geomorphology, geodetics and geophysics should ideally interact to
reach a high level of knowledge.

Age dating of fossil landslides helps to resolve the temporal and spatial
interrelationship of slope instabilities in different geological settings and
under different climatic conditions in the Holocene. Time periods of in-
creased slope activity can be resolved and linked to feasible triggers.
Analysis of age dating results shows that in several cases reactivation or
multiple failures on sites occurred in the past. Thus an increasing compila-
tion of landslide events from the past can provide data to establish prob-
ability-based estimations of the occurrence of slope failures for a given
area. Such data are needed as input for further risk analyses approaches.
Fundamental principles from fracture and friction mechanics and material
creep laws help to understand slope deformations in a kinematical, me-
chanical and temporal manner. Both the triggers that induce slope failures
or accelerations and the factors which lead to slope stabilisation require de-
tailed investigation and analyses to establish reliable forecasts. In addition
the physical comprehension of slope failures and deformation processes
provide the basis for the development and planning of monitoring systems,
in-situ investigation methods and stability analyses based on limit equilib-
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rium methods or numerical modelling approaches. Monitoring of landslide
deformation and microseismic activity provide crucial information about
the kinematics and the temporal deformation behaviour.
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