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Abstract

In the last years GrounBasedInterferometric Synthetic Aperture Radar (GBINSAR) has
proven its possibilities and advantagesdetecting displacements and deformations in
unstableareas.Two mass movement affected sites, the HornbeéngReutte, Tyrol and

the Ingelsbergn Bad Hofgastein, Salzbungere investigated using this powerftdol to

better understand the effective slope behavior.

The key concepts of GBInSAR well as the data processing and analgesdescribedn
this thesis At both sitesmonitoring delivered continuous information of occurred
displacementwith accuracy in the range of millimeterddditionally, a high temporal
resolution with measurement intervals below seven minutes was provitimement
patterns could be observed andr&uated.Moreover, the extent of landslide affected

areawasdefinedand possibly collapsing parts were highlighted.

Measurement results for the Hornbergl displayed constant displacemaithin

depositional areas (e.galus and toe areas)not indcating significant movement of
extensive parts of the steep and confining cliffs. At the Ingelsbavgtinuous
displacement within depositional areas well as distinctive rock fall eventsuld be
detected. A comparison with different monitoring methods (eftgssurometer) proved
the consistent displacement tendencies detected by various techniqliese of slope

failure predictions were calculated usitige methodproposed byFukuzono (1986

Summarizing GBINSAR delivers highly useful information about the slope behavior of
both investigation sites, considering a felimiting factors (e.g.vegetation and

atmospheric influence).




Kurzfassung

In den letztenJahren hat sich bodengestitziRadarinterferometrie mit synthetischer
Apertur (GBINSAR) als ein leistungsstarkes Instrunfént die Uberwachung von
Verformungen und Bewegungen instabilen Regionen bewdahrt. Mit dem Hornbergl,
nahe Reutte in Tirol, und dem Ingelsberg, nahe Bad Hofgastein in Salzburg, wurden zwei
Gebiete, die akut von Massenbewegungen betroffen sind, mittels dieser Technologie

untersucht um die vorherrschenden Hamgpesse besser zu verstehen.

In dieser Arbeit werden die Grundprinzipiewon GBINnSAR als auch die
Datenverarbeitung undAuswertung besprochen In beiden Untersuchungsgebieten
konnten kontinuierliche Verschiebungsdaten mit einer Genauigkeit im Millirbeteich
erfasst werden. Messintervalle von unter sieb®hnuten erméglichten eine enorm
hohe zeitliche Auflésunder Verschiebungsdaten. Bewegungsmuster wurden erfasst und
bewertet und zusatzlich konnte das Ausmald der, von Massenbewegungen betroffenen,

Gebiete abgegrenzt werden, wobei mdgliche Gefahrenbereiche hervorgehoben wurden.

Die Messergebnisse fiur das Hornbergl zeigten durchgehend Bewegungen in den
Ablagerungsbereichen (z.B.: Schuttkegel und Ful3bereiche), jedoch keinerlei signifikante
oder grof3flabige Verschiebungen in den angrenzenden Steilwdnden. Ingelsberg
konnten kontinuierliche Bewegungerin den Ablagerungsbereichemls auchplétzliche
Felsstirze beobachtet werderEine Gegeniberstellung der Radardaten mit anderen
Uberwachungsmethoden (z:BFissurometer) bestatigte die Bewegungstendenzen der
verschiedenen MessprogrammEine Prognose der Versagenszeitpunkte wurde mittels

der Methode nachrukuzono (198ferstellt.

Zusammenfassend lieferte GBINSAR enorm nutzliche Informationen der vorherrschenden
Hangprozesse in beiden Untersuchungsgebieten zur Verbesserung der geologische

Modelvorstellungen.
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1. Introduction

The need for aprecise, reatime and safe monitoringof hillslope deformations and
stability is indispensableWith a rising number of settlements and infrastruceuin
possibly hazardousountainousregions the impact of devastating events is increasing
(Schares, 2002 Precise, realime monitoring data contributeshazardmapsto predict
future hillslope failures, forexample by applying the ievse velocity method of

Fukuzono (1986

1.1 Objectives

To gain a better understandiop of slope behavior and t@enerate comprehensive
displacement map of the Hornbergl and the Ingelsberdpe application ofa Ground-
Based Interferometric Synthetic Aperture Radar (GBInSAfR)advantageous, as this
technique enables the remote monitoring te#rgescalelandslides with accuracin the
mm range (Luzi, 2010 Mazzanti, 2011 The generated displacement mapinclude
informationfor every scanned pixedfferingtime seriesplots of displacement or velocity
for the entire survey domain A continuousdisplacement mapprovides necessary
information regarding the magnitudend loation of movemens. Using the GBINSAR

measurements the main objectives include:

A Gain insight to slope processes

A Assess whether significant volumes of rock or soil material displace or once in
motion potentially mobilize into a significant landslide event

A Correlation of displacement to climate variations

A Where applicable, compare GBINSAR results to independent conventional survey
measurements

A Where possible, usthe inversevelocity method of Fukuzono (19850 estimate

time of slope failure
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2. Literature Rview

2.1 GBInSAR Technology

This chapter is dedicated to deliver an introduction frohe tinvention of the basic
principles of radar to the nowadays applied method GBIng&RoundBased
Interferometric Synthetic Aperture RadariRadar is an acronym for Radio detection and
ranging and involves a technique, where the backscattered echoedioély generated
microwaves are measure@Rodelsperger, 2. In this process electromagnetic waves
illuminate objects, surfaces and volumes with a certain resoluiazi, 2019 With the
invention of synthetic aperture radar (SAR) the spatial resolution of radar images was
improved significantly. Over the last couple of decades, satdélbrme radarusedfor
reY246S asSyaiaya 6SOFYS || LR66SNFdzZ FyR KAIKE &
surface. With the launch of the NASA satellite SEASAT in 1978 it was soon demonstrated
that synthetic aperture radar (SAR) was able to acquire features like topography,
morphology or roughness of the backscattering lag@amler and Hartl, 1998In the

late 1980s the firsinterferogramswere produced, whereby several acquired SAR images
were compared with each other. More exactly interferometry exploits theagd
information of at least two different SAR images to retrieve temporal or spatial
information of the propagating wavef.uzi, 2019 Information derived from these
interferograms can be used to assess different parameters, such as topography,
deformationsof the surfaceor vegetation propertiegBamer and Hartl, 1998 This new
method, called Interferometric Synthetic Aperture Radar (INSAR) enabled the mapping
and detection of huge areas with respect to surface displacem@amler and Hartl,
1998.

In contrary to the satellite born mabd groundbased or terrestriainSARvas developed

to acquire images with higher temporal resolution-Bmin) using a stable baseline
(Luzi, 2010 Roédelsperger, 2031 The fist prototypes of terrestrialnSAR equipment

were developed by the Joint Research Center (JRC) of the European Community in the
late 90s (Rodelsperger, 2031 The first commercially available apparatus was

manufactured by IDS in cooperation with the Department of Electronics and
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Telecommunications at the Univesiof Florence and is distributed in similar form since

2006 (Rodelsperger, 201 Mazanti, 201).

In the last decade GrourBased Interferometric Synthetic Aperture Radar, further on
mentioned as GBINSAR, equatable with the term TInSAR (Terrestrial INSAR), as
sometimes used in literature, has gained significant interest infigld of Geotechnics
(Mazzanti, 201} This technique uses one microwave emitting and one receiving sensor
to gain radar images, while moving along a rail trédknserrat Hernandez, 20)20ne

of the biggest advantages of this technique is the independency of weather and daytime
limitations due to the usage of microwaves. With providing two dimensional
displacement maps a spatial resolution of a few meters and an accuracy of 1/10mm to
1mm, this novel tool already proved its possibilities on several fields of applications
(Rodelsperger, 20)1Especially the monitoring of hazardous slopes and landsldes

in connection with construction sitestayed in the focus of numersuesearch projects
(Tarchi et al., 2003Herrera et al., 200Barla et al., 201,(Mazzanti et al., 201,1Bozzano

et al., 201), as well as the observation of unstable volcano flafi&delsperger et al.,
2009, the generation of digital elevation mode{Rddelsperger et al., 201®r the

acquisition of snow cover characteristi¢sizi et al., 2009

2.1.1 Principles

Working on the basic principle of a Pulse Radar, GBINSAR equipment uses three different

techniques to increase the possibilities of radar observat{&ilelsperger, 2091

A Stepped Frequency Continuous Wave (SFCW) to acquire range resgie@n
chapter2.1.1.9

A Synthetic Aperture Radar (SAR) to acquire azimuth and cross range resolution
(see chapte.1.1.3

A Interferometry to detect and calculate object displacements (see chahted.§

Generally an image is acquired by the radar head, which moves perpendicular to the
measurement direction in a continuous way along the r&& a result of every

acquisition, a two dimensional image with an amplitude ahdge information for every

3
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single measurement pixel is generated. Within the radar image a correlation between
the phasez, the known wavelengtld and the distancer is given(Rédelsperger, 2011

Schares, 20)2Equation 1).
3 —20 (1)
The dimension of the measuredxgis is defined by a constant range resolution G5

and distance dependent cross range resolution of 4.4mrad, which resembles 4.4m at a

distance of 1km(IDS, 201fwww.idscorporation.conji(Figure 1). Basically GBInSAR

devices are only capable of measuring displacements along the Line of Sight (LoS) from

the antenna head to the illuminated surface.

Area coverage dimensions

Observed area ‘A\f‘_“— e

wooie=

wooey=

Spatial resolution

Pixel AR

Figure 1, Resolution ceIIsGBInSARKurka, 201p graphic
from IDS, 2011

2.1.1.1 Pulse Radar

Pulse Radar uses an emitted primary signal and a backscattered secondary signal within
the microwave frequency to measure a distance to a specific offfmttares, 20192In

the simplified example oFigure2 the emitted pulse is reflected by the airplarsand
received with an echo delaly. Using this information and the known speed of liglt

3 x 10 mi/s), the distanceR, to the investigated object can be determindGoppi,
2011);(Equation 2).



http://www.idscorporation.com/
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~ z

G2 Az 4 2

(2)

T Pulse duration
A—p

A « PR~

Radar echo

—p

t
To

Figure2, Pulse Radar working principl€oppi, 2011

The distinctiorof echoes of two different pulses is only enabled, if the difference of their
receiving timekt is higher than the duration of the pulseor if the distance between the
objectskd is higher than the range resolutickR (Figure3, Equation 3) modified after
(Coppi, 201}

YO z YA YY (3)

— . Ar R
Ad =S
2

Figure3, Range resolution conceffoppi, 201}

Therefore, the range resolution can be expressed as a dependency of the pulse duration
z or the pulse bandwidtB (Equation 4). To overcome this disadvantageous limitation
the pulse width has to be shortedeor the SFCW approach has to be applied to receive

a higher range resolutio(R6delsperger, 20J1

~ z

Y2

— (4)
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2.1.1.2 SFCW

To increase the range resolution the radar pulse is fully synthesized by means of the
Stepped Frequency Continuous Wave-C3¥) techniqgugPaulose, 1994 This approach
uses the fact, that the range resolution is inversely proportional to the swept bandwidth
of the radar pulses (Equation @lba et al., 2008 Instead of transmitting a short pulse
with duration zusing a large bandwidth within one frequency domain, the-RISadar
transmits asweep of synthesizetN monochromatic waves equally and incrementally
spaced in frequencyAlba et al., 2008 Jungner, 200P This is realized using fixed
frequencysteps ofkf within a bandwidthB (Equation 5)(IDS, 201p

v

" ¥VQ. p (5)

Amplitude Frequency

AFS

— > —
B Frequency At Time

Figured4, Synthetic pulsevith bandwidth Band frequency stepkf using SFEW, modified afte(Schares, 2012

One sweep containing all frequency steps within the entire bandwidth resembles one

measurement peition of the radar head along the raKi§ure4), (Schares, 2012 For

each frequency step IBFA. acquires a complex vector containing components of the

reflected echo representing the frequency response of tNepulses. Using an Inverse

Discrete Fourier Transform (IDFT) the stored data is then converted from time to range

domain(Coppi, 201} This range profile delivers a one dimensiamalp of the reflected

objects in the LoS as a function of their relative distance from the ré&tdrares, 2012

The SFCW approach enables IBFS to provide a range resolutia¥R of 0.75m, which

defines certain range bins along the measured prdfiehares, 201)2 The radar beam

illuminatesn target points at different distances and angles, beingbtn apart(Alba et

al., 2008. Targets within the same range bin return a cumulative response. As a result it

is impossile to distinguish between certain objects or their displacements within one
6
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range bin, as the echo delivers a description of the mean changes of all sca{fdbas
et al., 2008 Jungner, 200P An exemplary range profile illustrates the range resolution
concept and the limitation of two or more objects within one range Bilg(re5).

n-th
range\bin

'Z . Antenna
boresight

I

IBIS

Range (m)
Figure5, Idealized range measurement along a peofilith several targetsshowing the amplitude of the echao
(Coppi, 201}

2.1.1.3 SAR

To overcome the problems of illuminated objects in one range bin an additional
approach is executed. By moving the radar head along the rail a synthetic aperture is
simulated(Rodelsperger, 20)1By combining several coherent, slightly offset images of
the same scene, a synthetic aperture allows tbeusing of all gained acquisitions into
one two-dimensional image(Jungner, 200P This Synthetic Aperture Radar (SAR)
technique is accomplished by a stepped but almost continuous moveaieng the rail,
perpendicular to the measurement direction. All acquired images with slightly different
viewing angles are compressed into one image, which adds a-remogs resolution,

assuming that all images are captured at the same t{®ehares, 2002 The obtained




MasterQ Bhesis Institute of Applied Geology ﬂ-!rg-

angular resolutionY) is defined by Equation @yhere < is the wavelengthand L the

synthesized antenna length (= 2m in case of-RIfAlba et al., 2008

oo - (6)

As a result of Equation 6 and the 2m movemalaing the rail a crossange resolution of
4.4mrad is obtained. Since crassge resolution is defined as an angle, the
measurement cells increase linearly in size in the erasge direction with distance
from the radar(Jungner, 200P Therefore the pixel resolution changes with distance,

reducing the possibility of detecting smaliale objects at the maximum range.

Cross range
direction

IBIS

Figures, lllustration of the pixel resolution defined bnge resolutiony’® and cross range resolutiodCR(Coppi
201))

Combining the SEW and the SAR technique exact measurement pikajgie6) are
defined by a range resolution of 0.75m and a cr@swye resolution of 4.4mrad (e.g.
@1km, 0.75m by 4.4m; @2km, 0.75m by 8.8ABa et al., 2008 Coppi, 2011IDS,
2013.




MasterQ &hesis Institute of Applied Geology #.-Erla'!-

2.1.1.4 Focusing

One automatic step within the evaluation software H&Gardian to obtain a grid with
spatial resaltion is the focusing of the detected amplitude and phase values
(Rodelsperger, 2031 SAR images highly differ in their geometrical and radiometric
properties from optical images, as they mainly depend on the geometry of the target and
the type of reflecting material (Rodelsperger, 20)1 The application of an Inverse
Discrete Fourier Transform (IDFT) onto the raw iesagnables the transformation of the
gained data from the frequency domain into the spatial dom@&ohares, 201)2InFigure

7 the focusing of a GBINSAR image istilated. By applying the IDFT on each column of
the raw imageFRigure7a) a range focused image is generatEdy(re7b), (Rédelsperger,
2011). Repeating the same procedure for the rows a completely focused image is created
(Figure 7c). As last step the image is transposed into a Cartesiyrgnd (Figure
7d);(Schares, 2012

Frequency [Hz]

g
g
4

Range [m]

-100

Ampiitude [dBm]

0 | S
Position on rail [m] Position on rail [m]

() Unfocused image (b) Range focused image

o e s
8 & 3

Range [m]

-135

i
£

& 8 R
Amplitude [dBm)]
y [m]

-140

L oLoL
& 8 &

L i
x_min 0 x_|
x[m]

(€) Focused image (d) Focused image (x-y grid)

Figure?7, Different stages of focusing during the generation G&RBINSAR image (Amplitude orRfidelsperger, 2091

9
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For interpretation reasons the addition of a gesferenced Digital Elation Model
(DEM) is indispensable. Introducing ecaordinate to the system a local three
dimensional coordinate system (X, Y, Z) is required. Its origin is located in the center of
GBINnSAR rail, whereby X is orientated in direction of the movementeofatiar along

the rail, Y in direction of the measurement and Z as a vertical(@kidelsperger, 20)1

The range resolution concept now produces a distortion of the measurement cells due to
irregular topography(Rdédelsperger, 2031 The main limitation related to this issue is
that all objects within one range and azimuth bin, but with different elevation, are
mapped indistinguishably into one pixgRodelsperger, 2001 A nmeasurement cell is
defined by a certain size on a tvddmensional plane. If this cell is projected at a vertical
cliff in a threedimensional system one pixel may cover the entire length of the cliff and
therefore summarizes all properties along this dlitio one pixel Figure8). This loss of

information can be minimized by choosing an advantageous sensor position.

Observed area

Measure Station

Figure 8, Distortion of measureent cells due to the projection om threedimensional systel
(Coppi, 2011

10
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2.1.1.5 Interferometry

Interferometry is based upon the comparison of different phase compongnts at

least two coheretradar imagesKigure9), (Schares, 2012 Using data from different
viewing points or instants of time the measurement of relative range differences is
enabled(Schares, 20)2In both case studies, the Hornbergl and the Ingelsberg, the SAR
images were collected at different time periods, but at the same sensor position.
Therefore the spatial baseline edsaero, but a temporal baseline gets introduced, due
to the temporal change of the distance between the target and the sensor
(Rodelsperger, 20)1Basically a possible displacemehin the Line of Sight for every
single pixel can be derived from equatioiMazzanti, 2011Sclares, 2012

Two majorcomplications arise during the generation of an interferogram. As the phase is

periodicwithin [ b~ 68 |y SEOS&a 2F GKAA @I fdzS ONBI

unknown number of phase cycléungner, 200P Therefore the maximum unambiguous
measurable phase between adjacent pixels is reduced-to, defined by equation 7

dzaAy3 g~ @

A —3 3 (7)

Using the Ku band with a wavelength of 17,44mm the maximum unambiguous change of
distance between two measurements is limited to approximately 4,38(®thares,
2012. If the phase gradient stays below this threshold the absolute or real phase can be
reconstructed with phase unwrappingJungner, 200P To resolve a possible
transgression of this threshold the Persistent Scatterer Interferomtry (PSI) technique is
introduced. This approach uses time series of pixels with highly coherent phase
measurement results as a stable referenceaelation to quickly moving pointéSchares,

2012).

11
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Figure9, Principle of interferometryCoppi, 201}

Another error prone factor exists with changing atmospheric conditions at the
investigation site. As the images are taken during #iigthifferent climatic conditions,

the changing diffraction index influences the propagation velocity of the electromagnetic
waves (Rodelsperger, 2091 Mainly humidity, temperature and atmospheric pressure
introduce errors to the measured phagR@ddelsperger, 2091 As a result the measured
phase differencek 3 does not resemble the true phase differendes, , as the
atmospheric phase contributiok 3 2, the phase ambiguitk 3, and noisek 3noise have

to be consideredEquation8) (Jungner, 200Kurka, 2012

Y3 Y3 Y3 Y3 Y3 (8)

To resolve most of the atmospheric influence IBIS Guardian uses different atmospheric
models, which are embedded within the evaluation software IBIS Guardian and offer
only an approxiration for discerning complex atmospheric effecfSchares, 2002 As
atmospheric influence affects the entiradar image to the same degree, persistent or
permanent scatterer deliver a cohem phase signal to discriminate between

atmospheric pseudo displacement and real displacement.
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2.1.2 Permanent Scatterer

One of the most challenging aspects for radar based measurements is the correct
handling of atmospheric artifacts. Tiesolve atmospheric mfluence the permanent
scatterer (PS) approach is introduced, which originates from spaoge radar
campaigngRdodelsperger, 20)1Using the complete phase information of highly time
coherent permanent scatterers, the accuracy of the entire measurement is pushed
within the submm range(Colesanti et al., 2003 The basic principle of this technique
relies on the estimation of displacement, morphology, atmosphere and other disturbing
parameters via certain stable permanent scatteréRddelspeger, 201). Usually the
analysis of obtained interferograms delivers this sort of information. Due to the highly
changing conditions for spad®mrne SAR various techniques using similar approaches
have been developed and summarized via the term PerdisSeatterer Interferometry

(PSIYRo6delsperger, 20031

Atmospheric artifacts are usually spatially correlated within one radar acquisition and
highly diverse in timgColesanti et al., @3). On the contrary displacement normally
shows a strong correlation in time and a more complicated spatial correlation depending
on the failure or movement mechanisfferretti et al., 2000Colesanti et al., 2003
Assuming that certain pixels main stable within time in terms of displacement during
multiple SAR images, the atmospheric effect can be estimated using these referencing
pixels(Ferretti et al., 200D The calculated displacement is then corrected by subtracting

the atmospheric artifacts.

2.1.3 Corner Reflectors

Environments with a closed coverv#getation may produce problems in terms of target
reflectivity and signal poweKRoédelsperger, 2001 As a result the accuracy drops
significantly and measurements are normally confined to -wegetated areas. To
resolvethis limitation, artificial reflectors (e.g. corner reflectors) can be mounted within

the investigation site. Accessibility to the site has to be given to allow an installation.
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FigurelO, Different types of radar reflector@Rédelsperger, 2091

Different radar reflectors are shown ifigurel0, whereby trihedral reflectors show the
best reflecting properties and the most tolerancéor inaccurate adjustment
(Rodelsperger, 2031 Due to thér metal surface a distinctive amplitude signal is
received, which theoretically allows the clear distinction from all other surrounding

reflected signals.

2.2 IBISFL

In this thesis further research was realized with the apparatBESFL (Image by
Interferometric Survey- Landslide;Figure 11), manufactured by the company IDS

(Ingegneria dei Sistem S.p.AMw.idscorporation.corjy which is commercially available

in similar form since2006 (Mazzanti, 2011 The used equipment had the technical
prerequisites for an upgrade to the next generation of IBIS scanner, the so call¢d.IBIS
version. This upgrade comprises faster acquisition intervals aretefibre less
atmospheric influence during one measuremgiidS, 2018 Anyhow this advantage
could not be used duringalf of the measurement campaigrue to a missing software
updae, which was finally executednoMay 2" 2013. Up to this date measurements
were executed usg the former IBI& version, which resembles the 8IS version in all

properties, except the scan time.
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-Linear rail &=

Figurell, IBISFLequipment mounted on a concrete foundation in Bad Hofgastein

IBISL/IBISFL is a lineaGroundBasedinterferometric Synthetic Aperture Radar which is
composed of a radar head, a 2.5m long linear rail \witheffective path length of 2m, a
power supply module and a controlling notebook. The rail has to be mounted on a stable
foundation like a concrete block. The radar head is mounted on a trolley, which is moving
continuously along the rail. Two antennas risanit and receive radar waves with a
frequency ranging from 17.1GHz to 17.3HXS, 201 The sensor can be tilted to

obtain the best fitting viewing angle

The instrument is controlled with a laptop computer. After every measurement, which
takes approximately 2.5min or-BOmin, depending on the maximum range and the
software version (IB{&/IBISFL), one file with the extensiogbd is stored on the local

hard disk. The file size depends on the chosen maximum range and resolution and
averages around0-30 MB. By the use @& 3G modem, data transmitting is enabled, but
only for already processepkvfiles (76100 KB) to keep the transmitted data volume as
low as possible. This processing step requires the prior creation of a mask in the field, as

this step is only applicablen the gbdfiles.
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All descriptive propertiesliablel) resembleboth the IBIS. andIBISH. version and most
of the measurements were performed using Version 01.03.002 of the evaluation

software IBISSuardian and the controllingoftware I1BIS Controll€DS, 201

Tablel, Technical specifications of IBLBBISFL; modifiedafter (IDS, 2012DS, 2018

Parameter Value
Frequencyf 17.1-17.3GHz

Central Wavelength 17.44mm
BandwidthB 200MHz

Scan timekt (IBISL) 5¢ 10min
Scan timekt (IBISFL) 2.5min
Scan length. 2m
Maximum distancé’nax 4000m
Range ResolutiokR 0.75m

Crossrange resolutiorki  4.4mrad (4.4m @ 1000m rang

Antenna type IBISANT6 (beamwidth of 50
horizontal and 20° vertical

2.2.1 Advantages and Disadvantages

IBISL/IBISFL has several advantageous properties as well as some limitations
(Rodelsperger, 2011DS, 2013Schares, 2012

Advanhges

A As a remote sensing technique with a maximum range of ,4Rossibly
dangerous or inaccessible sites can be monitored without the prior installation of
reflectors.

A High accuracy and spatial resolution due to the use of radar waves. All targets
within the radar beam are monitored simultaneously with an accuracy of 0.1 to
Imm.

A Independent of weather and daylight conditions, monitoring is continuously

possible during the night and during limited visibilig.g. fog, clouds or rain).
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Moreover, IBIS-L peforms measurements, once initiated, automatically without
the need of human intervention.

A In contrary to spacéorne SARIBISL/IBISFL has full control of the spatial
baseline and is therefore perfectly suitable for displacement measurements.

A Due to cmtinuous monitoring a high sampling rate is achieved, with
measurements taking place every 2.5min and(min, respectively. A high

sampling rate enables reime monitoring of possible displacements.
Limitations

A IBISL/IBISFL infrastructure requiremestare significant: a stable foundation, a
power supply and a protective housing.

A Vegetation reduces the reflectivity and therefore the accuracy of targets
significantly. Additionally grass, bushes or trees are subject to possible movement
due to changinglomatic conditions (e.g. wind and rain). Artificial reflectors (e.g.
corner reflectors) or highly reflecting areas (e.g. rock walls, debris or concrete)
are required to achieve sufficient coherence of measurements.

A Atmospheric delay can reduce the accwyra®uring rapidly changing weather
conditions or long term monitoring, the introduction of stable reference points or
exact weather data is necessary.

A Phase ambiguity may disable the identification of the correct phase. Additionally
rock fall activities orother fast moving processes may complicate the phase

identification.

2.3 IBIS Controller

Using the IBIS Controller software configurations for the acquisition of radar images are
implemented. Mainly information regarding the maximum distance (<4km),rémge
resolution (075m) and the antenna type have to be specified. Additionally, the synthetic
aperture can be specified. Any value below the maximum synthetic aperture of 2m
decreases the crossmnge resolution of 4.4mrad, simultaneously the scan time is
reduced. An average scan time of 7min may be expefdedBISL For the most recent
software version of IBYBL scanning timearound 2.5nin are realized. With a shorter
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acquisition time the atmospheric influence during one measurement decreases

consideably leading to a more accurate measurement redlS, 2018

Measurements are stored agd raw files which require 230MB memory capacity. To
accelerate data transfer and processing of the data, a selection mask defines investigated
area and applies filtering threstas. After this processing step the masked files are

stored in thepsvformat with a file size of0-100KB

2.3.1 Masking

For the creation of a valid selection mask at least tyadl files have to be processed to
generate three different radar map$igure 12). Due to the temporal deviation of the
measurements the coherence map delivers a very useful map of the stability of all pixels
in every imageHRgure 12c andFgure 12d). Moreove, a general power map (dBjigure

12a) and a signal to noise ratio (SNR) nfaguie 12b) of the reflected signal are created.

Generally norvegetated arease(g.rock, debris, concrete) provide a st@rand stable

signal, whereas trees and bushes show high noise v@Rigelsperger, 20)1

Fgure 12, Power map (a); Signal to noise ratio (SNR) map (b); Coherence m&gléction maskgreen)applied
onto the coherence map ofthe Ingelsberg investigatiorfd). Bright areas indicate highly coherent pixels ai
renresent rockv or sparselv veaetated areas.
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After the introduction of an adequate masgibd raw files are proccessed infusvfiles,
which are then transferred to the Department of Applied Geosciences in Grazysthe
files include the masked area and the excludeelaais only stored within thghbd files.
Collected measurement data is then imported into IBIS Guardian for further processing

and visualization.

2.4 IBIS Evaluation Software

IDS provides two different approaches to process measurement data. First®ifSaData
Viewer (IBISDV)allows a basic calculation of displacement maps. The advantage of this
software is the possibility of inserting Ground Control Points (GCP), which act as a
reference to the occurred displacement temoveatmospheric noise. Hower IBIS Data
Viewer does not allow visualization of the processed displacement maps onto a digital
terrain model (DTM). In contrast to this basic approach, IBIS Guardian enables a more
advanced processing of displacement maps with the advantage of vestiat with a

georeferenced DTM.

2.4.1 IBIS Guardian

IDS developed IBIS Guardian to allow a quick analysis of the acquired radar data. Many

I RGIYyGlF3Sa INAaS gA0GK GKAA AyaSyaAzys odz
used algorithms or applied miospheric corrections. IBIS Guardian was used for the main

part of the processing due to its straightforward approach. Hence a short overview of its

functions will be given here.

IBIS Guardian has its advantages with calculating displacement mapszeduaii 3B
terrain models. Using airborne laser scan data a DTM was selected and transformed to a
resolution of 1x1m. Within the DTM options the position and northing (viewing direction

in degrees deviating from north) of the IBIS radae inserted to provde a precise
overlay of displacement data onto the DTM. After choosing the previously defined

selection mask all acquirgakvfiles are processed and displayed as maps with different
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information. IBIS Guardian calculates a displacement map, using irtgréens of all
radar images, a velocity map, which simply indicates the speed at which displacement
occurred, and an amplitude map with the power of the signal. Moreover, pixels and
areas can be selected and investigated using their time series. Genenaieddries are
simply exported astxt file for further correlation with other data (e.g. meteorological
data). One week of data with a measurement interval of 7 minutes requires several

hours for processing using a customary compyéeg. Intel Core i7rad 8GB RAM )
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3. Hornbergl Study Site

3.1 Regional Setting

The Hornbergl study area is situated within the Aarg=nin Tyrol, Austria, near to the
town of Reutte Figurel3). The Hornbergl is located directly westté village of Hofen.
The study area is bordered by the Murenbach and the Herrenbach to the North and the

South, respectively.

R
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L«.
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Figurel3, Location of the Hornbergl study area within AustBaale 1:2 000 0QBEV 2013

With an elevation of 1755m above sea level the Hornbergl is not a very dominant peak in
this area. The steep rock wall benedtte W1 | F Sy JWJurglSE Figur@l4), which

is directly located on the peak of the Hornbergl, and the almost vertical cliff along the
south-east striking ridge were investigated by means of thdnSBR. The soutast
striking ridge reaches from the peak of the Hornbergl down to an elevation of 900m
above sea level. Confined by the Murenbach and Herrenbach the ridge forms slopes with
a gradient of up to 40° to the South and the Ef@dbser et al., 2009 whereas its
boundary to the North is an almost vertical cliff. Fiigure 15 the investigated area is
highlighted with a white line, moreover, repeatedly mentioned areas are marked by

arrows.
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The study area has a temperate climate with a relatively high yearly precipitation of
1411mm in the reference period bseen 19812010 (ZAMG, 2013c Due to the
dominant influence of humid nortlwestern weatherin middle Europe, the Ausserfern

area represents a geograghbarrier enabling high amounts of rain and snow to fall

(ZAMG, 2013c Temperature ranges between monthly averageC in January and 16°C
in July irthe reference period of 1961990(ZAMG, 201p

Figure14, The Hornbergl seen from the valléyiew looking SW)Thed | | T § y SislJocxtétiBadhetight edge
whereby the soutkeast striking ridge and its confining cliffs can be seen at the left.
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The vegetation around the Hornbergl and the soetkst striking ridge is dominated by

spruces and mountain pines, which often display an inclined growth. Generally the study
areaR2Say Qi SylotS aArAayAFAOLIY:d fFyR dzaS3 RdzS
Murenbach andHerrenbach agricultural land is situated.

According to theZAMG (2013gp14 earthquakes per year on average are noticeable in

Tyrol. The area around Reutte is situated within seismic risk zoRr@&yGré16), where

major damages to buildings may oc€¢dAMG, 2013p

Earthquake hazard zones of Tyrol

Zone 0 bis zu leichten Gebdudeschédden .
Zone 1 leichte Gebdudeschaden I J
[ Zone 2 vereinzelt groBere Gebdudeschéaden , —
B Zone 3 groBere Gebaudeschaden i Z A M G
Il Zone 4 groRe umfangreiche Gebdudeschédden —4)— Hornbergl ﬁ:,ﬁm‘:,"ﬂ;
Geodynamik

Figurel6, Earthquakeéhazardmap of Tyro(ZAMG, 2013a

The Hornbergl is part of the Northern Calcareous Alps, which are dominated by extensive
nappes and foldings. In thiElornberglarea (Figure17) rock units are built up by the
Allgaunappe(W! f DI NS Gootwall and by the Lechtalnapg®’[ S DR D) & Q
hanging wall(Tollmann and Deuticke, 197pbAs the Allgdunappe is not directly
encountered in the investigain area of the Hornbergl, a more precise description of the

single formations is only given for the Lechtalnappe.
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3.2 Site Conditions

At the base of the Lechtalnappe tNew S A OK Sy K | f(ReiShedhdll @rnato®e Sy Q
forming the undermost layeof carbonatic Triassic with distinctive boundaries to the
neighboring formationgTollmann and Deuticke, 197paBuilt of calcareous, dolomitic,
sandy or auhwacke components it is thought to origin from a shallow inter to
supratidale depositional milieTdlmann and Deuticke, 197%aDue to the alternating
sequences of transand regressional phases saliniferous and evaporitic interlayers were
built (Moser et al., 200p The formations overlying the Reichenhall formation are
summarized asV! £ LAY S a dza O gafping $héll {limeSiond zudit)iSvidereby a
more exact subdivision would be, fromstratitgraphical point of view, lower to higher,
Virgloria formation, Steinalm formation and Reifling formatigtirschner, 2006 These
three layers all consist of alterriaty layers of limestone and marly interbedSgurel8),

with partly bioturbatic Micrites (Kirschner, 2006 The Virgloria formation shows
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centimete thick beds, whereby the Steinalm formation builds up decimeter thick beds
(Kirschner, 2006 The Reifling formation is highly distinctive due to its main component
the WWISAA y 3 S NJ ¥ryReiflirig 8odygldr imesboneConsisting of light greyish to
light brownish rather thin beds of limestone, it always shows a typical undulating and
nodular surface(Tollmann and Deuticke, 197p6aThe alpine shell limestone unit
dominates the appearance of the Hornbel§ligure 19), especially on the steeglopeto

the Murenbachwhere there are neawertical cliffsup to 130m height. The overlying
Partnach formation is marked by an increase in marl and thickerkeds, respectively.

Simultaneously a decrease of the carbonatic content is obsergbkchner, 2006
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Figure 19, Geological site map ahe Hornbergl Scale 1:500, modified afté@irschner, 2006

According toMoser et al. (200plight grey and almost white limestone mylonites are
detectable at a elevation of 1355m, which are highly dermed. These mylonites,
situated along the thrust faulbf Lechtalnappe and Allgaunapgae a distinctive zone of

weaknesgMoser et al., 2009
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Several landslide events testify the instability of the Hornbékégirschallinger et al.,
2010 Moser et al., 200P The tectonical influence and the unstable geological structures
form a setting with an exceptionally high number of debris flows, rock falls and rock
slides (Meier et al., 2009 According toMoser et al. (200P all measured slope
displacement is mainly taking place within the uppayers of the alpine shell limestone
unit W! € LAY S a dza O K\Withlalgeneral Dippbie 1hIZA 659 to SSE the
limestone beds are striking almost parallel to the slagipping in direction to the
Herrenbach(Moser et al., 200p Moreover, they are characterized by intercalated marl
layers with a thickness of only a fewntimeters(Meier et al., 2009 Two different joint

sets cutthrough the limestone layers, orientated almost perpendicular to the bedding

surfaceqMeier et al., 2009
[ssw | [one |
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Figure20, Schematic profile ahg the southeast striking ridge at the Hornbergl; this general model include:
development of rock slides along the bedding planes at the dip slope. On the contrary the formation of rock

at the scarp slope and the formation of grabte sNHzO G dzZNB& i GKS NAR3IAS | NB
tAYSaldz2yS ftFreSNBR 2F GKS FtfLAYS akKStt fAYSsihadiied afs
(Kirschner, 2008Meier et al., 2009

To gain a more detailed and illustrated knowledge about the Hornbergl a field
investigation was carried out in October 2012. The starting point of the investigation was
the Wl | F Sy SantheYolBfdak Kornbergl, whereby the main focus was put on the
southeast striking ridge and the small talus at the poif dzI 3  Abgtéeer they R Q

ridgeandthe?l | FSY SNJ YNB dzl Q
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At the pointW[ dzI 3 Aay ell &slalgng he soutast striking idge the effects of
instability were visible in the morphology and the vegetation. For instance several cracks
in the uppermost vegetation layer with elongated and disrupted roots were found. Along
the southeast striking ridge heavily tilted trees are d@her potential indicator for past
movement. The most obvious features are the deep cracks (>4m depth) and holes in the
vegetation, extending into the underlying limestone laydfgy(re21). Especially on the

rim of the southeaststriking ridge crack widths could be observed from decimeter size
to several tens of meterdartially cracks evolve into graben like structures, where the
vertical displacements may reach several meters. In direction to the Murenbach cracks
with a length of several tens of metergeneratal a slightly stepped morphology.

Additionally freestanding rock pinnacles were observed at the escarpment of the-south

east striking ridge towards the Murenbadfigure21).
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3.3 Historical Landaling & Mitigation Measures

In the case of the Hornbergl the two bordering torrents Herrenbach and Murenbach are
GSNE FTOUABS YR INB (KS YIAYy WOINNASND F2N
Moser et al. (200pthe Hornbergl has suffered several rock fall events in the past, which

include Pragosits, 1996):

A Debris flow along the Herrenbach in 1975
A Rock fall in 1976, with a volume of approximately 100.000 m? along the Herrenbach

>

Several smallescale debris flows in 1982 with an estimated volume of 40.000 m3
[according toAlbrecht (1999%in (Meier et al., 200y

>

Several debris flows froriMiay 2.-5. 1986 along the Murenbach with a estimated
volume of 60.000 m3These events devastated hectares of agricultural land

(Figure22)

4

[ . p \ “l
Figure22, Result of the debris flow of May-8. 1986 (Photogish taken by Dr. Dragosits in 1986, WLV, Ausserferr

Due to its history of instability th&8ustrian Service for Torrent and Avalanche Caftrol
(WLV) hasconstructed mitigation measures to preveatmajor damage to inhabited

areas along the lowepart of the MurenbachStarting at a elevationof around 1400m
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above sea level severaheck dams have been constructaldbng thebrook bed until the
beginning of the first settlements down in the vallayan elevation oB00Om above sea
level At thedownstreamend of the Murenbach a retention basin has been constructed
to mitigate debris flow impactsBetween 1967 and 2006 the carried out protection

measures haveostapproximately 14 million Eur@Marschallinger et al., 2030

3.4 Previous Survey Campaigns

Since 1987 relative extensometer measurements were carried out across main fissures
and moving areas, additionally absolute geodetic measurements determined
displacement rees and directiongMoser et al., 200P Furthermore a GNSS (Global
Navigation Satellite Stesn) was installed in 2007 by the Institute of Geodesy of the
University of the Bundeswehr Munidi@labsch et al., 2009 Additionally one week of
GBINnSAR measurements were carried out in September 2011 by the Technical University
of Munich(Schares, 2012

Two distinctiveareas of movement were mapped within previous investigations. In the
area calledW[ dzI J | ¥ gofitheast of theW! | FSy S the hgNSStdateQ of
displacement were measure@Figure 23). According toMoser et al. (200p several
measurenent campaigns showed displacement rates of >20cm/a. This part either
reflects deep seated movements or a shallow sliding of blocks on marly layers, anyhow it
is difficult to clarify by nowMoser et al., 2009

The otherdistinctive areaof movement developed along the sou#ast striking ridge
(Figure23). Confined lg the steep cliffs to the NE and the steepening slopes to its south,
graben like structures formed in this area with a length of up to 100m. Forming these
massive cracks, filled with tilted trees and loose blockdpppling of pinnacles in
direction of tre Murenbachdestabilizes the ridge at velocities of-A0cm/a(Moser et al.,
2009. That notwthstanding a significant trend of the movements in direction of the

Herrenbach was observed withall implemented measurement@vioser et al., 2009
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Figure 23, Cumulative displacemertietween 01.01.1988¢ 21.05.2007 Arrows indicate direction and dip (pur}
colors) of movementColors indicaténterpolated vertical displacementetween+3m (red) and3m (blue), modifie
after (Marschallinger et al., 2030
A clearly visible trend in faster movements was shown during snowmelt in spring and
early summenGlabsch et al., 200%chuhback, 20Q90n the contrary movement rates

stabilize during cold winter months.
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Ingelsberg Studyit®

4.1 Regional Setting

The Ingelsberg is situated in the Gastein valley in Salzburg at the-emstarn end of

the villageBad HofgasteirfFigure24). The site can be divided into a bedrock part in the
upper area, starting at ¥6m above sea level continuing with a debris talus down to
1072m above sea level and a vegetated area, reaching down to the valley floor at 872m
above sea level. The slope gradient averages in the upper area at 45°, whereby the lower
vegetated area flattes to averaged 30°. With an elevation of 1446m above sea level it is
not a dominant peak in this area, though the Ingelsberg remains akweln mountain

due to itshistoricalinstability (Wilhelmstoétter, 2013.
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Figure24, Location of thdngelsbergstudy area Wlthln Austrl,aScaIe 1:1 OOO OO(BEV 2013

The site belongs to the temperate climate zone and is highly influenced by humid north
western weather(ZAMG, 2013c Due to its proximity to the main alpine ridge to the
South, acting as a meteorological divide, a relatively high amount of yearly rain days (139
days) leads to an average precipitation o62inm per year in the reference period of
1981-2010 (ZAMG, 2013p Monthly temperature average3°C in January and 15°C in
July during the refrence period of 1961990(ZAMG, 201p
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The study area is mainly vegetated with spruces and larches, though most unstable parts
remain without a cover of vegetatiorFigure 26). The bordering areato the South
display heavily crooked or tilted trees and partly stretched roots along major cracks. In
the lower part of the study area meadows dominate Higure26 a general overview of

the investigation site is given.
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Figure26, The Ingelsberg, sen fro ti@asteinvalley and the pason of the radar(view looking E). The framed a
shows the unstable area and the encircled parts represent interpreted previously detached blocks.

Situaked within the Tauern window, the Gastein valley consists of several geological units
(Figure 27). A general differentiation includes Penninic, SRénninic, Helvetic and
Austroalpine nappes, whereby the Ingelsberg is only locatdeenninic unit§Schmid et

al., 2004. The Penninic units can be subdivided intda I 4§ NBA SNJ { OK dzLJLIS y
b 2 NRNJ K Y @ytieizzgng)@nd the WDt 2-6 5Y$ Bl a(6lackn&r Yhappe),

(Figure27). The surrounding area of Bad Hofgastein includes only units of the @lockn

nappe as the transition to the Matrei zone is situated further to the north close to the

village of Dorfgastei(Pestal et al., 2009
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The seisna risk within the federal state of Salzburg is classified as low, with averaged
three noticeable earthquakes per yeadZAMG, 2013m Bad Hofgstein and its
surrounding areas are located within a seismic risk zone with the possibility of slight
damages to building AMG, 2013a

Earthquake hazard zones of Salzburg

Zone 0 bis zu leichten Gebdudeschéaden

Zone 1 leichte Gebdudeschdden I |
1 Zone 2 vereinzelt groBere Gebdudeschaden /\
B Zone 3 groBere Gebdudeschiden ~ZAM G

Zentralanstalt fur

Bl Zone 4 groRe umfangreiche Gebdudeschaden _¢_ Ingelsberg Meteorologie und
Geodynamik

Figure28, Earthquakehazardmap ofSalzburdZAMG, 2013p

4.2 Site Conditions

According to the geological map of Salzburg and its annotaiiBastal et al., 200%he
Glockner nappe consists mainly of metamarpproducts of marly, clayey and calcareous
sediments, which were deposited on oceanic or distal continental dfctmid et al.,
2004). These units show a cretaceous depositional age and experienced metamorphism
during the alpine orogeny. As a result predominantly -taica schist, black phyllitend

a metabasic unit comprised of amphibolite and greenschist can be distinguished in the
field. The units are summarized via the collective tédm Ny Ry S NEcldrfidieSar, S NI

2004). A more detailed description of these three dominating rock units follows:
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A The black phyllites are either encounger with or without a small content of
limestone and sometimes contain quartzite or breccia. As precursor dark clays
with sandy input are assumed, which were deposited in the abyssal parts of the
Penninic ocear(Pestal et al., 2009 In the lower area of the Ingelsberg these
black phyllites form the base for the overlying ealca schist and the unit of
greenschists and amphibolites, which will be sumized as metabasic unit
6 WD NN Y 3 Sieblack ghgllies in the study area display heavily weathered
surfaces and can mostly be broken by hand. Therefore, strongly eroded black
phyllites provide a distinctive zone of weakness at the base of the Iregglsb
(Wilhelmstotter, 2013.

Due to its possible influence on the instability of the Ingelsberg a more detailed
mineralogical analysis of the black phyllites was executed. Therefore, four
exemplary samples were taken at a road cut along the access road of the dam
(Figure 25). All samples were powdered and investigated, using XRiy(X
diffraction) to gainan overview of the mineralogical compositiofrigure 29

displays anX-ray diffraction pattern with the detected peaks and the according

Counts Qtz Quartz QtZ

Muscovite Ms
6000 -

Chlorite Chl
Calcite Cc
Talc Tlc

4000

2000 Chl
atz
Chl Ms Ms Ms  Qtz

Position [*2Theta] (Cobalt (Co))
Figure29, XRD analysis oftdack phyllite sample (UK2Minerals identified: Quartz, Muscovite, Chlor
Calcite and Talc. Ax@ountsrefers to intensity of dtected backscattered signal a@d hetaposition refer:
to the interplanar distance [A].
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minerals. Quartz, muscovite and chlorite were identified in all samples,
whereupon calcite was only found in one sample, which was taken close to
neighboring calenica schist. Additionally talc was found in the samples, which
RSEAGSNAEZ (23SGKSN) gAGK OKE2NRGS FyR

feel.

Figure30, Geological site map @he Ingelsberg, Scale 1:2000, modified aff@filhelmstotter, 2013

A The calamicaschistd WY I £ 1 3t A Yovesidldhebkadk $hylBayBiternating

with the metabasic unitRigure30). Mainly composed of calcite, mica and quartz,
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