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Abstract: The active S&hilienne landslide (Is&e, Francehas beencontinuously
monitoredby tacheometry, radar and extensometry devioe5 years Indeed, if the

3 mil. m® of rocksin the active zon@ a me d i feludbwn ettee dlebris would darhe
Romanche valley. The breaking of the dam by overtopping and rapid erosion would bring a
catastrophic flood anather dramatic consequences throughout the val@iuen the
rockfall hazard in the most active zone, it is impossibleige targets in thiarea:Only
reflectorlessremote sensingechniquescan provide information. A timeeries ofseven
Terrestrial Laser Scanner (TLS) point clouds acquired between 2004 andr209& us to
monitor the 3D displacements of the whole scanned area, although qoverage is not
homogeneous. From this sequential monitqrthg volume of registered collapses can be

deduced and the landslide movement along the main geological structures can be inferred.

From monitoring associatesubsidence and toppling observed TLS data, it can be
deduced that blocks rearrangements are linked to structural settings and that the
Se&hilienne landslide iscomplex. To conclude, TLS point clouds enable an accurate
monitoring ofthe evolution othei n a ¢ ¢ eRuise® bréaandtferefore this device has
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proven its ability to provide reliable kinematic informatia@ven inareas where osite
instrumentation is infeasible.

Keywords: landslide S&hilienne terrestrial laser scanner

1. Introduction

Considered as a major naturalzhed in ruggedregions, large landslides endanger inhabitants,
jeopardee infrastructures (roads, railways, buildingis), can obstruct river chanmselconsequently
dam breaking (by overtopping and erosion) would cause catastrophic floods. For théiesjthor
monitoring landslide has become a central issue in order to be able to anticipate hazards, evacuate
people,and cut off major roadsDisplacement monitoring techniques can be divided into two main
categories:(1) Point basedtechniques GPS, extermmeters, total station, laser and radar distance
meters) [1,2]; and (2) surface based techniques (photogrammetry, satelidted and
groundbased radar interferometry, aerial laser scanning and Terrestrial Laser Scannin@ @LS)

Point based measuments generallpffer a better precisigrbut they suffer from selected spatial
information since they only provide information on some selected monitoring points and not on the
whole landslide 3].

This paper will review the research conducted on theea&é&hilienne landslide (Is&ée, France) in
order to determine wheth@LS is suitable for such monitoring. Indeed, providing vast point clouds of
the topography, TLSs very convenient for detecting and quantifyisigpe movements [3;51]. In
theory, sanner position should be roughly frontal to the landslide. Yet, although this configuration was
not possible in this case, for the first time 3D data could have been acquired on the unstable area of th
Sehiliennelandslide thanks to TLS.

2. The Sé&hilienne Landslide

Throughout this paper, the case study approach will focus o8é&hdienne landslide locatedn
the north side of the Romanche valley, 20 km southeast of Grenoble (France) in the French Alps
(Figure 1).Indeed, during the last centuries, manckfalls occurred principally fronthe fiRuine®
area the southrn flankof the Mont Seclin the 1980s, rockfalactivity increased and a large slope
deformation has been recognizel?][ A massivelandslidewould cut off a major road RD1091,
which hasalready been deviated twice. A natudam could be created across the rivi@usingan
upstream lakéhat should it breakvould provoke aatastrophidlood. In 1997, more than 300 people
of Montfalcon have been expropriated fdsks prevention. Moragecently, a 3®00 nt rockfall
occurred in November 2006. The monitoring system, initially composed of geodetic and extensometer
manual measurements (cables stretched through fractures), was gradually developed and improved.
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2.1. LandslideDescription

The Se&hilienne landslide lieson a SSE facing slopifom 600 mabove sea levefa.s.l.) up to
1,130m a.s.l.,coveringan area of about 70 ha. Between 330 m and 950 m a.s.l., the slope angle is
about 40750°and it decreases to 20°between 950 m and(D ma.s.l. in the Mont Sec area. On the
crest of Mont Sec, a 30 m high scarp, several hundred meters long, caused by the subsidence of th
southern part of the hill can be observed (Figure 1). Two main parts have to be considered to describe
the landslide(1) the fiRuinescorridon (RC) (about3 mil. m?® of rocks) which is the most active part
of the landslideand(2) the upper part of the Mont Sec in subsidence.

The limits of the whole landslide are well defined by a major tectonic shear zone on the eastern
border (N20E: Fault strikedirectionsgiven clockwise from th&orth), by the elliptic scarp of Mont
Secin thenorth, by a stable area at 600 m a.s.l. on the south haudrfinally the slope movement
gradually decre&sin the western part.

Figure 1. Localization of the Sehilienne landslide (Ils&e, France). Planimetric
displacementaneasured by classical geodetechniquesbetween December 2007 and
December 2008 are blue colored and geological faultirglpégsvn inblack and red. The
active zonas highlightedin yellow.
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2.2. Geologicalontext

The Sehilienne site is part of the external Belledonne chavhich manly consists of
micaschist$13]: Rocks forming the moving slope belong to an old sedimentary formation made of
sandstones and siltlayers namediSé&ie Satin&d [13]. Main schistosity is orientedl20E with a
subvertical dip angle. The landslide area is cut by several faults (Figure 1) and three sets of
fractureq13]: SubverticalN20E as parallel fracture séb the schistositysubvetical N120E ; and
N70E 80N. These N70E 80N fractures (main set of fractures in the RC area) form slices in the rock
mass as shown by uphill facing scarps (up torhd0ng) associated with depressions in thegction.

The deformation process is loedtwithin a large and deeygated movement. It may be described
as both toppling and subsidence of vertical rock layers, which are cut across by several discontinuities
dating fromthe Caledonian to Alpine age. Large cracks regularly open in the mose gt of the
slope meanwhile numerous sinkholes have appeared in tlee pap of the Mont Sec ar§i4,15.

The subsidence of the upper part of Mont Sec, probably initiated thousands years ago after the glacie
withdrawal, has accelerated in the act@xene of Ruines since th&980s[15]. But despiteall
observationagmade since B landslidehas beermonitored no satisfactory explanations have been
reportedn any studyso ago understand the origin of this instability.

2.3. LandslideMonitoring

The nonitoring of the Sé&hilienne landslide fally realze d by t he fACentre doéE
| 6 EquiofGEWE oftLyon, part of the French ministry in charge of major risk concerns. Since
1985, different field monitoring systems have been depldgetheasure displacements: 48 wire
extensometric bases, 33 automatic extensometric sensors (placed on the principal fractures)
61 geodetic reflectors and 30 trihedrons. Since 2000, these trihedrons allowvesathier precise
measurement (B ppm) by groundased radar [4]. Moreover,referenced displacements on the whole
southern slope of the Mont Sec (Figure 1) are mapped from an annual geodetic acquisition based ol
the coordinate measurements of 90 reference marks. The measured displacements ondite amtire
globally oriented in a SE direction; they are dipping downhill from 16@°20°in the Mont Sec area
up to 45°%n the active zone. The displacement rate in this active zone varies on average from 15 cm/yr
to almost 16 cm/yr.

Although a lot of nenitoring systems are used on the S&hilienne landslide, they cannot provide a
full continuous spatial view of displacements, especiallhea ct i ve z uinescof r.t Her
This study is aimedt testing the applicability of the TLS in the invegtiion of a large movement and
its ability to ensure measurements of displacements in a large disturbed and vegetated zone.

Recently, deep geophysical investigations have been applied to complete surface displacemen
measurements. Four 950 m long electrtoanography profiles and four 470 m long seismic profiles
have been performedn the Sé&hilienne landslideThe investigationsn [18] provide information
about depth of unconsolidated rocks (around 130 m in the Mont 8a@ad about 90 m in the RC
Knowing these unconsolidated supposed depths, three 150 m long geotechnical boreholes have bee
drilled to perform inclinometry and piezometry monitoring.
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3. Terrestrial Laser Scanner Methodology
3.1. Principle of TL®\cquisitions

Based onthe timeof-flight laser measurement techniqué-p11], TLS allows a 3D point cloud
acquisitionthatwould likely turn out to be a technique suitedstady complexopographicunstable
sites. Thanks to the rotative mirror technology, a laser beam swepsurveyingsurface and is
reflected. From thengles of emission and the forward and bakl time of the laser pulse, the
coordinates of the reflective point of the environment can be inferred. These laser pulses are likely to
reflect on topography but also on vegetatand anyopaquestructure on the lasgrath. Therefore, to
extract the topographyyaw data have to be processddhe spatial resolution of the data mainly
depends on the angular resolution for pulse emission and the distance between TLS and swept object
One of the most seriowdisadvantagesf this technique lies in the fact that any object on which the
laser pulse is reflected creates a shadwmgked zonéehindwhich there is no data. To overcome this
drawback, and so far as possible, several acguisitfrom different setip stations are required. A
critical point consists in combining the point clouds acquired from each scan position and transforming
the total relative point cloud into absolute spatial coordin@®s Then, given the high densiof the
point cloud (up to 5,000 ptsfmin our case), highesolution Digital Elevation Models (DEM) can
beprovided.

3.2. Characteristics of the RIEGL LMS Z420i

The TLS RIEGL LMS Z420i has been employed to acquire point clouds. This model is essentially
characterzed by its narrow beam divergence (0.25 mrad), a wide operating range (0°to 80°vertically,
0°to 360°horizontally), and a frequency of about,@00 points per second. Finally, the measuring
range is announced up to 800 m at target with 80% tefkyc The software RISCAN PRO has
ensured sensor configuration, data acquisition, processing and storage.

3.3. AcquisitionRegistration andseoreferencing

Sevenseries of measurements were carried out between December 2004 and JuriegR082) (
In the case of the Sé&hilienne landslide, a scan position on the opposite hillside was inconceivable for
the acquisition since the distance (about 1.6 km) exceeded the maximal range of the TLS used. As at
al ternat i-sviet,e of osutra tfiioonn d ondhe tamdglidetitselé (Figu@@)rhave lzeen
selected in order to limit the shademasked zone and enlarge the acquisition area. The TLS distance
of acquisition does not exceed B0 These four scan positions also ensure a good overlap between the
different point clouds acquired from each positibat thesurveyedarea does notocrespond to the
entire RC(Figure3(a)). The scarposition located on the top of the eastern cliff (#2 on FiGuedlows
an aerial point of view on the entirermp whereaslatafrom the other scan positioasediscontinuous
because of shademasked zone (Figur&(a)), as laser beam impacts the topography almost
tangentially.

The positios of thirty-two retroreflective targets laid in the environment (30 cylinders located
the landslide (Figurg(c)) andtwo discs out of tk active zone (Figurg(b)) havebeen measured by
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standard topographical techniques with a total station. These targets enabie hergour scans
acquired from each scan positior3] And to georefence the total point cloud.

The Iterative Closest Point (ICP) algorithn8[2which is a classic mean of registration of TLS
point clouds is generally applied. In our casignificant surfacehanges have occurred betwéea
different scan surveyd he surfacesbeing unalikereducethe reliability of matchingnaking ICP
not well suited to this application.

Figure 2. Date of acquisition, number of points covered by the TLS acquisitenm
percentage of surface covered.
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Figure 3. Localization of theTLS view points on the RC area (dashed line) and area
covered by TLS point clouds (solid lineg){ big (b) and small €) retroreflective targets
used to ensure georeferencing and merging scans from the different points of view.
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3.4. PostProcessing ad TLSAccuracy

In addition to the gapsaused byshadowmasked zones, the point clouds density is heterogeneous
because of distances and angles of incidence of laser beam on the reflective surface. For practice
purposes, before creating DEMSs, ppebcesing is carried out by TerraScan algorithms to extract only
the backscattered pulses due to the topography. Density calculations and raster DEMs have been
computed thanks to codes writtenlmeractive Data Language (IDLensity is obtained by counting
the corresponding number of scanned pofotseach pixeland DEMscomputationuses bilinear
interpolation.

Considering the sliding velocity previously measured by standard topographical techniques, the
landslide is expected to carry large amounts of natawaybetween two successive measurements.
Therefore, as it was obvious that the TLS accuracy would be sufficient to detect chanigetheno
investigation of the laser data accuracy has been perfoapad,froma test on a natural target on the
Se&hilienne landslide. The single point accuracy announced for this TLSnsiLat 50m. Given the
results of the test, a #15 mm difference has to be considered on the three axis for a distance of
acquisition of 80m, which is the maximal distance in #gtigly This test givesaan estimation of the
accuracycomparing overlappingoints acquired from different scan posisofiLS dataset accuracy
and DEMsubtraction accuracy carmmny because of two main reasofik) The interpolation made to
rasterize TLS daset clearly damages the quality of the data and reducesdghmaloaccuracy of TLS
datasets(2) the accuracy of topography on stable areas used for comparison. In ouneaseynacy
of DEM subtraction isactuallyevaluatedoy the error on the stibeastbordering cliff (Figure 4) The
problemis thatthe stable part is grassfnd yet, theheight of the grasbas aninfluenceon what is
considered as topograpby the TerraScan filtering algorithithus, accuracy of DEMs subtraction is
evaluated 8250 mm. The actualaccuracy of object recognition on transects analysis hasdaeead
outon the vertical part of theast border cliff. This cliff is grasieeg allowing estimations of accuracy
in three directions oa small scale. Thus, an accurady80 mm has to be considered in the X,a"hd
Z directions for object recognition on transects analygiscuracy estimation is different if based on
rocks or grassy area.

Figure 4. Differences between real displacements and observed displacements when
considering DEM subtractions.
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3.5. Displacementharacterization and Quantification

Point cloud data can be analyzed in various waysh as point to point comparishl,12], or
DEM comparisons [3,124]. A quantification of displacements based on otgerecognition in
transects analysis can also be achieved. In the case of the S&hilienne landslidgpns prevent us
from performing a 3D analysisand has been replaced WYEM comparisons and transects analysis
Indeed,object recognition has beepgied in order to characteda displacements with an important
horizontal component evemhennumerous pointsire missingdue to occlusions.-P transects have
been performed in the main direction of movement (N150E).

Twenty centimetes cellsize DEMs ag generated for each acquisition. Because of the occlusions,
DEMs cannot be directly compared. Effective acquired points cannot be distinguished from
interpolated points. Discontinuous magskepresenting effective presence of acquired points (at least
onepoint per DEM cell of 400 cfi), have been applied on the DEMghadow areas were no longer
taken in account. This point makes the interpretation of the DEM subtractions difficult as it prevents a
continuais visualization of the results.

4. Results and nterpretations
4.1. DEMsSubtractions

DEMs subtractions allow quantifyy the variations of topographyA negative value on
Z-coordinates corresponds smbsidence omblation of rocks whereas positive values point out a
movement where subsidence is comdingth the landslideadvancing(due to the combination of
horizontaland verticadisplacements (Figu).

Rockfall detection and quantification can be achieved (Figu@s&and 3. Results of the DEM
subtractions are mapped on an otttmage (Figue 5(a)) to make the localization of theffdirent areas
within the RCeasier(Figure gb)). Different collapses are highlighted (Eb, L4e and L5e).

A first collapse occurred in the Eb zone between April and September 2005 (Figures 5 and 7) that
removed abaul m of surface rocks. The northern part of this zone then subsided 1Gto/h®nth
between September 2005 and October 2006 before the main collapse in November 2006. N70E sliced
structures consisif soft materials between massive and inured rockshisnee a low fracturing level
(Figure 6). These materials are made up of quaternary infillings and debris from precedent movements
The eastern parts of these structures are abont khfgh for L4e and %n high for L3e and L5e. L3e
and L5e disappeared beten April and September 2005. The western parts of these structures (L3w,
L4w and L5w) show the same subsidence.

One major drawback of this approach is that the DEM subtraction method is insufficient to
completely charactere displacements, especially whBEM is incomplete because of occlusions. On
the other handthe method using 2D transects gives information on real displacements in this active
zone with better results.
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Figure 5. Altimetric variationsbetween September 2005 and June 20@fped on an
orthaimage. Altimetric displacements dpasedon the TLS acquisition zon®ockfalls of
L4e, L5e and Eb are yellow coloredid theeast border cliff appears stabl@) Locations

of the N70E structuregblue coloredl and limits ¢ the November 2006 calpse(Eb) in

the active zone(b) RC is dashed delimited, area monitored by TLS is black color
delimited. Western and eastern part aick N70E structure in RC are distinguished

(respectively L4w and Lje
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Figure 6. Photograph of the L4e structuweéhich collapsed in May 20Q5aken from an
eastern point of view of the N70E structures in the RC zone.
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Figure 7. DEM subtractionsn Deember2004, Apil 2005, Semmber2005, Apil 2006,
October 2006 and June 2007mapped on an orthonage N70E structures are
blue contoured.



