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Very  high  resolution  monitoring  of  landslide  kinematics  is an  important  aspect  for  a  physical  understand-
ing  of the  failure  mechanisms  and  for quantifying  the  associated  hazard.  In  the  last  decade,  the potential
of  Terrestrial  Laser Scanning  (TLS)  to monitor  slow-moving  landslides  has been  largely  demonstrated  but
accurate  processing  methods  are  still  needed  to  extract  useful  information  available  in point  cloud  time
series.  This  work  presents  an  approach  to measure  the  3D deformation  and  displacement  patterns  from
repeated  TLS  surveys.  The  method  is  based  on  the  simplification  of a 3D  matching  problem  in  a  2D match-
ing  problem  by using  a 2D  statistical  normalized  cross-correlation  function.  The  computed  displacement
amplitudes  are  compared  to displacements  (1)  calculated  with  the  classical  approach  of  Iterative  Clos-
andslide
inematics
train analysis

est Point  and  (2)  measured  from  repeated  dGPS  observations.  The  performance  of the  method  is  tested
on a  3  years  dataset  acquired  at the  Super-Sauze  landslide  (South  French  Alps).  The  observed  landslide
displacements  are  heterogeneous  in  time  and  space.  Within  the  landslide,  sub-areas  presenting  different
deformation  patterns  (extension,  compression)  are  detected  by  a strain  analysis.  It  is demonstrated  that
pore  water  pressure  changes  within  the  landslide  is the  main  controlling  factor  of  the  kinematics.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Slope monitoring techniques have made a lot of progress in the
ast decade, especially in the field of ground-based remote sensing
latforms (e.g. Ground-Based Synthetic Aperture Radar Interferom-
try – GB-InSAR, Terrestrial Laser Scanning – TLS, Terrestrial Optical
hotogrammetry – TOP). These techniques allow to discriminate
table and unstable slope portions from safe and remote places and
o map  sectors with different kinematics within a landslide body
Delacourt et al., 2007). These instruments provide the necessary
nformation to analyze quantitatively the slope kinematics (e.g. dis-
lacement and deformation fields) and propose a geomechanical
nderstanding of the failure mechanisms (Casson et al., 2005; Teza
t al., 2008; Oppikofer et al., 2008). This work focuses on the use
f repeated Terrestrial Laser Scanning (TLS) surveys. This type of
nstrument is currently used in a large variety of applications in

arth and environmental sciences, and among them for landslide
nalysis as underlined by the considerable increase in the number
f publications in the last years (Slob and Hack, 2004; Sturzenegger

∗ Corresponding author. Tel.: +33 368850036.
E-mail address: jeanphilippe.malet@unistra.fr (J.-P. Malet).

ttp://dx.doi.org/10.1016/j.jag.2014.03.022
303-2434/© 2014 Elsevier B.V. All rights reserved.
and Stead, 2009; Jaboyedoff et al., 2012). TLS instruments allow a
fast (typically thousands of points per seconds), distributed, high
resolution (millimetric to centimetric) and dense (several millions)
acquisition of 3D information of the terrain through point cloud of
3D point locations and near-infrared reflectance intensity (e.g. X, Y,
Z, I).

The instruments typically use ‘time-of-flight’ (also known as
‘pulse-based’), ‘phase-based’ or ‘waveform processing’ technology
to determine the distance to the targets. The differences in laser
light wavelengths, amount and velocity of point data collection,
field acquisition procedures, data processing and possible error
sources are detailed in Hiremagalur et al. (2007) and in Vosselman
and Maas (2010).

Time-of-flight scanners are the most common type of instru-
ments used in geophysical applications because of their longer
distance range (typically 100–800 m)  and their possible high acqui-
sition frequency. They combine a pulsed laser emitting the beam,
a mirror deflecting the beam toward the scanned area and an opti-
cal receiver subsystem which detects the laser pulse reflected from

the object. Since the speed of light is known, the travel time of
the laser pulse can be converted to a precise distance measure-
ment (Vosselman and Maas, 2010). The precision of the technique
is mainly affected by instrumental errors (mirror orientation inside

dx.doi.org/10.1016/j.jag.2014.03.022
http://www.sciencedirect.com/science/journal/03032434
http://www.elsevier.com/locate/jag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jag.2014.03.022&domain=pdf
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he scanner), pulse flight-time measurement, laser beam diver-
ence (Petrie and Toth, 2008), point density variations due to
urface multiple reflections (Abellán et al., 2009; Hodge et al., 2009)
nd co-registration of the point clouds (Schürch et al., 2011). The
recision is quantified by the standard deviation of each point mea-
urement of typically a centimetric accuracy at a distance range
f 100 m (Lichti and Jamtsho, 2006). Taking into account the high
patial density of TLS point clouds, the accuracy of point clouds
s higher than the accuracy of single data point measurements
Lindenberg and Pfeifer, 2005).

The usefulness of TLS surveys for the monitoring of geomorpho-
ogic processes has been demonstrated in the last years, mainly for
efining the structure of rocky slopes susceptible to rockfalls and
ockslides (Abellán et al., 2009; Oppikofer et al., 2009; Sturzenegger
nd Stead, 2009; Kasperski et al., 2010) or for characterizing the
ynamics of slow-moving (typically a few centimeters to a few
eters per year) slope processes such as ice glaciers (Bauer et al.,

003; Schwalbe et al., 2008; Avian et al., 2009) and landslides
Teza et al., 2007; Prokop and Panholzer, 2009; Travelletti et al.,
008; Aryal et al., 2012). Different techniques exist to analyze the
pace–time evolution and can be broadly classified in five cate-
ories.

Category 1 consists in the analysis of differential Digital Ter-
ain Models (DTMs) and is the most commonly used processing
echnique to compare different surveys. It is used to quantify
ccumulation or loss of material (Bitelli et al., 2004; Prokop and
anholzer, 2009; Kasperski et al., 2010; Schürch et al., 2011). This
ethod is not fully adapted for landslide kinematic analysis since

t provides only information on changes in the vertical component.
urthermore the interpolation in the horizontal (X–Y) plane implies

 significant loss of information initially contained in the original
oint clouds if the gridded mesh size is coarse.

Category 2 consists in the analysis of point pairs in consecutive
oint clouds (Oppikofer et al., 2009), and in the calculation of dis-
lacement vectors of selected objects. This technique has important

imitations as it is very difficult to track exactly the same point in
onsecutive point clouds. Therefore its precision strongly depends
n the point clouds resolution, on the deformation pattern of the
racked objects (rigid, elastic or plastic). Further, this method does
ot exploit all the geometric information contained in the point
louds, and can represent a fastidious processing task for very large
atasets.

Category 3 consists in the analysis of point clouds with shortest
istance methods (e.g. for instance the Hausdorff metric) to esti-
ate the differences between two surfaces in every direction (Besl

nd McKay, 1992; Chen and Medioni, 1992; Oppikofer et al., 2009;
osselman and Maas, 2010). If average displacement vectors of the

andslide are known, the algorithm can be constrained to identify
oints located in the sliding direction and provide a rough estima-
ion of the magnitude of the displacements (Travelletti et al., 2008).
owever, the reliability of the computed displacements strongly
epends on the slope topography relative to the sliding direction.
herefore this method remains rather qualitative.

Category 4 consists in the analysis of point clouds with the
terative Closest Point (ICP) and Least Squares 3D Surface Match-
ng methods (LSSM). The ICP (Besl and McKay, 1992) and LSSM
Gruen and Akca, 2005) methods are among the most efficient
lgorithms for the automatic characterization of 3D displacement
elds. Their application to landslide monitoring has been demon-
trated by Teza et al. (2008) and Monserrat and Crosetto (2008).
eza et al. (2007) presented an automatic calculation method using
n ICP-based piecewise alignment method. The method calculates

he roto-translational matrix describing the displacement and the
otation of an object considering a high amount of points. The accu-
acy of the displacement measure is limited by the presence of
hadow zones (unscanned areas) and vegetation or important soil
 Observation and Geoinformation 32 (2014) 1–18

deformation. Because this method uses an iterative procedure to
identify the optimal rotation and translational components, it can
be relatively time consuming without necessarily any convergence
in the calculation.

Finally, category 5 consists in the analysis of high resolution
DTMs (computed from the original point clouds) using cross-
correlation functions. This method, commonly applied for the
analysis of time series of laboratory or field optical images (White
et al., 2003) is still poorly exploited to monitor continuously active
slope processes (Corripio, 2004; Travelletti et al., 2012). The first
application in the literature was  proposed by Duffy et al. (2004),
who quantified the migration of submarine sand dunes by apply-
ing a 2D cross correlation on sun-illuminated values computed on
a DTM. The elevation data were measured with a multibeam echo
sounder. Because the computed displacement field was shown to
be dependent on the azimuth of the virtual sun, slope values of the
topography were finally correlated instead of the sun-illuminated
values. Duffy and Hughes-Clarke (2005) found that displacement
rates computed from the slope values are more robust since there
is no extra parameter in the slope calculation. A second applica-
tion was proposed by Schwalbe et al. (2008) who  monitored glacier
movements; they developed a method in which the point clouds
are projected in a regular horizontal (X–Y) grid. First raster images
are defined in such a way  that each pixel containing a TLS point is
filled with a gray intensity value depending on the relative eleva-
tion of the point; then, a 2D cross-correlation function is used to
track features between two acquisitions. The morphological struc-
tures of the glacier (represented by pixels of different gray intensity
values) are iteratively dilated to favor confidence to the pixels con-
taining many TLS information for the correlation procedure. This
complex iterative procedure allows minimizing the influence of
shadow zones in the correlation computation and improved the
determination of the velocity field. A third application is proposed
by Aryal et al. (2012) for the analysis of the displacement pattern
of the Cleveland Corral landslide; the authors correlated a series
of DTMs interpolated from the original point clouds in which the
relative elevation values (Z) are computed in the horizontal (X–Y)
plane. The authors highlighted the development of lateral shear
zones and of a non-rigid behavior of the landslide. This approach
allows a continuous spatial estimation of the displacement but is
limited to still relatively low displacement rates as it is necessary
to preserve a relative similar aspect of the DEMs at the different
dates.

The objective of this work is to propose a method to measure the
3D displacement field and to estimate the deformation pattern of
landslides using high density repeated TLS point clouds. The aim of
the method is to be applicable to large displacements and important
changes in the morphology of the slopes.

The method uses a normalized cross-correlation function in
order to exploit the full geometrical information available in con-
secutive point clouds. The hypothesis is that for objects scanned
from a unique viewpoint, relatively simple 2D correlation func-
tions as largely used in digital photogrammetry (Debella-Gilo and
Kaab, 2011) can be applied on multi-temporal point clouds with an
accuracy comparable to complex and time-consuming 3D Surface
Matching algorithms. Numerous examples demonstrated the effi-
ciency of 2D correlation functions to detect the displacement field
of landslides from satellite, airborne and terrestrial optical images
(Casson et al., 2005; LePrince et al., 2008; Travelletti et al., 2012), but
only little work has been carried out to develop efficient method-
ologies for TLS point clouds (Travelletti et al., 2008; Schwalbe et al.,
2008; Aryal et al., 2012). The performance of the method is tested

on datasets acquired at the Super-Sauze landslide (South French
Alps) over a period of three years (October 2007–May 2010).

First, the main geomorphological and kinematical characteris-
tics of the landslide are presented. Second, the principles of the
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ethod are explained. Third, the method is applied to the point
louds time series and its performance is evaluated among other
easures of displacement. Fourth, a strain analysis is proposed in

rder to characterize the deformation and displacement regime of
he landslide, and some possible controlling factors are identified.

. Experimental site: the Super-Sauze landslide

The Super-Sauze landslide (Barcelonnette Basin, around 100 km
orth of Nice, France) is representative of mudslides developed in

he Jurassic clay-shales of the South French Alps. It has developed
n Callovo-Oxfordian black marls (Fig. 1A and B), in the upper part

f the Sauze torrent characterized by a gully-type morphology. The
ource area is featured by a fault system affecting the black marls
nd acting as a predisposing factor for the formation of the scarp
n the 1970s. The landslide exhibits cumulated displacements of

ig. 1. Morphological setting and evolution of the Super-Sauze landslide. (A) Evolution fr
emporary storage of material at the toe of the main scarp and its weathering is clearly rec
B)  Photography of the situation in 2008 where the landslide toe is bordered by two str
erpendicular to the viewing direction of the TLS. The toe and a stable slope are included
 Observation and Geoinformation 32 (2014) 1–18 3

a few meters per year, and is characterized by continuous move-
ments because of a non-obstructing sloping path and a frequent
enrichment of material from the main scarp.

2.1. History of development

In the beginning of the 1970s, structurally-controlled failures
occurred in the upper part of the Sauze torrent resulting in an accu-
mulation of large marly rock panels, and in the formation of a main
scarp (Fig. 1A). These panels have been progressively weathered
and a matrix-supported soil fabric, integrating marly fragments of
different size, has developed, filling up progressively gullies (Malet,

2003). In the late 1970s, a rising level of soil accumulation in the gul-
lies is observed (Fig. 1A), with some changes in the rate of displace-
ment according to the presence of obstacles in the torrent channel.
In 2007, at the start of the TLS surveys, the landslide extended over a

om 1956 (before failure) to 1988 (adapted from Weber and Herrmann, 2000). The
ognizable, before the downstream progression of the material in the main channel.
eams. The picture is taken from the TLS base station and corresponds to the plan

 in the scanned area.
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Table 1
Point density of the TLS acquisitions in the local coordinate system and in the grid
perpendicular to the viewing direction.

TLS acquisition Local coordinate system Grid

� (pt m−2) � (pt m−2) � (pt pixels−2) � (pt pixels−2)

12 October 07 162.19 229.28 0.79 0.09
19  May  08 152.96 222.34 0.78 0.07
23  July 08 189.62 351.68 0.82 0.20
18  October 08 184.56 237.80 0.89 0.35
12  May  09 153.89 294.12 0.81 0.12
29  May  09 192.69 325.95 0.86 0.17
12  July 09 188.69 304.49 0.93 0.22
24  July 09 162.36 350.35 0.85 0.11

T
L
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orizontal distance of 920 m from the crown (2105 m in elevation)
o the toe (1760 m in elevation) with an average 25◦ slope gradient
Fig. 1B). The landslide bedrock geometry is very complex and its
hickness varies between 0 and approximately 20 m,  for an esti-

ated total volume of ca. 560,000 m3 (Travelletti and Malet, 2012).
he landslide kinematics is controlled by bedrock geometry, mate-
ial rheology and hydrology. Morphological features induced by the
liding and flowing mode of the material are easily recognizable and
estify of the complex deformation pattern. The contact between
he landslide and the stable hillslope (Niethammer et al., 2012)
omprises a shear zone of a ca. 5 m in width affected by traction and
losely-spaced, sub-parallel and step-like fissures which lie oblique
o the main slope direction (e.g. ‘en echelon’ fissures). Shallow shear
urfaces marked by scratches in the direction of movement are eas-
ly recognizable at shallow depths. Locally, compression levees and
obes are clearly distinguishable.

.2. Observed displacement and deformation pattern

The displacements have been monitored since 1996 by dif-
erent techniques (tacheometry, differential GPS, extensometers;

alet et al., 2002). Since 2007, very-high resolution optical cam-
ras (Travelletti et al., 2012) and three permanent GPS receivers
re installed in front and on the landslide, and repeated airborne
nd TLS surveys are carried out per semesters (Travelletti et al.,
008). The displacement rates vary spatially and temporally in the
ange of 0.002–0.03 m day−1. Peaks of displacements are related to
igh pore water pressures in the subsoil (Malet et al., 2005) with
ossible surface velocities up to 0.4 m day−1 in the spring seasons.
he displacement magnitude decreases from the upper to the lower
arts of the landslide resulting in extension zones in the upper part
nd the development of compression zones near the toe where the
andslide material is accumulating.

The correlation between the displacement rates of two targets
P1 and P2 at the front of the landslide) measured by GPS campaigns
nd the monthly rainfall for the period 1991–2001 (Fig. 2A) hypoth-
sizes the hydrological control of the kinematics. The differences in
he cumulated displacements observed at the upper (P1) and lower
P2) parts of the front indicate a mass accumulation. Even, if the
olume accumulated at the front is partly eroded by two  lateral
treams (Fig. 1B), this erosion rate is not sufficient to counterbal-
nce the progression of the front. Consequently, the position of the
ront progresses downstream every year with an average velocity of
.005 to 0.010 m day−1. The largest historical annual displacement

f about 5 m was observed in 1997 (Weber and Hermann, 2000).
he narrowing of the sloping path downstream is suspected to sig-
ificantly impede the progression of the material, as underlined by
he different direction of the displacement vectors (Fig. 2B).

able 2
ist of parameters and range of values used in the processing workflow at each processin

Processing step Processing task 

1. Pre-processing Vegetation filtering

2.  Coordinate
transformation

Point-cloud orientation 

Point-cloud scaling

3.  Displacement field
calculation

Image-based
correlation

Filtering

4.  Strain field calculation Strain calculation 

a The values used in this work are indicated as possible reference values for other appl
05  October 09 234.87 345.67 0.89 0.30
27 May  10 213.31 214.37 0.94 0.23

The confinement of the front due to the valley geometry, the free
surface at the front and the possibility of sudden acceleration of the
landslide can conduct to an obstruction of the stream. A sudden
rupture or a fluidization of the front in a debris flow is a possible
hazard scenario, as observed in other parts of the landslide (Malet
et al., 2005). These reasons have motivated the start of monitoring
campaigns of the front in order to characterize its local kinematics
and detecting the presence of zones in extension or compression,
and zones developing shearing (Fig. 1B).

3. TLS data collection

The monitoring was carried out with a long-range TLS Optech
ILRIS-3D laser scanner which principle is based on the time-of-
flight distance measurements using an infrared sensor (Slob and
Hack, 2004). Mirrors inside the scanner allow the acquisition of a
40◦ wide and 40◦ high field of view in a single acquisition at a scan-
ning rate of 2500 pt s−1 and an angular accuracy of 1.15 × 10−3◦

and an angular divergence of 9.74 × 10−3◦. The range of the laser
scanner is about 800 m in real field conditions. At each acquisition,
the Cartesian coordinates of each target point are obtained with a
normalized intensity value.

Ten acquisitions were realized from October 2007 to May  2010
from the same base station (positioning accuracy of ±0.5 m)  at an
average distance of 100 m from the landslide. At this distance, the
footprint of the laser beam at the landslide ground surface is esti-
mated at 0.04 m.  Stable slopes formed of alternate gullies and crests

around the landslide were systematically included in the scans
(Fig. 1B) for the co-registration of the time series point clouds. As
such rough terrains yield higher reliability in the co-registration,
higher point density scans were systematically acquired to increase

g steps.

Parameter Range of valuesa

Grid spatial resolution 1.00 m
Height above the grid 0.15 m
i;j;k i = [−0.965176; −0.261602;

−0.000115]
j = [0; 0; −1]
k  = [0.261482; −0.965208;
−0.000517]

s 7000
Size of correlation window 30 × 30 pixels
Size of explored window 150 × 150 pixels
Correlation coefficient >0.6
Amplitude threshold 12 m
Upslope sliding direction Zfinal > Zinitial (Z is elevation)
Median filtering window 1 m × 1 m
Strain window 3 m × 3 m

ications.
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Fig. 2. Historical kinematics of the landslide toe. (A) Rainfall–displacement relationship between 1991 and 2001 for two positions at the toe (adapted form Malet, 2003).
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B)  Displacement vectors for the period 1996–2000 and aerial orthophotograph of 

adapted from Malet, 2003; Niethammer et al., 2012).

he topographic resolution (900.0–1148.3 pt m−2) on these slopes.
he short distance between the landslide and the stable slopes
s an advantage for obtaining very accurate alignments. Only the
ast return pulse is registered to maximize the number of points
eflected at the ground surface. The point clouds are constituted
f 9–12 millions of points heterogeneously distributed on a topo-
raphic surface of ca. 16,000 m2. The average point density at the

round surface varies from 153 pt m−2 to 235 pt m−2 for consecu-
ive surveys with a maximum standard deviation of 351 pt m−2 and

 maximal density of 1148 pt m−2 (Table 1 and Fig. 3).

ig. 3. Density of point cloud data in the horizontal plane (example of the acquisition
f  24th July 2009). A point density value of 0 indicates portion of the terrain not
isible from the TLS base station.
howing the influence of the geometry of the stream valley on the sliding direction

4. Data processing

The different steps in data processing (filtering and alignment of
the point cloud time series, coordinate transformation, 3D surface
matching, image cross-correlation) are detailed below. The param-
eters used in the processing steps of the workflow are summarized
in Table 2.

4.1. Data pre-processing

4.1.1. Vegetation filtering and co-registration of the TLS point
clouds

Although the laser beam is able to penetrate the canopy,
numerous last return pulses originate from reflection on densely
vegetated areas. These last return pulses on the vegetation are fil-
tered with the method proposed by Prokop and Panholzer (2009).
It consists in generating a low resolution DTM (spatial resolution of
0.5 m)  from the point clouds. Because such DTM cannot reproduce
local abrupt changes of slope morphology (typically induced by the
presence of vegetation), it is used to identify points located at a
vertical (Z direction) distance of ±0.15 m from the smoothed inter-
polated surface; these points are then removed from the original
datasets. This technique allows filtering regions of sparse vegeta-
tion cover but is sensitive to the point cloud density. If the spatial
resolution of the DTM is low, points on terrain steps and edges can
be removed, while, if the spatial resolution is high, some parts of
the vegetation cover are not filtered. Therefore, the filtering pro-
cedure is carried out iteratively by changing the spatial resolution
of the DTM. For the Super-Sauze dataset, the filtering was carried
put with the same parameters for all acquisitions. At the end, the
technique allows a filtering of 90% of the vegetated points, while
the other 10% were filtered manually.

The filtered point clouds are co-registered in a common local
coordinate system by aligning one acquisition to one another using
the stable slopes nearby the landslide which topography was  pre-
served during the monitoring period (Figs. 1B and 4). These slopes
can only be affected by shallow erosive processes (e.g. shallow
slides of a few centimeter thick, small rockfalls of a few decimet-
ric volume, incised gully-type water erosion) that can modify the
ground surface. A small landslide occurring on these slopes can

be easily identified visually in the point clouds or automatically
by aligning all the stable surfaces together. If large artifacts (cor-
responding to a misfit greater than the defined range of error of
0.04 m)  are identified, the points are removed from the dataset and
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ig. 4. Schematic presentation of the projective projection applied on the TLS poin
f  the stable parts of TLS point clouds on the ALS point cloud is shown. The position

he co-registration is iterated until the error is in the defined range.
he ICP algorithm is used for the alignment and a 3D error of 0.04 m
s calculated (Table 2 and Fig. 5).

The aligned point clouds are then transformed by point-to-point
urface matching on the stable slopes identified in a georeferenced
e.g. French Lambert III coordinate system) Airborne Laser Scan-
ing (ALS) point cloud of October 2007 (Fig. 4). The accuracy of the
bsolute alignment of the sequential point clouds is estimated to
n average error of ∼0.01 m and a standard deviation of ∼0.14 m
Table 3). The point clouds filtering and alignment were processed

ith the software Polyworks 11.0 (InnovMetric, 2009).

ig. 5. Profile across the point clouds showing the co-registration quality. The loca-
ion  of the profile is indicated in Fig. 4.
ds with the different coordinate systems involved in the procedure. The alignment
e profile extracted in Fig. 5 is also indicated.

4.1.2. Coordinate transformation and local 3D matching
Because the laser beam is generated from a punctual source, a

projective transformation is used to represent the full 3D geomet-
rical information in a plane perpendicular to the viewing direction
of the TLS. This plane corresponds to the field of view selected by
the operator on the liquid crystal display (LCD) of the scanner. This
transformation allows a perfectly homogeneous distribution of the
points in the plane. The relationship relating the 3D position (X,
Y, Z) of each point to its position (u,v) in the plane is given by the
collinearity equations (Kraus and Waldhäusl, 1994) These equa-
tions are based on the principle that each point is projected along
a straight line crossing the projection center represented, for this
work, by the average geographical position of the ten TLS surveys
(XTLS, YTLS, ZTLS; Fig. 4):

u = s
(îTLS • îLocal)(X − XTLS) + (îTLS • ĵLocal)(Y − YTLS) + (îTLS • k̂Local)(Z − ZTLS)

(k̂TLS • îLocal)(X − XTLS) + (k̂TLS • ĵLocal)(Y − YTLS) + (k̂TLS • k̂Local)(Z − ZTLS)

v  = s
(ĵTLS • îLocal)(X − XTLS) + (ĵTLS • ĵLocal)(Y − YTLS) + (ĵTLS • k̂Local)(Z − ZTLS)

(k̂TLS • îLocal)(X − XTLS) + (k̂TLS • ĵLocal)(Y − YTLS) + (k̂TLS • k̂Local)(Z − ZTLS)

(1)

where î, ĵ and k̂ are the unit vectors of the coordinate system of the
TLS depending on its orientation in the local coordinate system, and
i, j and k are the unit vectors (1, 0, 0), (0, 1, 0), (0, 0, 1) of the local

coordinate system. The symbol • corresponds to the scalar prod-
uct of the unit vectors. The parameter s is the scaling factor used
to define the grid resolution (in pixel), and which is determined in
such a way  that the average point density tends to 1 pt pixel−1 to

Table 3
3D geometrical errors expressed in average (�) and standard deviation (�) values.
The co-registration errors are estimated relative to the TLS acquisition of 12 October
2007; the georeferencing errors are estimated relative to the ALS point cloud.

TLS acquisitions Co-registration error Georeferencing error

� (m) � (m) � (m)  � (m)

12 October 07 – – −0.004 0.13
19  May  08 0.002 0.032 0.001 0.14
23  July 08 −0.001 0.033 −0.013 0.14
18  October 08 −0.002 0.031 −0.008 0.14
12  May  09 0 0.029 −0.001 0.15
29  May  09 0 0.041 −0.012 0.15
12  July 09 0 0.032 −0.011 0.14
24  July 09 0.001 0.033 0.020 0.16
05  October 09 0 0.045 −0.060 0.14
27  May  10 −0.003 0.062 −0.020 0.15
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ig. 6. Map  presenting the point density in the plane perpendicular to the viewing
gure  presents the acquisition of 24 July 2009. A point density value of 0 indicates 

inimize possible loss of information during the interpolation and
xhaustively exploit all the geometrical information contained in
he point clouds. A small value of s leads to a loss of accuracy in
he displacement calculation because some points from the orig-
nal point cloud will be projected and averaged in a unique pixel.
t the opposite, a large value of s generates blank pixels without
ny information from the original point cloud. The influence of the
nterpolation algorithm will then be very important in the final
esults. Furthermore, the image size will be not optimized and the
orrelation computation will be more time consuming. The param-
ters s can be automatically determined using an iterative approach
o get a point density projected in the image equal to one. In this
tudy, a value of s corresponding to a grid size of 2400 × 1900 pixels
as selected (Table 2).

Because the central projection described in Eq. (1) does not pre-
erve distances between points, the area of terrain covered per
ixel varies across the image. Therefore, the average pixel size is
.8 × 10−3 m2 with a standard deviation of 2.6 × 10−3 m2. The same
et of parameters has been used for every TLS survey in order to pro-
uce images with exactly the same geometry (e.g. viewing direction
nd sensor position).

Consequently, for all the time series, the average point density
aries from 0.78 to 0.94 pt pixel−1 with a relatively low standard
eviation of 0.18 pt pixel−1 (Fig. 6 and Table 1). In this case, the
verage point density is slightly lower than 1 pt pixel−1 because
f the vegetation filtering in the original point clouds. The dis-
ance between the point clouds to the position of the laser scanner
XTLS, YTLS, ZTLS) is then determined and attributed for each pixel.
or the pixels without any TLS information (e.g. pixels correspond-
ng to filtered data), their value is linearly interpolated from the
djacent values. If a pixel contains more than one point, the aver-
ge distance is attributed to the pixel. In theory, such situation
annot happen if the TLS surveys are systematically realized with

Rd1,d2
(�u,  �v) =

∑Nu
∑Nv (d1(u, v) −√ √
he same acquisition parameters (scanner location, scanner ori-
ntation, acquisition resolution). These ideal conditions cannot be

∑Nu
∑Nv (d1(u, v) − d̄1)

2 ∑
tion of the laser scan and characterized by a homogeneous point distribution. The
n of the terrain where vegetation is filtered.

totally realized in the field because the TLS was installed on a tripod
removed after each survey.

The type of representation of the topographical surface is impor-
tant for the detection of the displacements. Because the correlation
function gives good results when the input data contains regions of
rapidly varying pixel information (Duffy and Hughes-Clarke, 2005),
the norm of the 2D gradient in the u and v directions of the distance
between the point clouds and the TLS base station is calculated
to underline the morphology of the slope. The computed gradi-
ent values are then converted in gray-intensity value images (16
bits) (Schwalbe et al., 2008) and are used as inputs for the image
correlation to compute the 2D displacement field in the plane per-
pendicular to the viewing direction of the TLS (Figs. 4 and 7).

4.2. Determination of the displacement field with a
cross-correlation function

The determination of the displacement field is a two-steps
procedure. First, the displacements are determined in the plane
perpendicular to the viewing direction (2D displacement); second,
the 2D displacements are converted in 3D displacements in the
local reference system.

4.2.1. Determination of the displacement field in the plane
perpendicular to the viewing direction

The 2D displacement fields in the plane perpendicular to
the viewing direction are calculated with a 2D normalized
cross-correlation function which is sensitive to the variation of
gray-intensity values. The function is maximized to recognize iden-
tical intensity distribution patterns in a correlation window in two
images in order to determine the displacement of the center of the
correlation window. The function is defined in Eq. (2) (Chambon,
2003; Hild, 2003):

d2(u + �u,  v + �v) − d̄2)
(2)
Nu
∑Nv (d2(u + �u,  v + �v) − d̄2)

2

where Rd1,d2
is the coefficient value that is maximized, (�u, �v)

is the corresponding displacement along the u-axis and v-axis, d1
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Fig. 7. Images derived from the gradient calculation on the TLS point cloud time series. The morphology of the slope is very well represented and the progression of the
landslide is also highlighted. These gray-scale images are then correlated.
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Table  4
Statistical differences between the imposed displacements and the computed displacements.

Short imposed displacement (m)  �X  = 0.6 × 10−2 �Y = 1.8 × 10−2 �Z = −0.7 × 10−2 �Total = 2.0 × 10−2

Mean error (m)  0.3 × 10−2 −0.4 × 10−2 0.4 × 10−2 0.6 × 10−2

Median (m) 0 0 0 0
Standard deviation (m)  1.7 × 10−2 2.7 × 10−2 1.5 × 10−2 1.5 × 10−2

Maximum (m)  16.8 × 10−2 12.4 × 10−2 14.8 × 10−2 9.9 × 10−2

Minimum (m)  −18.5 × 10−2 −18.9 × 10−3 −7.4 × 10−2 −0.9 × 10−2

Large imposed displacement (m)  �X  = −0.320 �Y = 0.887 �Z = −0.334 �Total = 1

Mean error (m)  −0.6 × 10−2 0.7 × 10−2 −0.8 × 10−2 0.9 × 10−2

Median (m)  0 0 0 0
Standard deviation (m) 2.6 × 10−2 2.9 × 10−2 2.2 × 10−2 2.7 × 10−2
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Maximum (m) 16.6 × 10−2

Minimum (m)  −17.8 × 10−2

nd d2 are the correlation windows in, respectively, the reference
nd the interrogation images containing the gray-intensity values,
u and Nv are the dimensions of the correlation windows along the
-axis and v-axis, and d̄1 and d̄2 correspond to the spatial average
f d1 and d2, respectively.

A correlation algorithm where the displacement field is deter-
ined in the Fourier domain is used (Chambon, 2003). In practice,

 correlation window d1 is defined in the reference image (Fig. 8)
nd the corresponding correlation window d2 is searched in an
xplored area (defined by the parameters Wu and Wv, respec-
ively along the u-axis and the v-axis) of the interrogation
mage. The process is repeated for each pixel of the reference
mage by shifting the explored area in both directions of the
nterrogation image (Fig. 8). The Euclidian distance (�u, �v)
etween the center of the correlation window and the position
f the maximum correlation coefficient value Rd1,d2

in the inter-
ogation image corresponds to the displacement magnitude. If
either deformation nor rotation develops at the scale of the
orrelation window, the value of correlation coefficient tends to
ne.

The size of the correlation window is a compromise between
he requested measurement accuracy and the amplitude of the
isplacement (Delacourt et al., 2007). An increase in size of the
orrelation window takes into account a higher point density and
nsures a good signal-to-noise ratio, but the accuracy can decrease
ince the displacements are computed on a larger ground surface.

 small correlation window makes the correlation computations
ore sensitive to noise and can render inaccurate displacement

stimates. The optimum correlation window size is chosen iter-
tively by applying a trial and error procedure. In this work, a
orrelation window of 30 pixels (Nu = Nv = 30) produced the most
niform vector fields; this correlation window corresponds to a
round surface size varying between 0.5 m2 and 3.5 m2. The calcu-
ated displacement field is sensitive to the parameters of the image
orrelation algorithm (e.g. size of the correlation window, image
exture) which are discussed in Travelletti et al. (2012).

The size of the explored area is defined according to expert
nowledge of the landslide kinematics or, simply, by estimating
isually the maximum displacement on two gray-intensity value
mages. To ensure that the maximum displacement can be detected,
he size of the explored area is fixed at three times the amplitude
f the maximum expected displacement. In this work, an explored
rea of 150 pixels (Wu = Wv = 150) is selected.

A sub-pixel correlation is then used to detect displacements
agnitudes below the pixel size in the image. The sub-pixel

isplacement is computed after the pixel-level correlation. An iter-

tive procedure is used to identify the maximum of the correlation
unction interpolated with a bi-parabolic spline and with a max-
mization procedure based on the simplex method (Press et al.,
997; Chambon, 2003). The result of the correlation corresponds
19.7 × 10−2 16.3 × 10−2 10.0 × 10−2

−19.9 × 10−2 −17.6 × 10−2 9.0 × 10−2

to the displacements �u  and �v along, respectively, the u- and v-
axes. The value of correlation defines the quality of matching. Fig. 9
presents the results of the correlation in the image plane.

4.2.2. Reconstruction of the 3D displacement field
Because the pixel sizes vary in the images, the displacement

fields correlated in the image plane cannot be directly interpreted
in terms of absolute metric displacements. Therefore an orthorec-
tification procedure is applied to reconstruct the 3D displacement
field. Three grids of coordinates X, Y, Z are generated using Eq. (1)
with the same parameter s and unit vectors used to create the
gray-intensity images. Consequently the grids of coordinates have
exactly the same geometry as the gray-intensity images. After the
determination of the 2D displacements in the gray-intensity image
(Fig. 9), a bi-linear interpolation is used to associate the triplet of
coordinates (X, Y, Z) obtained from TLS surveys to each initial (u,
v) and final (u + �u, v + �v) positions of the displacement vectors
in the images. This procedure is similar to the backward projec-
tion technique used in photogrammetry (Corripio, 2004; Travelletti
et al., 2012). Finally the incremental displacements �X, �Y and �Z
in the local coordinate system are calculated.

4.2.3. Accuracy of the processing routine
To evaluate the accuracy of the processing routine without

considering any external sources of error (e.g. instrumental errors,
low ground reflectivity, large ground deformation, co-registration
errors), synthetic homogeneous displacements were applied in the
TLS point cloud of May  2008. A correlation window of 30 pixels was
selected. The difference of the imposed displacements with the cal-
culated displacements (�X, �Y  and �Z  and the total displacement)
is used to evaluate the error. The accuracy depends on the gradient
contrast and on the accuracy of the normalized cross-correlation
function. Two tests were realized to quantify the robustness of the
approach to measure, respectively, large and small displacements;
in the first case, the test consisted in applying a rigid translation of
one meter in the main sliding direction (�X = −0.34 m,  �Y = 0.88 m,
�Z = −0.33 m),  in the second case, the test consisted in applying a
rigid translation in the main sliding direction with a magnitude
in the range of the TLS accuracy of 0.02 m (�X = −0.6 × 10−2 m,
�Y = 1.7 × 10−2 m and �Z  = −0.7 × 10−2 m). The results are summa-
rized in Table 4.

The errors are estimated by the average and the standard
deviation of the differences between the synthetic homogeneous
displacement imposed in the TLS point clouds and the displacement
computed with the processing routine. For both the large and the
small displacements, the 3D displacements in the local coordinate

system are well estimated, with an average error of less than 0.01 m
with a standard deviation of 0.02 m.  The correlation algorithm suc-
ceeds in recovering small displacement for more than 50% of the
points (median value equal to 0).
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Fig. 8. Principle of the image correlation. (A) Gray-intensity value of the interrogation image and location of the explored area, (B) correlation window d1 of the reference
image.  Nu and Nv are the size of the correlation window, (C) explored area of size Wu and Wn of the interrogation image. The correlation window d2 is shifted in the directions
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 and v in the explored area, the correlation coefficient R between d1 and d2 is calc
easurement of the displacement (white arrow) with respect to the origin of the c

hift.

.2.4. Filtering of the computed displacement fields
As image correlation is a statistical technique (e.g. the more

he correlation coefficient is close to one, the higher is the
robability that the object found in the interrogation image is the
earched one), it can always provide a solution, but which is not
ystematically accurate. The low correlation coefficient values are
aused by important deformation or rotation of the tracked object
n the interrogation image. Therefore filtering is used in order to
emove the outlier values of computed displacements. The filters
re based on:

 the value of the correlation coefficients: loss of coherence can
occur during the calculations because of possible important
changes in surface states between the reference and the inter-

rogation images. Therefore, a threshold value of r = 0.6 is used to
remove the badly correlated points. However, the value of the
correlation is not a sufficiently discriminating criterion because
some pixels can display high correlation values even if they do
 for each grid shift. The location of the maximum correlation coefficient is a direct
tion window d1, (D) values of the correlation coefficient R calculated for each grid

not represent the same object (for instance two trees or two  large
boulders having the same geometry; Casson et al., 2005);

– the value of the displacement amplitude and direction: pixels
characterized by an upslope sliding direction or by a large dis-
placement amplitude (e.g. superior to the average or superior
to five times the standard deviation) with reference to a priori
knowledge on the kinematics are filtered Debella-Gilo and Kaab,
2011; Travelletti et al., 2012).

Further, a median filter is used to reduce the noise in the three
grids of displacement components (�X, �Y,  �Z). The displace-
ment values of each pixel are replaced by the statistical median
of the neighboring entries. A median filter is relevant at preser-
ving the sharp high-frequency details whilst also eliminating noise
represented by isolated and incoherent displacement (direction

and amplitude) relative to the neighborhood (“speckles”). Finally,
median filtering allows obtaining smooth transitions in the dis-
placement field which are necessary conditions for the strain
calculation (Pan et al., 2009).
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Fig. 9. 2D displacement fields obtained from the correlation of the gray-intensity images related to the acquisition periods of (A) July–October of the years 2008 and 2009,
a ed on 
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nd  (B) October–May of the years 2007 and 2008. The displacement maps are drap

.3. Determination of the strain field

The strain fields are determined from the computed displace-
ent fields in order to characterize possible strain localization

nd the material behavior in the damaging zone. Because the dis-
lacements are mainly in the horizontal plane, the strain fields are
etermined with the 2D Cauchy strain tensor E (Eq. (3); Teza et al.,
008; Pollard and Fletcher, 2010):

 =

⎡
⎢⎢⎢⎣

dux

dx

1
2

(
dux

dx
+ duy

dy

)

1
2

(
dux

dx
+ dvy

dy

)
dvy

dy

⎤
⎥⎥⎥⎦ (3)
here u and v refer to the incremental displacement along the x-
nd y- direction in the local coordinate system (u = �X, v = �Y). A
ocal least square fitting technique is used to compute the 2D strain
their corresponding gray-intensity images.

tensor at each location of the grid (Pan et al., 2009). A strain window
of (2m + 1) * (2m + 1) is defined. If the strain window is small enough,
the distribution of the displacement components can be estimated
as a linear plane (Pan et al., 2009). Eq. (4) is then solved for each
grid cell and for the two components u and v:

u(i, j) = a1x + b1y + c1

v(i, j) = a2x + b2y + c2

(4)

where i, j are the coordinates in the strain window; u(i,j) and v(i,j)
are the displacement components at the location (i,j); a1, b1, a2,

b2 are the displacement gradients to be determined and c1 and
c2 are constant values (which are canceled in the differentiation
of the displacement components for the strain tensor estimation).
This overdetermined system of equations is then formulated in its
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atrix form and is solved in a least-squares sense. To find the value
f the unknowns a1, b1 and c1, Eq. (3) becomes Eq. (5):

1 −m

1 −m + 1
...

...
...

1 0 0
...

...
...

1 m − 1 m

1 m m

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎣

a1

b1

c1

⎤
⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

u(−m, −m)

u(−m + 1, −m)
...

u(0, 0)
...

u(m − 1, m)

u(m, m)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5)

here m ∈ N|*.
The procedure is similar to find the values of the unknowns a2,

2 and c2. The components of the Cauchy strain tensor are then
stimated with a1 = dux

dx , b1 = dux
dy , a2 = dvx

dx and b2 = dvx
dy . As the

egular grids display a homogenous distribution of displacements,
he least-squares fitting is not influenced by important difference
f points density in the strain window, thus making the gradient
stimations more robust.

Because the strain tensor E is real and symmetric, the two  eigen-
alues e1 and e2 are computed and correspond to the change of
ength per unit of length in the direction having the maximum and

inimum extension The computed deformation field corresponds
o the surface strain field (defined as εS = e1 + e2; positive for exten-
ion) and the shear strain field (defined as � = |e1 − e2|). A large
train window leads to smooth strain fields useful to depict defor-
ation at large scales. A small strain window leads to more accurate

train field useful to depict deformation at small scales; however, at
uch scales, the results are also more sensitive to noise. In this study,
aking into account the size of the landslide toe (50 m × 100 m),  a
train window of 3 × 3 pixels (m = 1 for a grid mesh size of 1 m)  is
sed.

. Results: displacement and deformation analysis of the
andslide front

.1. Displacement pattern

The displacements are well reproduced for all acquisition
eriods. The contrast in the displacement values between the land-
lide and the surrounding stable slopes gives confidence in the
alculated displacement field. Four acquisitions periods (October
007–May 2008, July 2008–October 2008, October 2008–May
009, July 2009–October 2009) are presented (Fig. 10A and B).

The slope deformations at the scale of the correlation window
re sufficiently low in the periods characterized with a slow dis-
lacement rate to obtain high correlation coefficients, especially
etween the months of July and October (Fig. 10A). For the period
uly 2008–October 2008, displacements between 0.5 and 1.5 m
re observed, corresponding to an average displacement rate of
.06–0.17 m day−1. The displacement field exhibits significant spa-
ial variability. The largest displacements are detected at the front
here the slope gradient increases. The detachment of a small

ompartment is also highlighted. During the same period of the
ollowing year (July 2009–October 2009), a very different kinemat-
cs is observed both in terms of magnitude and spatial distribution.
isplacements are shorter and range from 0.1 m at the front of the

andslide toe to 0.6 m in the upper part, thus corresponding to an
verage displacement rate of 0.001–0.008 m day−1.

The ground surface morphology between October and May  of

008 and 2009 is affected by strong deformation. No coherent dis-
lacement vectors can be obtained in the lower part of the front
ue to excessive ground deformation at the scale of the correlation
indow. Consequently, the values of correlation coefficient are low
 Observation and Geoinformation 32 (2014) 1–18

(<0.6) and the calculated displacements were filtered. According to
the criteria detailed in Section 4.2.4, 30% to 40% of the total num-
ber of pixels are not filtered (Fig. 10B). The upper part of the front
exhibits lower deformation at the scale of the correlation window.
Therefore the values of correlation coefficient are higher and the
displacements are reliable. This area displays a uniform displace-
ment field showing that this part of the front behaves like a rigid
body.

5.2. Validation of the computed displacements

Two methods are used to validate the computed displacements:
(i) the first method consists in comparing the obtained displace-
ments with the displacements derived from the ICP method
following the procedure described in Oppikofer et al. (2009); (ii) the
second method consists in comparing the obtained displacements
with differential GPS surveys (dGPS) of blocks (horizontal and ver-
tical accuracy of 0.02 m and 0.05 m).  The dGPS measurements were
acquired in real time kinematic (RTK) mode using a fixed reference
station located at a distance of 250 m from the landslide. Marks
were painted on the blocks to be measured with an error of ca.
1 cm.

Comparison with the ICP method allows evaluating the accuracy
by taking into account the noise in the data (e.g. instrumental error,
material reflectivity, incidence angle). The effects of co-registration
errors on the displacement estimates are thus not considered. Five
rigid blocks distributed on the landslide are identified in the point
clouds for each TLS acquisition (Fig. 11A). The blocs are triangu-
lated in the plane normal to the laser viewing direction in order
to minimize the effect of shadow zones in the interpolation. The
triangulated blocks of the first TLS acquisition are aligned on their
corresponding triangulated blocks in the second TLS acquisition.
The comparison of the displacements is performed exactly in the
part of the blocks where a displacement obtained by the correla-
tion is located assuming a distance tolerance of 0.30 m.  The rapid
convergence of the ICP algorithm gives good confidence in the
displacement computations. The accuracy of the ICP method is eval-
uated by calculating the residual misfit of the block alignments.
An average error of 0.01 m and a standard deviation of 0.01 m is
obtained. The results of the comparisons between the displace-
ment obtained with the ICP method and those derived form the
correlation are synthesized in Fig. 10B. The displacements obtained
from both methods are in very good agreement (r2 = 0.99) with an
average error and a standard deviation of 0.004 m and 0.025 m,
respectively.

The comparison with the dGPS observations allows one to eval-
uate the accuracy of the approach by taking into account the noise
in the TLS data and the co-registration errors. The displacements
perfectly correlate (r2 = 0.99). An average error and a standard devi-
ation of 0.008 m and 0.04 m are respectively determined (Fig. 11C).
Consequently, the whole error budget of the workflow is mainly
due to the co-registering error of the point clouds. Actually the dis-
placements measured with the dGPS are exactly of the same order
as the error of co-registration (about 4 cm;  Fig. 4).

5.3. Strain analysis

The strain field derived from the acquisition periods of
July–October 2008 and 2009 is used to illustrate the kinematics
of the toe. The first step consists in determining the accuracy of
the computed strain field. A null hypothesis test is applied on the
stable slopes assuming that the strain error in these parts is similar

to the strain error in the landslide. This hypothesis is motivated by
the fact that no deformation should occur on the stable parts of the
landslide. If a deformation is calculated, it means that the computed
displacement value is noise. Actually the strain calculation is very
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Fig. 10. 3D displacement fields obtained by point cloud time series for the acquisition periods of (A) July–October of the years 2008 and 2009, and (B) of October–May of
the  years 2007 and 2008. The dashed circle indicates the detachment of some material at the front. The displacement maps are draped on their corresponding point clouds
(intensity values).
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ig. 11. Comparison of the displacement values obtained by correlation to the valu
n  the point cloud. (B) Comparison with the ICP method. (C) Comparison with repea

ensitive in displacement variations as it is its first derivative (see
q. (3)). This justifies the necessity to filter the displacement field
efore the strain calculation. Therefore analysing the strain values
n the stable part is a good indicator to estimate the sensitivity of
he strain computation to noise. In this study, the accuracy analysis
n the stable slopes shows that more than 90% of the surface strain
nd shear strain ranges between ±2 × 10−3 which is considered as
he lowest interpretable value. The importance of the compression
nd shear strain affecting the front explains why the correlation
omputation sometimes tends to fail in that part of the landslide
Fig. 11A and B).

The strain analysis allows discriminating mechanical units in
xtension, compression and affected by shearing (Fig. 12). Note that
ecause of the finite size of the correlation and strain windows,

 significant smoothing of the strain fields is introduced associ-
ted to a spatial spreading of the structures. The upper part of
he front is characterized by a succession of approximately par-
llel bands (width of 5–10 m)  in compression and extension whose
ain orientation is perpendicular to the sliding direction (Fig. 12A).

xcept near the landslide boundary, the upper part is not affected
y important shearing (Fig. 12B).

The location of the compression and extension zone changes
rom 2008 to 2009, thus suggesting a possible displacement of these
reas downslope.
In 2008, extension is observed, thus inducing compression in
he material located in the lower part of the front (Fig. 12A). The
onsequence of this extension results in the development of tensile
ssures identifiable in the field (Fig. 13). The front is also affected by
imated with the ICP method and with dGPS monitoring. (A) Location of the blocks
GPS surveys.

important shearing concentrated along the landslide boundary. The
high shear values in these areas are confirmed by very persistent
shear fissures affecting the landslide material (Fig. 13).

In 2009, the deformation affecting the front is less important
than in the previous year; the displacements in that part are lower
and more spatially uniform.

6. Discussion

In the case of objects scanned from a single position, the
simplification of the 3D matching problem to a 2D matching prob-
lem is possible without significant loss of information during the
processing chain due to an optimized grid selection according to
the point density.

6.1. Advantages and limitations of the proposed methodology

The proposed workflow has many advantages for TLS investiga-
tion of landslides. First, the approach exploits all the potential of
the high sampling density acquired with TLS instruments. Second,
3D displacements are derived from the correlation in opposition
to the 1D displacement obtained classically from DEM differenc-
ing (Bitelli et al., 2004). The displacements can therefore be used

for strain computations allowing a more exhaustive analysis of the
landslide kinematics. Third, the quality of displacement estimation
can be expressed through the value of the correlation coefficient
Rd1,d2

(Eq. (2)).
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Fig. 12. Strain fields obtained by TLS measurements for the acquisition periods of July–October of the years 2008 and 2009. (A) Maps of the surface strain (a positive value
means  extension). (B) Maps of the shear strain. The dashed squares refer to Fig. 11. The strain maps are draped on their corresponding point clouds (intensity values).
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ig. 13. Tensile fissures (1) and shear fissures (2 and 3) observed at the front on an
he  pictures is indicated in Fig. 12.

Because the points clouds are back projected in the acquisition
eometry (in a plane perpendicular to the viewing direction), the
hadow zones are not visible in the image plane. In that strict sense,
he presence of shadow is minimized. Thus, the displacement cal-
ulations are not affected by areas in the image plane without any
nformation (typically in shadow zone if the same scene would
e represented in the 3D space). If shadow areas are still present,
he influence of the interpolation algorithm on the results would
e important, because a 3D position had to be attributed to each
ixel. In the proposed workflow, the influence of the interpolation
lgorithm is practically null since each pixel of the image contains
xactly one 3D point (all the points are homogenously distributed
n the image), except in the areas where the vegetation was  fil-
ered. Consequently the geometrical information contained in the
riginal point clouds is not lost.

However, the results are limited by factors related to the
eld conditions, the TLS data processing and the 2D correlation
echnique. The amplitude of deformation rate between two  TLS
cquisitions is the most critical factor that affects the quality of
he correlation. A conservation of the ground surface morphology
s essential for reliable displacement measurements, which is also

 prerequisite in most 3D matching algorithms (Teza et al., 2007).
nfiltered vegetation is also an important factor that influences

he quality of the displacement estimates. Nevertheless, in cer-
ain circumstances, rigid parts of the vegetation (e.g. tree stumps)
an be useful if there are perfectly recognizable in consecutive TLS
cquisitions. They can enhance the texture of the 2D images per-
endicular to the viewing direction, thus better constraining the 2D
orrelation computations. Instrumental and co-registration errors
re the major factors affecting the accuracy of the displacements
Monserrat and Crosetto, 2008). Independently of the factors previ-
usly cited (which affect also the accuracy of classical 3D matching
lgorithms), the 3D simplification problem implies some limita-
ions inherent to the simple 2D correlation algorithm used in this
tudy. A first limitation is that simple 2D correlation techniques
annot track objects that are affected by very important rotation
etween two consecutive acquisitions (Lewis, 1995). Correlation
echniques based on polar mappings (Nagashima et al., 2007) or
dge image correlation (Liu, 2008) dealing with rotation problems
an be also implemented in the proposed workflow. However,
egarding the error on the displacement obtained in this study

4 cm)  and the amplitude of displacements, the use of a simple cor-
elation approach is very well adapted. A second limitation is linked
o the use of a perspective projection. The consequence is that the
istances and the angles are not preserved in the 2D images. If an
photograph acquired in October 2008 by Niethammer et al. (2010). The location of

object moves considerably from the background to the foreground
of the image, it will be affected by an important perspective dis-
tortion that classical correlation algorithms cannot manage. This
problem can be solved by using correlation algorithms allowing
iterative deformation of the correlation window (Raffel et al., 2007).
Lowly textured surface is also another factor that impedes reliable
2D correlation (Travelletti et al., 2012).

Finally, more complex image correlation methods exist with the
advantage of minimizing the number of parameters to be selected
by the operators. Such sophisticated multi-scale and hierarchical
image correlation methods (e.g. Mic-Mac for instance; Deseilligny
et al., 2013) allows to automatically select the optimal parameters.

6.2. Geomorphological and hydro-mechanical evidences of the
landslide behavior

The long-term displacement magnitudes are directly correlated
with the slope hydrology, and more specifically with the changes
in pore water pressure which are continuously measured in a
piezometer located at 80 m from the ultimate lobe of the landslide
(Fig. 14). The important displacements (block 4; Fig. 9) observed
between May  2007 and October 2008 (e.g. 14.7 m)  is related to
an increase of pore water pressure of about 15 kPa. After the peak
of pore water pressure observed on the 15 April 2008, the gen-
eral decrease of pore water pressures due to the drainage of the
landslide aquifer controls the decrease of displacement rate (e.g.
average displacement rate of 0.027 m day−1) in the summer period.
Transient increase of pore water pressure are observed but their
influences on the landslide kinematics are not perceptible due
to the large time span between the TLS acquisition. As expected,
the front acceleration between October 2008 and May  2009 is
directly correlated with a recharge of the landslide aquifer and
consequently an increase of the pore water pressure. The lower
magnitude of pore water increase (10 kPa) than in 2008 results
directly in lower displacement magnitudes (e.g. 4.6 m).  An average
displacement rate of 0.002 m day−1 is estimated in summer.

Some questions arise about the succession of compression and
extension zones observed in the upper part of the front by the strain
analysis (Fig. 12). Actually Savage and Smith (1986) and Picarelli
et al. (2005) demonstrated that slow-moving landslides affected
by internal deformation can present such features. Positive excess

pore water pressures under initially undrained conditions can be
generated in these areas.

This mechanism is susceptible to trigger a fluidization of the
front if the stresses are applied over very short time and if the
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Fig. 14. Relationship between pore water pressure and cumulated displacements
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f the landslide front during the TLS monitoring period. The date of the acceleration
nitiation in the spring season is unknown and is therefore assumed to be close to
he date corresponding to the onset of rising pore water pressures.

ydraulic permeability of the material is very low. This mechanism
as also illustrated by van Asch et al. (2006) who  suspected that,

n certain cases, excess pore pressures can develop due to com-
ression and extension zones in a moving body due to changes in
lope gradient or in the bedrock geometry. van Asch et al. (2006)
lso showed by numerical modeling that liquefaction is possible in
he remolded clays of the Super-Sauze landslide. The energy will
ot dissipate through friction inside the landslide material, but can
e transformed into kinetic energy and initiate liquefaction. These
onsiderations point out the utility of monitoring the evolution of
he strain field at high spatial resolution to localize possible areas
ccumulating strains which are susceptible to liquefy in case of
apid loading.

. Conclusion

This work presents a simple approach to estimate the 3D
isplacement fields from TLS point cloud time series using an

mage-based correlation approach and fully exploiting the geomet-
ical information contained in the datasets. This method provides
n alternative to complex 3D matching algorithms since the imple-
entation of 2D correlation algorithms is much simpler and less

ime consuming. In the case of landslides not covered by dense
egetation, the proposed approach is accurate for the determina-
ion of 3D displacements. The errors related to the approach itself is
egligible compared to the instrumental and co-registration errors.
he strongest limitation of the approach is due to the development
f strong deformation rates between the TLS acquisition.

The kinematics of the front of the Super-Sauze landslide is deter-
ined. The obtained displacements are in perfect agreement with

he displacements computed with the ICP algorithm and the dis-
lacements derived from dGPS surveys. The 2D strain analysis
llowed detecting different kinematic patterns which are in good
greement with the surface morphology (fissuring).

Additional efforts are necessary to adapt the method to different
cquisition configurations and to integrate in an optimal way  the

isplacement fields obtained from different view points. Neverthe-

ess, the proposed approach could be tested to monitor different
inds of slow geomorphological processes with low (e.g. centi-
etric) deformation rates and characterized with a sufficiently
 Observation and Geoinformation 32 (2014) 1–18 17

textured surface (e.g. ice and rock glacier, creeping slopes, inflation
of volcanic slopes). The approach can also be adapted for detec-
ting low deformation rates of rock instabilities, because the plastic
deformations of the objects (rock compartments) are less important
than in soils. The processing chain could be setup in an automatic
routine that can be potentially used in permanent monitoring sys-
tems.
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