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Abstract: The measurement of landslide superficial displacement often represents the most
effective method for defining its behavior, allowingeto observe the relationship with
triggering factors and to assess the effectiveness of the mitigation measureserfPersist
Scatterer Interferometry (PSI) represents a powerful tool to measure landslide
displacementas it offers a synoptic view that can be repeated at different time intervals
and at various scales. In many cadeSI| data are integrated wiih situ monitaing
instrumentation since the joint use of satellite and grotyaked data facilitates the
geological interpretation of a landslide and allows a better understanding of landslide
geometry and kinematics. In this woRSI interferometry and conventiorgrioundbased
monitoring techniques have been used to characterize and to monitor the Santo Stefano
d6Aveto | andslide | ocated in the Northern
as an earth rotational slide. PSI analysis has contributed toeaimatepth investigation of

the phenomenon. In particuJd?SI measurements have allowed better reohgfiof the
boundaries of the landslide and the state of activityile the time series analysis has
permitted better understang of the deformation pgéern and its relation with the causes of

the landslide itself. The integration of groubdsed monitoring data and PSI data have
provided sound results for landslide characterization. The punctual information deriving
from inclinometers can help in defirg the actual location of the sliding surface and the
involved volumeswhile the measuring of pore water pressure conditions or water table
level can suggestcorrelation between the deformation patterns and the triggering factors.
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1. Introduction

In the case of a landslide, monitoring means comparing its conditions (e.g., areal extent, rate of
movement, surface topography or soil moisture) at different periods in order to assess landslide
activity [1]. The measurement of the superficial displacemeduced by a slope movement often
represents the most effective method for defining its behavior, allowing the observation of the response
to triggering factors and to assess the effectiveness of the mitigation measures [2].

Retrieval over time of supkcial ground displacements is historically based on traditional
techniquesincluding conventional wire extensometers [3], inclinometers [4], GPS [5], leveling [6,7]
or, more recently, photogrammetry [8] and terrestrial laser scanning [9,10]. Thesgueshudiespite
their robustness and reliabiljtgre timeconsuming and resource intensig@)ce theyrequire a great
deal of time and money for timely update

Remote sensing images represent a powerful tool to measure landslide displaaetheyt offe a
synoptic view that can be repeated at different time intervals and can be available at various scales.

In particular satellite SAR (Synthetic Aperture Radar) interferometry [11,12] represents a sound
tool to assess changes on the Eahrface. It$ notorious that analysis of single SAR images is not
useful, since it is not possible to distinguish and separate different phase contributions related to objec
reflectivity, topography, atmosphere and noise inherent of any acquisition system.

Two different suitable approaches have been implemented to exploit information contained in the
phase values of SAR images: Differential SAR Interferometry (DINSAR)ranlti-interferograms
SAR Interferometry(PSI) techniques. The first one, DINSAR, relies on theecgssing of two SAR
images gathered at different times on the same target area [11,13] to detect phase shift related t
surface deformations occurg between the two acquisitions. The second one, the PSI appisach
based on the use aflong series (ta larger the number of imageke more precise and robust the
results) of ceregistered, mulitemporal SAR imagery.

Rapid advances in both remote sensing sensors and data processing algorithms allowed achievin
significant results in recent years, urgtgmred by numerous applications. In particular, the application
of multi-interferograms SAR Interferometry (PSI) techniques to the study ofrsloving landslides
(velocity < 13 mm/monthaccording to [14]) is a relatively new and challenging topié¢ 115

PSI techni ques 120 the F*eIAB RR,Ehe Btansord Method for Persistent
Scatterers (StaMPS [22,23]), the Interferometric Point Target Analysis (IPTA [24,25]), Coherence
Pixel Technique (CPT [26,27]), Small Baseline Subset (SBAS [P7,3able Point Network
(SPN [29,30]), the Persistent Scatterer Pairs (PSP, [31]) and theRfussthnique (QPS, [32]). The
multi-image Persistent Scatterers SAR Interferometry technique [19,20,24] has shown its capability to
provide information abougjround deformations over wide areas with millimetric precision, making
this approach suitable for both regional and slope scale mass movements investightmungh a
statistical analysis of the signals backscattered from a network of individual, pitesent targets,
this approach retrieves estimates of the displacements ioccbetween different acquisitions by
distinguishing the phase shift related to ground motions th@phase componerdue to atmosphere,
topography and noise [18,19].

PSI techniques have been applied to monitor landslides [20,33,34]. In particular, the availability of
huge historical SAR archives confers to PSI t
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phenomenado [ 3 thé access toratcHivedrShlata i€ useful to study temporal variations
of motion that enable assessing slope stability, complementary to other information [36,37].

Although it represents a promising technique for landslide monitoring, the characteristics of the
existing satelliteput strong constraints on the use of PSI as a monitoring instrument. In particular, the
spatial resolution of SAR images, the timéerval between two consecutive passages of the satellites
and the wavelength of the radiation are unsuitable for a systemanitoring of landslides that are
characterized by relatively rapid movements or that are located on steep slopes or narrow valleys [38,39]

The temporal scale is controlled by the time interval between the successive acquisitions. For
instance, the taporal resolution of ERS1/2 and ENVISAT scenes (whose archives are widely
exploited to baclanalyze historical scenarios of deformation) was 35 days. This resolution
corresponds to the revisiting time of the satellites, making available a SAR scene emnényjimthe
best scenario. The revisiting time of currently orbiting satellites ranges beiwigleindays for
COSMO-SkyMed, 11 days for TerraSAKX and 24 days for RADARSAT. It is clear that recently
launched SAR missionsuch aghe German TerraSAK or the Italian COSM@&SkyMed program,
have effectively increased the potential for a sound and systematic monitoring of slope movements.

An extensive bibliography contains works on the use of PSI for landslide monitorirgb]4n
many cases, the PSI datasbdeen integrated witin situ monitoring instrumentation [2,461]. The
joint use of satellite and groufizhsed data facilitates the geological interpretation of a landslide and
allows a better understanding of landslide geometry and kinematics.

The aim of this work is to characterize and to monitor by means of PSI and conventional
groundbased techniquesuychas ncl i nomet ers and piezometers, t
The Santo Stefano do6Avet o vi |l | aaypandisduiltiup enab e d
ancient landslide, defined as a complex phenomenon that is an earth rotational slide evolving into a
flow. The landslide has an extension of 1.3 lkamd a volume of about 10 million of cubic meters. The
landslide can be defined active andaccording to the nomenclature given in [14], the velocity ranges
from very slow to extremely slow. The landslide poses a major threat to buildings and infrastructure
causing extensive direct damage. PSI analysis has been carried out madengofu
ERS1/2 SAR images spanning fromd92 to 2001 and ENVISAT SAR images spanning fr@d@22to
2008, both of them in ascending and descending orbits. These four stacks were processed with the APS
(Advance Permanent Scatterer Analysis) variant of the ®S A REermanent Scatterers INSAR)
processing approach. This method is used for-teghlution applications on small areas the order of
few knf), where an advanced, tirsensuming analysis, specific for the target area, is performed by
skilled operators. By means of full exploitation of the phase information of the raw data, APSA finally
leads to the generation @haccurate displacement timeaiss for each pointvise radar target.

PSI has allowedhe redefiningof geometry the state of activity and landslide intensity in terms of
velocity. The availability of a great number of persistent scatterers inside the landslide peameter
well asof along time series of displacemenkas allowedhe defining of the deformation patterns.
Moreover, by using inclinometer measuremeittfias been possible to reconstruct the underground
geometry. Eventually, the analysis of available piezometer measnte has allowethe studyingof
the relation between landslide kinematics and triggering factors.
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2. Material and Methods
2.1. Study Area and Landslide Description

The Santo St ef an Bigura @ Asv ledated av thé Ibauidary betwedhe
Emilia-Romagna and Liguria regions in the Po River Basin.

From a geomorphological point of view, the study area is located near the watershed of the Aveto River
Basin and the Nure River Basin that sets the limit between the Liguria and the Emilia Roegagma
The Santo Stefano do6éAveto vil |l adN&eWSWsoridntedcaad e d
bordered on the east by Bue and Maggiorasca mountains, on the north by Bocco and Rosso Ktadintains
on the south by Crose and Cognktbuntains. The maireliefsin the area are represented by the Bue and
Maggiorasca peaks that reach an altitude of 1,788.mand 1,800 m a.s.|, respectively.

From a geological point of viewF{gure 1), the main outcropping lithologies are constitutgd b
sandstones with limestone and marls and ophiolitic ratkshas basalts and gabbros.

Figure 1. Geologic and stretural sketch of the study ar@dodified from Carta Geologica
Regionale (CARG) 1:25,00€awla 2154 [52]).
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In particulay the main geologic formatiorteatcrop out are:

9 Ottoneflysch: calcareoudurbidites characterized by intervals of calcareous marls, marly
limestone and marls;

1 Veri complex:shaleolistolites in a shale matrix and breccias in sandy matrix;

1 Casanova compte ophiolitic sandstones, breccias in clay matrix and breccias in
sandy matrix;
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1 Orocco complexflyschtype formation constituted by calcareous marls, marly limestone
and marls.

According to the Regional Cartographic map 1:25,000 scale, the Santo Stefadov et o vi | |
located onunsorted glacial deposits constitutedl sandstone and ophiolitic clasts in a sasilty
matrix. Actually, the village is built on an ancient complex landslide that can be defined according
to [14] asa complex earth slideath flow. The aerial extension of the landslide is 1.3 kamd the
estimated volume is around 10 million cubic met&igyre 3.

Figure 2. Landslide map with location of the geotechnical monitoring instruat®n and
damage to buildingsaand details of damagélhe tace of the section of Figure 3is
also reported.
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The land coverwhich can be easily recognized from the aerial photos, consists in annual and
permanent crops, deciduous and mixed forests and a fewupualiteasthe maintown, Santo Stefano
doAvenad two small villages, Roncolungo and Roc

The slope angle of the area, derived from a DEM (Digital Elevation Model) with a spatial resolution
of 20 m, ranges from°® 60°, with an average value of 8% The maximuwalues are reached in the
upper portion of the landsligeshere the main scarp is located.

Two main streams, the Rio Grosso and the Rio Freddo that have set their paths on the right and lef
side of the landslide, respectively, constitute the local hggyo The Rio Freddo was subjected to a
deviation whichoccurred on the left side of the landsl@@dn ow cr osses t he Sant
village and flows within the Rio Grosso.
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Six boreholes have been drilled to investigate ltmelslideareaand the underground geological
setting. The results of the boreholes show that the underground geology is characterized by a
threelayer stratigraphy. Starting from the top:

1. Coarse debris in a sangiity matrix with thin layers of clay material and largedks
of ophiolitic rocks. This layer has a thickness ranging frém2to 40 m.

2. Weathered bedrock. This layer has a thickness ranging frarnon320 m.

3. Bedrock constitutedf the sandstones and rubbles of the Complesso di Monte Veri and
slates of the Ottanflysch.

A geotechnical characterization has been performed on the first layer of coarse debris showing
values of unitveight p) ranging from 8 to 22 kN/n, friction angle @i § ranging from &° to 37°and
effective cohoes&«Raon (cd6) from O

The inwestigated area is already included in the Landslide Inventory Map developed within the PAI
(Hydrogeomorphological Setting Plan, according to the wrggested by [§) of the Po River Basin
Authority. The landslide has been classified as active in theopggortion and dormant in the
remaining partwhere almost all the villages are located.

The velocity of the movement ian extremely slowone (accordingto the classification given
in [14]) and does not represent a high risk to the pe@tbough it poses a major threat to the
structural elements at risk. This is also due to the growing economy (mainly based on tourism) of the
area that in the lagtw yearshasled toanincreasen the number of buildings and infrastructure.

The buibdings and the main roads are extensivetgrsectedy cracks and damage and are often
subjected to repairing and consolidation works.

2.2. Geotechnical Monitoring

Six inclinometers and eleven piezometers have been installed inside the landslide perimeter
(Figure?) during a geotechnical campaign carried out fr@d@to 2006.

The inclinometric measurements acquired by the instruments are repofaaenl The 11, 13 and
I5 were installed in 20Qlwith measurements that span the temporal interval framualy 2001 to
September 2004. In 2004hree more instruments were added, 12, 14 andwbich have been
measured until September 2006. All the inclinometers reached failure.

Table 1. Mean velocity and depth of the sliding surface for each inclinometer.

Inclinometers Mean Velocity (mm/yr) Cumulative Displacement (mm) Depth of the Sliding Surface (m)

11 57.8 200 8.5
12 33.8 35 9

13 31.2 100 18.5
14 14.7 30 17
15 34.1 120 22.5
16 31.6 30 12.5

The inclinometric measurements have allowed reconsirucf the depth of the sliding surface
(Table 1 Figure 3. The landslide affects the first layer of material composed of colluvium soil made
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of debris in a sandgilty matrix. Thin layers of clay material are located inside the and they can
possibly epresent the potentially slip surfadéwe inclinometric monitoring of the landslide highlights

that the slip surface is located at about 10 m of depth in the upslope portion of the landslide and at
about 20 m of dept h nearTab&dnih gene@lthe deptim af thel DpA v e t
surface increases from the upper to the lower portion of the landslide.

Figure3.Geol ogi cal section of the Santo Ste
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For each inclinometetthe cumulative displacement in the reference period and the annual mean
velocity are reported ifable 1 The highest velocities are measuredh@ll inclinometer located in
Rocca doAveto.

The piezometric monitoring has been carried out fr@@02to 2@6 in eleven piezometers with
monthly acquisitions. The monitoring has highlighted that there is a free water table in the debris cover
and that the average depth of the piezometric surface ranges from a few meters in the upper portion o
the landslide taround 20 m at the toe. The measurements present a seasonal variability with a water
table lowering during dry seasons and rising in the wet season. The most significant time series of
water level depth are reported in Figure 8.

2.3. PSIData

Characteriat i on and monitoring of the Santo Stefa
using long stacks of satellites Synthetic Aperture Radar (SAR) images.

SAR satellite imagery irthe C band (5.6 cm wavelength; frequency 5.3 GHz), acquired by the
Europea Space Agency (ESA) satelltes ERS1/2 and ENVISAT, were employed for the
reconstruction of the history and spatial patterns of the Santo Stefano landslide (Table 2).

These four stacks were processed with the P¢
implemented for the processing of muiimporal radar imagery [19]The PSINSAE analysis
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provided estimates of yearly deformation velocity, refgrto both hstorical (ERS images) and recent
(ENVISAT images) scenarios, allowing the analysis of past and recent ground deformation.

APSA mode processing resulted in four different datasets gne for each stack), finally leading
to the generation of deformatimelocity maps and displacement time series of poinise targets for
which a sixteenyearlong displacement history was reconstructed.

Unlike conventional DINSAR techniques, muititerferometric analysis generates displacement
time-series for individal radar targets.g., the Persistent Scatterers,Senerally assuming a linear
model of deformation [19,24]. Accuracy ranges fromtdl 3 mm on single measurements in
correspondence each SAR acquisition and betweed @nd 1 mm/yr for the Line of Sight (LOS)
deformation rate [20]Time series of ground deformation are ideally suited to define the landslide
behavior, to monitor temporally continuous ground motiand to observe kinema responsg to
triggering factors. Output results of a Permanent Scatterers anakysidgformation field maps and
time series of displacement) are relative both in time and space.

The reference points of the four sta@k® which displacement measements are computédwvere
selected 1.5 km far away from Santo Stefano, over marl formations devoid of ground deformation. It is
clear that proper selection of the reference point is of fundamental importance within the PSI
processing chain: besides the mha®herence throughout the dataset, the selected point has to be
chosen within areas unaffected by ground motions in order to avoid the retrieralimfeal pattern
of deformation.

PSI techniques use large stacks of SAR images to generate manypsingiéerferograms with
respect to one master image, to reconstruct, acquisition per acquisition, the displacement history of
reflective targets. Hence, each measurement is referred temporally to a unique reference image, chose
to minimize the effects ofpatial and temporal baselines and to maximize the total coherence of the
interferometric stackndto keep as low as possible the dispersion of the normal baseline values.

As reported inTable2, for both ERS and ENVISAT datasets in ascending geomegyjumber of
natural benchmarks detected is smaller than in the descending orbits. Moreover, also the absolute
values of registered velocities are lower in the ascending geometry. This is mainly related to the SAR
looking geometry with respect to the topaginic aspect and to the direction of slope movement.

The target points within the Santo Stefano landslide have a high density, particularly in
correspondence of the urban fabric of the villdgecause the wide availability of bright, stakle.(
phase oherent) mammade objects.

More than 400 poirivise measurements points have been retrieved for the f.@ikie landslide
area, processing 78 ERS descending i mages and
already present on the ground.dtdlear that grountlased methods for landslide monitoring, despite
their robustness and reliability, are not able to provide such a large density of measurement points a:
the PSI technique does. Conventional techniques (e.g., GPS, optical levelingornmetiiit tubes),
relying on materialization of physical benchmarks in representative points of the landslide area and on
repeated measurement acquisition campaigresdesigned to cover a limited extension of the affected
areaand to provide a static pictwe of deformation history. By increasing density, coverage and
frequency of measurements, PSI technique contributes to imgrdw overall understanding and
confidence on landslide behavior and kinematics.
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Table 2. Time period, number oPersistentScattereryPS’) within the landslide area
mean, minimum and maximum velocity for each datasets.

. . . . Nr Nr Mean Min Max
Satellite Orbit Time Period
PS Scenes (mm/yr) (mm/yr) (mm/yr)
ERS1/2 Ascending 09/07/199220/08/2000 85 27 6.1 1.3 11.5
Descending  16/05/199219/12/2000 403 78 12.3 0.42 37.9
ENVISAT Ascending 06/07/200829/06/2008 118 30 35 0.69 6.95
Descending  15/10/200206/05/2008 274 33 10.2 1.0 19.8

INSAR-based displacements are 1D measurements. SAR sensors doelditg radar and operate
with a LOS direction tilted with respect to the vertical direction. Because of the rather small incidence
angle (usually betweerB2and 45}, the sensor is much more sensitive to vertical deformation than to
horizontal deformation. Hence, the resultiregasets can estimate only a small component of the 3D
real motion of the landslida,e. the projection along the satellite LOS. Under the assumption of
absence of M deformation components, combining ascending and descending information permits
oneto extract the vertical and horizontal (in the easst direction) components of the movement and,
consequently, the real vector of displacenjg4i 56] (Figure 9.

Figure 4. Extraction of vertical and horizontal (&) deformation components, projecting
theascending and descending acquisition geometries.
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Generally, to combine ascending and descending datasets and extract the vertical-apdt east
components of a specific point on the ground, it is necessary to identify a radar target aating as
scatterelin both acquisition geometries. Practically, identification of the same radar target in both the
datasets by using medium resolution SAR sengoes ERS1/2 and ENVISAT with a range and
azimuth resolution of 25 m and 5 m, respectively) is often a clualeTypical values of positioning

precision are 7 m and 2 m for the Ed¢est and NortfSouth direction, respectively, for P&ss than
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1 km from the reference point and considermdive-yearlong dataset of @and radar images.
Precision on elevation values is 1.5 m.

Due to this low spatial resolution and to the poor georeferencing accuracy, it is often difficult not
only to identify exactly whaer artdgvercifttheiscatteramg t i n
object is identified, it is then difficult to detemhich part of the object is actually scattering.

To overcome this limitation, it was necessary to resample the dataset3 pbiRS by means of a
regular grid with 50 m intervals. For each grid cell and for both the ascending and descending
geometries, the mean value of the velocities of the radar targets contained within the cell is calculated.
Hence a synthetic Permanent Starer is generated, with associated ascending @¥d descending
(Vp) velocity estimates. Using the synthetic valasl taking into account the orientation of the
employed LOS, the vertical (N and eastvest (M) ground velocity components were estieth by
solvingd cell by celb the following formulag57]:

VA =V, COg7, +Ve sing, (1)
Vy =V, cosg, +Vesing, ©)

LOS of ERS1/2 and ENVISAT satellites have identical acquisition geometries and are characterized
by incideng=epd28gle (d), d

3. Results
3.1. PSI Landslide Characterizatiamd Monitoring

In Figure 5 the distribution of P% points within the landslide is shown. LOS deformation rates
bet ween +1.5 and 1T1.5 mm/yr (close to the sen
PSs with LOS vel ocicaté srface<deforniatios motiom Away froin thel satellite,
while LOS deformation rates +1.5 mm/yr reflect movements towards the satellite. The color scale
gradations from yellow to dark red and from light blue to violet represent increasing deformiason ra

The average absolute velocity of the®PERS descending within the landslide is 12.3 mm/yr
while the maximum value is 37.9 mm/yrable2). The highest velocities, up to 35 mm/yr, have been
generally measured in the upslope zone of the landglittee r e Rocca dO6Aveto i s
part of the slope, where the village of Roncolungo is situated, the velocities vary in the range of
10 20 mml/yr. In correspondence with the Santo Stefano village, slope velocities vary from a minimum
of 6 mmkr to a maximum of 16 mm/yr. The average velocityh@#ERS ascending dataset is around
6mm/ yr al ong the satellite LOS, with peaks, re
for the ERS descending dataset, thé$8elocities are decreasing ®m Rocca doAvet
Stefano village.

The P$ ENVISAT descendinglatasetshows a mean velocity (in absolute value) of 10.2 mm/yr
with a peak of 19.8 mm/yr. Velocites of ® i n Rocca do6Avet,whilaine up
Roncolungothey range fronl0 mm/yrto 15 mm/yrand i n Sant o,tleyranfedrono d 6
5 mml/yr tol5 mm/yr. The ENVISAT ascending dataset has a mean value of velocity of 3.5 mm/yr
while the maximum value is around 7 mm/yr. Also fbe ENVISAT dataset, deformation rates
deagease moving dowslope.
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The measurements recorded during the different time periodsi@®32 and 2002008) and
through different acquisition geometr@eslescending and ascendingre consistent and confirm that
the recorded ground movement is related sbope movement with a NEW direction component.

Figure 5. Input multi-interferograms SAR Interferomet(?Sl) data available for the Santo
Stefano doéAva ERS1/2 ascedmd (1L9892000); () ERS1/2 descending
(1992 2001); €) ENVISAT ascenthg (20032008); @) ENVISAT descending

(2002 2008). PSI dataverlappednto VisualEarth imagery

The results of the combination of ascending and descending data both for ERS and ENVISAT

datasets is shown Figure 6 where P&% with positive velocities indicate surface deformation motion

upward and eastward, while negative deformation rates reflect movements downward and westward.

The reprojection of LOS velocity into its horizontal and vertical components reveals that tite Sa

Stefano landslide is characterized by predominant horizontal components, consistent with a strong
westward movement, just as expected. Hence, land deformation is mainly horizontal, with negative

velocity values ranging betweer® 2nm/yr and 30 mm/yr wit peaks up to 49 mm/yr in the ERS



