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Abstract: This paper describes the application of remote sensing techniques, based on
SAR interferometry for the intensity zonation of the landslide affecting the Castagnola
village (Northern Apennines of Liguria region, Italy). The study of the instability conditions
of the landslide started in 2001 with the installation of conventional monitoring systems,
such as inclinometers and crackmeters, ranging in time from April 2001 to April 2002,
which allowed to define the deformation rates of the landslide and to locate the actual
landslide sliding surface, as well as to record the intensity of the damages and cracks
affecting the buildings located within the landslide perimeter. In order to investigate the
past long-term evolution of the ground movements a PSI (Persistent Scatterers
Interferometry) analysis has been performed making use of a set of ERSI/ERS2 images
acquired in 1992-2001 period. The outcome of the PSI analysis has allowed to confirm the
landslide extension as mapped within the official landslide inventory map as well as to
reconstruct the past line-of-sight average velocities of the landslide and the time-series
deformations. Following the high velocities detected by the PSI, and the extensive damages
surveyed in the buildings of the village, the Ground-Based Interferometric Synthetic
Aperture Radar (GBInSAR) system has been installed. The GBInSAR monitoring system
has been equipped during October 2008 and three distinct campaigns have been carried out
from October 2008 until March 2009. The interpretation of the data has allowed deriving a
multi-temporal deformation map of the landslide, showing the up-to-date displacement
field and the average landslide velocity. A new landslide boundary has been defined and
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two landslide sectors characterized by different displacement rates have been identified.

Keywords: landslide; remote sensing; SAR interferometry; intensity assessment;
Northern Apennines

1. Introduction

Many urban areas in Italy are located within landslide areas. In order to take decisions about future
land planning and development and possible risk management strategies a detailed landslide hazard
zonation has to be carried out. A correct and sound hazard zonation should include also the classification
of landslide intensity. Landslide intensity as a set of spatially distributed parameters describing the
destructiveness of the landslide was defined in [1]. Hungr [1] argued that the maximum movement
velocity is the most important intensity parameter and defined a scale of destructiveness based on the
velocity, which has been later modified by [2,3]. Other intensity parameters include total displacement,
differential displacement, depth of the sliding surface, depth of the deposited mass, and depth of erosion.

Intensity is a measure of the damage capability of the landslide and the likelihood of damage to
structures and the potentials for life-loss vary because of this [4].

In slow-moving landslides, people are not usually endangered, while damages to buildings and
infrastructures might be high. On the contrary, rapid movements of small and large masses may have
catastrophic consequences for both people and structures [4]. In some cases, the same landslide may
result in different values of intensity along the path. For the above reasons, the definition of landslide
intensity in zoning study is fundamental.

Landslide velocity, as well as total or differential displacements, can be measured by means of
monitoring techniques. Generally, the conventional monitoring techniques—both geotechnical
(extensometers, inclinometers, distometers, piezometers, efc.) and topographic (manual triangulation,
total station, and GPS measurements)—provide accurate information on a selected number of points
on the slopes affected by the instability phenomena. Very often, single-point data cannot be considered
representative of the behavior of the whole landslide mass. Extensive conventional monitoring
networks are usually installed on landslides to get rid of such spatial limiting characteristics, but,
however, cannot be employed on landslide sectors which are at high risk or not accessible.

Remote sensing monitoring systems, based on radar techniques (Persistent Scatterers
Interferometry—PSI and Ground-Based Interferometric Sysnthetic Aperture Radar—GBInSAR) can
overcome most of these limitations. Radar sensors can operate over wide areas in almost any weather
condition, continuously over a long time, providing real-time widespread information with millimetric
accuracy without the need of accessing to the study area.

Space-borne differential SAR interferometry (DInSAR) techniques have shown their capability to
provide wide area coverage and, under suitable conditions, spatially dense information on slow ground
surface deformations [5]. A remarkable improvement is given by the DInSAR methods that make use
of large sets of SAR images acquired over the same area. These techniques, called Advanced DInSAR
(A-DInSAR), represent an outstanding advance with respect to the standard ones and overcome some
limiting factors of conventional DInSAR, such as temporal and geometric decorrelation of reflectivity



Remote Sens. 2014, 6 909

and atmospheric disturbance [5,6]. Several A-DInSAR approaches have been proposed after the
publication of the Permanent Scatterers Technique (PS-INSAR™) by [7]. Generally, the term
Persistent Scatterers Interferometry (PSI) is employed to indicate all the multi-temporal techniques.
PSI techniques have been applied to monitor landslides [8—11]. In particular, the availability of huge
historical SAR archives confers to PSI the ability to measure and monitor “past deformation
phenomena” [12]. Furthermore, the access to archived SAR data is useful to study temporal variations
of motion that enable assessing slope stability, complementary to other information [13].

Ground-based SAR interferometry (GBInSAR) has been extensively used for spatial displacement
monitoring of landslides [14—-17].

The base principles of the ground-based SAR are the same of a satellite sensor, but, instead of along
the orbit, the along track aperture is synthesized by moving the radar head along a short rail (2-3 m).
Using this configuration, it is possible to produce a large number of images in a very short time (hours)
with the same viewing angle, retrieving the ground deformations that occurred over the elapsed time
with a zero baseline configuration. The resolution cell size of the SAR images in range and cross range
directions is a function of the: (1) frequency bandwidth, (2) synthetic aperture length, and (3) distance
of the observed area.

The capability to provide millimetric accurate displacements over areas up to a few square
kilometers wide, combined with the capacity to monitor even rapid and slow movements, are the
main reasons that have contributed to the use of the GBInSAR interferometry in landslide
monitoring [18-20]. Moreover, the high temporal acquisition frequency and the simplicity and rapidity
of GB-InSAR data analysis allows the technique to be used in near-real-time monitoring in order to
predict the short-term evolution of movements and, consequently, to define the associated risk scenarios.

In this paper, following the geological and geomorphological description of the Castagnola
landslide area and the conventional monitoring data available on the landslide, we investigate the
application of both satellite and ground-based radar interferometry techniques for the intensity
zonation of the landslide. The combination of PSI analysis performed on ERS1/ERS2 images acquired
from 1992 to 2001, and the three GBInSAR survey campaigns carried out, discontinuously, from
October 2008 to March 2009 has allowed to perform the landslide intensity zonation, distinguishing
two landslide sectors characterized by different displacement rates and extending the landslide area.
The combination of PSI and GB-InSAR has demonstrated as an efficient tool to retrieve past and
real-time displacement data, which can support the definition of appropriate risk management
strategies. This tool can be a sound base to develop new techniques for mapping and monitoring, not
only landslides, but also other types of natural hazards.

2. Study Area and Landslide Investigation

The Castagnola landslide is a large landslide with an estimated volume of about 3 Mm? located in the
Northern Apennines, about 25 km to the N of La Spezia city and 2.5 km to the N-NE from the Eastern
Ligurian coast (Figure 1). The landslide completely affects the Castagnola village where 200 people live
permanently. The Ligurian Apennines, and their coastal area, are characterized by the extensive outcrops
of rocks belonging to the Internal Ligurian Domain. These successions consist of a Jurassic-Paleocene
oceanic sequence (“Supergruppo della Val di Vara”, [21]) with ophiolites. The ophiolites include a
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gabbro and serpentinite basement and a portion of a volcano-sedimentary complex (ophiolitic breccias
and basaltic lavas) covered by marine sediments (Monte Alpe Cherts, Calpionelle Limestone, and
Palombini Shales) of Callovian-Santonian age (middle Jurassic—Ilate Cretaceous, [22]).

Figure 1. Geologic and geomorphologic map of Castagnola area with location of the
in-situ instrumentation and landslide perimeter as mapped in the PAI (Hydrogeological
Setting Plan).
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The landslide affects the right flank of the Castagnola river valley, stretching from an altitude of
about 350 m above sea level (a.s.l.) to the river bed (100 m a.s.l.) on a surface of 0.5 km? (1.3 km in
length and 0.4 km wide) (Figure 1). The right flank of the valley is characterized by the presence of the
reversed flank of an anticline verging towards NE where the overturned sequence
Palombini Shales-Monte Alpe Cherts-Ophiolites crops out. The sequence slightly dips to
SW (10°-20°) and the anticline core is limited by two major normal faults trending NW-SE.

The landslide mass is bounded to the NE by a major scarp, while, on the SE it is limited by the deep
incision of the Rovereto stream (Figure 1). The landslide mass extends to SW, reaching at the toe the
right bank of the Castagnola river, which has been diverted by the progressive landslide accumulation.

The aerial photo interpretation, the morphological characteristics, and the geological arrangement of
the area, highlight the presence of several rotational slips on which are superimposed minor shallow
planar landslides (Figure 2). On surface, the landslide structure is, therefore, partially masked by the
presence of discontinuous terraced alluvial deposits, colluvial and talus debris.
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Figure 2. Landslide cross-section.
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The geological model of the landslide was developed by integrating a new detailed
geomorphological investigation with sub-surface data acquired from 10 boreholes, drilled between
February and March 2001. The boreholes were subsequently equipped with inclinometers, which have
allowed to actually locate the sliding surfaces of the phenomenon.

The landslide mass lithology is heterogeneous and predominantly consists of altered argillite with
limestone and ophiolitic blocks interbedded with clays and silty-clays layers, with cobbles and gravels.
The bedrock along the slope is constituted predominantly by Palombini Shales and to a lesser extent by
Ophiolitic rocks (Serpentinites and Gabbro). The thickness of the altered and loose materials varies
across the slope and progressively increases from the N area close to the head scarp (7-10 m) toward
the toe of the landslide, reaching a thickness of 25 m on the borehole S7 (Figure 2).

Figure 3. Building damages caused by landslide activity. The (A-D) location of pictures is
reported in Figure 1.

The landslide activity has disrupted the vegetation cover, which consists of sparse olive trees, rows
of vines, and bushes, delineating a noticeably different pattern with respect to the surrounding stable
area. The landslide interaction with the civil infrastructures is extensively observed: many buildings in
Castagnola village and the surroundings show structural damages due to the landslide activity (Figure 3).
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From April 2001 to April 2002, the deformational pattern of the Castagnola slope has been
monitored by 10 inclinometers placed at different location on the landslide mass and 10 crackmeters
(A-L) installed on damaged buildings, retaining walls, and roads (Figure 2).

The analysis of the inclinometric data highlights the presence of well-developed sliding surfaces at
depths variable from 8 to 25 m on the S5, S7, S8, S9, S10, and S11 inclinometers located on the SE
sector of the landslide. The highest annual displacements, respectively 175 and 163 mm, have been
measured at the head of the S7 and S11 boreholes, although these inclinometers were sheared off at a
depth of 20 m shortly after the installation, probably not capturing the total amount of the movement.
In addition, the inclinometers, S8 and S10, which have recorded a total displacement of 33 and 82 mm,
were sheared off respectively at a depth of 11 and 25 m. The azimuth recorded by the inclinometers is
consistent with a SW landslide movement.

The other inclinometers installed in the N landslide sector (S1, S2, and S3) have shown slower
deformation rates (40-60 mm-yr '), not localized along well-defined levels (S1 and S2). Only on the
inclinometric tube S3 is a very superficial shear surface, at a depth of 3 m, evident.

Regarding the crackmeters, the larger absolute displacements equal to 12 mm, from April 2001 to
April 2002, has been recorded by F crackmeters, installed on a damaged wall of the Castagnola
cemetery. The other instruments (in particular the A, C, and H crackmeters) have shown cumulated
absolute displacements ranging from 5 to 10 mm-yr .

3. Material and Methods

3.1. PSI

In order to investigate the past long-term evolution of the ground movements and to confirm the
deformations rates measured by the conventional instrumentation, the PSI analysis has been performed
with ERS1-ERS2 satellite images, in descending orbits, covering a period of 1992-2001.

SAR satellite imagery in C band (5.6 cm wavelength; frequency 5.3 GHz), acquired by the
European Space Agency (ESA) satellites ERS1/2, was employed for the reconstruction of the history
and spatial patterns of the Castagnola landslide. In particular, 76 ERS1/2 scenes, acquired along
descending orbits from 24 April 1992 to 4 January 2001.

Rural areas seldom display a PS density comparable to that of urban areas and also, in this case, the
distribution of PSI radar benchmarks is not homogeneous and is strongly influenced by the land cover.
Most of the stable points are located in the Castagnola village. The slope exposure to the satellite line
of sight has minimized the geometrical effects induced by the side-looking geometry of SAR system.

The distribution of radar persistent scatterers inside the active landslide, as mapped in the PAI
(Hydrogeological Setting Plan), prepared by the La Spezia Province, is shown in Figure 4.

The color scale displays the values of superficial movements measured along the satellite line of
sight (l.0.s.) expressed in mm-yr~'. The negative sign indicates a movement away from the SAR sensor,
while positive values represent a movement towards the sensor.

The color scale indicates green PS points as stable. In descending orbit the gradation from yellow,
orange, to red represents movement away from the sensor, while the gradation from light blue to dark
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blue represents movements toward the sensor. Considering the slope aspect, the movements detected
by the ERS satellite are consistent with a landslide moving to SW direction.

Figure 4. Distribution of radar benchmarks of PSI analysis within landslide perimeter
(as reported in PAI map).
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3.2. GB-InSAR

In 2008, a new advanced monitoring system of the landslide has been installed; the Ground-Based
Interferometric Sysnthetic Aperture Radar (GBInSAR). The GBInSAR system installed in Castagnola
belongs to the interferometer series called LISA (LInear Synthetic Aperture high-resolution radar),
designed by JRC—Joint Research Center of the European Commission [23] and manufactured by
Ellegi-LISALab Company.

GBInSAR system consists of a coherent microwave transreceiver unit based on a precision network
analyzer (PNA) working at Ku band, which generate a sweep of electromagnetic waves of proper
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duration at different frequencies. The signal is then amplified and transmitted to the antennas. The
synthetic aperture is realized by moving, via a linear positioner, a motorized sled hosting the radar
head along a straight rail 2.7 m long (Figure 5). The main operational parameters adopted during the
monitoring surveys are summarized in Table 1.

Figure 5. GBInSAR system used to monitor Castagnola landslide. The dotted line is the
landslide perimeter.

Table 1. Summary of the main operational parameters of the radar measurement campaigns.

Operational Parameters Values
Central Frequency 17.05 GHz
Bandwidth 100 MHz
Synthetic aperture 2.7m
Minimum target distance 100 m
Maximum target distance 1,500 m
Range resolution 1.5m
Cross-range resolution (at 100 m) 0.33m
Cross-range resolution (at 800 m) 2.60 m
Cross-range resolution (at 1,500 m) 4.95m
Polarisation \'A%
Antenna gain —20 dB

Using these acquisition parameters, the ground resolution in the range direction, which is a function
of the employed bandwidth, was about 1.5 m, while the cross-range resolution (perpendicular to the
range direction) was variable from 0.3 to 2.6 m, with a higher resolution for the landslide sector
located close to the radar station.
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GBInSAR system was installed on the roof of a municipal warehouse, at a mean distance of about
700 m from the landslide area (Figure 5). The first survey campaign was carried out over seven days,
between 23 and 29 October 2008. Image acquisition was repeated at time intervals of about 10 min,
acquiring a total of 907 radar images. During the second periodical check survey (from 10 to 18
February 2009) the GBInSAR system was installed again in the same position (zero baseline),
acquiring a total of 1,231 images (Table 2).

Table 2. Ground-Based Interferometric Sysnthetic Aperture Radar (GB-InSAR) survey campaigns.

Date Duration (Days) Number of Radar Images
First Campaign 23-29 October 2008 7 907
Second Campaign 10-18 February 2009 9 1,231
Third Campaign 23 February—13 March 2009 17 2,727

The daily analysis of the interferograms, obtained during the second campaign, has revealed
conspicuous slope deformations with respect to the displacements observed during the first campaign.
To follow the evolution of the landslide, and to avoid possible phase wrapping effect in the long-term
interferograms, it has been decided to rapidly resume the radar survey in order to provide the local
authorities with a near-real-time monitoring service. The last survey campaign was performed from 23
February to 13 March 2009, spanning 17 days and 22 h and acquiring 2,727 images.

During each campaign, GB-InSAR data were daily transferred via ftp to the processing and
post-processing unit for the generations of both the interferograms and the cumulative
displacement maps.

4. Results
4.1. PSI

A total of 39 persistent scatterers are present inside the landslide perimeter, most of them in the
up-slope portion of the landslide where the Castagnola village is located (Figure 4). The displacement
velocities range between 0.9 mm-yr ! to 42.2 mm-yr ' as absolute value, with a mean velocity value
equal to 24.6 mm-yr ' .The highest velocities values (25 mm-yr '-42 mm-yr!) are recorded in the
central part of the slope, while the lowest are measured near the NW and SW boundary of the landslide.
Around the 60% of the persistent scatterers within the landslide have a velocity higher than
28 mm-yr !, the 30% velocities less than 3 mm-year ', and the 10% velocities between 3 mm-yr ' and
28 mm-yr!. Data from the field surveys, carried out several times since 2004, are consistent with the
ground movements identified by the space-borne radar interferometry as the buildings and the roads
are extensively interested by damages and cracks (Figure 3).

The displacement field and the velocities measured by the PSI technique match the boundary of the
landslide and have confirmed the perimeter originally reported in the PAI In particular it is worth
noticing that the radar benchmarks located just outside NW portion of the landslide show velocity
values of less than 1 mm-yr!. These PS, difficult considering the error of the technique, can be
considered as stable points. The analysis of the temporal evolution of the deformation during the time
interval 1992-2001 has also included the analysis of the time series of displacement of each persistent
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scatterers, samples of which are shown in Figure 6A,B. In particular the persistent scatterer A1697,
located just inside Castagnola village, shows a total displacement in the acquisition period
(1992-2001) of around 350 mm, while point AI735 shows a total displacement of around 260 mm.

Figure 6. Quantitative comparison among time series of two radar benchmarks ((A) AI735
and (B) AI697), inclinometers and crackmeters. The location of the instruments is reported

in Figure 4.
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A comparison between the PSI data, inclinometer readings and crackmeters, even though the
two datasets were acquired during different periods (1992-2001 vs. 2001-2002), has shown a good
agreement in terms of direction and deformation rates (Figure 5). In fact, taking into account of the
acquisition geometry of the satellite for descending orbits, the radar measurements are compatible with
the SW direction of movement recorded by the inclinometers.

As can be observed in Figure 4, quantitative comparison have been carried out for two groups of
instruments, which are located enough close to be compared. In particular in Figure 6A it can be
observed that the velocity of the radar benchmark AI735, computed taking into account the
deformations measured from 1999 to 2001, is comparable with the mean annual velocity of the
crackmeter F and inclinometer, 8 located nearby. In Figure 6B a good agreement can be observed, in
terms of velocity, between crackmeter H and persistent scatterer A1697, while inclinometer 10 measures
higher deformations and detects a phase of acceleration not inferable by the other instruments.

Concerning this, it is worth remembering that the PSI technique and the crackmeters measure
deformations which are mainly the response of the buildings to surface ground movements. The
inclinometers instead measure movements at depth, inside the landslide mass and the deformation at
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the head of each instrument represents the cumulated displacement measured along each borehole.
Furthermore, while inclinometers measure the horizontal component of the real movement vector, the
PSI techniques evaluates only the line of sight (l.o.s.) component of the displacement. In particular, in
the Castagnola village area, the PSI mean velocities vary from 15 mm-yr ! to 42 mm-yr !, while the
mean velocities of inclinometers vary from 35 mm-yr ' to 86 mm-yr '. Moving downslope, there is a
general decrease of velocity recorded both by the PSI and inclinometers.

4.2. GB-InSAR

Concerning the GB-InSAR, the analysis of the interferograms sequence related to the October 2008
campaign did not show any significant slope movements (Figure 7). The total displacements recorded
during the second (February 2009) and third (February—March 2009) campaigns are represented by the
cumulated displacements map of Figure 8. At the same time, a total of nine significant points (P_01 to

P_09, in Figure 9) distributed over the slope were analyzed in order to determine velocity trends in key
sectors of the landslide.

Figure 7. Interferograms elaborated from the data acquired during the first two campaigns.
On the left, interferogram spanning a time interval of four days (between 24 and 28
October 2008); on the right, interferogram relative to the second campaign spanning a time
interval of five days (between 18 and 23 February 2009).
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The displacement map analysis highlights a large sector affected by movements that extends,
approximately between 500 and 1,300 m, away from the radar sensor and corresponds to the SE sector
of the landslide. The cumulative displacement map shows a maximum displacement rate of about
60 mm-month™! in the head scarp area, near the Rovereto abandoned village and on the left side of the
Rovereto creek valley (Tari area). The area where Castagnola village is located, is, instead,
characterized by a lower deformation rate, equal to 20-25 mm-month!. In the NW landslide sectors,
ground deformation decreases dramatically, reaching a value of 4-5 mm-month™" in the vicinity of
Passano, Posata, Lazzino, Nara, and Voltorara villages. The landslide toe (SW landslide sector close to
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Castagnola creek) was not covered by the radar signal and therefore the displacement information is
missing. The time series analysis concerning some points of interest extracted from the interferograms
(Figure 9) denotes that the displacement rate has decreased during the radar survey: maximum velocity
was between 0.06-0.1 mm-h~! during the first week changing to 0.03-0.06 mm-h! since the end of the
second campaign (17-18 February 2009). In the second and third monitoring week (third campaign)
the deformation rate remained nearly constant although it has been possible to recognize slightly
velocity increases. The overall decrease of the velocity also corresponds to a decrease in the surface
area affected by deformations. In the N monitored area (see point P_01, P_02, and P_03 in Figure 9),
the overall velocity is close to zero and the area can be considered stable.

Figure 8. Cumulated displacement map of the Castagnola landslide obtained from the
second and third campaigns (11 February 2009—13 March 2009).
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Figure 9. Time series analysis of nine points of the monitored area. The location of the
points is shown both on the interferogram (upper left corner) and on the landslide map
(upper right corner).
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5. Discussion

The analysis of the Castagnola landslide, by means of the remote sensing data has allowed to update
its boundaries and to quantify the mean velocity of movements.

The interpretation of the outcomes of GBInSAR data has allowed deriving a multi-temporal
deformation map of the landslide, showing the up-to-date displacement field and the mean
landslide velocity.

In particular, the results of the GBInSAR second and third surveys have shown that the E and the
SE landslide sectors during February and March 2009, have been characterized by maximum
deformation rates, one order of magnitude higher (up to 50 mm-month™!) than the mean deformation
rates recorded with the PSI technique in the period 1992-2001. The spatial distribution of



Remote Sens. 2014, 6 920

displacements detected by the two techniques is similar, with a huge sector affected by
major movements extending approximately on the SE portion of the slope and correspond to
Castagnola village.

Figure 10. Updated landslide perimeter and landslide intensity zonation.

544250 544400 544550 544700 544850 545000 545150 545300 545450 545600 545750 545900

{w S

175 87,5 0 175 Meters]
] ,

~

4897450

4897400

&

4897300

4897250

4897150

4897100

4897000

4896950

4896850

o
=3
3
©
3
«©
b

4896700

4896650

4896550

4896500

4896400

4896350

4896250

4896200

4896100

4896050

I:I Former landslide perimeter

New landslide perimeter
: from GB-InSAR and PSI

4895950

4895900

544250 544400 544550 544700 544850 545000 545150 545300 545450 545600 545750 545900

4895800

Based on the GB-InSAR results, the boundaries of the Castagnola landslide have been updated and
extended (Figure 10) towards the NE (main scarp area) and towards the S (Rovereto-Pallareto area).
Moreover, it has been possible to differentiate an E sector (red in Figure 10) characterized by an average
rate of deformation of about 0.055 mm-h™! and a W sector (yellow in Figure 10) characterized by a lower
average deformation rate (0.025 mm-h™"). With regard to the landslide toe (light blue area in Figure 10) any
consideration about the velocity cannot be drawn since the area was not covered by the radar signal.

The difference between PSI and GBInSAR deformation rates has to be ascribed both to the different
acquisition period (1992-2001 vs. 2009) and to the intrinsic difference of the techniques. The PS
analysis is carried out only on stable scatterers distributed over the landslide surface in which phase
response is enough coherent over time. Due to the temporal baseline of the space-borne radar sensor
(35 days for ERS1-ERS2), areas characterized by rapid geometric changes are discarded from the
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analysis due to the loss of the short-term coherence. In such a case, the landslide sectors characterized
by rapid deformations are not likely included in the PSI analysis.

The GBInSAR results highlight that the Castagnola landslide during February 2009, has undergone a
pronounced acceleration phase. The triggering mechanism of the landslide acceleration phases can be
surely related to rainfall events. In Figure 11, the daily-cumulated precipitation recorded, from October
2008 to March 2009, by a rain gauge located on the vicinity of Castagnola village is shown. The graph
highlights that November and the first 20 days of December 2008, have been characterized by prolonged
rainfall events, followed by a less rainy period, except for the major event of 8 January 2009 (156 mm). It
is worth noting that the landslide acceleration phase has been recorded by the GBInSAR monitoring at the
end of a further prolonged period of heavy rainfall (25 days) started on 20 January 2009. The decrease of
the deformation rate recorded during the third campaign, occurred only one week after the end of the rainy
period previously described. A further slight and short acceleration phase was recorded just after the
rainfall event (98.5 mm cumulated) occurred in the first few days of March 2009.

Hence, it is clear that the most important triggering mechanism of landslide is the pore pressure
build-up inside the slope and the correspondent decrease of the effective stress along sliding surfaces.
Moreover, the poor mechanical properties of the Palombini Shales due to the pervasive weathering and
the regional tectonic stresses that dismantled their structure, as well as the continuous erosion at the
landslide toe and deepening of the Castagnola and Rovereto creek, contribute to maintain unfavorable
slope equilibrium conditions.

Figure 11. Daily cumulated precipitation recorded from October 2008 to March 2009, in
the Castagnola area.
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6. Conclusions

The paper has reported the application of both satellite and ground-based radar interferometry,
integrated to conventional monitoring systems, for the zonation of the intensity related to the
Castagnola landslide.

The analysis of the instability conditions of the Castagnola landslide started in 2001 when
10 inclinometers and 10 crackmeters were installed. The outcomes of the monitoring campaign, started

19/03/09
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in April 2001, and finished in April 2002, has allowed to detect the depth of the sliding surface and to
define the deformation rates. In order to investigate the past-long term evolution of the ground
movements a PSI (Persistent Scatterers Interferometry) analysis has been performed making use of set
of ERS1/ERS2 images, acquired in 1992-2001 period. This technique has allowed to confirm the
landslide boundaries as mapped in the PAI (Hydrogeological Setting Plan) and to define the
landslide intensity in terms of velocity. A qualitative comparison of PSI results and inclinometric
measurements has been performed, showing a good agreement between the two techniques in terms of
direction and deformation rates of the movement.

The results of the monitoring campaign by means of ground-based radar interferometry (GBInSAR)
carried out discontinuously from October 2008 to March 2009, has shown deformation rates, higher
with respect to the PSI technique. On the basis of the outcomes of GBInSAR monitoring, the
boundaries of the Castagnola landslide have been updated and a zonation of the landslide into sectors
with different degree of intensity has been performed. Furthermore the GBInSAR technique has
highlighted the link between the acceleration of the phenomena and the triggering factor. In particular,
it has been observed how the increase in the rainfall intensity causes an increase of the deformation rates.

Two landslide sectors, characterized by different displacement rates, have been identified and the
area affected by movements has been extended. Hence, the new landslide intensity zonation obtained
could be directly exploited as a new tool for appropriate planning and development.

This type of analysis gives information on spatial and temporal deformation pattern and is
fundamental for evaluating the possible landslide evolution, defining deformation thresholds, and
setting real-time monitoring systems for early warning purpose.

Furthermore, the combination of PSI and GB-InSAR has demonstrated as an efficient tool to
retrieve past and real-time displacement data, which can support the definition of appropriate risk
management strategies. This tool can be a sound base to develop new techniques for mapping and
monitoring, not only landslides, but also other types of natural hazards.
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