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Abstract. On 10 March 2010, because of the heavy rain-
fall in the preceding days, the Montaguto landslide (Southern
Italy) reactivated, affecting both state road 90 “Delle Puglie”
and the Rome—Bari railway. A similar event occurred on
May 2005 and on September 2009. As a result, the National
Civil Protection Department (DPC) started an accurate mon-
itoring and analysis program. A monitoring project using the
GB-InSAR (ground-based interferometric synthetic aperture
radar) system was emplaced to investigate the landslide kine-
matics, plan urgent safety measures for risk mitigation and
design long-term stabilization work.

Here, we present the GB-InSAR monitoring system re-
sults and its applications in the observational method (OM)
approach. GB-InSAR is an established instrument for long-
term campaigns aimed at early warning and monitoring dur-
ing construction works. Our paper further develops these as-
pects in that it highlights how the OM based on the GB-
InSAR technique can produce savings in terms of cost and
time in engineering projects without compromising safety.
This study focuses on the key role played by the monitor-
ing activities during the design and planning activities, with
special reference to the emergency phase.

1 Introduction

Landslides represent a major geohazard, often causing dam-
age to infrastructure and significant economic loss. To mit-
igate risks associated with the landslide and to support its
management, recent studies have employed new monitoring
technologies (Barla et al., 2010; Azteni et al., 2001; Balducci
et al., 2011; Badoux et al., 2009; Allasia et al., 2013).

Unfortunately, the preventive measures for risk mitigation
are often lacking or not adequate to guarantee the safety of
the people and infrastructure involved in complex landslide
systems.

However, new tools such as ground-based interferometric
synthetic aperture radar (GB-InSAR) can be used to moni-
tor landslide motion and reduce landslide risk by providing
early warnings (Intrieri et al., 2012; Carla et al., 2016). Thus,
monitoring with advanced technology and its use in land-
slide management can be an efficient method for landslide
risk management.

The major damage related to the Montaguto earthflow was
communication route interruption.

Based only on the Italian Railway System evaluations
(www.fsnews.it), the landslide caused an estimated loss of
620.00 EUR week~!. To guarantee the restoration of the in-
frastructure, it was necessary to quickly and simultaneously
accomplish the following activities:

— remove the landslide accumulation from the communi-
cation routes,

— stabilize the landslide and

— guarantee the operating workers’ safety.

To achieve these tasks, a multidisciplinary emergency
team was established and coordinated by the National Civil
Protection Department (DPC). Based on a cost—benefit anal-
ysis, the implementation of a monitoring network capable
to monitor and address the design work was conducted;
this was composed of and a near-real-time monitoring GB-
InSAR system. The DPC also availed of a robotic total sta-
tion (RTS) network in order to have two independent sys-
tems and to guarantee, in case of any interruption or sys-
tem breakdown, the landslide monitoring coverage. The RTS
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campaign has been described by Giordan et al. (2013) and
Lollino et al. (2014). Moreover, 3-D displacements products
for the Montaguto landslide were obtained using other mon-
itoring techniques, such as multitemporal airborne lidar data
(Ventura et al., 2011).

The nature of the data obtained from these different tech-
niques is complementary and thus they are not directly com-
parable. In particular, due to the Montaguto landslide fea-
tures, the GB-InSAR system is more suitable for detecting
the unstable sectors providing areal displacement data that
are essential to design or modify the work plan, whereas the
RTS system is able to acquire punctual displacement data
that are very useful to monitor single points and/or the sta-
bility of the structures realized on the landslide; in this study,
only data from GB-InSAR monitoring are presented and an-
alyzed, while the RTS campaign has been described in Gior-
dan et al. (2013) and in Lollino et al. (2014).

In particular, the immediate availability of multitemporal
deformation maps in near-real time during response and re-
covery phase of the emergency management cycle for the
landslide rapid mapping of displacements was a key point to
support civil protection and a standard practice in operational
service (Boccardo, 2013). In this framework, the GB-InSAR
technique and the growing capability of current techniques
to monitor a wide range of deformation processes play a fun-
damental role.

The use of GB-InSAR as a landslide monitoring technique
has been well documented in the last decade, with appli-
cations in different risk scenarios (Tarchi et al., 2003a, b;
Canuti et al., 2003; Casagli et al., 2010) as well as in other
earthflows (Lombardi et al., 2016; Bardi et al., 2017). In
some cases, the system was used for controlling slope move-
ments that threatened one or more lifelines (Casagli et al.,
2008; Gigli et al., 2011, 2014; Bozzano et al., 2011; Intrieri
et al., 2015), as in the Montaguto site.

The GB-InSAR technique is particularly suitable for mon-
itoring landslides that are characterized by rapid evolution
because of the following characteristics:

1. high SAR image sampling frequency (every few min-
utes);

2. operation under any weather and lighting condition;

3. complete remote operability (no requirement for the in-
stallation of target sensors on the monitored slope);

4. accuracy and precision in the displacement measure-
ment, ranging from sub-millimeter to a few millimeters;

5. continuous areal monitoring of the entire slope with
high pixel resolution (from half to a few meters, depend-

ing on the distance);

6. long-range operability (up to 4 km).
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The main aim of this paper is to highlight the efficiency
and the important role of a continuous, panoramic and high-
resolution monitoring system as a means of support in work
design within the framework of the observational method
(OM), which is an approach integrating monitoring within
construction works design. The application of the OM to the
stabilization project in the Montaguto earthflow making use
of GB-InSAR monitoring was characterized by three main
phases:

— the emergency phase (when the main aim was the re-
moval of the landslide accumulation from the state road
90 and the railway, lasting about 4 months, from March
to July 2010): providing support to the work manage-
ment;

— the long-term stabilization phase (lasting 3 years): data
that inform and drive the project design;

— the post-operation phase (ongoing): involving monitor-
ing of the landslide residual deformation.

2 The Montaguto earthflow

The Montaguto landslide is located in the Daunian Apen-
nine (Campania region) in Southern Italy; it is one of the
largest active earthflows in Europe (Fig. 1). The Campania
region territory is widely subjected to hydrologically con-
trolled instability processes, including several types of phe-
nomena, such as subsidence, earthflows, mudflows, debris
avalanches and flooding (Calo et al., 2012; Guadagno et al.,
2005; Revellino et al., 2010). The primary predisposing fac-
tor to landslide in the area is the complex geological setting
(Matano, 2002), with high tectonic and structural control on
the drainage architecture via the effect of a network of faults
and folds on the sedimentary units (Pescatore et al., 1996).

The Montaguto earthflow develops along the southern side
of arelief and has carved its own valley and created a distinct
morphology on the north-side slope of the Cervaro Valley.
The landslide body spans a nearly 3 km and reaches the val-
ley bottom (410ma.s.l.), with an elevation drop of approx-
imately 420 m (Fig. 1). The total flow volume is approxi-
mately 0.004-0.006 km? (Giordan et al., 2013; Guerriero et
al., 2013; Lollino et al., 2014); the landslide covers an area
of 0.66 km” and the average travel angle (or shadow angle,
defined as the slope of a line joining the tip of the debris to
the landslide crest of the main scarp) is 8.4°.

Based on the kinematic, morphological and lithological
characteristics, the Montaguto landslide can be classified as
an earthflow with slow, intermittent flow-like movement of
plastic, clayey soil, facilitated by a combination of sliding
along multiple discrete shear surfaces, internal shear strains
and long periods of relative dormancy interrupted by more
rapid “surges” (Hungr et al., 2013).

Based on the morphological characteristics, the landslide
can be divided into three main zones (Fig. 1): (i) the upper
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Figure 1. (a) Location map. (b) Map of the Montaguto area shown with the main landslide features, including the element at risk (infrastruc-

tures).

sector at approximately 750 m a.s.1., with the main scarp rep-
resenting where the source area is located; (ii) the middle
sector between 750 and 500 m a.s.l. that constitutes the prop-
agation area; and (iii) the lower sector (landslide toe) below
500 ma.s.], representing the accumulation zone. The upper
sector of the slope presents a general WSW exposure, with
secondary ridges oriented in the general direction of SW—
NE, constituting the source area and spanning about 100 m
(Fig. 1); the lower middle of the slope is exposed to the south
with the hydrographic network and secondary ridges oriented
in the general direction of SSE-NNW.

The outcropping lithologic units in the study area (Fig. 2)
include clay, sandy marl, limestone, clayey marl, marly cal-
careous conglomerate and clayey flysch; these units influ-
ence the morphology and the hydrography, causing signif-
icant articulation from strong structural controls (Crostella
and Vezzani, 1964). Along the slope, starting from the upper
area, densely stratified limestone, calcarenite, marl, clayey
marl and clay belonging to the Faeto Flysch Formation
(Langhian to Tortonian age) crop out (Crostella and Vezzani,
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1964), whereas in the middle and lower areas clayey marl,
fine sand and conglomerate (units 2, 3 and 4 in Fig. 2) per-
taining to the Villamaina Unit (Messinian age) are observed
(D’ Argenio et al., 1975).

The landslide material is supposed to be mainly formed of
restructured and remolded soils originally belonging to the
Faeto Flysch Formation (Lollino et al., 2014), whereas the
Villamaina Unit presumably represents the substratum over
which the landslide mass has moved (Guadagno et al., 2005;
Guerriero et al., 2013).

The earthflow source area presents a series of rotational
scarps where weathered weak rock outcrops, whereas the
body of the earthflow evolves in a lobate flow-like morphol-
ogy that extends to the valley floor. A creek and a spring
system runs through the body of the earthflow along its en-
tire length. The landslide area located between the source
area and the propagation area is supposed to be the transition
area, where the landslide style changes from pure sliding to
a proper earthflow (Lollino et al., 2014).
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Figure 2. Geological setting: location of the landslide area (red line)
and geological map of the study area (1 : 100 000, Italian Geological
Map No. 174 — Ariano Irpino), according to D’ Argenio et al. (1975);
the 2, 3, and 4 units have been described as the Villamaina Unit.

In such an earthflow case study, generally when the source
slide becomes unstable, usually caused by a temporary in-
crease in pore pressure with the consequentially decrease
of resisting forces, the earthflow undergoes a surge (accel-
eration) (Hungr et al., 2013). The kinematics of the flow-
like movement is subjected to several changes over time; the
Montaguto earthflow is in fact characterized by long peri-
ods of quiescent behavior interrupted by more rapid events.
These mechanisms were observed in similar earthflow phe-
nomena, such as the Slumgullion earthflow in Colorado
(USA) (Coe et al., 2003; Parise et al., 2003).

The first historical information (Fig. 3) related to instabil-
ity phenomena along the road up to Montaguto dates back
to 1763, when the first stabilization works started. There are
reports regarding the royal road and the Cervaro River being
influenced by the occurrence of a lobate landslide deposit
(“I1 Mattino, ediz. Avellino del 20/7/2009; Vincenzo Grasso
— Montaguto e la lezione dei Borboni”). Other documented
reactivations occurred during the 2-year period from 1957 to
1958 (Guerriero et al., 2013). In the period of 1958-1980,
the activity was very low. In 1990, a landslide external to
the system interrupted the hydraulic connection between the
Montagna Creek and the Tre Confini River, causing a change
in the flow path in the Fosso Nocelle.

In 2003 and 2004, minor landslide reactivations occurred,
with the active part (between elevation 830 and 460 m a.s.1.)
of the landslide covering the deposits of the inactive land-
slide. Other periods of mobilization occurred between Jan-
uvary and May 2006, when the landslide continued to ad-
vance towards the valley bottom and crossed the highway
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(Lollino et al., 2014). The infrastructure was involved again
in September 2009.

On 10 March 2010, a major surge event occurred. Al-
though no causalities occurred, serious damage to the high-
way and railroad infrastructure were recorded, with complete
interruption of the two main transportation connections be-
tween the Campania and Puglia regions (Guerriero et al.,
2013).

3 Methods
3.1 The observational method

The development and the use of the OM started in the 1940s.
The historical evolution of the use of the OM started with
Peck (1969) and Terzaghi et al. (1996). The OM had the
aim to reduce the costs during construction that were caused
by designing earth structures based on the most-unfavorable
assumptions. Instead, the design according to the OM is
based on the most-probable conditions rather than the most-
unfavorable. Gaps in the available information are filled by
observations: in this case by the monitoring data. These ob-
servations aid in assessing the landslide evolution, checking
its velocity trend with respect to the ongoing works, and the
behavior of the structure during construction, which can then
be modified in accordance with the findings.

Usually, monitoring has the aim of verifying the function-
ality of the works over time, observing the relation between
the design plan and the phenomena evolution. When coupled
with the OM, the goal of monitoring, which plays an active
role in both design and construction, is also to validate the
adopted design solution or to identify the most appropriate
design solution among the planned ones. The OM facilitates
design changes during stabilization works and establishes a
framework for risk management.

Peck discussed the OM in his 1969 Rankine lecture (Peck,
1969) and defined two OM approaches:

a. ab initio approach, adopted from inception of the
project;

b. “best way out” approach, adopted after the project has
commenced and some unexpected event has occurred
that is different to the predefined design or failure oc-
curs and where OM is required to establish a method of
addressing a difficulty.

In this study, the adopted approach consists of three stages
(Fig. 4): (i) understanding of the landslides features lead-
ing to the initial stabilization works design; (ii) variations
and/or interruption of the works based on the monitoring ac-
tivity output; and (iii) a design review stage to bring back the
project to an operative condition.

GB-InSAR displacement measurements were checked
with a frequency proportional to the velocity of the landslide.
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Figure 3. Timeline of the main landslide events recorded over the years.

Figure 4. Conceptual flowchart of the application of the OM to the Montaguto remediation works.

During the emergency phase, specialized personnel was per-
manently at the monitoring center to provide continuous data
check and validation. In the later months, during the most
stable periods, data were still checked at least daily. Empir-
ical velocity thresholds were implemented to define differ-
ent warning levels. The results of the monitoring were dis-
patched to the stakeholders in the form of daily monitoring

www.nat-hazards-earth-syst-sci.net/17/845/2017/

bulletins. Extraordinary bulletins were issued in case of sud-
den accelerations. Bulletins were used as support for decision
making, within the framework of the OM.

When monitoring data review showed that the predefined
design exceeds predicted condition or a velocity threshold
is exceeded, this would then trigger a “recovery stage”. This
consists in implementing emergency planned measures to se-
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cure the safety of the site staff and the general public while
the unexpected event is fully investigated. Any decision in
this stage need to be made rapidly; for this reason the as-
sessment will be qualitative rather than quantitative. Once
the safety of the site has been secured, the project team has
to bring the project back to a fully stable condition, which
means first carrying out a “design review stage” comparing
the actual conditions with the original design.

3.2 The GB-InSAR monitoring system

The GB-InSAR technique employs a radar system, which is
composed of a coherent microwave trans-receiver unit based
on SAR (Curlander and McDonough, 1991) and on interfer-
ometric techniques (InSAR), originally developed for earth
observation from satellites (Zebker and Goldstein, 1986).
The synthetic aperture is formed by moving the radar head
along a linear rail.

The GB-InSAR system radiates microwaves on the inves-
tigated area to measure the backscattered signal, obtaining
an SAR image and providing measurement of ground dis-
placement through remote sensing. The system detects a con-
tinuous 2-D areal distribution of the occurred deformation
within the observed ground portion, without the necessity
of positioning targets on the ground and without any phys-
ical contact with the slope (Tarchi et al., 1997). The obtained
SAR image is created based on the spatial resolution along
the direction perpendicular (range resolution, ARr) and par-
allel to the rail synthetic aperture (azimuth, or cross-range
resolution; ARaz) (Luzi, 2010); each pixel in the image con-
tains amplitude and phase information of the investigated
scenario’s backscattered echo.

By comparing the phase information between two radar
acquisitions of the same scenario, it is possible to obtain a 2-
D displacement map of the investigated area that constitutes
an interferogram (Luzi et al., 2004; Monserrat et al., 2014).
One of the limitations of this technique is that only the dis-
placement component parallel to the line of sight (LOS) can
be measured; thus, displacements that occur along a direction
perpendicular to the sensor are missed, making determina-
tion of the location of the installation point crucial (Fig. 5a).

Regarding the investigated site, the radar system was in-
stalled to ensure the sensor LOS is as parallel as possible to
the expected direction of the landslide motion. The high pre-
cision (sub-millimeter) of the technique contributes to min-
imize this limit, detecting even small displacements. Other
important limitations of the GB-InSAR technique are due to
temporal decorrelation and atmospheric noises (Luzi et al.,
2010).

On 29 April 2010, the apparatus was installed on the oppo-
site slope located at approximately 4 km from the earthflow.

To optimize the monitoring system efficiency, the radar
should be placed at a stable location, with the minimum pres-
ence of obstacles between the radar sensor and the investi-
gated objects. The technical features of the GB-InSAR cam-
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Table 1. Operational parameters set up for the GB-InSAR monitor-
ing of the Montaguto landslide.

Rail length 2.7m
Minimum observed area distance 800 m
Maximum observed area distance 4000 m
Displacement estimate accuracy 0.5-0.7 mm
Theoretical resolution in range (constant) ~35m
Theoretical resolution in azimuth at 800 m ~3m
Theoretical resolution in azimuth at 2000 m ~7m
Theoretical resolution in azimuth at 4000 m ~14m
Scan time interval 3.5min

paign at Montaguto are shown in Table 1 and in Fig. 5b. To
detect both short- and long-term movements, interferograms
with a temporal baseline spanning from 3.5 min to 1 month
have been used.

During the GB-InSAR monitoring, data were transferred
via ftp to the processing and post-processing unit for the
generation and production of the interferograms (Fig. 6) and
the monthly cumulated displacement maps (Fig. 7). Negative
displacement values indicate a movement toward the sensor
(shortening along the LOS), whereas positive displacement
values indicate movement away from the sensor (lengthen-
ing along the LOS).

Based on the results of the landslide velocity pattern,
the DPC, with the operational support of the Italian Army,
started stabilization efforts using large earth-moving machin-
ery along the toe of the earthflow. As a result of the moni-
toring and subsequent stabilization efforts, the railway was
reopened on 7 June 2010 and the state road 90 was reopened
on 10 July 2010.

The GB-InSAR system was one of the key elements in the
work planning; worker safety was improved because alerts
could be provided regarding sudden accelerations that re-
quired stoppage of work or evacuation.

During the first stages of the monitoring activity, for few
weeks, the GB-InSAR instrument was partnered with a we-
bcam and with an infrared thermal camera (IRT). A compar-
ison between the optical images and the interferograms was
crucial for the interpretation of the radar images and there-
fore the detection of unstable areas, especially of the land-
slide toe portion (Fig. 6), while the IRT allowed a very ac-
curate investigation of the water flow paths, wet areas and
drainage directions (Fig. 8). In an OM perspective, the indi-
viduation of wet and fast-moving areas (roughly coinciding)
directed the design of the remediation works and allowed us
to give priority to such particular areas and to all the interven-
tions aimed at draining water from the landslide. This first
emergency phase ended in July, when the displacement rate
decreased as a result of the constructions and the dry season
(Fig. 10).
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Figure 5. Location of the GB-InSAR system installation (a) and resolution grid size and parameters used during the monitoring campaign (b).
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Figure 6. Interferogram covering a period spanning from 21:04 to
21:08 of 1 May 2010. Negative values indicate movement towards
the instrument; top left corner: optical image of the Montaguto
earthflow from the GB-InSAR installation point. Capital letters in-
dicate the sectors selected for velocity estimation.

4 Results and discussion
4.1 GB-InSAR data

The toe of the landslide is the sector that experienced
the highest detected velocity during the emergency phase

www.nat-hazards-earth-syst-sci.net/17/845/2017/

(Fig. 6). The average displacement rate reached approxi-
mately 1.0 mday~!, although there were significant intra-day
fluctuations. The maximum recorded velocity was measured
at 2.9 mday~! on 1 June 2010.

To understand the kinematics of the entire landslide toe,
four sectors were identified during the emergency phase (A,
B, C and D) (Fig. 6) to represent the main reference points
for assessing landslide evolution. Aiming for an operational
purpose, such sectors have not been identified based on geo-
morphological criteria but only on their displacement veloc-
ity, as visible on the interferograms (Fig. 6). To better follow
the temporal evolution of each sector, a representative pixel
has been selected within each of them; hence displacement
time series relative to these pixels have been obtained.

During the months following the emergency phase, two
more unstable areas were identified, labeled sectors E and F
(Fig. 7). From the beginning, the data processing has been
subjected to many variations induced by the landslide evolu-
tion.

In the initial monitoring days, the velocity of the landslide
was so high that the interferograms needed to be calculated
over a very short time interval (around 4 min) (Fig. 6).

When the velocity started to decrease, the displacement
cumulated in 4 min was lower than the sub-millimeter sen-
sitivity of the GB-InSAR and therefore displacements were
only detectable on 4 h interferograms (Fig. 9.1-2) and, later,
on 24 h interferograms (Fig. 9.6). In March 2011, the E sec-
tor is very clearly detectable even in the 4 h temporal baseline
(Fig. 9.8), and interferograms in Fig. 9.8-9 show the progress
of the works implemented for the Rio Nocelle water chan-
neling and the upper-medium sector works. Finally, starting
from March 2011, with the aim of making the monitoring
activities even more suitable for landslide evolution analy-
sis, monthly cumulated maps were processed for the entire
acquisition period (a monthly cumulated maps time laps is
available in the Supplement). The elaborated cumulated dis-
placement maps are represented with a color scale for visual-

Nat. Hazards Earth Syst. Sci., 17, 845-860, 2017
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[ Displacement [mm]ll

Figure 7. Monthly cumulated displacements (mm) map recorded
between 1 and 31 March 2011. Negative values indicate movement
towards the instrument.

izing (i) stable areas in light green, (ii) areas characterized by
displacement towards the sensor LOS with colors from yel-
low to red and purple (maximum cumulated displacements)
and (iii) areas characterized by displacements away from the
sensor LOS with colors from dark green to deep blue.

Some monitored sectors have slowly continued to deform.
For example, the D sector and a strip upstream in sector A
continued a slow movement from December 2010, whereas
the E and F sectors started their slow and intermittent move-
ment in a later time. Movement in the E sector (located in the
middle-upper part of the landslide) had movement detected
in November 2010; in the F sector (the upper main scarp of
the landslide) deformation was detected in December 2013.

From the data analysis and interpretation, it was possible
to recognize and define the evolution of the observed phe-
nomenon, in terms of a decrease and an increase of the de-
formation rate.

Because the stabilization projects were continuously
checked and monitored by the GB-InSAR system and the
draining and channeling works were efficiently carried out,
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Figure 8. Thermal image of the Montaguto earthflow from the GB-
InSAR installation point (acquisition time: 11 May 2010, 11:00);
dark pixels correspond to wet areas. For scale reference, the toe
is 400 m large and the white dots on the wet areas are bulldozers
reshaping the toe.

it was possible to determine that the deformation processes
and movement speeds were gradually decreasing (Fig. 10).

4.2 Landslide stabilization works

After performing an analysis of the results of recent sur-
veys and direct observation of the area, as well as the re-
sults from the monitoring, a design for stabilization works
was established that can be updated and adapted, depend-
ing on the landslide response to the stabilization efforts. In
September 2010, the main work phases were outlined. This
represents the first application of the OM, referring to the ab
initio approach, previously mentioned.

The observations of the surface features produced by dif-
ferential movement of the landslide and the analysis of the
monitoring data enabled to understand the behavior of dif-
ferent parts of the landslide and to estimate a zonation of
landslide elements; therefore, to better plan and conduct the
required interventions, the earthflow has been divided into
three zones. For each of them the most appropriate works
were defined accordingly (Fig. 11).

— Upper sector (depletion zone): lake drainage, upstream
surface drainage (diversion ditches), re-profiling of
the main scarp, modification of the slope profile and
restoration of stream channels to their natural condi-
tions.

— Middle sector (main track): modification of the slope
profile, surface drains coupled with deep trench drains,
left-bank stream channelization and right-bank stream
channelization.

www.nat-hazards-earth-syst-sci.net/17/845/2017/
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Figure 9. SAR interferograms showing typical displacement signals in unstable sectors with different temporal baselines during the first
year. (1, 2, 3) The temporal baseline of 4 min (1) does not allow for detection of the occurred displacement during July 2010. The temporal
baseline of 4 h (2) is able to show landslide toe displacement. (4, 5, 6) The temporal baselines in D and E do not allow for detection of the
occurred displacement during December 2010. (6) shows the unstable E sector. (7, 8, 9) During March 2011, SAR interferograms in (8) and
(9) show the progress of the works implemented for the Rio Nocelle water channeling and the upper-medium sector works.
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Figure 11. Stabilization works plan and their distribution along the landslide.
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Figure 12. Monthly cumulated displacement maps: (1) in July 2010, the interferometric data show abundant stagnant water within the surface
depressions, affecting sectors D and C; (2) during August 2010, the interferometric data show the efficiency of the realized cross trench (in

pink — stabilization work no. 10 in Fig. 11).

— Lower sector (deposition zone): landslide deviation on
the left side, surface drains coupled with deep trench
drains, gabion toe drain and buttressing, re-profiling of
landslide deposits on the right side and left-bank stream
channelization.

As water was the main driving force of the landslide, con-
tributing to a widespread increase in pore pressure, the pri-
mary objective of the undertaken actions was to remove it,
both from the surface and from the deep layers. Thermal
monitoring was therefore used to assess the wettest areas
while displacement monitoring permitted to set a priority on
the highest moving zones. The restoration of an effective sur-
face circulation has thus been planned, coupled with drainage
trenches that are able to collect deep groundwater.

The upper part of the landslide was characterized by the
presence of a system of lakes, whose water was directed
by drainage trenches and shallow channels into a well and
then channeled into a watershed located outside the landslide
(Fig. 11).

Shallow channels with hydraulic jumps were constructed
in the middle part of the landslide. Deep drainage trenches
that allowed deep groundwater to spring outward at the sites
of hydraulic jumps were an integral part of the design.

The construction of shallow channels coupled with deeper
groundwater drainage trenches was repeated at the lower part
of the landslide. The water from the lower part and from

www.nat-hazards-earth-syst-sci.net/17/845/2017/

lateral channel system is conveyed towards a natural water-
course that flows beyond the toe of the slide (Fig. 11).

The GB-InSAR monitoring data analysis was essential for
the location and effectiveness assessment of the lower one,
whose stabilizing effects were clearly visible to the radar ap-
paratus (Fig. 12). In this manner, the abundant stagnant water
within the surface depressions that had been created by the
landslide was eliminated, thus reducing water infiltration and
the rate of movement.

The stabilization works involving gabions and profiling of
the landslide started at the toe (Fig. 13, blue box), where the
interventions for water drainage were completed, with the
goals of protecting the state road and the railway and restor-
ing their use.

First, steel-reinforced gabions were installed to build re-
taining and permeable systems of considerable size (lower
sector). Then, the landslide was reshaped in accordance with
the constructed drainage works (middle sector). The location
and timing of the interventions were selected based on the
monitoring data results (Fig. 14).

Regarding the middle sector, a very interesting example
of the coupled integration between GB-InSAR and work de-
sign and execution is the analysis of the landslide behavior
in the mid-sector, i.e., the so-called “elbow” (E sector): here,
the movement increased during November 2011-May 2012
despite the execution of the drainage works (Fig. 14). The

Nat. Hazards Earth Syst. Sci., 17, 845-860, 2017
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Figure 13. (a) Location of some remedial works along the landslide; (b) various forms of damage to the weirs (1, 2 and 3) and to the channel
geotextile filter (4). The damages were caused by the slow and constant displacement located in the E sector. (¢) Photos showing the primary
important completed works: (1) drainage systems at the bottom of the main scarp, (2) gabion rock toe buttress and drain, (3) surface drains

coupled with deep trench drains and (d) Rio Nocelle water channeling

activity and evolution of this sector was promptly high-
lighted by GB-InSAR data; the monthly displacement cumu-
lated maps refer to the two highest deformation rate peri-
ods (March—April 2012), when the velocity reached approx-
imately 1 cmday™'. To verify this information, some field
surveys were performed that showed the damage to three
weirs and the geotextile filter (Fig. 13b). Based on these ob-
servations, a design variation involving additional drainage
elements in the main channels (Fig. 11, no. 10) was incor-
porated into the design (Fig. 12). This variation constitutes a
valid example of the “best way out” approach, as suggested
by Peck (1969).

To highlight the project’s efficiency in relation to the slow-
ing rate of displacement, a velocity graph was constructed to
compare the beginning and end of the different stabilization
works affecting the most unstable area, identified as the E
sector (Fig. 15). In May 2012, most of the stabilization works
were completed.

Because of the high acquisition rate and accuracy of GB-
InSAR data, the efficiency of the undertaken activities was

Nat. Hazards Earth Syst. Sci., 17, 845-860, 2017

continuously verified through the OM by observing the time
series of the velocity recorded at critical points (Fig. 161).

The prosecution of monitoring verified the long-term ef-
fectiveness of the stabilization works, which prevented reac-
tivations even after rainy periods (Fig. 16iii) (with a small
acceleration of sector D during early autumn 2010 being the
only exception).

The GB-InSAR was also used as an early warning tool.
During the very initial phase of the emergency, when
the earthflow displacements were high, a warning velocity
threshold was set at a level of 2mday~'. The threshold was
exceeded on the 10, 14, 24, 25 and 31 days of May 2010;
during these days, people involved in interventions were rec-
ommended to take particular care during the execution of the
works located at the landslide toe area (sectors B, C and D)
(Fig. 16ii).

The Montaguto landslide thus represents a very interest-
ing example of hydraulic and structural engineering tech-
niques in stabilization work focused on minimizing the envi-
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Figure 14. Monthly cumulated maps for March (1) and April (2) 2012 showing the interferometric evidence of the deformation phenomena

affecting the E sector and the subsequent design variant (3).
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Figure 15. Cumulated displacement recorded at the E sector and work phases over time.

ronmental impact, the execution and effectiveness of which
have been driven and evaluated by accurate monitoring data.

5 Conclusions

The application of the GB-InSAR technique for monitoring
the Montaguto earthflow was demonstrated to be capable of
continuously acquiring accurate displacement measurements
over large areas. The GB-InSAR technique has a high im-
age acquisition rate and the capacity to provide displace-
ment maps with sub-millimeter accuracy, making it specif-
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ically suited for assessing slope instability problems, espe-
cially during emergency conditions.

The GB-InSAR approach proved to be very useful for the
application of the OM during the emergency phase. It al-
lowed a quick delineation of the slide and, through the de-
tection of the more unstable areas, supported the stabilization
and excavation planning and design. The day-to-day compar-
ison between the works in progress and the GB-InSAR data
allowed for the detection and evaluation of the landslides re-
sponse and evolution. Moreover, these coupled activities al-
lows planning of the work phases that will greatly increase
the safety of workers and community alike. The areal map-
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ping of displacements over the entire slope is very useful in
identifying areas of complex deformation patterns with dif-
ferent rates of movement.

The results during this study period showed a general de-
crease in the rates of displacement. Nevertheless, some un-
stable sectors were detected, characterized by deformations
having both characteristics of temporal persistence (the land-
slide is inactive but not stable) and heterogeneity (some areas
reached high displacement rates more often than others sec-
tors and/or at different times).

Use of real-time monitoring with new technologies al-
lowed us to accomplish documentation of 4 years of daily
activity.

Through the daily monitoring activities, it was also possi-
ble to enrich the study by using the OM approach. This al-
lowed us to establish the efficiency of the works and to direct
possible project variations.
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