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Abstract

Occurringin many geographicalgeologicaland climatic environments, landslides represent a major
geological hazardn landslide prone areas, monitoring devices associated with Early W&ystgns

are a coskeffective means to reduce the risk with a low environmental and economic impact, and in
some cases, they can be the only solution. In this framework, particular interest has been reserved for
Wireless Sensor Networks (WSNSs), defined etsvarks of usually lowsize and lowcost devices
denoted as nodes, which are integrated with sensors that can gather information through wireless

links.

In this thesis, data from a new prototypical ground instability monitoring instrument calleG Wi
(Wireless sensor network for Ground Instability Monitoring) have been analysed. The system consists
in a WSN made by nodes able to measure their mutual-digtances by calculating the time of flight

of an UltraWide Band impulse. Therefore, no sensorsiarplemented in the network, as the same
signals used for transmission are also used for ranging. The system has been tested in a controlled
outdoor environment and applied for the monitoring of the displacements of an actual landslide, the
Roncovetro mudfiw in Central Italy, where a parallel monitoring with a Robotic Total Station (RTS)
allowed to validate the system. The outputs are displacement time series showing the distance of each
couple of nodes belonging to the same cluster. Data retrieved fromesis revealed a precision of

2¢5 cm and that measurements are influenced by the temperature. Since the correlation with this
parameter has proved to be linear, a simple correction is sufficient to improve the precision and
remove the effect of temperatw. The campaign also revealed that measurements were not affected
by rain or snow, and that the system can efficiently communicate up to 150 m with a 360° angle of
view without affecting precisiorOther key features of the implemented system are easy guidk

installation, flexibility, low cost, regime monitoring and acquisition frequency changeability.

The comparison between Y@IM and RTS measurements pointed out the presence of an offset (in an
order that vary from centimetric to decametric) constanr each single couple, due mainly to the
presence of obstacles that can obstruct the Line Of Sight (LOS). The presence of vegetation is the main
cause of the no#.OS condition between two nodes, which translates in a longer path of the signals
and therdore to a less accurate distance measurements. To go further inside this issue, several tests
have been carried out proving the strong influence of the vegetation over both data quantity and
quality. To improve them, a MATLAB tool (R2018a, MAthWorks, KNafié, USA) called WiSIO
(Wireless Sensor network Installation Optimizer) has been developed. The algorithm finds the best

devices deployment following three criteria: (i) im@sibility by means of a modified version of the



Hidden Point Removal operatofii) equal distribution; (iii) positioning in preselected priority areas.
With respect to the existing viewshed analysis, the main novelty is that it works directly with 3D point
clouds, without rendering them or performing any surface. This lead totls&iprocess of generating

surface models avoiding errors and approximations, that is essential when dealing with vegetation.

A second installation of the WBIM system has been therefore carried out considering the deployment
suggested by WiSIO. The corripan of data acquired by the system positioned with and without the
help of the proposed algorithm allowed to better comprehend the effectiveness of the tool. The
presented results are very promising, showing how a simple elaboration can be esserdiat tmdre

and more reliable data, improving the W@iIM system performances, making it even more usable in

very complex environments and increasing its flexibility.

The main left limitation of the W&IM system is currently the precision. Such issue is cteddo the
aim of using only loveost components, and it can be prospectively overcome if the system undergoes
an industrialization process. Furthermore, since the system architectureaidajgtable, it is prone to

enhancements as soon as the technolaglyances and new low cost hardware enters the market.



1.Introduction

Landslides are frequent and widespread geomorphological phenormwethénave an enormous impact

on society, economics, and environment (Guzzetti et al., 2003). They can be defined assargf ma
earth material (soil or rock) displaced undhe action of the gravity. In recent times, factors such as
excessive land use, uncontrolled urbanization, and improper urban planning have led to an alarming

worldwide increase in the frequency of landsls occurrence (Nadim et al., 2006; Petley, 2012).

In landslide prone areas, risk mitigation must often face problems related to economic resources,
environmental impact and logistic issues. This is particularly true for structural countermeasures,
which aim atminimisingthe risk by reducing the probability of failure (bolts, anchors, piles etc.), by
preventing the landslide from reaching the elements at risk (barriers, ditches, retaining walls etc.) or
by reinforcing existing buildingsloreover, these dfensive techniques are often not adequate to
counteract the size and rapidity with which slope failures commaoulyur andare also limited by

economic/logistical constraints that may not be possible to overcome.

Monitoring devices associated witgarly Warning Systems (EWSs) are an alternative eeffective

means to reduce the risk with a low environmental and economic impact. In some cases, they can even
be the only solution, for instance when a landslide is so large that it cannot possibly beexdahilien

in an area there are too many unstable slopes and there are not enough financial resources to take
care of them all individually, or when the residual risk after remediation works is still unacceptable.
Indeed, sometimes the timely evacuation betdangerous area remains the only viable procedure for
protecting vulnerable communities (Kilburn and Petley, 2088fording to Medin&etina & Nadim
(2008)EWSs ardefinedast Y2 YA i 2NAYy3d RSGAOSa RSaA3IySR (2 I @2
imposed by a threat on humans, damage to property, the environment, or/and to more basic elements

f A1S f A @&df ikckide?tRed llBwing activitiesmonitoring, data analysis/forecasting,
dissemination of alarms, and definition of response acti@esgli et al., 2017hbintrieri et al., 2012
Figurel). All of these need to be calibrated and contextualized in the frame of the studied scenario
Implementing an EWS depends indeed ontlki@g type of landslide; (ii) the disaster scenarios
consdered,; (iii) the degree of awareness of the stakeholders, including populations; (iv) the allocated

resources (e.g. budgetary, human).



Geological knowl-
edge risk scenarios

RISK KNOWLEDGE
ey

Installation of the E jo

v monitoring system 2|3

=B

MONITORING O|sS
A O

Data acquisition

Feedback

YES Are data within

pecified bounds?

Troubleshooting
and maintenance

V
ANALYSIS AND

FORECASTING

Are anomalies due
instrumental erro

v
WARNING I Issue an alarm or pre-alarm }
‘ v
RESPONSE | Emergency plans I_Ll.”

Figurel. Flow chart of the activities of thémplementation and operation of an EWS. The kliox indicates
the action linked to the monitoring system (after Casagli et al., 2017b).

Landslide monitoring is therefore a key component of landslide hazard assessments, with the main
objective of providing early warning of an impending failure wheresli communities, or
infrastructure may be at risk (Eberhardt, 2012he monitoring instruments typically include
extensometers, borehole inclinometersiitmeters, topographic instrumentgPetley at al., 2005)
satellite interferometry(Tofani et al., 203), Groundbased interferometric Synthetic Aperture Radar
(GBInSAR]Barla et al., 2016=arina et al., 2011; Lombardi et al., 204}l robotic total stations (RTSS)
(Giordan et al., 2013; Petley et al., 20Q0Bgure?).
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Figure2. Main components of an Early Warning System (after Casagli et al., 2017b).

Recently WirelessSnsorNetwork (WSN) technologyas beeroften used to supporenvironmental
detection, monitoring and prediction, thanks to its capability of +&ale monitoring of natural
phenomena and data extractiqiEstrin et al., 2002550me of the main advantages of the adoption of
WSN for environmental redgime monitoring ae fast and easy deployment, low maintenance,
scalability and adaptability to different scenari@m the other hand, some drawbacks are represented
by memory, power and throughputhat are in general too scarce, limiting the efficiency of the systems

(Mucchi et al., 2018).

Focusing on the use of WSNs for landslide monitafTiega et al., 2014keveral parameters, such as
temperature and humidity, are gathered by multiple sensors and sent to a cardritfte, however,
sensors are not directly used to ms&ure the ground movement. New methodologies for ground
instability measurement based on distributed and connected low cost wireless sensors have been
proposed and are becoming more and more widesprgag.Arnhardt et al., 2007Castillo et al., 2004;

Chen et al., 2013Intrieri et al., 2018)

In this context an innovative WSNWi-GIM, standing for Wireless sensor network for Ground
Instability Monitoring)based on the adoption of Ultrd/ide Band (UWB) technology for the 3D
accurate superficial monitorgnof ground deformationbas been developed he main idea is to detect

the surface movements by acquiring the position of many sensor nodes (organized in clusters)

distributed over the monitored area to perform re@ne ground displacement measurements t
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provide early warningThe system has been implemented in the framework of a Life+ European

Program, andhe first part of this thesis is devoted to the analysishef acquired data

Working with UWB W3neans that the Line Of Sight (LOS) cannot be neglected. As a matter of fact,
an information is properly transmitted if transmitter and receiver stations are in view of each other
without any obstacle. For this purpose, the LOS of each emitting sensarimpertant issue to
consider when positioning two or more receivers. Depending mainly on their wavelength and the
characteristics of the material to cross, waves aaract follow several behaviours, and problems
connected to noALOS can lead to the absme of data or inaccuradg measures, due to delay in the
arrival time or multiple reflections effect (Alwan and Mahmood, 2015; Dardari et al., 2009; Schroeder
et al., 2007; Wang et al., 2003)deed, several tests concerning vegetation have been caotie¢on

the WiGIM system, demonstrating how the ndu®S condition (mainly due to vegetation) can cause

a delay in the signal which can lead to an error in the distance evaluation as well as data loss,
compromising the reliability of the monitoring systefimtrieri at al., 2018)For these reasons, an

analysis of the intewisibility is essential to correctly place and install a WSN requiring LOS.

With this purposejn the secondpart of this thesis, an algorithm able to find the best locations to
installthe sensors of a WNS requirifrge LOS is presented@he aim was to develop an easy algorithm
that works directly with 3D point clouds insteafiDigital Elevation ModelDEMS3 or Digital Surface

Models DSM3, that is to say withouteconstructing any@face, avoiding approximations.

The WiGIM system has been installed twice in the Roncovetro landslide (ERoiffeagna region,
Italy): at first, in 2016, following traditional patterns for its positioning; after, in 2019, installing the
sensors in the pats determinedby the algorithmdevelopedas part of this studyThe comparison
between data acquiredrom the two configurations allows tevaluake the performance of the

proposed method on a real serviceable caslgowing promising results.

Moreover, during the monitoring activities, several analyses have been carried out to evaluate the
accuracy and feasibility of the VW@IM system, mostly thanks to a parallel monitoring made with a
Robotic Total Station (RTS). Results points out the efegetiss of theetworkespecially in emergency
conditions, duamainlyto the rapid, economic an@asy installationthe flexibility of the system and

the reaktime monitoring

12



1.1Overviewof the existing landslide monitoring techniques

Landslide monitorings essential forthe recognition of landslide occurrence as well as for early
warning. A large variety of techniques is available for the monitoring of landslidenging from
classical geodetic methods providing a local measurement ofrttrgementsto advanced laser and

radar methods providing a global image of tfisplacements

There are three major categories of landslide monitoring. The first one is field obseryations
conventional monitoring method in which geologists measure the changing feaatreegular time
intervals in the fieldThe method has a limitation in providing information on impending landslides or
slope failures, because measuring changes at the site in a short time interval such as a minute or an
hour scale is impossible (Chae a., 2017). The second categomgcludesin situ groundbased
observation of slope displacement, using various instrumenéxensometerslaserdistancemeters,
GPStotal stations,terrestrial laser scanneground based Interferometric synthetic apere radar
(GBInSAR), seismometemmnd others The third category consists @lirborne and spaceborne
techniquesincluding acquisition andanalysisof satellite image, photogrammetry and synthetic

aperture radar (SAR) interferometflyigure3).

Among these techniquesaserdistancemeters, total stations and Global Positioning Systems (GPS)
receivers allow to precisely locate the position of targetstalled within a landslide over time
(Duranthon, 2000). These methods are also commonly tesgdoreferenceahe images acquired with

highresolution cameradjght detection and rangind-.(DARand radar systems.

- Global Positioning Systems (GPSs)
- Wire extensometers

— Tiltmeters

- Borehole inclinometers

Seltlaiia - - Robotic Total Stations (RTSs)
— Terrestrial Laser Scanner (TLS)
- GB-InSAR
- Geophysical monitoring (seismic and geoelectric)
Landslide monitoring
systems
y - Satellite optical images
L’ Al —» - satellite INSAR
Spaceborne

- Photogrammetry

Figure3. SYme of the most common landslide monitoring systems.
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1.1.1 Groundbased monitoring techniques

In situ groundbased monitoring observes slope displacement (as well as other parameters connected
to the investigatedmovemen) trough devices that are installed in boreholes and on the surface of
potential landslide sites. The instruments can meaga@ameterchanges in a regular time interval or

in real time.

TheGlobal Positioning Syste(GPS) radionavigation, timing angositioning system with a wide set

of applications is one of themBy tracking the electromagnetic waves that the GPS satellites are
sending continuously, the system can obtain the antenna positamgitude, latitude, andheight).

The use of the phaseaasurements allows determine the relative positions of points located as far
as several hundre#lilometresapart with an accuracy of¢d mm in the XY plan and §.0 mm in
altimetry. This accuracy allows the fast detection of weak displacements andththssirvey of the
temporal evolution of natural hazards (volcanoes, tectonic faults, ice glaciers, land@dek)et al.,
1990;Dixon et al., 1991Gili et al., 2000; Lowry et al., 200Djisplacements areomputed comparing
repeated GPS surveySquaroni et al., 2005)its application is mainlguitablefor the monitoring of

af 26 myY2 @A yand thepyefRilure atag&Sracksliddn addition dueto its high accuracy and
precision,GPS offers advantages over conventional terrestrial metlgod. measurements can be
taken during night or daynd under different weather conditionsHowever, the accuracy of GPS
relative positioning depends on the geometric distribution of the observed satellites: at least four

satellites must be in view with the receir station.

Other groundbased monitoring devices arane extensometersinstruments whictgive punctual and
one-dimensional displacement informaticdhat can be installed on the ground surface (Bonnard and
Steinmann, 1990) or into a borehole (Angeli et al., 1988)ngan automatic and continuous recording
of ground displacementn any casghe extensometer integrates the displacement occurred between
two points, one fixedbon astable zone outside the landslide area (in superficial extensometers) or
below the landslide mass (in borehole extensometers), and the otheloma¢edin the ground surface

of the moving massDue to its simplicity, low cost dnexcellent performance, wire extensometers
have been applied to a large number of landsligéageli et al., 1988Corominas et al., 2000
Corominas et al.2005) Wire extensometer readings cannot be properly interpreted unless the
general pattern of themovement is knownindeed, thereis no direct relationship betweethe
displacements of the landslide and the displacements of the wire extensonidmeover, these
instruments give punctual and orgimensional displacement information, are quite vulngeand

their installation requires skilled personnel.

14



An instrument thathas mainly been used for relativelisplacementmeasurements within the
deformable object and its surroundings is the tiltmet€he measurement of tilt is usually understood

as the determination of a deviation from the horizontal plane (Savvaidis, 2003). Tiltmeters are
instruments that can measure degrees of rotation and are usually based on electrolytic level sensors.
A data logger automatically records the output of a tiltmetesampling periods, which can be freely
adjusted by the user (Garcia et al., 200%he same limitations previously explained for the
extensometers are still valid. Moreover, the inclination variation or angular acceleration are often too
low and are coverebly the instrument noiseThe measure is taken only at one place and in one depth

per instrument.

Conversely, trehole inclinometers are geotechnical instruments used to measure horizontal
displacements along various points on a borehdlee device consis of a series of gravityensor
transducers (uniaxial or biaxial) positioned at intervals along the borehole arishar failure surface
(Stark and Choi, 2007The main advantages include rapid automatic data logging anctineal
monitoring, but they need a boreholg¢hat must reach and go further the sliding surfgeemetimes

up toseveralmetersin depth), with consequent high cost, long installation time, and logistic problems
(Dunnicliff and La Font2001 Machan and Bennet2008).

Robotic Toal Stations (RTSs) enable measurements of angles and distances teptéisget located

on the moving mass, making it possible to retrieve the absolute position of a target and, therefore, its
displacement. With respect to a traditional optigakechanicatheodolite, it has an electronic distance
meter and a computer for storing and calculating data. Modern systems can operate automatically
with high acquisition frequency providing relative positioning in almost-tiga to an accuracy of
+0.05 mm ovedistances of several meters andc2lmm over distances of several hundred meters
(Giordan et al., 2013; Liu et al., 2004; Mantovani et al., 26@@ley et al., 2005Rizzo and Leggeri,
2004). The distance is performed through the electronic distaneter embedded within the total
station. A laser beam is generated by the telescope, hits the targeted point and is reflected. The
instruments record the time occurred for the light pulse to reach the target and calculates the travelled
distance accordinglyAlbeit total station systers are very precise and reliable amdovide 3D
coordinate information of thaneasuredpoints, one of themaindisadvantages is the requirement to
have an unobstructedline Of Sight (LOBgtween the instrument and the targeting pm (Savvaidis,
2003).

In opposition to the above mentioned conventiorald point-based surveying techniques, Terrestrial

Laser Scanner (TLS) provides information over the entire landslide area; enabling a more complete

15



understanding of the landslide digigements A laser(standingfor Light Amplification by Stimulated
Emission of Radiation$ a device that produces and emits a beam of highly collimated, directional,
coherent and irphase electromagnetic radiatiomhesesystems can be used for the acsjtion of

large amounts of 3D information of the terrain at an extremely fast recording rate (Jaboyedoff et al.
2012). If the sensor is groudmhsed, then instruments takes the name of Terrestrial Laser Scanner
(TLS)converselywe talk about Aerial Las&canner (ALS) when it is airboiin@sed A laser scanner
consists of a transmitter/receiver of laser beam and a scanning device. Two different methods for
range determination are possible (Wehr and Lohr 1999): phase and pulse methdld.the first one

is characterized by a moexcurate range determinatioand suffers from a limited range (Petrie and
Toth 2008, the latter allows a greater rangé&or this reason, the pulse method is the one usually used
for Earth surface observations, including landsktiedies Baltsavias 1999%ehr and Lohr 19991 he

result of a scan is 8D point cloudepresentingthe surveyed surface, expressed in polar coordinates
GAGK NBAaLISOG (G2 GKS OSYdNB 2F GKS | LILJ pidugedza o NI y 3¢
point cloud is directly the 3D digital model of the scanned objectfandded severahpplicatonsfor
landslides mapping and characterisatiGtowlands et al. (2003) used a TDEM to map the limits of

a shallow landslideDunning et al. (2009) analysed a rockslide scar by TLS and estimated its;volume
Jaboyedoff et al. (2009) demonstrated thatabw landslides in river bankae characterized by
spherical failure surface TLS surveys has also been exploitedrackfalls and rockslidefor the
extraction of 3D rock mass propertiésrientation, spacing, persistence, roughness of discontinuities)
(Gigliand Casagli, 201 Daboyedoff et al., 2007Finally, andslide displacements can be efficiently
monitored by multitemporal TLS acquisitioeemputingthe distance between matching points in two
TLS point cloudss proposed in several studigkboyedoff et al., 2009; Oppikofer et al., 2009; Pesci

et al., 2011 Teza et al., 2007

While monitoringby means ofmulti scan acquisition requires manual processing (i.e. the distance
evaluation), gound-based interferometry (GB1SAR) is a remote sengitechnique that allows the

real time determination of 2D deformation maps with high accuragiomatically One of the great
advantages of this technigue that measurements of the surface displacemeare carried out
remotely, being helpful for th@bservation of the ongoing phenomena as well as for checking the
efficiency of consolidation interventiong\zeni et al., 2015Romeo et al., 2015GBInNSARis an
interferometric technigue based on the synthetic aperture radar (SAR) technique, similar to those used
on satellites, but implemented in a mobile system with a terrestrial platform. In the last years this
technique has been demonstrated as a reliaolel to monitor slope instabilityLuzi (2010) presented

an extensive literature about the working principle of this instrument and some of its applications.
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Recently it has been shovthat GBINSAR can be used in several geological contexts as welhas wit
new approacheqBarla et al.,, 2017; Barla et al., 2010; Casagli et al., 2010; Farina et al., 2013)
Moreover, it is very useful for monitoring of wide aresiace it is suitabléo coverlong distances
(Casagli et al2010; Tapete et g8l2012). Howeveronly the component of displacement along the line

of sight is measured, shadow areas cannot be detected, vegetation cover and atmospheric disturbance

negatively influence the measurements, and the cost of the apparatus is very high.

Some othe groundbased techniques allow to measure geophysical parametegsthe seismic and

the geoelectrical monitoring. Concerning the landslide geoelectrical monitoring, ibeperformed

by means of three different techniques: electrical resistivity tomographlfspegential and induced
polarization.The Electrical Resistivity Tomography (ERT) technique, based on the measurement of the
electrical resistivity values and their spatial distribution in the subsoil, is an active method largely
applied in order to invegate landslide areaggodio et al., 2008Lapennaet al., 2005 Meric et al.,

2005 Pazzi et al., 20)8This technique provides useful information both on the lithostratigraphic
sequences and the geometry of the landslide body (lateral extension ackh#ss), identifying the
sliding surfaces between the slide material and the underlying bedrock, and individuating high water
content areas (Perrone et al., 201 Selfpotential (SPjechniqueis applicabldor the monitoring of
underground fluid motion bBsed on the electréinetic effect. The method (defined as a passive one)
measures the presence of naturally occurring charges in the Earth surface, primarily streaming
potentials and electrochemical potentialwhich are measuredetween pairs of electrodes to create
areal maps of variation in sgibtentials. In the context of landdks, this isisedto determine areas

of subsurface flow within the subsurface material (Witheley et al., 20I8¢. Induced Polarization (IP)

is a phenomenon stimulated by an electric current, observed as a delayed response to voltage in
natural materialfSumner, 1976). By establishing an electrical current flow through the electrodes A
and B on the surface, a primary potential difference is established (Martins et al., Z@iGparameter

could eventually provide information on changes in pore geomelng to deformations of the
landslide body. Although Auken et al. (2006) considered IP as a possibly emerging method, this
technique has been applied on landslides quite rarely (Jongarath&arambois, 2007).

In recent years, seismic monitoring of active landslides detected a variety of seismic signals triggered
by the unstable slope&ismic monitoring appears therefore as a promising approach to complement
surveillance and early warning systems of active $fidds. In this framework, many researchers are
focusing on the use ao$eismic sensors (e.g. seismometers, geophones, accelerometers, acoustic
emission transducers) to monitor passively potential events. The extent of the investigated area varies

from somecentimetresto thousands okilometres depending on the magnitude and depth of the
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events, the possible attenuation of th&ismicwavestravelling throughthe material, the type of
seismic devices and the design of the seismic aiirhg technique founeld numerous applications in
rock cliffsfAmitrano et al.2005;Feng et al., 201 %racchi et al., 203 Kolesnikov et al., 2003yacture
processes in hard rockBriicklet al., 2006a; Roth et al., 2006Spillmann et al., 200; and debris flows
(Itakura et al., 2005Mainsant et al., 201)20n the other hand,dr mass movements developed in soft
rocks such as mudslides, the high attenuation ofg¢hssmic wavesdue to the nature of thanaterial

generallydoes not allowthe use of seismic monitoring.
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1.1.2Airborne and spaceborne monitoring techniques

Airborne and spaceborne monitoring systems are widely used in the field landslides, especially dealing
with large volumes of mobilised material. Among them, the most common are satellite opéitllite

radar, photogrammetry and aerial laser scanner.

Satellite images in the optical region with high spatial resolution are used for producing landslide
inventory maps and for mapping factors related to the occurrence of landslides such as surface
morphology, structural and lithological properties, land cover, and temporal changes of these factors
(Fiorucci et al., 2011Henas et al., 2003Savvaidis, 2003WVeirich et al., 2007 Data from satellite
images are used in addition to aerial photos oraasingle tool, due also to their leaost in case of
regional or national scales compared to other techniqUd® bigadvantage of satellitdhased remote
sensing is the capabilitp repeat observations, which results in more frequent update of infornmatio

on landslide characteristiassompared tothe conventional data source$he method has been used

for measuring longerm landform evolution of both rock glaciers and landslides from multitemporal
digital elevation models (DEM) derived from sequentialtpi{e.g. Brunsden and Chandler, 1998aK

et al., 1997). Moreover, differencirgf multi-temporal DSMs generated from satellite images can be
usedto estimate involved volumes and/or vertical surfamdtlements As a lack, only extremely large
landslidescan be identified directly, and the landslide susceptibility of an area can be only determined

indirectly from some of the features that are identifiable at small scales (Savvaidis, 2003).

Another spaceborne technique increasingly used for landslideritorong purposes is the SAR
(Synthetic Aperture Radar) system, which sends radar pulses to the ground and measures both the
amplitude and the phase of the backscattered signal. A SAR image is indeed composed of pixel
characterized by amplitude and phasalues. Phase values of a single SAR image partly depends on
the sensostarget distance andthis is the key element to detect ground displacement. SAR
Interferometry is the technique focused on the measure changes of signal phase over time through
the analyis of at least two SAR imagé&3aéagli et al., 20R7 Fruneau et al., 1996; Singhroy et al.,
1998). A suitablenethodto exploit phase variation could be domedeedconsideringonly two radar
images, (Bamler and Hartl, 1998; Rosen et al., 26@fyever since the use of two single images could

lead to geometrical and temporal decorrelation (Berardino et al., 2002), usually theténutioral
Interferometric Techniques (MIT) approaches is preferred (Ferretti et al. 2001; Crosetto et al, 2016).
In the pastyears, several MIT approaches have been developed. Between them, the signal analysis of
a network of coherent radar targets (Permanent Scatterers, PS) allowsstimate occurred

displacement, acquisitions by acquisition. LddfeSight (LOS) deformation rate can be estimated with
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an accuracy theoretically better than 0.1 mm/yr (Casagli et al., &01i the field of landslide
investigations the potential of SAR data has been exploited at different scales: from national (Adam et
al., 2011) to regionalQjampalini et al. 2036Vieisina et al., 2008;) slope (Frodella et al., 2016) and
building scaleBianchini et al., 202%iampalini et al., 2014; Nolesini et al., 2016), as well as in different
phases of landslide response (Canttile, 2007)On the other hand, significant difficulties have been
found to use this technique as an effective and operational tool in emergency management situations
due to the acquisition parameters of the current satellite SAR missions, especiatingdf temporal

coverage and incidence angle.

Photogrammetric techniqgues have been extensively used in determining ground movements
especially with the development of Unmanned Aerial Vehicle ((@Mpmina et al., 2014; Rossi et al.,
2018) The main adantages of using photogrammetry are the reduced time of fieldwork; simultaneous
three-dimensional coordinateshe hugenumber of pointghat can be monitoredBriickl et al., 2006b;
James et al., 201ZBavvaidis, 2003)The technique consists in the exttmn of three-dimensional
measurements from twalimensional data (i.e. images). The final products are mainly DEM, DSM, 3D
point clouds and orthoimages. The comparison of the above mentioned outputs acquired in different
timesis useful formonitoring purpses (Bitelli et al., 2004; Cardenal et al., 20@8ra et al., 2003;
Rossi et al., 2037since the more recent photographs can be compared with old ones to examine the
progressive development of slides. The accuracy of photogrammetric point positiomrdesdion has

been much improved in last years together with the advancement of high resolution cameras, making

it attractive for high accuracy deformation measurements

The use of airborne Light Detection and Ranging (LIDAR), alsoAiditathe LaserScanning (ALS), for
topographic mapping is rapidly becoming a standard practice for landslide investig@tidizzone et

al., 2007; Corsini et aRP07; Eeckhaut et al., 200Xiong et al., 2018nlso due to itsbility to measure
terrain surface elevabins beneath a vegetated canogglénnie et al., 2013; Wang, 201Buel mainly

to the high costs,His technique is usednainly for landslidesnodelling but it can be also used for
monitoring purposes Multi-temporal ALS surveys hawedeed becomeindeed a method for the
detection ofmass movements antthe monitoring of land surface deformation processd3glong et

al.,, 2012; Mora et al., 20)8As discussed iShrestha et al. (1999) and Montealegreadt (2019,
depending on many issugshe accuracy of ALS measurements could range from a couple of
decimetres to over one meter for laregeale topographic mapping applicatiorSLSpermits an
improvement in the landslide inventory mappifgorlat et al.2007), but the processing still requires
significant experience and manual efforts to produce highly accurate ground surface measurements

(Xiong et al., 2018).
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1.2Wireless Sensor Networks

With the development of MicrélectreMechanical Systems (MEM$thnology, which has facilitated

the development of smart sensors, Wireless Sensor Networks (WSNs) have gained worldwide attention
(Yick et al., 2008). They can be defined as networks of devices (also called nodes) that can communicate
the information gattered from a monitored fieldby means ofvireless linksKigure4). These sensors

are low size, with limited processing and computing resources, and lovwcoogiared to traditional

sensors (Estrin et al., 2002).

Wireless Sensor Network

Sensor Node

Figure4. Schematic structure of a Wireless Sensor Network. Modified after Khara (2017).

WSN technology has the capability to quickly capture, process, and transmit dataredintrieri et
al., 2018). Afteitheir deployment in the environment, wireless sensors create a network by-inter
connecting to each other, with the advantage of being highly flexible. Sensors can indeed be

distributed as needed and adapted to the eaviment.

The use of WSN dates back to the Cold War, when the USA developed a system of acoustic sensors to
place on the ocean bottom as a sound surveillance to detect and track Soviet submarines (Bhardwaj
et al., 2014). Since then, they found applicatiorseveral fields, e.g. robotics, domestic, military,
health care, environmental and as traffic detectoFigire5), as explained in detail in Akyildiz al.

(2002).
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Health care

Environmental Military

WSNs applications

Robotics <« — Traffic detectors

Domestic

Figure5. Some Wireless Sensor Networks applications.

In recent years, WSNs have been employed in engineering geology, with the aim to help in preventing
the millions of the losses due to natural hazard. In patéic they are considered a powerful tool for
monitoring natural phenomena in hostile and remote environmeagsor example glaciers (Martinez

et al., 2004), active volcanoes (Wersdten et al., 2006) and landslides (Bhardwaj et al., 2014; Cho et
al.,2008;Giorgetti et al., 2016Sheth et al., 2007), as confirmed by the increasing worldwide interest

in this field (Rosi et al., 2011).

Wireless transmission permits to interpret data from any remote location in order to perform a real
time hazard assessme Moreover, these systems can generally acquire data with variable rates: the
frequency can be modified anytime according to the criticality level reached by the monitored
phenomenon at a certain time. This fulfils an important need for-tma¢ monitoring, especially in
hazardous or remote conditions. In this framework, WSNs can play a great role for landslide
monitoring. The choice of the sensors used within the network depends on the parameters to measure,
their variability, the required accuracy (fation of the characteristics of the monitored phenomenon)
and on the network compatibility to the site, with respect to energy efficiency. This technology can be
in fact employ for the monitoring of several parameters such as temperature, sound, pressure,
displacement etc... Furthermore, it can be applied to several geological conditions, geometries and

environments.

A distributed strain sensors system for landslide prediction is presented in Sheth et al. (2005), while a

WSN capable of measuring the strairthe rock due to the accumulated pressure is proposed in Mehta
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et al. (2007). In that work, slope movements are detected thanks to an accelerometer included in each
node, as well as temperature, pressure and humidity, which are monitored by addititegfated
instruments. In Dai et al. (2009), the ground motiemeasured by means of thresxial accelerometer

units. Benefits and ling of WSN and methods implemented and deployed in the northern Italy
Apennines for landslide monitoring are described in Rosi et al. (2011). Their use has been tested on
several lithologicabnd geological conditions, as for example rockslide (Intriealgt2012), floods
(Castillo et al., 2004) and debris flow (Cho et al., 2008).

The above mentionedexperiences highlight important advantages of WSN over traditional ground

based monitoring techniques, such as:

i. the capability of collecting, aggregating aathlysing, from a mulpoint perspective, diverse
and distributed data (Rosi et al., 2011);
ii. the possibility to be very quickly deployed without requiring any-@xesting infrastructure
(Kamal and Hamid, 2013);
iii. the limited-cost wide area coverage, thanks to the exploitation of rdu§p communications;
iv.  the existence of lowcost energyefficient algorithms to allow the network to run for months
without human intervention;
v. the capability to reach harsh environments thanks to the absence of wired structures (Zanella
and Zorzi, 2006);
vi. the reduced vulnerability and environmental impathanks to the use of wireless
communications with respect to physical wiring among sensors and data loggers;
vii.  the possibility of coexistence and integration with existing instruments, acting as an
infrastructure to collect, process, and transmit data to a remodatrol centre (Akiyldiz et al.,

2002; Arampatzis and Manesis, 2005).

On the other hand, the diffusioaf WSNfor landslide monitoring purposes has been limited by four
main factors: the energy consumption; the need of ppsicessing of acquired data; the cédgiity of
monitoring only a few pointghe accuracyand the precisiof the measurdi.e. thecloseness of the

measurements tahe true value,andthe closeness of the measurements to each otlespectively)

It is important to note that WSNs have beerainly used to move information, not to measure the
movements with a radio frequency technology. The measure of the ground movement is made by
inertial sensors, or classical extensometers, or other traditional device, which is then interconnected

by the WSN to a data logger.
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1.2.1 UltraWide Band technology for distance estimation in WSN

Asstatedin the previous section, WSNsesentedin literature mainly exploit radiofrequency signals

to provide connectivity to the sensor nodes and not to measure tetadce between nodes (Intrieri

et al., 2018). In contrast, it is possible to use particular WSNs that use an impulsive radiofrequency
technology, such as Ul#&ide Band (UWB), to measure the distance betwt#ennodes of a WSN,

0 Kdza ONXB I { A tiadsoilsurfaca iheRised B @dhikal landslide movements.

Ultra-Wide Band systems are defined as those which have an absolute bandwidth larger than 500 MHz
and a frequency larger than 2.5 GHz (Yavari et al., 2014). Numerous applications of UWB ranging
includes logistics, security, healthcare, search and rescue, control of home appliances, automotive

safety, and military applications (Dardari et al., 2009). In particular, this technology has been proved

to be a viable candidate for enabling accurate |l@ezdion capabilities through Time Of Arrival (TOA)

based ranging technigues (Sahinoglu et al., 2008; Gezici et al., 2005).

In this framework, the UWB technology is extremely efficient for the monitoring of fast, moderate and
slow moving landslides thanks its main characteristics, such as low energy power consumption, high
bandwidth communications over a large portion of the radio spectrum (>500 MHz) and immunity to
electromagnetic interference generated by element present on the soil. The impassd WB
enables an accurate ranging and higlecision localization of the network nodes (Win et al., 2009;
Win et al., 1998).

The distance estimation is based on the Time Of Flight (TOF) measurement of a radio impulse sent
from one UWB module to another. Ssthe radio impulses travel at the speed of light, the distance
between the two modules can be easily estimated, by converting the TOF into a distance. The accuracy
of the estimation of the distance is due to the exploitation of the wide band of the trateshsignal,

which translates on small impulses over time. The fine timing resolution of the transmitted impulsive
signal drastically limits the signal overlapping at the receiver, allowing an accurate ranging even in

places characterized by many reflexdpas in the case of landslides.

Two primary methods can be considered for estimating the distance between a pair of nodes: the first
one, based on a single communication between the nodes, expects a strictly fine time synchronization;
however, the secondne exploits several exchanges of information between the nodes, but does not
need any time synchronization (Groves, 2013). We will now focus our attention on the latter solution,
i.e. the one used for the deployment of the \@IM System. This methodologgnsiders an advanced

two-way ranging method called symmetric doutslieled tweway ranging (SBBWR) (Mucchi et al.,
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2018). In particular, it uses the delays that naturally occur in the signal transmissmsrafoatingthe
distance.Figure6 illustrates the SD$WR protocol, which exploits three communication messages

(poll, response and final) between the Node A and Node B to determine the TOF.

Node A Node B

Figure6. Symmetric doublesided two-way ranging (SDSWR), after Mucchi et al. (2018).

If we consider founda= Ta- Tr and Prepiay= T - T4, the round trip time and the reply time which refer to
the Node A clock, respectivelgnd T8 ouna= Te - Ts and Frepiay= T - T2 the round trip time and the reply

time which refer to the Node B clock, the TOF between the Node A and Node B can be expressed as

follows:

“Y§ O (€q.1)
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1.3Rationale of the research

Ground displacement monitoring is one of the most important aspects of early warning systems and
risk management strategies when addressing phenomena such as landslidesvefiew on the

main existing survey techgues revealed that among the most commonly used and versatile
instruments, there was a lack of a laast, lowmaintenance, feasiblandeasy to install tool suitable

for emergency monitoring, i.e. for those situations where the priority is to rapidlyeggireliminary
information concerning the kinematics of a slope in order to help decision makKeesexisting
instrumentations able to provide reéime warnings on multiple time series are in fact typically based

on expensive technologies that requiregimienance and specialised personnel.

Therefore, a wireless network based on wwadeband impulse radiofrequency technology has been
realized.This activity has been carried out in the framework of theGM project (Wireless sensor
network for Ground rstability Monitoring) within the European Life+ financing program for the
environment (WAGIM official website- http://www.life -wigim.ed in collaboration with the
Department of Information Engineering of the University of Floreamuet the private company Arsilicii
s.r.Ithat actually developed the prototype performing the Technology Readiness Levels (TRLs) from 1
to 3 (Tablel). The main goal of the project was to obtain a geological monitoring system that reduces
the installation time with respect to the more traditional instruments, and consequentlyces the

risks for operational personnel involved in the field activities, as well as promptly warns the civilians in
areas at riskThe main features of the system are easy and quick installation, flexibility and capability
to adapt to different applicabn scenariogndcost effectivenessThe novelty of this network consists
indeed of its ability to measure the distance between nodes using the same signals used for

transmission without the need for an actual measurement sensor, reducing costs cob$jdera

In this thesis, all data acquired by the-@liM system have been post processed and analysed in depth.
The first part of this thesis describes the netwazkd theextensive experimental campaigdinat was
performed to test iteefficiencyand capabilityMore in detail, after a test in Arcetrinat can be related

to a technology validation in lab (i.e. TR), the system has been tested twice in a relevant
environment at the Roncovetro LandslideR(T from 5 to 7)During the acquisition periodsome
experimentstF 2 Odza SR 2y (i K\sibilfy&uidsighhhtedl dhe impoitaBdedo know a priori

the visibility condition from one sensor to anotheme.
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TRL level Description

TRL 1 Basic principles observed

TRL 2 Technology concept formulated

TRL 3 Experimental proof of concept

TRL 4 Technology validated in lab

TRLS5 Technology validated in relevant environment

TRL 6 Tecnology demonstrated in relevant environment
TRL 7 System prototype demonstration in operational environmer
TRL 8 System complete and qualified

TRL 9 Actual system proven in operational environment

Tablel. The Technology Readiness LeélRLs.

With the aim to go further inside the issuehe& second part ofthis thesis focuseson the
implementation of an algorithm able to find the bdstationsto install a WSN requiring intefisibility.

The code has been developed on Matkdftware environment{R2018a, MAthWorks, Natick, MA,

USA and works directly with 3D point clouds, ady obtained by TLS, ALS or photogrammetry.
Nowadays many researches in the field of urban design, landscape planning as well as GIS technology
focus on the study of visibility analysis, but most of them are based on the use of gridded digital terrain
andelevation models (DTM and DEM) (Fisher, 1991; Murgoitio et al., 2013). With the development of
LiDAR and SfM technologies, there is an opportunity to use directly 3D point cloud data to perform
visibility analyses. Doing so, many disadvantages of traditimodelling and analysis methods can be
bypassed. This leads to skip the process of generating a surface model avoiding errors and
approximations (Dodd, 2001; Guth et al., 2009; Katz et al., 2007; Zhang et al., 2017). Furthermore,
point cloud data can mvide much more detailed information than traditional gridded raster terrain
data or triangulated mesh terrain data (TIN), especiallyase okteep, hummocky, vegetated or/and

overhanging terrain.

The main objective of this researchiigreforethe andysisof data acquired byan innovativeWireless
SnsorNetwork and its optimal employmenthrough a developeddeployment tool based on inter

visibility analysis.
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2. The mplemened Wi-GIM system

In the framework of a European Life+ projéictFE12/ENV/IT00103&lled WiGIM (Wireless Sensor
Network for Ground Instability Monitoring), an innovative Wireless Sensor Network based on Ultra
Wide Band technology for 3D accurate superficial monitoring of grousplatemens has been
implemented As already mentioneéh Sectionl.3, the prototype has been developed the first
months of 2016other than this thesis in collaboration with the Department of Information
Engineering of the University of Florence and Arsilicii s.r.l., a private congizatgd in the province

of Siena (IT). The activities of this thésmganwith data postprocessing and interpretation. However,

it is essentiato describe in detail the network, to better comprehend the work that has followed.

The Wi-GIM system was spdically designed with the aim of exploiting as much as possible its
employment within Early Warning Systelinsemergency situationsAmong he mainkey features
which will be described in detail in the followisgctionsthere areits easy andjuick irstallation and
high acquisition frequency, both requirements for eantgirningoriented devices.More in general,
the systemwas developed with thgoalto overcome the limithat arestill presentin the conventional
systems for ground deformation monitoringjtrodudng some advantagessuchas flexibility, cost

effective, absence of wired structures and low environmental impact.

The main design criteria for \WWBIM was ultimately to produce a lowcost sysém that was reliable
enough to be applied tdifferent situations trying tofill the gays of the variousexisting monitoring
techniquesas much as possibléhe achievement othe above mentioneabjectives will be verified
by analysingand comparing theexperimental results obtained for the case studies that will be

presentediater in this thesis
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2.1 Operating principle

2.1.1 Architecture

The system islesigned aan ad hoc wireless sensor network based on a modified star top(fogyre

7). The master and slave paradigm, together with clustering technique, is adopted to allersadile

and energyaware estimation of the distances among the network nodes. A cluster is defined as a
group of slave sensors (up to 16) managed by a single master sensor. It is defined by a single master
when the scanning procedure starts during thenfiguration of the sensor network. During the
scanning procedure, the master sensor uses the communication control channel sending a request
signal. Slave sensors around the master answers to this signal with an ACK (acknowledge) and the
estimated distane. Once the master has collected all the ACKs, it defines its network (cluster) of

sensors, which are managed by itself from that time on.

Master Nodes

rSIave

\. Nodes
C/LUSTER N

Slave /“\
Nodes // \
il /

\[ e ® ®
CLUSTER1 \ ®
-\

/ Slave
Nodes

—

CLUSTER 2

Figure7. The mastesslave paradigm (after Mucchi et al., 2018).

Aswill be deeply explairdin Sectior2.1.2, eachmaster node periodically estimates the distances of
the slave nodes belonging to its cluster through the adoption of the UWB technology and a pre
processing of the received signals. The obtained information is then transmittibe t@mote server

via a 3G link for a complete pagtocessing of all the data coming from the different clusters
distributed over the monitored area. As a result, the variation of the distances among the network

nodes over time is computed to evaluate tgound movementsKigure8).
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Figure8. Wi-GIM system architecture (after Mucchi et al., 2018).

Each WAGIM networlQ @ode consists of an electronic board with a micantroller ARM Cortex M3,
a battery(12 V, 7.2 Ah lead acid batteyyy UWB moduléDecawave Sensor DWM10GG)d different
additional modules, that characterize the specific hode function within the ndtvaschitecture.

Furthermore,some boxes arequipped with a thermometer, useful to make some correlations with

the other parameters, as explain latdhree types of node are defined:

i. the Slave Nodes (SNs), i.e. the basic one, that include ports to phayBee and battery

supply;

ii. the Master Nodes (MNSs), which are additionally equipped with a SD memory card, a GPS

GSM/GPRS/3G communication modwdes an internal thermometer;

iii.  the SupefSlave Nodes (SSNs), optionally equipped with GPS.
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Alist of the network nodes components and their functions is providedable2, while their pictures
are reported inFigure9. Goncerning the communication modudgplease note thathe connection
dependsmainlyon the SIM card usedndtherefore, at the momentit would be already possible to

replace them with a 4G or 5G card.

Component Function MN SSN SN
Micro-controller ARM Cortex M3 micro-controller X X X
Battery A 12V, 7.2 Ah lead acid battery for node power supply X X X
uwB Decawave Sensor DWM1000 Module (2017a) for communication and ranging X X
SD memory card  Storage of the Ids of SNs and SSNs and the number of hops to reach therX X
GPS TAOGLAS DXP.02.A for time reference signal, required for slave coordinatdédn X

GSM/GPRS/3CG Long-range communication modules for data transmission to a remote servéet

MN: Master Node; SSN: Super-Slave Node; SN: Slave Node.

Table2. Wi-GIM nodes components and relative functions.

Figure9. Wi-GIM main components: a}) micro-controller; ¢),d) UWB Decawave sensor; €) GPS; f) modem.
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The chosen UWB mdale, Decawave (Dublin, Ireland) Sensor DWM1000 Module (20Eifay¢10)

uses signals with bandwidth of 500 MHz resulting in 0.18vide pulses. The Decawave Module
integrates: the Abracon (Spicewood, TX, USA)-HIUA dielectric chip antenna (320200 MHz
frequency range), all radio frequency circuitry, power management and clock circuitry. It can be used
in two-way ranging or TOF location systems to locate agsetsprecision of 10 cm and it supports

data rates of up to 6.8 Mbps.

Precision 10 cm (indoor)

Data rate communications 6.8 Mb/s
Communications range 300m

Frequency 3.5GHz - 6.5 GHz
Dimension 23 mm x 13 mm x 2.9 mn
Supported location schemes TOF and TDOA
Temperature Range -30°C to +85°C

Power consumption - Transmit moddrom 31 mA
Power consumption - Receive mod&rom 64 mA
Support packet sizes up to 1023 bytes

FigurelO. Detail of the UltraWide Band module used in the WGIM system, the Decawave Sensor DWM1000.
For more detail, please visit the Decawave websitttps://www.decawave.com/product/dwm21000-
module).

The GPS is not required for positioning but for a time reference. The master node spreads the GPS time
reference among the slaves before starting thegimg measurementslhe one implemented in the
system is a TAOGLASHD2.ASMD L1/L2/L5 SAW Diplexasing the GPS/GALILEO L1, L2 and L5
bands.It is housed in a compactBm x5 mm x1.7 mm laminate packagand ts specifications are

reported inTable3.
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BAND 1 (L1)

Min. Typ. Max.
Center Frequency (MHz) 1582.187%
Insertion Loss (dB) 3.8 4.6
Amplitude Ripple (dB) 0.6 2.0
Return Loss (dB) -13.0 -6.0

Attenuation (Reference level from 0dB)
10 ~ 1330 (MHz) 32 38
1660 ~ 2000 (MHz) 27 33
BAND 2 (L2 and L5)

Min. Typ. Max.
Center Frequency (MHz) 1206.922%
Insertion Loss (dB) 4.2 52
Amplitude Ripple (dB) 1.2 2.5
Return Loss (dB) -8.0 -6.0

Attenuation (Reference level from 0dB)
10 ~ 1100 (MHz) 17 23
1320 ~ 2000 (MHz) 20 28
BAND 1 and BAND 2

Min. Typ. Max.
Isolation (1196.9~1248.625MHz) 22 35
Isolation (1574.22~1576.62 dB) 22 31

Environmental

Operating Temperature -40°C to 85°C
Input Power Level 10dBm
DC Voltage 3V

Table3. TAOGLAS DXP.02.A SMD L1/L2/L5 SAW Diplexer table of specification. For more detail please see the
product website page lttps://www.taoglas.com/product/dxp -02-a).

Since battery consumption is a critical point for the WSN, a sleep maglbeerimplemented for the
nodes. The master node is programmed to periodically measure the distances throughout the day,
e.g., every 10 min over 24When a node is activated by the master, it sends an UWB impulsive signal
to each near node with whom it is @&to communicate. The neighbour node receives it and sends it
backwards. The active node thus can estimate the intade distance by calculating the tweay TOF.

Once the TOF is estimated, the distance is obtained by multiplying the TOF times the sjigled of
This computation is made by the master, and once the procedure is complete, it deactivates all the

sensor (including itself) restoring them in the sleep mode.

Considering a cluster made by 10 nodesingle entire measurement cycle (from activatio back in
sleep mode) lasts around 9@monds For an earth flow, given its slow temporal evolution, the
measurement frequency can b&42 acquisition per day in order to save batteries. For a longer use of

the WSN on a landslide, the battery of each @@dn be changed without moving the node.
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2.1.2 Installation procedurand preprocessing

Thepresence obbstacle between transmitter and receiver, i.Blon-Line Of SighfNLOS), implies a

bias in the estimation of the distance. For this reason, it is important to try to install dllébewave
sensors so that they are visildaeto each otherln case &ensor NodéSN needs to be placed behind

an obstacle for monitorig purposes, so that thielaster Node N) is in NLOS condition, another SN

shall be put inLine Of Sigh(LO$ with that SN and with the MN enabling the MN to still reach the
"blocked" SN. In fact, each MN scans the network to gather information of tHésélfat are in LOS
condition, then asks these SNs to inform it about the SNs in LOS with them (but in NLOS with the MN).
This procedure allows the MN to have a map of all the SNs which are in LOS and the ones reachable

through 1 hop thanks to SNs relayimgchanisms.

Once the best topology has been found, then the nodes can be installed dielithand the MN can
start the initial scan to know which sensors are part of the netw@nkce the MNhascompletdl its
SNs map, the cluster is defined, and thosdagwill be considered for the monitoring strategies. It is
worth highlighting that, after the initializatiophase, the cluster cannot be modified: the introduction
of an additional node requires a new scanttod network.From that time onthe MN contimously
controlsthe status of each SN of its clus{erg., battery level, correct functioning), as better described

in the following.

In order to manage the network resources allocation, the MN sends the activation control signal to an
SN, enabling ita occupy the channel and perform the ranging operations. The SNs are activated one
at a time. Upon reception of the activation signal, the SN sends an UWB impulsive signal to all its
neighbour nodes (LOS nodes), which respond. As the SN completes tmea@istaasurements, by
calculating the tweway TOF, it sends the results to the MN and then releases the channel. The MN
can now send the activation control signal to another SN and the process is repeated until all the SNs

are activated.

As abovementioned an initial network scanning allows the MN to draw a sketch of the network
connections between the nodes, identifying also those SNs that are not directly reachable from the
MN. The activation of those SNs is perform®dmeans ofa relay mechasm: the MN activation
command is relayed by a LOS SN to the NLOS SN. The IDs of the SNs and the number of hops to reach
each specific node are stored in the MN memory card. As the complete scan of the nodes is finished,
the MN sends the sleep command areétwakeup time to the slaves. All the SNs deactivate all their

power-consuming modules and then reactivate them at the programmed tifftee scheduled
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consumption.The acquisition rate is set by the user during the installation procedure, and it is a

consequence of the monitored phenomenon, always considering the battery consumption

The proposed distance measurements system requires a time referBocéhis purposgthe MN is
equipped with a GPS module, whose function is to provide the GPS time reference to be spread among
the SNs before starting the ranging measurements. After collecting all distances, the MN sends a report
file to the remote server via 3G connemti The periodical report on the status of the cluster/network
includes: the distances measured bytha# pairsof sensors that are in LQ@&rectly or through a relay
processhnd the corresponding time stampach nodéattery leveland the temperaturaecorded by

the internal thermometer.

2.1.3 Dataemote postprocessing

The information collected by thmaster node are stored in the internal SD card and send at the same
time to the remote server by using the GSM/GPRS/3G modiie.resulting ASCII dafile name is

assigned based on the cluster name and acquisition time, and it is formatted &dlowing example
11.06.16 01:07:50.132 DWV_RNG 001 002 80.9211

11.06.16 01:07:50.071 DWV_RNG 001 003 0.0000

11.06.16 01:07:51.250 DWV_RNG 001 004 72.4136

11.06.16 01:07:51.198 DWV_RNG 001 005 56.4527

11.06.16 01:07:51.147 DWV_RNG 001 006 82.3447

11.06.16 01:07:51.096 DWV_RNG 001 007 42.4421

11.06.16 01:08:18.067 GPS_FIX 001 110616,01073A59431.4290N,01023.4090E
11.06.16 01:08:18.047 GPXX P02

11.06.16 01:08:27.219 ANG_V&T 001 12.815V 7.001 V 26.126 °C 13.912 °C
11.06.16 01:08:27.195 ANG_V&T 002 12.079 V 17.255 V 51.438 77D °C

where DWV_RNG stands for Decawave ranging; GPS_FIX for GPS position and ANGensfar

valuessuch adattery charge and device temperature.

A specific MTLABRR2016a, MAthWorks, Natick, MA, USA) sdrgst been compiled fahe database

creation by reading data from SD card and joining data from ftp server. Once data are available, they
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are processed by a second specifia MLABscriptwhich yield the following graph types for eaghir
of communicating nodes

i. raw distance value@-igurella);
ii. distance values without invalid measuremerfi®. with no zero omon-numericalvalues)
(Figurellb);
ii. distance validated valueg (dzii f rén®WBRurelic),

iv. distance daily mean valugBigurelld).
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Figure11. Displacement time series of a pair of nhodes¢B) Green circles and blue crosses represent the

distance measured from one node to the other and vicersa. Where measurement points are extremely

dense, the blue crosses are overlaid by the green circles. a) raw distance values; b) distance values without
AYy@rtAR YSFadaNBYSydaT O0 RA&aGlIYyOS @It AR GSBmodl t dzSazx 02
d) distance daily mean values.

The outlier removal(iii) consistsin the identification and removal of the unreliable measurements,

which can be defined athosevalues with a distanctor example bigger thad m compared to the

previous value, adiding also some possible multipath effed®&w data presented indeed some offset

repeated at different intervalsHigurell a, b). In particular, in some points the measured ranging

resulted to be underestimated of a constant quantity respect to the real distance. The observed
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phenomena affected data from all the test sites and was not related to the distance, since it had the
same characteristics both for short and long distance, and for this reason it was considered as a
problem of multipath. To avoid this problem, a correction was applied to all data considering the
general trend of the measured distances. Firstly, the maddlie of the first acquired datwas
calculated, and dataxceedinga predefined threshold respect to thigere considered as invalid data.
Subsequently, after some days of monitoring, having regard to the possibility of a real movement, each
valid valuewas considered as reference value, and datxe considered as outliers if they exceed
more than a predefined thresholdith respect to the previous valid one. Note that the threshold
changes in function of the kinematic of the landslide and the invohNstdrkes. Considering the latter,

it is in general modified in a shorter value in case of smaller distance (for example in case of a measured
distance equal to 3 m, a standard value of 0.4 m can be taken into account to remove the multipath

effect).

Eachpair of nodes is represented by one of the above mentioned graphs, in which distance values in
both directions are plotted (e.g. fqrair 1¢3 distance values measured from 13@nd vice versa are
plotted, Figurell). In addition, it is possible to add battery level and/or temperature values in the
graphs allowing the user to check the battery life and to eventually correlate data with temperature

values(Figurel?).

distance 1-3 ) distance 1-3
a) - b 701 150

Distance (m)
Battery level (V)
Temperature (“C)
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Figurel2. Distance daily mean values of a pair of nodeg3)L a) Displacement time series and battery level.
Black and red lines show the battery level of node Jand 3 respectively b) Displacement time series and
temperature values.
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2.2 Tests

To carry out some tests on the M@iM technology, six clusters halveen installed for a field test in a
controlled open environment located in Arcetri, Florence (Central Italy). The test site has been chosen
due both to logistic reasons, namely easy accessibility, and to the site features: being an outdoor
setting with aheterogeneous vegetation, it allowed us to test the effects of obstacles and temperature
on the measurements. For every specific test a different cluster was installed, taking advanthge

of site characteristics and available distandeigijrel3).

rcet orence
" Z

Legend

< Cluster 1
< Cluster 2
C Cluster 3

< Cluster 4

e Cluster 5 “5 )
= . = 10 5 0 10 Meters
® Cluster6 P&y o

Figure 13. Location of the experimental test site in the controlled environment of Arcetri. Clusters are
displayed on the Dig#l Surface Model (DSM) of the areldumber close to each coloured dot is thede label.

The first cluster (named Cluster 1), composed by a master node and three slasdserinstalled
on2016/10/13and removed 0r2017/02/06with the aim to test inter visibility betweepairs of nodes
belonging to the same network. Each antenna was fixed on temporary wood stakes planted in the
ground Figurel4), and the acquisition frequency was set equal to 10 minua#dhe distances have
been measured with a laser distanoester to have a prompt method of comparison and to better

evaluate both precisions and reliability of the technology.
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Cluster 2composed by a master node and three slaves beerinstalled in the area 08016/11/11,
with the aim toinvestigatethe relation between measured ranging and temperature. Nogesition
has been chosen appositely to have long and short distances to analyse the relation. Acquisition

frequency was fixed at 10 minutes and the clugtas beerremoved on2017/01/20.

Other four clusters (named Cluster 3, 4, 5 and 6) have beenletsial the area with the aim to test
the system behaviouwith the presence of obstacles. In all cases, clusters were composed by one

master and one slave node only, atheir installation and removal times are reportedTable4.

Installation Removal

(yyyy/mm/dd) (yyyy/mm/dd)
Cluster 3 2016/10/11 2016/12/27
Cluster 4 2017/01/03 2017/02/01
Cluster 5 2017/01/20 2017/02/06
Cluster 6 2017/02/01 2017/02/16

Table4. Arcetri clusters installation and removal times.
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2.2.1 Inter-visibility test

Studies about intewisibilityhave beercarried out firstly thanks to the installation of Arcetri Cluster 1.

A first testhas beemperformed by tying the sensors on stakes about 25 cm high, so that the antennas
resulted only a fewcentimetresfrom the graund level. The experiment gave as result the no vision
between all the pairs of nodes, due probably to the presence of abundant grass cover combined with
small slopes and soil irregularities. For this reason,20t6/10/17 the entire clusterhas been
reindalled keeping the same position but setting the antennas on stakes 1 meter high. After changes,
it followed the reciprocal visibility between all nodes but the pai4 &asaffected by the presence of
discontinuous vegetation. Therefore vitasnecessaryo move node 2 of somdecimetresto let all

node communicate between thenkigurel5 and Figurel6 show the 24 pair line of sight before and

after the applied changes.

iH

| y \
e d

Node 4 - Cluster 1

O Node 2 - Clusfer 1

o ¢ B o e SR ; : ———
Cluster 1'%, .= /

" 47 Node2-Clusterl - e —

O

Figurel5. Line of sight between antennas2 of Arcetri Cluster 1 before and after changesgpectively on the
left and on the right).
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Figurel6. Arcetri DSM with the position of Cluster 1 node 2 before and aftbangegrespectively 2a and 2b).
The dotted lines show the line of sight. Note that the dashes red line @/hcorresponds to the pre changes
positioning) is more affectedy vegetation than the purple one.

As second test consisted in flipping antennas of cluster 1 of 180° on their vertical axis to see if this
affected the measurements. This experiméak beerimportant as it was necessary to prove if a node
could effectively make measurements even with respects to other nodes behind it, a common
configuration in a fully connected monitoring network. This resulted in a shift in ranging measurements
of about 10 o, explainable by thelifferent wave paths that rebounded several times on obstacles
before arriving at the receiving antenna. As showedrigurel7, in correspondence a?016/11/28

there has beera shift of about 15 cm on average, thws beermight due to the different wave paths

that rebounded several times on obstacles before arriving at the receiver séfigarel8 shows the

real distances of the whe network of Cluster 1, measured by means of a laser distarater.
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been restarted turning 180° the antennas on thaiertical axis. The absence of data in the middle time is due

to the lack of power. Green circles and blue crosses represent the distance measured from one node to the
other and vice versa.
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Figure 18. Arcetri DSM in which are showthe real distances relative to Cluster 1. Distances have been
measured with a laser distanceneter.

Further tests have beerarried outto verify reliability and precision of the monitoring system in
presence of obstacles. For this purpose, all clusters composed by only one master and one slave node
have beerexploited, and the acquisition rate hdmenset equal to 1 acquisition evefy) minutes, in

order to have as much data as possible.

First of all, toobserve the influence adin obstacleon the measurements, a 40 cm wide, 2 m high,
hollow plastic cylinder has been installed between two nodes (cluster 3) that were 3.30 m far away
(Figurel9a).

After 8 days of acquisition, the obstacle has been removed, and data highlight the influence of the

obstacle on the ranging measuremenisgure20a).
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Figure19. Photographs of different configurations for the interisibility tests with a PVC pipes], a tree p), a

vegetated bush € and a dry bushd).
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Figure20. Measurements of the distances between nodes with time. Each graph (a, b, ¢, d) corresponds to the
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Despiteprecision did not show any changesshift of fewcentimetresbetween measurements made
before and after the object removal has been observed, thus affecting the measurements accuracy.
Specifically, in the first days of acqtimi (when the obstacle was in place), longer and less reliable
distances have been measured by the monitoring system. This phenomenon has been interpreted as
due to a difference in the path travelled by the waves titate to the NLOS conditigare stillable to

reach the antennas but only after one or more rebounds.

Notably, even without any obstacles, the ranging distance measured 6y1\Wis still affected by a
systematic error resulting in an offset with respect to the actual distance. This valoastant for a
specific pair of nodes but varies from pair to pair. It is probably dueniistake during thesalibration

of the circuits at factory level, caused by a wrong estimation of the time needed for the signal to cover
the distance between itsaneration and its amplificatiorHowever,the determination of absolute
distance is not relevant for the applications of-@&fiM, since the relative intenode distance still allows

the user to map thelisplacements

Further testshave beemperformed to evéuate the systenbehaviourwith different types of obstacles,

such as a 4@8m wide tree trunk (Cluster 4). The antenmawve beernnitially positioned at the sides of

the trunk, each at a distance of 1.20 m. After a week, the antehaas beermoved an aditional 1m

from the obstacle for a total distance between them of 4.40 m. Teae beerthen moved again and
reinstalled 5m from the trunk, for a total distance of 10mM@Eigurel9b). Data showechowthe signal

was able to transmit despite the presence of the truiligire20b). The ame resultshave been
observed for each evaluated distance, without an evident relation between the obstacle influence and
its distance from the nodes. The effect of different vegetation typas beenthen analysedtaking

into account a densely vegetat&dn tall, 4m wide shrub (monitored by Cluster 6) and arh.5all dry

bush (monitored by Cluster 5). In both cases, the antefaag beerpositioned at opposite sides of

the obstacle at 7.50n (Figurel9c) and at 5.34n (Figure19d) and the signal was able to bypass the
obstacle despite the antennas being close to the obstdslgufe20c, d. Notably, the tesperformed

using Cluster 5 showed a sensible ranging shift starting from February 1st, indicating an increased
distance between nodes, which can be interpreted as a variation in the geometry of the branches
within the shrub. The comparisons between thetualdistanes between the nodes (measured with

a laser distance meter) and tmeeandistances measured with VGIM are reported imTable5. Note

that, for every case, the LOS wasver completely free of obstacles, although their nature and
dimension varied from case to case. Tgar 2¢4 of Cluster 2 is not included since not visible by Wi
GIM.
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Nodes Actual distance (m)

Wi-GIM distance (m)

Difference (m)

Min. Max. Mean

MG H 25,62 25,08 25,23 25,16 0,025 0,46

MC O 21,35 22,65 23,15 22,90 0,022 CMZpp
Cluster 1 MCn 48,16 49,03 49,13 49,08 0,021 ¢ NnZXdpH

HCO 45,87 45,64 45,76 45,70 0,021 0,17

H¢n 61,10 62,14 62,27 62,23 0,017 ¢CMZIMO

ogn 37,08 37,70 37,80 37,75 0,022 ¢nzcrt

MG H 66,70 64,16 64,25 64,21 0,013 2,49

MG O 65,50 67,28 67,40 67,30 0,023 CMXZyn
Cluster2 wmc¢n 2,56 2,80 2,90 2,85 0,030 CNZHO

HCO 8,47 8,70 9,10 8,80 0,028 ¢nxoo

ogn 66,36 66,98 67,07 67,02 0,028 ¢nxcc
Cluster3 MCC H 3,30 3,74 3,85 3,76 0,030 ¢nznec
Cluster4 wmM¢ H 10,40 11,13 11,28 11,20 0,026 ¢cnzyn
Cluster5 MCH 5,34 5,30 5,42 5,35 0,037 ¢cnzInm
Cluster6 M C H 7,50 8,00 8,60 8,20 0,050 CnxITn

Table5. Measurements relating toeach pair of each cluster actual distance between the nodes (measured
with a laser distance mete minimum, maximummeanandd G Y Rl NR R S @&IM inda8uyements 0

and difference betweenactual andWi-GIM meandistance (modified afterntrieri et al., 2018).
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2.22 Atmospheric effects

Air temperature measurements are performed at every measuring cycle using a sensor placed on every
master node. This value showed a strong correlation between the measured distances and
temperature on a dily scale Kigure21 ¢ Figure22), and thedata analysis highlighted a linear

correlation between these parameters described by a trend lngure23 ¢ Figure24).
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Figure 21. Distance values without invalid measurements acquired by nodeg Df Arcetri Cluster 1 and
temperature values from2016/11/10 to 201611/18. The graph highlights the strong correlation between
ranging measurements and temperature.
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Figure 22. Distance values without invalid measurements acquired by nodeg bf Arcetri Cluster 2 and
temperature values from2017/01/03 to 2017/01/12. The graph highlights the strong correlation between
ranging measurements and temperature.
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Figure23. Scatter plot between the temperature and the measured ranging, calculated for plag of nodes
1¢4 belonging to Cluster {Figure21). Theequation in the upper part refers to the black trend line.
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Figure24. Scatter plot between the temperature and the measured ranging, calculated for plag of nodes
1¢4 belonging to Cluster ZHjgure22). The equation in the upper part refers to the black trend line.

For this reason, a linear empirical relation between ranging and environmental temperature has been
proposed. A correction consdng a reference temperature of 20 °C was made using a correction

factor Ki for each displacement value:
0 Y ¢ mzd (eq. 2)

wherem is the trend line slope (angular coefficienif)is constant in time for eacpair of nodes but
it varies frompairto pair.Tiis the temperature measured at the time) (bf the acquisition that is going

to be correctedThe choice of a temperature of 20°C as a reference one has been made since generally
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it is the average tempetare at which devices are implementedhe correction has been applied by

subtractingk from each value, resulting in a consistent reduction of the data variance:
O O v (eq. 3)

where Dy is the raw measured distance (that is the outpalue before the temperature correction)
andD; the corrected value of the distance. The satisfactory result of this correction is evideiguire

25andFigure26, which show how data are no more following the temperature oscillations.
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Figure25. Results obtainedapplying the temperature correction on data acquired by nodeg4lof Arcetri
Clusterl Figure21). According to the trend line slope~{gure23), the m value has been set equal to 0.0029.
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Figure26. Results obtained applying the temperature correction on data acquired by node4 af Arcetri
Clustee (Figure22). According to the trend line slopd~{gure24), the m value has been set equal to 0.0071.

Furthermore, to verify whether this relatiatependingon distance, data from Clustehave also been
analysedsince its nodes provide the possibility to examine both long and short distanabke6). It

was not possible tanalysenodes 2,4, the most distant from each other, because their int&gibility

was compromised by vegetatioft. appears that the values dhe angular coefficient are similar
between differentpairs within the same cluster (regardless of their respective distance) while they

vary from a cluster to anothdifable6).

Nodes  Distance (m) m* R+
MC N 49 0,0029 0,5340
Cluster 1 oc¢n 38 0,0025 0,3091
MG O 22 0,0030 0,4803
MG N 3 0,0070 0,7394
Cluster 2 ogn 67 0,0060 0,7063
MC O 67 0,0063 0,8151

* Angular Coefficient
** Coefficient of determination

Table6. Distances and trend line slopes of pair of nodes for Arcetri Cluster 1 and 2.

Therefore, other factors than the intarodes distance probably influence the relationship between

temperature and ranging measurement. For example, it is possiblenhit also affected by the
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internal temperature of the nodes or by local atmosphericeeté (such as variation of humidity or
turbulence), especiallywhere the LOS is close to the groufh the other hand, it is still not clear if it
is due to the deformation of the instrument as well as the supporting elements or if it has an influence

onthe signal itself (El Houssaini et al., 2019; Meng et al., 2009).

Moreover, this relationcould bedue directly to the temperature,rat could becaused by the batteries

that with high temperatures give differemhargeto the DecawavesTo go further insle this aspect,
some batteries have been equipped with a voltage regulator to stabilise the input at the sensors
despite the temperature fluctuations. Howeveincethese tests are in the early stages, they are not

object of this thesis, but will be deeped in future.

For a proper filtering of temperature effects, the value mfcannot be assumed but needs to be
calibrated for eaclpairin every application. In order to appiytemperature correction, a preliminary
period of acquisitions is necessarydalibrate the relationship between temperature anteasured
distance. Oncen is calculated for eacpair of nodes, it can be used to correct the valueDgpfafter
calculatingk. This correctiorcan be donen reaktime and therefore does not invalidate g warning
applications Moreover, a medium value of about 0,005 can be used obtaining a good result without

misrepresenting data, since all the calculated values range from 0,0029 to ({0413166).
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3. Wi-GIM application t&Roncovetro landslide

A detailed experimental surveyn an actual case of instabiliyasperformed to stress test the system.

The chosen site was the Roncovetradalide, a 2.5 km long complex landslide, with a volume of 3
million m?, first described by Almagia (1907). It is located in Emilia Romagna Region (Central Italy) and
carves the southern slope of Mount Staffola (where the crown is located) down to thebless

stream (at the toe), where it partially dams the water creating a small seasonaHigkee?27).

Figure27. Aerial photo of the Roncoetro landslide.
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The upper and central parts of the Roncovetro landslide appeared to be optimal for & NVi

experimental surveythanks to several factors:

i.  the landslide shows almost continuous movements;

ii. the existing different mechanisms of rupture (geereep, sliding, flowingjue tothe upper
area of the landslide shows a very large range of displacements;

iii. itis possibldo place sensors ithe whole width of the landslide in the central part;

iv. the variety of field conditionsallow to experimentthe inter-visibility of the monitoring
network nodes;

v. the sizeissufficient to test the range limit of the network;

vi. itis possiblgéo implement a parallel system of monitoring (automated geodesy) by positioning

a robotized total station to crascheck and validate WEIM data.
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3.1 Roncovetro landslide features

The first notices of the Roncovetro landslide dates back to the 1907, when Almagia coined the term of
G F GAYF RA w2hadnangeSnilBiRisliden |gc& SN in the first It@n inventory of
landslides (Almagia, 1907). At that time, the landslide was already well known among the local people,
but for what we know the morphological features of this landslide were not so evident in more ancient

times, since the oldest existingrtographies, dating in 1821, 1828 and 1858, did not represent it.

Figure28. The Roncovetro landslide.

As already mentioned, it is a 2,5 km long mudfl&ig(re28) that carves the southern slope Monte

Staffola from its top to the Tassobbio River where it causes the formation of a small lake.
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The slope is formed by stigurian clayey calcareowwenac@us flysch belonging to the Mount

Staffola Formation, Cretaceodcene Eigure29 ¢ Figure30).
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Figure29. Geological Map. LEGEND) Reactivated eartHlow landslide; 2) Reactivated eartklide landslide;
3) earth flow, dormant; 4) rotational/translationaklide, active; 5) RAN: Ranzano Formation{Bligocene); 6)
MST3: Mount Staffola Formation (Vedriano); 7) MST2: Mount Staffola Formation (Upper Paecdgliddle

Eocene); 8) Units pertaining to the Ligurian Domain: APA: Palombini Shales (Lower Cretac®08s)Scabiazza
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(SantonianCampanian); d: ophiolites; 9) strike and dip of bedding planes; 10) tectonieadiginated unit
boundary; 11) fault; 12) langlide main scarp; 13) trace of geological cressction A! Q ®

Gorgoni (2001).
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Figure30. Geological section, referred to the-A' section reported on the geological map Bfgure29. Symbols
are the same used ifrigure29. After Bertolini & Gorgoni (2001).

The clay fraction is dominant frothe mechanical point of view, causing the landslide to behave in its
upper portion as a very active fluidscous mudflow, with maximum velocities up to 10 m/day. The
total volume of the landslide is about 3 millior’nThe landslide reactivated completety autumn

1993 and since thenit alternates seasonal phases of suspension (i.e. during summer periods) with

phases of activity.
The bodyof the landslidecan be divided in three main sectors

i.  The upper partthat comes from the main scarp, i.e. the eno area, located at about 660
670 m a.s.l., where the bedrock is moving valleyward through rotational surfaces of rupture.

The rate of movements is here in the order of magnitude of centimetres/decimetres per year.

i.  The middle part. At the altitude @bout 550 metres a.s,lthe landslide material enters into a
narrow channel about 1 km long, 30 m wide and 20 m deep carved inside the flysch bedrock.
This channel has no other function than transport the mud from the depletion to the
accumulation area, mintaining in confined conditions the fluidity of the mud. The state of

fluidity here varies in time and space, causing varying flow velocities inside the moving mass.

iii. The lower parislocated at about 415 m a.s.l. amdovesa few decametres per year. Fro
here, the material evolves in more plastic physical behaviour, well represented by the convex
shape of the landslide in this secigtigure28¢Figure30), whose thickness is about 15 meters.
Reaching the Tassobbio River, the landslide material forms a dam and a seasonal small lake.
The damming is facilitated also due to the subterean collision of the tip of the Roncovetro
landslide with the tip of another landslide moving in opposite direction on the other side of

the valley.
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According to Bertolini & Gorgoni (2001), the permanent fluid state that characterizes the uppés part
cawsedby high porewater pressures maintained by the highly mineralised groundwater mixed with

methane.

During the last 20 years, the average speed of the mudflow has been of 33.6 m/year. The maximum
observed velocity, in the upper part of the landslide, Wan/day (Bertolini & Gorgoni, 2010; Bertolini
& Fioroni, 2013). The rapid evolution of this landslide during the last century is also demonstrated by
recent documents and images, as showrFigure31. In particular, the rapid retrogression of the

crown, now reaching the mountaintop, is eviddRigure31c, d).

Figure31l. Pictures of the Roncovetro landslide taken in 2001¢pand in 2014 (kd). a) and b) shows the upper
part of the landslide, while c) and d) highlight a detail of the crown noticeably in retrogression.
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3.2 Installaton of the Wi-GIMsystem

Two clusters have been installed respectively on the fastest moving sector of the depletion zone

(Cluster 3) and on the narrowest part of the mudflow (Cluster 13hasvnin Figure32.

Legend

Master Node
Super-Slave Node
Slave Node

RTS

Figure32. Location of the two clusters installed on the Roncovetro landslide.
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Each node has been leaned on the ground on the top of the batteries, and the Decawave sensors have
been fixed on iron poles 2.5 high anchored in the terrain for 1 meter, so that the sensors were all at

1.5 meter from the groundHigure33).

Figure33. Example of a WGIM node installed on the landslid. At the top of the pole a target for the Bbotic
Total Station

Cluster 1 was constituted by 11 nodes, with 3 of them placed outside of the landsdideodes n. 1,
2 and 7 Figure34a).Figure34b shows the distances at which nodes have been installed, ranging from
14.4 m to 135.1 m. Cluster 3 wasmposed of 12 noded-jgure35a) placed at intenode distances

ranging from 35.1 m to 201.9 m, so ¢overall the crown areaKigure35b).
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Figure34. Roncovetro Cluster 1a) Location of all the Cluster 1 nodes and their linfmint 1 indicates the
Master Node- MN); b) Distribution of nodedistances
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Figure35. Roncovetro Cluster 3. a) Location of all the Cluster 3 nodes and their [jp&t 1 indicates the
Master Node- MN); b) Distribution of node distances

The acquisition frequency has been calibrateasedon the velocity of the mudflow and set to 1
reading every 12 hours. Since measurements are redundant (as they are performed from one node to
another and vice versa), this allows one to calculate daily averaged by using a total of 4 reading to

reduce noise
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In detail, on February 4t, 2016 the first clusterGluster3) wasinstalled in the landslide crown area.

The position of the nodes was chosen allowing to cover the entire area of interest and trying to ensure
a distribution as equal as possible. Moreover, with the aim of acquire numerous and reliable data, the
installaion wasdone trying to position all the nodes in LOS, despite it was not easy due to the large
distances involved and to the presence of several shrubs. The master ramfeljnwvasplacedin the

centre of the cluste(Figure35).

Following the same criteria, on March',12016 a new clusteiQQuste 1) has been installed in the
middle sector of the landslide. Here the earthflow is channelized, and the lower width dltovesver

the area of interest with 11 Node#s already mentioned, the master node (Node 1), Node 2 and Node
7 were located outside the unstable ar@i@gure34). In this way it is possible to use their position as
fixed reference, allowing to update the position of the other nodes within the earthflow. Moreover,
the relative distance between the nodeséthis Clusters much smaller than in Cluster 3; consequently,

it was also possible to analydesplacement accuracy with respect to node distance.

For both clusters, the acquisition started the same day of the installammhasted untiiMarch 7",

2017, day of the system removal.

Measurements validation has been pamined using a LEICA NOVA MS50 Robotic Total Station (RTS)
(Figure36). The instrumenhasthe samefunctionality asa total station integrated with a sensor for

high precision in a completely automatic measurement procedure. It has a panoramicamgte
camera and a 30x autofocusing coaxial camera. It provides real time video data on the embedded
display in order to eable the visualization of high quality images. It was installed in a stable area near
Cluster 1 in a location from where all nodes were visible (blue triafggeire32). With the aim to

validate the WAGIM system, prism targets aridecawave antennas have been installed on the same

poles Figure37).

The RTS have been consideredis thesis also for the cosienefit analysis presented in Sectied.4
together with a GrouneBased Interferometric Synthetic Aperture Radar (GBINSAR). However, the

parallel monitoring has beetioneonly with the RTS for the following reasons:

i. themeasuBYSy(ia 2060GFAYSR gAGK I w¢ {-GIMNySten,JayeO (i dzl f
data from a GBInSAR are referred to pixels that, even with high resolutions, are far from being

punctual. Therefore, the RTS al®avmore proper comparison.
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Due to the strongpresence of vegetation and to the complex morphology of the Roncovetro
landslide,several areas investigated by the GBINSAR would have been not reliable or hide,

respectively for the first and the second cause.

To be installed, a GBInSAystemrequires aplanar surface with enough space for the binary
on which it slides. Looking at the areas surrounding the Roncovetro landslide, there were not
available spaces to correctly install the radar if not the street crossed by the landslide itself,

that was not @ adoptable solution.

Finally, the high costs of the GBIAR system (see Sectidit.4 for further details about it).

Figure36. The Leica Nova MS50 used for Roncovetro landslide traditional monitoring.
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Figure37. Prism targets installation on the same pole of the \@iIM antennas.



3.21 Dataacquisition and processing

As explained in Sectidhl.3 the acquired data, once downloaded from the server or in situ from the
SD cards, have ba processed with the help of two specificAVILABscript. The result is a
displacement time series whose hoise can be further reduced by simple data averaging (daily averaged

data), taking advantage of the system redundancy

Before presenting some examplefsdata acquired in the Roncovetro site, focsiseededn the effect

of the seasonal thermal excursion on measurements.

Looking at theanalyseddata, itwasnoted that measurements were influenced by temperature on a
large scale, as showed by the dig@ment series of the Cluster 1 pair of noded® Figure38). In
detail, data followed a curve trend instead of a linear one despite no significant moventergsted

the area. In particular, the curve traced the seasonal temperature cycle, with its peak at the hottest
months. As for the daily scale (see Sec8@2) ranging measurements have been put in relation with

temperature values, showing a strongdar correlation Figure39).
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Figure 38. Displacement time seriesrom the pair of nodes §10 of Roncovetro Cluster with distance
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recorded by themaster node during the whole monitoring period. Green circles and blue crosses represent

the distance measured from one node to the othand vice versa. Where measurement points are extremely
dense, the blue crosses are overlaid by the green circles.
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Figure39. Scatter plot betweenmeasured ranging andemperature for the pair of nodes %10 of Cluster 1
(Figure38). The equation in the upper part refers to the black trend line.

As previouslglescribed a correction based on temperature (eq. 2 and eqva3applied to the ranging
values, showing a significant improvement of data quality, removing the effect of the temperature
influence at a seasonal scaliqure40 ¢ Figure41). For eachpair, m valuewascalculated and applied

for its own correction.
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Figured0. Scatter plot betveencorrected ranging values an@mperaturefor the pair ofnodes ;10 of Cluster
1 after applying the correction presented in eq. 2 and eq. 3, settinggqual to 0.0029Data present a Standard
Deviation () of 0.015 mThe equation in the upper part riers to the black trend line.
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Figure4l. Displacement time seriefom the pair of nodes §10 of Roncovetro Cluster Jlafter correctionto

remove temperature effects €g. 2 and eq. 3 settingn equal to 0.0029, with distance validated values
O2yaARSNAY3 | GKNBakKz2ftR 2F H Y F2N GKS 2dzif ASNBQ NB
master node during the whole period. Green circles and blue crosses represent the distance measured from

one node to theother and vice versa. Where measurement points are extremely dense, the blue crosses are
overlaid by the green circles.

In the following paragraphsome significant cases from Roncovetro test,Sie the pairs of nodes
1¢3 belonging to Cluster (from Figure42to Figure47) and 110 belonging to Cluster @rom Figure
48 to Figure53), are reported Concerninghe correctionto removetemperature effects data have

been corrected settingn value equal 0.0030 for the former and 0.0044 for the latter.

In both casesto eliminatethe outliers, a threshold of 2 meters has been use@aning thatll values
having a distance higher than 2 meters compared to the previous one have been consideradids

data. Doingso, also the multipath effect is removed, as highly visibléigure44 and Figure50.

Data can be plotted with thevalues ofthe Robotic Total Station (RTSo to compare the
measurements acquired from the two monitoring systeasshown ifFigure47and Figure53. Please

note that in this section data are only presented, as they will be deeply discussed in Settion

Furthermore, the daily mean values togetheittwthe battery level are reported ifigure46 and in
Figure52. The voltage trendluctuates from the maximum (about 13 V) to the minimum (up to 11 V).

Once the voltage is very low, the batteries are replaced with some full charged ones and thus in the
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graph the voltage values return to be high. The battery life was function of sexatads such as
temperature and UMTS signaljt it generally lastea bit more tharone month as explained in detail

in Section3.2.2

Figured?2 ¢ Figure47 show the displacement time seri@®m Nodes %3 of Roncovetro Cluster 1. The
removal ofinvalid values and outliers allows to identify a displacement of 20 cm after a period of
stability lasted untiR016/07/01 One can note a decrease of the acquired dd&mred4 ¢ Figure45)

when the movemenstarted. This is due probably to a temporary loss of the LOS between the sensors
subsequently restored. The precision of the m@asnents is about 10 cni-{gure44), but it can be

reduce at about 2.5 cm if considering a daily aver@&igure45s).
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Figure42. Displacement time serieBom the pair of nodes &3 of Roncovetro Cluster 1, raw distance values.
Green circles and blue crosses represent the distance measured from one node to the other and vice versa.
Where measurement points are extrealy dense, the blue crosses are overlaid by the green circles.

68



distance 1-3

IR G X AR SRR O 2 % (COREIDREO G080 (% (et

Distance (m)
(2] (o2}
N ~

D
o
T

9]
[o+]
T

56 &) % %

2016/04/01 2016/07/01 2016/10/01 2017/01/01

Figure43. Displacement time serierom the pair of nodes &3 of Roncovetro Cluster 1, distance values
without invalid measurements (i.e. nonvalues and zero valueSyeen circles and blue crosses represent the
distance measured from one node to the other and vice versa. Where measurement points are extremely
dense, the blue crosses are overlaid by the green circles.
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Figure44. Displacementime seriesfrom the pair of nodes &3 of Roncovetro Cluster 1, distance validated
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Figure45. Displacement time seriefom the pair of nodes &3 of Roncovetro Cluster 1, distance daily mean
values.
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Figure46. Displacement time serieffom the pair of nodes &3 of Roncovetro Cluster 1, distance daily mean
values and batteries level. The red line refers to the battery leeéINode 1, whereas the black one refers to
the Node 3 one.
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Figure47. Displacement time serieBom the pair of nodes &3 of Roncovetro Cluster 1. Blue crosses: distance
daily mean values measured by YAIM. Red circles: RTS dat

Similarly,Figure48 to Figure53 showthe displacement time serigsom Nodes %10 of Cluster 3. In
particular, inFigure50the rangingy S 8 dzZNBSYSy & F FGSNI GKS 2dzif A SNRA
Here, a displacement of about 4.5 m occurred in the period Mddeltember2016 isestimated with

a strong acceleration started in May 2016, during which, a shift of 1 m is evident in thie. Jiiais
apparent movement is actually due to the pole that slowly tilted and finally fell down. June 2016

records then an abrupt increase of the distance due to the correct repositioning of the pole.

A lack of data characterizes the time series from ¢he of June to the beginning of July 2016. This
correspond to the life end of the battery, whigtasreplaced with a full charged one @916/07/01
(Figure52).
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