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Abstract

The development of increasingly advanced methodologies for Structural
Health Monitoring (SHM) of the built environment is a very current research
topic. In recent years, the possibility of using satellite remote sensing data for
the monitoring of Earth’s surface deformation is receiving great attention. In
particular, many literature results highlighted the potential of multi-temporal
Differential Synthetic Aperture Radar Interferometry (DInSAR) techniques,
not only for ground deformation monitoring but also in the field of SHM. These
non-invasive technologies can significantly help to improve the maintenance
and assessment of existing constructions, not interfering with their functional-
ity. The potential of DInSAR techniques blends with the increasing improve-
ment of the resolution quality and revisiting time of the modern generation of
SAR satellites. In this thesis, new methodological approaches based on DIn-
SAR-derived data for the SHM and assessment of existing buildings are pro-
posed. After an overview of the remote sensing satellite acquisition techniques
and satellites, and of the main processing techniques, attention is devoted to
illustrating different strategies for the elaboration of the DINSAR measure-
ments to provide useful information for structural applications. At the territo-
rial scale, the proposed methodologies aim to identify “critical” buildings, af-
fected by potentially dangerous displacements, that should be investigated
more in detail. Moreover, in view of using DINSAR-derived data to predict fu-
ture displacements, when possible, these approaches could represent valid
support for civil protection prevention plans. At a single construction scale,
approaches to exploit the DInNSAR-derived data finalized to an estimation of
the damage, are proposed, at two different accuracy levels: for a preliminary
structural assessment and monitoring and an effective structural assessment
and monitoring. Not only the potentials but also the limitations of the use of
DInSAR-derived data for SHM and assessment are highlighted. All the pro-
posed methodologies are applied to real case studies.

Keywords: satellite SAR data, structural monitoring, structural assessment,

DInSAR, existing constructions
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Sintesi in lingua italiana

Lo sviluppo di metodologie avanzate per il monitoraggio (Structural Health
Monitoring , SHM) del patrimonio costruito € un tema di ricerca molto attuale.
Negli ultimi anni ci si sta focalizzando molto sulla possibilita di utilizzare dati
di telerilevamento satellitare per il monitoraggio delle deformazioni superfi-
ciali della Terra. In particolare, le tecniche multi-temporali di interferometria
RADAR ad apertura sintetica differenziale (DInSAR) si sono rivelate molto
promettenti, non solo per il monitoraggio della deformazione del suolo, ma
anche nel campo dello SHM. Queste tecnologie non invasive possono aiutare a
migliorare notevolmente la manutenzione e la diagnosi delle costruzioni esi-
stenti, senza interferire con il loro esercizio. Le potenzialita delle tecniche DIn-
SAR si accompagnano al crescente miglioramento della qualita della moderna
generazione di satelliti, in termini di risoluzione e tempo di rivisitazione. In
questa tesi si propongono nuove metodologie basate su dati DINSAR per lo
SHM e la diagnosi di edifici esistenti. A seguito di una panoramica riguardo le
tecniche di acquisizione, i satelliti e le principali tecniche di processamento, si
pone l'attenzione su varie strategie per l'elaborazione dei dati DINSAR che for-
niscono prodotti utili per applicazioni strutturali. Le metodologie proposte per
applicazioni a scala territoriale mirano all'individuazione di edifici "critici", os-
sia interessati da spostamenti alla base potenzialmente pericolosi, che dovreb-
bero essere studiati in dettaglio. Inoltre, quando e possibile I'estrapolazione di
spostamenti futuri a partire da dati DInSAR, questi approcci possono rappre-
sentare un valido supporto per i piani di prevenzione della protezione civile.
A scala di singola costruzione vengono proposti alcuni approcci per sfruttare i
dati DInSAR al fine di stimare il danno atteso correlato, a due diversi livelli di
accuratezza: per una diagnosi strutturale preliminare e una piltt accurata. In
questa tesi non sono messe in luce solo le potenzialita dell'utilizzo di dati DIn-
SAR ai fini di applicazioni strutturali, bensi anche i limiti. Tutte le metodologie
proposte sono applicate a casi studio reali.

Parole chiave: dati satellitari SAR, monitoraggio strutturale, diagnosi

strutturale, costruzioni esistenti
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Chapter

1. Introduction

1.1 General overview

In recent years, the development of increasingly advanced techniques for
structural monitoring of the built environment (which means constructions -
buildings, structures, and infrastructures - and surroundings) is a highly ex-
plored research topic. The worldwide built heritage needs to be monitored for
its maintenance, preservation, and supervision. In general, the constructions that
need to be monitored and controlled are, meanly, the strategic ones, but also all
those exposed to problematic conditions require particular attention. The natural
and anthropic phenomena that can induce dangerous actions on constructions
are, for example, earthquakes, landslides, subsidence, excavations, thermal var-
iations, shrinkage, viscous phenomena, and degradation processes.

The traditional monitoring techniques allow to take under control single con-
structions, but the challenge for the future is the creation of methodologies al-
lowing to control simultaneously a high number of constructions. Moreover, the
development of non-invasive structural monitoring technologies can signifi-
cantly improve the maintenance and safety assessments of the existing construc-
tions, reducing the impact of disturbances on their functionality.

In this regard, in recent years, the possibility of using satellite remote sensing
data for the monitoring of the deformation of Earth’s surface, also in the long
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period, is receiving great attention [1]. In particular, the Satellite remote sensing
techniques referred to as multi-temporal Differential Synthetic Aperture RADAR
(SAR) Interferometry (DInSAR), have been widely used to analyze typically slow
Earth surface displacement processes, such as volcanic unrests, seismic phenom-
ena, landslides, subsidence [2]-[5]. In Confuorto et al. (2019) [6] the integration
of ground-based subsurface monitoring (inclinometers and piezometers) and
DINnSAR superficial data has provided consistent results for landslide character-
ization and helped define the state of activity and the areal distribution of the
sliding surface.

The advancements achieved through the DInSAR techniques went hand in
hand with the development of the modern generation of SAR satellites and con-
stellation (e.g., COSMO-SkyMed, TerraSAR-X/TanDEM-X, Sentinel-1) with im-
proved capabilities in terms of revisit time, spatial resolution and ground cover-
age, which have strongly encouraged the monitoring over time of surface defor-
mations in urban and/or built-up environments. Today, SAR images can be ac-
quired with a spatial resolution of a few meters and with a revisit time of some
days, so allowing increasingly more reliable detection of differential displace-
ments in urbanized sites compared to that of the first-generation systems (such
as ERS-1/2, ENVISAT, RADARSAT-1), aiming at monitoring and assessing the
potential critical behavior of single constructions.

The potentialities of these techniques are of great interest. The modalities of
elaboration and interpretation of the data are different when making analysis at
territorial scale or at single construction scale.

RADAR-based techniques are very useful for the monitoring of the ground
deformation of wide areas, as demonstrated by many literature works (e.g., [2]-
[4], [7]-[12]), as well as national and regional services born in different countries
in the last five years. Regarding the latter topic, at a national scale, the first
Ground Motion Service (GMS) started in Italy in 2007 [13], followed by Norway
in 2018 [14] and Germany in 2019 [15]. Denmark and the Netherlands are work-
ing on their own GMSs, too. In Italy, this kind of monitoring service has been
developed also at territorial scale, from 2016 in Tuscany [5], [16], from 2018 in
Valle d’Aosta [17] and from 2019 in Veneto. A review of the evolution of wide-
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area deformation monitoring initiative based on the DInSAR techniques applied
to SAR and Copernicus Sentinel-1 images can be found in Crosetto et al. (2020)
[18]. Atinternational level, the introduction of the European Ground Motion Ser-
vice (EGMS) was approved in 2017 [18]-[20].

Many applications based on using DINSAR techniques and satellite data for
performing analyses of ground deformations on extended urbanized areas
caused by landslides (e.g., [21], [22]) or subsidence (e.g., [8], [9], [23]-[26]) can be
found in the literature. In Barra et al. (2017) [27] a new tool aimed at the semi-
automatic extraction of active deformation areas starting from the deformation
maps obtained through the Persistent Scatterer Interferometry (PSI) technique,
is presented. The same tool has been integrated into a new methodology for the
detection of critical buildings, presented in Mele et al. (2023) [28]. Zhu et al. (2018)
[29] proposed a new method for automatically detecting potential instability
risks affecting buildings and infrastructures, by searching for anomalies in the
measuring points deformations, utilizing a hierarchical clustering method. Del
Soldato et al. (2019) [30]presented a fragility analysis based on the combination
of landslide-induced damage on constructions and ground displacement de-
tected through satellite data.

A comprehensive approach for the processing, interpretation, and proper use
of satellite SAR data for structural analyses at urban and single-construction
scales is proposed in Talledo et al. (2021) [31].

For large, urbanized areas, the management and elaboration of satellite data
require the use of advanced methodologies based on appropriate algorithms,
e.g., from machine learning (ML), because of their great volume and dynamism
(since they are continuously increasing in time). However, the worldwide litera-
ture regarding this aspect, aimed at structural monitoring, is very scarce. For this
reason, this topic has been deepened in this thesis. The intuition of applying ML
techniques is supported by successful applications in the research field of the
automatic extraction of buildings footprints in urban areas, from point clouds.
Indeed, Zhang et al. (2006) [32] presented algorithms for the extraction of build-
ing footprints from LIDAR measurements, focusing more on two-dimensional
(2-D) footprint extraction than 3D building models. Then, the majority of the
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existing approaches derive from large scale airborne laser scanning point clouds.
Aljumaily et al. (2017) [33] extracted the urban objects from a digital surface
model created from aerial laser scanning data, with a fully automatic approach
that takes raw 3D points and converts them into sets of clusters through Density-
based Spatial Clustering of Applications with Noise (DBSCAN), where each
cluster represents an object, such as building or a portion of a ground surface.
Zhang and Zhang (2018) [34] proposed a deep learning-based classification algo-
rithm that integrates different neural networks to classify the point clouds into
categories of interest, including trees, buildings, and ground. More recent works
proposed automatic feature extraction methods using remote-sensing-derived
products. Guo et al. (2021) [35] proposed a point cloud extraction method based
on the DBSCAN algorithm, using Tomographic Synthetic Aperture RADAR
(TomoSAR) point clouds. Also, in Mele et al. (2021) [36], the DBSCAN has been
integrated into a new procedure for the detection of critical buildings. Finally,
Rahimzad et al. (2021) [37] proposed an application for multi-sensor remote-
sensing images with a new unsupervised feature learning method for efficient
urban image clustering.

In recent times, many applications in the field of structural monitoring and
assessment of single constructions have also been performed (e.g., [38]). In Aran-
gio et al. (2014) [39], an integration of the results of a DInSAR analysis with a
semi-empirical model for the assessment of the structural damage induced by
subsidence is presented, for three Reinforced Concrete (RC) buildings located in
Rome. Chen et al. (2019) [40] illustrate the potential of high-resolution tools in
the preventive monitoring and health diagnosis of three typical targets, building,
bridge, and heritage remains. The interest is also towards historical heritage. In
Cavalagli et al. (2019) [41] an overview of the results of diagnostic and monitor-
ing activities carried out through satellite RADAR interferometry and on-site
measurements of two historical buildings is reported. Berto et al. (2021) [42]ex-
amine two cultural heritage buildings to evaluate the major issues occurring in
the use of DInSAR data and their reliability for monitoring their health status.
Drougkas et al. (2021) [43] proposed a methodology for assessing the develop-
ment of damage in building structures subjected to differential settlement and
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uplift. Bridges have been studied, too. Cusson et al. (2021) [44] proposed the use
of RADAR satellite data as an early warning system for the detection of unex-
pected bridge displacements and a decision-support tool. Ponzo et al. (2021) [45]
present an example about how the integration of on-site sensors with remotely
sensed data and the exploitation of detailed knowledge regarding the on-site
conditions represent a key factor for sustainable structural and infrastructural
monitoring.

The combination of ground displacement time-series based on the analysis of
DInSAR data, with information about the geology of the area and the geometry
of the structure under monitoring, can be of great help for the structural assess-
ments [46]. Scifoni et al. (2016) [47] combined the DINSAR measurements with
the geological setting and the structural characteristics of the buildings, in order
to investigate the deformation causes and evaluate the variation in magnitude of
the settlements at the scale of single constructions.

The deformations monitored through DINSAR techniques can be used as in-
put for a preliminary structural assessment and monitoring of the existing con-
structions. The correlation of the expected damage with the deformation param-
eters of the constructions refers mainly to a classical literature ([48]-[54]).

Moreover, an in-depth structural assessment can also be pursued starting
from DInSAR data, if specific information about the construction are available,
to predict the structural response and damage level under a settlement distribu-
tion. Many applications can be found in literature about this topic (e.g., [43], [55]-
[57]). The amount and quality of available information impose how detailed the
structural model to create could be. It ranges from empirical models (e.g., [58]),
based on simplifying assumptions that must be met, to semi-empirical ap-
proaches (e.g., [59]), up to more sophisticated finite element assessment meth-
ods. The latter require a detailed description of the structural characteristics, as
well as information about the soil, and is definitely more computationally bur-
densome than the first two methods. The more accurate the model is, the more
reliable the results of the assessment will be.

The aforementioned literature review highlights that the use of DINSAR meas-
urements in the field of structural monitoring is becoming increasingly
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important and, at the same time, quite popular.

The advantages of the availability of displacement values are clear in large
areas without the presence of ground instrumentation. The possibility to carry
out retrospective analyses to investigate the deformative evolution of an area of
interest through the generation of time series, by accessing in many cases to sat-
ellite images acquired down to 1992, enriches the potential of this instrumenta-
tion, allowing to detect eventual information on seasonal or other cyclical trends
of displacements.

1.2 Objectives

In this research scenario, this thesis proposes to show some new methodolog-
ical approaches based on the application of satellite data for the structural mon-
itoring and assessment of existing buildings, included in a framework that fur-
nishes all information necessary for understanding the principles of the satellite-
data-based techniques that can be used for structural monitoring purposes. The
new tools and strategies identify critical buildings, affected by potentially dan-
gerous displacements, so their aim is the improvement of practices for the con-
servation and protection of the existing built heritage, providing support for the
management of the urban areas. Another goal is to highlight the importance of
introducing ML algorithms in the methodologies, for the management and elab-
oration of the huge amount of data. Not only the potentials but also the limita-
tions of the use of DINSAR data analysis for structural monitoring are high-
lighted because it is important to realize what really can be done through this
technique. The examination of the various elaboration approaches is important
to realize which one could be the best for one application, or another. For in-
stance, applications at a territorial scale or a single construction scale have many
distinctions, since the scale of the problem is very different.

1.3 Organization of the thesis

The structure of the rest of the thesis is schematized in the flowchart in Figure
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1.1. It is organized as follows. Chapter 2, “Remote sensing RADAR satellite data”
(blue boxes of the flowchart) introduces the remote sensing RADAR satellite
techniques, starting from the basic principles. The description of all satellites and
sensors used for image acquisition is reported, other than a summary of the most
spread processing techniques, with a focus on the DInSAR technique. Three dif-
ferent datasets of SAR satellite datasets exploited for the following SHM appli-
cations are illustrated. Chapter 3, “Elaboration of the DINSAR satellite data for
structural applications” (green box of the flowchart) presents different strategies
that can be employed to analyze the DINSAR measurements to provide useful
information for the SHM and assessment of structures. The potential approaches
for the use of the datasets are explained and three applications are shown. In
Chapter 4, “Potential use for SHM purposes at territorial scale” (yellow boxes of
the flowchart), two methodologies for the management and elaboration of satel-
lite data at the territorial scale are presented. The first one is based on ML algo-
rithms. The second one is based on the use of a tool specifically developed at the
Research Unit of Geomatics of the Centre Tecnologic de Telecomunicacions de
Catalunya (CTTC). Three applications that highlight the potential use of the two
methodologies for SHM purposes at a territorial scale are shown. In Chapter 5,
“Potential use for SHM purposes at single construction scale” (red boxes of the
flowchart), procedures for the SHM and assessment at single construction scale
are described, separating the preliminary structural assessment and monitoring
and the “accurate” preliminary structural assessment and monitoring, focusing
on the combined use of DINSAR results and additional information, retrieved
from on-site surveys and traditional monitoring techniques. In particular, in this
thesis, attention is focused on the monitoring of ground settlements, and the as-
sessment of their effects on both structural and non-structural elements. Finally,
Chapter 6, “Conclusions”, summarizes the main points of all the previous Chap-
ters of the thesis and contains some future development proposals.

The applications included in this thesis constitute a selection of the numerous
applications experimented by the group formed by me and my tutors, in collab-
oration with other National and International units. All the applications included
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in this thesis have been published on International Scientific Journals or are con-

tained in the Proceedings of prestigious National or International Conferences.

Satellites and sensors
DInSAR technique
Remote sensing radar N Ascending dataset
satellite data “]  Descending dataset
Elaboration of the
DInSAR satellite data for [«
structural applications
‘ At territorial scale Atsingle construction
scale
Algorithmsbased on
DBSCAN/ADAfinder tool
Preliminary identification Prea' : jef:;]n d a
of critical constructions .
monitoring
Detailed geémetric al/mechanical
information about the construction
Structural assessmentand |
monitoring -

Figure 1.1. Organization of the thesis.
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Chapter

2. Remote sensing RADAR satellite
data

In this Chapter, the Remote Sensing RADAR Satellite techniques are intro-
duced. These techniques are very advantageous for Earth Observation (EO) ap-
plications, thanks to the ability to perform remote observations with high cover-
age in both spatial and temporal terms (coverages up to tens thousands of km?
and satellites revisiting times from a fe w hours to tens of days).

The principles of the RADAR Remote Sensing Satellite Techniques are de-
scribed in §2.1. A summary of the existing elaboration techniques most used
worldwide is reported in §2.2. Finally, in §2.3 the features of the different da-
tasets of SAR satellite datasets exploited for SHM are illustrated.

2.1 Remote sensing RADAR technique

Remote sensing is defined as the set of techniques that allow to observe and
study portions of the Earth’s surface through the interaction among electromag-
netic waves and objects (targets) placed at a considerable distance from the ob-
server. The existing Remote Sensing techniques can use “passive” or “active”
sensors, based on their working principle. The passive ones work without a sig-
nal transmitter and exploit the natural electromagnetic radiations emitted by the
bodies or radiated by the sun. The active ones, on the other hand, are equipped
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with a system transmitting an appropriate signal on the area of interest, and a
receiver (antenna) through which to record the reflected information [60], [61].

The active Remote Sensing sensors most used for monitoring the bio-geophys-
ical parameters of the Earth’s surface are the satellite RADAR (acronym of RAdio
Detection and Ranging) systems [2].

The RADAR is an active remote sensing system operating at the microwave
wavelength. The wavelength varies typically in the range 1 m-1 mm, correspond-
ing to a frequency range of about 300 MHz-300 GHz. One of the main features of
these sensors is the possibility to work in any light condition (indifferently dur-
ing day and night) since they transmit their own emission and capture the re-
turning echoes, in any climatic condition, thus allowing continuous monitoring.
The RADAR satellite systems most commonly used for EO rotate around the
Earth at an altitude between 500 and 800 km above the Earth’s surface. They
travel a half of the orbit from the North pole to the South pole (descending orbit)
and a half from the South pole to the North pole (ascending orbit). In Figure 2.1a
and Figure 2.1b, a scheme of the SAR image acquisition from ascending (ASC)
and descending (DESC) orbits, respectively, is shown.

(@) (b)
Figure 2.1. Scheme of the SAR images acquisition from ASC and DESC orbits (TRE Al-
tamira [62]).
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In Figure 2.2, a scheme of the acquisition geometry of a RADAR satellite, with
refers to a cylindrical coordinate system (x,R,#), is shown. RADAR systems
travel along x direction, called flight direction (also azimuth), generally slightly
inclined to the meridians of a heading angle @. The direction connecting the sensor
and the target on the ground surface, R, is called slant range (or range), and coin-
cides with the satellite line of sight (LOS). The projection of the range direction on
the Earth surface is called ground range. The angle 6, formed between the vertical
and the LOS, is the off-nadir or look angle. It varies depending on the type of sat-
ellite and the operation mode.
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Figure 2.2. Scheme of the acquisition system of a RADAR satellite system (Bouaraba et
al. (2018) [63]).

The functioning of a RADAR system is explained in the following. A trans-
mitter sends electromagnetic signals within a certain frequency band, that illu-
minates the Earth’s surface in an area, called footprint, having a certain extension
in the two directions parallel and orthogonal to the flight line of the satellite
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(azimuth and ground range, respectively). The waves, affecting the Earth’s surface,
undergo a phenomenon of disordered reflection (scattering), and a part of the
reflected waves returns to the transmitter station, also equipped for the recep-
tion. The station is able to detect the electromagnetic target (detecting) and to eval-
uate its distance (ranging) along the direction of pointing of the antenna (direction
of range), by measuring the time delay between the moment of transmission and
that of reception. By processing a set of recorded digital echoes relative to a cer-
tain area (an operation generally called focusing of the raw data), a RADAR image
of the observed area is generated. The motion of the satellites along their orbit,
combined with the rotational motion of the Earth around its axis, allows obtain-
ing RADAR images of the same area in different times. The time taken by the
satellite to review the same area is called revisiting time.

A RADAR image consists of pixels defined in the two RADAR coordinates,
represented by the azimuth and slant range directions. The RADAR image has a
certain resolution in the two RADAR coordinates. The resolution in range Ar is
the minimum distance, along the slant range, that two targets should have to be

distinguished by the RADAR. It is defined as:

Ar=coo=— 1
T—C2=2Af ()

where c is the speed of light and 7 is the pulse duration, while factor 2 takes
into account the path of the round-trip route of the electromagnetic wave. The
pulse duration can also be expressed as the inverse of the electromagnetic signal
band Af. Then, a high resolution in range is obtained for a wide band signal,
which results in a short pulse. Analogously, two targets can be distinguished in
azimuth if they are in different antenna beams. Then, the resolution in azimuth
Ax depends on the width of the antenna’s beams, through the following expres-
sion:

Ax =7r-21/L ()

where r is the distance between the sensor and the target, 4 is the wavelength
of the transmitted signal, L is the length of the antenna, and 1/L represents the
angular extension of the antenna’s beam in azimuth.

The most used frequency bands in civilian space-borne SAR missions are L-
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band, C-band and X-band. The L-band is characterized by wavelengths A of
about 23 cm. It is the only one capable of crossing vegetation and wet soil. The
C-band is characterized by wavelengths 4 of about 5 cm. The satellite is able to
slightly detect some reflective elements in vegetated areas, but this band is useful
in slightly urbanized areas. The X-band is characterized by wavelengths A of
about 3 cm. The satellite is not able to detect any target in vegetated areas, that
appear completely dark in a SAR image. The X-band is very performant in ur-
banized zones.

For a Real Aperture RADAR (RAR), the resolution in azimuth is generally of
the order of tens of kilometers, greatly worse than the resolution in range, that is
of the order of the meters.

This aspect can be improved by enlarging the antenna, since the larger it is,
the narrower the antenna’s footprint is and the better the target is located. For
this reason, the SAR systems have been introduced. In the SAR, a small antenna
of length L is moved by the sensor along the flight direction in a series of succes-
sive positions, from each of which the antenna transmits a pulse and receives its
return echo. The antenna thus synthesizes an array of antennas (synthetic array)
along the flight direction. This means that through the movement and processing
of the signal a fictitious antenna opening, extremely large, is “synthesized” by
coherently combining the data acquired by the sensor in successive positions
(Figure 2.3). The antenna motion along the satellite’s flight line is used to im-
prove the spatial resolution in the azimuth direction, leaving the resolution un-
changed in the range, compared to the RAR, without increasing the size of the
physical antenna.

The increase of resolution obtainable with the SAR implies an indispensable
phase of focusing that leads from the raw data registered by the sensor to the
generation of a complex image called Single Look Complex (SLC). Then, SAR gives
coherent images in digital format, expressed as matrixes of n*m pixels in RADAR
coordinates, with a modulus (or amplitude) E and a phase ¢. The modulus contains
information about the intensity of the backscattered signal, due to the scene re-
flectivity properties. The phase depends on the geometrical and electromagnetic
features of the observed scene and by the distance between the sensor and the
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targets on the Earth’s surface. The phase component is the information used to

generate the so-called interferograms.

Synthetic aperture
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Figure 2.3. Scheme of the SAR [64].

The SAR image of a scene can be very different from an optical image of the
same scene. SAR images don’t have color, but gray levels, with lighter areas in
correspondence of the targets with a great ability to reflect the impulse coming
from the RADAR. The reflectivity depends not only on the characteristics of the
observation geometry and those of the transmitted signals but also on the phys-
ical and geometric features of the illuminated scene. Generally, the rougher the
surface, the more the image appears with a greater level of light. Flat surfaces,
such as roads and highways, have a very low retro-diffusion then they appear
very dark in a RADAR image. The vegetation typically appears uniformly grey.
Surfaces inclined towards the sensor, such as mounting walls, appear very clear,
contrary to surfaces with slopes in opposite direction to the RADAR, that have a
bad back-spread. In urbanized areas, the presence of construction, buildings, and
streets means that the signal emitted by the RADAR is often reflected several
times. This strong back spread makes the image very clear (Figure 2.4).
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Figure 2.4. Examples of reflectivity of the scene [64].

When interpreting a RADAR image, it must be taken into account that SAR images
are characterized by some geometric distortions, due to the fact that the antenna does not
"look" at the scene vertically, but laterally with respect to the nadir. The most common
distortions are due to the morphology of the scene, which can generate three typologies
of perspective deformations: foreshortening, layover e shadowing, shown in Figure 2.5.
The foreshortening (Figure 2.5a) depends on the sign of the slope « of the terrain, meas-
ured with respect to the horizontal plane. A a greater than 0° led to an effect of expansion
of the resolution cell (or pixel). On the contrary, a « less than 0 led to a compression of
the pixel, which will have a higher brightness. As the slope a approaches the angle 8, (in
other words, the ground becomes perpendicular to the LOS), the compressed distance is
reduced more and more, and the brightness increases more and more. This effect is par-
ticularly noticeable in the SAR images of mountainous areas where you see exposed
slopes very bright. The foreshortening can become /ayover in areas where the slope of
the ground is greater than the angle 8. The upper part of the mountain, in this case
(Figure 2.5b) is closer to the satellite and then is represented in RADAR coordi-
nates in a wrong position, i.e., reversed in slant range with respect to the lower
part (point “a”). Therefore, the order of appearance of the elements in the RA-
DAR image is opposite to the real order on the ground. Finally, the shadowing
regards those areas screened from other areas, that are not lightened by the pulse
emitted by the RADAR (Figure 2.5¢c). The effects of the geometric distortions in
SAR images, however, vary considerably depending on the angle of view 6 at
which the satellite sensor operates.
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Figure 2.5. Geometric deformations related to the soil morphology: (a) foreshortening,
(b) layover, (c) shadowing [64].
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2.1.1 Satellites and sensors

The monitoring of the deformation of Earth’s surface is possible today, also in
the long period, exploiting the available huge archives of SAR images acquired
from different sensors. Over the past thirty years, numerous sensors with differ-
ent characteristics in terms of spatial resolutions, wavelengths, revisiting time,
and space coverage, have been launched. The SAR image archives start from
1991, by the sensors onboard the satellites ERS-1/2 (European Space Agency,
ESA), Radarsat (Canadian Space Agency, CSA), and Envisat (ESA), working in
C-band. From 2006, ALOS-1, followed in 2014 by ALOS-2 (Japan Aerospace Ex-
ploration Agency, JAXA), provided L-band data. From 2007, TerraSAR-X (Ger-
man Aerospace Center, DLR) and COSMO-SkyMed (Italian Spatial Agency, ASI)
gave a great improvement, providing X-band data with a very high resolution.
Moreover, the launch of the two satellites of the Sentinel 1 (S-1) constellation
(ESA), S-1A and S-1B, respectively in 2014 and 2016, has even more improved
the area coverage and the revisiting time (six days) of the available data acquired
in band C. Finally, the SAOCOM satellite series by Argentina's Space Agency
work in L-band since 2018. A timeline of the main satellite SAR sensors operating
in Europe is shown in Figure 2.6, with a macro-classification according to the
frequency bands.

The impact of the spatial resolution improvement from C-band to X-band is
evident looking at Figure 2.7, where the amplitude images of the zone nearby the
San Paolo stadium, located in the Fuorigrotta quarter (Naples, Italy), are re-
ported as images by the ENVISAT (Figure 2.7a), RADARSAT-1 (Figure 2.7b), and
COSMO-SkyMed (Figure 2.7c) RADAR systems, respectively.

According to the satellite resolution, the accuracy of the final products
changes. Then, the PS maps obtained by processing images acquired by the dif-
ferent sensors, are suitable for different monitoring applications.
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Figure 2.6. Timeline of the main satellite SAR sensors operating since 1992 to the

present.
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Figure 2.7. San Paolo stadium (Naples, Italy), as seen through the amplitude SAR
images taken by (a) the ENVISAT sensor, (b) the RADARSAT-1 sensor, and (c) the
COSMO-SkyMed sensor (Bonano et al. (2013) [65]).
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A brief description of the main characteristics of the SAR sensors, from which
the data used for the structural applications of this thesis, is reported in the fol-
lowing. The two constellations are the abovementioned COSMO-SkyMed, devel-
oped by the ASI in cooperation with the Ministry of Defense, and S-1, developed
by the ESA under the European Copernicus Program.

2.1.1.1 COSMO-SkyMed constellation

The COSMO-SkyMed constellation (COnstellation of small Satellites for the
Mediterranean basin Observation, often called CSK) is an EO mission developed
by the ASI in cooperation with the Ministry of Defense. The first generation of
CSK consists of 4 identical satellites, equipped with a SAR sensor operating in
the X-band, with a wavelength equal to 3.1 cm. The satellites were launched at
different times, from June 2007 to November 2010. The revisiting time for each
satellite of the constellation is equal to 16 days, so the presence of four satellites,
in conditions of full operation, theoretically allows for the observation of the

same scene on the ground on average every four days (see Figure 2.8).

CSK3

S~ 8days— A1/ 3 days S - 4 days —/ Time

- 16 days /
Figure 2.8. Revisiting time of the COSMO-SkyMed sensors [64].
The four CSK satellites are designed to acquire in different modes; the most

used are: Stripmap HIMAGE, characterized by a spatial resolution of about 3 m
x 3 m (along the azimuth direction and range) and a swath of about 40 km along
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the range; Spotlight, with a spatial resolution of less than 1 m and with a swath
of about 10 km x 10 km (along the range and azimuth).

On December 2019 and January 2022, respectively the first and the second one
of the four planned satellites of COSMO-SkyMed Second Generation (CSG) con-
stellation were launched and went alongside the four first-generation ones.

The use of such high-resolution input data guarantees a high density of tar-
gets for every single structure, all located in the three-dimensional (3D) space
with metric precision. This is an important characteristic for building and infra-
structure monitoring because it makes it possible to associate the deformation

measurement with the corresponding point over the structure.

2.1.1.2 Sentinel-1 constellation

The S-1 constellation currently consists of 2 satellites with installed on board
each a SAR sensor operating in the C-band (wavelength equal to 5.56 cm). The
first satellite, Sentinel-1A (S-1A) was put into orbit on 3 April 2014; the second
satellite, Sentinel-1B (S-1B), a twin of the first, on 25 April 2016. The revisiting
time is equal to 12 days for a single satellite of the constellation. This interval has
dropped to 6 days with the full operation of the second satellite (see Figure 2.9).

Sentinel-1A Sentinel-1B Sentinel-1A
>
+” ” 4

7/ 7 /

- 12 days ¥,
Figure 2.9. Revisiting time of the Sentinel-1 sensors [64].

The satellites of the constellation S-1 have been designed to acquire on the
emerged lands in Terrain Observation by Progressive Scans (TOPS) mode, which
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allows collecting of images in the acquisition mode Interferometric Wide Swath
(IWS), with a spatial resolution of about 15 m along the azimuth and about 4 m
along the direction range. The illuminated area on the ground (slice) has an ex-
tension of about 200 km (along the azimuth) x 250 km (along the range).

The S-1 constellation acquires in programmed mode intending to generate ro-
bust image archives on large portions of Earth’s surface for long-term monitoring
programs. Moreover, it operates with a fully free and open data access policy.

2.2 DInSAR technique

Starting from two SAR images acquired by the satellite on the same area at
different times, it is possible to extract information on the displacement of ele-
ments on the Earth’s surface, thanks to the Differential Synthetic Aperture RA-
DAR Interferometry (DInSAR) technique [7]. The time between the two acquisi-
tions is called temporal baseline, and the distance between the two positions along
the orbit of the satellite during the two acquisitions is called spatial baseline (which
is null if the satellite can describe exactly the same orbit in the two passages). The
measured displacements are calculated with respect to the date of the master
image (reference date) and with respect to a pixel (reference point), chosen in a stable
zone or a zone with a known deformation. It means that the displacement value
associated with each single PS is computed as the difference of its recorded meas-
urement with respect to the corresponding value of the reference point. For these
reasons, the displacement measurements obtained from the interferometric anal-
ysis are differential both in time and in spatial terms.

An example of DInSAR scenario is schematized in Figure 2.10. Two sensor
passages are represented in the plane orthogonal to the flight direction, i.e., the
azimuth direction. The passages occurred at moments t; and t, with a spatial
baseline b between SAR, and SAR,. The sensor-target distances, respectively at
moments t; and t,, are r; and r,, while 0 is the angle of view of the sensor. A
surface displacement, whose projection along the sensor LOS is equal to d; o5 has
been detected, due to a deformation of the ground occurs, indicated with a
dashed line.
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Figure 2.10. Example of DINSAR scenario in the plane orthogonal to the azimuth direc-
tion. A displacement component d, s is detected [64].

DInSAR technique exploits the phase difference between two SAR images,
after the removal of the mean topography of the ground scene from a Digital
Terrain Model (DTM) or a Digital Elevation Model (DEM), to derive the meas-
urement of the displacement component along the sensor LOS. One of the two
images, generally those acquired before in time, is chosen as a reference and
takes the name of master, while the other one is called slave. The measured phase
difference (or interferometric phase) Ag is defined as the phase variation of the
slave image relative to the master reference image. It gives the so-called interfer-

ogram or interferometric fringe:

. 4T
A<p(x,r)=7

Where (x', ") are the generic coordinates of the pixel, 4 is the wavelength of

AT, 1) + AgnOsE (') ©

the transmitted / received signal, Ar represents the difference between the sensor-
target distance of the first and the second image for each pixel, and 4¢™°*¢ is the
noise signal. The interferogram is a two-dimensional image in the range-azimuth
plane, characterized by a series of fringes with values included in the interval
[—m; +m].

The interferogram summarizes the different aspects responsible for the phase
variations. In fact, 4¢ is the sum of several phase contributions and can be
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expressed as follows (to simplify the notations used, the generic coordinates
(x',r") of the pixel will be omitted):

A(p — A(pflat _|_A(ptopo _|_A(patm _l_A(pmov _|_A(pnoise (4)
where:
- A@T'at represents the phase residues due to the inaccurate knowledge of the

orbits described by the satellite during the acquisitions, in particular, due to
the slight variation of the angle of incidence 8 between the two acquisitions;

- A(p
to a global reference system, and depends on the baseline of the interfero-

toPo js the residual topography signal of the observed scene with respect
gram and the point topography;

- A (patm
the two SAR acquisitions (e.g., different humidity conditions) that introduce

is the signal due to possible atmospheric inhomogeneities between

spurious delays in the signal;

- A(p
tween the two SAR acquisitions;

Mo s the deformation signal corresponding to the displacement be-

- A@™€ is the signal related to the spatial decorrelation caused by an exces-
sive distance - spatial baseline - between the orbits covered by the satellite
during the two acquisitions, and the temporal decorrelation, caused by the
change of the electromagnetic properties of the scene on the ground (e.g.,
due to weather events, the effect of a fire, that changed the characteristics of
the scene between the two steps).

It is possible to separate the phase contribution related to ground scene defor-
mation from those related to DEM errors used for the compensation of the topo-
graphic phase, errors due to inaccuracy of orbital information, and changes in
atmospheric conditions between acquisitions, in presence of reliable atmospheric
models, with a certain accuracy.

Starting from the differential interferogram, assuming no topographic phase
residuals and that the phase contributions due to the atmosphere, orbital errors
and noise can be neglected under appropriate considerations, the only contribu-

mov

tion of Ag is 4¢™°?, and can be expressed as:
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4w
Ao = A(pmov =~ 7 dios (5)

From which the measure of the displacement along the LOS can be obtained
as follows:

Los ® 2—: % (6)

From Eq. (6) it's evident that the surface displacements can be measured with
an accuracy equal to a fraction of the wavelength at which the SAR sensor oper-
ates. Then, working in the field of microwaves (typically of a few c¢m) it is possi-
ble to achieve an accuracy of even a few millimeters.

The analysis of individual or few interferograms has great limitations, due to
the accuracy with which it is possible to effectively separate the phase contribu-
tions. Moreover, the quality of the results is intrinsically limited, sometimes com-
pletely compromised, in relation to the noisy sources intrinsic to the interfero-
grams themselves, linked to the spatial decorrelation and to the changes in the
electromagnetic characteristics of the ground targets over the time interval of the
observation of the phenomenon (temporal decorrelation), that affect their reflec-
tivity. The temporal decorrelation phenomena can be caused, for example, by the
presence of snow and vegetation or climatic and meteorological changes. These
effects are reduced in the presence of exposed urban centers and rocks, charac-
terized by a constant RADAR signal response over time, and decrease using
larger wavelengths (e.g., L band instead of X band).

The limitations of the conventional DINSAR technique have been overcome
with the advanced multi-temporal DInSAR techniques developed over the last
20 years, characterized by algorithmic complexity and longer calculation times.
These techniques use a large number of images (tens or hundreds) related to the
same area and a large number of differential interferograms, which are suitably
combined to obtain information on the temporal evolution of surface displace-
ments.

The information obtained in the multi-temporal DInSAR techniques lead to a

significant improvement in the accuracy of displacement measurements, thanks
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to the estimation of possible atmospheric contributions of images and topo-
graphic errors and thanks to the use of techniques for the so-called phase unwrap-
ping, based on algorithms that simultaneously exploit interferometric phase in-
formation in space and time.

The multi-temporal DInSAR techniques can be grouped into two broad cate-
gories based on the approach: Persistent Scatterer (PS) and Small Baseline (SB).

PS techniques work with full spatial resolution interferograms (single look), in
which, within the resolution cell, only one dominant scatterer is assumed to be
consistent throughout the observation time interval. The dominant scatterers,
called Persistent Scatterers (PSs), have an electromagnetic response that “persists”
over time. In other words, their phase information is preserved in all differential
interferograms, regardless of the effects of spatial and temporal decorrelation.
This allows it to work even with very large spatial and temporal baselines and
to make use of interferograms compared to a single master image common to the
dataset, then to use a minimum number of interferograms. However, such ap-
proaches are characterized by limited spatial densities of the detected points, es-
pecially in the case of interferometric analysis carried out on vegetated and rural
areas characterized by a reduced number of dominant scatterers. Moreover, PS
techniques are not suitable for the analysis of strongly non-linear deformation
phenomena.

In the SB techniques, it is assumed that the scattering is spatially distributed
within the resolution cell, where also distributed scatterers can be found. The dis-
tributed targets are much more sensitive to the effects of spatial and temporal
decorrelation than the dominant ones. Then, the density of points that can be
detected in SB interferometric analysis increases significantly compared to PS
methods. Nevertheless, a careful selection of differential interferograms to be
used is required, based on the minimization of spatial and temporal baselines.
The selection of small baseline interferometric pairs leads to the need to consider
more than a single master image for the dataset, with the disadvantage of having
to manage subsets of SB interferograms separated by large baselines. In this case,
the subsets are independent, and the displacement information obtained for each
subset individually must be suitably combined to derive the time series of
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displacement related to the entire dataset. SB techniques typically operate at re-
duced spatial resolution through a complex media operation (called multi-look)
on interferograms, to increase the signal-to-noise ratio of interferometric phases.
This leads to a loss in terms of spatial resolution, but also increases the density
of the points detected even in rural or poorly urbanized areas, allowing the po-
tential of satellite SAR systems to carry out large-scale interferometric analysis
with limited monitoring costs to be preserved. More recently, SB techniques have
been extended to multi-scale interferometric analysis, using full and medium res-
olution spatial interferograms, to identify both dominant and distributed scat-
terers.

The products obtained from multi-temporal DINSAR analysis consist in a
large set of PSs relevant to the investigated area, for which measures of the dis-
placements along the LOS direction are given, within the analyzed time frame.
Each PS can be associated with an area on the surface whose dimensions depend
on the resolution cell size of the processed SAR data. For instance, in the case of
ERS/ENVISAT data, the resolution cell size is about 5 m x 20 m in the RADAR
azimuth and range directions, respectively; in the Sentinel-1 TOPS mode case,
the resolution size is about 20 m x 4 m, whereas for CSK Stripmap-mode data it
is about 3 m x 3 m. It is worth noting that the PSs distribution is usually very
heterogeneous in an urban zone: the buildings generally have good reflective
properties, so it is very common to detect a density of PSs falling on them.

For each single PS, generally the LOS displacement time series, the LOS mean
deformation velocity (V,osasc and Vi ps pgs, respectively for ASC and DES da-
taset, called “mean velocity” for brevity in the following) the geographical coor-
dinates (latitude and longitude) and the altitude (with respect to a global refer-
ence system) are provided. Directional cosines of the LOS for each PS are given
to univocally identify the direction vector to which the displacement value refers,
as well as the temporal coherence parameter.

Furthermore, a parameter called temporal coherence [66], [67] is provided, con-
taining information on the quality and/or reliability of the displacement meas-
urement for that point. It is not possible to provide a unique definition for this
parameter, which depends by the multi-temporal DINSAR technique and by the
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type of interferometric processing mode. However, coherence can be assigned
only to pixels that have experienced little or very slow displacements. Pixels that
have moved very quickly or in a very short time interval are not monitorable
through the DInSAR technique. For this reason, points that experience quick
movements may disappear in the context of processing because they lost their
coherence. A proper selection of the final PSs of the interferometric analysis is
achieved by setting a threshold on the temporal coherence, which is given within
the [0,1] interval, to exclude not reliable pixels. The coherence threshold is em-
pirically set up by considering the characteristics of the processed dataset, such
as the number of SAR acquisitions, the overall time interval, and the regularity
in time of the available acquisitions. This value is generally set at 0.50 but, in
specific cases (e.g., very good temporal sampling and distribution of the acquisi-
tions, analysis on urban areas) the threshold may be lowered, for example, to
0.35.

Some of the most spread advanced multi-temporal techniques of SAR satellite
interferometry are PSInSAR™, Small BAseline Subset (DInSAR-SBAS),
SqueeSAR™, Stanford Method for PS (StaMPS) and Tomographic SAR
(TomoSAR). A description of the two techniques exploited to derive the data
used for the applications that will be illustrated in this dissertation, which are
PSINSAR™ and DINSAR-SBAS, is reported in the following.

2.2.1 PSInNSAR™

PSInNSAR™ [62], [68] is a PSI technique that works with a small subset of RA-
DAR targets, called permanent scatterers, essentially immune to the effects of ge-
ometric and temporal decorrelation. The permanent scatterers are identified by
the satellite on the Earth’s surface through a complex algorithm of numerical
processing of signals. They are represented by elements that have high stability
of the electromagnetic response over time, typically portions of buildings, mon-
uments, roads, railway lines, antennae, pylons, metal elements - or natural ele-
ments - rocky outcrops, and accumulations of debris. Permanent scatterers can-
not be found in vegetated or periodically covered snow areas.
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The analysis is conducted on the entire dataset of images available in the area
of interest. All the slave images are compared with the master image generating
overall (N — 1) interferograms, where N is the number of available SAR images.

One of the potentials of the PSINSAR™ technique is the estimation of the at-
mospheric component, based on the analysis of a subset of points. Since the at-
mospheric contribution is slowly variable in space, it is extended to all the points
of the area with an appropriate interpolation process and eliminated from the
interferometric phase.

Regarding the accuracy of the measurements provided, considering a data set
of at least 40 images covering a period of 2 years, a measuring point located less
than 1 km away from the reference point has an error of 1 mm/year on measure-
ments of the mean velocity and 5 mm on measurements of displacement.

For PSI approaches like the PSINSAR™, the temporal coherence is defined as
an index that measures the correspondence between the movement of the meas-

uring point and a certain analytical model chosen a priori.

2.2.2 SBAS-DInSAR

The SBAS approach [66], [69] is one of the most well-established in the frame-
work of the existing multi-temporal DInSAR techniques. It requires the collection
of many SAR images of the investigated area, with both a small temporal and
spatial separation between the acquisition orbits, to minimize noise effects and
maximize the spatial pixel density in the multi-temporal sequence of differential
interferograms. The generated interferograms, unwrapped to solve for the 2w
ambiguities [69], are thus the starting point for the computation of the defor-
mation time series. They are obtained through the solving of a linear system of
equations in the least squares sense, by applying a minimum norm energy con-
straint (in some cases, the Singular Value Decomposition - SVD - method). The
computational process ends with a filtering operation, for detecting and remov-
ing possible atmospheric artifacts from the displacement time series.

One key point of the SBAS-DInSAR approach is the possibility to generate
displacement time series and corresponding mean velocity maps at different
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spatial scales, referred to as territorial and local scale analysis. The first one is
aimed to investigate natural or anthropic deformation phenomena associated
with large areas, whereas the latter allows detecting spatially localized displace-
ments related to full resolution pixels, particularly suitable to investigate and
monitor over time deformation phenomena associated with single buildings
and/or infrastructures [70], [71]. When operating at a local scale, such as for in-
vestigating the structural assessment of a single building [71], [72] or detecting
critical infrastructure behavior [14], full resolution differential interferograms,
generated from the single-look data with the full spatial resolution of the sensor
ranging from 3 to 10 m, are used [8], [12].

The SBAS approach allows the generation of advanced DINSAR products with
an accuracy of about 1-2 mm/year and 5-10 mm, respectively for the mean ve-
locity and the single displacement measurements [65], [73], [74].

With reference to the SBAS-DINSAR full spatial resolution approach, tem-
poral coherence is a factor that provides an estimate, for each measuring point,
of the quality of the time series of displacement, by evaluating the similarity be-

tween the initial wrapped deformation signal and the adopted phase model.

2.3 DInSAR products used for SHM applications

During my Ph.D. program, I collaborated in performing many Structural
Health Monitoring (SHM) applications using three different DINSAR datasets.
The exploited datasets derive from separate sensors, located on different constel-
lations (CSK, S-1) and have been obtained by using distinct processing tech-
niques (SB and PS). It is worth specifying that the processing of the SAR satellite
images is not part of my Ph.D. program, since it's an operation to be performed
by experts in the field of interferometry. The products of the processing opera-
tions are generally given to structural engineers as input for SHM applications.

The DINSAR products datasets are described in the following §2.3.1, §2.3.2,
and §2.3.3, while the SHM applications will be reported in the sub-sections of the
following Chapters.
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2.3.1 CSK data processed through SBAS-DInSAR technique (da-
taset of Rome, Italy)

The first dataset of DINSAR products has been processed by the Institute for
Electromagnetic Sensing of the Environment of the National Research Council
(CNR-IREA) in the context of the Italian Civil Protection Department (DCP) -
ReLUIS project 2019-2021. The DInSAR data are obtained by applying the full
resolution SBAS-DInSAR approach (§2.2.2) to SAR images collected from ASC
and DES orbits by the sensors of the Italian CSK constellation, in the period
March 2011-March 2019. The investigated area is the whole metropolitan area of
Rome (Italy). The images are acquired through the standard Stripmap mode with
HH polarization and a ground spatial resolution of about 3 m in both azimuth
and range directions. The identified datasets comprise 129 ascending and 107
descending SLC acquisitions, with look angles at the scene center of about 34°
and 29°, respectively. The full resolution deformation time series and corre-
sponding LOS mean velocity measurements of each PS have been computed by
using the 1-arcsec Shuttle RADAR Topography Mission (SRTM) DEM of the
study area, to remove the topographic phase component. The PSs were identified
by selecting a temporal coherence threshold greater than 0.35. Table 2.1 summa-

rizes the main parameters of the exploited datasets.

Table 2.1. Main parameters of ASC and DES CSK datasets (modified from [64]).

ASC DES
Average look angle ~34° ~29°
Time interval ~ [23/03/2011-11/03/2019] [29/07/2011-13/03/2019]
Number of acquisitions 129 107
Wavelength ~3.1cm
Acquisition mode Stripmap H-IMAGE
Spatial extension ~40 km x 40 km

Spatial resolution

. . ~3mx3
of the interferometric data m m
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The geocoded LOS mean velocity maps, achieved by independently pro-
cessing the two ASC and DES CSK datasets at the full spatial resolution scale
(about 3 m) and relevant to the overall metropolitan area of Roma (full frame
analysis), are shown in Figure 2.11 and Figure 2.12, respectively. The two mean
velocity maps show a very good PSs density, in particular in correspondence to
the urbanized areas where almost all the structures and buildings are detected.
Several subsidence patterns with a deformation rate greater than 1 cm/year can
be distinguished in both velocity maps, with the most relevant ones in corre-
spondence to the A90-A91 Roma-Fiumicino highway (Figure 2.13a, representing
the zoom-in view of the full resolution SBAS-DINSAR results highlighted by the
white box “A” in Figure 2.11.) and the Fiumicino airport runway (Figure 2.13b,
representing the zoom-in views of the full resolution SBAS-DInSAR results high-
lighted by the white box “B” in Figure 2.12). For each selected PS, the correspond-
ing deformation time series along the LOS direction are also provided, thus al-
lowing to follow the temporal evolution of the deformation along the overall
2011-2019 observation interval.

These datasets have been used for the applications shown in the following
§3.4,84.1.2,85.1.1.
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Figure 2.11. Full resolution SBAS-DINnSAR results obtained from the CSK images col-
lected along the 2011-2019 time in the urban area of Rome, relevant to ASC dataset
(modified from [31]).
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Figure 2.12. Full resolution SBAS-DINSAR results obtained from the CSK images col-

lected along the 2011-2019 time in the urban area of Rome, relevant to DES dataset
(modified from [31]).
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Figure 2.13. Zoom views of the full resolution SBAS-DInSAR results highlighted by the
white boxes in Figure 2.12 and displacement time series of selected pixels: (a) mean ve-
locity map of a portion of the A90-A91 Roma-Fiumicino highway (zone A); (b) mean

velocity map of the Fiumicino airport runway (zone B) (modified from [31]).

2.3.2 CSK data processed through CPT technique (dataset of
Moio della Civitella, Italy)

The second dataset of DINSAR products is subdivided into two time spans.
They have been obtained through the processing of CSK SAR images collected
from ASC and DES orbits in the intervals 2012-2016 and 2017-2019. The
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information related to the two acquisition periods are synthetized in Table 2.2.
In particular, 76 ASC and 66 DES images have been used for the first period, and
50 ASC and 47 DES have been used for the second one. The area of interest, in
this case, is the whole urban settlement of Moio della Civitella municipality (cov-
ering about 3 km? [75]), in the Campania region (Southern Italy), affected by sev-
eral slow-moving rainfall-triggered landslides. The processing is conducted by a
PS-like approach technique, using Coherent Pixels Technique (CPT) algorithm
[76], [77]. The latter has been implemented on SUBSOFT software, developed by
the Remote Sensing Laboratory (RSLab) group from the Universitat Politécnica
de Catalunya (UPC-Barcelona). CPT is able to extract the displacement evolution
during long time spans from a stack of differential interferograms.

Table 2.2. CSK SAR data stacks processed through CPT technique for Moio della Civi-
tella urban area.

Satellite Orbit 1st Period [57] #Scenes 2nd Period — #Scenes

Ascending [Jan 2012 - 76 [Jan 2017 - 50
Descending Dec 2016] 66 Mar 2019] 47

Cosmo-SkyMed

The LOS mean velocity maps of targets identified within Moio della Civitella
urban area by CSK data are shown in the first and second periods, along ASC
(Figure 2.14a and Figure 2.15a) and DES (Figure 2.14b and Figure 2.15b) tracks.
The reference point is indicated with a black star. Targets mainly correspond to
man-made features, such as structures and roads. The use of CSK images al-
lowed to obtain a good density of PS. The accuracy of interferometric products
has been validated by comparing DINSAR results with conventional data rec-
orded by instrumentations (inclinometers, topographic measure points, GPS net-
work) installed during previous monitoring field campaigns [78], [79].

These datasets have been used for the application shown in the following
§5.2.1.
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Figure 2.14. LOS mean velocity maps of targets identified within Moio della Civitella
urban area by CSK data along (a) ASC and (b) DES tracks, for the period 2012-2016 [56].
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Figure 2.15. LOS mean velocity maps of targets identified within Moio della Civitella
urban area by CSK data along (a) ASC and (b) DES tracks, for the period 2017-2019 [56].

2.3.3 EGMS data (dataset of Barcelona, Spain)

The third dataset is derived from the European Ground Motion Service
(EGMS), the new service of the Copernicus Land Monitoring Service (CLSM [80])
approved in 2017 [18]-[20]. The purpose of the EGMS is to provide consistent,
updated, standardized, harmonized information regarding ground deformation,
all over Europe, to detect ground motion phenomena of any origin, natural or
human-caused.

The EGMS furnishes products obtained through the multi-temporal interfero-
metric processing of ASC and DES S-1A and S-1B RADAR images, using full
resolution Advanced SAR Interferometry (A-DInSAR) [81], [82], all over the
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European territory. The EGMS archive images start from 2015, at a revisiting
time of six days (which has been degraded to twelve days starting from Decem-
ber 2021, due to a failure of the S-1B satellite) and will be updated on an annual
basis.

The EGMS includes three levels of products. The first level is the basic one,
constituted by geocoded LOS mean velocity maps, in ASC and DES orbits, where
the measures are referred to a local reference point. The second level is the cali-
brated one, constituted by the product of the first level, mosaicked and integrated
with Global Navigation Satellite Systems (GNSS) data. The second level
measures are not referred to a local reference point. The third level is the Ortho
one, constituted by deformation components along the Vertical and East-West
(EW) directions, resampled to a grid with a cell size of 100 m. The 3D geolocation
accuracy of the EGMS products is lower than 10 m.

The data can be downloaded by every interested user from the Explorer plat-
form [82], since the EGMS products have a free and open data access policy. Each
of the EGMS products has undergone an extensive quality control protocol in
order to generate the best possible results. The key elements of the EGMS are
stated in the White Paper [83].

Examples of calibrated and ortho products are respectively shown in Figure
2.16 and Figure 2.17 for the area of Campi Flegrei, in Naples (Italy), which caldera
is well known for its ongoing deformation phenomenon, that has been the object
of studies based on multi-temporal DINSAR technique in the last decade [65],
[70], [84], [85].
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(a) 20 I - NN ) (b)

Figure 2.16. Example of calibrated product by EGMS: (a) ASC and (b) DES (Campi Fle-
grei, Naples, Italy). Velocities expressed in mm/ year.

(a) 20 I - N 00 (b)

Figure 2.17. Example of ortho product by EGMS: (a) Vertical and (b) horizontal EW
(Campi Flegrei, Naples, Italy). Velocities expressed in mm/ year.
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In Figure 2.18 and Figure 2.19, the calibrated products for the area of Barce-
lona (Spain) that will be used in the following applications (§4.2.2) are shown,
respectively for ASC and DES orbits. The LOS velocities are expressed in
mm/ year using the classical false color scale shown in the legend.

20 I - 00
Figure 2.18. ASC calibrated products by EGMS, Barcelona (Spain). Velocities ex-

pressed in mm/year.
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20 I - 20
Figure 2.19. DESC calibrated products by EGMS, Barcelona (Spain). Velocities ex-

pressed in mm/year.
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Chapter

3. Elaboration of the DINSAR satellite

data for structural applications

This Chapter presents different strategies that can be employed to analyze
the achieved DInSAR measurements, to provide a clear and direct representation
of the ground deformation condition of an area or of a construction, useful for
the monitoring and assessment of constructions.

Some analyses require to perform further additional elaborations on the
DInSAR products, especially those carried out at the structural level. As de-
scribed in §2.1, it is possible to obtain RADAR images of the same area from the
two different perspectives: ASC and DES. However, also when only one of the
two datasets is available, useful information can be retrieved. For many of the
proposed approaches, both ASC and DES DInSAR datasets of the examined area
are required, in order to obtain a better definition of the displacement and mean
velocity vectors. The proper combination of ASC and DES SAR acquisitions in
different time frames over the same geographical area allows retrieving, under
some specific hypothesis, two of the three components of the real deformation
pattern, i.e., the Vertical and the EW components of the displacement measure-
ments.

An important aspect concerns the selection of PSs to be considered according
to the analyses to be carried out (e.g., territorial scale or single construction scale),
which must be evaluated on a case-by-case basis, depending on the degree of
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spatial correlation of deformation phenomena at ground and construction level
(thinking for example about the movements of the deck of a bridge, not neces-
sarily related to those of the ground below). It is always convenient to use as
many PSs as possible in order to minimize the uncertainties related to the single
reading. For this reason, sometimes, spatial interpolation is preferred to the use
of individual PSs. The conditions of applicability of the different techniques of
spatial resampling and their limits must be clear to avoid incurring possible mis-
interpretations of a deformative phenomenon (§3.3).

In the following, the proposed analysis techniques are described, and some

useful application examples are provided.

3.1 Use of a single dataset

The analysis of the results obtained from the processing of a single orbit da-
taset can provide preliminary information with respect to the deformation phe-
nomena in progress. As previously explained, the deformation measure given
by a single dataset is the component along the sensor LOS direction. The percent-
age of real deformation detectable from the satellite data depends on the differ-
ence between the direction of the real deformation vector and on the LOS direc-
tion, expressed through the incidence angle, defined by the heading angle ® and
the look-angle 8, as indicated in Figure 3.1. These angles slightly differ from one
pixel to another of the observed area, even in the same satellite and acquisition
mode.

For a PS, if the generic measure X; s - i.e., the displacement or the mean ve-
locity measurement - along the LOS of the sensor is available, the following sys-
tem can be written:

{XLOS,ASC = Xgw " Ngw,asc + Xns " Nnsasc + Xv " Ny asc %
Xros,pes = Xew *Ngw,pes + Xns " Ms,pes + Xv " My pEs

where X,5c and X are expressed in terms of its EW (Xgy,), North-South (NS,
Xys) and Vertical (Xy) components and of the LOS direction cosines ngy asc/pes,

Ns,asc/pes and Ny asc/pes, 1.e., the direction cosines of the angles agw asc/pes:
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an,asc/pEss Av,asc/pes, defined between the EW, NS and vertical directions and
LOS,s¢/pEs directions respectively, as indicated in Figure 3.1. They represent the
components of the unit vectors of the ASC and DES LOS directions, respectively
indicated as iy5c and ipgs, and they can be expressed, as widely known, as func-
tions of LOS direction:

Ngw,asc/pEs = €0S Pasc/pes * SiNOasc/pEs
Nys,asc/pes = SIN Pysc/pgs * SN QASC/DES (8)
Ny asc/pEs = €0S Basc/pEs

Ny asc

Nnsasc

UEW ASC

e
EW.ASC

]

(@) (b)
Figure 3.1. Satellite acquisition geometry for (a) ASC and (b) DES orbits [64].

It’s clear, from Eq. (7), that the amount of deformation which can be detected
and measured along the LOS direction depends on the values of the cosine terms.
In Table 3.1, the percentage of deformation detectable by satellite (sensitivity
analysis of the technique) referred to the NS, EW, and Vertical directions, for the
principal satellites, are reported. It can be observed that the Vertical displace-
ments are almost entirely detected in both acquisition geometries, for all the con-
sidered satellites and acquisition modes, the horizontal displacements in EW di-
rection are detected only partially, while in NS direction a very small percentage
can be detected in both LOSs, due to the quasi-polar nature of the satellite orbits.
Then, the deformation component along the NS direction has very little influence
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on the LOS deformation values due to the very low sensitivity when retrieving
the NS deformation component.

Table 3.1. Sensibility evaluation of the instruments in the different directions.
Satellite ERS1/2 ENVISAT-ASAR RADARSAT-1/2 COSMO-SkyMed

@ [°]” 8.5 8.5 8.6 7.86
6[°]” 23 15 - 45 20 - 50 20 - 60
ngw [%] 38.6 25.6 - 69.9 33.8-75.7 33.9-85.8
nys [%] 5.8 3.8-10.5 511-114 47-11.8
ny [%] 92.1 96.6 - 70.7 93.9 - 64.3 93.9 -50
" Courtesy of official ESA EO portal [86]

~[87]

In summary, the more the direction of the real deformation vector deviates
from the LOS direction, the smaller the component detected by the satellite. In
Figure 3.2 it is represented an example, with reference to the case of mean veloc-
ity. From Figure 3.2a to Figure 3.2c, the mean velocity vector direction moves
away from the satellite LOS direction, until the limit condition of the direction of
the real deformation vector perpendicular to the LOS; in such a case, the compo-

nent measured by the sensor is zero.

A\ AV AV
LO S\ L(')S\ LO 5\
\ \

\

\ \ \ .
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\
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R \
Vios\

\ \\ \

(@) (b) ©
Figure 3.2. Variability of the measured LOS mean velocity component as a function
of the real deformation direction: (a)-(b) real mean velocity vector with a component
parallel to the LOS; (c) real mean velocity vector orthogonal to the LOS.
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For this reason, it is important to note that a high LOS component deformation
is certainly a sign of an ongoing deformation process, but a low LOS component
deformation does not guarantee the absence of ongoing deformation.

The use of a single dataset can be associated with data deriving from existing
studies or traditional on-site monitoring techniques, such as optical levelling or
GNSS measurements. If the latter are available, it can be argued that the defor-
mation phenomena is previously known (for example, a subsidence, or a land-
slide), so the prevailing direction of the ongoing deformation is known. In such
a case, a DINSAR dataset could be used to derive the intensity of the deformation
along that known direction. However, such assumptions are not generalizable
and should be in any case adopted with great caution, evaluating each specific
case.

It is worth to highlight that the distribution of the PSs is not spatially homo-
geneous. For this reason, in order to extend the information on the deformations
even in areas without RADAR targets, it could be appropriate to apply a spatial
resampling technique to deformation data related to the dataset, as will be ex-
plained in §3.3.

3.2 Use of both ASC and DES datasets

The DInSAR products are commonly provided as ASCII text files, typically
subdivided into quadrants, different for ASC and DES datasets, each one repre-
sentative of a geographical area and containing the portion of corresponding PSs
for which the information is available.

An example of the spatial distribution of the PSs, obtained by processing ASC
and DES datasets of CSK images via the full resolution SBAS-DInSAR approach,
is shown in Figure 3.3. The ASC and DES PSs are represented with red and green

markers, respectively.
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Figure 3.3. Example of PSs spatial distribution of ASC (red markers) and DES (green
markers) orbits.

Generally, the pixel densities and spatial distributions differ, because of the
different geometric and electromagnetic characteristics of the investigated area,
as well as the temporal distribution of the datasets; for this reason, ASC and DES
pixels are usually non-coinciding points.

It is also important to note that the reference points of the ASC and DES DIn-
SAR datasets are located in the same area but at slightly different geographical
positions, therefore it may occur that ASC and DES results are not straightfor-
wardly comparable to each other. Accordingly, this problem is figured out by
applying a topographic rigid translation to all the pixels of one or both datasets,
thus allowing one to get the same topographic reference.

To understand how the measures along the two orbits referred to a PS “com-
municate”, four examples of ideal configurations of mean velocity can be ob-
served in Figure 3.4. Negative Vs values indicate that the PS is moving away
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from the satellite; on the contrary, positive V,os values indicate that the PS is
moving toward the satellite. When mean velocities are purely Vertical or purely
EW directed, being the angle of incidence substantially the same for both ASC
and DES acquisition geometries, the moduli of the LOS mean velocity are equal

for both datasets. In particular:

- Figure 3.4a and Figure 3.4b represent the case of a nearly Vertical mean ve-
locity vector. In this case, V;,os 4s¢c and Vo5 pgs are almost equal in value and
have the same sign. For a downward mean velocity (Figure 3.4a), the PS is
moving away from the satellite in both acquisition geometries, while for an
upward mean velocity (Figure 3.4b) the PS is moving towards the satellite
in both acquisition geometries;

- Figure 3.4c and Figure 3.4d depict the case of a purely horizontal EW mean
velocity vector, towards East and West, respectively, for which V} og 45¢ and
Vio0s pes are almost equal in value and have opposite signs. In fact, in such a
case, for one acquisition geometry, the point moves toward the satellite,
while for the other acquisition geometry, the point moves away from the
satellite.

Accordingly, a first comparison of the mean LOS mean velocity values ob-
tained from the two geometries allows to identify at a first glance whether the
investigated phenomenon is mainly characterized by mean velocity components
along the Vertical or horizontal EW directions.

Generally, the mean velocity vectors have both a Vertical and a horizontal
component. The information of the ASC and DES SAR data measurements can
be combined to trace back to the actual direction of the displacement vector of
each PS of the whole investigated area if the ASC and the DES measurements are
referred to the same target. As explained in §3.1, for a PS, if the generic measure
X along the LOS of the sensor is available (as V;gs asc and V;ps pgs in Figure 3.5),
Eq. (7) can be written.
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Figure 3.4. Decomposition of (a)-(b) vertical real mean velocity vector and (c)-(d) hori-
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zontal EW real mean velocity vector along the ASC and DES LOS directions.
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Figure 3.5. LOS directions and mean LOS velocities for ASC and DES orbit acquisitions

represented in a three-dimensional Cartesian reference system.

Since the ASC and DES satellite orbits are quasi-polar, i.e., they are nearly
perpendicular to the NS direction, as reported in Table 3, the cosine terms
Nys,asc/pes are almost negligible. Accordingly, this component can be neglected
in Eq. (7) with a good approximation, allowing, however, a good estimation of
deformation values for engineering purposes. Then, the system of equations (7)
simplifies in Eq. (9), which allow the estimation of the unknown components
Xgw and Xy

{XLOS,ASC = Xew " Ngw,asc T Xv "Ny asc )
XL0s,pEs = Xgw *Ngw,pes T Xv " My pEs

When system (9) is used to estimate the mean velocity components, Vs asc
and Vi pspgs should be referred to comparable time intervals, in terms of the
monitoring period length and its first and last acquisition time. If the difference
between the first and/or the last data frames of the two series is remarkable, the
related mean LOS velocities could not be effectively comparable. In such a case,
in order to refine the results, the ASC and DES time series could be redefined
before the calculation of the mean velocity components, by considering the over-

lapping time interval between the two datasets.
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When, instead, system (9) is used to estimate the displacement components in
a certain acquisition time, the LOS displacement components, d;psasc and
dos pes, can be appropriately combined only if those values are referred to the
same acquisition time. Nevertheless, the satellite acquires SAR images along
ASC and DES orbits in different times, so the retrieved DINSAR measurements
relevant to the two orbits are never referred to the same acquisition times. For
this reason, a temporal resampling of the ASC and DES PS time series is needed
in order to estimate the displacement components along the Vertical and EW di-
rections using Eq. (9).

It is worth remarking that the availability of LOS deformation measures re-
lated to both ASC and DES orbit for the same PSis a condition that seldom occurs
in practical situations, due to the geometrical properties of the acquisition system
and the different electromagnetic and geometrical properties of the scattering
surfaces. A coincidence can occur when the observed PS corresponds to an arti-
ficial reflector, specifically installed for the purpose.

Commonly, especially for buildings, this is an almost unrealistic condition,
since satellites investigate one or more fronts or portions of the building in their
motion along the two different orbits, but never the same ones (and, in the case
of the same front, from a point of view always different). In other words, it is
rather unusual to find a biunivocal spatial correspondence between points of the
two datasets, also because it is not possible to a priori define where the PSs con-
cretely are located within a structure or a building. For this reason, in order to
calculate the deformation components along the Vertical and EW directions over
a building or in an area, it could be appropriate to apply a spatial resampling
technique to deformation data related to the two acquisition geometries, as men-
tioned in §3.1. To this aim, the PSs can be spatially interpolated, providing two
continuous LOS mean velocity maps, one from the ASC and one from the DES
original dataset. Subsequently, these continuous LOS mean velocity maps can be
projected on a defined grid, making it thus possible to compute the vectors of the
mean interpolated LOS velocities V}ps asc and Vyos pgs in each vertex of the grid.
In this way, the Vertical and EW components (V}, and Vg, respectively), associ-
ated with each point of the abovementioned grid, can be evaluated with Eq. (9).
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3.3 Spatial resampling

Spatial resampling techniques can be employed to obtain a set of georefer-
enced points. In particular, it is important to get information on LOS deformation
for both ASC and DES orbit at the same point. The resampling and combination
phases can be performed either in raster or vector (e.g., nearest neighbors ap-
proaches) space.

In raster space, for example, interpolation methods can be performed. These
techniques require different rasterization steps (one for each ASC and DES ge-
ometry) that introduce the related uncertainties. Working with interpolation
techniques has the advantage of providing continuous maps, although it is more
difficult to account for the three-dimensional nature of the DINSAR data and it is
more complex to combine the displacement histories. The spatial interpolation
algorithms can be deterministic (e.g., Inverse Distance Weighted - IDW) or geo-
statistical (e.g., Kriging techniques). In deterministic methods, the value in a lo-
cation is estimated by averaging the values of the nearest points, weighed by the
distance from the point within a search circle. The geostatistical (or stochastic)
methods are based on fitting spatial models to data. The application of data in-
terpolation techniques allows to pass from a discrete PS map to a continuous
map, more immediate and easier to read than the individual DInNSAR data. An
example is shown in Figure 3.6.
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Figure 3.6. From the discrete mean velocity map to the interpolated map.

Regarding a building, the spatial interpolation of the points can be performed
at different levels, for example, at the ground, and the roof levels. This is im-
portant because the comparison between a map referring to the ground and a
map referring to the roof can be useful to recognize any differential displacement
with the height. However, it is important to note that such spatial interpolation
operations are performed in areas where the density and the distribution of the
PSs are representatives of the area itself and the type of the analyzed deformation
phenomenon is characterized by spatial correlation. Moreover, attention should
be paid to areas characterized by high shadowing phenomena, namely, PSs are
present in the immediate surrounding of a building only along sides exposed to
the view of the satellite. Some examples will be reported in §3.4. The main spatial
interpolation techniques can be performed using some of the many GIS software
available (e.g., QGIS [88] ArcGIS [89]).

In vector space, for instance, working with nearest neighbors approaches, the
ASC and DES datasets are combined without any rasterization process, to avoid
the uncertainties associated with it. Working in vector space accounts easily for
the actual 3D position of the points and easily permits the combination of dis-
placement histories to compute the Vertical and horizontal EW components of
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displacement. In some cases, it is suitable to adopt combination approaches that
made use of the provided PSs, combining ASC and DES information of pair of
neighbor PSs, belonging to the two datasets, which are close to each other. This
approach requires the definition of a search distance value, to identify pair of
PSs. Generally, it is assumed that ASC and DES PSs nearby, within the accuracies
of the planimetric and altimetric positioning, can be representatives with a good
approximation of the same reflective target. In such a hypothesis, Eq. (9) can be
applied with acceptable reasonableness. Regarding the precision and accuracy
of the PSs georeferencing on a planimetric scale, the height reconstruction of each
PS is strictly dependent on the accuracy of the estimation of the residual topo-
graphic phase component with respect to the used DEM within the interferomet-
ric processing, which is on the order of 1-2 m. Consequently, by considering the
full resolution CSK SBAS-DInSAR analysis, the precision of the PSs georeferenc-
ing is about 1-2 m, 2-3 m, and 1-2 m along the NS, the EW, and the Vertical di-
rections, respectively, which corresponds to about one standard deviation. It is
worth noting that an error in the georeferencing of the reference point can affect
the position of all PSs of the examined area.

Finally, another technique has been proposed by TRE [62], named grid sub-
sampling. In this case, the area of interest is subdivided into square resampling
cells of an arbitrarily chosen size. A deformation equal to the average of the de-
formation values of the PSs falling within the cell is assigned in the center of the

cell, which represents a synthetic PS.

3.4 Applications in Rome

In the following, applications regarding some elaboration of satellite SAR data
referred to two case studies, that are part of a paper published in 2022 [38], are
presented to demonstrate the procedures previously described. The applications
regard the performing of a methodology for the structural analysis of existing
buildings using SAR satellite data, historical graphical documents, and an accu-
rate 3D modelling of the buildings. The accurate 3D model, created in this case
via historical sources, provides a consistent positioning of the PSs in the GIS




CHAPTER 3. ELABORATION OF THE DINSAR SATELLITE DATA
58 FOR STRUCTURAL APPLICATIONS

environment. The correct positioning of the PSs allows for improvement in the
study of the three interpretative approaches, described in the previous para-
graphs yet, referring to them as Approach 1, Approach 2, and Approach 3 for
simplicity, to study the active deformative processes of the examined buildings.
As will be discussed in §4, the final aim is the performing of civil SHM. The two
case studies represent applications of some elaboration methodologies men-
tioned in §3.2 but also highlight some peculiarities of the data themselves.

The case studies are relevant to a masonry building and two 20t century
buildings in Rome (Italy): the residential buildings Torri Stellari, the Collector
sewer’s point of disposal n. 7, and the housing complex known as Corviale. The first
two are located in the Valco San Paolo housing quarter [90], which is an area in-
cluded in the larger area of the Tiber River bend and is characterized by signifi-
cant ground movements affecting relevant constructions. The dataset used for
these applications has been described in §2.3.1. In Figure 3.7a and Figure 3.7b
(for ASC and DES orbits, respectively) the maps of the area of Rome in which the
case study buildings fall, is shown. They are indicated by a white, a violet, and a
black benchmark (for the Torri Stellari, the Collector sewer's point of disposal n.
7, and the Corviale, respectively), while the colors refers to the LOS mean veloc-
ity, expressed in mm/year.
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Figure 3.7. LOS mean velocity maps of the investigated area: (a) ASC and (b) DESC.
White, violet, and black benchmarks indicate Torri Stellari, Collector sewer point of dis-
posal n. 7, and Corviale, respectively (modified from [38]).

3.4.1 Application - Torri Stellari

The first application regards the Torri Stellari, included in the Valco San Paolo
housing quarter [90] in Rome (Italy), which is representative of a significant dis-
placement scenario. This housing district is characterized by four 8-floor build-
ings with a star-shaped plan, built in the years 1949-1952. The load-bearing struc-

ture of the four towers is a RC frame with brick walls and hollow block slabs.
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The first approach requires a graphical representation, so the construction of
the geometrical model of the building volumes for the graphical positioning of
the PSs around the model in the space is needed. Approximated volumes can be
extruded starting from the open-source Regional Technical Numerical Map
(CTR, [91]) of Lazio region. Nevertheless, a deep 3D modelling process, based on
the available original design drawings and documentation collected in the ar-
chive of the architect Mario De Renzi (1897-1967) (Figure 3.8) provides a more
accurate geometry. The historical data allows the 3D surface modelling of the
building volumes, limiting the on-site survey (e.g., on-site measuring and laser
scanning) to specific building details.

Figure 3.8. Original design drawings of Tower n. 1 (M. De Renzi): plan of the first floor
and section AA, 27 June 1950 (courtesy of Accademia Nazionale di San Luca).

The 3D surface models are georeferenced. Exploiting interoperability with the
GIS environment, through interchange file format, the 3D surface models are
merged with the positioning of the PSs in ArcGIS Pro [89]. Figure 3.9 shows the
comparison between the PSs positioning (representing ASC and DES PSs with
red and green markers, respectively) on the accurate 3D model of Torri Stellari
and the CTR-derived schematic volumes. It can be noted that only in the accurate
3D volume of the towers, the PSs are properly aligned along the external vol-
umes of the buildings, considering the pitched roof, and the balconies.
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The first procedure (Approach 1) is based on the nearest neighbour approach.
It allows to accurately investigate the maximum displacement components, over
the satellite data acquisition period. Supported by the 3D representation, it starts
with the selection of couples of PSs belonging to ASC and DES datasets, suffi-
ciently close to be assumed representative of the same reflecting target, unless
the positioning error. A temporal window, common for ASC and DES datasets,
is chosen. Then, a cutting of the initial part of the displacement history of the
ASC dataset is done. A temporal resampling of the time series is performed, tak-
ing care to ensure the overlapping of the acquisition periods of the two datasets,
cutting previous or subsequent acquisitions, compared to the common acquisi-
tion period. The displacement value measured at the first time is subtracted from
the remaining time history, allowing a null measure in the first instant common
to ASC and DES datasets. In this way, since the two time-series refer to the same
time instants, a combination of the LOS displacements of the two orbits can be
done through Eq. (9), to evaluate the Vertical and EW components, dy, and dgy,.
Then, Approach 1 allows to evaluate the maximum values of these displacement
components, with reference to points spatially uniquely determined, starting
from the combination of the selected PSs couple. As an example, Figure 3.10
shows a couple of ASC and DES points (represented with triangular and circular
symbols, respectively), selected in the proximity of the ground level of the South
facade of Tower n. 1.

The selection of points can be performed in several ways and must comply
with the following criteria: i) the distance between the PSs and the building must
be lower than the planimetric positioning error; ii) the planimetric (EW and NS)
and altimetric (Vertical) distances between points must be lower than the error
of the SAR data positioning; ii) being the first and second conditions satisfied,
among all identified couples of points, the selected couple is the one character-
ized by the highest coherence value.
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Figure 3.9. PSs localization on Torri Stellari (a) accurate volumes and (b) CTR volumes,

in ASC (red triangles) and DESC (green circles) orbits [38].
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Figure 3.10. Selection of a pair of ASC (triangles) and DES (circles) PSs of Tower n. 1
[38].

Approach 1 represents a very suitable procedure for the evaluation of the
maximum values of the displacement components but is computationally oner-
ous. Alternative approaches that avoid temporal resampling can be adopted, ex-
ploiting the yearly LOS mean velocity values, for example, Approach 2. Also,
this procedure is based on the nearest neighbour selection of couples of ASC and
DES PSs. Then, the mean LOS velocities V} g5 asc and Vyps pes of the selected PSs
are combined with Eq. (9), to evaluate the components of the mean velocity along
the Vertical and EW directions, V;, and Vg, respectively. An estimation of the
maximum displacement components dy and dgyy, is obtained by multiplying the
mean velocity components for the duration of the acquisition period.

Finally, the third procedure (Approach 3) reduces the computational effort
required by the previous ones. Approach 3 is based on a spatial resampling (see
§3.3) of the Vi g5 asc and Vi o5 pgs values of the selected PSs. The resampled con-
tinuous maps are appended on a grid with a fixed side (see §3.2), and the values
of the mean velocities V/;, and Vg, associated to each point of the auxiliar grid
defined for the area of interest are estimated through Eq.(9). Then, dy and dgy,
are evaluated multiplying V;, and Vg, for the duration of the acquisition period.
The interpolated LOS mean velocity maps obtained through Empirical Bayesian
Kriging (EBK) technique, related to the Torri Stellari area at ground level, are
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shown in Figure 3.11a and Figure 3.11b, with superimposed the PSs located at
the ground level, belonging to ASC and DES orbits, respectively. The points have
been selected considering the ground profile of the area and choosing a confi-
dence band around the specific ground level of +2 m, equal to the altimetric error
in positioning of the PSs. To analyze the area at the scale of the single building,
the continuous mean velocity maps have been projected on a defined grid with
a cell size set at 5 m (Figure 3.12), not exceeding the 3x3 m? resolution of the
COSMO-SkyMed products and at the same time representing a value compara-
ble with the distance between the columns of an RC building. Adopting a deter-
ministic approach, no information can be derived for cells characterized by the
absence of PSs belonging to both datasets. In this case, an improvement can be
given by adopting probabilistic resampling techniques, especially if the overall
area results to be characterized by many points, well-spaced, and belonging to
both datasets. In Figure 3.11c and Figure 3.11d, respectively, the values of the
mean velocity along the Vertical and EW directions are shown for the examined
case study. This type of graphical representation immediately highlights the
presence of zones affected by substantial values of the mean velocity and zones
characterized on the contrary by a more stable behavior. In the adopted conven-
tion, negative values represent downward and West-directed displacements,
while positive values represent upward and East-directed displacements. Areas
covered by green points are characterized by a stable deformative behavior along
the specific direction, presenting values of the Vertical and/or EW mean veloc-
ity, ranging around zero. By observing Figure 3.11c, it can be noted that there is
evidence of a pretty Vertical deformational phenomenon ongoing, which can be
connected to the subsidence of the area close to the Tiber River, already studied
in the literature [9]. In particular, the four towers are in an orange zone of the
Vertical mean velocity map (Figure 3.11c) with values ranging between -5 and -
3 mm/y, while falling in a green zone of the EW map (Figure 3.11d), with values
ranging between -3 and -1 mm/y.
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Figure 3.11. Mean velocity maps of the Torri Stellari area: (a) ASC and (b) DES data,

through EBK interpolation; (c) Vertical and (d) EW components of the mean velocity
(period 2011-2019) [38].
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Considering the couple of points belonging to the ground level of Tower n. 1
selected in Figure 3.10, Figure 3.13 shows a comparison of the results of the ap-
plication of the three approaches. In particular, the trend of the Vertical and EW
components of the displacement of the selected couple of points over the acqui-
sition period, e.g., Approach 1, is represented with cyan and red circles, respec-
tively. For each displacement component, two series exist, because of the two
temporal resampling (Figure 3.13 a and b, Figure 3.13 c and d). The higher values
among the two series give the Vertical and EW components corresponding to
Approach 1, indicated as D,y 4p1- The slope of the continuous grey line and the
violet dashed line represent the component of the mean velocity along the con-
sidered direction for Approaches 2 and 3, respectively. In general, the latter can
differ from the regression line of the time series of the resampled displacements
of Approach 1. Adopting Approach 2, the maximum displacement components
of the selected couple of points (Dyax 4p2) have been evaluated by multiplying
the mean velocity values for the duration of the acquisition period. The values of
the mean velocity components relative to Approach 2 are also indicated in the
figure as vy,,. Regarding Approach 3, the displacement values (D;;qx,4p3) are
evaluated considering the nearest point of the abovementioned auxiliary grid to
the selected couple of points. Similarly to Approach 2, the mean velocity compo-
nents obtained through the maps have been multiplied by the duration of the
acquisition period. The values of the mean velocity components relative to Ap-

proach 3 are also reported in Figure 3.13a-d as v4;3.

@ PSin DESC orbit

Figure 3.12. Adopted grid in the Torri Stellari area, with superimposed ASC (red) and
DES (green) PSs [38].
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Figure 3.13. Comparison of the Vertical and EW displacement components for the three
approaches: (a) and (b) DES data resampled on ASC ones; (c) and (d) ASC data
resampled on DES ones [38].

Observing the results of the examined couple of points, it can be noted that a
linear decreasing trend over the acquisition period is obtained for the Vertical
displacement component, and similar values of Vertical D, 4, are provided by
the three approaches. Vice versa, the horizontal displacement component pre-
sents a high oscillation around 0, the maximum displacements in this direction
are comparable with the error for the single deformation measurement. For hor-
izontal direction, from a statistical point of view, the applicability of Approaches
2 and 3 is lost, due to the low values of the gradient of the regression line and
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determination coefficients. Under these assumptions, the most effective proce-
dure is represented by Approach 1.

The existence of a well-defined trend of the displacement-time series is re-
quired to guarantee the applicability of Approach 2. In addition to this condition,
Approach 3 provides good results if many points exist in the examined area,
well-spaced, and belonging to both datasets, necessary for a proper evaluation
of the mean velocity maps along the LOS, Vertical, and EW directions. Approach
3 is the simplest procedure to be implemented.

3.4.2 Application - Collector sewer’s point of disposal n. 7

The second application regards the Collector sewer point of disposal n. 7, that
is a one-story building in tuff masonry positioned above an underground tunnel
of an ovoid shape (5 m x 7 m, the Collector sewer), constructed in masonry. The
building, built at the end of 1800, can be considered a hydraulic infrastructure
since it represents the point of disposal n. 7 of the Collector sewer. Original de-
sign drawings are reported in Figure 3.14.

Tipo di manufatto di scarice fuori di Gittd. e 1,200

BREE
Pianta al piane dell'argine. L i

Figure 3.14. Collector sewer’s point of disposal n. 7: original design drawings (1882)
(Courtesy of Rome State Archive, Ufficio Speciale per il Tevere e I’Agro Romano collection).

The Vertical and EW components of the mean velocity measured through the
multi-temporal DInSAR analysis on the ground surface are estimated according
to the procedure named “Approach 3” in the previous §3.4.1, which consists in
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the application of Eq. (9), after a spatial resampling of both ASC and DES LOS
mean velocity data, using an EBK interpolation method (see §3.3). Initially, the
PSs located at the ground level, represented in Figure 3.15a from a top view (ASC
and DES orbits, respectively represented with red triangles and green circles),
have been considered. It is evident that the number of DES PSs is very low, and
that their distribution around the manufact does not cover all the building sides.
For this reason, to have a more consistent DES dataset, all the PSs around the
manufact have been considered, without selecting them by height (Figure 3.15d,
same symbol convention of Figure 3.15a). The mean velocity maps of V;; and Vgy,
have been derived starting from DInSAR measurements either using only
ground PSs (Figure 3.15b,c) or all the PSs around the manufact (Figure 3.15e,f).

PSs at the ground level
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Figure 3.15. Collector sewer’s point of disposal n. 7. Considering PSs at the ground
level: (a) ASC and DES PSs; mean velocity maps along (b) Vertical and (c) EW direction.
Considering all PSs: (d) ASC and DES PSs; global mean velocity maps along (e) Vertical

and (f) EW direction [46].
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Significant differences between the two maps are not observed, due to the low
height of the construction. Then, the maps show the existence of downward Ver-
tical settlements, and horizontal components comparable to the Vertical ones. In
this case, the cell size of the auxiliary grid has been set equal to 3 m, aiming at
maximizing the number of measure points useful to build the settlement profile
along the manufact’s sides.

3.4.3 Application - Corviale

The Corviale housing complex (constructed between 1975 and 1983 [92]) is
composed of a main block 968 m long, 33 m wide, and 11 stories. The building is
entirely in RC, combining cast on-site and industrialized elements. Every 36 m
there is an expansion joint. The study of the Corviale is based on the execution
design documentation conserved in the ATER (Public Housing Agency) histori-

cal archive in Rome, focusing on one building block (Figure 3.16).
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Figure 3.16. Original design drawings of Corviale complex, sector F (ATER Archive).

Also for the Corviale complex, the 3D representation is performed for the
graphical positioning of the PSs around the model in the space. The approxi-
mated volume extruded starting from the CTR [91] and the 3D surface model
created based on the available original design documentation are shown in Fig-
ure 3.17, with ASC and DES PSs represented with red and green markers, respec-
tively. It can be noticed that, in the simplified CTR volume, the typical cross sec-
tion of the building - featuring a larger top volume and a sloped basement - is
not represented, with the consequent incorrect localization of the PSs into the
building volume.
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(a} East side (b) West side

4 PS in ascending orbit

@ PS5 in descending orbit

Figure 3.17. PSs localization in ASC (red triangles) and DESC (green circles) orbits, on
the Corviale block B accurate volume: from (a) East and (b) West sides; on the Corviale
block B CTR volume: from (c) East and (d) West sides [38].

Looking at the Corviale complex area, the LOS mean velocities reveal a gen-
eral stability of the area, as can be seen in Figure 3.18. Then, for the Corviale
complex, it is not significant to implement one of the approaches explained and
shown with refers to the Torri Stellari for the displacement detection. On the con-
trary, this case is very useful to show some limits in the applicability of spatial
interpolation. In fact, Figure 3.18 also shows the existence of wide zones charac-
terized by a low number of PSs, or even by the lack of PSs. Moreover, the ASC
and DES PSs at ground level, represented in Figure 3.19, are aligned respectively
along the western and eastern sides of the building (see also Figure 3.17). In such
a case, the results of a spatial interpolation for the definition of mean velocity
maps must be used taking into account that results provided for areas without
PSs are extrapolated values and could have low reliability.
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Figure 3.18. LOS mean velocity of all the PSs identified in the area of the Corviale com-

plex: (a) ASC and (b) DESC [38].

A PS in ascending orbit @ PSin descening orbit
Figure 3.19. ASC (red) and DESC (green) PSs distribution for the Corviale complex in
Rome [38].
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Chapter

4. Potential use for SHM purposes at

territorial scale

In this thesis, two methodologies for the management and elaboration of sat-
ellite data at a territorial scale are presented.

The first methodology, which will be described in §4.1, is based on machine
learning (ML) algorithms. It consists of the extraction of cloud points (“clusters”,
each one representing one building of the area) from datasets of satellite DINSAR
PSs relative to a chosen area, by applying the artificial intelligence (Al) tech-
niques referred to as clustering methods. The deformative condition of each clus-
ter is studied, and deformation maps with all the retrieved clusters (buildings),
are created. All the clusters are represented in the maps, also the stable ones, to
have a framework of the total situation in the monitored built area. This meth-
odology works well with satellite SAR data with high resolution and a suffi-
ciently reliable topography location (e.g., CSK).

The second methodology, which will be described in §4.2, is based on the use
of a tool specifically developed at the Research Unit of Geomatics of the CTTC
for the management of DINSAR products. Its aim is the identification of the
buildings affected by displacements above a given threshold (defined as “criti-
cal”), among all the buildings included in an investigated area. Only the critical
buildings are represented in the final deformation maps. This methodology can
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be used for wider areas (districts, municipalities, towns) and using data with a
resolution not necessarily high, but with good spatial distribution (e.g., S-1).

The two methodologies provide real support for the management of urban
areas, in particular about the identification of the most critical buildings to be
investigated with a higher degree of information (e.g., on-site inspections and
measurements). Some of the possible investigation strategies to carry out are
only briefly cited in this work since they are out of its aims. For example, surveys
to ascertain the conditions of these buildings could be done, and, if necessary,
on-site monitoring could be provided. If satellite SAR data with high resolution
are available, it is possible to integrate the procedure by analyzing the critical
buildings at a single construction scale by adopting other approaches, as will be
discussed in §5.

4.1 Preliminary identification and ranking of critical con-
structions based on DBSCAN technique

The proposed methodology is based on the clustering method known as Den-
sity-based Spatial Clustering of Applications with Noise (DBSCAN [93]). Clustering
methods are Al techniques aimed to identify groups of similar instances in a
multivariate dataset: the so-called clusters. Among the different approaches ex-
isting in literature, the density-based clustering methods perform cluster identi-
fication by exploiting the idea that a cluster is a contiguous region of high point
density in a data space, whereas low-density regions represent noise.

In short, the DBSCAN algorithm works by considering three types of points:
core points, density-reachable points, and outliers. A point in some space to be
clustered can be identified as a core point if it is characterized by at least a mini-
mum number of points (minPoints) within a selected distance (eps). These two
hyper-parameters have to be opportunely set to have good results. As for den-
sity-reachable points, they are points reachable from a core point through a path
such as py,py, ..., b, Where p, is a core point and p,, is the density-reachable point.
A point that is not reachable from any other point is classified as an outlier, i.e.,
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it represents noise. DBSCAN starts by selecting a point B randomly. Then, it col-
lects all the points within a space with center B and radius eps. This space is re-
ferred as to the neighborhood of point B. If the neighborhood of point B does not
contain a number of points equal to minPoints, point B is marked as an outlier.
Otherwise, the algorithm creates a first cluster containing B and all points den-
sity-reachable from it. In turn, the new points are marked as core points if their
eps-neighborhood contains at least a number minPoints of points, and the points
density-reachable from them are added to the cluster. In brief, the cluster is built,
incrementally, by adding all the points density-reachable from a core point al-
ready present in the cluster. The cluster is complete when there are no other
points that can be added. This occurs when the newly added points are not core
points. Once a cluster is completed, the DBSCAN algorithm selects a new ran-
dom point out of the already completed clusters and repeats the process. It is
worth noting that a point recognized as an outlier can be found in the neighbor-
hood of a different point and can be introduced in the cluster of this point. There-
fore, only at the end of the algorithm process, it is possible to mark a point as an
outlier. Figure 4.1 reports an example to clarify the functioning of the DBSCAN

algorithm.

Figure 4.1. Example representing how DBSCAN works. In this figure, the minPoints hy-
per-parameter is 4, and the eps radius is indicated by the circles. N is a noise point, A is
a core point, and points B and C are density reachable from A [94].

DBSCAN algorithm has been successfully used in several domains such as
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urban planning, traffic congestion management, and anomaly detection [95]. In
the context of spatially extended data, DBSCAN has been already used for deal-
ing with LiDAR data [96], [97], and Terrestrial Laser Scanning Data [98]. The
main advantage of this clustering algorithm is the ability to discover clusters of
arbitrary shapes in spaces of any dimension. For this reason, DBSCAN seems a
suitable approach for achieving one of the goals of this methodology, which is
the identification of buildings by exploiting data acquired through the SAR sat-
ellite derived data, without knowing a priori the number of buildings in the area,
their shape, and the dimension of the initial dataset.

The proposed methodology is explained in detail in §4.1.1. It is applied to
three case study macro-areas in Rome (Italy), including distinct typologies of
buildings, in order to show the potential of the proposed methodology applied
to different kinds of urbanized districts. The PSs used in the applications are de-
rived by processing a set of CSK images through the SBAS-DINSAR technique,
illustrated in §2.3.1. The applications will be shown in §4.1.2. The discussion on
potential and limitations of the proposed methodology is reported in §4.1.3.

To implement the proposed approach, Python code language has been used,
and the available libraries have been exploited to speed up the process and re-
duce possible errors.

4.1.1 Proposed methodology

This paragraph presents the proposed methodology for preliminary identifi-
cation and ranking of the critical constructions in urban areas, based on the joint
exploitation of satellite DINSAR measurements and DBSCAN-based techniques.

The flowchart of the methodology, shown in Figure 4.2, is composed of three
elements:

e The first one (green box) regards the acquisition and the processing of the
SAR images relevant to the analyzed area, in the period of interest (in this
case, CSK images in the period 2011-2019). The images are processed
through a multi-temporal DInSAR technique (in this case, through the
full-resolution SBAS-DINSAR algorithm), in order to obtain spatially
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dense maps of coherent measurement points (referred to as PSs);

e The second one (red box) regards the clustering operation, performed by
using the DBSCAN algorithm. The identified clusters represent the dif-
ferent buildings in the investigated area;

e The third one (blue box) regards the analysis of the deformation evolu-
tion of each building in the observation period, by analyzing the mean
velocity trends and statistics of the PSs belonging to the cluster-identified
buildings. This allows, through the retrieval of synthetic deformation
maps of the investigated area (with a focus on the buildings), to carry on
a preliminary identification and ranking of critical buildings to be further
investigated.

The main characteristics of the satellite input data relevant to the first step of
the proposed methodology, i.e., the DINSAR products obtained through the full-
resolution SBAS technique, have been already explained in detail in §2.3.1. The
other two main blocks of the procedure are described in deep hereafter.

Satellite input data

Measurement points obtained through full resolution
DInSAR approaches {SBAS or other techniques)

Al algorithms
Buildings identification by applying a density-based
clustering method (DBSCAN) to the input data

A

Analysis of deformation evolution

Preliminary identification and ranking of the critical
constructions in wide urban areas

Figure 4.2. Flowchart of the proposed methodology [36].

The flowchart presented in Figure 4.3 describes the identification of the build-
ings employing an Al algorithm based on DBSCAN, starting from the ASC and
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descending datasets of PSs (merged to maximize the PSs density), and improved

through additional conditions derived by engineering considerations.

Selection of measurement points (PSs)

by topography

FEEEEEEEEEEEEm= 1
I The optimal value of eps is I
I obtained through the k" nearest — ——
I neighbor approach I —_—— e e e e Y e e |
e - I' Selection of DBSCAN hyperparameters: I

| e I
== === —— - - I | minPoints I
I The optimal value of minPointsis | | === =====pr—========
I 2*dim (where dim is the —

I dimensions of data set) I
|

Buildings identification based on the
: DBSCAN results and rejecting the
: clusters with less than a minimum area

Figure 4.3. Flowchart of the identification of the buildings through the DBSCAN algo-
rithm [36].

The first step of the procedure regards the selection of the PSs by topography
(red continue box in Figure 4.3). In areas between buildings, the PSs are most
likely relative to the ground, so, for the purposes of this study, they represent
noise and must be neglected. All the PSs having a height 6 lower than a value
are considered to be on the ground. For the choice of this value, the distribution
of the frequency of § for the dataset of the examined area, is observed. In partic-
ular, attention is paid on the § value that shows a first decrease in the frequency
with respect to the previous one. The ground level is considered to have a topog-
raphy given by the § mean value of all the discarded PSs. An additional vertical
error of + 2 m is considered, corresponding to about one standard deviation, as
specified in §2.3.1. The latter, summed to § associated with the ground PSs, led
to the definition of the value under which all the PSs are neglected for the
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clustering. Moreover, since the one-floor points positioning can show an over-
lapping with the ground points (because of the mentioned possible errors of po-
sitioning), an additional § can be considered, equal to the height of the one floor
buildings (e.g., 3.00 - 3.50 m, based on the engineering judgment of the user).

Once this first noise cut is done, the clustering algorithm DBSCAN can be im-
plemented (red dashed box of the flowchart in Figure 4.3). The optimal value for
neighborhood radius eps is generally determined through an approach consist-
ing in plotting the mean of the distances between each point and its k' nearest
neighbor, sorted in ascending order, where k is generally equal to minPoints [99],
[100]. Then, the optimal value for eps corresponds to the point of maximum cur-
vature of the obtained graph. In this application, to have a better estimation
based on the observation of the domain, eps has been evaluated for different val-
ues of k, ranging in the interval [k f; k], Wwhere the boundaries are related to
the PSs density of the examined area, obtained by dividing the number of PSs for
the corresponding area occupied by buildings. In particular, k;,; has been ob-
tained by multiplying the number of PSs in a m2 for the minimum unity surface.
The parameter kg,,, instead, has been obtained by multiplying the number of
PSs in a m? for the mean area of the buildings in the area. Then, for each value of
k included in the interval [ki,f; kgypl, @ curve can be drawn, and the point of
maximum curvature can be found. Finally, the mean of the ordinates of the re-
trieved points gives the optimal value for eps. Anyway, the value of eps shall be
greater than the minimum distance between the buildings of the area (known or
estimated). Concerning the minPoints, instead, according to Ester et al. (1996)
[93], the DBSCAN default value is 4 for 2-dimensional data. For data with more
than 2 dimensions, according to Sander et al. (1998) [101], minPoints is computed
as 2*dim, where dim is the dimensions of dataset.

At the end of the clustering operations, a plot of the cluster results with build-
ings identification is created (red dotted box of the flowchart in Figure 4.3). As
an additional check to remove unexpected noise, the users can choose to reject
the clusters with less than a minimum area (for example the minimum unity sur-
face of the building according to cities or regions regulations). Each cluster is
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framed by a rectangle, to delimit the boundary between one cluster and another.
The flowchart presented in Figure 4.4 describes the third part of the method-
ology, which is the procedure for the preliminary SHM and ranking of the critical

constructions in a built environment.

Measurement points (PSs) maps for all the
buildings abtained from clustering procedure

A 4

Velocity components calculation for the PSs
couples (one ASC and one DES), having respective
distances inside pre-defined boundaries

1 Analysis of the deformation evolution in the
| monitored period by using the velocity
_____________________ | components of the selected couples

I

1 Synthetic deformation maps for buildings, by il el
| using statistical and critical values of the

| velocity for each buildine o Y
1 Preliminary structural monitoring with regional
: ranking of the criticalities

! Structural manitoring by integrating detailed
: DInSAR-based analysis with geometrical

: construction identification and in-situ
measurements/inspections

Is the building
critical?

Figure 4.4. Flowchart of the operations for the preliminary identification and rank-

ing of critical constructions [36].

The first part of the flowchart for the preliminary SHM is shown in the con-
tinued blue boxes in Figure 4.4. For each building, each cluster is subdivided into
two sub-groups, according to the fundamental features (ASC and DES orbits).
The relative distances between all the ASC and DES PSs of each cluster are ana-
lyzed. Only the couples of points constituted by one ASC and one DES PS,
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having planimetric and altimetric distances less than the values of error reported
in §2.3.1, at once, are considered for the next steps. For the selected couples, the
values of the mean velocity components V;, and Vg, are calculated according to
§3.2 and plotted using a symbology with graduated colors. The values of V;, and
Vew are associated to a new point, spatially located in a mean position with re-
spect to the original PSs forming the pair.

Then, the second step regards the analysis of the deformation evolution in the
monitored period by using the mean velocity components of the selected couples
with the goal of providing preliminary structural monitoring through the rank-
ing of the criticalities (blue dashed box of the flowchart in Figure 4.4). In this
phase, some statistical values of the mean velocity components are recognized in
each cluster: the maximum (Vy mqx and Vgy may), the minimum (Vy i, and
Vew min) and the mean velocity weighted on the values of the temporal coher-
ence. Moreover, the maximum (Vy 1,4, and Vey 1mayx), and the minimum (Vy i
and Vg min) values allow to understand if the building is interested by differen-
tial displacements and to estimate the differential mean velocity amount in the
considered direction. The resulting components maps are a very useful tool to
easily identify the buildings most affected by displacements, and to identify crit-
ical situations if existing. Generally, once the most exposed buildings are identi-
fied, the third phase can be activated for them (blue dotted box of the flowchart
in Figure 4.4). In this phase, it is important to combine on-site information for the
single critical building or the entire area (traditional measurements and geomet-
rical and structural relief of the buildings) with more building-specific DINSAR
measurements.

4.1.2 Applications in Rome

The three case study areas are part of the municipality of Rome (Italy), which
is entirely interested in extensive multi-temporal interferometric processing [9],
[31], [38], [42], [45], [47], [71]. The PSs used in the present applications, derived
by the full resolution SBAS-DInSAR approach applied to two sets of SAR images
collected from 2011 to 2019, from ASC and DES CSK orbits, have been described
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in §2.3.1. The areas differ each from the other for many characteristics: width
(m2), number of buildings, planimetric shape, and number of floors of the build-
ings (Figure 4.5).

Area1 - 19 buildings
T ¥,

(c) Area 2 - 12 buildings (d) Area 3 - 20 buildings
Figure 4.5. Areas chosen for the algorithm performance: (a) top view, (b) Area 1, (c)
Area 2, (d) Area 3 (source: Google Earth Pro) [36].

The distributions of the frequency of all the PSs 6 for the three areas are shown
in Figure 4.6, Figure 4.7, and Figure 4.8. In this study, a reasonable value of 30%
has been set as the limit of frequency variation. For Areas 1 and 3, a decreasing
of frequency greater than 30% can be observed between 2 - 4 m and 4 - 6 m,
while for Area 2 it happens between 4 - 6 m and 6 - 8 m. A resume of the topog-
raphy values considered for each area is reported in Table 4.1. With § limit it is
indicated the value under which the PSs are neglected for the clustering, ob-
tained by summing to the ground level measure § the standard deviation (o =
+ 2 m) and the supposed height of 1-floor buildings (3.50 m).
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Figure 4.6. Frequency of PSs topography distribution, Area 1 [36].
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Figure 4.7. Frequency of PSs topography distribution, Area 2 [36].
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Figure 4.8. Frequency of PSs topography distribution, Area 3 [36].
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Table 4.1. Topography ground level §, and § limit values.

Area number [-] Ground level § [m] & limit [m]

1 2.59 8.09
2 2.78 8.28
3 2.64 8.14

For all the areas, the minimum sample value minPoints has been set at 4, since
the dataset used in this work has 2 dimensions. As regards eps, the approach
mentioned in §4 has been implemented for the three areas. The results are shown
in Figure 4.9, Figure 4.10, and Figure 4.11, both in terms of plots of the mean of
the distances between each point and its k*" nearest neighbor, sorted in ascend-
ing order and reporting the information needed to find the eps: the numbers of
ASC and DES PSs, and their sum (tot. PSs), the area, the PSs density (PSs/m?),
the boundaries k;,f and kg,;,, and, finally, the optimal value for neighborhood
radius eps. The latter has been estimated as the mean of the ordinates of the max-
imum curvature points (represented with red circular markers) referred to each
curve, given by a value of k included in the interval [k;nf; Ksyp]. According to
§4, the ends of this interval are estimated based on a PSs density obtained by
dividing the number of PSs for the area occupied by buildings, approximately
the 50% of the total area, for the case study areas. Then, k;, s has been obtained
by multiplying the number of PSs in a m?2 for the minimum unity surface, set at
28 m? in this case, according to the Italian D.M. 05/07/1975 [102]. The value of
ksup, indeed, has been evaluated taking into count that the greater distribution
is generally on the roof, and other PSs can be found on the facades, so herein a

mean area of the buildings is estimated to be 250 m2.
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Figure 4.9. Points sorted by distance to the k" nearest neighbor, Area 1 [36].
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Figure 4.10. Points sorted by distance to the k*" nearest neighbor, Area 2 [36].
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Figure 4.11. Points sorted by distance to the k™" nearest neighbor, Area 3 [36].

The optimal values obtained for eps are very similar for the three areas. These
values are very close to the minimum distance between the buildings. Then, in
absence of such analysis, for urban areas with similar features, an eps value be-
tween 6 and 7 m could be suggested.

In Figure 4.12, Figure 4.13, and Figure 4.14, the comparisons between the orig-
inal PSs datasets distribution in the three areas and the clustering results, are
proposed. In Figure 4.12a, Figure 4.13a, and Figure 4.14a, the buildings’ foot-
prints are marked with a black shape. There are 19 buildings in Area 1, 12 build-
ings in Area 2, and 20 buildings in Area 3. Moreover, the PSs, distributed all over
the areas, marked with red circles for ascending PSs and green circles for de-
scending PSs, are shown. In Figure 4.12b, Figure 4.13b, and Figure 4.14b, the re-
sults of the clustering are reported, where each cluster has been delimited by a
rectangle. The clustering results have highlighted that the procedure is very per-
formant. Each building having more than one floor is identified by a cluster. The
only exception is represented by the one-floor manufact of Area 2, which is not
included in the clustering results due to the additional § considered for the
height cut, aimed to avoid noise PSs (belonging to the ground), as previously

exposed.
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Figure 4.12. Area 1: (a) top view of ASC and DESC PSs, (b) clustering obtained through
DBSCAN [36].
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Figure 4.13. Area 2: (a) top view of ASC and DESC PSs, (b) clustering obtained through
DBSCAN [36].
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Figure 4.14. Area 3: (a) top view of ASC and DESC PSs, (b) clustering obtained
through DBSCAN [36].

In Figure 4.15, Figure 4.16, and Figure 4.17, the maps of V}, and Vg, are shown.
The symbology has graduated colors ranging from dark red (downwards and
West-directed displacements, respectively) to dark blue (upwards and East-di-

rected displacements, respectively). The green points are representative of stable
areas, not affected by displacements.
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Figure 4.15. Area 1: (a) mean velocity Vertical component and (b) mean velocity
East-West component for the combinable pairs of PSs [36].
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Figure 4.16. Area 2: (a) mean velocity Vertical component and (b) mean velocity
East-West component for the combinable pairs of PSs [36].
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Synthetic maps have been created from the previous ones, showing for each
cluster the significative values of the mean velocity components. In Figure 4.18a,
Figure 4.19a, and Figure 4.20a, for Areas 1, 2, and 3, respectively, are graphically
represented the following information: Vy ja, and Vy i, with a star marker,
placed in their current position; Vy, jeqnwith a circular marker, placed in the mid-
dle of the cluster; the values of Vi ;eqn * 10, with triangular markers, on the two
sides of Vy jmeqn- Analogous maps are represented for the EW components of
mean velocity, in Figure 4.18b, Figure 4.19b, and Figure 4.20b.

In Area 1, an ongoing deformation phenomenon can be observed (Figure
4.18), with a prevailing vertical component showing downward movements. The
vertical mean velocity increases from the top left zone to the bottom right zone.
Differential displacements can also be observed in the same building. It is even
more evident looking at the summary maps. For example, the last building of the
third “row” presents a Vy, ,;, in the yellow range ([-0.3—-0.1] cm/y), and a Vy 114
in the orange range ([-0.3 — -0.5] cm/y). In the EW direction, the mean velocity
maps show lower velocity values.
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Figure 4.18. Summary maps for Area 1: graphical representation of the meaningful
values of (a) mean velocity Vertical components and (b) mean velocity East-West com-
ponents, for each cluster [36].

Also in Area 2, an even more clear ongoing deformation phenomenon can be
observed (Figure 4.19). The vertical component is the prevailing one, with down-
ward movements, but the EW component is not negligible in some buildings.
The buildings most affected by the vertical deformation phenomenon are those
of the Southern zone, that reaches values of V}, also lower than -0,7 cm/y. Signif-
icant displacements can also be observed on some buildings. For example, in the
second building on the right, starting from the bottom, the vertical component
increases from North to South, while, on the contrary, the EW component de-
creases from North to South. It is even more evident looking at the summary
maps. The examined building, in fact, presents a Vy, ;,;,, in the green range ([-0.1
—+0.1] cm/y) on the North-East side, and a Vy; .4, in the dark red range ([<-0.7]
cm/y) on the South side. In the EW direction, it presents a Vgy 1, in the orange
range ([-0.5 — +0.3] cm/y) on the North-East side, and a Vg pqy in the green
range ([-0.1 — +0.1] cm/y) on the South-West side.
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Figure 4.19. Summary maps for Area 2: graphical representation of the meaningful
values of (a) mean velocity Vertical components and (b) mean velocity East-West com-

ponents, for each cluster [36].

Finally, Area 3 presents the worst vertical ongoing deformation phenomenon
among the three areas, while the EW component is quite negligible (Figure 4.20).
Among each building, the mean velocity components are quite homogeneous, so
they are not supposed to suffer from differential deformations.

The prevailing vertical mean velocity trend detected in the three areas is im-
putable, probably, to subsidence or consolidation phenomena [9].
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Figure 4.20. Summary maps for Area 3: graphical representation of the meaningful
values of (a) mean velocity Vertical components and (b) mean velocity East-West com-
ponents, for each cluster [36].

A validation of the results can be found in Mele et al. (2022) [36].

4.1.3 Discussion

The proposed methodology gives maps with all the buildings of the area,
identified by a cluster, whatever its deformation condition is. It is possible to
distinguish stable buildings from those affected by significant displacements (de-
fined as “critical”) by observing the maps, through the color scale, but all the
buildings are represented, to have a framework of the total situation in the mon-
itored built area.

The conditions that make a building defined as critical can be related to sev-
eral considerations correlated to many factors of an investigated zone (e.g., the
geology of the area, ongoing deformation phenomena in the entire area, wide-
spread structural typologies, average construction age of the buildings, etc.).
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However, exploiting the complete pattern of the mean velocity trends of all the
buildings in the monitored area, differential “attention” thresholds could be im-
posed regarding: i) a building showing mean velocity values greater than those
of the buildings around; ii) a change in the mean velocity trends of many parts
of a building over the observation period; iii) building sides affected by differen-
tial displacements.

Then, once the critical buildings are identified, further and more in-depth in-
vestigations should be performed at a detail scale, as will be discussed in §5.

One of the limits of the proposed methodology is its inability to sharply dis-
tinguish single building units when they are built in. Other than isolated build-
ings, in urbanized areas, it is very common to find two or more buildings, with
a common wall or separated only by a seismic joint. It is worth noting that the
proposed approach does not allow to distinguish single units, but, in the above-
mentioned cases, the structural aggregate is considered as a single “building”.
From a structural point of view, if two buildings have a common wall or common
structural foundations, they constitute a single structure. In this case, no approx-
imation subsists in the methodology. When two buildings are separated by a
seismic joint, instead, they have completely different structural behaviors and do
not interact with each other. In this case, it is not possible to distinguish buildings
so close through the input satellite data, and an approximation is done. So, if the
output clusters are very large it is suggested to focus on it to understand if it is a
single building, an aggregate, or joined buildings, to make appropriate consid-
erations for the specific case. Another limitation of the proposed methodology is
the difficulty in identifying the clusters referred to one-floor buildings since they
are classified as noise in order to avoid the creation of false clusters, as explained
in §4. This assumption is necessary since it strengthens the correct identification
of the two-to-n floors buildings, by eliminating any interaction with the ground
points. Nevertheless, it eliminates the possibility to identify one-floor buildings
and some very few points of the n-floors buildings’ facades. This limit could be
exceeded by integrating the proposed clustering algorithm with ad additional
clustering, to execute by opportunely setting the cut on & and the eps. For exam-
ple, the clustering could be repeated excluding only the PSs supposed to be on
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the ground. Then, the new clusters, not overlapping those obtained through the
first clustering, should be added to the previous result. Maybe, in some cases,
this second clustering could also help in finding a more refined shape of the two-
floor buildings, since some points can be excluded in the initial cut, as a conse-
quence of the topographic error. However, it is worth noting that it is very rare
to find one-floor buildings in very urbanized areas (in fact, as it has been shown
in this work, only one has been found in three areas). Then, neglecting them in a
preliminary phase is not a very strong limitation.

Finally, it is worth specifying that the clustering result is quite sensitive to

small hyper-parameters changes, so the latter should be set with attention.

4.2 ADAfinder tool for SHM of urban settlements

ADAfinder tool is one of the four modules, called ADAtools [27], [103], [104],
aimed at the semi-automatic extraction and preliminary analysis of Active De-
formation Areas (ADA) starting from PSI-derived deformation maps. In partic-
ular, the ADAfinder tool has the main objective of identifying the ADA in the
area of interest, starting from a dataset of PSs. An application that highlights its
potential can be found in Tomas et al. (2019) [105].

For the first time, we focused our study on the applicability of ADAfinder
tool in urban areas, including other engineering parameters in the flowchart of
the methodology, intending to identify the buildings affected by displacements
above a given threshold, among all the buildings included in the investigated
area. Such buildings are recognized, and their study could be deepened, for ex-
ample, through surveys or the installation of on-site monitoring systems. The
identification of a cluster of deforming buildings may also be due to a defor-
mation phenomenon related to a larger portion of the area, which may be iden-
tified by such analysis.

The proposed methodology is explained in detail in §4.2.1. Two case study
areas including distinct typologies of buildings (characterized by different mate-
rials, dimensions, and structural schemes) have been considered (§4.2.2), in order
to show the potential of the proposed methodology applied to different kinds of
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urban settlements. The first one is part of the Eixample neighborhood, while the
second one is part of the industrial area near the harbor, known as Zona Franca
(8§4.2.2.1 and §4.2.2.2, respectively). The PSs used in the applications are derived
from the EGMS, which principles are illustrated in §2.3.3.

This research work has merged into the work of Mele et al. 2022 [106].

4.2.1 Proposed methodology

A flowchart of the proposed methodology is shown in Figure 4.21.
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Figure 4.21. Flowchart of the proposed methodology (modified from [28]).
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The necessary data to implement the procedure are i) an ESRI shapefile con-
taining the polygons of the building plans and ii) the two datasets referred to
ASC and DES orbits, containing information about the PSs of the monitored area.
The information necessary for each PSs are coordinates, mean velocity (ex-
pressed in mm/year), and deformation time series in the period of interest.

Since the proposed methodology is dedicated to data processing for SHM,
preliminary operations should be done (listed in the green box of the flowchart)
to filter the PSs datasets to direct the procedure towards the analysis of ADAs
only on the buildings. For this reason, a filter is made on the polygons: those
having an area in the plan lower than 30 m?2 are excluded since they are not con-
sidered to be buildings. In fact, sometimes, other little elements can be included
in the available shapefiles, for example, cabins, canopies, small buildings, silos,
or containers in harbor areas. Then, a buffer of the perimeters of the polygons is
done, to consider the inaccuracies that they might have. Since the presented
methodology is focused on the buildings, all the PSs related to any other con-
struction or reflective target must be discarded. For this reason, a selection of the
PSs intersecting the polygons (including the buffer previously mentioned) is
done, while the buildings not intersected by PSs are identified and pointed out.
This operation is separately done using both the ASC and DES datasets.

The following step is the application of the ADAfinder tool (yellow box of the
flowchart). The “stable” PSs, defined as points having a mean velocity lower than
a fixed “stability threshold”, according to the standard deviation (o) of the ve-
locities of all the PSs of the dataset (Vs), are removed. A criterion to establish
the value of the stability threshold is to compare the average value of the V; 5 of
the dataset of PSs, V,,, with the relative o. In particular, the stability threshold is
set at 20 if V,, < g, while it is set at 10 if V,, > 0. This comes from the considera-
tion that a higher value of },, can induce to consider more constructions in the
monitoring phase and then a lower threshold value can be fixed. Moreover, the
first case usually verifies in large areas with different deformation processes in-
cluded, so a great dispersion of the V; s values can be detected and a cut at 20 is
more convenient to exclude the lower deformation values. In the second case, on
the contrary, the values of Vo5 are greater, and a trend of deformations more or
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less defined is present, so it is convenient to keep a larger number of PSs. Also,
the PSs with no other PSs around included within a defined distance, named
“isolated” are removed. Moreover, the ADA radius (in meters) should be set, and
the minimum number of PSs in an ADA must be imposed. In the proposed meth-
odology, it is recommended to set the minimum number of PSs equal to the min-
imum value accepted by the tool, that, in the current version (ADAtools 2.0.3), is
3. The operation described until this step must be carried out both for the ASC
and the DES datasets.

Then, for both orbits, the results of the ADAfinder tool are obtained (orange
box of the flowchart), consisting of two maps: one with the ADA (a polygonal
ESRI shapefile), and one with the PSs contained in each ADA (a point ESRI shape-
file). These products are spatially superimposed to the polygons of buildings, ob-
viously, as they are obtained from the PSs previously selected based on them.

Finally, the ADAfinder results are managed and elaborated to obtain the de-
finitive maps with information reclassified according to the buildings, following
the steps listed in the blue box of the flowchart. First of all, each PS is associated
with the ID of the building in which it falls. In this way, two groups of “unstable”
PSs are recognized for each “unstable” building (one group for each orbit). Then,
the average values of the Vo5 of the two groups (ASC and DES) of PSs belonging
to each building are computed, separately for each building. In this way, finally,
only two values of V; o¢ are associated to each building, representing the average
of the mean velocity along the LOS of the unstable PSs falling on the building
itself: one along ASC (V;,, asc) and one along DES (V,,, pgs) orbits. At this step, an
intersection of the results deriving from the ASC and DES datasets is performed,
to identify the buildings overlapped by at least one ADA from the ASC and one
ADA from the DES dataset. The buildings not having both ASC and DES infor-
mation are excluded from the following steps of the procedure since the availa-
bility of both orbits is necessary for the estimation of the Vertical and EW mean
velocity components (see §3.2). Then, the Vertical and EW components of the
mean velocity for each building are estimated according to the formulas de-
scribed in §3.2.




CHAPTER 4. POTENTIAL USE FOR SHM PURPOSES AT TERRITORIAL SCALE 101

The steps of the illustrated methodology can be implemented by combining
simple operations to execute in QGIS and algorithms written in a code language
(e.g., Matlab).

It is important to underline that the lack of ADA could be related not only to
the absence of active deformation but also to the absence of PSs [107]. The ESRI
shapefile containing polygons of the building plans has been downloaded from
OpenStreetMap [108].

4.2.2 Applications in Barcelona

Two applications of the proposed methodology explained in §4.2 are reported
in §4.2.2.1 and in §4.2.2.2, about a portion of the Eixample city center and of the
industrial area Zona Franca, respectively. The two case study areas are very dif-
ferent for the building typologies included. The PSs used in the applications are
extracted from the maps of calibrated products downloaded by the EGMS,
shown in §2.3.3 (Figure 2.18 and Figure 2.19 for ASC and DES orbits, respec-

tively), in the area of Barcelona.

4.2.2.1  Application - Eixample

Eixample is a district that occupies the central part of the city of Barcelona
(Spain), in an area of 7,45 km?2. It was built in the second half of the XIX century
based on the design of Ildefons Cerda. The area is conceived as a regular pattern
formed by quadrangular blocks of 113,30 m per side (that occupy an area of
about 12500 m? each), trunked on the vertices with a bevel of 15 m, and separated
by a regular pattern of avenues. The blocks are constituted by adjoining build-
ings, mainly jointed, predominantly in masonry, with an average height of 30 m.
For the following application, an area of 0,45 km? has been selected, where the
blocks are also crossed by the Avinguda Diagonal.

The distribution of the PSs in the Eixample district is shown in Figure 4.22 a
and b, for ASC and DES orbits, respectively. In Table 4.2 the statistics of the Vo
of the PSs in the selected area are reported. It can be observed that the ASC PSs
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are more than the DES ones (almost 50% more), and that for both the datasets the
V;,, is lower than the o. The different number of PSs is probably due to the differ-
ent viewing geometry of ASC and DES. The values of the Vs in this area are not
significatively high, so the area can be considered stable. It is worth underlining,
in fact, that this area has been chosen for the configuration of the included con-
structions, and not for the entity of their deformation.

As mentioned before, the Eixample is characterized by the presence of adjoin-
ing buildings with a small surface. In fact, about 90% of the total number of build-
ings have an area lower than 1000 m2. In this case, over a total of 540 buildings,
524 are covered by at least 1 ASC PS and 532 are covered by at least one DES PS.
However, all the buildings except two are covered by a number of PSs greater
than 4. In Table 4.3 a summary of the number of monitorable buildings is re-
ported. With respect to the total number of buildings, 4% of them are not covered
by both ASC and DES PSs in this area of the Eixample.

Table 4.2. Statistics of the mean velocity of the selected area of Eixample [28].

Count Minimum V;ps Maximum Vo5 V,, c
Ascending 6389 -7.30 6.60 0.11 0.82
Descending 4347 -6.20 7.30 0.15 0.94

Table 4.3. Summary of the number of buildings in Eixample area [28].

Eixample
Total number of buildings 540
% of buildings with no ASC PSs 3%

% of buildings with no DESC PSs 1%
% of monitorable buildings 96%
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Figure 4.22. Distribution of the selected PSs on the buildings of the selected area of Eix-
ample: (a) ASC and (b) DESC [28].
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Figure 4.23 shows the extracted ADA for both orbits. The polygons and the
“active” PSs are represented, where the definition of “active” depends on the
stability threshold, which is area-dependent. In general, the stability threshold
has been set at 20, in accordance with what is explained in §4.2.1. Moreover, the
ADA radius has been set at 25 m and the minimum number of PSs to be included
in an ADA has been fixed to 3. It can be observed that the number of PSs over
the areas is greatly reduced with respect to the input datasets (in Figure 4.22).
Only 75% of ASC and 37% of DES PSs are preserved. In Table 4.4 the statistics of
the Vs of the active PSs are reported. The percentage of buildings included in
an ADA is 54% for ASC and 53% for DES orbit.

Table 4.4. Statistics of the mean velocity of the active PSs in the selected area of Eixam-

ple [28].
Count Minimum V;os MaximumV,ps V,, o
Ascending 4800 -7.30 6.90 0.12 1.06

Descending 1624 -6.20 7.30 015 1.28
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Figure 4.23. ADA extraction from the active PSs of the selected area of Eixample from (a)
ASC and (b) DESC datasets [28].
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The maps of Vy, 45c and Vy, pgs estimated for each building are shown in Fig-
ure 4.24. The buildings characterized by a lack of PSs are covered by violet poly-
gons. The number of PSs used to compute the average V;,, 45¢c and V,;, pgs for each
building is important because the more points there are, the more reliable the
measurement can be. For Eixample, this number varies between 2 and 82 for ASC
and between 1 and 37 for DES. The upper bound is a function of the dimension
of the building surface.

The maps of the Vertical and EW components of the mean velocity are respec-
tively shown in Figure 4.25. In these final maps, the union of the buildings char-
acterized by a lack of PSs in the original datasets is marked with violet polygons.
The final number of monitored buildings is 140. The mean velocity component
maps remark that this portion of Eixample area is stable.

A focus on one of the quadrangular blocks of the Eixample is reported in Fig-
ure 4.26 a and b for ASC and DES PSs, respectively.
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Figure 4.24. Maps of buildings in Eixample area having an average value of mean ve-
locity along (a) ASC and (b) DESC orbit [28].
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Figure 4.25. Maps of (a) Vg, and (b) V}, components for the “unstable” buildings in Eix-

ample area [28].
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Figure 4.26. Maps of average values of mean velocity along (a) ASC and (b) DESC orbit
for one of the quadrangular blocks of the Eixample and (c) map of Vg, ,y components
for one of the quadrangular blocks of the Eixample. The labels indicate the number of
PSs used to compute the average mean deformation velocities for each building [28].

4.2.2.2  Application — Zona Franca

Zona Franca is a very large logistics and industrial area located in the Sants-
Montjuic district of Barcelona, near the harbor and the airport. This area was used
for the construction of several factories during the industrialization period of
Catalonia, in the middle of 1900. It is completely different for the Eixample, since
the constructions in this area are predominantly large sheds with plan roofs,
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located without a planned scheme. An area of 17 km? of Zona Franca has been
selected for the following application.

The distributions of the PSs in the area of the Zona Franca district are shown in
Figure 4.27 a and b, for ASC and DES orbits, respectively. In Table 4.5 the statis-
tics of the Vo5 of the PSs in the selected area are reported. Also in this case, it can
be observed that the ASC PSs are many more of the DES ones (about 75% more),
and that for both the datasets the 1}, is lower than the g. The values of the V; g
in this area are greater, reaching, for example, -10.5 mm/y in moving away from
the satellite along the ASC LOS. In particular, the greatest deformations can be
observed in the southern part of the area, while the central and upper regions

appear to be stable.
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Figure 4.27. Distribution of the selected PSs on the buildings of the selected area of
Zona Franca: (a) ASC and (b) DESC [28].
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Table 4.5. Statistics of the mean velocity of the selected area of Zona Franca [28].

Count Minimum V;ps Maximum Vo5 Vo, o
Ascending 33965 -10.5 6.9 -090 1.54
Descending 19333 -8.6 7.7 -012 1.35

In the area of the Zona Franca district, almost half of the total number of build-
ings has an area greater than 1000 m2. Despite the larger size, many buildings do
not even have one PS. In fact, over a total of 1358 buildings, only 1198 are covered
by at least one ASC PS and 1111 are covered by at least one DESC PS.

In Table 4.6 a summary of the number of monitorable buildings is reported.
With respect to the total number of buildings, 23% of them are not covered by
both ASC and DES PSs in Zona Franca. This effect could be related to the differ-
ent viewing geometry of ASC and DES data and to the greater presence of re-

flecting elements in the area (e.g., antennas, parapets, balconies).

Table 4.6. Summary of the number of buildings in Zona Franca area [28].

Zona Franca

Total number of buildings 1358
Number of buildings with no ASC PSs 12%
Number of buildings with no DESC PSs 18%
Number of monitorable buildings 77%

Figure 4.28 shows the extracted ADA for both orbits. The polygons and the
“active” PSs are represented. Also in this case, the stability threshold has been
set at 20, in accordance with what is explained in §4.2, the ADA radius has been
set at 25 m and the minimum number of PSs to be included in an ADA has been
fixed to 3. For the Zona Franca the cut of the number of PSs over the area is even
more drastic compared to the Eixample, with a loss of more than 80% of PSs in
both datasets. This largest cut is justified by the presence of different gradients
of deformation in the considered portion of the Zona Franca, previously com-
mented, with a greater variability of V; o5 values. In Table 4.7 the statistics of the
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Vios of the active PSs are reported. The percentage of buildings included in an
ADA is 13% for ASC and 10% for DES orbit.

The maps of V,,; g5¢c and Vy,, pgs estimated for each building are shown in Fig-
ure 4.29. The buildings characterized by lack of PSs are covered by violet poly-
gons. For Zona Franca, the number of PSs used to compute the average V;, 45¢
and V,,, pgs vary between 1 and 476 for ASC and between 1 and 169 for DES. The

upper bound is a function of the dimension of the building surface.

Table 4.7. Statistics of the mean velocity of the active PSs in the selected area of Zona

Franca [28].
Count Minimum V ps Maximum Vo V,, o
Ascending 6333 -10.50 6.80 -2.82 215
Descending 2248 -8.60 7.70 -1.50 2.49

The maps of the Vertical and EW components of the mean velocity are respec-
tively shown in Figure 4.30. In these final maps, the union of the buildings char-
acterized by a lack of PSs in the original datasets is marked with violet polygons.

The final number of monitored buildings is 75. The mean velocity component
maps remark that in the southern part of the Zona Franca there are buildings
affected by vertical deformations. In particular, three buildings reach vertical
downwards average velocities included between 8 and 10 mm/y, other three be-
tween 6 and 8 mm/y, but the most populated velocity range is between 4 and 6

mm/y, with twenty buildings affected by vertical velocities of this entity.
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Figure 4.28. ADA extraction from the active PSs of the selected area of Zona Franca
from (a) ASC and (b) DESC datasets [28].
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Figure 4.29. Maps of buildings in Zona Franca area having an average value of mean
velocity along (a) ASC and (b) DESC orbit [28].
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Figure 4.30. Maps of (a) Vg, and (b) V}, components for the “unstable” buildings in
Zona Franca area [28].
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4.2.3 Discussion

The ADAfinder tool has been applied to datasets of PSs subjected to pre-pro-
cessing operations. This kind of application somewhat departs from the original
use of the tool because the aim is different since it focuses only on the buildings.
In fact, in the cited applications (e.g., Barra et al. (2017) [27]) the input PSs dataset
is usually referred to an entire area, without any preselection. Then, the identi-
fied ADA refer to any part of the area under monitoring. In this work, instead,
the structure of the desired results is opportunely channeled, to obtain infor-
mation related to the buildings, and, in particular, to each building affected by
deformations exceeding the imposed velocity threshold.

The final maps of the Vertical and EW mean velocity components contain one
value for each “active building”. From one side, this could appear simplistic, giv-
ing limited information. On the other side, considering the great dimensions of
the areas where the proposed methodology could be applied, that could be dis-
tricts, municipalities, or towns, these final synthetic maps give precious prelimi-
nary information about the most critical buildings of the area. Moreover, it is
worth to highlight that the resolution of the Sentinel-1 data is not sufficient to
perform detailed analysis at the scale of single buildings. Then, the component
mean velocity maps could be used as a preliminary tool to identify buildings that
are affected by significant deformations and need to be further investigated.

The procedure can be repeated yearly, every time that the EGMS data are up-
dated. This can guarantee not only monitoring of the absolute value of the veloc-
ity /displacements on the whole time but also differential comparisons between
the mean velocity for each year, establishing additional thresholds of alert on the
maximum acceptable values of variation.

The two case study areas have different urbanistic features, concerning the
dimensions and distribution of the included buildings, which generate a differ-
ent PSs covering. The applications show that not all the buildings in the chosen
areas are monitorable. In fact, when no PS intersects the building plan, as well as
if the building is intersected only by PSs along one single orbit, that building is
automatically excluded. The absence of PS should not be interpreted as an
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absence of movement. It could be related to the decorrelation effects [109] which
could provide a lack of deformation measurement points. Another reason could
be the presence of anomalies in the deformation signal, such as leading to very
low values of the temporal coherence due to the estimation of PSs displacement
time series characterized by a strong variability in time. However, if the unmon-
itored building is rounded by a significant number of other buildings with sig-
nificant deformations, one idea could be to use an IDW approach, by achieving
the velocity Vertical and horizontal components for the building from the linear
interpolation of the other buildings.

An important parameter to consider is the number of PSs on each building.
Theoretically, the methodology works when the number of ASC and DES PSs is
almost 1 for each building, but the reliability of the results increases when the
number of PSs increases.

The results on the area of Eixample highlight that a difficulty can be found in
reading the final maps because the buildings are very close to each other and
have very small plans (even if they develop in height). This reading difficulty
could be seen as a limitation, but it is not relevant if thinking about the fact that
it is expected that buildings so close will have the same deformation trends, at
least if the cause concerns a deformation phenomenon of the underlying soil,
which therefore affects the foundations.

Finally, regarding the ESRI shapefile containing the buildings plans, it is to note
that OpenStreetMap constitutes a convenient service, free and open, for world-
wide users. Nevertheless, the provided shapefiles are manually created by a com-
munity of contributing mappers, so may contain approximations or impreci-
sions. By improving the accuracy of the input ESRI shapefile containing the build-
ings plans, also the accuracy of the results could increase. If geometrical reliefs

of the area are available, they can be included in the procedure.
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Chapter

5. Potential use for SHM purposes at

single construction scale

In this paragraph, procedures for the SHM and assessment at a single con-
struction scale, based on direct and elaborated DINSAR results, are illustrated
and critically discussed. The need to perform a SHM at single constructions us-
ing DINSAR measurements could emerge by looking at the deformation maps
derived from the results of territorial scale monitoring through satellite SAR
data, as illustrated in §4. In this case, the constructions that could need a detailed
study are those identified as “critical”, which means, those affected by significant
displacements, that are not stable. Although it would always be useful and in-
teresting to frame a single building in its context, a single construction scale mon-
itoring through satellite SAR data could also be performed independently from
a territorial study, using high-resolution data.

Structural assessment of constructions subjected to differential settlements is
performed by evaluating the type and amount of damage caused to the construc-
tions. DINSAR measurements can be employed in structural assessment proce-
dures in terms of both trend and cumulative displacements of the deformation
time series. The trend provides qualitative information regarding the motion of
the structure, which can help in the interpretation of the structural deformation
evolution. If the displacement time series are periodically recomputed by using
a growing set of SAR acquisitions, updated with the latest available RADAR
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images, a variation of the trend can be monitored, that could indicate the onset
of a phenomenon which can cause construction deformation. The cumulative
displacements could be used to compute differential settlements, which can be
modeled as distortions of part of the foundation structures, to analyze the struc-
tural response and so estimating damages of structural and non-structural ele-
ments.

Two levels of structural assessment can be performed based on the defor-
mations monitored through a multi-temporal DINSAR technique. The first level
is a preliminary structural assessment and monitoring performed by combining
the information about the construction, obtained from available documentation,
with the DINSAR measurements. The aim is a qualitative damage assessment,
performed by using limit threshold values of foundation distortions. The prelim-
inary structural assessment procedures are described in §5.1 and applied to three
cases study (§5.1.1). The second level consists of a deeper structural assessment
and monitoring, based on effective measures of differential settlements derived
from total cumulative displacement and an advanced description of the analyzed
structures, aimed at obtaining an accurate estimation of structural response and
quantification of damages. In §5.2, the more accurate structural assessment pro-
cedures are described and illustrated through an application (§5.2.1).

These procedures are performed by possibly combining DINSAR measure-
ments with information derived from documentation, surveys, and on-site data.
When possible, information about the geology of the area can be very useful to
make a correlation between the soil condition and the long-term satellite DINSAR
deformation time series relevant to the building [71],[8],[46], [47]. The knowledge
of soil stratigraphy is important to understand if the causes of the deformation

are induced by ground settlements or if there are other phenomena in progress.

5.1 Preliminary structural assessment and monitoring

Different interpretations of both direct and elaborated satellite SAR data can
be performed to formulate a preliminary structural assessment and monitoring
of the existing constructions.
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An engineer who wants to perform a qualitative correlation between settle-
ments and expected damage is supposed to have the Vertical and EW compo-
nents of the displacement for the structure of interest or, at least, their LOS com-
ponents. The best situation is the possibility to exploit settlement profiles along
the sides of the structures. The settlement profiles can be obtained from the re-
sults of the elaboration of the DINSAR satellite data from both ASC and DES or-
bits. In particular, a nearest neighbors approach is not recommended, and often
is not implementable and has the highest computational burden to rebuild the
settlement profiles. The main obstacle consists in finding couples of ASC and
DES PSs, close enough to be considered representative of the same reflecting tar-
get, along every building facade, or at least at each end. This is very difficult,
because of the lateral and inclined sensor acquisition system, as explained in §3.2.
When applicable, spatial interpolation is the easier procedure to create the dis-
placement profiles, having continuous mean velocity maps along the Vertical
and EW directions. Taking the mean velocity values in the desired direction,
along the examined alignment, they can be multiplied by the number of years in
which that mean velocity trend can be extended, and the settlement profiles are
obtained.

Using these data, a correlation between the detected displacements and the
expected damage can be done based on the classical literature [48]-[54]. Burland
and Wroth (1975) [52] proposed definitions and symbols for the foundations’
movements which do not make assumptions about the mode of deformation of
the superstructure. The main definitions regard the settlement p, the relative set-
tlement 6p, the rotation 6 and the angular strain a, summarized in Figure 5.1a.
Moreover, Figure 5.1b defines the relative deflection A and the deflection ratio
A/L and Figure 5.1c identifies the tilt w and the angular distortion .
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Figure 5.1. (a) Definitions of settlement p, relative settlement §p,,q,, rotation 8 and an-
gular strain a; (b) definitions of relative deflection 4 and deflection ratio 4/L; (c) defini-
tions of tilt w and relative rotation (angular distorsion) S.

A state-of-the-art report proposed by Poulos et al. (2002) [110] is shown in
Table 5.1, where the different limitations as a function of the type of structure
and the type of damage/concern are summarized. The main adopted criteria for
the identification of the limiting values related to structural damage are related
to S.

These simple limiting criteria are mainly based on indirect evidence, and not
exhaustive to define the comprehensive damage state of the structure.

A preliminary structural assessment can be developed also based on the inte-
gration of data derived using advanced multi-temporal DINSAR techniques and
the outcomes of on-site damage reliefs. The knowledge of the damage pattern at
the beginning of the monitoring period, e.g., through on-site surveys, is very use-
ful. Moreover, a relief of the condition of the structure at the end of the monitored
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period can be valuable to validate the displacement-induced forecasts, in terms

of damage condition.

Table 5.1. Summary of criteria for settlement and differential settlement of struc-

tures by literature source (L=length between panels, H=height).

Type of structure

Type of dam-
age/concern

Criterion

Limiting value(s)

Framed buildings
and reinforced load
bearing walls

Structural damage
Cracking in walls
and partitions
Visual appearance

Connection to ser-

vices

Angular distortion

Angular distortion

Tilt

Total settlement

1/150 - 1/250

1/500
(1/1000-1/1400) for
end bays

1/300

50 - 75 mm (sands)

75 - 135 mm (clays)

Tall buildings

Operation of lifts &

Tilt after lift installa-

1/1200-1,/2000

elevators tion
Structures with unre- | Cracking by sagging  Deflection ratio 1/2500 (L/H=1)
inforced load bearing 1/1250 (L/H=5)
walls
Cracking by hogging  Deflection ratio 1/5000 (L/H=1)
1/2500 (L/H=5)
Bridges - general Ride quality Total settlement 100 mm
Structural distress Total settlement 63 mm
Function Horizontal move- 38 mm
ment
Bridges - multiple Structural damage Angular distortion 1/250
span
Bridges - single span | Structural damage Angular distortion 1/200

Three applications showing examples of preliminary assessment and moni-
toring are reported in §5.1.1.1, §5.1.1.2, and §5.1.1.3.
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5.1.1 Applications in Rome

The following applications regard the use of elaborated DINSAR satellite data
for the preliminary assessment and monitoring of existing buildings of different
types. For all of them, the CSK satellite data illustrated in §2.3.1 are exploited for
the preliminary assessment and monitoring. The first application regards the
Torri Stellari (§5.1.1.1) for which the satellite data elaborations have been shown
in §3.4.1. The second one is about the Collector sewer’s point of disposal n. 7
(85.1.1.2), which deformative condition has been previously analyzed in §3.4.2.
For both of them, the methodology proposed for the structural monitoring is
based on the GIS integration of DINSAR measurements, geological investigation,
historical surveys, and 3D modelling. The abovementioned applications are part
of a journal paper published in 2022 [46]. The third one is the Vittorino da Feltre
school building, a masonry structure that will be described and analyzed in
§5.1.1.3. This case study is included in a journal paper [111].

5.1.1.1  Application — Torri Stellari

The detailed description and the creation of the 3D surface model of the ex-
ternal volumes of the Torri Stellari can be found in §3.4.2. The preliminary SHM
of the towers is carried out by the integration of the 3D models of the structures
under monitoring, the 3D model of the soil stratigraphy of the area and the DIn-
SAR measurements. To integrate the building volumes in the geological 3D
model, foundations and underground constructions have been implemented in

the architectural model (Figure 5.2).
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Figure 5.2. 3D model of the structure of Tower n. 1: (a) section and (b) lateral view [46].
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The integrated model constituted by the buildings” volumes and the geologi-
cal model, embedding the PSs, is represented in Figure 5.3. The union of the
models is carried in ArcGIS Pro [89] environment exploiting a unique georefer-
enced system (using the World Geodetic System 1984 coordinate system, WGS
84) together with the positioning of the PSs. An empirical check of the relative
PSs positioning to the buildings” volumes is done.

Lithotype R
Lithotype A
Lithotype B
Lithotype C
Lithotype D

Lithotype G

BEO00NORM

Geological Bedrock

e ascending PSs

o descending PSs

Figure 5.3. 3D integrated model of Torri Stellari (modified from [46]).

The presented application is extracted from the work of Miano et al. (2022)
[46], in which all the details of the geological 3D model of Valco San Paolo subsoil
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used for the presented application are described in detail. The following litho-

types (from the top to the bottom in the legend of Figure 5.3) of the recent alluvial

body of the Tiber River have been distinguished:

Lithotype R: anthropic fill material characterized by abundant, variously
sized brick fragments and blocks of tuff embedded in a brown-green
Silty-sandy matrix;

Lithotype A: mainly silty and secondly sandy deposits with traces of or-
ganic matter;

Lithotype B: brown to yellow (more rarely grey) colored, sandy and silty-
sand deposits;

Lithotype C: grey clay and silty clay with variable organic content. Occa-
sional up to 100 mm thick peat levels and rare sandy silt layers with
gravel is also present;

Lithotype D: alternating silty-sandy, sandy-silty, clayey-silty, and clayey
levels. Viewed together, this unit is grey;

Lithotype G: predominantly limestone gravel in a grey, sandy-silty ma-
trix;

Geological Bedrock: all the other pre-Holocene deposits that form the bot-
tom and the flanks of the Tiber erosive paleo valley. It is assumed that
these over-consolidated sediments do not contribute to the settlement
transmitted to the topographic surface and buildings.

As it has been observed in §1, the area of Torri Stellari is characterized by

predominantly vertical settlements (Figure 3.11c), with negligible horizontal dis-

placements (Figure 3.11d). It is worth noting that Torri Stellari foundations pass

through the man-made fill and rest directly in Lithotype C alluvium (Figure 5.3).

Effectively, a subsidence phenomenon has been active for many years in the area
[91, [112].
Starting from the mean velocity values along the Vertical and EW directions

of the maps shown in Figure 3.11c (V};) and Figure 3.11d (Vgy,) along the align-

ment of interest, the base settlement profiles on the sides of the Torri Stellari have

been outlined. They have been estimated by multiplying the velocities for the
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number of years in which that mean velocity trend has occurred. In the specific,
for framed buildings, the mean velocity values have been taken in correspond-
ence of the columns. An example is given, for the Torri Stellari building number
2. The settlement profiles in the Vertical and horizontal EW directions for the
South side of Tower n. 2 are represented in Figure 5.4b. The displacement values
obtained considering a time interval of 8 years, are marked in correspondence of
the three columns (1, 2, and 3) highlighted in Figure 5.4a, assuming that the struc-
tural scheme is the same for the four towers. This side of Tower n. 2 is repre-
sentative because of the existence of an evident differential displacement phe-
nomenon between the two ends of the considered facade, for both settlement

directions.
Column number
1 2 3
0.0
—h———— A
— 1.0 - -
g
= -20
-3.0 D//M——D
N 4.0
A 1 2 3 —I— Vertical settlement profile

— & — Horizontal settlement profile

(a) (b)
Figure 5.4. (a) Scheme of Tower n. 2 with the position of the three considered col-
umns; (b) example of settlement profiles of the southern side of Tower n. 2 along Verti-
cal and horizontal East-West direction (modified from [38]).

5.1.1.2  Application - Collector sewer’s point of disposal n. 7

A detailed description of the Collector sewer’s point of disposal n.7 can be
found in §3.4.2. As for Torri Stellari, also for this application a 3D model of the
building volumes for the graphical positioning of the PSs around the model in
the space is created, based on the historical documentation collected in the Genio
Civile of Rome Archive, shown in Figure 3.14a. For the building of the Collector
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sewer’s point of disposal n. 7, the georeferenced 3D modelling focuses on both
the reconstruction of the building’s external volume and the Collector sewer un-
derground tunnel (Figure 5.5).

| ta...

Figure 5.5. Lateral views of the 3D model of the building of the Collector sewer’s

point of disposal n. 7 with the Collector sewer underground tunnel [46].

Analogously to the previous application, the PSs are located on the 3D model
in ArcGIS Pro [89]. The integrated model (described in Miano et al. (2022) [46]),
embedding the PSs, is represented in Figure 5.6. For the description of the litho-
types, refers to §5.1.1.1.

Lithotype R
Lithotype A
Lithotype B
Lithotype C
Lithotype D
Lithotype G

Geological Bedrock

E00NCORN

e ascending PSs

o descending PSs

Figure 5.6. A 3D integrated model of the Collector sewer’s point of disposal n. 7 (red
circles: ASC PSs, green circles: DES PSs) (modified from [46]).

A detailed evaluation of the ground deformation has been conducted for the
Collector’s sewer point of disposal n. 7, as damage compatible with settlements
at the foundation depth has been observed on its facades. In fact, as it can be seen
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in Figure 5.6, the manufact is located above Lithotype R placed on top of lateral
heteropy between Lithotype A and Lithotype B, on top of about 8 m thickness of
Lithotype D lens. The displacement maps (Figure 3.15e and Figure 3.15f) have
been exploited to derive base settlement profiles along the building’s sides, by
fixing a temporal span. For the masonry walls of the Collector sewer’s point of
disposal n.7, the mean velocity values in the grid vertexes have been considered.
The Vertical and horizontal EW displacement profiles relative to each facade of

the manufact (see Figure 5.7a) are represented in Figure 5.7b.

North side West side
0.5
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B e A A R .
= —— - e Byeeeeeeet East-West
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Figure 5.7. Collector sewer’s point of disposal n. 7: (a) plan view; (b) settlement pro-
files along the four building sides (modified from [46]).
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This approach for the damage assessment is reported with an application to
the Southern external wall of the Collector sewer’s point of disposal n. 7, whose

condition in December 2020 is reported in Figure 5.8.

Figure 5.8. Collector sewer’s point of disposal n. 7: picture of the Southern side (sur-

vey in November 2021).

According to Boscardin and Cording (1989) [54], the on-site survey led to clas-
sifying the wall condition as slight damage because of the presence of cracks eas-
ily filled. Figure 5.8 represents the real condition of the case study building wall,
for which no previous information is available at the starting time of the moni-
toring. In this case, the information about the damage at the end of the monitor-
ing time (e.g., slight damage) is depicted in Figure 5.9 with a yellow-colored area.
The blue arrows, instead, indicate the calculated horizontal strain/angular dis-
tortion couples of the selected wall, based on the displacement profiles shown in
Figure 5.7. These arrows are shown in multiple positions because the precedent
deformation history is not known. However, it can be argued that the ending

point should be inside the yellow area.
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SEVERE TO VERY SEVERE

MODERATE TO SEVERE

Horizontal Strain g, [x107]

0 1 2 3 4 5 & 7
Angular Distortion p [x107)]

Figure 5.9. Damage assessment for the considered wall, based on Boscardin and Cord-
ing scheme, in function of the angular distortion § and horizontal strain &, [46].

Figure 5.10, instead, represents a conceptual application of the case in which
information at time zero is supposed to be available. The intensity of the arrow
is the same as the precedent case. In this case, an initial damage status can be
assigned to the building wall/side. Then, by summing up the calculated hori-
zontal strain/angular distortion couple for the selected wall (herein proposed
with different colored arrows based on the starting damage status), based on the
displacement profiles, a new border surface can be identified at the end of the
monitoring period (grey dashed curves). In some cases, the previous defor-
mation can be considered negligible, while in other cases, an initial damage sta-
tus should be assigned. It could be argued that it is not conservative to set the
lower boundary curve of the identified damage status, as presented in the exam-
ple of Figure 5.10. In fact, the authors suggest a criterion to solve this issue, based
on the AeDES format sheets [113], accounting for the extension of the damage
concerning the structural element. The lower boundary curve of the damage sta-
tus could be considered if its extension is between 0% and 33%, the median
boundary curve (drawn with the same shape as the lower and upper boundary
curves) if the extension is between 34% and 66 %, and, finally, a curve just under
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the upper boundary curve if the extension is between 67% and 100%. In case of
negligible damage, the starting point could be coincident with the origin of the
axes of Figure 5.10, due to the low distance up to the achievement of the very
slight damage, or the lower boundary curve of the very slight damage status
could be conservatively considered.

SEVERE TO VERY SEVERE

MODERATE TO SEVERE

Horizontal Strain g, |x 1077

SLIGHT

VERY;
SLIGH

o WNEGLIGIBLE
0 1 2 3 4 5 <] 7

Angular Distortion B [x10°]

Figure 5.10. Damage assessment for the considered wall, based on Boscardin and
Cording’s (1989) [54] scheme, in function of the angular distortion § and horizontal
strain &, by conceptually supposed to know the damage state at the beginning of the

monitoring period [46].

In Figure 5.7 the settlement profiles along the four sides of the building of the
Collector sewer point of disposal n. 7 are represented, distinguishing the sagging
and hogging portions with letters from A to G. Regarding the EW-oriented ex-
ternal walls, the values of the maximum angular distortion (f,,4x) and of the
horizontal strain (¢j,) are reported in Table 5.2, for the different segments A, B,
D, and E, in accordance with the sagging and hogging portions of the settlement
profiles (Figure 5.7).
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Table 5.2. Maximum angular distortion Bmax and horizontal strain ey of the East-West
directed walls.

Settlement profile segment Brmax [-] en [-]
A 0.6E-03 0.1E-04
B 0.8E-04 0.4E-03
D 0.3E-03 0.2E-03
E 0.2E-03 0.4E-03

For the NS-oriented walls, both Polshin and Tokar’s [50] and Meyerhof’s [49]
criteria, which are specific for masonry walls structures, can be adopted.

5.1.1.3  Application — Vittorino da Feltre

The Vittorino da Feltre school building was constructed at the end of 1880, in
the city centre of Rome. Figure 5.11a and Figure 5.11b show a top view of the
building and an external view of the building (identified using a red hatch). The
school features one underground level, three floors above ground, and two in-
ternal. The point of view of Figure 5.11b is located in Largo Gaetana Agnesi (Fig-
ure 5.12).

(@) (b)
Figure 5.11. (a) Top view and (b) external lateral view of the Vittorino da Feltre school
building (source: Google Earth) [111].
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The masonry walls are made either with tuff stones and bricks or brick only.
Figure 5.12 shows the plan of the first floor of the building. Regarding the hori-
zontal structures, all spaces belonging to the basement level are characterized by
lowered barrel vaults with lunettes, while in the upper three floors above
ground, the classrooms and hallways feature flat floors with steel profiles per-
pendicular to the perimeter walls and barrel vaults, respectively. The foundation
system, having a mean depth of 4 m, is characterized by two overlapping ma-

sonry layers, realized in dry stone and tuff stone.
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Figure 5.12. Plan of the first floor.

The building has explored various damage conditions throughout its life. The
first crack along the barrel vault of the hallway of the ground floor was born in
1889. Further damages were encountered in the years between 1901 and 1904 in
the south-west corner of the schoolyard, requiring the execution of a retrofit in-
tervention in the area with steel ties joining the perimeter walls. Subsequently,
foundation settlements affected the side of the building towards Largo Agnese,
in the years between 1941 and 1942, during the construction of Line B of the
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Rome Metro. Therefore, a retrofit intervention of the foundation system and of
the cracks developed in the masonry walls was made. An increase of the damage
pattern was found later, during the renovation program of the abovementioned
Line B: further cracks were observed in the basement level in the south-west cor-
ner of the schoolyard, and a crack parallel to the side of the building towards Via
Vittorino da Feltre was found in the barrel vault between the ground and first
floors. A retrofit intervention of the foundation system of the south side of the
building towards Largo Agnese was executed in 2001, including cement injec-
tions and 230 micro piles under the main bearing masonry walls, as well as the
retrofitting of some floor systems with steel profiles and barrel vaults with the
realization of RC slabs at the extrados. In 2012, restoration and strengthening
interventions of unsafe cornices of the facade towards Largo Agnese were per-
formed. The school building is currently object of an overall retrofit project, con-
cerning the vertical masonry walls and the horizontal structures (both barrel
vaults and flat floors) by means of RC slabs, properly connected to the existing
beams.

Various reliefs of the damage pattern of the building have been carried out
over years: in 1989 by Eng. Morelli; in 2008 by the Metro C company for the exe-
cution of excavation works in the area; in 2010 by the Municipality of Rome; in
2012 by the school building Department; in 2021 by me and other colleagues. The
damage surveys allowed to highlight the existence of a slowly evolving in-time
cracking phenomenon in the building, which could be due to different causes,
e.g., the presence of a thick fill soil layer ranging between 8 m and 10 m, the small
depth of the foundation of the inner masonry walls, equal to about 1.5 m, the
execution of excavation works for the construction of either the Metro Line B or
the Colosseo Station of the Metro Line C.

A comparison of the results of the different reliefs is performed in the follow-
ing, when possible, for the main facades.

The cracking pattern of the North facade in November 2021 can be observed
in Figure 5.13a. In this fagade, the cracks are mostly concentrated around the
windows. Nevertheless, in addition to the sub-vertical cracks starting from the
arch keystone and reaching the frame above, vertical cracks are also found,
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starting from the two bottom sides of the window and continuing downward,
often crossing the frame of the lower order. Moreover, in this facade the presence
of marked vertical cracks in the basement of the right part of the facade (North-
East corner) can be observed. As a comparison, Figure 5.13b shows the cracking
pattern in 2010. The overall damage condition of the masonry wall is substan-
tially similar in the investigated period. Sub-vertical cracks starting from the arch
keystone and reaching the frame above can be observed, as well as vertical cracks
starting from the two bottom sides of the window and continuing downward.
Finally, the cracks occurring in the basement of the right part of the facade are
almost identical to the ones detected in November 2021.

The result of the relief performed in November 2021 on the South fagade is
shown in Figure 5.14a. No noticeable cracks were found, except for two small
vertical cracks located at the left side of the base of the wall, between the two
windows of the ground floor. It is worth highlighting that the South facade has
been renewed in 2012 with recovery and consolidation works, so the damage
pattern in 2021 results to be very different from the one detected in 2010 and
shown in Figure 5.14b, characterized by the presence of many cracks, mostly lo-
cated in the left side of the facade, along a sub-vertical direction. These cracks
generally interest the arch key, and, in many cases, reach the frame above. Be-
cause of the renovation interventions that have affected the South facade, a direct
comparison between the two reliefs performed in 2010 and 2021 cannot be done.
However, the two small vertical cracks found in the left side of the basement in

2021 were not present in 2010.
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Figure 5.13. North facade. Cracking pattern detected in (a) 2021 (blue lines) and (b)
2010 (red lines) [111].
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(b)
Figure 5.14. South facade. Cracking pattern detected in (a) 2021 (blue lines) and (b)
2010 (red lines) [111].

Regarding the East fagade, the left vertical end band that includes the first two
verticals of windows has been recently affected by renovation interventions, as
suggested by the different colors and finishes compared to the remaining part of
the facade. Figure 5.15a shows the cracking pattern detected in 2021, character-
ized by cracks mainly located on the top of the windows, in particular starting
from the arch keystone and in many cases reaching the frame above, along a sub-
vertical direction. The third floor is the most damaged one. No cracks have been
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found in the basement. For this facade, the picture of the cracking pattern in 2010
was not available. A picture of the crack pattern in 1989 (Figure 5.15b) has been
retrieved. The comparison of the two damage patterns detected in 1989 and 2021
shows a similar crack distribution and cracking pattern.

nmmmm
ﬂmmmm

1] n0do

Figure 5.15. East facade. Cracking pattern detected in (a) 2021 (blue lines) and (b)
1989 (black lines) [111].

Inside the building, slight widespread damage has been detected. On the first
floor, the following significant damage in localized parts has been observed: a
long-standing vertical crack located at the intersection between the North and
West external walls (Figure 5.16a), a crack in the barrel vault, orthogonal to the
vault director line (Figure 5.16b), and double cracks in the barrel vault parallel to
the vault director line (Figure 5.16c¢) in the hallway parallel to the North facade.
Moreover, there is a diagonal crack in the wall orthogonal to the vault director
line, passing across the masonry (Figure 5.16d) in the hallway parallel to the East
facade.
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(d)
Figure 5.16. Damage at the 1t floor: (a) vertical crack, North-West corner; (b) crack
orthogonal to the vault director line in the barrel vault of the hallway parallel to the

North facade; (c) double cracks parallel to the vault director line in the barrel vault of
the hallway parallel to the North facade; (d) passing diagonal crack in the wall orthogo-
nal to the vault director line in the hallway parallel to the East fagade.

On the second floor, among other minor cracks, the continuation of the verti-
cal crack located at the intersection between the North and West external walls
on the first floor (shown in Figure 5.16a), has been found. Moreover, in the hall-

way parallel to the East fagcade, a crack in the floor, parallel to the external wall
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is found. The crack is a sort of separation line, which creates a slope inward of
the flooring. In the same hallway, many cracks orthogonal to the vault director
line have been observed.

An integration between the satellite SAR data and the outcomes of the dam-
age relief is performed to properly assess the damage pattern of the analyzed
school building induced by one or more of the external actions.

The satellite SAR data used for this application are those illustrated in §2.3.1.
The monitoring time interval is 2011-2019. The distribution of ASC and DES PSs
around the school building, considered to be on the ground, is shown in Figure
5.17. In this case, in order to improve the spatial interpolation results, also the
ASC and DES PSs relative to the adjacent building have been included.

Figure 5.17. Distribution of ASC (red) and DESC (green) PSs relative to the school
building and the adjacent building, considered to be referred to the ground [111].

The deformation time series of four PSs having the highest values of the LOS
mean velocity, referred to one facade of the building and the surrounding area,
are reported in Figure 5.18 with red and green markers, respectively for ASC and
DES PS.
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(b)
Figure 5.18. Location of the selected PSs: (a) top view with ASC and DESC PSs; (b)
3D view of the building with the selected ASC and DESC PSs on the structure [111].

The LOS displacement time series of the selected PSs are shown in Figure
5.19a and Figure 5.19b for the ASC and DES geometries, respectively. The con-
tinuous black and grey curves refer to the points belonging to the school
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building, while the dashed and dotted black ones to those selected within the
surrounding area. As can be noticed, a change in the trend of the LOS displace-
ments, characterized by a higher derivative, occurs approximately around the
year 2015 in all examined PSs recently (the year of excavation works in the area).
The difference in the trend of the LOS displacement before and after 2015 is also
more marked for the PSs located in the area surrounding the school building,
very likely due to a wider deformation process. Furthermore, the curves of the
examined PSs do not appear to have attained a condition of stability at the end

of the investigated period (i.e., the year 2019), a sign of an ongoing phenomenon.
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Figure 5.19. LOS displacement time series of the selected (a) ascending and (b) de-
scending PSs [111].
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In order to take into account the change in the trend of the LOS displacements
observed at single PSs scale around the year 2015, the deformation information
of the ASC and DES databases have been subdivided into two time sub-intervals.
In particular, the first sub-interval ranges between the start of the observation
period and September 2014, while the second one is between September 2014
and the end of the acquisition period. Continuous maps of the mean LOS dis-
placement velocities have been computed by adopting the EBK interpolation
technique according to §3.2. The maps of the Vertical and EW components are
shown in Figure 5.20a and b and Figure 5.20c and d, respectively.

For the North facade it is possible to use the literature scale of damage in the
plane. The reconstruction of the profiles of the displacement component under
the considered fagade, along the Vertical and EW direction, respectively, are
shown in Figure 5.21a and Figure 5.21b (where L is the length of the wall and 4
is the displacement). They are referred to the periods 2011-2015 (grey dotted line
with triangular markers) and 2015-2019 (black dotted line with circular markers).
As it can be noted, an in-progress cracking phenomenon seems to exist. Concern-
ing the EW direction, a change in the trend of displacement occurs between the
two analyzed periods. In the second time interval, a variable displacement pro-
file is found, increasing towards the corner with via del Colosseo, and having a
negative sign, compatible with the occurrence of a settlement towards the area
surrounding the school building, object of excavation works in the analyzed pe-

riod.
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Figure 5.20. Maps of the mean velocity components related to the school buildings con-
sidering only the PSs located at the ground level along (a)-(b) Vertical and (c)-(d) East-
West directions, for the two considered time sub-intervals (modified from [111]).
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Figure 5.21. Displacement profiles of North facade along (a) Vertical and (b) hori-
zontal East-West component [111].

Regarding the damage assessment, according to Boscardin and Cording
(1989) [54], the on-site survey performed in November 2021 led to classify the
condition of the overall walls as “slight damage”, because of the presence of
cracks easily filled, several slight fractures inside the building and exterior cracks
visible, with an approximate width lower than 5 mm. In Figure 5.22 a graph
derived from Boscardin and Cording (1989) [54] represents a set of curves for
brick bearing-wall structures characterized by different degrees of cracking dam-
age, expressed as a function of &, and f. The superimposed arrows indicate the
calculated couples of values of €, or 8 of the selected wall, based on the displace-
ment profiles shown in Figure 5.21a and Figure 5.21b. In particular, the direction
and magnitude of the grey and black arrows represent the damage condition
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attained in the period 2011-2015 and 2015-2019, respectively. The values of the

Bmax and of €, evaluated in the two considered periods are reported in Table 5.3.
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Figure 5.22. Relationship of damage to angular distortion and horizontal extension
strain (modified from Boscardin and Cording [54]) [111].

Table 5.3. North facade, maximum angular distortion f,.» and horizontal strain ¢, [111].

Bmax En
2011-2015 3,2 E-04 1,4 E-04
2015-2019 3,5 E-04 -5, 9 E-04

It is worth of interest to highlight that, in this case, an initial damage state can
be qualitatively assigned to the building wall, as the damage condition in 2010
(Figure 5.13b). Nevertheless, both the pre-existing deformation history and the
damage path that led the wall to its current condition are unknown. For this rea-
son, the potential damage evolution across the monitoring period 2011-2019 is
represented by a set of arrows in Figure 5.22, starting from one of the possible
points of the area representing the “very slight” or “slight” damage condition,
but shown in different positions of the graph. In accordance with the detected
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damage condition in November 2021, although there are 2 years of distance be-
tween the end of the monitoring and the relief, in which something else could
have happened, the final damage condition falls in the “slight” area of the graph.
A detail of the portion of the side of the North fagcade, which the 3,4, and the &,
are referred, is superimposed on the graph in Figure 5.22.

For the South facade, the reconstruction of the relative displacement profiles
along the Vertical and EW direction, respectively, are shown in Figure 5.23a and
Figure 5.23b (where L is the length of the wall and d is the displacement). They
are referred to the periods 2011-2015 (grey dotted line with triangular markers)
and 2015-2019 (black dotted line with circular markers). The displacement pro-
files show a condition of more stability compared to the North facade. It is to
note that this is the facade that has been affected by retrofit interventions through
the years, in particular, the use of micro piles in the foundations. The condition
at time zero of the South facade is considered to be the end of renovation activi-
ties and is represented in Figure 5.14a. The two small vertical cracks detected in
the basement level in 2021 are in accordance with the displacement profiles re-
ferred to this facade.

The displacements profiles under the East facade, shown in Figure 5.24a and
Figure 5.24b (where L is the length of the wall and d is the displacement) show
that similarly to the case of the North facade, a change in the trend of the dis-
placement along the EW direction exists between the two analyzed periods. In
the second time interval, a negative sign is again found, compatible with the oc-
currence of a settlement towards the area surrounding the school building. The
East facade is oriented approximatively along the NS direction. For this reason,
no considerations can be made about in-plane displacements, because of the lim-
itation of the SAR system on the evaluation of the NS displacement component.
The use of literature scale accounting for only the vertical displacement could be
not accurate enough, since the presence of an out-of-plane displacement would
increase the damage. However, the final damage condition observed in 2021 can
be classified as “slight” damage, although no information regarding the damage
state at the time zero of the monitoring period has been collected.
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Figure 5.23. Displacement profiles of South facade along (a) Vertical and (b) horizontal
East-West component [111].
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Figure 5.24. Displacement profiles of East facade along (a) Vertical and (b) horizon-
tal East-West component [111].

5.1.2 Discussion

A discussion about the potential and limitations of the preliminary structural
assessment and monitoring performed through Satellite SAR data is herein re-
ported.

The possibility to create a volume of the construction is important when the
monitoring regards a single building. In this case, when satellite data with great
accuracy, such as those derived from COSMO-SkyMed constellation, are availa-
ble, it is possible to verify the position of the PSs on the actual building volumes,
to distinguish those relative to the roof from those relative to the facades or to
the ground. Then, in the geological 3D model, the stratigraphic logs of the soil-
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structure interaction can be visually checked. First of all, this information is im-
portant to understand if the final settlement profiles are those expected in rela-
tion to the soil typologies, to validate the reliability of the displacement results.
Moreover, in the integrated model, it can be evaluated in which layer the struc-
tural foundations of the building are attested. This is very important for the final
correlation of the estimated settlements under the monitored buildings with the
geological characterization of the subsoil.

The error sources of the integrated model, constituted by the construction’s
volume and geological model, compared to the plano-altimetric error in the po-
sitioning of the PSs, are also limited. In general, it can be stated that

The accuracy level in the integrated model, constituted by the construction’s
volume and geological model, is derived mainly from the PSs coordinates accu-
racy. It is considered to be acceptable for preliminary structural assessment and
monitoring, to maximize the information from the highest number of PSs and by
using the deformations values with a step in the order of meters.

At the end of the monitoring period, the investigated structure could show
visible damage related to the deformation processes induced by one or more of
the external actions. The expected damage estimated for the monitored period,
based on the settlement profiles constructed using satellite SAR data, can be con-
firmed with field surveys. The damage assessment is influenced by the
knowledge of the condition of the monitored structure at the time zero of the
overall monitoring period. In general, two different cases can be distinguished:

1. lack of information on the damage status of the building at the beginning
of the monitoring time;

2. available on-site survey at time zero (e.g., pictures or output data of a
previous monitoring campaign).

Within the second case, two sub-conditions can be identified:

i)  if the walls do not show visible damage at time zero, the current damage
can be evaluated neglecting the previous one, and can be correlated to the cumu-
lated displacements measured through the DInNSAR observation time interval.
This assumption should be carefully evaluated, because an ongoing tensional-
deformational state, that has not induced visible damage in the structural
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elements, could be active;

ii) if a damage pattern is deductible at time zero, the actual damage repre-
sents its evolution.

Another issue is relative to the applicability of the different damage classifi-
cations available in the literature, when dealing with the DInNSAR data monitor-
ing, taking into account the orientation of the monitored structural element. In
fact, in the case of EW (or with a small angle with respect to this direction) ori-
ented elements, the classification proposed by Boscardin and Cording (1989) [54]
is applicable, such as all classifications accounting for the horizontal strain. Vice
versa, because of the lack of information about the NS direction typical of the
SAR acquisition systems, for NS-oriented elements, the use of literature classifi-
cations neglecting the horizontal strain is recommended.

Retrospective analysis and/or future previsions - limited to a few years -
could be performed by extending the results if the data trend is well established
in time. The extension could be done for the time series of the displacement com-
ponents. For instance, regarding the Collector sewer point of disposal n. 7, dif-
ferent trends were observed through the 8 years of monitoring. Therefore, an
extension of the global trend for past analysis and/or future previsions cannot
be accurate and may induce error.

A correlation between the interpretation of displacement profiles derived by
the elaboration of satellite SAR data and the damage relief can be considered a
preliminary structural assessment. In fact, as shown for the Vittorino da Feltre
school building, for EW-directed walls, the damage condition can be qualita-

tively extrapolated by the displacement profiles.

5.2 Structural assessment and monitoring

The structural assessment and monitoring can be performed if information
about the monitored building are enough to create a reliable analytical structural
model (the main are geometrical dimensions, number, shape, and position of
structural elements, mechanical properties of the materials, typology of founda-
tions). The aim is the prediction of the structural response and damage level
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under a settlement distribution, in this case, DINSAR-derived. Two main catego-
ries of information are necessary: a) traditional measurements deriving from on-
site surveys or monitoring; b) structural properties (e.g., geometrical properties
and mechanical material properties). The traditional monitoring techniques that
can provide, at this stage, useful information in terms of displacements or defor-
mations, are related mainly to topographic levelling tools, crack meter instru-
mentation, strain gauges, and multi-sensor nodes. Moreover, dynamic monitor-
ing can help in the identification of the dynamic properties of the structure, such
as periods, modal shapes, and damping factors. This monitoring typology, when
repeated in time, also allows for highlighting the presence of possible damages,
based on the variation of the measured properties. Instead, a survey should bring
evidence in the following fields: the construction age, the geometry of the struc-
tural elements, the mechanical materials properties, and the typology and posi-
tion of the non-structural elements.

The reliability of the structural model, and, consequently, of the results of the
analysis, depends on the amount and quality of available information. The struc-
tural model can be empirical, semi-empirical, or analytical, increasing refinement
from the first to the third one. Also, the output of the preliminary assessment can
be used as an initial framework.

In synthesis, by fixing an instant time t; of interest along the monitored dis-
placement time histories, these data can be used to implement a structural as-
sessment of the selected construction. The overall procedure to perform the
structural assessment and monitoring is described in the flowchart presented in
Figure 5.25. First, the structural model needs to be defined, selecting a suitable
modelling strategy (step 1). Then, the DINSAR deformation measurements, ob-
tained from the processing of ASC and DES images, for the period of interest,
integrated with the on-site information, can be used to detect surface ground
movements. These displacement profiles can be applied at the ground level of
the selected construction (step 2). Then, structural analysis can be conducted to
predict the resulting behavior and to evaluate the damage level in the single
members at a local level and in the overall building at a global level (step 3),
according to the selected code requirements.
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When a periodic evaluation of deformation measures through multi-temporal
DInSAR considering the SAR images that become available over time is per-
formed (see black line in Figure 5.25 with the progression in time of the structural
monitoring from the beginning time t,), it is possible to re-analyze the structural
model with the updated displacement profiles at a newly selected time ¢;. This

could be a useful procedure to monitor effectively the structural behavior.

Structural assessment at selected time —]

Step 1
Definition of the

structural model

Step 2

Displacement

profiles application S —

at the ground level I I
—— Displacement protile

Step 3

Structural analysis
and verifications

ty instant time t; instant time t; time
Beginning of the Structural monitoring
structural monitoring progress

Figure 5.25. Structural assessment and monitoring procedure [31].




CHAPTER 5. POTENTIAL USE FOR SHM PURPOSES
AT SINGLE CONSTRUCTION SCALE 157

An application regarding an existing RC building affected by slow-moving
landslides-induced settlements through the multi-temporal DINSAR technique,
is presented in §5.2.1. The case study has been the object of a long research work,
so over the time the knowledge of its geometry and materials has been enriched
with new information. The research results have been published in two journal
papers. In the first one (Miano et al., (2021) [57]), the SHM process for the build-
ing, considering the landslide action (LAN), to investigate the evolution of dam-
age over infills over the years, is presented. The 3D structure, including the ex-
plicit infills consideration, has been modeled based on the information available
from a visual survey, obtaining the missing parameters from a simulated design
process and literature. Moreover, a global infills damage assessment of the case
study building is proposed. Finally, assuming a constant increase of displace-
ments in future years, a prediction of the future expected damage is shown. In
the second one (Mele et al., (2022) [56]), other than the landslide, it is supposed
the occurrence of an earthquake, considering a multi-hazard scenario, taking into
account the stress-strain state induced by the landslide phenomena. A non-linear
static analysis procedure is implemented for the code-based seismic safety as-
sessment of the case study building, in two different scenarios: i) a condition of
structure deformed only for gravity loads, and ii) in a state of the known land-
slide-induced deformed configuration. A comparison is proposed between the
building seismic safety assessment performed in both cases, with or without the
consideration of the landslide-induced displacements, showing the importance
of a multi-hazard evaluation.

The steps of the methodology applied in the application are merged in the
flowchart in Figure 5.26. The EW and Vertical displacement profiles under the
building’s sides are calculated. The 3D structural model is created, including
structural elements (RC columns and beams) as well as “non-structural” ele-
ments (infills) which contribute to the structural behavior. If an active SAR-mon-
itored landslide in the building area is present, the structural analysis begins
with the application of the displacement profiles in the structural model, year by
year, at the base of the frames representing the columns. Pushover analysis by
applying landslide-induced displacements and code lateral forces distribution
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on the building’s deformed configuration, as a result of gravity loads and land-

slide-induced displacements, is performed.

STRUCTURAL ANALYSIS

Pushover analysis by applying

code lateral forces distribution
on the gravity loads deformed
configuration of the building

3D STRUCTURAL MODEL

* Modeling of RC elements
* Modeling of infills
+ Application of the gravity loads

STRUCTURAL ANALYSIS

Pushover analysis by applying landslide-
induced displacements and code lateral
forces distribution on the building deformed
configuration, as a result of gravity loads
and landslide-induced displacements

LANDSLIDE
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directions
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Comparison between analytical previsions
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analysis of the evaluated empirical damage
of all infills

!

Amnalytical prevision of future displacements
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correlated damage
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Definition of damage
states as interstory drift
ratio thresholds on
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Figure 5.26. Flowchart of the proposed methodology (modified from [56]).

Then, the infills damage condition is assessed: the correspondence between

the results of the analysis, in terms of prediction of the damage, are checked with

the empirical damage hierarchies, having defined the significant damage states

(DSs). The DSs identification is used also to provide a global damage assessment
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of the case study building. Finally, a future prediction of the damage is done,
repeating the presented methodology using the expected future displacement
profiles obtained by extrapolation. If no active SAR-monitored landslide in the
building area is present, a pushover analysis by applying code lateral forces dis-
tribution on the gravity loads deformed configuration of the building can be per-
formed. After the structural analysis, a seismic assessment can be performed,
through safety checks and the safety index evaluation.

A discussion about the proposed structural assessment and monitoring meth-
odology is reported in §5.2.2.

5.2.1 Application in Moio della Civitella

The case study building is located in Moio della Civitella, a city in Campania
Region (Italy), whose territory is widely affected by several slow-moving and
intermittent rainfall-induced landslides [78]. The building is an independent RC
structure, with a rectangular plan of 11,90 m by 11,95 m, built on three levels
(Figure 5.27a,b). A visual survey conducted in December 2020 (Figure 5.27c-e)
led to the recognition of an RC load-bearing structure with four plane parallel
frames, a conventional construction type for a non-seismic structure, as well as
the identification of three different types of infills in the perimeter walls. The
South-West (SW) side presents regular tuff infills (Figure 5.28a) with a thickness
of 25 cm on the ground floor and on one field of the second floor. The other field
of the second floor is realized in solid clay bricks (Figure 5.28b) of 12+12 cm. The
remaining infills are constituted by double-leaf vertical hollow clay bricks (Fig-
ure 5.28¢) with a thickness of 8+12 cm.
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+

Figure 5.27. (a) Geometrical plan; (b) front view of the SW facade; (c) external picture;
(d) smooth bars at the base of the column; (e) RC with hollow tiles mixed floor, focus on
the RC joists and hollow bricks (on-site survey, December 2020) [56].

(b) ©
Figure 5.28. Infills details: (a) tuff, (b) solid clay bricks, and (c) hollow clay bricks
[56].

In Figure 5.29, the labeling of the building fields is represented (AB, BC, A’B’
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and B’C’ are the fields including infills without openings, while CD, DE, EF,
C'D’, D’E’ and E'F are the fields including also infills with openings). The infills
are differentiated as follows: i) for color, in hollow clay bricks (blue lines), solid
clay bricks (orange lines), and tuff bricks (green lines); ii) for typology of line, in:
without openings (continuous lines), and with openings (dashed line).

The building is affected by significant foundation settlements because of the
intermittent landslide phenomenon with slow kinematics, as presented in [114].
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Figure 5.29. Building prospects with dentification of the different infills types, differen-

tiated: i) for color, in hollow clay bricks (blue lines), solid clay bricks (orange lines), and

tuff bricks (green lines); ii) for typology of line, in: without openings (continuous lines,
(a-b)) and with openings (dashed line, (c-d)) (modified from [56]).
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5.2.2.1 Infill damage under landslide settlements

The first part of the application (Miano et al., (2021) [57]), was carried out be-
fore the on-site survey of December 2020. A structural scheme with frames in
both directions was supposed. From the exterior, the presence of only two dif-
ferent types of masonry infills on the ground floor was found, consisting of a
single wall facing in regular tuff bricks for three facades, and double-leaf hori-
zontal hollow clay bricks infill walls for the fourth one. The typology found on
the ground floor was extended to the whole fagade. The mechanical material
properties were estimated based on the Code references, and literature indica-
tions. No information about the reinforcement of the structural elements were
available, then a simulated design was implemented to fill the lack of knowledge.
Once defined all the characteristics of the main elements, a structural model has
been created using the finite element software SAP2000 [115]. Beams and col-
umns have been modeled as frame elements, while for the infills an equivalent
strut model has been used; foundations have been schematized with fixed re-
strain joints at the base of the baseline columns. The pitched roof has been sche-
matized with a fictitious level placed at a height such as to have an equivalence
between the areas of the infills between the second and third-order beams. The
mechanical behavior of the RC elements has been modeled through a concen-
trated plasticity model, considering the non-linear flexural behavior at the ends
of structural elements. A simplified three-linear moment-rotation backbone
curve has been assigned to beams and columns (considering critical the first two
branches of the backbone). The typical responses constituted by the first cracking
point (Mc,; 6,,), the yielding point (M,; 8,,), and the conventional ultimate capac-
ity point (M,; 6,,) shown in Figure 5.30 (for beam T1 and column P1, see Figure
5.27), have been assigned at the end cross sections of each beam and column. The
cracking moment M., and the corresponding chord-rotation 8., have been cal-
culated based on the elastic theory. The yielding moment M,, has been calculated
using a section analysis based on a fiber section method, while the yielding
chord-rotation 8, has been evaluated following the formulation based on the
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Commentary to NTC 2018 [116] and Eurocode 8 part 3 [117]. The conventional
ultimate capacity moment M, is assumed to be equal to M,,, thus describing a
plastic constant portion of the plastic hinges backbone, until the chord-rotation
of conventional ultimate capacity, 6,, is reached. The latter has been evaluated
using the empirical formulation reported in the Commentary to NTC 2018 [116]
and Eurocode 8 part 3 [117].
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Figure 5.30. Example of plastic hinges backbones of RC (a) beam T1 and (b) column P1
on the 1st floor (with reference to Figure 5.27) [57].

The lateral force-displacement response of the infills has been modeled ac-
cording to the equivalent single-strut model proposed by Panagiotakos and
Fardis (1996) [118]. Then, according to Al-Chaar (2002) [119] and Fardis (2009)
[120], the infill panel is represented by an equivalent diagonal strut resistant to
compression, with the following geometric characteristics (Figure 5.31): equiva-
lent width a, length D and net thickness of the masonry t,,. The three-linear lat-
eral force-displacement bond has been assigned at the middle cross-section of

each diagonal strut as axial hinges.




CHAPTER 5. POTENTIAL USE FOR SHM PURPOSES
164 AT SINGLE CONSTRUCTION SCALE

(b)
Figure 5.31. (a) Strut geometry (Al-Chaar, 2002 [119]); (b) Force-displacement envelope
for infills by Panagiotakos and Fardis (1996) [118] [57].

In Figure 5.32 the 3D fine element model of the building is shown. For the
model validation, modal and pushover analysis have been performed, both with-
out and with the infill’s presence. All the details about the modeling and the val-
idation are not reported herein because are out of the aims of this thesis but can
be found in Miano et al. (2021) [57].
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Figure 5.32. 3D structural model of the building [57].

Landslide-induced displacements have been assessed using the DInNSAR-de-
rived data, obtained from the processing of ASC and DES CSK images for the
period 2012-2016 (see §2.3.2 for details). The overlapping of maps in Figure 2.14a
and Figure 2.14b (where the case study building is indicated with a black oval)
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with a 2-m buffer around the building scheme provides mean velocity (Figure

5.33) and time-series of identified scatterers.

“LoS” displacement mean velocity [mm/yr]

-10.0 -5.0 -2.0 +2.0 +5.0 +10.0

Figure 5.33. LOS mean velocity map of targets identified on the analyzed building
using COSMO-SkyMed data: along (a) ascending and (b) descending tracks (modified
from [57])

For a more detailed assessment of building structural performance affected
by ground instability phenomena, the cumulated displacement of identified tar-
gets has been considered instead of their mean velocity. ASC and DES discre-
tized points have been interpolated through the IDW method, thus providing
continuous LOS displacement maps at the end of each year. The cell size of the
IDW interpolation has been set at 3 m, according to the 3%3 m resolution of CSK
products. Subsequently, the combination of maps obtained along the two tracks
has allowed the detecting of cumulated Vertical and EW components of move-
ment [121], [122] with millimeter accuracy at the end of each year in the period
2012-2016 thus providing profiles of cumulated Vertical and horizontal EW dis-
placements occurred to building foundations, as shown in Figure 5.34.
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Figure 5.34. Displacement profiles affecting building foundations at the end of each
year in the period 2012-2016 (modified from [57]).

Easrern facade

In addition, the trigonometric decomposition of horizontal EW movement in
the two components along each building facade direction allowed to get real
components of movements along X, y, and z directions, applied to foundations
elements. During the period 2012-2016, multi-temporal DInSAR analysis
showed cumulated displacements at ground level in the surrounding areas up
to 2.5 cm and 4.1 cm, along vertical (z) and horizontal (x, y) directions respec-
tively, thus highlighting a movement characterized by a horizontal component
higher than the vertical one.

For the NW and SE fagades, a quantitative one-to-one comparison for the in-
fills between the observed damage and the analytical previsions is reported. The
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Same is not possible for SW and NE facades because of the presence of openings
(that can partially alter the flow of diagonal tensions) and the difficulties of in-
vestigation during the survey, respectively.

Two photographs taken during an investigation in 2015 show how the dam-
age has evolved up to that year (Figure 5.35a for the NW side and Figure 5.35b
for the SE side). The lesions have been highlighted on the pictures with different
colors, corresponding to different amplitudes: green indicates lesions of less than
1 mm of amplitude, yellow refers to lesions of the order of 1-5 mm, while in red
are lesions with a width greater than 5 mm.

} Crack width <1 m
Crack width 1-5n

i Crack width >5 m

(a) (b)
Figure 5.35. Identification of crack pattern on infills in 2015 of (a) NW side and (b)
SE side (modified from [57]).

The DSs identification has been conducted for the infills, based on specific
Interstory Drift Ratio (IDR) target thresholds, defined on the infills backbone
curves: a first one for tuff bricks infills, according to Cardone and Perrone (2015)
[123], and a second one for hollow clay bricks infills, based on the proposal for-
mulated by De Risi et al. (2018) [102]. In Cardone and Perrone (2015) [123], the
four considered DSs are described as follows (Figure 5.36):

e DS1 (Light cracking): detachment of the panel from the RC frame (top
beam and mid-height columns), light diagonal cracking of the infill
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(width <1 mm) in both directions;

DS2 (Extensive cracking): extensive diagonal cracking (1 mm<width<2
mm) in both directions (25-35% of the panel area). Possible failure of some
brick units, located on the upper corners and top edge of the infill;

DS3 (Corner crushing): detachment of large plaster area and significant
sliding in the mortar joints, crushing and spalling of brick units (30% of
the panel area);

DS4 (Collapse): in-plane or out-of-plane global collapse of the wall;

DSI1 is assumed to occur for an IDR equal to 2/3 of the IDR associated
with DS2, DS2 occurs for an IDR corresponding to the peak force
strength, DS3 and DS4 are deemed to occur at the IDRs at which a
strength loss in the skeleton curve is of the order of 20% and 50%, respec-

tively.
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Figure 5.36. Damage states (DSs) of masonry infills without openings [57].
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In De Risi et al. (2018) [102], the IDR value corresponding to the achievement
of the i*" DS has been directly associated with the IDR value related to the peak
load of the infill experimental response (IDRy¢qck), Obtaining the definition of the
following functional relation:

IDR; = &; * IDRpeqci (10)
where «; is 0.30 for DS1, 1.00 for DS2, 2.50 for DS3 and 4.50 for DS4.

The amplitude of the cracks has been considered as the difference between
the amplitude in 2015 minus the amplitude in 2011).

The NW side first-floor (AB and BC) shows mainly the typical infill damage
called “diagonal tension” (Figure 5.35a) with diagonal cracks in both directions
of width varying from less than 1 mm to more than 5 mm, affecting at least 25-
35% of the panel area. The NW side second-floor infills (AB and BC) present hor-
izontal cracks at the base and diagonal cracks in both directions (Figure 5.35a),
of width up to 5 mm, affecting at least 25% of the panel area. It can be argued
that the NW side infills are in a DS2 condition. Regarding the SE side (A’B” and
B'C), it can be observed that in the 2015 survey, a starting “sliding shear” mech-
anism was found on the first floor for the infill A’B” (Figure 5.35b), already exist-
ing in 2011 in a similar condition. This mechanism affects about 30% of the panel
and can be associated with a DS3.

Regarding the infills analytical response, Figure 5.37 shows the compression
backbones of each studied infill member. The points corresponding to the four
considered DSs previously described are marked on each envelope. The status
of the axial plastic hinge representing the infill is also indicated with a triangle,
concerning the year for which the highest damage level is reached in the infill.
This classification refers only to the compression side of the backbone, while it is
not meaningful to report the condition of the tensile infills on these envelopes. A
tensile infill is a panel in which both diagonal struts are in traction. The potential
damage is however expected and coherent with the analytical previsions (e.g.,
diagonal cracks parallel to the less tensile diagonal). Concerning the NW facade,
analytical previsions evidence that the most severe damage condition for the in-
fills field AB occurs in 2012, where at both the first and second floor DS2 is
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reached (Figure 5.37a and b). Regarding the infills field BC in 2012, when the
maximum damage is expected coherently with the other infills field of the NW
facade, both the struts are in tension at the first floor. Nevertheless, it is not pos-
sible to report the DS on the backbone, it can be argued that extensive damage
parallel to the less tensile strut may have occurred. This condition is reported
with the letter T in Table 3 and can be compatible with a DS2 condition. Moreo-
ver, the analysis shows that the infill reaches a DS2 also in compression in 2016
(Figure 5.37c). For the infills field BC on the second floor, there is a DSO condition,
while it is confirmed that the higher displacements level is reached in 2012. Fi-
nally, regarding the S-E side (A’B” and B'C’), it can be observed that in 2015, the
state of damage is DS0 (Figure 5.37¢, f, g, and h), but quite close to the onset of
DS1 for the A’B’ infills, coherently with the observed small detachments from the
upper beam.

The quantitative one-to-one comparison between analytical results and ob-
served damage in 2015 (the year of the on-site survey) is proposed in Table 5.4
for the NW and SE facades.
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Figure 5.37. Identification of DSs on infills” backbone according to: (a)-(d) Cardone

and Perrone (2015) [123] and (e)-(h) De Risi et al. (2018) [102], [57].
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Table 5.4. Comparison between the DSs classification based on empirical observa-

tion and the classification obtained by analytical previsions (DSO=no damage,
DS1=light cracking, DS2=extensive cracking, DS3=corner crushing, DS4=collapse,

T=Dboth tense struts, compatible with extensive damage) (modified from [57]).

OBSERVED DAMAGE ANALYTICAL PREVISIONS
NW facade
Observed Infill field Expected Infill field
DS AB BC DS AB BC
1st floor DS2 DS2 1st floor DS2 T
2nd floor DS2 DS2 2nd floor DS2 DSO0
@ (b)
SE facade
Observed Infill field Expected Infill field
DS A'B BC DS A'B BC
1st floor DS3 DS0 1st floor DS0 DS0
2nd floor DS0 DS0 2nd floor DS0 DS0
© (d)

As demonstrated in Table 5.4, there is a reliable agreement between the em-
pirical and the analytical infills" DSs definitions. Apart from the difference found
on the first floor A’B’ infill and related to the fact that the existing damage mech-
anism of sliding shear is not assessed by the adopted equivalent diagonal single
strut model and it is already present in 2011, the only remarkable difference can
be found in the infill field BC, where however the highest damage level is ex-
pected in 2012. This difference can have multiple reasons, e.g., the adoption of a
seismic model in a different field (there are cases where both the diagonals are
tense and then not quantitatively judicable) or the uncertainties in the geomet-
rical and mechanical on-site survey of the structure. Finally, this result leads to
affirm that a long displacement time series, acquired through the multi-temporal
DInSAR technique, can be used to provide a good assessment of the infills of the
building and to formulate predictions about the structural future damage. This
may be possible if displacements increase showing a more or less constant trend
over the years, as in the case of landslides-induced ones.
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A damage assessment through the years of all the building infills on the first
two floors is shown in Figure 5.38. The structural assessment results are reported
in form of histograms, distinguished by floor and by year, from 2012 to 2016.
Each column represents the number of infills on that floor, which in that year
reached a particular DS. An additional DS has been considered, DS0O, in which
not only compressed infills that present no damage are included, but also tense
infills for which it is not possible to analytically quantify the DS. In each graph,
the total number of infills is 10, considering that there are 4 infills without open-
ings on the SE side (AB, BC, A’B" and C'D’) and 6 infills with openings on the
NW side (CD, DE, EF, C'D’, D’E’, E'F’). It can be observed that no infill reaches
DS3 or DS4, while damage is limited to extensive cracking (DS2). However, at
the end of the assessment, in 2016, a significant number of elements is extensively
damaged, with 4 and 2 infills in DS2 on the first and the second floor, respec-
tively. Finally, it is to note that among the three modelled infills of the third floor,
only one (AB) reaches a DS2 through the monitored years, while the other two
don’t show any damage. This global result was expected, as the landslide caused

ever-increasing displacements of the foundation soil over the years.
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Figure 5.38. Infills that have reached the i-th DS, divided by floor and year of evalu-
ation: (a) and (b) 2012; (c) and (d) 2013; (e) and (f) 2014; (g) and (h) 2015; (i) and (j) 2016
(modified from [57]).
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Ground displacements at the base of the columns in the vertical (S,) and in
the two horizontal directions parallel to the building (S, and S,) have grown al-
most linearly in the period 2012-2016. A prediction of future displacements has
been carried out assuming that the trend remains constant also in the following
years, up to 2025. The displacements related to two significant columns located
at opposite vertices of the building plan (Figure 5.39a) are shown. Cumulated
displacements over the years are represented, for 1 (Figure 5.39b) and P12 (Fig-
ure 5.39¢c). X and Y directions are parallel to the building walls (Figure 5.39a),
while the Z direction is vertical. Circles indicate the experimental data used for
the linear regressions, while the predicted values in the year 2025 are represented
by rectangular indicators. For the two horizontal displacement components, S,
and S, the negative values are referred to as displacements toward the East. The
color associated to S, is green, and the associated regression line is the dotted
one. Displacements Sy are indicated in orange, with a continuous regression line.
Finally, vertical displacements S, are represented in blue, and the associated re-
gression line is the long dotted one. In this case, the minus sign indicates down-

ward displacements.
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Figure 5.39. (a) Identification in plane of RC examined columns; linear regression of
displacements along X, Y and Z direction at the base of (b) column 1 and (c) column 12
(modified from [57]).

A prediction of the expected damage in the year 2025 has been carried out by
applying the displacements, forecast as just described, at the base of the columns
of the ground level. The results are presented in Figure 5.40, where two histo-
grams (one for each floor) report the number of infills on that floor which in that
year reached a particular DS. It can be observed that on the first floor, the
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situation does not change in terms of the reached DSs, compared to 2016, never-
theless, the damage is progressing. For the second floor, instead, an infill that
was in DS0 reaches DS1. However, the maximum damage remains at the level of

extensive cracking (DS2).
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Figure 5.40. Prevision of the number of infills that will reach the it DS in 2025, on (a)
first floor and (b) second floor [57].

5.2.2.2 Seismic safety assessment under landslide-induces damage

The second part of the application (Mele et al., (2022) [56]) was carried out
after the on-site survey conducted ad December 2020. The visual inspections led
to the recognition of the number and position of smooth longitudinal bars and
transversal stirrups in RC elements (Figure 5.27d). The missing parameters, re-
lated to the mechanical material properties, have been taken from literature stud-
ies and codes. Once defined all the characteristics of the main elements, a struc-
tural model has been created using the finite element software SAP2000 [115],
using all the modeling hypotheses mentioned in §5.2.2.2 (frame elements for
beams, columns, and infills; fixed restrains joints for foundations; equivalent
height for the pitched roof). The inelastic cyclic response of RC members has
been reproduced by applying a modeling approach specifically elaborated for
RC members with plain bars [124]. The non-linear flexural behavior, represented
in Figure 5.41, has been concentrated at the ends of RC elements. Characteristic
points/conditions of the base moment (M) - chord rotation (0) multilinear rela-
tionship have been defined as the yielding point (M,,; 6,), the peak load point
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(Mpmax; Omax), the “ultimate” condition point with the attainment of (0.8 M,,44;
B.1¢), and the zero-resistance point, corresponding to the complete loss of lateral
load capacity of the element. The infills have been modeled according as illus-
trated in §5.2.2.2.

max |

0.8M

max

0 0, 0,

ult

pl
max

Figure 5.41. Characteristic points and assumed parameters of the base moment (M) -

chord rotation (0) response envelope [56].

In Figure 5.42 the 3D finite element model of the building is shown. Also, in
this case, model validation has been performed through modal and pushover
analysis, both without and with the infill’s presence. All the details about the
modeling and the validation are not reported herein because are out of the aims
of this thesis but can be found in Mele et al. (2022) [56]. The action of the earth-
quake (EQ) is applied to the slow-moving landslide-induced deformed configu-
ration of the building (landslide plus earthquake [LAN+EQ)] scenario).
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AL

Figure 5.42. 3D structural model of the building [56].

In this second part of the application, the landslide-induced displacements are
referred to the two investigated periods, respectively 2012-2016 and 2017-2019
(see §2.3.2 for details). As an example, the time series of displacements of two
PSs are reported (Figure 5.43), respectively in ASC (A1) and DES (D1) orbits. The
two time series of displacement assume opposite signs, meaning that the real
displacement has a prevalent horizontal component.
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Figure 5.43. Time series of displacements of an ascending (A1) and a descending
(D1) PS, located on the investigated building [56].

Subsequently, the combination of the maps obtained along the two tracks has
allowed detecting of the cumulated Vertical and EW components of movement,
with millimeter accuracy, at the end of each year of the period 2012-2018, and for
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the first three months of 2019, providing profiles of cumulated Vertical and EW
displacements occurred to building foundations (shown in Figure 5.44). The cu-
mulated components of movement at the end of 2019 and 2020 have been ob-
tained by extending the linear regression of the data calculated between 01/2012
and 03/2019 to the end of the mentioned years, for each column.
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Figure 5.44. Displacement profiles extracted for the building foundations at the end of
each year in the period 2012-2020: (a) horizontal, (b) Vertical (modified from [56])

The first part of the seismic assessment procedure consists of the seismic ver-
ifications for the capacity of the RC elements at the Life Safety limit state (LS-Is),
and for the deformability at the Damage Limitation limit state (DL-Is). The seis-
mic assessment procedure is widely explained in Mele et al. (2022) [56]. In syn-
thesis, a non-linear static analysis procedure, also known as “pushover”, has
been implemented. As recommended in NTC (2018) [125], two monotonically
increasing patterns of lateral forces are applied to the structure in the control
point, represented by the center of the roof floor masses. In the pushover curves
of the Multi-Degree Of Freedom (MDOF) systems, the base shear, V,, is ex-

pressed as a function of the roof displacement, As,y,. The structural checks at LS-




CHAPTER 5. POTENTIAL USE FOR SHM PURPOSES
AT SINGLE CONSTRUCTION SCALE 181

Is are performed with regard to ductile mechanisms and brittle mechanisms. The
structural capacity of beams and columns in ductile terms is evaluated according
to the capacity model suggested by the Commentary to NTC (2018) [116] (the
same model adopted in EC8-3 [101]), in terms of chord rotation capacity. The
brittle failures for beams, columns, and beam-column joints are checked accord-
ing to the capacity models suggested by the codes [116], [117]. The structural
checks at DL-Is are performed in terms of stiffness, with regard to the displace-
ments. In this case, for CU II, and having explicitly considered the infills in the
model, the condition can be considered satisfied when the limit provided by the
NTC (2018) [125] for masonry structures is respected (interstory drift between
two following floors lower than 0.2%).

The seismic action on the building has been evaluated based on a reference
period, V, obtained by multiplying the nominal life of the structure, Vy (50 years
for constructions with ordinary performance levels) by the coefficient of use, Cy
(equal to 1 for ordinary residential buildings). The horizontal components of the
seismic action have been considered through the elastic response spectra in ac-
celeration, appropriately scaled according to the characteristics of the ground. In
the LAN+EQ scenario, in the first step, the pattern of cumulative horizontal and
vertical displacement components evaluated in the period 2012-2020, have been
applied to the structural model. The landslide action causes the onset of a
stress/strain state in the structural elements, which become the starting point for
the successive application of the seismic action. Then, the seismic assessment
procedure has been implemented on the structural deformed condition due not
only to gravity loads but also to the differential displacements induced by the
slow-moving landslide affecting the case study building.

As mentioned in §5.2, nonlinear static analyses have been carried out through
a step-by-step procedure, by subjecting the structure to two monotonically in-
creasing patterns of lateral forces, applied at the centers of floor mass in the
model, one proportional to the fundamental mode of vibration (Mode X and
Mode Y), one proportional to the mass distribution (Mass X and Mass Y), where
Xand Y directions are assumed accordingly to Figure 5.27a. The seismic assess-
ment is also implemented in a condition of integer structure, deformed only for
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gravity loads, to verify the seismic safety level of the RC structure ([EQ] sce-
nario). The pushover curves are represented in Figure 5.45 (for Mass X and Mode
X cases) and Figure 5.46 (for Mass Y and Mode Y cases), with grey continuous lines
for the EQ scenario and black dashed lines for the LAN+EQ scenario. The evolu-
tions of the failure sequences found at the two Is for both scenarios are compared.
The step of the analysis at which the first structural element experiences a failure
mechanism has been found and remarked on the related pushover curve. In par-
ticular, for LS-Is, the tensile-shear failures in beam-columns unconfined joints are
represented with red triangles, while brittle shear failures, in beams and col-
umns, are indicated with orange squares and yellow circles, respectively. For DL-
Is, the limit step is marked with a cyan inverted triangle.

The evidence of the structural checks, up to the inelastic demand point D;,;
at LS-Is, for the EQ scenario (indicated with a green pentagram in Figure 5.45
and Figure 5.46), have shown that ductile failures are never attained, while ten-
sile-shear failure in beam-columns unconfined joints and shear failure mecha-
nisms in beams and columns are expected. Then, the ductile failures are never
achieved at LS-Is. The numerical analyses have also shown that the first failure
mechanism attained in the structure is the tensile-shear failure in beam-columns

unconfined joints.
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Figure 5.45. Comparison of the pushover curves and relative failure mechanism pro-
gress of structural elements, until the demand point, in the EQ and LAN+EQ for sce-
narios (a) Mass X and (b) Mode X (modified from [56]).
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Figure 5.46. Comparison of the pushover curves and relative failure mechanism pro-
gress of structural elements, until the demand point, in the EQ and LAN+EQ for sce-
narios (a) Mass Y and (b) Mode Y (modified from [56]).

The seismic verifications for LS-Is, repeated for the LAN+EQ scenario, have
highlighted that the differential displacements applied at the base of the
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structural model cause an aggravation of the stress state in the structural ele-
ments, that experience failures for lower steps compared to those attained in the
EQ scenario. Moreover, the number of elements in crisis at the LS-Is increases.
The results of the non-linear static analysis, performed in the LAN+EQ scenario,
have shown that the first elements in crisis are still the joints, for the tensile-shear
mechanism, at step zero of the pushover. It means that the action of the landslide
causes the failures before the application of the seismic action. The following fail-
ure mechanisms attained in the whole structure are beams and columns shear
failures. The effect of the landslide does not cause ductile crises in the structure.
Then, in the LAN+EQ scenario, such as in the previous EQ scenario, at LS-Is,
only brittle failures in the structural elements are expected.

As regards the DL-Is, the corresponding D, is indicated with a blue penta-
gram in Figure 5.45 and Figure 5.46. The first failure at the DL-Is is related to the
first-floor infills in every case. For the LAN+EQ scenario, it can be observed that
the infill located in the AB first floor field (see Figure 5.29) in each case attains
the DL-Is threshold at step zero of the pushover. Then, the DL-Is is exceeded due
to the landslide action. This result is in line with the in-situ observation made by
the authors during the experienced visual surveys. In fact, the mentioned infill
is currently damaged, as can be seen in Figure 5.47b. The step at which the first
failure is attained (performance point) characterizes the capacity of the whole
structural system for the considered Is.

An overview of the number of failures at LS-1s and DL-Is thresholds, in the
corresponding demand points, is reported in Figure 5.47. In particular, for LS-Is,
the number of columns and beams experiencing shear failures, as well as the
number of joints showing tensile-shear failures are reported. For DL-Is, the num-
ber of infills for which the maximum IDR exceeds the Is threshold is presented.
The summary also constitutes a comparison between the seismic assessment per-
formed in the two scenarios. It can be observed that from the EQ scenario to the
LAN+EQ scenario, the number of elements experiencing brittle failures at LS-1s
passes from 11 to 19 for joints, from 7 to 17 for columns, and from 2 to 8 for
beams. Moreover, the number of infills attaining DL-Is passes from 4 to 10. This
increase of the number of elements exceeding the Is can be attributed to the action
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of the landslide, which is acting independently from the earthquake.

INFILLS
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Figure 5.47. Number of elements in crisis at LS-ls and at DL-Is, versus number of total
elements, in EQ and LAN+EQ scenarios, with a focus on the most damaged infill in the

2020 survey.

The second phase of the seismic assessment procedure regards the calculation
of the safety index, {y [126], defined as the ratio between the demand peak
ground acceleration (PGA), based on the seismic actions prescribed from the
code for the considered limit state, and the capacity PGA of the building. An
overall comparison of the global structural condition between the two scenarios
has been carried out in terms of safety index, by using the performance point to
calculate the minimum anchoring PGA determining building failure mechanism
and the safety index {g. The results are reported in Figure 5.48.
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Figure 5.48. Comparison of the structural safety index in the EQ and LAN+EQ scenar-
ios, at LS-Is and at DL-Is, for the eight performed analyses.

It can be observed that the safety index at LS-Is, {i ; s_;s always assumes values
less than unity. In particular, the minimum {g;s_;s corresponds to the EQ sce-
nario (equal to 0.27). In the LAN+EQ scenario, {g ;s_;s is equal to 0.11. This means
that the structure is not able to withstand the seismic action from which, accord-
ing to the code, could be invested, but only 27%, in the EQ scenario, and 11%, in
the LAN+EQ scenario. At DL-Is, {i p;—;s assumes values very close to unity in
the EQ scenario, while in the LAN+EQ scenario, the occurrence of the landslide
drastically lowers the (g p; 5. In this case, the first failures at DL-Is occur at step
zero, so {gp.—;s assumes a unique value of 0.27, corresponding to a spectrum
with a return period equal to 10 years.

The illustrated comparison remarks that by neglecting the effects of the exist-
ing differential displacements landslide-induced, the safety index obtained for
the structure can be overestimated. The differences in terms of {; between the
two scenarios have a significant influence on seismic upgrading/retrofit strate-
gies and relative costs, according to the indications of NTC (2018) [116].
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5.2.2 Discussion

The potential use of the satellite SAR data to perform a structural assessment
and monitoring has been shown, analyzing different aspects with refers to an
infilled RC building. An accurate structural model is necessary to perform a
structural assessment and monitoring.

A good agreement has been found between the analytical previsions and the
existing damage pattern on the infills, according to literature damage scales. The
methodology presented in §5.2.2.1 can be quickly repeated for large sets of RC
buildings, in particular for small urban centers that present a repetitiveness of
the constructive systems of RC buildings. Moreover, assuming linearity in the
progress of the slow-moving landslides as for the case study, useful indications
can be provided to enrich the civil protection prevention plans for a predefined
number of future years. The prediction of the future displacements following the
past trend is reasonable in the presented case since the landslide-induced ground
displacements at the base of the columns have grown almost linearly in the mon-
itored period.

In the second part of the application, the seismic safety assessment of the
building has been carried out twice: in a traditional scenario and a multi-hazard
scenario, explicitly considering the effect of the slow landslide-induced move-
ments affecting the structure. The landslide phenomenon, which analytically re-
sults in differential displacements applied at the base of the building columns in
the model, causes a heterogeneous stress-strain path in the structural elements,
that becomes the starting condition for the application of the following seismic
action. The seismic safety checks at LS-Is have highlighted, both for EQ and for
LAN+EQ scenarios, that only brittle failures in the structural elements are ex-
pected (tensile-shear failure in beam-columns unconfined joints, shear failure
mechanisms in beams and columns). At the DL-Is, indeed, the first failure is al-
ways related to the first-floor infills. An overall comparison of the global struc-
tural condition between the two scenarios has been provided in terms of safety
index.

It is evident that the differential displacements cause an aggravation of the
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stress-strain state in the structural elements. Then, in the building seismic assess-
ment, the neglect of a pre-existing stress-strain condition leads to an overestima-
tion of the actual residual seismic capacity, represented in a value by the safety
index, and consequently to a potential underestimation in the definition of the
interventions needed to increase the seismic safety.

The proposed assessment procedure in a multi-hazard analysis can be easily
repeated elsewhere to quantify the effect of the active landslide on the seismic
assessment of the RC buildings.

The methodology presented in this work could furnish useful indications
from a forecasting perspective, i.e., in support of the civil protection prevention
plans. For phenomena linearly evolving in time, such as slow-moving landslides,
a prevision of the future displacements for a small number of years could be
done, if the trend of the displacements at the structure’s base is known. These
displacements could be used to carry out an application analogous to that pre-
sented in §5.2.2.2, to evaluate the seismic safety margin of the structure, affected

by the landslide, in a certain number of years.
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Chapter

6. Conclusions

In this thesis, the most important aspects of the use of satellite SAR data for
the monitoring and structural assessment of the built environment, in particular
through DINSAR techniques, have been analyzed in detail. The advantages of
such new remote sensing monitoring technology are various and very attractive
for structural engineering applications. First of all, the covered areas are really
large, and the data sampling has a relatively high frequency. The satellite image
acquisition covers large periods of investigation (from 1992) and does not strictly
need ground instrumentation. Then, the environmental impact is almost zero,
and the monitoring costs are very limited if compared to the extent of the ana-
lyzed areas or the observation period, compared to traditional on-site methods.
The technology also has some limitations, for example, the absence of measure-
ments in areas without reflecting objects (e.g., vegetated areas) and the impossi-
bility to establish the number of PSs and their distribution a priori. Moreover, it
should be noted that the technique is suitable to monitor slow phenomena over
time, but is not appropriate for rapid kinematic deformations.

Proper elaborations make DInSAR-derived data useful for SHM purposes of
the built environment (which means constructions and surroundings). First of
all, the study of mean velocity maps at the territorial scale allows to understand
if the area of interest is stable or affected by displacements, and to assess the
direction along which potential displacements are ongoing. In fact, the main out-
puts of the elaborations are Vertical and EW components mean velocity maps,




192 CHAPTER 6. CONCLUSIONS

which condense the most significant information for the SHM of constructions,
from an engineering point of view. Thanks to the deformation maps, it is possible
to circumscribe the most unstable zones in which exposed constructions are lo-
cated.

Two methodologies for the elaboration of satellite data at territorial scale, with
SHM purposes, have been illustrated and applied to three case studies (§4.1.2
and §4.2.2). The first methodology highlights the importance of the use of ML
algorithms for the management and elaboration of DInNSAR-derived data for
SHM purposes. The DBSCAN clustering algorithm is applied to ASC and DES
datasets of PSs in a built-up zone, with no information about the number, the
shape, and the distribution of the buildings in the area, for their automatic iden-
tification in the form of PSs clusters. Then, for each cluster, the deformation con-
dition in the investigated period is obtained and a preliminary ranking of critical
buildings to be further investigated is carried out. The second methodology is
based on the use of ADAfinder tool, aimed to identify the buildings affected by
displacements above a given threshold, among all the buildings included in the
investigated area, neglecting the other ones. The presented methodologies are
very promising; nevertheless, they could be improved by the introduction of a
classification of the buildings, for instance, based on structural features (e.g., ma-
terial, number of floors, construction period), and giving velocity thresholds spe-
cific for each class, to distinguish the “stable” from the “unstable” condition. The
products of the two proposed methodologies at the territorial scale are very clear,
simple, and useful to provide real support for the monitoring of urban areas.

The identification of the most critical buildings to be investigated at a detailed
scale, with a higher degree of information (e.g., on-site inspections and measure-
ments), is very important since settlements could induce damage to structures
and create dangerous situations. In this regard, a focus on the potential use of
DINnSAR satellite data for SHM purposes at a single construction scale has been
made. The two levels of analysis (territorial and single scale) should be consid-
ered as parts of a unified approach for the structural assessment and monitoring
of the built environment.




CHAPTER 6. CONCLUSIONS 193

The structural assessment at a single construction scale, based on DInSAR-derived
data, can be performed at two levels, with increasing accuracy of the results. The evalu-
ation of the maximum displacement components, as well as the calculation of the maxi-
mum differential settlement related to a building facade, represent a crucial issue in the
identification of possible criticalities for the monitored building. The trend of displace-
ment time series of single PSs is also important to track the deformation evolution, fo-
cusing in particular on the detection of possible slope changes.

A preliminary structural assessment and monitoring, based on the combina-
tion of DINSAR data with information concerning the construction geometry
(e.g., retrieved from historical documentation), 3D modelling, and consistent po-
sitioning of the PSs in a GIS environment, can be implemented (§5.1.1.1 and
§5.1.1.2). The qualitative comparison between the DINSAR-derived mean veloc-
ity maps and the 3D engineering-geological model can highlight possible corre-
lations between ground settlements and litho-stratigraphic setting. Moreover,
when the damage condition of the construction at time zero of the DINSAR time
series is known, the displacements cumulated during the monitoring interval can
be used to draw considerations on the structural damage evolution, and to qual-
itatively estimate the damage, according to literature damage scales (§5.1.1.2).
On the contrary, in the absence of information on the damage condition at time
zero, it is possible to compare the cumulated differential displacement with limit
thresholds associated with classes of damage conditions, but it is almost impos-
sible to reconstruct the damage evolution. A damage classification of construc-
tions can help establish a list of priorities of the more vulnerable ones, for better
planning of more in-depth evaluations. A preliminary structural assessment can
also be developed based on the integration of DINSAR-derived data and the out-
comes of on-site damage reliefs, as shown in the presented application (§5.1.1.3).

A more depth structural assessment and monitoring consist of the estimation
of the structural response of a reliable analytical model of the construction, under
differential settlements DINSAR-derived, with higher accuracy in the results
with respect to the previous approach. The analytical damage previsions can be
compared to the existing damage pattern (§5.2.2.1) to validate the structural
model. Then, the influence of displacements induced by an ongoing
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phenomenon (detected from satellite) on the seismic safety assessment of a con-
struction can be investigated (§5.2.2.2). This could furnish useful indications in a
forecasting perspective, i.e., in support of the civil protection prevention plans.
In fact, for linearly evolving in time phenomena (e.g., the case of slow-moving
landslides), expected future settlements could be estimated, starting from the
DInSAR-derived time-series, and exploited to evaluate the seismic safety margin
of the structure, in a certain number of years. However, particular attention
should be paid to future forecasts (or retrospective) analyses: it is always desira-
ble to integrate satellite data with on-site information.

It is worth to highlight that the cumulative displacements retrieved through
the DINSAR technique represent the amount relative only to the time series in-
terval. Therefore, if the construction under monitoring has been built before the
beginning of the time series, information on earlier deformation phenomena af-
fecting the building needs to be gathered in order to use the DINSAR cumulative
displacement for structural assessment.

The applications shown in this thesis have been performed using satellite SAR
data derived by the processing of SAR images acquired from different satellites
(CSK and 5-1), using different processing techniques (SB and PS). It has also been
highlighted that the choice of the dataset features should be a function of the
application to be performed because the resolution of the data is not the same for
every satellite constellation and processing approach. For a single construction
SHM, for example, it is suggested to use at least CSK-derived data. It is also
worth to highlight that several national and international space agencies are
planning to launch new missions to put into orbit constellations of SAR satellites
characterized by even more frequent revisit time, extension of the ground cover-
age, and higher spatial resolutions capable of providing an increasing amount
and quality of data.

The performed analysis allows to highlight that the main open issues concern-
ing the use of DINSAR measurements for structural applications, on which the
future research lines should be focused, are the following:

e the correct altimetric and planimetric PSs positioning, together with the
possibility to further improve and automatize the precision and accuracy of
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the PSs georeferencing by means of GNSS measurements;

o the reduced effectiveness of the multi-temporal DInNSAR techniques in
some structural typologies, for example, due to the impossibility to evaluate
the displacement component of the PSs along the NS direction or to the exist-
ence of areas characterized by the lack of points, caused by the presence of
unexpected effects that may lead to anomalies in the associated deformation
signal, with the need to develop specific algorithms;

e the importance to account for the spatial correlation among PSs when
performing interpolation operations to study a specific construction;

e the importance to choose a “stable” reference point (§2.2), to not affected
the measurements of all the dataset by a wrong under/over-estimation.

As a future prospect, the DINSAR data could be applied for the definition of
alerts and threshold levels for the SHM of a construction, once DInNSAR measure-

ments are validated through the structural model.
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