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Abstract

Existing structures and infrastructures are exposed worldwide to different types of hazards during their service life, such as
earthquakes or landslides, especially in countries characterized by high seismicity and hydrogeological risk, as Italy. Mitiga-
tion risk and safeguarding existing structures are tasks of great interest for structural engineering. Recently, advanced multi-
temporal differential synthetic aperture radar interferometry (DInSAR) products have been used to monitor the evolution
in time of ground movement that affects structures. This paper proposes a methodological approach to integrate DInSAR
data, visualized in the GIS environment, with on-site measurements. DInSAR and terrestrial laser scanning (TLS) are pur-
posely combined to facilitate the spatial interpretation of displacements affecting cultural heritage sites. An insight into the
proposed approach is provided through the study of the Capitoline Museums in Rome (Italy) focusing on Marcus Aurelius
Exedra, by exploiting the data archive (ascending and descending acquisitions) collected during the 2012-2020 time inter-
val. Identifying possible critical situations for the analyzed structure is carried out through the analysis of DInSAR-based
displacements time series and mean deformation velocity values. Ascending and descending data are combined to extract
the components of ground motions and reveal the presence of predominant components in the vertical direction. This is also
confirmed by comparing the “as-build” model (obtained from TLS) and the “as-design” model (obtained from the original
technical drawing). Therefore, the DInNSAR-TLS combination allows supporting structural health monitoring early warning
procedures of structures.

Keywords Structural health monitoring - DInSAR measurements - Terrestrial laser scanning - Early warning -
Displacement time series
1 Introduction

The built environment has recently been subjected to dif-
ferent natural phenomena and extreme events highlighting
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how buildings, infrastructures, and architectural heritage
structures are highly vulnerable. Therefore, the interest
in approaches that examine buildings, particularly those
with historical value, has been strengthened to assess the
structural behavior, ensure the safety of constructions, and
enforce the prioritization of monitoring and conservation
policies to ensure sustainable conservations. Structural
health monitoring (SHM) and assessment techniques are
paramount to verifying the residual capacity of existing
buildings and infrastructures that could reach or even over-
come their service life [1, 2]. Traditional SHM applications
require many sensors, such as accelerometers; they can be
time-consuming data collection, expensive, labor intensive,
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and dangerous [3]. To address such limitations, especially
where artistic and archeological heritage is extensive and
developed, advanced non-destructive techniques are nec-
essary for SHM applications. Among the available non-
invasive SHM technologies, remote sensing techniques can
be a valid option to provide helpful information to assist
management decisions and safety evaluations while mini-
mizing the effects of disturbances on the structure function-
ality. Although the advantages and potentialities of apply-
ing satellite remote sensing for urban applications were first
investigated in 1985 by Forster [4], the employment of this
approach for SHM is recent, and interferometric synthetic
aperture radar (InSAR) data analysis approaches are under
continuous development [5]. The ground displacement time
series based on the analysis of differential interferometric
synthetic aperture radar (DInSAR) data is considered a suit-
able approach for the structural assessments, particularly
when it is combined with information about the geology of
the area and the geometry of the structure under monitoring.
DInSAR allows mapping and measuring deformation phe-
nomena with a convenient cost/benefit ratio compared to tra-
ditional topographic techniques [6]. In recent years, DInNSAR
techniques have been widely used to analyze Earth surface
displacement processes such as seismic events, landslides,
volcano unrests, and subsidence [7-9]. Numerous applica-
tions of DInSAR satellite data for monitoring ground defor-
mations can be found in the literature. In some studies, the
processing of satellite SAR has allowed obtaining of ground
deformation measurements and thus to detect of superficial
deformations caused by natural and anthropic phenomena
on single buildings [10-14], and extended areas [15, 16].
Similarly, terrestrial SAR interferometry was applied to
study the effects of vertical settlements related to subsidence
or excavations in the urban area of Rome (Italy) [17-19].
Bozzano et al. [20] performed satellite SAR to infer the
recent deformational history of the “Vittoriano” monument
in Rome (Italy) using medium- and high-resolution SAR
images acquired in double orbital geometry and covering
the last two decades. A structural monitoring and assessment
methodology, including SAR approaches, was proposed by
Talledo et al. [21]. In their work, the method was applied
to the complex building of San Michele in Rome (Italy) to
assess the structural behavior of the structure. Arangio et al.
[22] integrated the results of a DInSAR analysis with an
intermediate semi-empirical model to analyze three build-
ings located in the southern part of Rome (Italy). Bonano
et al. [23] extended the Satellite BAseline Subset (SBAS)
approach to generate deformation time series at full spa-
tial resolution from long sequences of European Remote
Sensing (ERS) and Environmental Satellite (ENVISAT)
SAR data. Their approach was validated by processing two
ERS/ENVISAT data sets relevant to the Napoli Bay Area
(Italy), and the Murge region (Italy) acquired in 1992-2007.
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Satellite data have also been used to assess external actions
not related to subsidence. For instance, Bayramov et al.
[24] used satellite radar remote sensing to evaluate quanti-
tatively ground deformation risks and movement trends for
the onshore petroleum and gas industry. Although the use
of SAR techniques in civil engineering has been improved,
exploiting such approaches in the monitoring and structural
assessment of structures withing cultural heritage sites is
still an open issue.

The complexity of constructions within historical sites
with irregular geometry, inhomogeneous materials, vari-
able morphology, alterations, and damages, poses numer-
ous challenges in the digital modeling and simulation of
structural behavior. Terrestrial laser scanning (TLS) has
been widely applied for periodic deformation monitoring
of structures in recent years. TLS is a ground-based tech-
nique that automatically collects the 3D spatial coordinates
of many points of objects in a very short period. The main
advantage of the monitoring by TLS is its full surface 3D
representation; other advantages of TLS include non-contact
long-range measurements, a high degree of automation, and
intensive sampling capability. TLS has been introduced for
deformation monitoring of several applications in the fields
of architecture, civil engineering, manufactory, and archae-
ology [25-27].

In this research scenario, the objective of this paper is to
present a methodological approach based on the applica-
tion of satellite data for detecting anomalous displacement
trends of existing buildings placed in cultural heritage sites
that could need further and more in-depth investigations.
Thereafter, the retrieved information is combined with on-
site information obtained from 3D terrestrial laser scanning
(TLS) to support and validate the information, and conse-
quently the interpretation of data acquired by DInSAR tech-
nique to provide a useful monitoring procedure tool that
helps deeply investigating the actual conditions of the exist-
ing structures.

The methodology presented has been applied to analyze
displacement trends at two different scales: at global scale
accounting for the entire complex of Capitoline Museums
in the city of Rome (Italy) as a whole (global analysis); at
local scale focusing only on the Marcus Aurelius Exedra
structure (local analysis). This is useful for the identification
of the relative stability among the constructions in the area.
DInSAR deformation data, obtained from the processing
of ascending and descending COSMO-SkyMed images for
2012-2020, have been used to detect ground movements.
Furthermore, on-site measurements conducted for the local
analysis through the 3D TLS procedure have allowed the
designing of an “as-built” model to determine the actual geo-
metrical conditions of the analyzed structure and to identify
the elements of the structure that are subjected to the dis-
placements obtained from the DInSAR results. Compared to
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traditional surveying techniques, TLS provides accurate and
dense information in a rapid and non-invasive manner [28].
The combined use of TLS and SAR systems has been poorly
studied, and the literature is limited to forest fire [29, 30] and
vegetation estimation [31]. Therefore, combining TLS and
SAR results is considered an important part of the presented
work. Although further research is necessary to improve the
accuracy of DInSAR in measuring small structural defor-
mation phenomena, the presented results can help evaluate
the structural condition of buildings within cultural heritage
sites and demonstrate how DInSAR information could drive
the application of traditional on-site experimental investiga-
tions in an optimal way. The paper is structured as follows:
Sect. 2 is devoted to describing the proposed methodology
for the preliminary structural assessment based on the joint
exploitation of the satellite DInSAR data techniques and on-
site measurements highlighting the key aspects and specific
features of the DInSAR approach. In Sect. 3, the application
of the proposed methodology to the case study, imaged by
the COSMO-SkyMed SAR constellation from ascending and
descending orbits during the 2012-2020 time interval, is
presented, and the interpretation of the displacements for
the identification of possible damage scenario is discussed.
Moreover, in this section, on-site measurements to capture
data about the actual condition of the analyzed structure are
also described. Section 4 discusses the proposed methodol-
ogy highlighting how the integration between DInSAR and
on-site inspection results can effectively optimize the assess-
ment of the structural health. Finally, conclusive remarks are
drawn in Sect. 5.

2 Data and methods

This section describes the methodology proposed for the
preliminary structural assessment of constructions based
on the GIS integration of DInSAR measurements and 3D
laser scanning. In particular, the methodology employs the
DInSAR products (i.e., deformation time series and mean
displacement velocity maps) computed by processing large
full-resolution SAR datasets acquired from two different per-
spectives, ascending (ASC) and descending (DES) orbits,
by the COSMO SkyMed (CSK) satellite constellation in
the period from March 2012 to March 2020. Surface dis-
placements relevant to the investigated area are carried out
by processing SAR data stacks through the multi-temporal
DInSAR technique, known as SBAS methods [32, 33]. Some
post-processing techniques using two DInSAR datasets
(ASC and DES) are described to extract two components of
the actual deformation pattern affecting the examined struc-
ture. Finally, considerations on the structural assessment of
the construction can be provided by combining the so-elab-
orated DInSAR-derived products with on-site information

and measurements. The proposed methodology can be sum-
marized as follows (see Fig. 1).

e Step 1: SAR data processing (identified by blue color).
In the first step, deformation measurements along the
radar sensor line of sight (LOS, i.e., the direction joining
the sensor with the target on the ground) are computed,
such as displacement time series and the corresponding
mean velocity for each coherent measure point, named
Persistent Scatterer (PS). Furthermore, velocity maps of
the investigated area along the LOS are retrieved.

e Step 2: Post-processing (identified by grey color). This
step aims at determining the two deformation compo-
nents along the vertical and horizontal directions through
interpolation strategies.

e Step 3: On-site information (identified by orange color).
The third step deals with the geometrical identification of
the investigated structure through the 3D scanning pro-
cess to define the precise geometrical condition of the
structure.

e Step 4: Deformation assessment (identified by yellow
color). The methodology’s final step is performed by
combining information from DInSAR measurements
with those derived from on-site data to identify possible
critical situations which need in-depth investigation.

2.1 Overview of the SBAS-DInSAR approach

In this section, the main characteristics of both the SBAS-
DInSAR approach and the exploited CSK datasets applied to
compute the displacement time series and their mean defor-
mation velocities are briefly described.

The SBAS methodology is the well-established
advanced DInSAR technique that provides information
on the temporal and spatial patterns of the radar-detected
LOS-projected displacement components through the
generation of deformation time series and mean velocity
maps with sub-centimetric accuracy [32, 33]. The SBAS
approach is based on using many SAR images acquired by
satellite sensors over the analyzed area and during a given
time to generate a multi-temporal sequence of differential
interferograms, defining the phase differences between two
SAR images. The multi-temporal sequence of differential
interferograms is carried out by selecting the interfero-
metric SAR data pairs that have a slight separation (i.e.,
perpendicular baseline) between the acquisition orbits and
a low time interval between the involved SAR data (i.e.,
temporal baseline), which makes it possible to minimize
noise effects, known as decorrelation effects [34], affect-
ing the generated interferograms and, as a result, to maxi-
mize the spatial density of the retrieved DInSAR meas-
urements, corresponding to the derived coherent points
that, as previously mentioned, are defined as Persistent
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Fig. 1 Flowchart of the pro-
posed methodology
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Scatterers (PS). The accuracy of the obtained DInSAR
products is about 1-2 mm/year for the mean deformation
velocity information and 5—10 mm for the single deforma-
tion measurement [35, 36]. The main characteristic of the
SBAS-DInSAR techniques is the ability to retrieve dis-
placement time series and corresponding velocity maps at
different spatial scales, i.e., regional (low-resolution analy-
sis) and local scale (full-resolution analysis) analysis [36,
37]. While the first one allows investigating natural and
anthropic deformation phenomena in large areas, the lat-
ter is particularly suitable for monitoring the deformation
phenomena related to single buildings, infrastructures, or
parts of them [38, 39]. This is accomplished by dealing
with full-resolution differential interferograms, carried out
from the single-look data with a typical spatial resolution
of the sensor within the range of 3—10 m. In the follow-
ing, the full-resolution SBAS-DInSAR approach applied
to detect local scale deformation phenomena is described.

and DInSAR results for detecting
anomalous displacement trends

2.2 Measurements from satellite SAR
interferometry

The full-resolution SBAS-DInSAR provides a large set of
PSs relevant to the investigated area, for which measures
of the displacements along the LOS direction are given
within the analyzed time frame. Each PS is associated with
an area of the surface whose dimensions are determined
based on the resolution cell size of the processed SAR
data. For each PS, the available information is: (i) the
LOS displacement time series; the LOS mean deforma-
tion velocity; (iii) the geographical coordinates (latitude
and longitude) and the altitude according to the global
reference system; (iv) directional cosines of the LOS to
identify the direction vector to which the displacement
value refers; (v) and the temporal coherence, which is
provided within the range [0, 1], to estimate the quality
of the results on the pixels where the deformation time
series are retrieved. Generally, the coherence threshold
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is empirically set up by considering the characteristics of
the analyzed dataset, such as the number of SAR acqui-
sitions, the time interval, etc. For instance, a temporal
coherence threshold of 0.35 can be considered while work-
ing with a CSK dataset that consists of about a hundred
SAR images acquired over an urban area in a decade time
interval [21]. As previously mentioned, radar images of
the same area can be obtained from two perspectives ASC
and DES. Thus, the proper combination of ASC and DES
SAR acquisitions in different time frames over the same
area, usually provided as ASCII text files, allows retrieving
the components of the real deformation pattern, i.e., the
vertical (V), the East—West (E-W), and the North—South
(N-S) components of the displacement measurements. It
is worth highlighting that since the ASC and DES satellite
orbits are quasi polar, i.e., nearly perpendicular to the N—S

Fig.2 Projections on the

ascending (a) and descending 4
(b) LOS of the components of

the real displacement vector

. N

D os

LOS

direction, it is impossible to detect the N-S component
with considerable accuracy. Indeed, it can be assumed that
a deformation component along the N—S direction has a
low influence on the LOS deformation values due to the
low sensitivity when retrieving the N-S deformation com-
ponent, which is around 5% [18]. To trace the components
of the real displacement Dy and Dy, information known
from the satellite measure, i.e., the displacement D; g and
the angles O and 6y, must be used. Note that O and Oy,
are, respectively, the angles between the LOS and the three
directions of the reference system (see Fig. 2).

Since the displacement measured along the LOS is
computed as the sum of the projections on the LOS of
the three cartesian components of the real displacement,
it is possible to write two equations for both ascending
and descending orbits that express the projection of the
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cartesian components of the real displacement on the two
LOS directions (not coinciding with each other).

Dy os,asc = Di_w - €08(0g asc) + Dy - €08(Oy a5c)s

D os pes = Dg—w - €08(0g pgs) + Dy - cos(y pgs)-

ey

To compute the vertical and horizontal components of
the mean deformation velocity and displacement meas-
ured through the DInSAR analysis on the ground surface,
a spatial resampling of both ASC and DES LOS velocity
and displacement is implemented using the inverse dis-
tance weighted (IDW) interpolation method [40, 41], thus
obtaining continuous maps of the mean LOS velocity and
displacement, regarding the acquisition period. It is worth
highlighting that having continuous maps helps immedi-
ately define the presence of zones affected by substantial
velocity values along the two directions and zones char-
acterized by a more stable behavior. Thus, the cell size
of the IDW interpolation is set at 3m, according to the 3
X 3 m? resolution of COSMO-SkyMed products. In this
way, the vertical and E-W components (associated with
each point of the grid) can be computed with the system
in Eq. (1). Note that Eq. (1) has been defined in terms of
displacements, but it is extendable directly to computing
the velocity components.

It is worth mentioning that interpolation techniques
are valid under specific conditions of the disposition of
the selected points. For instance, the use of interpolation

procedures for defining velocity and displacement maps
is not recommended where there is a low number of PSs
[18].

3 Case study

To analyze the advantages of using the multi-temporal DIn-
SAR approaches to support the structural health monitoring
of structures, the historical complex of the Capitoline Muse-
ums in Rome (Italy) focusing on the Marcus Aurelius Exedra
has been selected as a case study. The Capitoline Museums
are the main civic museum of the city of Rome. The histori-
cal seat is constituted by the Palazzo dei Conservatori and
the Palazzo Nuovo, both located on the Piazza del Cam-
pidoglio (Capitoline Hill). The new Hall of the Capitoline
Museums, also called the hall of Marcus Aurelius, located
at the ancient site of Giardino Romano (Roman Garden),
displays the original equestrian statue of the Roman emperor
of the second century AD (see Fig. 3a, b). The project was
entrusted to Carlo Aymonino, one of the most important
Italian architects of the last century, and it represents a pres-
tigious piece of modern architecture within the ambit of the
Municipal Museum complex that links the historic part of
Palazzo dei Conservatori to those parts of the museum that
have been more recently constructed. The large and bright
hall was built in an open area that historically marked the
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boundary between the properties of the Conservators and
the Caffarellis [42].

3.1 DInSAR analysis and displacement assessment

The interferometric products used in this work related to two
sets of SAR images collected from ASC and DES orbits by
the sensors of the Italian CSK constellation were provided
by the Italian Space Agency (ASI) and processed by IREA-
CNR through SBAS-DInSAR technique. The images were
acquired through the standard Stripmap mode with Hori-
zontal-Horizontal (HH) polarization and a ground spatial
resolution of about 3 m in both azimuths (along-track)
and range (cross-track) directions. The identified datasets
comprise 129 ascending and 107 descending single-look
complex (SLC) acquisitions collected from March 2012 to
March 2020. The average look angles of the scene center

Table 1 Main characteristics of the exploited CSK datasets

Ascending Descending

Wavelength 3.1cm 3.1cm

Acquisition mode H-IMAGE H-IMAGE

Average look angle 32° 29°

Spatial extension 40 km x40 km 40 km x40 km

Spatial resolution 3mXx3m 3mXx3m

Beam-ID H4-05 H4-03

Time interval 21/03/2012-11/03/2020  21/03/2012—
11/03/2020

Number of acquisitions 129 107
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are of about 34° and 29° for ASC and DES, respectively.
The other characteristics of the exploited CSK datasets are
listed in Table 1.

IREA-CNR provided datasheets including different
unique pixel identifiers for which several parameters are
identified: latitude, longitude, topography, mean deforma-
tion velocity, interferometric temporal coherence, compo-
nents of Line of Sight (LOS) unit vector along the North,
East, Vertical directions, and LOS displacement time series
(TS). Figure 4 shows the LOS mean deformation velocity
maps expressed in mm/year on orthophotos, obtained by
independently processing the two ASC (Fig. 4a) and DES
(Fig. 4b) datasets at the full spatial resolution scale in the
period from 2012 to 2020. The two mean deformation veloc-
ity maps show a good PSs density within the analyzed area,
where almost all the structures are detected. It is evident
from the figure that low deformation values characterize
both quadrants containing the investigated structure.

As evidenced by the statistical distributions of the data of
each orbit in Fig. 5, almost all velocities are between — 0.2
and 0.2 mm/year.

The statistical distributions have an average value of
about —0.0035 mm/year, and they are asymmetric to the
mean value (skewness < 0) and leptokurtic (kurtosis > 3).
From a first observation on a territorial scale, there are no
areas subject to particularly high mean deformation veloci-
ties. The available data were analyzed in a geographic infor-
mation system (GIS) environment, which allows organizing
and displaying data associated with a position on the Earth’s
surface, to display the measurement points on the investi-
gated structure and analyze their displacement time series.
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Fig.4 View of the analyzed area with superimposed the LOS mean deformation velocity map for the identified PSs and different longitude and
latitude coordinates. The red circle in both figures indicates the Marcus Aurelius Exedra of Capitoline Museums



Journal of Civil Structural Health Monitoring

CSKROMA_A_11000_11999x7000_7999_Nov19

6000 — = —

B & = A
a2 |3 £ p = -0.035
o =0.064
skn = -0.39
5000 - kurt = 5.54
4000 -
)
L
£ 3000
=
4
2000 -
1000 -
0 | S O — N
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

Mean deformation velocity (crm/y)

(a)

8000 CSKROMA_D_8000_8999x4000_4999_topf1219

=] j=} a =] o
3|8 39
= | . a3 —_—
y =-0.024
0=0.06
5000 - skn = -0.38
kurt =7.2
4000 -
e
2
E 3000 -
=)
=
2000
1000
5 . . .
06 -0.4 -0.2 0 0.2 0.4 0.6

Mean deformation velocity (cm/y)

(b)

Fig. 5 Distribution of mean deformation velocities: ascending (a) and descending (b) orbit. In the figures, u is the mean, o is the standard devia-

tion, skn is the skewness value, and kurt represents the kurtosis value

& PS in ascending orbit !

Fig.6 PSs localization on Capitoline Museums, in ascending (yellow
triangles) and descending (green circles) orbits, from QGIS

The localization of the PSs was obtained by converting the
geodesic coordinates according to the reference ellipsoid
WGS84 in cartesian coordinates, assuming the direction x
coincident with that of the E-W direction. Limited to the
area of Capitoline Museums, satellite data are available for
both orbits. More precisely, it is possible to identify 734
PSs for the ascending and 726 for the descending orbit. The
Marcus Aurelius Exedra consists of 58 PSs for the ascending
orbit and 65 PSs for the descending orbit. The orthophoto
representation denotes a good agreement between the posi-
tions of the satellite-detected scatterers on the building and
the plan geometry (see Fig. 6).

Furthermore, the measured points were selected, and their
displacement time series were analyzed. For example, Fig. 7
reports the displacement time series relating to the measured
points on the Marcus Aurelius Exedra and associated with
the ascending orbit. Since the descending orbit presents not-
so-significant values of deformation velocities, it has been
decided to neglect it. The time histories of the PSs belong-
ing to the building show the presence of significant residual
displacements at the end of the measurement period. In par-
ticular, the two PSs located in the eastern and northern part
of the roof of the building (see Fig. 7a) exhibit high negative
(i.e., moving away from the satellite, illustrated in red line)
and positive (i.e., moving towards the satellite, illustrated in
green line) deformation velocities, respectively. Figure 7b
depicts the displacement time series of two points identified
along the ascending LOS showing a certain regularity of
the movement trend affected by annual temperature vari-
ations, i.e., downwards movements during autumn/winter
season, and upwards movements during spring/summer sea-
son. Although the temperature has not been measured, it is
certainly possible to assume a thermal excursion of at least
20°. The information coming by historical trends of the dis-
placements helps identifying a certain seasonality movement
that could be better recognize if a significant time window
is investigated (e.g., seven or more years).

The vertical and E-W components of the displace-
ment can be evaluated using the IDW interpolation
method, as described in Sect. 2.2. The combination of
maps carried out along the two tracks has allowed the
detection of cumulated vertical and horizontal E-W
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Fig.7 Displacement time series of the analyzed points within the
ascending orbit. The black curves are the interpolations of the meas-
ured trends (in red and in green) (a); displacement time series of two
points showing the seasonality of the movements (b). In the images

movement components for each grid vertex. For conven-
tion, upwards and east-directed displacements have posi-
tive values, according to the reference system depicted
in Fig. 2. The symbology used to represent the displace-
ments along the two components, has graduated colors
ranging from red (upwards and East-directed displace-
ments, respectively) to blue (downwards and West-
directed displacements, respectively). Green zones are
characterized by stable behavior, not affected by dis-
placements. The vertical and E-W components of the
deformation velocity obtained by performing the analysis
at global scale (Capitoline Museums) are illustrated in
Fig. 8.

The analysis of the scenario of interest concludes that
the structure is overall characterized by slight or neg-
ligible movements, indicating substantial stability. On
the other hand, results indicate the presence of localized
deformation. It is possible to identify the areas affected
by movements downwards and towards the west direc-
tion—Tiber alluvial plain (represented by blue color)
with velocities between 0.1 and 0.16 mm/year. Figure 8a

on the right are indicated the positions of the corresponding time his-
tories highlighted in the left graphs. The grey and orange boxes in (b)
represent the autumn/winter (A/W) and spring/summer (S/S) periods,
respectively (color figure online)

shows that the northwest part of the structure is affected
by upwards displacements with velocities between 0.122
and 0.172 mm/year. The true range of values for VV
was —0.112 mm/year to+0.122 mm/year and VE —0.158
to+0.172 mm/year as listed in Table 2.

The results follow the studies conducted on the defor-
mation trend that involves the historic center of Rome
and the surrounding area in the last few years [43, 44].
Recent studies have claimed that displacements are
mainly caused by subsidence or natural/human-induced
deterioration processes experienced by archeological
structures. Bozzano et al. [20] identified two different
areas: the easter area, where the Capitoline Museums
are located, is affected by slight or negligible movements
downwards the Tiber alluvial plain, whereas the western
region is affected by significant deformations and set-
tlements caused by the subsidence of compressible soils
(see Fig. 9).

Within all the observations conducted on the global
scenario, particular attention was given to Marcus Aure-
lius Exedra. The same approach has been implemented
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Fig.8 Mean velocity maps of the Capitoline Museums (global scale): ASC (a) and DES (b) data, with IDW interpolation; vertical (c) and E-W
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to compute the vertical and E-W components of the
deformation velocity and displacement at the local scale.
Results are depicted in Figs. 10 and 11.

The true range of values for VV was —0.076 mm/year
to+0.208 mm/year and VE—0.417 to+0.361 mm/year as
listed in Table 3, and the true range of values for DV was
—2.147 cm to+0.928 cm and DE—0.032 cm to+1.196 cm
(see Table 3).

Table2 Summary of min and max values of the vertical (VV) and
horizontal (VE) deformation velocity during 2012-2020—Capitoline
Museums

Value VV (mm/year) VE (mm/year)
Min (downwards/west) -0.112 —0.158
Max (upwards/east) 0.122 0.172

3.2 On-site measurements: point cloud geometry
reconstruction through 3D scanning

This subsection describes the terrestrial laser scanning
(TLS) technique applied as a monitoring technique to obtain
the point cloud geometry of the Marcus Aurelius Exedra,
thus, to produce a precise and reliable virtual model of the
structure. The virtual model allows identifying more pre-
cisely the areas of the structure affected by displacements,
although slight, obtained from the DInSAR analysis, that
need further investigation. TLS technique can be considered
as a useful tool to support and validate the information, and
consequently its interpretation, acquired by both traditional
and innovative monitoring systems, such as the DInSAR
technique. In this work, on-site inspections were necessary
for the surveying to cover and match all the areas of interest
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Fig.9 Track of the geological section A—A' (a) and geological cross section (b). Topography derived from the official stratigraphy provided by
Isprambiente (https://www.isprambiente.gov.it/Media/carg/374 ROMA/Foglio.html)

and to highlight any critical aspects of the work. A survey
area plan was sketched on paper to determine the location
of scanner (Fig. 12).

It was to ensure that all the information and detail of
the structure was covered. Indeed, the primary constraint
for the data acquisition was the presence of furnishing and
sculptures, which could have created gaps on the acquired
surfaces. It used only one scanner to scan the whole survey
area. Therefore, it has been necessary to move the scan-
ner to different scan stations to check the entire site. As
shown in Fig. 12, the TLS survey included scans collected
from different positions distributed over the area of inter-
est, functional to retrieve an overall point cloud reducing
shadow areas. The leading surveying equipment used for the
geometrical reconstruction of Marcus Aurelius Exedra was
the Leica BLK360 laser scanner. The TLS was placed on a
heavy tripod to reduce possible movements and torsions in
the basement. The height of the tripod was set to approxi-
mately 1.2 m. The key technical specifications of the Leica
BLK360 are listed in Table 4.

The instrument provides high-resolution scans with
a performance range of 360,000 points/second, an inte-
grated HDR camera that colorizes the scans, and a dis-
tance accuracy of up to +4 mm. The internal color camera
can produce photorealistic 3D color scans (color overlay).
The device provides a 360° X 300° view range, capturing
high-resolution scans up to 60 m from the station point.
The generated point clouds and images were saved on the
inserted SD memory card and, thus, can be easily trans-
ferred to another device. The scans were acquired con-
secutively and continuously to achieve the same external
lighting conditions. The duration of each scan was approx-
imately 10 min (the expected scan time is determined
according to the selected resolutions, quality value, and
scan range). Laser scanner surveys were arranged to detect
the whole accessible area of the Marcus Aurelius Exedra
in their external and internal parts. All assessments have
been made related to the laser scanner features, the archi-
tectural structures, and the site accessibility. Data acqui-
sitions were accurately planned to optimize the number,
the positions, the resolution, and the field of view of the
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Table 3 Summary of min and max vertical (VV) and horizontal (VE)
velocities and vertical (DV) and horizontal (DE) displacements dur-
ing 2012-2020—Marcus Aurelius Exedra

Value Vy (mm/year) Vg (mm/year) Dv (cm) Dg(cm)

Min (downwards/ —0.076 —-0.417 -0.032 -2.147
west)

Max (upwards/ 0.208 0.361 1.196 0.928

east)

scans. The acquired data that carried highly detailed spa-
tial information were imported into Autodesk ReCap 360
software for further processing and point cloud visuali-
zation. Processing the TLS data included registering and
filtering the 3D point clouds by eliminating noise, outli-
ers, and undesired points. Later, raw cleaned data were
imported directly from Autodesk ReCap to Autodesk Revit
by Point Cloud Tool in *.rcp format, where an automatic
optimization method, based on the Iterative Closest Point
(ICP) algorithm, aligned, and registered the scans without
any possible interventions by the operator. The resulting

GALLERA DEGLI ORTY S LUSTWE
amn /

Table 4 Technical specification of Leica BLK360

Scan parameters Leika BLK360

Maximum range (m) 60 m

Minimum range (m) 0.6 m

Field of view (°) 360° (horizontal) x 360° (vertical)
Scanning speed Up to 360,000 pts/s

Scan duration (min) 3 min

4mm @ 10 mm/7 mm @ 20 mm
Storage for > 100 setup

Ranging accuracy

Internal memory

point cloud was made by more than 324 million points
(distanced from each other by 3 mm on average). 3D point
clouds are used in the BIM platform as a metric reference
and reference plans tool to precisely identify the elements
of the analyzed structure subjected to the vertical and hori-
zontal displacements computed from SAR analysis. Fig-
ure 13 shows the raw point cloud model of the case study.

L

r

Fig. 12 Position of the laser scanner during data collection process at Sala del Giardino Romano (in blue) and Galleria del Muro Romano (in

orange) (color figure online)
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Fig. 13 Raw laser-scanned data of the Marcus Aurelius Exedra: external N-S (a) and S-N (b) view, top view with highlights of the roof (c, d)

4 Deformation assessment and discussion

In this section, the evaluation of construction deformations
based on the combination of elaborated DInSAR results
and on-site measurements is illustrated, according to the
final step of the proposed flowchart illustrated in Fig. 1.
Generally, the ground deformations captured by DInSAR
technique at urban and building scales can be due to dif-
ferent causes, such as underground works, development of
soil consolidation processes caused by changes in the soil
loading conditions, landslides involving motions along
both vertical and horizontal directions coupled with rota-
tions, and extreme events. In this study, attention is given
to the monitoring of ground settlements and the evaluation
of their effects on the construction elements, by employing
DInSAR measurements in terms of trend displacements of
the deformation time series. The trend provides a qualitative
information regarding the motion of the structure, which can
help in the interpretation of the structural deformation evolu-
tion. This is done by combining on-site measurements and
knowledge process for the construction with the elaborated
SAR measurements. That is, the displacements’ trend, i.e.,
the mean velocity and displacement in the considered time
interval, can support the interpretation of the displacement
evolution at a wide area and local scale, providing qualita-
tive information about movement patterns to identify critical
areas of buildings. The rationale behind the proposed combi-
nation is to use the 3D point cloud model geometric informa-
tion with the DInSAR measures to localize better the critical
areas, previously identified through the DInSAR measure-
ments, of concern for the conservation of the building that

need further and more in-depth investigations. In this sense,
such preliminary information can be used to determine the
structures more affected by the anomalies allowing a sensi-
ble inspection time reduction from the geometric identifica-
tion phase. The laser-scanned data can support the assess-
ment and interpretation of the satellite data since the point
cloud replicates the real structure. Performing an intuitive
analysis of the degree of fit between the point cloud and
the displacement maps enable determining which part of
the monitored structure is involved in the displacement
phenomena described in the previous section and assigning
structural attributes to the colored areas. An example of the
proposed integration at the local scale is provided in Fig. 14,
where the E-W displacement map of the Marcus Aurelius
Exedra is compared to the point cloud model.

From the figure, it is possible to state that the blue-colored
circles that are affected by displacements towards the West
direction with a velocity of 0.417 mm/year (Fig. 14a) cor-
respond to the six columns of the structure. Furthermore, the
continuous displacement maps show vertical displacements
in absolute value smaller than horizontal displacements.
However, the maximum positive (upwards) and negative
(downwards) displacements are localized in the six columns
on the drum. Recognizing a particular trend on the columns
through satellite information allows providing the precise
location of the area to be inspected and monitored more in
depth to take timely action to reduce risks. Moreover, the use
of TLS technique in the field of deformation monitoring is
related to scan the same point in different epochs, allowing a
direct cloud-to-cloud comparison. In this case, point clouds
can be used directly to detect changes between two clouds
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collected at other times by comparing the current situation
(at time t;) with the initial reference situation (at time t,).
To support the results carried out by the DInSAR analysis,
it has been useful to compare the “as-built” model obtained
from TLS that describes the current condition of the ana-
lyzed structure and the “as-design” model obtained from the
original technical drawing. The comparison is depicted in
Fig. 15, where the sections of the two models are purposely
overlapped to highlight the difference in the vertical direc-
tion between the two epochs.

From the figure, on the right side of the roof (Fig. 15d),
there is a downwards of the point cloud model of
about —0.03 m while, on the left side (Fig. 15c), the same
model shows an upwards displacement (about 0.04 m) con-
cerning the reference BIM model in red. Both models offer
a differential altitude shift according to the displacement
maps illustrated in Fig. 11b. Therefore, results confirm satel-
lite data robustness when used as tool aiming at driving the
TLS technology for monitoring displacements. Moreover,
the time history measured by the DInSAR displacement near
the section cut (green star of the Fig. 7a) shows an upward
cumulative displacement over 1 cm that, considering the
approximation of the satellite measurements, is in a good
agreement with the TLS inspection. It is worth mention-
ing that, since the satellite measurements have found their
mature applicability only in the last decade, the DInSAR
displacement time series can cover only a certain period of
the construction’s overall lifetime and the cumulative dis-
placements can be computed at the end of the observation
interval to have an overall value to be compared with refer-
ence thresholds. More precisely, in the absence of informa-
tion on the structure condition at the time zero of the satellite

© Sovrintendenza Capitolina

(b)

Fig. 14 Comparison between the E-W displacement map (a) and the point cloud of the Marcus Aurelius Exedra (b)

monitoring, it is only possible to state that if the cumulated
differential displacement retrieved from DInSAR measure-
ments exceeds the limit threshold, that damaged condition
has been attained from the structure. Conversely, if some
information is available on the damage condition of the
structure at the time zero or before the beginning of the DIn-
SAR time series, then the cumulative displacements related
to the monitoring interval can be used more consciously to
draw considerations on the evolution of structural damage
during the monitored period [18]. A more reliable correla-
tion between the expected and observed displacement, i.e.,
with a small degree of uncertainty, could occur when the
acquisition of satellite radar images begins in correspond-
ing with the construction operational life. The comparison
between point cloud model and BIM show results in line
with the trends visualized by the satellite data. The com-
parison in terms of magnitude shows a difference that could
be considered reasonable due to the uncertainty in the posi-
tioning of the satellite measures (4 cm for TLS and 1 cm for
DInSAR). However, such comparison is of relative impor-
tance since the real initial state is not known; therefore, it
makes sense to carry out a comparison related to the direc-
tion and orientation of the displacement trends.

5 Conclusions

The spread of the advanced DInSAR techniques for generat-
ing spatially deformation time series has highly contributed
to the development of applications aiming at the structural
stability assessment of buildings and infrastructures. In this
context, the primary support may derive from integrating
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Left side
(c)

Fig. 15 Pointwise comparison: section cut and highlight of the
upward displacement position shown in Fig. 7a (a) and section show-
ing the overlap between the reference BIM model (colored in red) and
3D model obtained from TLS (b), zoom of the left (¢) and right (d)

DInSAR measurements and the 3D point cloud model
retrieved from the TLS technique. In this work, a methodol-
ogy jointly exploiting satellite DInSAR results, and a TLS-
derived point cloud model has been proposed to identify
possible displacement phenomena affecting built heritage.
The proposed methodology is a preliminary tentative of
combining the information coming from two different tech-
nologies: the traditional technology (TLS) and the innova-
tive technology (DInSAR). Both provide different informa-
tion that combined allow to make more robust the inspection
process, especially in buildings or infrastructure that are dif-
ficult to be investigated. Indeed, while the DInSAR measure-
ments allow to have the history of the displacements, even
going back to different years, the TLS technology permits
to go more in-depth in the geometrical description. The
methodology has been applied to the CSK-based DInSAR
time series relevant to the Capitoline Museums in Rome
(Italy). The subsequent elaboration of the satellite data has
led to obtain a picture of the deformation condition in the
investigated period. Indeed, by analyzing the velocity trends
and statistics of the PSs belonging to the studied building,
deformation maps are retrieved to identify the critical area

-003 m

Right side

(d)

side with indication of the raising (+0.04 m) and lowering (—0.03 m)
in the left and right side, respectively, measured by TLS technology
(color figure online)

of the building to be further investigated. Exploiting satellite
data, especially in the case of buildings placed in cultural
heritage sites and constrained to the preservation of their
countenance, can provide helpful information through time
series analysis. Combining the displacement data derived
from the DInSAR monitoring with the geometric informa-
tion retrieved from the TLS survey was demonstrated as an
interesting tool for spatial analysis of the structural stability
of built heritage subjected to natural and man-made haz-
ards, and consequently, for supporting preservation activi-
ties. Furthermore, the effectiveness of DInSAR techniques in
analyzing deformation and displacement processes affecting
cultural heritage, when supported by geological information,
can help address adopting appropriate mitigation measures.
Indeed, it is possible to understand if the examined struc-
ture is in a stable area or is subjected to settlements and the
direction along which they are active. The main benefits of
combining satellite data with on-site information are: (i) the
availability of data covering a long period (usually over five
years) obtained from DInSAR technique. Such type of data
is only able to approximatively identify some anomalous
trends (especially because their geometrical accuracy is not
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very high) and (ii) the TLS technique allows to redesign
the 3D point cloud (or better driven) to carry out a more in-
depth investigation in the areas previously identified through
the DInSAR measurements. In this sense, especially in a
cultural heritage area, such preliminary information will
allow to determine what are the structures more affected by
anomalies. Finally, it can be concluded that the proposed
methodology can be easily used for monitoring and identify-
ing possible anomalous trends to be inspected more in-depth
allowing a sensible inspection time reduction.
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