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Abstract: This work presents the first results obtained by applying in situ and remote-sensing
methodologies to monitor the Ponte della Musica-Armando Trovajoli located in Rome, within the
activities of the WP6 “Structural Health Monitoring and Satellite Data” 2019-21 Reluis Project. In
particular, the use of remote-sensing Differential Synthetic Aperture Radar (SAR) Interferometry
(DInSAR) measurements provided a spatial map of the displacement of the investigated infrastructure
and the corresponding time-series, with the aim of monitoring deformation phenomena, focusing on
the local scale analysis, which produces suitable results for urban monitoring and damage assessment.
The DInSAR results have been integrated with the identification of the dynamic characteristics of the
bridge, performed through an experimental campaign of ambient vibration measurements carried
out in October 2020 and with the local-scale definition of the engineering geological setting of the
foundation soil. The subsoil of the bridge is constituted by more than 50 m of recent alluvial deposits
resting on Pliocene stiff clay acting as a geological bedrock. A substantially stable behavior of the
bridge structural elements has been observed based on the analysis of both satellite and velocimetric
data. This case represents a good example about how the integration of in situ sensors with remotely
sensed data and the exploitation of a detailed knowledge regarding the on-site conditions represent a
key factor for a sustainable structural and infrastructural monitoring and can support the planning
both of maintenance and safety management.
Keywords: structural health monitoring; remote sensing; Differential SAR Interferometry; deformation time series; in-situ sensors; transport infrastructures
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Transport infrastructures need continuous maintenance due to deteriorations that
may harm their serviceability and safety. These effects are the result of the combination
of several factors, e.g., construction materials, quality of construction, traffic loads, and
environmental factors. For this reason, it is necessary to carry out persistent monitoring
of infrastructure health conditions in order to guarantee maximum safety at all times and
support effective and economically sustainable maintenance.
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In the next few years, the problem of the resilience of the built environment will
become increasingly important as the buildings and infrastructures built in reinforced
concrete in the 20th century are going to reach the end of their life.
Accordingly, the monitoring activities will acquire increasing importance for the early
identification of critical situations and the prioritization and planning of the interventions.
In recent years, new technologies have been developed (mainly in the field of electromagnetic sensing and ICT) able to complement the analysis methods of civil engineering.
This has led to the development of integrated systems for early warning, monitoring
and quick damage assessment of the built environment and critical infrastructures [1,2],
able to achieve several aims, such as:
-

-

-

The implementation of a multi-disciplinary approach able to integrate different kinds
of sensing/diagnostics technologies (including new concept of operation, such as the
citizen as a sensor [3,4] where personal smart devices collect and send information
from all over the world in near real-time) with spatial data infrastructure and ICT
architectures;
The capability to assimilate monitoring data and indicators coming from the sensing
in civil engineering analysis with the aim of assessing the loss of performance of
structures. This knowledge is important to identify actions and strategies for an
effective and economically sustainable management of the infrastructure;
The possibility to couple current monitoring with early warning and quick damage assessment capabilities, in order to drive and plan remedial solutions in crisis
situations.

Several examples of the exploitation of this approach are in [5,6], where the focus was
mainly on its suitability for the long-term monitoring of the transport infrastructures.
Anyway, in order to allow for the sustainability of such an integrated approach, it is
crucial to design smart observational chains, which activate more sophisticated surveys
only when necessary. An example of this “smartness” concept is reported in [2,5], where
different levels of observations of increasing complexity are identified. This means that the
choice of the sensing technologies is made on the basis of the specific scenario (structure,
territory, risks, etc.) and more sophisticated sensing techniques are activated only after
criticalities are detected by cheaper and easier to deploy sensors. The first level of these
observational chains is characterized by the integration of the technologies allowing to
activate an almost entirely automated long-term monitoring and early warning strategy.
In this way, it is possible to follow the life of an infrastructure continuously over time, by
limiting the exploitation of personnel to a minimum, just for periodic inspections, and
traffic interruptions. Therefore, this level has to be characterized by the use of technologies
that require an extremely simplified logistics with no interruption of the operativity of
the structure, by ensuring monitoring results at a large scale and in a fast way. The
results deriving by the use of this level are exploited to decide whether to activate more
complex analysis stages focused on the detailed diagnostics of the structure (or of the single
elements of it), by means of in situ technologies, such as ground penetrating radar, infrared
cameras, etc.
In this paper, we focus on the above described first level of the observational chain,
which combines the Differential Synthetic Aperture Radar (SAR) interferometry (DInSAR)
measurements and accelerometer based data for the monitoring of strategic infrastructure
located in Rome; this activity falls within the WP6 “Structural Health Monitoring and
Satellite Data” 2019-21 Reluis Project developed under the framework of the Italian Civil
Protection Department agreement.
In this first stage of observation, the DInSAR measurements provide information
about the long-term deformation status both of the structure and of the surrounding soil.
This twofold point of views has been introduced in order to tentatively distinguish between
generalized deformation trend induced by independent large scale geological processes
such as, for example, subsidence or landslide affecting the area, and localized deformation
trends mainly related to the structure or to the soil–structure interaction.
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The vibrational-based data (accelerometric and/or velocimetric data) provide information about the frequencies of structural vibration and their possible variation over
time. Several studies demonstrate the possibility to use changing in modal characteristics of a monitored structure to detect damages and criticalities on both structural and
non-structural components, see [7–23]). These in situ data have been provided by the
Italian Civil Protection Department (DPC), through the Seismic Observatory of Structures (OSS) [24], a network of permanent seismic monitoring systems installed on public
buildings, bridges and dams [25].
Moreover, the in situ observations have been completed with a visual survey of the
building and several ambient vibration measurements, which have been performed on
October 2020. The overall analysis has the aim of evaluating the condition of the structure,
assess any already existing or potential defects and identify possible anomalies.
The paper is organized as follows: Section 2 briefly summarizes the main aspects and
applications of the exploited DInSAR technique; in Section 3 the case study is illustrated;
Section 4 reports the main geological characteristics of the investigated area where the case
study is located; in Section 5 data processing and results are displayed; Section 6 provides
a discussion about the advantages and limits of different methods. Section 7 reports the
main findings together with the conclusions.
2. Differential Synthetic Aperture Radar Interferometry (DInSAR) for Structural
Deformation Monitoring
Remote sensing can provide valuable information in a large variety of natural and
anthropic hazard scenarios thanks to its synoptic capability, for instance when a seismic
event occurs in remote regions, or the main communication systems are damaged [26]. In
this framework, the Synthetic Aperture Radar (SAR) satellite sensors have been widely
used in the last decades for analyzing the surface displacements, uplifts and subsidence
phenomena caused by earthquakes [27–30], since they provide high spatial resolution
images relevant to very large areas on the Earth’s surface, with all weather and continuous
(night and day) imaging capabilities.
Research outputs have been already published regarding post-seismic building damage assessment performed by combining pre- and post-seismic images [31–33], using SAR
simulations or combining radar and optical remote-sensing data [26,34]. The satellite
DInSAR technique is one of the most innovative methodologies for ground and structures
displacement monitoring in urban areas.
DInSAR is based on the exploitation of the phase difference (i.e., interferogram)
between two temporally separated SAR images that, following the phase unwrapping
operation [35,36], permits information on the detected displacements to be retrieved,
projected along the radar sensor Line of Sight (LOS), that occurred between the two
acquisition times, with centimeter accuracy [30]. Furthermore, the use of advanced DInSAR
approaches [37–42], based on the exploitation of SAR acquisition sequences collected over
large time spans, allows the provision of useful information on both the spatial and the
temporal patterns of the detected displacements through the generation of time series, with
centimeter to millimeter accuracy [43–45].
The advanced DInSAR techniques allow to map and measure deformation phenomena
due to both natural and anthropic causes [46–54] with limited monitoring costs compared
to the traditional in situ surveys.
Furthermore, these techniques represent a non-invasive tool to remotely detect, map
and monitor deformation phenomena affecting urban areas by providing velocity maps
and displacement time-series, for a large number of measurement points and long observation periods [55]. DInSAR techniques have also demonstrated the capability to
provide valuable information on the displacements affecting single buildings (see, for instance [56,57]). Thanks to their capability to extend backwards by exploiting the SAR data
archives available since the early ERS-1 ESA mission in 1992, the DInSAR investigations
allow comparisons of pre- with post-event conditions and contribute to the implementation
of damage assessment analyses and to the evaluation of risk scenarios [56–60].

tion of damage assessment analyses and to the evaluation of risk scenarios [56–60].
The multi-temporal Small Baseline Subset (SBAS) DInSAR technique allows the investigation and mapping of ground movements through the generation of mean deformation velocity maps and corresponding displacement time series [38–40]. It relies on a 4 of 17
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Figure 1. Ponte della Musica in Rome.
Figure 1. Ponte della Musica in Rome.

The bridge has a main span of approximately 130 m and two side spans of about 30 m
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8.5 m intervals. The arches rise 10.6 m above the crown of the deck at midspan, giving a
span-to-rise ratio of about 12:1 [623]. Construction began in 2008 and it was inaugurated
in May 2011.
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5 depicts
3D geological
Ponte della
Musica subsoil,
which has been realized by the software ROCKWORKS [63] using as input data for the
model the stratigraphies of 10 deep boreholes performed for the plan of the bridge. Below
a stratum of man-made fill (R in Figure 5), the subsoil of the bridge is constituted by more
than 50 m of recent alluvial deposits (upper Pleistocene and Holocene aged). They rest on
Pliocene stiff clay (blue color in Figure 4) acting as a geological bedrock and locally named
the Marne Vaticane formation.
A complex internal architecture of the recent alluvial deposits is shown (Figure 5):
in addition to the vertical lithological variations, horizontal heteropies are recorded. In
Figure 5, the bridge, the plinths and the piles are approximately sketched.
From the bottom to the top, the recent alluvial deposits are constituted by a stratum
of gravels (G in Figure 5), followed by a bank some tens of meters thick of fine grained
deposits, mainly silt and clay (C in Figure 5) with some peat layers not distinguished and
some sandy silt thin lenses (D), then a level of sand (B1 and B2 in Figure 5) and, finally,
in the shallowest part a stratum of silty clay and sandy silt (respectively, A1 and A2 in
Figure 5).
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As a matter of fact, the main part of the Tiber alluvial body is characterized by
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It has been largely documented by the literature [54,56,57,64–66] that the part of the
the Marne Vaticane formation.
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5. Results
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To perform infrastructure monitoring analysis related to Ponte della Musica, the
latitude; longitude; topography; mean deformation velocity; interferometric temporal
multi‐temporal full resolution SBAS‐DInSAR technique [39,40] has been exploited. In
coherence [40] (a value between 0 and 1); directive cosine, corresponding to the components
particular, we exploited long sequences of satellite SAR acquisitions collected from

detection and interpretation relevant to single infrastructures and bridges.
The geocoded SBAS‐DInSAR results (i.e., full resolution deformation time series and
mean deformation velocity maps for each coherent pixel) were provided through
datasheets including several unique pixel identifiers for which several parameters are
defined, namely: latitude; longitude; topography; mean deformation velocity;
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interferometric temporal coherence [40] (a value between 0 and 1); directive cosine,
corresponding to the components of Line of Sight (LOS) unit vector along the North, East,
vertical directions; and LOS displacement Time Series (TS).
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Figures 6 and 7 show the mean deformation velocity maps of the area under investirespectively.
gation and of the infrastructure associated to ascending and descending orbit, respectively.
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bridge abutments and foundation but not on the deck. The deformation velocity ranges
from −0.4 to 0 cm/year It should be noted that the exploited multi‐temporal coherence
(defined in [40]) values of the represented points relating to both the ascending and
descending orbit range from 0.35 to 0.55.
Figures 8 and 9 report the displacement time‐series relating to the measurement
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points located on the bridge abutments and associated to ascending and descending
orbits, respectively.
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a band-pass filter. Secondly, the Welch spectra have been evaluated for each channel of
each velocimetric recording and, finally, the transfer functions have been evaluated considering the station located at zero as the reference station. The first three eigenfrequencies
characterizing the dynamic behavior of the monitored bridge are the following:
I Mode: 0.92 ± 0.01 Hz—vertical direction;
II Mode: 1.01 ± 0.01 Hz—transversal direction;
III Mode: 1.33 ± 0.01 Hz—vertical direction.
6. Discussion
The analysis of the LOS displacement time series, retrieved through the multi-temporal
SBAS-DInSAR technique, shows a substantially stable behavior of the bridge structural
elements. This stable behavior is confirmed by results retrieved from vibrational analyses
in terms of eigenfrequencies and mode shapes.
The more marked linear trends of lowering of the foundations observed over the time
interval 2011–2019 (time series of Figures 8 and 9) are thought to be caused mainly by the
overlapping of the settlement involving the underlying soft alluvial deposits and of the
settlement of the stiff blue clay (Marne Vaticane formation) around the base of the piles.
These settlements were triggered by the load of the bridge finished building only 2 years
before the starting of the DInSAR monitoring. According to the well-known model of the
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The more marked linear trends of lowering of the foundations observed over the time
interval 2011–2019 (time series of Figures 8 and 9) are thought to be caused mainly by the
overlapping of the settlement involving the underlying soft alluvial deposits and of the
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Figures 15 and 16 show that bridges with high stiffness and with the piles in the
riverbed (Ponte Matteotti, Ponte Pietro Nenni, Ponte Flaminio and Ponte Milvio) are almost
covered by the satellite measurement points. By contrast, at Ponte Risorgimento and Ponte
Duca d’Aosta the points detected by the satellite are not located on the deck, similar to the
case of Ponte della Musica.
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Figure 16. Measurement points detected by the satellite on the infrastructures located north of Ponte della Musica.

Appl. Sci. 2021, 11, 6504

14 of 17

7. Conclusions
An experimental campaign has been planned within the 2019–2021 DPC-Reluis Project
with the aim of setting up new protocols to merge information retrieved from satellite
data and on-site vibrational measurements. The “Ponte della Musica–Armando Trovajoli”
bridge has been selected as test site.
With reference to the satellite data, analyses of LOS displacement time series, retrieved
through the multi-temporal SBAS-DInSAR technique, show a substantially stable behavior
of the bridge structural elements. The deformation trends of the foundations observed in
the 2011–2019 time interval reflect the response in term of small settlement of the subsoil
due to the load of bridge itself imposed not before of 2009.
During the experimental campaign velocimetric acquisitions were also performed on
the bridge. Collected data allowed us to observe that the monitored structure exhibits, in
the considered time interval, a stable behavior. The main structural eigenfrequencies were
estimated: the first mode is characterized by a frequency equal to 0.92 Hz, the second mode
is characterized by a frequency equal to 1.01 Hz, and the third one is characterized by a
frequency equal to 1.33 Hz. These values could be used in future as a reference to detect
possible anomalous dynamic behavior.
The analysis of satellite data relating to both the ascending and descending orbits
showed that there are no measuring points detected by the satellite on the deck. Same
measurements performed on masonry arch bridges located close to the Ponte della Musica
show data both on the support and on along the deck. Bridges with high stiffness and with
the piles in the riverbed (Ponte Matteotti, Ponte Pietro Nenni, Ponte Flaminio and Ponte
Milvio) are completely covered by the satellite measurement points whereas on Ponte
Risorgimento and Ponte Duca d’Aosta the points detected by the satellite are not located
on the deck, as observed for Ponte della Musica.
In the case of bridge monitoring, the associated displacements are on the order of
magnitude of millimeters and are continuously varying in time due to temperature and
traffic loads. However, heavy traffic loads, strong wind, temperature changes and other
second-order events may lead to large unexpected vibration effects on the bridge, which
sometimes jeopardize the correct retrieval of displacements associated to the investigated
bridge or some parts of it. In the specific case of Ponte della Musica, some further investigations to detect the possible causes (for instance, sudden temperature variations, strong
winds) that led to the observed lack of coherent DInSAR measurements on the bridge deck
need to be further investigated.
Accordingly, future numerical and experimental studies are envisaged to correlate
structural eigenfrequencies with temperature, displacements and satellite data, with the
aim to: (i) update protocols to merge information retrieved by using different techniques,
on site and remote-sensing data; (ii) define structural behavior thresholds to identify and
locate damages on structural and non-structural components.
Finally, it must be remarked that the combination of SAR satellite and in situ techniques represents a monitoring level able on the one hand to follow the trend of the
infrastructure over time, identifying variations that may herald criticalities, and on the
other hand to identify, in the presence of a seismic event, infrastructures that do not present
critical issues that require further investigation.
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