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Abstract

The Italian territory is characterized by a large number of bridges and viaducts that have reached or exceeded their service life. The
primary issue lies in the lack of adequate maintenance and effective monitoring systems. This is confirmed by the growing number
of collapses and structural failures that have affected several infrastructures across the country in recent years. These events
highlight the urgent need to widely implement Structural Health Monitoring (SHM) techniques across as many structures as
possible. In this context, SHM experts are increasingly focusing on the development of innovative technologies capable of
monitoring a broad series of infrastructures at a reduced cost. Specifically, contactless methods, such as satellite remote sensing,
are gaining particular relevance. Among the various satellite-based techniques, Differential Interferometric Synthetic Aperture
Radar (DInSAR) has proven to be an effective tool for monitoring the structural health of existing infrastructure. It enables the
detection of millimeter-scale displacements over time, supporting long-term assessments of structural integrity. Although such data
have been available and used for many years, several challenges still persist in the SHM context. The only way to address these
challenges is through broader application of these data, alongside in-depth studies to understand their characteristics, capabilities,
and limitations. This paper presents a study on the investigation the structural behavior of the Albiano-Magra Bridge, which
collapsed on April 8, 2020. The analysis is based on the use of high-resolution SAR data from the COSMO-SkyMed constellation,
processed using Persistent Scatterer (PS) InSAR approach. Both pre-collapse and post-collapse phases were examined, with the
primary aim of detecting potential early warning signals. Additionally, the study focused on identifying Temporary Scatterers (TS)
located on the bridge. The results confirm the potential of integrating satellite-based interferometry into SHM strategies.
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1. Introduction

A large portion of existing bridges and viaducts has now reached or exceeded its original design reference period.
Ageing, increased traffic loads, climate change and the growing frequency of extreme events such as floods and
earthquakes have highlighted the fragility of transport infrastructure. In Italy, the collapses of the Morandi viaduct in
Genoa and the Albiano—Magra Bridge (Fig. 1) in Tuscany are emblematic examples (Calvi et al., 2019; E. Farneti et
al., 2023). These events have prompted the development of national guidelines for systematic inspection and
monitoring (MIT & CLSP, 2020) and have stimulated significant research on Structural Health Monitoring (SHM)
strategies for existing bridges. Traditional SHM relies on contact sensors (accelerometers, displacement transducers,
GNSS and fibre-optic systems) installed on a limited number of structures (Ceravolo et al., 2017; Coccimiglio et al.,
2024). In parallel, seismic and structural vulnerability assessments increasingly exploit advanced numerical models
and non-linear analyses to quantify failure mechanisms, residual capacity and the effect of strengthening interventions
(Mairone et al., 2025; Tarantini et al., 2025). There is therefore a strong demand for monitoring solutions that can
complement detailed local analyses with spatially distributed long-term observations.

Remote-sensing technologies, and in particular satellite Interferometric Synthetic Aperture Radar (InSAR), have
emerged as powerful tools to observe the displacement behaviour of large sets of structures in an entirely contactless
way. Multi-temporal (MT) InSAR techniques can retrieve millimetre-scale line-of-sight (LOS) displacements over
time from stacks of tens to hundreds of SAR acquisitions, with typical mean-velocity precision of about 1-2 mm/year
for coherent targets, depending on wavelength, geometry and processing strategy (Berardino et al., 2002; Crosetto et
al., 2016; Ferretti et al., 2001). Services such as the European Ground Motion Service (EGMS) demonstrate that such
techniques can be systematically applied at continental scale using Sentinel-1 data, providing homogeneous ground-
motion products that include urban areas, linear infrastructure and natural slopes. In bridge engineering, early studies
showed that persistent scatterers on decks, piers and approach embankments can reveal abnormal deformations
indicative of scour, foundation settlements or structural distress (Lazecky et al., 2015). Subsequent works explored
correlations between InSAR-derived displacements and visual inspections, comparisons with on-site topographic
measurements and the associated uncertainty budget (Tonelli et al., 2023), and the inclusion of InSAR within broader
SHM frameworks for bridges and surrounding territories (Coccimiglio et al., 2024).

Within this context, the present paper investigates how high-resolution COSMO-SkyMed data and a Persistent
Scatterer InNSAR (PS-InSAR) approach can be exploited for pre- and post-collapse analysis of bridge infrastructures.
The focus is on the role of satellite-based deformation time series in identifying long-term trends and potential early-
warning patterns, and on the contribution of temporary or short-lived scatterers located on decks and adjacent
pavements. Compared to previous studies on the Albiano—Magra Bridge, which primarily used COSMO-SkyMed
time series to derive span-averaged deformation components and to feed probabilistic residual-life or collapse
modelling, this work adopts a fully user-driven PS-InSAR workflow centred on the detailed behaviour of individual
scatterers. Particular attention is paid to temporary scatterers whose life span is closely related to the collapse
chronology and to the combined interpretation of pre- and post-collapse COSMO-SkyMed data within a single,
consistent processing chain. In this sense, the paper aims to bridge the gap between population-based ground-motion
products and structure-specific, forensic analyses of bridge failures.

2. Background and related work
Repeat-pass DInSAR measures phase differences between complex SAR images acquired at different times, which,

after correction for topography, orbital errors and as far as possible atmosphere, can be related to LOS displacement
(Blirgmann et al., 2000; Massonnet and Feigl, 1998). Single-pair DInSAR, however, is strongly affected by
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atmospheric artefacts and temporal decorrelation. MT-InSAR techniques address these limitations by exploiting stacks
of SAR images. In Persistent Scatterer Interferometry (PSI), phase-stable point targets are identified, and a parametric
phase model is solved over an interferogram network to estimate residual height and LOS deformation time series
(Crosetto et al., 2016; Ferretti et al., 2001). Small Baseline Subset (SBAS) methods use interferograms with limited
baselines to retrieve deformation on a grid (Berardino et al., 2002). For coherent targets and sufficiently long time
series, MT-InSAR typically achieves LOS velocity precision of 1-2 mm/year and displacement accuracy of a few
millimeters to about one centimeter, depending on wavelength and temporal sampling (Lanari et al., 2004). X-band
missions such as COSMO-SkyMed increase the density of coherent scatterers on man-made structures, which is crucial
for bridge-scale analyses (Bonaldo et al., 2023; Macchiarulo et al., 2022).

In the last decade, MT-InSAR has been increasingly applied to bridges and transport infrastructure, demonstrating
that coherent scatterers on decks, piers and abutments can be used to track millimeter-scale deformations and
settlements (Biondi et al., 2020; Lazecky et al., 2015). Comparisons with conventional monitoring systems on case
studies such as the Colle Isarco viaduct have shown good agreement in trends and seasonal components, while
highlighting the impact of acquisition geometry and noise (Valentini et al., 2023). Recent works have quantified the
metrological performance of InSAR for road bridges and proposed SHM frameworks and risk-based management
schemes that explicitly integrate satellite products into decision-support pipelines for bridge portfolios (Talledo et al.,
2025; Tonelli et al., 2023).

(@) (b)

Fig. 1 Albiano—Magra bridge: historical view, source: www.commons.wikimedia.org (a); collapse, source: www.ansa.it (b).
3. Methodology

The proposed framework aims to extract structurally meaningful information from COSMO-SkyMed time series
for bridges that are either still in service or have already experienced partial or total collapse. A multi-year stack of
high-resolution StripMap SLC images, ideally in both ascending and descending geometries, is processed using a PS-
InSAR approach consistent with the POLIMI PS/QPS formulation (Ferretti et al., 2001; Perissin and Rocca, 2006;
Perissin and Wang, 2012). For each orbit, all available acquisitions are treated as a single multi-temporal dataset
covering both pre- and post-collapse years, yielding a unique PS-InSAR solution with LOS displacement and velocity
estimates, amplitude statistics, temporal coherence and associated quality indicators. The distinction between pre- and
post-collapse behavior is carried out a posteriori, by interpreting the reconstructed time series with respect to the
known failure date: the pre-collapse portion is used to assess long-term trends and differential settlements at span, pier
and abutment level, while the post-collapse portion documents discontinuities, the disappearance of on-deck targets,
the emergence of new scatterers on debris or temporary works, and the evolution during demolition and reconstruction.
Within this framework, a practical distinction is made between persistent scatterers (PS) and temporary scatterers
(TS). PS are pixels that remain coherent over most of the observation period, with low phase noise and stable
amplitude, typically located on robust structural elements (parapets, stiff members, piers) and nearby buildings. TS
are defined in an operational sense as scatterers that can be unambiguously associated with structural parts that later
collapse or are removed and whose amplitude and displacement histories exhibit a clear “death date” around the
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failure, while still satisfying a single, acceptable temporal coherence value over the full stack. This definition is
consistent with the diagnostics available in SARPROZ (Perissin, 2025), where per-pixel coherence is estimated over
the entire interferogram network rather than as a function of time.

4. Application on the case study of Albiano-Magra Bridge

The case study is the reinforced-concrete arch bridge crossing the Magra River between Caprigliola and Albiano
Magra in north-western Tuscany, commonly referred to as the Albiano—Magra or Caprigliola Bridge. The structure,
approximately 260m long and about 7m wide, consisted of five slender reinforced-concrete arch spans supported by
four river piers and two abutments. Originally completed in 1908 and later reconstructed after World War II, the bridge
carried a single carriageway along state road SS330 and played a key role in regional connectivity. On 8 April 2020,
the bridge abruptly collapsed into the Magra River, involving the entire deck and most of the arches, while some
substructures remained partially standing; the event, which occurred during the COVID-19 lockdown, fortunately
caused only minor injuries.

Following the collapse, the Albiano—Magra Bridge has become a reference case for satellite-based pre- and post-
collapse analysis. Farneti et al. (2023) proposed a method for structural monitoring of multi-span bridges using satellite
InSAR with explicit uncertainty quantification and applied it to this bridge by exploiting COSMO-SkyMed data in
ascending and descending geometries; for each span, they reconstructed LOS deformation histories and decomposed
them into vertical and longitudinal components in a bridge-aligned reference frame. In a subsequent contribution,
Farneti et al. (2023) introduced a residual service-life prediction framework for bridges subject to slow-acting damage
processes and illustrated it again on Albiano—Magra, showing how the reliability of residual-life estimates depends on
monitoring duration and on assumptions about future deterioration. Scattarreggia et al. (2022) complemented these
works by integrating pre-collapse InSAR deformation patterns with non-linear FE collapse simulations, exploring
alternative failure mechanisms and the role of different structural components and boundary conditions. Together,
these studies demonstrate that satellite InNSAR can provide valuable information for both diagnosis and forensic
analysis, while also highlighting challenges such as sparse and geometry-dependent sampling, the uncertain mapping
between scatterers and structural elements, and the difficulty of interpreting quasi-static trends in terms of damage.
Building on this literature, the present paper focuses on high-resolution COSMO-SkyMed PS-InSAR processing over
the Albiano—Magra Bridge and on the combined analysis of pre- and post-collapse data, with particular emphasis on
scatterers located on the deck, piers, abutments and adjacent approaches.

4.1. InSAR processing workflow

The analysis is based on high-resolution X-band SAR data acquired by the first-generation COSMO-SkyMed
constellation in StripMap (HIMAGE) mode. A multi-year stack of Single Look Complex (SLC) images was collected
over the Albiano-Magra area in both ascending and descending orbits. The COSMO-SkyMed dataset consists of 173
acquisitions in ascending and 94 in descending geometry, covering the period 2011-2022. For each orbit, the full
COSMO-SkyMed SLC stack, covering both the pre- and post-collapse phases, was processed as a single multi-
temporal dataset. The workflow included: (i) master selection, based on optimization of spatial and temporal baselines
and Doppler centroid differences across all acquisitions (resulting in 20170718 HH for the ascending geometry and
20180719 HH for the descending geometry); (ii) precise co-registration of all slave images to the selected master;
(iii) construction of a star-graph interferometric network centered on the master for PS inversion (Fig. 2a); and (iv)
integration of an external digital elevation model (Copernicus DEM) to remove the bulk topographic phase.
Subsequently, (v) reflectivity maps were generated, and a Ground Control Point (GCP) is selected in presumed stable
areas (Fig. 2b); (vi) sparse point selection was performed using a targeted local-maxima approach; and (vii) multi-
image InSAR analysis was carried out on the sparse points to extract LOS displacement time series, with particular
attention to temporary scatterers that might be located on structural elements. Finally, (viii) geocoding and quality
assessment were performed using the Google Earth reference system (Fig. 3), applying a minimum coherence
threshold of 0.50 as a quality-control criterion to retain only measurements with acceptable phase stability. This choice
is consistent with common practice in multi-temporal PS-InSAR analyses over urban areas and infrastructures, where
minimum temporal coherence thresholds in the range 0.4-0.6 are typically adopted to filter out unreliable phase
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histories and to retain stable man-made targets (Kikon et al., 2025; Ramirez et al., 2022). The outcome of this
workflow consists of PS and TS characterized by LOS displacement histories, velocities, and amplitude statistics (Fig.
4) which are then interpreted in structural terms for both the pre- and post-collapse phases. The standard PSI practice
and the POLIMI PS/QPS formulation implemented in SARPROZ (Perissin, 2025; Perissin and Rocca, 2006; Perissin
and Wang, 2012) was followed.

-
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Fig. 3 PS and TS in Google Earth, ascending (a) and descending orbit (b).

5. Results

A user-driven SARPROZ analysis of the full COSMO-SkyMed SLC stacks revealed, in both ascending and
descending orbits, several TS whose life span is closely linked to the chronology of the event. These TS are located
approximately along the bridge deck and show a clear “death date” coinciding with the collapse phase, after which
they either disappear completely from the sparse-point solution or exhibit such a degradation in phase stability that
they become unusable for deformation analysis. In the pre-collapse interval, the amplitude—temporal baseline plots
(Fig. 4) associated with these targets display compact, high-amplitude clusters for short temporal baselines, followed
by a rapid amplitude decay as the temporal separation increases. This behavior is typical of scatterers that remain
coherent only within a limited time window, consistent with transient scattering configurations on the deck.

The corresponding displacement time series (Fig. 4) exhibit relatively consistent trends up to the failure date,
closely matching the behavior of nearby persistent scatterers on the deck edges and parapets. Immediately after the
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collapse, however, these time series become highly dispersed, with increased scatter and, in many cases, abrupt loss
of continuity. This dispersion reflects the drastic change in the scattering scenario: the structural elements hosting the
TS are either removed or heavily damaged, and the new backscattering surfaces (debris, exposed substructure,
temporary works) no longer support a stable interferometric phase. When analyzed together with long-lived PS, the
pre-collapse TS thus provide additional, localized information on the kinematics of the deck portions that later failed,
while their sudden disappearance and the post-event dispersion of the data offer an interferometric signature of the
collapse in the time domain.

o

Fig. 4 Amplitude—temporal baseline plot and displacement time series of a TS located on the viaduct deck, ascending orbit.
5.1. Potential early warning signals

Some points located on the spans that later failed exhibit localized and persistent positive LOS trends in the years
preceding the collapse. For these scatterers, the average LOS velocities remain modest, but they cumulate to
displacements of up to approximately 10—-15 mm by the time of failure. These cumulative values are spatially
correlated with the spans that eventually collapsed, which suggests that they may be related to progressive structural
degradation or changes in boundary conditions. From an SHM perspective, cumulative LOS displacements
approaching 1-2 cm cannot be regarded as negligible, even though they are superimposed on seasonal components
and affected by atmospheric noise and processing uncertainties. This calls for cautious interpretation within a broader
mechanical framework rather than as stand-alone evidence of damage. In addition, the statistical significance of
apparent accelerations or trend changes is limited by the length of the pre-collapse record and by the uncertainties
associated with atmospheric residuals and reference-frame choices. At this stage, therefore, the observed anomalies
are better regarded as suggestive kinematic symptoms rather than as robust early-warning indicators, highlighting the
need for explicit uncertainty quantification and for combining InSAR with complementary information (inspections,
material tests, structural models) when designing operational warning thresholds.

6. Conclusion and discussion

From a structural engineering perspective, the pre-collapse deformation patterns observed on Albiano-Magra are
compatible with long-term processes such as creep, shrinkage, temperature-induced movements and possible localized
degradation of materials or supports (Elisabetta Farneti et al., 2023; Scattarreggia et al., 2022). However, the
catastrophic collapse of the bridge cannot be attributed solely to the observed quasi-static displacements. InSAR
captures only a subset of the structural response and is blind to sudden brittle failures, hidden internal degradation or
dynamic phenomena occurring at time scales much shorter than the revisit interval. The anomalies identified in this
study should therefore be seen as possible kinematic symptoms of underlying issues, not as direct causes. Their main
value lies in their potential to guide inspections and modelling efforts towards specific spans or components, rather
than to provide a complete explanation of the failure by themselves.
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The Albiano-Magra case highlights several strengths of COSMO-SkyMed PS-InSAR for collapse investigation.
High spatial resolution and X-band wavelength result in dense scatterer populations on bridges and surrounding
infrastructure, allowing a detailed reconstruction of pre-collapse kinematics and post-collapse deformation field The
availability of multi-year archives enables back-analysis of structural behavior even when no dedicated SHM system
was installed before the event, providing unique insight into the temporal evolution of displacements.

At the same time, limitations remain significant. Measurement noise, atmospheric artefacts and reference-frame
uncertainties constrain the detectability of small trends and require careful uncertainty modelling. The mapping
between scatterers and structural elements is often non-trivial, particularly when TS and PS are mixed and when
geocoding errors are comparable with structural dimensions (Macchiarulo et al., 2022). Furthermore, the temporal
sampling of COSMO-SkyMed, while adequate for monitoring slow deformations, is insufficient to capture rapid
dynamic effects or short-lived precursors. In forensic engineering, InSAR should therefore be regarded as a
complementary source of evidence to be combined with structural models, inspections, material tests and other
monitoring data, rather than as a stand-alone diagnostic tool. Its main contribution is to add a spatio-temporal layer of
information that would otherwise be unavailable.

The findings of this study support the integration of high-resolution PS-InSAR products into multi-level SHM and
asset-management strategies for bridges. At network level, services such as EGMS can provide a first screening to
identify corridors and structures exhibiting anomalous motions. For critical or suspicious bridges, dedicated COSMO-
SkyMed analyses can then be commissioned to obtain higher-resolution deformation histories, including the
identification of TS on decks and other key elements. In operational practice, the role of InSAR should be twofold: (i)
to provide long-term contextual information on the deformation environment of a bridge, helping to distinguish local
anomalies from regional ground movements; and (ii) to support the prioritization and planning of inspections and local
monitoring, by highlighting spans, piers or abutments with unusual kinematic behavior. To fulfil this role effectively,
asset owners and SHM practitioners need clear protocols for data acquisition, processing, uncertainty quantification
and interpretation, as emphasized by recent guidelines (Prota et al., 2025).
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