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Abstract
This paper explores new technologies that can advance the state-of-the-practice in safety assessment and health monitoring 
of existing infrastructures. In this context, multi-temporal interferometric Synthetic Aperture Radar techniques combined 
with the use of digital models of infrastructures represent a powerful integration to conventional approaches in the moni-
toring and assessment of structural safety of infrastructures. Although the interferometric method is widely used for ground 
deformation investigations, using displacement data from satellite observation in structural monitoring is less investigated. 
The joint use of multi-frequency satellite radar data provided by the European Space Agency Copernicus project and Ital-
ian Space Agency will be explored. The paper introduces the workflow implemented for processing satellite radar data 
from the X-band COSMO-SkyMed constellation by the Italian Space Agency over the municipality of Modena (Italy). 
An open-source workflow based on Multi-Temporal Interferometric technique and Persistent Scatterers Interferometry is 
adopted, enabling the detection of displacements of stable targets and the generation of corresponding time series. Radar 
data products, derived from the processing of both COSMO-SkyMed and Sentinel-1 data, are analyzed in a Geographic 
Information System alongside the available geospatial dataset of infrastructures. This approach enables the extraction of 
displacement components related to the ground and infrastructures. The method’s potential for characterizing infrastruc-
tures behaviour is assessed through the analysis of selected case studies. The results aim to establish the foundations for 
a method capable of assessing infrastructure safety.

Keywords  Persistent scatterer interferometry · Numerical cartography · Infrastructure safety assessment
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Introduction

This study explores the potential of emerging technologies 
to enhance current practices in safety assessment and health 
monitoring of existing infrastructures. Traditional Struc-
tural Health Monitoring (SHM) techniques face several 
limitations, including high costs, resources demand, lim-
ited monitoring coverage and difficulties in accessing the 
structure (Gagliardi et al. 2023). Consequently, it is crucial 
to implement effective and innovative monitoring strate-
gies for the predictive maintenance of these infrastructures. 
Such advancements aim to prevent deterioration processes 
and reduce the probability of structural failures. In this con-
text, Multi Temporal Interferometric Synthetic Aperture 
Radar (MT-InSAR) techniques are able to ensure a wide, 
contactless and non-invasive monitoring of the mentioned 
infrastructures (Schlögl et al. 2022) providing long-term 
displacement data of coherent targets with millimeter-level 
accuracy and a high density of measurement points (Fer-
retti et al. 2001; Crosetto et al. 2016). Sentinel-1 (S1) by the 
European Space Agency (ESA) is a constellation part of the 
Copernicus project, which is the major ESA Earth Obser-
vation (EO) program, and it is composed of C-band SAR 
satellites providing complex data with worldwide coverage, 
an average spatial resolution and a short revisit time under a 
free and open access distribution policy. In the last years, a 
ground deformation service, the European Ground Motion 
Service (EGMS), was also implemented providing yearly 
updated S1 standardized ground motion products for the 
European territory (Crosetto et al. 2020). COSMO-SkyMed 
(CSK), the major EO Constellation by the Italian Space 
Agency (ASI), provides high resolution data and products 
for research, defense, risk management and commercial 
field (Covello et al. 2010) and it is composed by a first-gen-
eration X-band constellation of four satellites and a second-
generation that is currently being completed to ensure the 
continuity to the first generation (Mari et al. 2018).

The benefits of the use of advanced SAR interferometric 
techniques in infrastructure monitoring are clear (Lazecky 
et al. 2016; Gagliardi et al. 2023); however, an in-depth 
analysis and integration between these techniques and tra-
ditional monitoring approaches need to be carried out. In 
particular, literature presents methods for the automatic 
or semi-automatic detection of potential instability from 
anomalous deformation by SAR data exploiting spatial 
and/or temporal analysis of mean velocities and displace-
ment time series complemented by a validation with in-situ 
data or by a cross-validation with independent SAR datas-
ets, even exploiting different operational frequencies (Zhu 
et al. 2018; Huang et al. 2018; Jung et al. 2019; Cusson 
et al., 2021; Schlögl et al. 2021). In addition, Nettis et al. 
(2023) proposed a method for the automatic interpretation 

of deformations of roads based on SAR data complemented 
by the assignment of a monitoring or priority class to infra-
structures based on the detected deformation processes.

A review of the existing literature highlights the need 
for deeper integration of SAR-based products, traditional 
monitoring data and SHM methods relying on infrastruc-
tural digital models. To address this gap, we propose a 
procedure that combines multi-resolution SAR data with 
numerical cartography to characterize the behavior of infra-
structures portions and analyze their different contributions 
to the occurring deformations. Specifically, to disentangle 
the different contributions to infrastructures deformation 
(in particular, the ground deformation and structural phe-
nomena), S1 C-band data and CSK X-band are employed. 
Spatial analyses based on the dual-resolution SAR datasets 
and available numerical cartography about road network are 
conducted within a Geographic Information System (GIS) 
within the 183 km2 wide Municipality of Modena (Italy). 
The results are evaluated to assess the effectiveness of the 
method in the characterization of road infrastructures with 
successive in-depth analysis of selected case studies.

Data and methods

SAR dataset and numerical cartography

In this section, the available infrastructures geospatial data-
set of the Municipality of Modena and the SAR dataset and 
products from S1 EGMS and CSK constellation are pre-
sented along with a brief description of the CSK data pro-
cessing workflow.

Geospatial dataset

Open access geospatial data of infrastructures (i.e., roads 
and railways) of the Modena Municipality (Fig.  1) were 
downloaded from the geographic repository of the Emilia 
Romagna region (​h​t​t​p​​s​:​/​​/​g​e​o​​p​o​​r​t​a​​l​e​.​r​​e​g​i​​o​n​e​​.​e​m​i​l​i​a​-​r​o​m​a​g​n​
a​.​i​t​/) and imported in a GIS environment. The layers ​r​e​p​r​e​s​e​
n​t​i​n​g the infrastructures include both geometric entities and 
descriptive attributes, such as construction type and opera-
tional status of each vector feature (polygons), upon which 
the analysis is based.

Sentinel-1 products by the European ground motion 
service (EGMS)

The S1 data used to depict the deformation trends are those 
acquired with the Interferometric Wide (IW) acquisition 
mode, which provides a spatial resolution of 5 m × 20 m 
(Geudtner et al. 2024), with successive analysis based on 

1 3

402

https://geoportale.regione.emilia-romagna.it/
https://geoportale.regione.emilia-romagna.it/


Applied Geomatics (2025) 17:401–410

Persistent Scatterers Interferometry (PSI) approach as made 
available by EGMS. More in detail, the EGMS processing 
of S1 data is based on the combination of advanced multi-
temporal interferometric techniques and high quality Global 
Navigation Satellite System (GNSS) models for calibra-
tion (Costantini et al. 2021). It provides the full-resolution 
Line-Of-Sight (LOS) oriented and calibrated time series of 
displacements, in addition to their components along the 

horizontal and vertical directions at resampled 100  m × 
100 m spatial resolution.

The full resolution, calibrated and LOS-oriented products 
from a descending orbit over the municipality of Modena, 
were downloaded from the EGMS explorer (​h​t​t​p​​s​:​/​​/​e​g​m​​s​.​​l​a​
n​​d​.​c​o​​p​e​r​​n​i​c​​u​s​.​e​u​/) for a period spanning from 2015 to 2021 
and imported in a GIS environment for successive analyses.

Fig. 1  The study area and the available geospatial datasets (background: ESRI Shaded Relief)
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In which vUP , vN , and vE  represent the GNSS veloci-
ties along the vertical, North-South, and East-West direc-
tions, respectively, θ INC  denotes the incidence angle and 
αH is the heading angle. The associated level of uncertainty 
( σ V,LOS) is computed from Eq. (1) through an uncertainty 
propagation procedure based. Subsequently, the mean 
velocity of the selected PS LOS velocities is computed and 
aligned with the LOS-projected GNSS velocity, ensuring 
that the entire PS dataset is adjusted accordingly. This step 
introduces a constraint to a global reference frame.

The calibration procedure may affect the overall uncer-
tainty of the results; its impact can be quantified through an 
error propagation analysis, incorporating the uncertainties 
affecting both the PSs and the GNSS data. As demonstrated 
by Mancini et al. (2021), the proposed workflow comple-
mented by the calibration procedure is able to retrieve PS 
calibrated vertical and horizontal velocities after decom-
position, which exhibit a discrepancy of less than 2 mm/yr 
with respect to independent GNSS validation site velocities, 
with levels of uncertainty that are, in the majority of cases, 
less than 1–2 mm/yr.

Analysis of multi-resolution SAR data and numerical 
cartography

The joint analysis of multi-resolution SAR products and 
numerical cartography of road assets in the Municipality 
of Modena was conducted using QGIS software (version 
3.22.12). The main steps of the analysis include: (1) col-
lection and selection of SAR and GIS data, (2) defining 
an infrastructure layer consisting of polygons and specific 
dynamic buffers and determining ground displacement 

COSMO-SkyMed products by PSI processing

The CSK dataset used in this work consists of Single-look 
Complex Slant (SCS) Level 1 A descending data acquired 
with the Stripmap Himage mode (spatial resolution of 
3  m × 3  m) spanning the years 2014–2018 and has been 
downloaded from the new ASI portal for Italian Institu-
tional Users. The dataset was processed using open-source 
tools consisting in the ESA Sentinel Application Platform 
(SNAP) software, the Statistical Cost Network Flow Algo-
rithm for Phase Unwrapping (SNAPHU) package (Chen and 
Zebker 2002), the Stanford Method for Persistent Scatterers 
(StaMPS) (Hooper et al. 2012), and MATLAB routines for 
calibration using GNSS data, as well as for exporting and 
analyzing the results (Mancini et al. 2021). Specifically, 
as illustrated in Fig. 2, the procedure yielded displacement 
time series and the average annual velocity for each coher-
ent target (the Persistent Scatterers, PSs). Calibration was 
performed using GNSS data from the MOPS reference sta-
tion, processed by the Nevada Geodetic Laboratory (Blewitt 
et al. 2018); the adopted GNSS processing strategy is able 
to retrieve velocities with an accuracy in the order of 1 mm/
year or less (Blewitt et al. 2016). The calibration procedure 
involves the selection of a reference area in the vicinity of 
the GNSS calibration station and the identification of PS tar-
gets within this area. Subsequently, the GNSS velocities are 
projected along the SAR line of sight ( vLOS) and computed 
as:

vLOS = vUP cosθ INC − sin θ INC[
VN cos

(
αH − 3π

2

)
+ vE sin

(
αH − 3π

2

)]
� (1)

Fig. 2  PSI processing of the CSK dataset. (modified from Parenti et al. 2024)
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86.7% of ground-level lines and nearly 100% of viaduct/
overpass/bridge segments and tunnel segments for both 
ORD and HS railway categories. A summary of the results 
is provided in Table 1.

Analysis of the CSK-derived (global) velocities for the 
polygons of Table 1 denoted as “>3” reveals that all infra-
structure segments, including both ordinary and high-speed 
railway lines, exhibit an overall global mean velocity (i.e., 
from CSK processing) greater than 2 mm/year away from 
the satellite (i.e., -2 mm/year).

To isolate the contribution of infrastructures behaviour to 
the overall velocity, the difference between the global (from 
CSK processing) and the ground (obtained from S1 EGMS 
interpolated and reprojected ground motion products after 
excluding those belonging to infrastructure) velocities was 
computed. This difference represents the residual motion 
component affecting the infrastructure potentially linked to 
localized phenomena. Infrastructures segments exceeding 
a given threshold can be easily identified as priority areas 
requiring further analysis. For this analysis, a threshold of 
4  mm/year was applied accounting for the uncertainties 
affecting the mean velocities derived from S1 and CSK PSI 
processing through uncertainty propagation.
 
The results indicate:

	● for ordinary railway lines (ORD > 3), 27% of the ground-
level segments, 29% of the elevated, and 4% of the tun-
nels exhibit velocities exceeding the set threshold.

	● for high-speed railway lines (HS > 3), 100% of the 
ground-level segments, and 44% of the elevated display 
velocities above the set threshold.

These findings highlight the need for targeted investigations 
in specific segments to address potential localized phenom-
ena affecting structural stability. Among the selected infra-
structures segments, two representative examples have been 
chosen for detailed analysis. Figure 4 illustrates a section of 
an ordinary railway line, which includes polygons classified 
as both “raised” and “at ground level”. Figure 5 presents two 
examples of a high speed railway line. The overall veloci-
ties affecting the infrastructures, represented by the CSK 
calibrated mean annual velocities, are shown in Figs. 4a and 
5 HS1-a and 5 HS2-a. The velocity components associated 
exclusively with the infrastructure portions, referred to as 
residual velocities, are displayed in Figs. 4b and 5 HS1-b, 
and 5 HS2-b.

Figure 4 depicts an area where a ground subsidence of 
2–4  mm/year has been computed based on the interpola-
tion of S1 ground motion products. The analysis of the dif-
ferences (Fig. 4b) between the ground subsidence and the 
global deformation (Fig. 4a) reveals that nearly all portions 

using interpolated S1 products, (3) determining the global 
infrastructures displacement through CSK ground motion 
products, (4) analyzing the different contribution to the 
infrastructures displacement to characterize the behavior 
of each vector feature representing road infrastructure and 
(5) evaluating the results to assess the potentialities of the 
method in the structural characterization and in-depth anal-
ysis of selected case studies. A detailed outline of the meth-
odology is presented in Fig. 3.

Results and discussions

The results from the analyses described in Sect. “Analysis 
of multi-resolution SAR data and numerical cartography” 
and illustrated in Fig. 3 are presented in this Section, with 
a focus on two representative case studies. While the same 
analyses were performed for both railways and the road 
infrastructure layers, only the results related to the railway 
infrastructures are reported in this section to ensure clarity 
and conciseness in the presentation.

First, we analyzed the railway infrastructure within the 
municipality of Modena, comprising a total of 196.3 km of 
railways (ALL), represented by 420 polygons in the GIS 
layer. Out of this total, 165 km correspond to ordinary rail-
way infrastructure (ORD), while 31  km belong to high-
speed railway infrastructure (HS). Among the ordinary 
lines, 91% of the length lies on the ground level (referred to 
as GRD), 48% refers to viaducts/overpasses/bridges (RSD), 
and 4.1% to tunnels (later TNL). For the high-speed railway 
lines, 25.8% of the length is at ground level (GRD), while 
74.2% is on viaduct or similar elevated structures (RSD).

The initial analysis of the proposed methodology 
involved the railway segments where a sufficient amount of 
data were available. To this end, only polygons with more 
than three PSs (denoted as > 3) were included in the stabil-
ity analysis. This threshold was selected as the minimum 
required to obtain reliable average values for displacement. 
Notably, the actual number of PSs for each polygon typi-
cally exceeds this threshold, with ordinary railway polygons 
averaging 41 PSs, and high-speed railway polygons averag-
ing 407 PSs.

The velocity analysis was conducted considering both 
the railway type (ORD and HS) and the construction type 
of specific segments (i.e., at ground level, on viaducts/over-
passes/bridges, or in tunnels). Overall, 62% of the poly-
gons representing the entire railway network were detected 
(ALL > 3), comprising 60.5% of ordinary railway lines 
(ORD > 3) and 91.3% of high-speed railway lines (HS > 3). 
In terms of total railway length, the methodology detected 
the 89%, including 87% of ORD lines and 99.8% of HS 
lines. Regarding construction types, the method detected 
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Fig. 3  The analysis of multi-res-
olution SAR data and numerical 
cartography
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depends on the characteristics of the existing numerical 
cartography, which is not designed to capture such detailed 
aspects of infrastructure at this level of precision.

Moreover, recent methods for analyzing displacements 
identified through PS-InSAR allow for overcoming the 
aforementioned limitations related to the low resolution of 
numerical cartography. These methods rely on the analysis 
of the 2D spatial gradient of PS velocities, an approach that 
can enhance the reconstruction of the spatial characteristics 
of the phenomenon. In this context, Shahbazi et al. (2024) 
recently proposed a method for detecting buildings with 
potential damage based on differential deformation maps 
generated from the PSs velocities gradient. Specifically, the 
authors compute the spatial velocity gradient from SAR-
based PS velocities associated with buildings polygons and 
classify them based on the maximum spatial deformation 
observed for each building. The method has been tested 
using both S1 and CSK datasets to generate differential 
deformation map for buildings. However, with appropriate 
modification, such as refining the selection of PSs associ-
ated with infrastructure polygons and adjusting the classi-
fication criteria based on velocity gradient, this approach 
could be applied to our study to improve the understanding 
of deformations affecting different infrastructure segments.

In this scenario, new perspectives are also offered by 
Building Information Modeling (BIM) approaches towards 
a more complete and deep description of structures and 
infrastructures. BIM provides a more comprehensive and 
effective framework for monitoring and designing activi-
ties. A detailed geometric description of the infrastructure, 
complemented by structural information, would enable a 
more precise characterization of the structure and its behav-
iour. Furthermore, the availability of a digital twin of the 
infrastructure would provide an advanced representation to 
be used as a reference model for the integrated use of geo-
metrical, structural and monitoring data.

Conclusions

In this paper, a method based on the ensembled analysis of 
multi-resolution SAR deformation products and numerical 
cartography to enhance the current practices in safety assess-
ment and health monitoring of infrastructures is proposed.

The deformation affecting the entire territory of the 
Municipality of Modena (Italy) is retrieved by S1 EGMS 
ground deformation products. After interpolation and repro-
jection onto the CSK-LOS geometry, the ground subsidence 
affecting the infrastructures is computed. This component is 
then compared with the global one affecting the infrastruc-
tures, derived from CSK data PSI processing, to identify the 
residual phenomena specifically affecting the portions of the 

of the ordinary railway are affected by residual phenomena 
impacting the infrastructure. In particular, the ground-level 
segments exhibit a residual negative annual velocity ranging 
from 10 to 16 mm/year, which accounts for approximately 
80% of the global velocity affecting these infrastructure 
segments.

These findings suggest that the structure and the genera-
tion process of the available geospatial dataset play a cru-
cial role in the proposed analysis. Given that the average 
polygon length is 416 m for ordinary railways and 1.35 km 
for high-speed railways, the behavior of selected high-speed 
infrastructures segments may not be adequately captured by 
the developed method.

The issue related to polygon length is further highlighted 
in Figs. 5 HS1 and HS2. Some portions of the high-speed 
railway line at ground level are affected by global motion 
components whose magnitude varies along their length. In 
the case presented in Fig. 5 HS1, the polygons in the numer-
ical cartography are sufficiently detailed to capture the spa-
tial variability of the phenomenon. As a result, the method 
effectively identifies specific portions that may be prone to 
stability issues. Conversely, Fig. 5 HS2 illustrates the limi-
tation introduced by a coarser subdivision of polygons in the 
numerical cartography. In this case, despite the high density 
of PSs which could accurately describe the spatial evolution 
of the phenomenon, the excessive length of the available 
polygon prevents a precise identification of infrastructures 
sections susceptible to potential criticalities.

In light of these results, a finer subdivision of the poly-
gons would enhance the representation of the behavior of 
specific infrastructure segments. However, this largely 

Table 1  Method’s ability in the detection of different railway types 
(ORD and HS) and construction types (GRD, RSD, TNL). Absolute 
values (in terms of length and number of polygons with more than 3 
PSs) and corresponding percentages are summarized
Railway Poly-

gons #
Polygons % Length [km] Length %

ALL 420 196.3
ALL > 3 261 62 of ALL 174.7 89 of ALL
ORD 397 165.3
GRD 358 90.2 of ORD 150.4 91 of ORD
RSD 28 7.0 of ORD 7.9 of ORD 4.8 of ORD
TNL 11 2.8 of ORD 6.8 4.1 of ORD
ORD > 3 240 60.5 of ORD 143.8 87 of ORD
GRD > 3 215 89.6 of ORD > 3 129.5 90 of ORD > 3
RSD > 3 17 7.1 of ORD > 3 8 5.4 of ORD > 3
TNL > 3 8 3.3o f ORD > 3 6.6 4.6 of ORD > 3
HS 23 31
GRD 13 56.5 of HS 8 25.8 of HS
RSD 10 43.5 of HS 23 74.2 of HS
HS > 3 21 91.3 of HS 30.9 99.8 of HS
GRD > 3 11 52.4 of HS > 3 7.9 25.6 of HS > 3
RSD > 3 10 47.6 of HS > 3 23 74.4 of HS > 3
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geospatial datasets with sufficient attributes. A key factor of 
the proposed method is the vectorization approach used for 
geospatial datasets. In the Modena case study, the INSPIRE 
directive (Infrastructure for Spatial Information in Europe 
– Directive 2007/2/EC) is adopted, which applies consis-
tently across Italy and Europe. More detailed and accurate 
analyses can be achieved when vectorization is highly pre-
cise in terms of both geometry (small vectors and polygons) 
and attribute information (rich and detailed attribute sets). 
Moreover, recently proposed methods based on the analy-
sis of the 2D spatial PS velocity gradient (Shahbazi et al. 
2024) could enhance the reconstruction of the spatiality of 
the phenomenon.

In this study, the analysis of the computed velocities 
and different motion contributions has enabled to prelimi-
nary reconstruct the behavior of the railway infrastructure 

infrastructures. The different motion contributions are ana-
lyzed in relation to the construction type of infrastructures, 
as provided by the available geospatial dataset, to select 
infrastructure portions exhibiting residual components. The 
results demonstrate that the method can detect most of the 
infrastructures (87% of the total length for the ordinary rail-
way and 99.8% for the high-speed railway), regardless of 
construction type.

The proposed methodology can also be effectively applied 
to other structures of interest, such as roads and buildings 
(Grassi et al. 2022) and it is adaptable to locations beyond 
the presented case study. However, its applicability is sub-
jected to certain limitations, primarily related to the avail-
ability of a sufficient density of satellite radar targets (e.g., 
areas with low vegetation cover), the ability of radar data to 
retrieve the occurring displacements and the availability of 

Fig. 4  Ordinary railway portion in the Municipality of Modena: a) infrastructures global velocities derived from CSK data, b) infrastructures 
residual velocity obtained by calculating the difference between S1 interpolated (ground) and CSK data (background: Google Satellite)
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sis and Monitoring of Ancient structures interacting with Geotechni-
cal Excavations (DAMAGE)” PIANO NAZIONALE DI RIPRESA E 
RESILIENZA (PNRR) – Missione 4 – Componente 2. Dalla Ricerca 
all’Impresa -Investimento 1.1 Fondo per il Programma Nazionale della 
Ricerca (PNR) e Progetti di Ricerca di Rilevante Interesse Nazionale 
(PRIN), finanziato dall’Unione europea – NextGenerationEU - rif. 
D.D. N. n. 104 del 02/02/2022 (CUP: E53D23002550006; cod. Pro-
getto 20222M8E9A).

Data availability  Numerical cartography is available at: ​h​t​t​p​​s​:​/​​/​g​e​o​​p​
o​​r​t​a​​l​e​.​r​​e​g​i​​o​n​e​​.​e​m​​i​l​i​​a​-​r​o​​m​a​​g​n​a​.​i​t​S​e​n​t​i​n​e​l products by EGMS are ​a​v​a​
i​l​a​b​l​e at: ​h​t​t​p​​s​:​/​​/​e​g​m​​s​.​​l​a​n​​d​.​c​o​​p​e​r​​n​i​c​​u​s​.​e​u​C​O​S​M​O​-​S​k​y​M​e​d data are 
delivered under a license to use by ASI (Agenzia Spaziale Italiana).
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