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Abstract

Satellite-based Synthetic Aperture Radar Interferometry (InSAR) represents a
promising supplement to traditional Structural Health Monitoring (SHM)
methods, offering a non-invasive solution that eliminates the need for sensor
installations and provides extensive spatial coverage. The European Ground
Motion Service (EGMS), developed by the European Space Agency under the
Copernicus program, marks a significant advancement in monitoring capabili-
ties. EGMS utilizes data from Sentinel-1 satellites and employs InSAR tech-
niques to generate displacement maps covering the European territory. This
paper aims to investigate the behavior of the Schottwien Viaduct on the S6
Semmering motorway in Austria, using EGMS data. This multi-span viaduct,
measuring 632 m in length, stands as one of the longest prestressed concrete
beam bridges in Austria. Environmental factors, such as temperature, are ana-
lyzed alongside satellite data to evaluate their influence on bridge displace-
ments. The findings indicate consistent displacement patterns associated with
temperature, enabling the estimation of thermal expansion coefficients that
align with expected values for concrete. Two distinct InSAR data processing
methods are applied, both producing comparable outcomes. Additionally, the
reconstructed structural displacements closely match those obtained from an
on-site static monitoring system. These findings highlight the potential of
InSAR data for SHM purposes.
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1 | INTRODUCTION

Bridges are critical components of transportation net-
works, enabling fast connections and supporting eco-
nomic development. However, bridges are continuously
exposed to various degradation factors and potential haz-
ards, which pose significant challenges to their structural
integrity over time.' Ensuring effective bridge manage-
ment is a critical task, not only to protect the lives of
users but also to reduce potential indirect losses, espe-
cially in the case of major bridges where disruptions can
significantly impact economic activities and society at
large.*” Traditionally, the assessment of bridge condi-
tions has relied on periodic inspections conducted by
trained technicians.”” While these inspections provide
valuable insights, their nature limits the ability to capture
real-time data and promptly address potential issues at
an early stage. Structural Health Monitoring (SHM) tech-
niques have emerged as a complementary approach,
offering continuous, real-time monitoring capabilities to
supplement traditional inspection practices. Most SHM
systems involve the installation of dedicated hardware
comprising sensors, cables, and acquisition systems.
These systems enable the extraction of damage-sensitive
features from physical measurements, providing insights
into structural health over time.** SHM strategies are
typically distinguished into local and global ones. Local
SHM offers detailed information about specific locations
within the structure where sensors are located,!®!! often
focusing on measuring slow-varying parameters, such as
pier tilt and strain. In contrast, global SHM focuses on
the dynamic properties of structures, for example, modal
parameters, to assess the overall structural integrity, even
when sensors are not positioned directly at the locations
of potential damage.'*® Despite their advantages for
real-time monitoring and early anomaly detection, the
widespread implementation of traditional SHM systems
across entire transportation networks presents practical
challenges. The initial investment for deploying on-site
SHM devices across large-scale networks can be substan-
tial.'* Additionally, SHM systems themselves are subject
to degradation over time and necessitate regular mainte-
nance.'>'® Furthermore, traditional SHM approaches
involve gathering extensive datasets to differentiate
among various structural conditions, whether caused by
environmental factors or deterioration. Therefore, dam-
age identification is possible only after a training period
(typically 1 year)."”

A complementary approach to bridge monitoring uses
satellite-based Synthetic Aperture Radar Interferometry
(InSAR) data, eliminating the need for on-site sensor
installation and maintenance.”® InSAR techniques pro-
vide velocity maps and time series of displacements at

both regional and local scales. Their non-intrusive nature
allows for continuous monitoring without disrupting
bridge operations, enabling the exploration of historical
data for trend analysis and proactive maintenance pur-
poses.'”?° Synthetic Aperture Radar (SAR) technology
aboard orbiting satellites delivers weather-independent
imagery of Earth's surface. InSAR uses SAR images to
generate interferograms, which provide information on
phase differences between images acquired at different
times.”! By analyzing these phase differences, displace-
ment time series are derived for specific reflective ele-
ments known as measuring points (MPs), including both
distributed scatters (DSs) and persistent scatterers (PSs),
achieving millimetric precision.?” While InSAR offers sig-
nificant potential for bridge monitoring, it also presents
challenges, including errors induced by inaccuracies
in orbital information and atmospheric conditions. To
overcome these limitations, multi-temporal InSAR
(MT-InSAR) techniques, capable of providing accurate
information on the spatial distribution and temporal evo-
lution of surface displacements, have been developed.*****
The advent of second-generation space-based SAR mis-
sions has further enhanced spatial and temporal resolu-
tion, facilitating large-scale investigations into individual
asset deformations and amplifying the capabilities of MT-
InSAR.*> The European Space Agency (ESA) recently
introduced the European Ground Motion Service
(EGMS) as part of the Copernicus program.’* EGMS,
operational since 2022, employs MT-InSAR techniques
with Global Navigation Satellite System (GNSS) calibra-
tion and offers user-friendly services through a dedicated
portal with annual updates. It processes data from the
Sentinel-1 constellation, consisting of two twin satellites,
Sentinel-1A and Sentinel-1B. Sentinel-1A was launched
on April 3, 2014, while Sentinel-1B followed on April
25, 2016. However, due to a technical anomaly, Sentinel-
1B ceased data transmission on December 23, 2021, and
its mission was officially concluded on August 3, 2022.
To ensure data continuity, ESA has planned the launch
of Sentinel-1C in 2024.*

In the literature, examples of InSAR-based monitor-
ing of bridges are predominantly focused on retroactive
analyses of collapsed structures'®***° or studies examin-
ing thermal deformations,*** sometimes supported by
calibrated numerical models.** These studies encompass
a diverse range of bridge types, including, for instance,
masonry arch bridges,'®* integral reinforced concrete
bridges,*® simply supported prestressed concrete span
bridges,*”*® reinforced concrete arch bridges,* heritage
iron continuous truss girder bridges,*® steel arch brid-
ges.***” Additionally, automated procedures have been
proposed to study portfolios of various bridge types at the
network scale.**™** Typically, InSAR is employed to
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examine millimetric-scale or significant structural dis-
placements rather than to investigate brittle failure
modes, such as those that may affect prestressed bridge
elements.*® Studies validating InSAR-derived displace-
ments against on-site data remain rare, with only a few
exceptions.****

This paper aims to contribute to the field by investi-
gating the behavior of the Schottwien Viaduct, in
Austria, using EGMS data and comparing the results
with those obtained using on-site sensors. By integrating
environmental data, the study aims to comprehensively
understand the factors influencing the viaduct's behavior,
which stands as one of the largest prestressed concrete
beam bridges in Austria, with a total length of 632 m.
The analysis employs two distinct methods for processing
EGMS displacement data: one that combines datasets
from different satellite orbits to estimate structural dis-
placements*~%*® and another that relies on a single orbit
while incorporating additional assumptions about struc-
tural behavior.*” This case study is particularly valuable
for several reasons, making it well-suited for an InSAR-
based study. The longest span of the bridge exhibits
long-term vertical deformation, as detected in the analy-
sis. This deformation has been continuously monitored
for over 5 years, revealing a clear pattern consistent with
long-term creep effects.*® The bridge's longitudinal axis,
oriented in the west-east direction, aligns favorably with
the satellite's acquisition geometry, allowing for captur-
ing thermal deformations. The EGMS database provides
a high density of MPs along the bridge. Furthermore, the
bridge deck is located significantly above the valley,
which facilitates the clustering of MPs associated with
the structure itself, minimizing interference from sur-
rounding objects.

A key novelty of this research is the comparison of
EGMS results with those obtained from a traditional on-
site monitoring system, specifically a liquid-level mea-
surement system. To the best of the authors' knowledge,
this study is among the first to validate monitoring results
from freely accessible EGMS data against those gathered
from on-site instrumentation. InSAR techniques, which
enable remote and large-scale monitoring, are particu-
larly advantageous for extensive structures like the
Schottwien Viaduct, where size and limited accessibility
make traditional inspections challenging. By demonstrat-
ing the potentialities of the EGMS database for monitor-
ing and evaluating large-scale prestressed concrete
structures, this research not only deepens our under-
standing of the behavior of such bridges under varying
conditions but also supports the integration of InSAR
techniques into standard SHM practices.

The paper is organized as follows. After the introduc-
tion, Section 2 provides an overview of InNSAR monitoring

Jibl—

principles as applied to structures, with a particular
emphasis on the EGMS database. Section 3 details the
Schottwien Viaduct and the on-site monitoring system
used for comparison with EGMS data. In Section 4, the
available EGMS datasets are outlined. Section 5 describes
the two methods employed to process InSAR data for
reconstructing structural displacements. The results are
presented in Section 6, where the outcomes from EGMS
and on-site measurements are compared. Finally,
Section 7 concludes the paper by summarizing the main
insights, discussing their implications, and suggesting
potential directions for future research and the applica-
tion of satellite-based InSAR techniques in bridge
monitoring.

2 | PRINCIPLE OF InSAR
MONITORING OF STRUCTURES

In the last decades, new-generation radar systems such as
TerraSAR-X and COSMO-SkyMed have achieved a spa-
tial resolution of a few square meters.>*>** In tandem,
the field of SHM has seen significant advancements, with
satellite-based techniques like MT-InSAR enriching the
monitoring capabilities. By processing a time series of
SAR satellite acquisitions, MT-InSAR can measure dis-
placements due to slow ground motion phenomena such
as landslides, subsidence, or volcanic activity with
millimeter-scale precision. This enables, for example,
monitoring of the stability of slopes, mining areas, build-
ings, and infrastructures. For rapid ground movements,
such as those caused by earthquakes, differential InSAR
(DInSAR) techniques are more appropriate, as they gen-
erate interferograms by analyzing pairs of SAR
images.’>* The benefits of employing these techniques
include the ability to monitor remotely, eliminating the
need for on-site instrumentation. Additionally, they offer
extensive coverage with data updates every few days.
These data can be used independently or in conjunction
with other SHM results, if available.

This work uses the data from the EGMS,>* funded by
the European Commission, as an essential element of the
Copernicus Land Monitoring Service.>* The EGMS,
which is based on Sentinel-1 (S1) satellite acquisitions
over most of Europe (Copernicus Participating States),
represents the first application of InSAR techniques for
the monitoring of ground deformations over continental
boundaries.”® The key elements of the EGMS are stated
in the White Paper, available online.>® The service is
based on processing ascending and descending Sentinel-1
images using DS and PS MT-InSAR techniques.”® The
term “descending” refers to the movement of SAR satel-
lites from the north pole to the south pole while the term
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“ascending” refers to the movements from the south pole
to the north pole. The processing of ascending and des-
cending Sentinel-1 images is based on a pixel footprint of
14 by 4 m. MT-InSAR techniques guarantee the measure-
ment from space of millimeter-scale displacements. They
can cover wide zones with high spatial measurement
density, measuring deformation over the targets that pro-
vide a sufficient interferometric phase quality. The 3D
geolocation accuracy of the EGMS products is lower than
10 m.”’

The EGMS offers three main products, namely the
basic, the calibrated, and the ortho data. The basic prod-
uct provides displacement data with annotated geoloca-
tion and quality measures for each MP. The calibrated
product adjusts the displacement values by referencing
them to a model derived from GNSS time-series data.
Finally, the ortho product uses the discrete look-angles
from the calibrated data to calculate vertical and west-
east displacements, presented on a 100-m grid.

The EGMS provides displacement projections along
the line of sight (LOS) direction, a characteristic inherent
to InSAR products. In principle, to achieve a comprehen-
sive reconstruction of the three-dimensional displace-
ment field, it is necessary to combine LOS measurements
from at least three non-parallel directions or integrate
on-site measurements. In practical scenarios—including
this analysis—only SAR data from the ascending and des-
cending orbits are typically available. The availability of
MPs on a structure is influenced by several factors,’®
including: (a) the SAR sensor resolution; (b) geometrical
distortions due to its side-looking nature, which can com-
plicate MP detection, particularly in mountainous or
densely built areas; (c) the properties of the target struc-
ture, such as its shape and roughness, which determine
whether a pixel can function as an MP. Effective MP
detection relies on radar waves being reflected to the sat-
ellite with sufficient intensity and in the correct direction;
and (d) the stability of the reflective properties of the
pixel over time. Changes, such as snow cover or struc-
tural maintenance, can disrupt backscatter and render a
pixel unsuitable for MP identification. When enough
MPs are available, assumptions about the structural
behavior are made to reduce the number of unknowns
and to estimate the three components of displacement.
For example, since the south-north component cannot
be detected with accuracy due to the near-polar orbit tra-
jectories of the radar satellites, it is often neglected,
allowing for computing the vertical and the west—east
components through the combination of ascending and
descending acquisitions.

An important aspect to account for in the processing
of InSAR data is data resampling to improve the readabil-
ity of results. Spatial resampling techniques can be

employed to obtain a set of spatially referenced points
where the LOS displacement is available for both ascend-
ing and descending trajectories, allowing for performing
combinations.*® The main techniques used in the litera-
ture for spatial resampling are interpolation, grid resam-
pling, and nearest neighbors. Interpolation can be used
to estimate values at unsampled locations using various
techniques. Grid subsampling involves dividing the
region of interest into resampling cells of an arbitrarily
chosen size. Each cell is assigned a value corresponding
to the average displacement of the MPs within it, repre-
senting a form of synthetic data. The nearest neighbors
method combines approaches that utilize pairs of nearby
MPs from two different datasets. This method involves
specifying a search distance to identify point pairs. It
operates within a vector space, allowing for avoiding the
rasterization process and its associated uncertainties.
Temporal resampling involves interpolating the original
ascending and descending datasets to align with each
other’s acquisition times, as these datasets are captured at
different intervals. It is crucial to consider that InSAR dis-
placement time series are differential, with measure-
ments referenced to the initial values. When image
acquisition times differ between ascending and descend-
ing geometries, the initial values of the time series should
be aligned by trimming the beginning of the earlier time
series.

A further consideration is the potential development
of comprehensive frameworks integrating diverse data
sources. Preliminary structural damage classification cri-
teria based on InSAR-derived displacements and damage
scales can be used to assess individual structures.*® Then,
by combining InSAR data with on-site measurements, a
more comprehensive and accurate structural assessment
can be achieved.

3 | DESCRIPTION OF THE BRIDGE
AND ON-SITE MONITORING
SYSTEM

The Schottwien Viaduct is a key element of the S6 Sem-
mering motorway and stands as one of the largest pre-
stressed concrete beam bridges in Austria. Built between
1986 and 1989, it was commissioned by the Austrian
motorway agency to alleviate the heavy vehicular traffic
that previously congested the old Semmering Pass Road,
which runs through the town of Schottwien, south of
Vienna. The bridge was designed to minimize visual
impact. Measuring 632.5 m in length and 25 m in width,
the bridge comprises two carriageways, each with two
lanes and an emergency lane. It crosses the valley at a
height of 130 m. The structure includes four spans, with
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FIGURE 1 The Schottwien bridge: (a) Plan view (from Google Earth); (b) lateral view (Photo by C.Stadler/Bwag); (c) Longitudinal

section with quotes (modified from Vogler™).

the longest one extending 250 m (the spans measure
77.75, 162.50, 250.00, and 142.25 m from east to west), as
shown in Figure 1. The bridge is supported by three piers:
a single-column pier (Pier 1), with a height of 30 m, and
two double-column piers (Piers 2 and 3), with heights of
74 and 64 m (Pier 2) and 78 and 68 m (Pier 3). The col-
umn spacing for both piers is 25 m. Due to the consider-
able height and relative flexibility of the piers in the
longitudinal direction, their contribution to longitudinal
restraint is minimal, allowing the bridge deck to expand
and contract with temperature variations.

The superstructure consists of a prestressed concrete
hollow-box girder. The cross-section has a width of
10.3 m, with a height of 12 m at Piers 2 and 3, and 6 m at

Pier 1. The height gradually reduces to 4.2 m at the cen-
ter of the spans. The roadway slabs protrude on both
sides by 7m and are post-tensioned transversely. The
piers feature hollow-box sections. Their thickness varies
along the height, progressively decreasing from a maxi-
mum of 60 cm at the base to a minimum of 35 cm toward
the top of the piers. The abutments also have hollow
sections.

Long-term deflection measurements were carried
out using a liquid-level measurement system, as
shown in Figure 2, operational since 2018. The pri-
mary focus was on monitoring the relative displace-
ment between the main span and Piers 2 and
3, where notable long-term deformation was observed.
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FIGURE 2

(a) Sensors inside the bridge; (b) bridge cross-section above piers and in the mid-span (modified from Stadler*®).

FIGURE 3

The Schottwien bridge with marked sensor positions.

The location of the on-site sensors is shown in
Figure 3. Point CS1 served as the reference location
against which measurements at points CS3 to CS5 are
compared. The monitoring system was installed by a
third party before the investigations described in this
paper. For comparison with the EGMS-derived dis-
placements, measurements collected in the period
between 2021 and 2022 are used.

Temperature was measured at nine locations across
the bridge and also modeled based on meteorological
data using the method described by Schldgl et al.*® In this
study, the modeled temperature, referred to as “concrete
temperature,” is employed, which represents the recon-
structed mean temperature of the concrete.

4 | EGMS DATASETS

This work exploits the MT-InSAR-derived data
(i.e., displacement time series and velocity maps of both
DSs and PSs computed at the full spatial resolution scale)
provided by the EGMS, specifically basic products.’® The
EGMS provides four datasets covering the Schottwien
Viaduct, namely ASC146 and ASCO073 for the ascending
orbit, and DSC022 and DSC124 for the descending orbit,
spanning the years 2018-2022. The analysis of these data-
sets was conducted in March 2024, integrating them into
a Geographic Information System (GIS) software plat-
form to enable a comprehensive spatial analysis and visu-
alization of MPs on the Earth's surface.
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FIGURE 4 European Ground Motion Service data. Ascending datasets: (a) ASC146, and (b) ASC073. Descending datasets: (c) DSC124,

and (d) DSC022.

Figure 4 illustrates the MPs located in the area sur-
rounding the Schottwien Viaduct. In detail, Figure 4a
presents dataset ASC146, Figure 4b shows dataset
ASC073, Figure 4c features dataset DSC124, and
Figure 4d displays dataset DSC022. Positive velocities
(blue color) indicate movements toward the satellite,
whereas negative velocities (red color) indicate move-
ments away from the satellite, all along the LOS. The
locations of the three piers are marked with white
squares. MPs located near the major span of the bridge,
between Piers 1 and 2, exhibit relatively high-velocity
values, particularly in Figure 4a,b, which display data
from the ascending orbit. In contrast, the velocities of the
MPs located outside the bridge show values close to zero
(yellow color) or slightly positive (green color). The distri-
bution of MPs is not uniform across the bridge. The west
portion of the bridge, corresponding to the first span, is
not covered by MPs from the ascending orbit, likely due
to a combination of factors, including geometric distor-
tion due to the mountainous area and surface changes
from maintenance work.

5 | DETERMINATION OF
STRUCTURAL DISPLACEMENTS

Consider the unit vector urps, which represents the LOS
direction and a generic displacement vector d in the
East-North-Up (E, N, and U) reference system. These vec-
tors are represented in Figure 5a,b, respectively, and are
defined as follows:

[ cosag
Uros = | CoOSayn |, (1)

cosay

dg
d=|dn |, (2)
du

where the terms cosag, cosay, and cosay are the direc-
tion cosines of the LOS direction; ag, ay, and ay, are the
angles subtended by the LOS direction with the E, N, and
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U axes; dg, dy, and dy are three orthogonal components
of the displacement vector. The projection of the dis-
placement along the LOS, dy s is obtained by computing
the scalar product between d and uy s, which reads:

dros =d-ups =dgcosag +dycosay +dy cosay. (3)

Another way to express the d and upgs is in spherical
coordinates within the (E, N, and U) space, as shown in
Figure 6. These vectors are defined as follows:

sinay cosaag
Upos= | — sinaU Sil’laald , (4)

cosay

sinwcos ¢
d=d| —sinwsing |, (5)
cosw

FIGURE 5
uros and the angles it forms
with the E, N, and U axes; (b)
displacement vector d along

(a) Unit vector

with its components in the E, N,
and U directions.

FIGURE 6
of (a) the unit vector u;og
associated with the LOS
direction and the (L, T, and U)
reference system, (b) definition

Representation

of angles w and ¢.

where a,4 is the angle between the Azimuth Looking
Direction (ALD) and the E direction; d is the magnitude
of d, w is the angle between the vertical direction and d;
¢ is the angle between the projection of d on the E-N
plane and the E direction. Angles a,4 and ¢ are consid-
ered positive clockwise from the E axis. The projection of
the displacement along the LOS can then be reformu-
lated as:

dros =d-ups = dsinwcosgsinay cosayg

+ dsinwsingsinay sina,q + dcoswcosay

=dsinwsinay cos(aaq — @) +dcoswcosay. (6)

Dealing with longitudinal structures like bridges, it
might be convenient to rotate the reference system so
that, in the horizontal plane, the axes of the new refer-
ence system are parallel and perpendicular, respectively,
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to the bridge's longitudinal axis. Consider a bridge with a
straight longitudinal axis aligned in the E-N plane, form-
ing an angle a,, with the E direction. A new reference
coordinate system (L, T, and U) is defined, where the
L axis corresponds to the bridge's longitudinal direction,
the T axis is perpendicular to the L axis within the E-N
plane, and the U-axis represents the vertical direction,
see Figure 6. In case the deck of the bridge presents a
slope, the L direction corresponds to the projection of the
actual bridge axis in the horizontal plane. The new refer-
ence system is obtained by rotating clockwise the original
one around the U-axis by the angle ay,. This rotation is
expressed by the following rotation matrix:

cosap, —Sinap: 0
Ry = | sina,, cosap: 0. (7)
0 0 1

The rotation matrix Ry is utilized to compute the
rotated vectors uj g and d’, as follows:

sinay cos(aaig — apr)
uLOS = RU“LOS = | —sin au Sil’l(aald — (Xbr) . (8)
cosay

sinwcos(¢ — apy)
d' =Ryd=d| —sinwsin(¢p —ay) | . (9)

CoOSw

Considering these rotated vectors, the LOS displace-
ment is obtained by computing the scalar product
between d’ and uj :

dros = d'-uj g = dsinwcos(p — ay) sinay cos(aad — Avr)

+ d sinw sin(g — ay) sinay sin(dag — o)

+ dcoswcosay (10)

In case the angles a,q and oy, are equal, Equation (10)
simplifies to Equation (6). Equation (10) can be simpli-
fied considering the following expressions linking the
longitudinal, dp, transversal, dr, and vertical, dy, dis-
placements with angles w, ¢, and ap;, namely:

d, =dsinwcos(¢ — apr), (11)
dr = —dsinw sin(¢ — apy), (12)
dy =dcosw. (13)

Jibl—

Substituting these expressions in Equation (10), the
following equation is obtained:

dLOS = dL sin au COS(aald — abr)

— drsinaysin(aaq — apr) + dycosay.  (14)

Equations (3) and (14) form the basis for Method
1 and Method 2, respectively, as described in the follow-
ing sections.

51 | Method 1: Combination of data
from ascending and descending orbits

The first method employs data from both ascending and
descending orbits to compute the components of the dis-
placements in the U and E directions, assuming null
displacements in the N direction. The analysis involves
the following main steps, as shown in Figure 7: “Selec-
tion and clustering of MPs,” “Baseline removal,” “Tem-
poral interpolation,” and finally, “Combination of
ascending and descending data.” This workflow is widely
used with minimal modifications by various
authors.?>*** These main steps are described below.

5.1.1 | Selection and clustering of MPs

Given the considerable length of the bridge, the MP are
clustered in plan into 16 distinct zones, spanning from
west to east, as shown in Figure 8, where only MPs on
the bridge deck are shown. These zones have a length of
about 40 m. Additionally, a height filter is applied to iso-
late MPs located on the bridge deck and exclude those
positioned in the valley below. This filtering focused on
MPs concentrated within a height range of 30 m, ensur-
ing that only points aligned with the bridge deck struc-
ture are considered for further analysis. Most of the MPs
on the bridge deck present similar elevations; therefore,
MPs with lower values can be excluded from the analy-
sis. In this application, the MP selection does not involve
the consideration of temporal coherence thresholds.
Focusing on the main span of the bridge, positions CS7,
CS5, CS4, CS3, and CS1 in Figure 3 correspond, respec-
tively, to Zones 4, 6, 7, 8, and 10 in Figure 8.

5.1.2 | Baseline removal

SAR image acquisitions from ascending and descending
geometries are typically offset in time. To align these
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FIGURE 7 Method 1: Flowchart illustrating the main steps.
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FIGURE 8

datasets, the time series of the earlier acquisitions are
trimmed so that they start from a common point. The
cumulative displacements at this trimming point are used
to adjust the time series, ensuring the first displacement
is zero.

5.1.3 | Temporal interpolation

Additionally, since the ascending and descending acquisi-
tions occur at different times, their mean time histories
are interpolated to ensure consistency across the entire set

N
B8

Clustering of measuring points in 16 zones: (a) ascending dataset; (b) descending dataset; (c) zone numbers.

of acquisition times. In this study, a linear interpolation
method is employed. Finally, the mean displacement time
history along the LOS is calculated for each cluster (zone)
by averaging the time histories of the cluster's MPs.

514 | Combination of ascending and
descending data

The displacement along the LOS is expressed using
Equation (3) for both the ascending and the descending
orbits, forming a system of two equations,*® as follows:
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FIGURE 9 Observations of (a) (b)
the displacement vector d from v U AU
the (a) ascending and (b)
descending orbits. N ,
LOSq™. . LOSp
. df - {lb'
] A TTA
; E d ; E
; g4 LOS,D A app
v a >
e\ dLos,a S @up |\
Qv T\
dyy N7 dy y ¥
d . d
{ dros,a = dp cosap,a +dy cosaya +du cosay a (15) 52 | Method 2: Integration of prior
dros,p =dgcosagp +dycosan,p +dy cosay,p, knowledge about structural behavior

where the suffixes A and D indicate the ascending and
the descending orbits, respectively; diosa and dyosp rep-
resent the LOS displacements. Typically, the displace-
ment components (dy, dg, and dy) are unknown,
whereas the direction cosines of the LOS are provided
along with InSAR data. This leads to an indeterminate
system of two equations and three unknowns. Neverthe-
less, assuming null displacements in the N direction, the
following system with two equations and two unknowns
is obtained:

{ dLOS’A = dECOS((lEA) + dU COS(aU,A) (16)

dLOS,D = dEcos(aE,D) +dy COS(O!U,D).

Figure 9 displays the relation between the displace-
ment vector d and its projections along the LOS in the
E-U plane.

Solving the system of Equation (16) leads to the fol-
lowing expressions for the two unknown displacement
components:

{ dg =k[cosay adiLos,p — cosay, pdios,a) (17)
9’
du=k [COS agpdrosa — CosaE,AdLOS,D]
-1

where k= [cosayacosagp— cosaypcosaga] . In the

case of the Schottwien Viaduct, the longitudinal axis of
the bridge closely aligns with the E direction. Conse-
quently, assuming zero displacements in the N direction
also implies, with good approximation, assuming zero
displacements in the transverse direction of the bridge.

The second method for InSAR data processing, developed
by AIT as part of the Senbridge project,® incorporates the
knowledge of bridge longitudinal displacements due to
temperature variations and assumes negligible displace-
ments in the transversal direction of the bridge. These
assumptions allow for the estimation of structural dis-
placements using data from a single orbit and avoid
uncertainty arising from temporal resampling. However,
this method is limited to providing relative vertical dis-
placements between pairs of points, with one point serv-
ing as the reference. Method 2 encompasses the following
key steps, as described in Figure 10, namely: “Selection
and clustering of MPs,” “Definition of relative LOS
displacements,” and finally, “Introduction of information

about structural displacements”.®*

5.2.1 | Selection and clustering of MPs

The selection of MPs on the bridge uses geolocation
data based on known bridge coordinates and elevation
to exclude MPs below the bridge deck. MPs are clus-
tered based on their proximity to points of interest,
which in this study correspond to the positions of the
on-site sensors in Figure 3. For each sensor, MPs
within a 15 m range in the longitudinal direction are
grouped to form clusters, as shown in Figure 11. In
addition, MPs in each cluster are evaluated for temper-
ature dependency to exclude MPs with anomalous
behavior. This is achieved by calculating a correlation
matrix between temperature and displacement time
histories and excluding points with an absolute linear

85U8017 SUOLILLOD 3ATea.0 3(edldde ays Aq peuenob aJe e YO ‘8sn JO sa|n 1oy AriqiTauljuO A3|1A UO (SUONIPUOD-pUe-SLLIBY/LID"AB | 1M ARIq 1 Ul UO//SANY) SUORIPUOD pUe SWiB | 8L 88S *[S202/80/0T] uo ArIqiTauliuo A8|IM ‘'ONY 1IN 1A ODINOILITOd Ad 188001202 00NS/Z00T 0T/I0pAW00" A8 1w Aelq1jeuluo//sdiy woly pepeojumoq ‘0 ‘8vaLTSLT



GIORDANO ET AL.

=L fib

Selection and clustering of

FIGURE 10 Method 2: Flowchart illustrating the main steps.

Definition of relative LOS
MPs displacements

Introduction of information
about structural displacements

FIGURE 11

Method 2: Clustering of measuring points.

correlation value lower than 0.8. Further details on
calculating linear correlation coefficients are provided
in Section 6.2. Lastly, the mean displacement time
history for each cluster is estimated using the
remaining MPs.

5.2.2 | Definition of relative LOS
displacements

Equation (14) applies to a single MP cluster, as defined in
the first step, where dios represents the mean displace-
ment of the MPs in the cluster at a given time. The angles
in Equation (14) can be assumed to be constant for all
the MPs on the same structure. Therefore, for a pair of
clusters, the relative LOS displacement, Adips, can be
expressed as:

AdLOS = AdL sin auy COS(O(ald — Olbr)

—Adrsinaysin(agg + apr) + Ady cosay,
(18)

where Ady, Adr, and Ady are the relative longitudinal,
transversal, and vertical displacements, respectively. In
this work, the MP cluster located at point CS1, corre-
sponding to Pier 2 in Figure 1, serves as the reference
location against which the displacements of the other MP
clusters are evaluated.

5.2.3 | Introduction of information about
structural displacements

It is assumed that the displacement along the bridge axis is
primarily induced by temperature variations. For straight
bridges without significant restraint in longitudinal elonga-
tion, this can be determined using the following equation:

AdL = AL(ZTAT, (19)

where AL is the distance between the two points on the
bridge deck, AT is the temperature variation between sat-
ellite acquisitions, and ar is the coefficient of linear ther-
mal expansion of the bridge deck. In this study, the
coefficient wused is that of concrete, which is
10 x 107°°C~!. Additionally, the displacements in the
transverse direction are assumed to be negligible. Conse-
quently, the difference in transverse displacements is
zero, that is, Adr =0. Introducing these assumptions in
Equation (18), the relative vertical displacement can be
expressed in terms of known terms as:

Adios — Ady sinagy cos —
Ady — Adios Lsinay cos(aad abr). (20)
cosay

6 | RESULTS

This section presents and discusses the results obtained
from processing EGMS data. In detail, the results shown in
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Sections 6.1-6.3 are derived using Method 1, which enables
the study of the bridge's behavior in both the U and
E directions. Initially, mean displacement time series and
annual velocities are computed for the 16 bridge zones to
understand the overall displacement patterns. Also, the
time history of the relative vertical displacement between
the second pier and the center of the longest span is calcu-
lated to investigate creep effects. This aspect is further inves-
tigated in the last part of this section. Subsequently, the
displacements are analyzed in relation to temperature data
to assess the impact of thermal variations on the bridge.
Moreover, the coefficients of thermal expansion are esti-
mated to verify the impact of the assumptions underlying
Method 2. Section 6.4 reports the comparison of the results
obtained using Method 1 and Method 2 with those from
the on-site monitoring system. The following analyses are
performed using the datasets ASC146 and DSC022.

6.1 | Displacement time series and
annual velocities

Initially, EGMS data from the ascending (ASC146) and
descending (DSC022) orbits are processed according to

b | 13
CEB-FIP

the methodology outlined in Section 5.1 to compute
the west—east and vertical displacements. They are
represented in Figures 12 and 13, respectively. Dis-
placements (in mm) for Zones 1-5 and 15 are unavail-
able as MPs from both orbits could not be identified in
these areas.

West-east displacements vary along the bridge deck.
Zone 10 and 16, covering the central pier and the abut-
ment of the bridge, respectively, display minimal sea-
sonal variation, see Figure 12a. The other zones exhibit a
clear seasonal behavior: Zones 6-9 experience maximum
displacements in winter and minimum displacements in
summer, see Figure 12b, whereas Zones 11-14 show the
opposite pattern, see Figure 12c. Moreover, the magni-
tude of displacements increases with the distance from
Zone 10. This is consistent with the preliminary struc-
tural analysis,’> which indicated that the point of mini-
mal movement due to the horizontal thermal expansion
of the bridge is located between Zones 10 and 9. The high
flexibility of the columns along the longitudinal axis of
the bridge facilitates elongation in this direction with
minimal constraints, and the sign of the west-east dis-
placements is influenced by the relative position of each
zone with respect to the central pier.
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FIGURE 12 West—east displacements: (a) Zones 10 and 16; (b) Zones 6-9; (c) Zones 11-14.
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The vertical displacement time series in Figure 13
reveals maximum values occurring in summer, with min-
imum displacements recorded in winter. The only excep-
tion is Zone 16, see Figure 13a, which does not exhibit
significant seasonal variations. Vertical displacements
primarily result from changes in the lengths of the piers
due to thermal variations. As temperatures rise, the
piers experience thermal expansion, which results in an
increase in vertical displacement during the warmer
months. Section 6.2 provides a quantitative analysis of
the linear correlation between temperature fluctuations
and displacement responses.

Table 1 presents the slope of the line of best fit in the
least-squares sense for both west-east, vg;, and vertical,
vy, displacements for the i-th zone, representing the
annual velocities of the corresponding zones. West—east
velocities become increasingly negative from Zone 8 to
14, indicating movement toward the west of that portion
of the bridge. Unfortunately, on-site data to confirm this
trend are not available. Vertical velocities are slightly pos-
itive for the zones situated near the supports of the
deck—specifically the central pier (Zones 10 and 11),
the right pier (Zone 14), and the right abutment (Zone

Vertical displacements: (a) Zones 10 and 16; (b) Zones 6-9; (c) Zones 11-14.

TABLE 1 Velocity of displacement time series.
Zone vg; (mm/year) Vy,; (mm/year)
6 0.26 -0.75
7 0.16 —1.61
8 0.00 —-1.20
9 —0.21 —0.54
10 —-0.32 0.18
11 —0.45 0.02
12 —0.54 -0.17
13 —0.93 —0.18
14 —0.92 0.31
16 —0.44 0.91

16). In contrast, zones associated with the spans of the
bridge show significantly negative vertical velocities, indi-
cating a lowering trend in these areas.

To further investigate this trend, Figure 14 shows the
relative vertical displacement between Zones 7 and 10.
The green line represents the displacement over time,
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while the blue line indicates the linear trend (with only
the decimal terms displayed in the line coefficients). It
can be observed that the main span is undergoing a
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FIGURE 14 Relative vertical displacement between Zones
7 and 10 with linear least square best-fitting line.
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constant downward displacement of 1.8 mm per year,
which is in line with the known long-term creep behavior
of the main span.*®

6.2 | Analysis of environmental effects
The seasonality of displacement time histories is investi-
gated through Pearson Correlation Coefficients (PCC)
between displacements and concrete temperature data.
Specifically, the PCC (pyy) express the linear correlation
between two variables X and Y, with values ranging
between —1 and +1. A coefficient of +1 signifies a per-
fect linear correlation, while —1 indicates a perfect
inverse linear correlation. A coefficient of zero suggests
no linear correlation, although datasets with low or no
linear correlation may still exhibit a robust nonlinear
relationship. Furthermore, scatter plots of displacements
against temperature data are used to estimate least
squares best-fitting lines with equation:

20 0 20
Temp. [°C] Temp. [°C] Temp. [°C]
Zone 9 Zone 10 Zone 11
. 20} pp=0.80 g 20t pp,=0.41 E 20t ppp=0.82
= 0 _é 0 ) “: 0
0 =20 =20
-20 0 20 -20 0 20 -20 0 20
Temp. [°C] Temp. [°C] Temp. [°C]
Zone 12 Zone 13 Zone 14
g 20 pET=0.92 g 20 pET=0.94 g 20 PET=0.95
0 o = 0 o 0 °
& N S
=20 =20 =20
20 0 20 20 0 20 20 0 20
Temp. [°C] Temp. [°C] Temp. [°C]
Zone 16
— 20 p ET=0. 01
FIGURE 15 Scatter plots é
between west-east displacements HS 0
and temperature data with least _ 20
squares best-fitting lines (in red) i
and Pearson Correlation -20 0 20

Coefficients.
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where ap; and bp; are regression coefficients; T is the
absolute temperature of concrete; D indicates either the
displacements in the E or U directions; i refers to the
i-th zone.

In Figures 15 and 16, scatter plots of west-east and
vertical displacements, respectively, against temperature
data are presented along with the corresponding PCC
(specifically, pgy for the E direction and py; for the U
direction) and least squares best-fitting lines.

Tables 2 and 3 report the regression coefficients
(a and b) and the coefficient of determination, R?
between the temperature and the structural displace-
ments. Specifically, Table 2 shows that the majority of
the west-east displacement time histories exhibit a high
linear correlation with temperature, either positive or
negative, depending on the relative position with respect
to the central pier. The values of the PCCs for Zones
10 and 16 are low due to the small displacements charac-
terizing these zones, that do not depend on temperature
variations. These results suggest that the relationship

dp;=ap;+bp,;T, (21)

Zona 6 Zone 7
.20 pUT:0.82
£,
A o
S
=
-20
-20 0 20
Temp. [°C]
Zone 10
pUT=0.89

o 3

S) S)
~ ~

-20 0 20
Temp. [°C]

s

S)
= 20

-20 0 20
Temp. [°C]

dy; py (mm]

between the temperature variations and the west-east
displacements is predominantly linear. Excluding Zone
16, which relates to the abutment, the slope of the fitting
lines increases with the distance from Zone 10, consistent
with the results shown in Figure 12. Table 3 shows that

TABLE 2
east displacements and temperature data.

Regression coefficients and R? values between west-

Zone ag; (mm) bg; (mm/°C) R?
6 —0.77 —1.31 0.91
7 —1.42 —0.93 0.81
8 —1.54 —0.55 0.68
9 —2.96 —0.38 0.64
10 —4.74 0.13 0.17
11 —6.94 0.50 0.67
12 —3.87 0.91 0.84
13 —6.94 1.21 0.88
14 —5.87 1.54 0.90
16 —3.48 0.00 0.00
-20 0 20
Temp. [°C]
Zone 11
20 pUT:0.89
0 o
-20
-20 0 20
Temp. [°C]
Zone 14
-20
-20 0 20
Temp. [°C]
FIGURE 16 Scatter plots

between vertical displacements
and temperature data with least
squares best fitting lines (in red)
and Pearson Correlation
Coefficients.
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vertical displacements present a lower linear correlation
with temperature. The slopes of the fitting lines are posi-
tive, following the results shown in Figure 13. The R?
values reported in Table 3 indicate a strong linear corre-
lation specifically for Zone 10, where the tallest pier is
located (Pier 2). To further validate this linear correla-
tion, theoretical values for the vertical displacement of
the pier are calculated under the assumption of unre-
strained movement, using a thermal expansion coeffi-
cient for concrete of 10 x 107® °C~'. This calculation is
performed for both Piers 1 and 2. For Zone 10
(Pier 2, with a height of 74 m), the theoretical vertical dis-
placement is estimated at 0.74 mm/°C. As for Zone 14
(Pier 1, with a height of 30m), the theoretical value is
0.3mm/°C. The corresponding values in Table 3 are 0.80
and 0.31 mm/°C, respectively, demonstrating good agree-
ment between theoretical and observed results. The smal-
ler displacements observed in Pier 1 are more susceptible
to higher noise levels in the data. Nevertheless, the trend
line effectively captures the pier's behavior. Also, it is
observed that the linear correlation for Zones 7 and
8 (mid-span) is significantly lower than in the zones
directly above the piers. This discrepancy is primarily due
to the temperature gradient across the cross-section
caused by solar radiation on the upper surface. Zone
16, located near the abutment, shows minimal movement
with no observable temperature trend (Figure 16).

6.3 | Estimation of the coefficient of
thermal expansion

In the previous analysis, temperature was identified as a
significant factor influencing the displacements of the
bridge deck, with specific zones of the structure showing
notable displacement velocities. Based on these insights,

TABLE 3
vertical displacements and temperature data.

Regression coefficients and R values between

Zone ay; (mm) by; (mm/°C) R?

6 —2.57 0.80 0.67
7 —4.18 0.48 0.29
8 —1.74 0.40 0.26
9 0.26 0.50 0.53
10 1.20 0.80 0.80
11 2.95 0.87 0.80
12 —2.09 0.73 0.70
13 —0.18 0.68 0.66
14 3.07 0.31 0.41
16 4.65 0.11 0.07

Jibd—

a bivariate linear regression model is developed to quan-
titatively describe the relationship between time, concrete
temperature, and displacements across various areas. The
model is expressed as:

dp;=Ap,;+Bp;T+Cpt, (22)

where Ap;, Bp;, and Cp; are regression coefficients
where D indicates either the displacement in the E or U
directions; i refers to the i-th zone; T and t are the tem-
perature of concrete (in°C) and the time (in years), both
expressed in absolute values. In this bivariate model, the
total displacement is considered as the sum of two com-
ponents: one driven by temperature, capturing seasonal
variations, and the other by time, representing the long-
term trend. Treating temperature and time as indepen-
dent variables allows for the separation of seasonal varia-
tions from the general trend over time. This approach
assumes that temperature fluctuations primarily capture
short-term, cyclical displacements, while the temporal
component accounts for cumulative displacement trends
independent of seasonal effects.

The least squares method is applied to estimate the
model parameters. In a bivariate model, displacement
values define a plane within the temperature-time space,
where the regression coefficients Bp; and Cp; within this
plane represent the slopes relative to their corresponding
variables. Specifically, Bp; denotes the change in dis-
placement per unit change in temperature, correspond-
ing to the b coefficients in Table 2 and Table 3. The Cp;
coefficient indicates the change in displacement per unit
change in time, analogous to the velocities shown
in Table 1. Figure 17 shows the bivariate regression
model and the corresponding data for the west—east

)
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Temperature [°C] Time [year]
FIGURE 17 Bivariate regression model (colored plane) for the

west-east displacement data of Zone 6 (blue dots) as a function of
time and temperature data.
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displacements of Zone 6. Similar results are obtained for
the other zones and vertical displacements.

The results of the regressions for west—east displace-
ments are given in Table 4, while results for the vertical
displacements are shown in Table 5. The determination
coefficients for west-east displacements do not exhibit a
significant increase compared to those obtained for the
univariate linear model discussed previously. However,
they show an increase in vertical displacements, empha-

where L; is the distance between the centroid of the i -th
zone and the centroid of Zone 10, which is not moving
significantly.

The coefficients of linear thermal expansion are esti-
mated for each zone, excluding Zone 16, which exhibits
small movement, and Zone 10, which serves as a reference
point. The estimated coefficients of linear thermal expansion

TABLE 6 Coefficients of linear thermal expansion.

sizing the importance of considering temporal variations Zone Bg; (mm/°C) L; (m) ari (1/°C)
in this direction. 6 _131 158 8.31E—06
The Bg; coefficients calculated for the west-east
displacemer’lts are almost coincident with the bg; coeffi- 7 —093 T8 7-84E-06
cients shown in Table 2 evaluated through the univariate 8 —0.55 —79 6.96E—06
linear model. These coefficients are used to estimate the 9 —0.38 —39.5 9.61E—06
coefficients of linear thermal expansion ar; for the i -th 11 0.50 39.5 12.8E—06
zone of the bridge as follows: 12 0.91 79 11.6E—06
13 1.21 118.5 10.2E—-06
ar; =Bg; <%> , (23) 14 1.54 158 9.73E—06
L
TABLE 4 Regression coefficients and R* values between west-east displacements and temperature data.
Zone Ag; (mm) Bg; (mm/°C) Cg; (mm/year) R?
6 —209.19 —-1.31 0.10 0.91
7 —101.97 —0.93 0.05 0.81
8 141.06 —0.55 —0.07 0.68
9 518.38 —0.38 —0.26 0.65
10 611.96 0.13 —-0.31 0.19
11 774.40 0.50 —0.39 0.68
12 855.29 0.91 —043 0.85
13 1583.71 1.21 —0.79 0.89
14 1473.75 1.54 —0.73 0.91
16 887.05 —0.01 —0.44 0.03
TABLE 5 Regression coefficients and R? values between vertical displacements and temperature data.
Zone Ay; (mm) By ; (mm/°C) Cy; (mm/year) R?
6 1338.91 0.72 —0.66 0.70
7 3140.41 0.43 —1.56 0.38
8 2335.01 0.36 —1.16 0.33
9 987.28 0.45 —0.49 0.55
10 —534.18 0.72 0.26 0.82
11 —234.10 0.79 0.12 0.82
12 181.73 0.66 —0.09 0.73
13 209.27 0.62 —0.10 0.71
14 —692.47 0.29 0.34 0.48
16 —1855.54 0.11 0.92 0.22
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are displayed in Table 6. They are consistent with the coeffi-
cient of linear thermal expansion of concrete, which is typi-
cally taken as 10 x 10~ °°® confirming the accuracy of the
west—east displacements estimated through Method 1 as
well as the choice of using this value in Method 2. The low
values of the coefficient of thermal expansion observed in
the main span (Zones 6-9) are likely due to constraints in
these bridge sections caused by the double piers.

6.4 | Comparison with on-site
measurements

The results obtained from the two InSAR data processing
methods are compared with data from the local monitor-
ing system, assumed as ground truth. The first compari-
son focuses on Method 2, analyzing each orbit (ASC146

TABLE 7 Standard deviation (in mm) of the difference
between on-site and InSAR data.

fib1l >

and DSCO022) separately. Specifically, the analysis com-
putes the relative vertical displacement for three midspan
locations: CS3, CS4, and CS5, with respect to CS1, illus-
trated in Figure 3.

To assess the accuracy of the results, the standard
deviation of the difference between the time series of the
on-site measurements and the values calculated from
InSAR data is determined. The results, presented in
Table 7, show minor differences in accuracy between the
two orbits and among the various bridge points. Overall,
Orbit ASC146 demonstrates the highest accuracy, with a
mean standard deviation of 2.9 mm.

Figure 18 shows the displacement time series for CS4,
located at midspan. The gray line represents the on-site
measurement, while the red line characterizes the
processed InSAR data. For clarity, the on-site measure-
ment data is displayed only for the exact dates and times
of the satellite pass for each orbit. From late 2021 to early
2022, the on-site monitoring system was temporarily out
of service, resulting in gaps in the plot where data com-

Location DSC022 ASC146 Mean parison is unavailable. For the descending orbit, the first
CS3 2.7 2.7 2.7 acquisition took place on January 1, 2018, and its values
cs4 33 25 31 are shifted so thgt the 1plt1a1 reading 1§ set to zero. Simi-
css a4 34 39 larly, the ascending orbit values are aligned to match the
: : : mean values of the descending orbit. The values of
Mean 36 29 32 the reference system are also adjusted, setting the initial
20
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FIGURE 18 Comparison between on-site measurement and InSAR data for CS4 (Zone 7) separately for orbit (a) DSC022 and
(b) ASC146.
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FIGURE 19 Comparison between on-site measurement and InSAR data for both processing methods separately for sensor positions

(a) CS3 (Zone 8), (b) CS4 (Zone 7), and (c) CS5 (Zone 6).

TABLE 8 Standard deviation (in mm) of the difference
between on-site and InSAR data.

Location Method 1 Method 2
CS3 3.6 2.9
CS4 4.7 3.4
CS5 3.7 4.0
Mean 4.0 34

point (January 1, 2018) to zero. Overall, a good agree-
ment between the two datasets is observed.

In Figure 19, the on-site measurements are compared
with both InSAR processing methods, showing the
results obtained using Method 1 (blue), Method 2 (red),

and the reference measurements (gray) over the 2 years
under consideration. For Method 1, the plots illustrate
the relative vertical displacement between Zone 10 (corre-
sponding to Pier 2) and other zones: Zone 8 in
Figure 19a, Zone 7 in Figure 19b, and Zone 6 in
Figure 19c. In the case of Method 2, results from both
ascending and descending orbits are combined and dis-
played on the same plot.

To quantify the accuracy of the results obtained with
InSAR data, Table 8 displays the standard deviation of
the difference between the time series estimated from
InSAR data and with the reference on-site system. The
standard deviation achieved a mean standard deviation
of 4 mm for Method 1 and 3.4 mm for Method 2.
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7 | CONCLUSION

This study investigated the application of satellite-based
InSAR, specifically utilizing data from the EGMS, to
monitor the structural behavior of the Schottwien Via-
duct on Austria's S6 Semmering motorway. The 632-m
viaduct, a critical part of Austria's transport infrastruc-
ture, was analyzed using environmental data integration
and two distinct InSAR data processing methods. Each
method presents different characteristics and requires
specific assumptions. The first method utilizes datasets
from ascending and descending orbits to estimate vertical
and west—east displacements while assuming null dis-
placements in the south-north direction. The second
method calculates relative vertical displacements
between zones within a single orbit dataset, incorporat-
ing assumptions about structural behavior, such as negli-
gible relative transversal displacements and longitudinal
displacements caused only by thermal variations. Key
findings are summarized as follows:

+ The analysis of EGMS data provides insights into dis-
placement behaviors across different zones of the brid-
ges, with results from both methods being comparable
in this case study.

+ The effect of temperature variations on bridge displace-
ments was also explored. Estimates of thermal expan-
sion coefficients were derived, offering information on
the structural response to environmental changes. The
estimated coefficients of linear thermal expansion are
consistent with established values for concrete.

» A central aspect of this study is the direct comparison
of EGMS results with those obtained from traditional
on-site monitoring systems. This comparison high-
lights the potentiality of EGMS data for structural
health assessment, despite differences in measurement
principles and spatial and temporal resolutions
between satellite-based and ground-based techniques.

Nevertheless, limitations must be acknowledged.
The first method assumes that displacements in the
south-north direction are negligible, which may not be
valid in all scenarios. Moreover, results are subject to
uncertainty stemming from the temporal interpolation
necessary to combine data from two different orbits.
The second method, on the other hand, relies on the
assumption of non-negligible thermal deformation and
null transverse displacements. While these assumptions
were reasonably satisfied for this case study, they may
not hold for other structures with different characteris-
tics or environmental conditions. Additionally, the gen-
eral limitations of InSAR monitoring include lower
temporal and spatial resolutions compared to other

Jib—

monitoring techniques. The inability to determine the
positions of MPs in advance—unless reflectors are
installed on the bridge—further complicates data collec-
tion and analysis.

Looking ahead, future investigations should focus
on utilizing different datasets to explore sections of the
bridge that remain uncovered by the current analysis.
Additionally, previously unused EGMS datasets should
be employed, allowing for comparisons with the results
obtained in this study to validate and enhance the find-
ings. Continuous monitoring of the bridge's behavior
over time should be carried out, as new EGMS updates
become available. On a broader scale, integrating
InSAR techniques into routine infrastructure monitor-
ing practices holds significant promise. The non-
invasive nature of satellite-based monitoring facilitates
continuous data collection without disrupting bridge
operations, making it a cost-effective solution for large-
scale structural health assessments. Advances in satel-
lite mission capabilities, including improved spatial
and temporal resolutions, will further enhance the
applicability and effectiveness of InSAR for infrastruc-
ture monitoring.
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