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Abstract: The paper presents a GIS plugin, named Bridge Assessment System via MTINnSAR (BAS-
MTInSAR), aimed at assessing deformations in existing simply supported concrete girder bridges
through Multi-Temporal Interferometry Synthetic Aperture Radar (MTINSAR). Existing bridges
require continuous maintenance to ensure functionality toward external effects undermining the
safety of these structures, such as aging, material degradation, and environmental factors. Although
effective and standardized methodologies exist (e.g., structural monitoring, periodic onsite inspec-
tions), new emerging technologies could be employed to provide time- and cost-effective information
on the current state of structures and to drive prompt interventions to mitigate risk. One example is
represented by MTInSAR data, which can provide near-continuous information about structural dis-
placements over time. To easily manage these data, the paper presents BAS-MTInSAR. The tool allows
users to insert information of the focused bridge (displacement time series, structural information,
temperature data) and, through a user-friendly GUI, observe the occurrence of abnormal deforma-
tions. In addition, the tool implements a procedure of multisource data management and defines
proper thresholds to assess bridge behavior against current code prescriptions. BAS-MTInSAR is fully
described throughout the text and was tested on a real case study, showing the main potentialities of
the tool in managing bridge portfolios.

Keywords: existing bridges; bridge assessment; geographic information system; multi-temporal
interferometry synthetic aperture radar

1. Introduction

Bridges are core assets in transportation networks and serve for overpassing natural
disconnections (e.g., rivers, valleys) or man-made obstacles (e.g., railways, motorways).
Continuous maintenance of existing bridges is fundamental to preserving their functionality
toward external actions and to ensure the safety of users. In fact, a negligent approach could
lead to intangible economic losses and casualties, as shown by the recent black chronicles,
which reported the collapse of important bridges such as the Polcevera viaduct [1] (2018,
Genoa, Italy) and the Albiano-Magra viaduct [2] (2020, Albiano-Magra, Italy). Different
causes can lead to disruptive phenomena until collapse, such as unexpected natural hazards
(e.g., seismic, geological), leading to reduce the health state of structures, like aging, material
degradation, and adverse environmental conditions.

The management of bridge portfolios is nowadays a primary issue, and it is addressed
by national governments, which should drive management companies through new and
reliable technical codes and guidelines [3,4]. Although these strategies are effective, they
require high efforts and costs and for sure cannot be applied by transportation management
companies to large bridge portfolios (e.g., the national highway autonomous company,
ANAS, manages more than 10,000 bridges in Italy). Moreover, the required actions to
preserve existing bridge portfolios should be taken in a timely manner and frequently,
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but the suggested activities are usually slowly performed, especially if considering the
often-limited expected residual life of the considered bridges.

To support and improve assessment procedures of existing bridge portfolios, new tech-
nologies can be explored, such as cost-effective ones that allow near-continuous monitoring
of structural health. One possible option is represented by Multi-Temporal Interferometry
Synthetic Aperture Radar (MTInSAR), a remote sensing technique exploiting image stacks
acquired by Synthetic Aperture Radar (SAR) sensors. MTINSAR data are used to detect
displacements related to scatterers on the Earth’s surface, mostly associated with parts of
man-made structures (e.g., buildings and bridges) [5]. The displacements are recorded
along the line-of-sight (LoS) and are used to study slow kinematic motions. The fields of
application of this technique are wide and range from evaluating effects of landslide and
subsidence on structures [6-8] to monitoring structural displacements for a single [2,9-11]
or group [12-15] of structures.

Looking at the available scientific literature, this technique shows good potentiality
for the purpose of bridge displacements assessment, but several hurdles can be faced in
the management and interpretation of data. In fact, a correct evaluation of the output
depends on the data collection and aggregation (considering different data sources), which
require articulated computational steps, often difficult to replicate for each bridge within
a considered portfolio manually. Moreover, the application of SAR data for structural
assessment is limited by the interdisciplinary nature of the technical knowledge required,
reducing the number of potential users, especially in the field of professional practice. A
viable option to manage georeferenced data as MTInSAR products (e.g., mapping, theming,
visualization, storing) is represented by geographic information systems (GIS). As discussed
in Section 2, a GIS is used to understand patterns, relationships, and to perform calculations
through a mathematical and geometrical processing toolbox [15], with the advantage of
being opensource [16].

Given the advantages of GIS and the possibility of enclosing in a single environment
all of the tools needed for assessing deformations in existing bridges via MTInSAR, this
paper proposes a GIS plugin (related to the QGIS software package) named Bridge Assess-
ment System via MTInSAR (BAS-MTInSAR). BAS-MTINSAR was developed for simply
supported concrete girder bridges as the most widespread bridge typology in Italy and
Europe. Through its graphic user interface (GUI), the tool allows the user to: (i) collect input
information, such as bridge geometry, MTINSAR data, and temperature data; (ii) explore
scatterer positions, attributes, and LoS-oriented displacement time series for informed
selection; (iii) compute displacement profiles of the bridge along its deformation axes,
defined according to their service condition; (iv) observe seasonal and trend components
of displacement profiles; (v) evaluate deformation scenarios considering code prescrip-
tions and available literature; (vi) gather insights and warnings about possible causes of
abnormal deformations; (vii) update deformation scenario evaluation results given the
availability of new onsite survey as well as SAR data; (viii) track the evolution of bridges
through statistics and saved results. All of these services are available in BAS-MTInSAR and
its Python modules. The main advantages brought by BAS-MTInSAR are its opensource
nature, which allows its Python modules to be used separately in similar applications, as
long as they are related to the use of SAR data for structural assessment, or to scale its
contents by adding new features. Moreover, for the development of BAS-MTINSAR, a new
evaluation scenario and the structural interpretation of bridge displacements are introduced
to improve the state-of-the-art about the use of MTInSAR data for displacement monitoring
of bridges [2,12]. This functionality provides useful insights for practitioners and bridge
inspectors during onsite survey campaigns about the considered bridge typology.

After this brief introduction, Section 2 reports the state-of-the-art about the use of
SAR data through GIS tools, Section 3 present the full description of BAS-MTInSAR
functionalities and its GUI, Section 4 reports the application of the tool to a case study, and
Section 5 provide conclusions and further developments.
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2. Integration of Satellite Data in GIS Environment: State-of-the-Art

GIS is a powerful tool in several research fields and applications for spatial analysis
and informed decision making through aggregation, management, and visualization of
georeferenced data. When referring to displacement monitoring through MTInSAR data,
the scientific literature proposes different examples showing the combination and analysis
of multi-source data in the GIS environment.

One of the most popular applications in which MTInSAR data are employed is the
ground motion detection of large areas. Bordoni et al. [7] and Meisina et al. [8] focused
on this topic by post-processing interferometry SAR (InSAR) data through a working
chain based on different opensource software. In their work, the displacement time series
accuracy of Persistent Scatterers (PS) was evaluated to improve the reliability of results
and the identification of areas characterized by anomalous displacements was achieved by
aggregating PS displacement time series with terrain data (i.e., geological, geotechnical,
hydrogeological, and land use information) and digital elevation models (DEMs) through
GIS tools.

Talking about infrastructure systems, DePrekel et al. [14] and Macchiarulo et al. [15]
studied the deformation of a wide area through MTInSAR data. Using GIS tools, zones of
maximum ground displacement were identified from SAR data and the use of a descriptive
database of road networks was useful for identifying assets toward local analysis were per-
formed to describe their deformation mechanism (e.g., long-term downward displacements,
correlated with the regional subsidence). The application on real case studies demonstrated
that the procedures were suitable for the screening of large transportation networks and
for the identification of infrastructures requiring further investigations. Other examples
on MTINSAR and GIS data integration for infrastructure displacement monitoring can be
found in [17-24].

Although not exhaustive, this brief literature review highlights the main advantages
and shortcomings of the integration of satellite data with GIS software, with the possibility
of performing different operations. As the main advantage, GIS software allows users
to display PS displacement time series through opensource plugins, avoiding the use of
external data visualization tools. Furthermore, GIS tools facilitate the geoprocessing of
LoS displacements (e.g., projections along desired directions, calculation of displacement
velocities) and the integration of free road maps inventories, such as OpenStreetMap,
allows the user to properly select PS in an easier and automatic way. Close to the above
advantages, some issues should be highlighted. Most of the above operations require time
and manual actions by users, as well as basic knowledge of programming languages. To
facilitate the automation and the assessment of bridge displacements at the portfolio scale
through MTInSAR data, a new and comprehensive GIS plugin is necessary, able also to
automatically check the occurred displacement toward specific thresholds (e.g., related to
deformation scenarios, based on code prescriptions, and the available literature) for the
purpose of early warning. With this goal in mind, BAS-MTInSAR is proposed with a full
description of its GUI, functionalities, and working principles.

3. BAS-MTInSAR: Definition of a New GIS Plugin

BAS-MTINSAR was developed for QGIS application and was idealized at this stage for
simply supported concrete girder bridges, as the most widespread bridge typology in Italy
and Europe. The framework at the base of BAS-MTInSAR is shown in Figure 1. Section 3.1
reports the analytical description of the steps of the automated analysis and Section 3.2
presents the GUL
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Figure 1. Framework of BAS-MTInSAR.

3.1. Analytical Steps of BAS-MTInSAR

BAS-MTInSAR is designed to automate and guide practitioners toward the application
of laborious analytical steps for structural interpretation of bridge displacements, requiring
interdisciplinary technical knowledge. The modules implemented in the plugin GUI
take advantage of the most promising techniques reported in the scientific literature on
the topic [12] and extend their content, providing an additional displacement scenario
and structural interpretation of bridge displacement time series. The following steps are
required to achieve structural assessment through MTInSAR data.

STEP 1: Data collection and PS selection.

Step 1 regards the collection of input data about the geometrical (e.g., bridge centerline,
number of spans, deck and beam sections, bearing distribution), mechanical (e.g., elastic
modulus, E., and coefficient of thermal expansion, acrg, of concrete), and location (e.g.,
latitude, longitude, altitude) characteristics of the bridge. Temperature data (e.g., average
temperatures recorded at weather stations near the bridge) and satellite data of the COSMO
Sky-Med type (i.e., at the best spatial resolution, 3 m x 3 m) from ascending (ASC) and
descending (DSC) acquisition geometries are needed as well. The latter can be used in the
proposed analysis only if processed by means of MTINSAR algorithms. From the processing
of the SAR data, PS are obtained with their LoS-oriented displacement time series and
attributes (e.g., location and coherence). The location and some geometrical characteristics
of the bridge (bridge centerline, deck width, altitude) are used to define the georeferenced
footprint of the structure. The other geometrical characteristics, like beam and deck sections
and the bearing distribution, are exploited in combination with the mechanical features
of the bridge to describe the expected behavior of the deck under service conditions (see
Step 4).

Once the bridge is identified, each span is subdivided into three sub-regions (i.e., the
two at the side in correspondence of the bearings, 1st and 3rd sub-regions, and one in
the middle at midspan, 2nd sub-region, Figure 2) considering their different structural
behaviors under service conditions, as shown in Step 4.
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Figure 2. Example of simply supported deck divided in three equally distributed sub-regions: 1st
sub-region (blue) near the pinned support, 2nd sub-region (cyan) at midspan, and 3rd sub-region
(purple) near the roller support. The bearing typology shown in the example is unbonded elastomeric,
where the greater the bearing height, the lower the translation stiffness (i.e., higher displacement).

After elaboration of the satellite data via MTInSAR algorithm, the obtained PS are
carefully selected to provide bridge-related information. For this purpose, hierarchical
selection criteria are proposed based on: (i) localization of PS and mutual position with the
footprint (in plan and height), considering inaccuracies due to SAR acquisition geometry
and MTInSAR algorithms elaborations; (ii) coherence of the PS; (iii) velocities along the LoS,
V1os. At the end of this step of the analysis, the centroid of each sub-region is described by
two average displacement time series along the LoS, d; 5, derived from the retained PS, one
for each acquisition geometry (i.e., ASC and DSC). In addition, time sampling processing
of the time series is required to align the data obtained from the ASC and DSC datasets for
subsequent combination in Step 2.

STEP 2: Displacement time series along bridge main axes.

Disposing of the two time series for each centroid of the sub-regions, the related dj,s
are combined and projected in a new reference system, named L-T-V, characterizing the
bridge displacement components under service conditions. The longitudinal, L, transverse,
T, and vertical, V, directions describe a right-handed cartesian reference system and their
displacement components (d, dy, dr, respectively) are linked to the generic dr,s by the
following equation:

dLos = firosRy RrR[dp; dr;dy]” )

In Equation (1), dr, dy, and dr are unknown terms and R;, Ry, and Rt are the rotational
matrices to perform the projection. These latter are defined by J, ¢, and  angles between the
geographical (i.e., East-North-Zenith, E-N-Z) and the L-T-V reference system, respectively,
which are specific for each sub-region (Figure 3). It is worth specifying that, given the
availability of only two acquisition geometries, one of the unknown terms shall be neglected
to solve the system of equations (i.e., one equation for each acquisition geometry). For
this bridge typology, the displacements along the T axis, d7, can be considered negligible
compared to the vertical and longitudinal ones.
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Figure 3. Example of simply supported deck together with L-T-V reference system, in black, for each
sub-region. In this case, each sub-region of the bridge is rotated by  angle with respect to the East
direction, reported by the red reference system (i.e., East-North-Zenith).

STEP 3: Definition of seasonality and trend for each displacement component.

At this point, d;, and dy time series from Step 2 can be processed via mathematical
models to derive their trend and seasonality. Step 3 is required because, although useful
information can be gained by the time series, the strong trend component (e.g., in the case
of subsidence for vertical component) could hide the seasonality. As reported in [12], the
use of a literature model called STL (seasonal trend decomposition based on LOESS, [25])
is suggested. An example of such an application is shown in Figure 4a, in which a generic
time series of Step 2 is decomposed in three different components: trend, seasonality, and
remainder. Still, in the case of bridges characterized by many spans, the computational
time required for the decomposition could require faster algorithms, especially in the case
of large portfolio screening. Hence, another approach is proposed in which the generic
time series is considered as the combination of only trend and seasonality. Specifically,
the trend of the displacement time series is computed as a sequence of values obtained
by multiplying the slope of the least squares regression method (LSRM), y in Figure 4b,
by the progressive acquisition time. The seasonality is calculated by subtracting the trend
component from the original time series. Although less accurate than STL, which uses a
moving average algorithm to characterize trend and seasonal components and employs
variation over time, this option speeds up the evaluation process. The retrieved components
are used in the next step to compare bridge displacements under service conditions and
recognize proper displacement scenarios.

STEP 4: Displacement scenarios and structural interpretation.

The information regarding trend and seasonality from Step 3 can be compared with
proper thresholds based on the expected behavior of the bridge under service conditions.
Generally, this bridge typology can exhibit longitudinal and vertical seasonal displace-
ments. Seasonal longitudinal displacements are related to a constant temperature gradient,
ATc, defined on the daily average temperature during the SAR observation time. The
threshold, calculated on the base of the analytical model in Figure 5a, considers two extreme
configurations of the span: (i) maximum elongation from pinned to roller support under a
positive AT; (ii) maximum shortening from roller to pinned support under a negative ATc.
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Figure 5. Example of displacement scenario and simple analytical model employed (colored dots
represent sub-region centroids): (a) Free longitudinal displacements under constant temperature
delta, AT¢. The dashed shapes show the deformed configuration of the deck under positive and
negative AT¢; (b) Vertical displacements under linear temperature delta, AT;. The dashed shape
shows the deformed configuration of the deck under positive and negative AT}.

Vertical seasonal displacements are one of the novelties proposed with BAS-MTInSAR
and are linked to a linear temperature gradient, AT}, across the deck section. The use of
AT does not account for the temperature difference between the upper and lower sides
of the deck. Indeed, these two regions can be characterized by different temperatures due
to solar radiation (the road pavement is hotter than the lower side of the deck) and the
presence of snow/thin layer of ice (the road pavement is colder than the lower side of the
deck) in summer and winter, respectively. Thus, the additional displacements under AT}
are considered only in the vertical direction under a different static scheme reported in
Figure 5b. In this case, the deformed shape of the bridge is not characterized by progressive
elongation/shortening from pinned to roller support as under AT¢. The linear temperature
gradient ATy, induces an upward deflection during summer and a downward deflection
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during winter. The threshold for the vertical seasonal displacement scenario is computed
as follows: AT
0y = azTLLspanz (2)

where 1 and Lgps, are the height and length of the deck defined in Step 1, respectively.

Still, other displacement components could characterize the bridge, both longitudinal
and vertical, which cannot be considered as service conditions. Regarding the vertical
trend components, the difference in cumulative displacements of sub-regions is used to
discern among three different deformation scenarios: (i) increasing gravity loads/material
degradation; (ii) subsidence; (iii) differential displacements. Each one is characterized by
proper thresholds: (i) vertical deflection at midspan (2nd sub-region) under a concentrated
load of 600 kN applied in the midspan of an isostatic beam with pinned and roller support
constraints and characterized by Ec and the moment of inertia around the transverse axis,
J; (ii) and (iii) the three ranges of velocity. These latter are defined as: (a) low velocity
below, 2 mm/y; (b) medium velocity, 2-10 mm/y; (iii) high velocity, above 10 mm/y.

The longitudinal trend component scenario is a novelty proposed with BAS-MTInSAR.
In this case, the deformation scenario is related to landslides and the range of velocities for
vertical trend scenarios (ii) and (iii) are extended to the longitudinal trend scenario. The
threshold is compared to the absolute value of the average velocities of the sub-regions.

To provide a structural interpretation of the displacement time series and insights for
practitioners and bridge inspectors, the characteristics of bridges collected during Step 1
are considered. In detail, possible bearing malfunctions or wrong information from design
documents are recognized starting from the longitudinal seasonal component of the 1st
and 3rd sub-regions and the bearing distribution provided to the tool (see Section 3.2).
Given the bridge typology under investigation, bearings are usually roller on one side of
the span and pinned on the other one to ensure the longitudinal thermal dilation of the
deck. Hence, longitudinal displacement due to AT¢ are incremental and phase-aligned
from pinned toward roller bearings for each sub-region. In the case of the longitudinal
seasonal components of the 1st and 3rd sub-regions in the reverse phase, the bearings can be
assumed as both being rollers. BAS-MTInSAR, checking the bearing distribution with the
longitudinal seasonal displacement time series, provides two different attention messages:
(i) bearing malfunctions in the case of reverse phase; and (ii) bearing malfunctions/incorrect
design documentation in the case of displacements that are incremental from roller toward
pinned supports. In both cases, a visual survey is suggested. Other attention messages
suggesting visual surveys are prompted for longitudinal and vertical trend components.
For the longitudinal one, considering the use of thermal joints, e.g., between spans and
abutments on the side of roller bearings, the occurrence of increasing longitudinal displace-
ments higher than 2 mm/y could cause damage. For the vertical component, the potential
structural damage identified is different depending on the abovementioned differences
between the cumulative displacements of sub-regions and thus displacement scenarios are
identified: (i) cracks and/or corrosion are expected on girder beams; (ii) possible damage
on transition zones when the bridge deck and the abutments are moving away from each
other in the vertical direction; (iii) possible pavement discontinuities due to the vertical
relative movement between two adjacent spans or between the side span and abutment.

It is worth noting that the output of the proposed procedure cannot be confused with
a structural analysis of bridges in the investigated portfolio, but it aims to provide insights
toward the ideal behavior that this bridge typology should exhibit during their service life.
Furthermore, the obtained results could be integrated with other tools (e.g., [26]) for the
purpose of bridge portfolio assessment.

3.2. BAS-MTInSAR GUI Description

As evidenced in the analytical description of Section 3.1, BAS-MTInSAR is designed
to integrate multi-source data. This is possible thanks to Python [27] modules running
on version 3.9 (e.g., Pandas, NumPy, Matplotlib, Shapely, Scikit-learn) and QGIS tools
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recalled through Python API (i.e., PyQGIS [28]) implementing all of the steps described
in the previous Section 3.1. Another strength point of BAS-MTInSAR is its subdivision
into separated modules. Each module can be used on its own and extended /integrated
with other modules to customize the assessment based on the specific needs. The use
of BAS-MTINnSAR is proposed with a GUI designed with QT Designer 5.15.2 [29] and
including QGIS widgets coded through Qt Designer Python API (i.e., PyQt5 [30]). The main
functionalities and the most recurrent elements characterizing the GUI are the following:

QDialog, top-level window used to store other elements of the GUIL

QTabWidget, stack of tabbed widgets.

QFrame, frame to store and organize elements of the GUI.

QGroupBox, group box frame with a title.

QComboBox, combines a button with a dropdown list (mainly layer of the QGIS
project in this application).

QgsFileWidget, provides a dialog that allows users to select files or directories (mainly
.CSV files in this application).

QTableWidget, table to store and visualize numerical and categorical data.
QSpinBox, spin box widget.

QCheckBox, checkbox with a text label.

QPushButton, command button to perform actions when pressed.

QLineEdit, one-line text editor for textual input.

QTextEdit, used to edit and display both plain and rich text.

QLabel, text or image display.

QStackedWidget, a stack of widgets where only one widget is visible at a time.
QWidget, base class of all user interface objects.

QListWidget, list of elements.

The main objects of the GU]I, i.e., the most used and recurrent in the tool, are illustrated
in Figure 6, which reports the indication about the look of the tool, without data. The
BAS-MTINnSAR plugin is structured in different QDialog windows to optimize its layout
and the distribution of functionalities and information. The main QDialog window is
named “Bridge Analysis”, Figure 6, containing a QTabWidget of 6 tabs.

The first tab is named “Data collection” (Figure 6) and is used by practitioners to
define all of the input information required for the step analysis described in Section 3.1.
Starting from the bridge data, organized in three separated QFrame, the minimum require-
ments to characterize the structure are: (a) geo-localization; (b) beam and deck transverse
cross-sections; (c) position and distribution of pinned and roller bearing devices; and
(d) E;. All of the mentioned data are usually available to transportation management
companies and stored in various forms depending on their bridge management system.
BAS-MTInSAR exploits two ways to import data: (i) shapefiles through QComboBox; and
(ii) .CSV files through QgsFileWidget. Depending on the completeness of the imported
data, QTableWidget automatically shows a summary of the data, allowing the manual
input of missing data. Other automatic operations performed by BAS-MTInSAR, in this
first phase, consist of generating the footprint of the bridge and the subdivision of each
span into three sub-regions (Figure 2). This process, based on QGIS tools, leads to generate
a new polygon shapefile to store the sub-regions characterized with proper attributes (i.e.,
the ones in the QTableWidget, Figure 7). Indeed, each sub-region is characterized, for
example, by height, bearing distribution, beam sections, and by Jr. The latter, calculated
from the geometry of beams (“Beam section design” QFrame, only T or double T type) and
deck (“Deck section design” QFrame), is required in Step 4 of Section 3.1 for the threshold
definition. Figure 7 shows the geometrical quantities used for the definition of Jr. At this
stage, such beam typologies are only available for design, which anyway cover a wide
range of cases. Further developments of the tool will be aimed at implementing other beam
cross-section type definitions (e.g., U-shaped, box).
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Figure 6. QDialog window named “Bridge Analysis” with boxes showing the most recurrent GUI
elements employed in BAS-MTInSAR.

Regarding the other two sources of data, MTInSAR and temperature, similar options
are given for their import (i.e., shapefiles for MTINSAR data, one for each acquisition
geometry, and .CSV for temperature data). BAS-MTINSAR extracts the information about
PS required for Step 1 and 2 of Section 3.1. Lastly, to ease the data collection process, BAS-
MTINnSAR provides practitioners the possibility to automatically download and process the
temperature records from a free API service named OpenWeatherMap [31]. The tempera-
ture data definition, included in the “Temperature” QDialog window (see Section 4), can be
combined with the use of a cosine temperature model [32] in case of missing daily average
temperature values in correspondence of the temporal baseline defined by time sampling
processing of the two satellite acquisition geometries. The fitting process, automated in
Python, can be shown by the user in the same QDialog window. All of the above steps are
tracked in a log messages box, designed with QTextEdit, containing also warnings due to,
for example, mismatching of data types (e.g., strings instead of numbers in QTableWidget
of bridge information).

The tab named “PS Selection” allows criterion-based PS selection, as described in
Step 1 of Section 3.1. The view, organized by spans and acquisition geometries, can be
updated every time a new attribute is considered. To enhance the informed selection of
PS, the BAS-MTINSAR GUI allows users to observe the PS distribution on the span and,
by left clicking on them, to examine their attributes on the right of the plots. Moreover,
by right clicking with the cursor on a PS, its LoS displacement time series is prompted
in a new QDialog window. Once the practitioner is satisfied with the selection of PS,
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the average displacement time series is computed and can be observed in the tab named
“Displacement time series”. In this latter tab, organized by spans as in the previous one,
BAS-MTInSAR shows the LoS (two Qframe on top) and projected (two Qframe on bottom)
average displacement time series of centroids of sub-regions and related quantitative
information (i.e., velocities, standard deviation of velocities, and cumulative displacements
calculated as velocities in a time interval). It is worth specifying the sign convention of
both LoS and projected displacements. LoS displacements are considered positive toward
the satellite [33], projected longitudinal components are assumed positive in the direction
from the start to the end of the span (this depends on the direction in which the bridge
centerline is drawn), and projected vertical components are assumed as positive when
upward (Figure 7).

Top fla: depth 5
op fangecer eam Section 1 dy

=

\ flange depth

dg
Positive convention

Figure 7. Deck and beam information defined in the QTableWidgets of “Deck section design” and
“Beam section design” QFrames for a single span. The green reference system on the right shows the
convention sign for bridge displacements of Steps 2 and 3 in the case in which the bridge centerline is
drawn from the left to the right, which is from the beginning of the 1st sub-region to the end of the
3rd sub-region in the figure.

To derive additional information about the trend and seasonality of displacements,
the tab named “Seasonal-Trend components” is designed. Both STL and LSRM algorithms
described in Step 3 of Section 3.1 are available. The results, also in this case organized by
spans, are divided in QFrame: (i) the two on the top pertain to the seasonal components,
longitudinal and vertical from left to right; and (ii) the two on the bottom pertain to the
trend components, in the same order as for the seasonal ones. In this case, QTableWidget
records different computed quantities, that is, slope, standard deviation, coefficient of
determination of LSRM, and the cumulative displacements.

The evaluation of the deformation scenarios (very important as shown in [34]) and
asset management is the core element of BAS-MTInSAR and all data previously elaborated
are used in the two tabs named “Deformation scenarios” and “Database”. In “Deformation
scenario”, a summary of the required data for the evaluation of scenarios, presented in
Step 4 of Section 3.1, and related results are displayed in different QFrames (i.e., one for
each displacement component). Also in this case, the representation is provided separately
for each span to preserve coherence in the GUI. Near to each threshold value, a graphic
symbol (green check, yellow triangle, or red triangle) is shown and, to make checking
the results easier and faster, the QLabel thresholds are colored the same as the graphic
symbols. The scenario assessment is considered positive (green check) if the thresholds
are not overcome in the last two years of observation. Otherwise, an attention (yellow
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triangle) or warning (red triangle) message is issued, depending on the number of years in
which the thresholds are exceeded for seasonal components, or the magnitude of velocities
(classified in three ranges) for the trend components. The attention message includes a
description based on the structural assessment explained in Step 4 of Section 3.1. It is worth
specifying that possible false alarms could arise due to the inaccuracies of satellite data and
their manipulations. For this reason, the deformation scenario results should not be used
to detect possible damage but only to support the operation of onsite surveys.

The tab named “Database”, Figure 8, is designed to navigate through the evaluated
bridges and to update results. A list of available bridges is designed to select the desired
structure and the information automatically saved through shapefiles is recalled and shown
(e.g., observation period, status of each deformation scenario, as the worst through the entire
bridge, and its summary). Deformation scenario status can be changed through the “Change
status” QPushButton, which opens a new QDialog window named “Inspection report”,
Figure 9. In this window, users can declare the date of the onsite visual inspection and
confirm or clean attention and warning alerts. In the bottom part, a QTableWidget is given
for summarizing the number of passed checks and attention and warning marks for each
displacement component through the entire database. The “Show on map” QPushButton
is used to locate them in the QGIS visualization environment.

&

Data colection | PS Selection | Displacement ime series | Seasonal-Trend components | Deformation scenarios | Datsbase
Bridges evaluated

New deformation scenario evaluation

Search by name: Fiumicino
Selected bridge Fiumicino (Rome)

List of analysed bridges

Bridac Cbservation period starts:  [15/10/2017 Edit bridge information Go to Bridge

ridge

Bridge 2

Bridge 3 Chservation period ends:  [03/11/2020 Edit temperature data Go to temperature

Bridge 4

Bridge 5 o 3

Fiumicino (Rome) \/ Lonitudinal seasonal component J Vertical seasonal component
/i Longitudinal trend component A Trend component

WARNING: High-velocity

SPAN 1: |

+ Longitudinal seasonal component overcome in 2018, but within the Imits in 2019 and 2020, No

reverse phase in seasonaiity of 1st and 3rd sub-regions as for Roller-Pinned support configuration
Longitudinal trend component described as @ "Medium-velodity” displacement scenario.
A deformation towards East direction is found, potential damage on longitudinal
displacement joints.
SPAN1:

+ Vertical seasonal component overcome in 2018, but within the limits in 2019 and 2020,

X Vertical trend component described as a "High-velodity” displacement scenario. Based on the
analysis of cumulative displacements and their mutual differences, 2 subsidence scenario is
recognized, |
WARNING; Survey bridge and surroundings for potential damage on transition zones (abutment).

| Change status | | Update report
|

Summary

Longitudinal Seasonal Component Vertical Seasonal Ce L itudinal Trend C Vertical Trend Component

Passed | 100 % 21 101

Attention 9 12 30 4

Woarning |2 1 0 6

Show on map

Figure 8. “Database” QTabWidget of “Bridge analysis” QDialog window. Listed bridges (e.g., Bridge 1
in QListWidget) and numbers in the Summary QTableWidget are fictitious and added by the authors
for demonstration purposes only. The Fiumicino (Rome) bridge is the one discussed in Section 4.
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OK Cancel

Figure 9. “Inspection report” QDialog window.

4. Application Example on a Real Case Study

This section is aimed at providing an illustrative and technical application of the
proposed BAS-MTInSAR plugin on a single-span simply supported concrete girder bridge.
About the case study, it is worth noting that the SAR data, elaborated through SPINUA [35],
are regarding a bridge for which some details (e.g., name, location) cannot be disclosed by
the authors. The bridge should be considered an archetype structure, as its constructive
and structural features are representative of existing simply supported concrete bridges
built in Europe in the period 1950-1990. However, to show the contents of the GUI, the
reserved information was substituted with “***” and, for privacy reasons, a fictitious name
is assigned: Fiumicino (Rome).

The single-span bridge in Figure 10 is built in the Fiumicino area, Rome (Italy), well
known for its subsidence, as documented by several studies [6,13]. To begin the assessment,
a new QGIS project was opened and saved in a directory containing shapefiles of the
bridge centerline and of the SPINUA elaborations for ASC and DSC acquisition geometries.
Table 1 shows the main features of the COSMO-SkyMed (CKS) datasets. After importing
the shapefiles into the project, BAS-MTInSAR was executed. As the first step, the above-
mentioned layers were uploaded and incomplete structural information contents were
implemented, Figure 11. The double-T beam section was defined and assigned to the deck
in a number equal to 10. Environmental temperature data were available from the closest
weather station and were processed with the cosine temperature model, Figure 11, due to
many missing values along the satellite temporal baseline.

Table 1. Characteristics of the employed SAR datasets.

. Spatial . Incidence Azimuth
Satellite Mode Resolution Pass Type Time Span Angle Angle
StripMap
CSK HIMAGE 3m x3m ASC Oct 2017-Nov 2020 33.282 169.373
StripMap
CSK HIMAGE 3m x3m DsC Sept 2017-Dec 2020 29.550 11.026

After, PS selection was performed (Figure 12), using only the height criterion due to
the few retained PS in each sub-region (i.e., 1st, 2nd, and 3rd) in the case of multi-criteria
selection defined in Step 1 of Section 3.1. According to Calo et al. [12], the height criterion
only retains PS falling on the footprint and is characterized by the height value comprised
between span height plus a tolerance related to the inaccuracies in PS positioning. All of
the selected PS were characterized by a negative Vs value in both acquisition geometries
(e.g., L20967P02301 for ASC and L20967P0485 for DSC in Figure 12). Indeed, observing
average dr,s in the “Displacement time series” tab (top QFrame in Figure 13), only negative
V1os values were reported, ranging from —12.40 to —13.72 mm/y, together with negative
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values of the cumulative displacements, comprised between —37.87 mm and —46.44 mm.
Given the convention sign of LoS reported in Section 3.2, PS were moving away from the
satellite in both acquisition geometries.

To gather information regarding the displacement components along the bridge axes,
the ASC and DSC datasets were combined and projected considering the orientation of the
bridge defined by a 7 angle equal to 4°, Figure 10. A strong negative vertical component
was identified for each sub-region with similar velocities (between —14.29 mm/y and
—15.31 mm/y) and cumulative displacements (between —43.65 mm and —46.76 mm) to the
ones along the two LoS (bottom right QFrame in Figure 13). This result was expected for
two reasons: (a) subsidence phenomena affect the area due to its hydro geomorphological
context [6,13]; (b) SAR data reported negative LoS displacements in both acquisition ge-
ometries with similar velocities, which was symptomatic of a strong vertical displacement
component for the focused structure [33]. Lower values of velocity, 1.7 mm/y, and cumu-
lative displacement, 5.19 mm, were identified for the longitudinal component. Positive
values of the longitudinal component were oriented in the West-East direction, considering
the drawn direction of the bridge centerline from left to right (West to East), Figure 10.

The seasonality of the vertical projected component was masked by a strong trend,
making its evaluation almost impossible. Hence, using the STL algorithm in the “Seasonal-
Trend components” tab, Figure 14, the two components were disjointed, confirming the
evidence about the vertical trend component. The latter showed maximum velocity and
cumulative displacement values, equal to —15.09 mm/y and —46.12 mm, respectively, in
correspondence with the 2nd sub-region. On the other hand, a nonlinear longitudinal
trend component between 1.06 and 2.34 mm/y was found (from West to East), based on
the LSRM over the nonlinear trend. The seasonal components showed almost regular
seasonality, as reported in Figure 15 in the proposed tool and shown in Figures 16 and 17
for longitudinal and vertical components, respectively. As reported, this information was
used in the “Deformation scenario” evaluation tab, Figure 15, according to the convention
sign reported in the green reference system of Figure 18 (positive d; from left to right,
positive dy upward).

Double-T shaped beam

Figure 10. Single-span simply supported concrete girder bridge, Fiumicino, Rome (Italy) and a scale
axonometric view. The single-span bridge, characterized by 10 double-T beams of equal sections is
divided into three sub-regions (i.e., 1st, 2nd, and 3rd sub-region). The 1st sub-region is characterized
by roller bearings, while the 3rd one by pinned bearings. Red and blue lines on the left of the deck
represent the expected direction of free longitudinal displacements under constant temperature
gradient AT
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Figure 11. Definition of input data through the “Data collection” QTabWidget of “Bridge analysis”
QDialog window and “Temperature” QDialog window. “Deck Section design” and “Beam Section
design” are defined according to Figure 3, resulting in Figure 10. Regarding temperature data, the
chart shows monthly average temperatures in 2017, 2018, 2019, and 2020 (red cross, blue cross, green
cross, and red circle, respectively) used in the cosine temperature model [32]. The purple line is the
cosine model, the parameters of which are the average of the model itself fitted over each year of
temperature acquisition.

Starting from the seasonal components, the average temperature at the beginning of
the observation period (Trgr) calculated from the cosine temperature model, Figure 11, was
equal to 17.3 °C. From the same data source, exploiting minimum (T;y) and maximum
(Tmax) temperatures in the observation period, 8.6 and 27.5 °C, respectively, two AT were
calculated to define the longitudinal thresholds (herein named positive and negative dis-
placements available). For the vertical seasonal component, a linear gradient temperature
of 5 °C was assumed according to code prescriptions [36]. For both seasonal components,
the deformation scenario assessment was successful, Figures 16 and 17. In these figures,
threshold values (red patches) were reported and their overcoming was registered only
in the case of the longitudinal seasonal component, Figure 16, in March and June of 2018.
Given the assumption of neglecting the overcoming in the last two years of observation,
the assessment was considered positive. The same result can be highlighted for the control
performed on bearings. Indeed, based on design documents, the bridge is characterized
by roller supports at the beginning of the span (i.e., 1st sub-region) and pinned at its end
(i.e., 3rd sub-region). According to this information and to the drawn direction of the
bridge centerline, from which the abovementioned convention sign depends, the maximum
(i.e., positive) longitudinal seasonal displacements should occur in the coldest months of
the year (in Italy, typically from December to February, Figure 11). The AT¢ of —8.7 °C,
equal to Tpn — Trer, induced a shortening (negative displacement available) of the deck
of 1.9 mm from roller to pinned support, as reported by the blue dashed lines of Figure 18a.
On the other hand, during the hottest months of the year (in Italy, typically from June
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to August, Figure 11), the AT of 18.9 °C, equal to Tapax — Trer, induced an elongation
(positive displacement available) of the deck of 2.3 mm from pinned to roller support, as
reported by the red dashed lines of Figure 18a. The phase of the three seasonal longitudinal
displacement time series was aligned, and the shortening (positive displacement) was
found around January in each year, Figure 16. Thus, the bridge was behaving according
to the bearing distribution reported in the design documents, finding a coherence in verti-
cal seasonal displacements. Looking at the static scheme in Figure 5b and time series in
Figure 17, a negative AT} of 5 °C inducing positive upward displacement was found in the
winter, typical of a deck surface being colder than its lower face. Given the confinement
of the vertical seasonal displacements within the proposed thresholds for this assessment
scenario, the two thresholds proved to be effective and descriptive of the bridge typology
under investigation. Different results were obtained for trend components. A medium-low
velocity scenario was found for the longitudinal component toward the East direction, sug-
gesting attention for potential damage of longitudinal displacement joints (i.e., in the case
that the bridge deck is moving away from the left abutment in the longitudinal direction).
The high-velocity deformation scenario detected on the vertical component was ascribed
to subsidence given the negligible difference between the cumulative displacements of
sub-regions [12], with a warning to check potential damage on transition zones (i.e., in
the case that the bridge deck and the abutments are moving away from each other in the
vertical direction). Given the extension of the area affected by hydrogeological phenomena,
these occurrences may not be found after the onsite survey and the check might be changed
to the “Inspection report” QDialog window, Figure 9. Interested readers can find another
application based on BAS-MTInSAR analytical steps in [12].

() BAS-MTInSAR X
Data collection | PSSelection | Displacement tme series | Seasonal-Trend components | Deformation scenarios  Database
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| Height Coherence | g5 VelodtyloS (5 |%| - [e5 |2

|| select one or more ariteria. Consider to retain at least one PS for each subregion in each acquisition geometry. Refresh selection
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Hame L20367P02301
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Figure 12. “PS Selection” QTabWidget of “Bridge analysis” QDialog window.
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Figure 13. “Displacement time series” QTabWidget of “Bridge analysis” QDialog window.
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Figure 14. “Seasonal-Trend components” QTabWidget of “Bridge analysis” QDialog window.
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Figure 15. “Deformation scenarios” QTabWidget of “Bridge analysis” QDialog window.
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Figure 16. Longitudinal seasonal deformation scenario. Blue, cyan, and purple lines refers to 1st, 2nd,
and 3rd sub-regions, while the red patch refers to the range defined by the temperature threshold
under ATc.
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(a) Longitudinal seasonal displacement scenario

Figure 17. Vertical seasonal deformation scenario. Blue, cyan, and purple lines refers to 1st, 2nd,
and 3rd sub-regions, while the red patch refers to the range defined by the temperature threshold
under AT7y.

(b) Longitudinal trend displacement scenario

dp

Positive convention

Figure 18. Some of the evaluated bridge displacement scenarios on the Fiumicino (Rome) bridge.
(a) Longitudinal seasonal displacement scenario, dashed lines represent the deformed shape of the
bridge under AT¢. Red lines refer to a positive AT (negative displacement), blue ones to a negative
AT (positive displacement); (b) Longitudinal trend displacement scenario, focusing on the 3rd
sub-region with the dashed lines showing a uniform positive displacement toward the East (black
reference system on top left); (c) Vertical trend displacement scenario, focusing on the 3rd sub-region
with the dashed lines showing a uniform downward negative displacement. Deformed shapes of the
span are not scaled and represented only for description purposes.

5. Conclusions

This paper proposes a GIS plugin named BAS-MTInSAR, designed for the QGIS
software package. It is aimed at assessing deformations of existing simply supported
concrete girder bridges through Multi-Temporal Interferometry Synthetic Aperture Radar
(MTINnSAR). The plugin uses Synthetic Aperture Radar data, processed by MTInSAR
algorithms, together with structural information and environmental temperatures, to
perform near-continuous large-scale monitoring of single structures [6,12,13]. As a main
advantage, the Graphic User Interface (GUI) guides users through the assessment chain
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involving: (i) definition of all input required; (ii) selection of Persistent Scatterers (PS) based
on position and their attributes; (iii) computation of bridge displacement profiles along its
deformation axes; (iv) statistical analysis of bridge displacement profiles; (v) full evaluation
of deformation scenarios; and (vi) management of bridge portfolio assessment through
saved results and statistics. The GUI elements, such as tables and plots, are organized in
windows and tabs, allowing the understanding and visualization of the results by users,
and limiting the manual operations required and the complexity for practitioners who are
not familiar with elaborating MTInSAR data. The integration of structural information, as
bearing layout and MTInSAR data, is one of the most interesting innovations proposed
by BAS-MTINSAR, which provides feedback on bridge health state (e.g., bearing and
longitudinal joints functioning) and indications for timely actions (e.g., onsite surveys). The
illustrative application is related to a single-span concrete girder bridge located in Fiumicino
(Rome), Italy. The case study section describes the achieved results, recognizing a high-
velocity vertical deformation scenario associated with subsidence phenomena documented
by the hydro geomorphological context of the area. Still, the thermal dilation of the
bridge was recognized and classified within thresholds calculated with simple analytical
models based on bridge deck information. Thus, BAS-MTInSAR was demonstrated to be
compatible with GIS requirements and for elaborating informed decision making through
data aggregation, management, and visualization of georeferenced data.

One of the limitations of BAS-MTInSAR at this stage is related to its development
for only simply supported concrete girder bridges characterized by T or double-T beam
sections, which covers a wide range of case studies over Italian and European transportation
networks. In future developments, the authors will extend the BAS-MTINnSAR application
field to other bridge typologies and implement other sources of information, such as digital
elevation models and landslide/subsidence maps, to address a more accurate assessment
depending on the quantity and quality of data at the user’s disposal. In the end, it is worth
noting that the approaches and data implemented cannot replace traditional monitoring
methodologies, considering the limits of characterizing SAR data. Nevertheless, also
according to Italian guidelines [4], the approach can be used for large-scale monitoring of
bridges within transportation networks, especially for those phenomena that are difficult
to survey through visual inspection.
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