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Abstract

The Italian Guidelines for the classification of existing bridges introduced a procedure based on a multi-Level approach. The first
three Levels (from 0 to 2) allow identifying a Class of Attention for the infrastructure and require the acquisition and elaboration
of a considerable amount of data based on surveys and visual inspections. To facilitate the data entry, a cloud-based software for
the automatic management of inspections of existing bridges was implemented. The developed multi-platform management system,
named Bridge Data, allows an easy real time access with any device (PC, tablet, phone) to the database via a user-friendly web app
interface, allowing the concurrent consultation, data entry and generation of statistics, also considering different privileges for the
users. Every bridge is surveyed considering basic data (e.g. coordinates, constructive typology), but also classifying the sub-
elements of the super- and sub-structures (piers, abutments, longitudinal beams, slabs and so on), and organizing the documents in
categories. A crucial aspect of the inspections lays on the identification of defects in each element of the bridge and requires an
appropriate number of pictures (both general of the element and specific for each defect) and the need to fill out convenient forms,
then further automatically elaborated to obtain comprehensive structural and seismic Levels of Defectiveness. Geometric,
structural, geological, hydraulic, transportation data are also collected in the database, and finally processed to provide an automatic
estimation of the Class of Attention consistent with the prescribed rules and logical flows. Bridge Data is not only the core for
developing a complete Bridge Management System (BMS) but is also an organized database of pictures and documents. For every
bridge it is also possible to generate a photographic survey and defectiveness forms as well as a detailed report describing the
logical flow for the determination of the Class of Attention.
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1. Introduction

Bridges are crucial infrastructures for the transportation assets, although little attention has been paid to them in
terms of maintenance in recent decades. The great number of viaducts, bridges and overpasses, different from each
other in terms of age, structural typology, exposition to natural hazards (floods, earthquakes and landslides, etc.)
requires the introduction of criteria able to quickly evaluate a Class of Attention (CoA) for each infrastructure and to
prioritize the intervention in the transportation network. To this purpose, proper Guidelines (Ministero delle
infrastrutture e della mobilita sostenibili, 2020) were recently introduced in Italy after some major bridge failures, such
as the “Polcevera” in Genoa. The Guidelines were further supported by a subsequent document (Ansfisa, 2022) which
clarifies the Operative Instructions to apply the Guidelines. The introduced interdisciplinary approach (that involves
structural, geotechnical, geological and hydraulic surveys including all risks associated to seismic actions, floods,
landslides etc.) is a multi-Level strategy (from 0 to 4) with increasing levels of depth in terms of analysis and
knowledge of the bridge. The first Level (0) consists in the census of the bridge and requires the examination of the
existing documentation, when available. The next two Levels are based on on-site visual inspections and require the
compilation of defectiveness forms (Level 1) that are then combined in Level 2 to obtain the CoA, which can range
within 5 different classifications (low, medium-low, medium, medium-high, high). If the bridge is classified from
medium to high in terms of CoA, it is required to perform preliminary (Level 3) and accurate (Level 4) evaluations.
This inspection methodology showed to be robust and reliable, and some surveys, already performed on a significant
number of bridges, are available in the literature (Natali et al., 2023a, Bencivenga et al. 2023, Rossi et al. 2023).

It is worth noting that the first three Levels of the Guidelines require the collection of a considerable amount of
data, that must be often indicated by technicians with different areas of expertise (structural, geotechnical and hydraulic
engineers and geologists), and their subsequent elaboration according to convenient algorithms. For the latter reasons,
a data-analysis algorithm implemented in a specific software appears essential to speed up the inspections activities
and to limit the possibility of errors in the data elaboration. In this regard, in (Costantino et al., 2023) and (Natali et
al., 2023b) two different valuable web platforms were introduced. Here, a novel web-based data-analysis software,
called ‘Bridge Data’ (https://bridgedata.it), is proposed as a centralized hub for the data collection and expert
elaboration, finalized to the multi-Level approach consistent to the Italian Guidelines for the management of existing
bridges. The web application allows storing an organized database of documents, pictures, information and past
inspections of the bridge, thus allowing an easy comparison with previously acquired data as well as adding new
inspections. As shown in the next sections, where the features of Bridge Data are described, at this stage the proposed
software environment completely covers the first three Levels as required by the Italian Guidelines but will be
expanded to the further Levels once appropriate operative instructions will be released. To demonstrate the potentiality
of Bridge Data, a significant case study is here finally presented.

2. The web application
2.1. Architecture

The web application Bridge Data is based on a web-server architecture (Errore. L'origine riferimento non é stata
trovata.a). In general, web servers deliver dynamic web content — e.g., HTML pages, files, images, video —
primarily in response to hypertext transfer protocol (HTTP or HTTPS) requests from a web browser that is running
on the client device. In particular, Bridge Data uses a specialized framework built on ASP.NET framework that allows
continuous communications between browsers and web-server, in order to acquire and display information from the
device of the user. The input data are saved into a relational database Microsoft SQL Server that ensures velocity and
reliability, and allows concurrent and simultaneous access by different users, while images and files are saved into a
storage drive.

Aiming at a speedy and effective user experience, Bridge Data encompasses the following technologies that have
been either implemented or integrated in the proposed web application:

e a web Geographic Information System (GIS) based on LeafLet (Errore. L'origine riferimento non ¢é
stata trovata.b), an open-source project (https://github.com/Leaflet/Leaflet) that allows several types of
view, embeds free datasets from OpenStreetMap and can accommodate additional datasets based on
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custom geodata (e.g., in the present study the CoAs for each bridge - structural-foundational, seismic,
landslide and hydraulic);

e aweb CAD tool, written in C# and Javascript based on client-server architecture, to enrich pictures with
graphic elements;
a standalone Javascript data visualization library (plotly.js), integrated in the platform to produce charts;
the Xceed Words for .NET library, integrated in the software environment for the automatic generation of
reports in .docx and .pdf. file formats.
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Fig. 1. (a) Web-Server architecture (b) Web GIS map integrated in Bridge Data to show geodata

The user interface is designed using Responsive Web Design (RWD) principles. This means that the layout
automatically adjusts the component size and input methods to provide an optimal view experience across a wide
range of devices, including desktops, laptops, tablets, and smartphones. This ensures that the user interface is easy to
use and navigate, regardless of the device being used. The security is ensured by using HTTPS hypertext transfer
protocol that guarantees a high standard level of cryptography; authentication features allow access to personal data
and settings once logged in; advanced options allow setting for each user different features in terms of bridges
assignments and privileges (visualization, editing and validation), also according to his/her hierarchical role and area
of expertise. For security reasons, every data modification made by any user is recorded in a chronological events list.

The overall workflow of Bridge Data is depicted in Fig. 2, where the database structure also emerges. The
implemented hierarchical datastore of a generic network includes routes with the associated bridges. For each bridge
the software implements three main sections schematically shown in Fig. 2, namely registration, Level 0 and Level 1-
2, that are detailed in the next subsections. Each section is developed within a maximum of three layers, namely the
data that the software is able to collect and organize (data entry with grey background), the algorithms implemented
in the platform (data processing with blue background) and the outputs that the can be exported (output with red
background), which are described in detail in the next subsections. Further outcomes are obtained in aggregated form
(see section 2.5). In the same Figure, the bridge, landslide and drop icons refer to the structural, geological and
hydraulic areas of expertise, respectively, that are delegated to the specific data entry. Finally, the globe, gear, chart
and arrow icons refer to the GIS, CAD, charting and exportation technologies, respectively, reported in the
corresponding features of the workflow where they are exploited.

2.2. Registration

The registration section includes the data entry of all the information about the bridge that cannot change in time.
Specifically, this sections includes: acquisition of general information of the bridge, such as localization of the bridge
in terms of coordinate input and visualization in the integrated web GIS map (Fig. 3a); upload and organization in
categories of documents (original drawings, design reports, transportation studies, etc.) as .pdf, .jpeg, .docx, .xlsx and
any other type of file format (Fig. 3b); a hierarchical census of the structural elements of the super- and sub-structures,
considering element groups (spans, piers, abutments), each containing a certain number of elements (beams, slabs,
expansion joints, seismic isolation devices and so on) corresponding to an overall number of N,y elements. Depending
on the specific structural typology of each element (steel beam, reinforced concrete slab, masonry pier and so on)
defectiveness forms will be automatically generated at each inspection. Without loss of generality, here all the
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screenshots, reported from Figure 3 to Figure 6 refer to the Italian language (being the example relative to an Italian

bridge) but English language can also be selected.
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Fig. 2. Bridge Data workflow
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Fig. 3. (a) General information and (b) list of documents in categories (in Italian)
2.3. Level 0

Level 0 concerns the census of structural, geological, hydraulic and traffic data as well as maintenance interventions
with reference to various periods of service life. Different Level 0 forms can be added, each corresponding to a specific
time instant. The data input for Level 0 form is guided by the group subdivision according to the Guidelines (general
information, design data, geometric features, structural type, geomorphological context, road network, traffic data,
maintenance, monitoring, etc.), and by the area of expertise icons. During the data editing, files and images upload,
such as transportation studies and picture of the alternative route in case the bridge is closed, is also possible. The
output for Level 0 consists of the relevant forms that can be exported, according to the layout proposed in the
Guidelines in editable .docx format. Furthermore, it is also possible to export the .csv files compatible with the
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“Archivio Informatico delle Opere Pubbliche (AINOP)”, that is the computer archive of public works of the Italian
Minister of Infrastructure and Transportation.

2.4. Level 1-2

During the bridge service life periodic inspection activities are prescribed for each infrastructure and Bridge Data
allows their management and processing. Each inspection comprises the following sections: calendar of activities, a
general description-form, landslide and hydraulic phenomena forms and N, defectiveness forms, the latter containing
the list of all the possible detectible defects (each characterized by a gravity-index G) depending on the material and
type of each component, according to the Guidelines prescriptions. During the data editing, it is possible to mark each
element as “critical” (according to the Guidelines definition) and to upload files and images, such as
geometrical/technical schemes and general photos of the elements. When a defect is observed, the user must specify
its extension k; and intensity k>, and can upload and edit specific pictures of the defect, by clicking on the buttons
framed within the red and green rectangle, respectively, that will be associated with the relevant defect, Fig.4a.
Precisely, to enhance and better localize the defect, frames of the defective areas, labels, polylines and arrows with
different colors depending on the user preferences, can be superimposed to the picture (Fig. 4b); such enriched images
will be finally included in the reports. Other useful functions, such as ‘go to another form’, ‘form copy’ and ‘assign
property to all defects’, facilitate a quick fill out of the forms.
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Fig. 4. (a) Example of defectiveness form associated with a structural element with button for photo upload (red rectangle) and for photo edit
(green rectangle) and the number of uploaded images (blue rectangle). (b) Example of editing of a picture of a defect

Regarding the output layer, ‘Level 1 forms’, including general description-form, landslide and hydraulic
phenomena-forms and defectiveness-forms (with layout consistent to the Guidelines indications), as well as a
photographic survey of the defects can be exported in .docx format. Furthermore, it is possible to export an archive
file containing the pictures stored in folders according to the hierarchical organization of the bridge components.

The data processing is performed by means of an automatic estimation of the CoAs consistent with the rules and
logical flows prescribed by the Guidelines, through the following steps, Fig. 2: a) assessment of the structural and
seismic Levels of Defectiveness (LoDs); b) evaluation of the CoAs for structural-foundational, seismic, landslide, and
hydraulic risks; c¢) selection of the consequent actions and protocols according to a decision-making algorithm.

The algorithm for the assessment of LoDs follows the strategy proposed by the Guidelines and Operative
Instructions, by hierarchically assigning a LoD to each structural component (according to the identified defects), to
each element group (processing the LoDs of its component), to the substructure and superstructure (analyzing the
LoDs of the corresponding element groups), and finally to the entire bridge (as the most severe between substructure
and superstructure). Results are immediately showed into an intuitive form (Fig. 5a) which summarizes the number
of defective conditions leading to a certain LoD, thus allowing a straightforward overview of the defectiveness
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condition of the bridge aiming at an informed and aware approval or revision of the defects and LoDs, that can be also
shown in detail (Fig. 5b). The LoDs here obtained and the other acquired information (geometric, structural,
geological, hydraulic, traffic data and so on), are adopted for the assessment of the CoAs. In particular, hazard,
vulnerability and exposure are separately evaluated and finally combined to get the corresponding structural, seismic,
landslide and hydraulic CoAs, that are finally combined to obtain the global CoA of the bridge (Fig. 6). An interesting
feature of the proposed software is the possibility to evaluate the CoA according to alternative scenarios that can be
compared to each other, thus also allowing to perform sensitivity analysis. For instance, if the identification of the
foundation type (direct/indirect) is uncertain, the CoA can be evaluated according to such alternative hypotheses, thus
leading to two parallel logical flows. As a consequence of the achieved CoA the software, in line with the Guidelines
and the Operating Instructions, suggests some possible monitoring activities, the need for special inspections, or
maintenance interventions, that can be customized according to the specific criticisms arisen during the inspection
and the data processing. A further implemented useful tool for planning maintenance and/or repair interventions is
monitoring the degradation increase over time through the relative defectiveness coefficient D, = X k; xk>*xG, whose
variation over time is graphically represented for each structural component, element group and for the entire bridge.
It is worth noting that the software can also accommodate for convenient degradation models of the bridge over time
with subsequent suggestions of possible interventions and alerts.
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Fig. 5. (a) Overview of the LoD analysis for whole bridge and (b) detailed list of defects leading to a specific LoD (in Italian)
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Fig. 6. Overview of the CoAs (in Italian)

The main output of Level 2 is an automatic report, conveniently subdivided in chapters (introduction, general
information, structural-foundational risk, seismic risk, landslide risk, hydraulic risk, conclusions) embedding
automatically selected pictures, schemes highlighting the logical flows, and summary tables. Although automatically
generated, the report webpage is endowed with convenient text fields where the user can insert specific comments
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allowing a complete customization of the report, for instance to comment on the geographic context, on the CoAs or
on the LoD. Such text fields also allow the possibility to upload additional pictures with the relevant captions, to
further enrich the comments. The final report can be exported in .docx format that can be further edited. Additional
output files consist of a detailed defectiveness analysis (both structural-foundational and seismic) and .csv file
reporting the main outcome of the inspections compatible with external GIS platforms.

2.5. Statistics, data aggregation and prioritization of interventions

Aiming at an effective support of the network management and of the decision process, additional features
involving groups of bridges have been implemented. To this purpose, the data can be aggregated by routes or by
specific filtered groups (by structural typology, length range, working team, and so on). Visual summaries include
representations in the integrated GIS map indicating each bridge with a placeholder, whose color is associated with
one of the CoAs (the global or one of those associated to a specific risk) or the LoD. Alternatively, statistics are
presented with charts. Finally, the software implements a prioritization method (Santarsiero et al., 2021) that ranks
the bridges belonging to a group according to the relevant CoA and, for the same CoA, a priority index, p, defined as
p = L-d, is employed, being L (in km) the total length of the bridge and d the duality coefficient (d = 0.5 for dual
bridges - i.e. the existence of two separate bridge structures for each carriageway - and d=1.0 for non-dual bridges).

3. Case study: Papa Giovanni XXIII bridge in Ragusa (Italy)

The Papa Giovanni XXIII bridge is a reinforced concrete supported deck arch bridge, completed in 1964 in Ragusa
(Italy). The bridge is structurally made of two lateral viaducts that work as gateways for the main arched bridge (Fig.
7). Although structurally disconnected, the two gateways share two piers with the arched bridge; therefore, the viaduct
is considered as a single bridge. The total length is about 180 m and it overpasses the Santa Domenica valley where
the Irminio river flows. The survey (Maltese, 2023) of the available documentation allowed obtaining the complete
original design project as well as some historical pictures relative to the constructive phases, corresponding to 21
documents. The substructure is made of 2 abutments, 14 frame piers made of two vertical elements connected by pier
caps and two twin arches. No seismic isolation devices are present at the movable supports of the deck. The
superstructure is made by 15 spans, each made of a grid of longitudinal and transversal beams supporting the reinforced
concrete slab, 4 expansion joints and the accessory elements (e.g. parapet or sidewalk). The overall number of elements
of the bridge, for each of which a corresponding defectiveness form was filled, is equal to 150.

Both the abutments as well as piers 3 and 12 were classified as critical elements (according to the definition
proposed in the Italian Guidelines) because of the bad conditions in correspondence of the surface supporting the
superstructure. The combination of the identified critical elements and of the observed defects leads both the structural
and seismic LoDs to medium; the conditions that lead to such a LoD are the damaged concrete in both the abutments
extended almost entirely to the elements, Fig. 8, thus leading both the structural-foundational and the seismic CoAs to
medium-high. As described above, Bridge Data processed all the acquired data and determined the global CoA.
Although characterized by a significant clearance leading to a low vulnerability against the surmounting phenomenon,
a non-negligible hydraulic risk associated with a localized erosion phenomenon was observed. On the other hand, with
regard to the landslide risk, rockfalls have been reported in the area as well as a non-mitigated slope instability. The
combination of all the partial CoAs leads to an overall provisional medium-high CoA, mainly influenced by the
structural, seismic and landslide risks.

4. Conclusions

Bridge Data is a novel web application that, consistently with the multi-Level approach proposed in the recently
introduced Italian Guidelines for the classification, risk management, safety assessment and monitoring of existing
bridges, supports the documentation survey and inspection activities corresponding to the first three of five Levels
(pending the release of operative instructions relative to the last two Levels). The presented platform is a multi-device
tool able to support simultaneous data entry from different users, thus favoring team working. Additional files,
including pictures and documents, can be uploaded and then automatically organized in an ordered database. The
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platform can be used on the field during the inspection activities with mobile devices. The implemented features
include effective algorithms able to process all the collected data to assess the Level of Defectiveness of the bridge
and, subsequently, its Class of Attention; the software also proposes the adoption of consequent actions in terms of
inspections schedule, or special inspections to be required. The degradation of the bridge can be monitored by means
of a relative defectiveness coefficient that can be evaluated in correspondence of each inspection for the entire bridge
as well as for any group of elements. The export of a complete set of output forms and customizable reports is
supported. The data aggregation allows evaluating meaningful statistics that are shown with thematic maps and charts.
A simple algorithm is implemented for prioritizing interventions within a group of bridges. Expansion of the platform
with new features and implementation of additional degradation or prioritization models are easily possible. Thanks
to differentiated privileges and area of expertise that can be assigned to any user, Bridge Data is keen to become a
multi-sided platform and represents the core of a complete Bridge Management System. The platform has been
developed by a research team involving structural engineers, researchers and software developers and has been tested
and used by a research team of the university of Catania, involved in the FABRE group, and by a group of engineers
of the ANAS section of Catania.

a b SEZIONE TRASVERSALE B-8B

Fig. 8. Main defects of the bridge: damaged concrete located in the (a) first and (b) second abutments.
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