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Abstract: In 2022, the Italian Government introduced innovative regulations for evaluating and monitoring existing bridges and viaducts, tackling issues related to risk classification, safety assessment, and monitoring. These regulations employ a multilevel approach for bridge inspections, safety assessments, and monitoring procedures. The guidelines have garnered international acclaim for their forward-thinking approach. This paper proposes a comprehensive study concerning the whole process proposed in the new Italian guidelines, using a case study constituted by two prestressed RC box-girder half-joint span bridges that exhibited signs of aging several years ago. The paper deeply addresses all phases of the existing bridge safety assessment and management discussed in the guidelines from both a scientific and practical standpoint, in collaboration with the national agency for road administration. It starts with visual inspections conducted to support the bridge safety assessments and concludes with the experimental testing and structural monitoring of bridges. The objective of this paper is to present advanced procedures for the classification, evaluation, and management of existing bridges to be adopted by road administrators, which may inspire international readers to upgrade the codes of their own countries.
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Introduction

Bridges play a crucial role in transportation systems globally. However, insufficient maintenance and supervision over time resulted in the gradual degradation of their structural integrity, jeopardizing their safe use despite their significance to the social and economic welfare of communities.1,2 Collapses occurring worldwide have highlighted the vulnerability of bridges to both human and natural factors, such as overloading, design flaws, inadequate inspections, and poor maintenance.3–6 For these reasons, many authorities worldwide are now discussing the adoption of regulations or standards to be used for managing the infrastructural asset,7 taking inspiration from those already available. For instance, the American Federal Highway Administration released in 2022 the adjourned version of the National Bridge Inspection Standards (NBIS) dealing with bridge inspection procedures and intervals based on a risk-based approach. In the UK, the Highways England issued the CS 450, providing technical guidance for the routine and special inspection of bridges, while in Japan, the Japan Road Association established a comprehensive framework for the routine inspection, maintenance, and management of bridges (the Japanese Bridge Inspection Standards). The latter also emphasizes advanced inspection technologies such as sensors and real-time monitoring to assess the health status of bridges due to the country’s high vulnerability to natural disasters. The Australian standard (AS 5100) contains provisions related to bridge inspection, outlining maintenance and rehabilitation guidelines for bridges, including inspection procedures. The Canadian Highway Bridge Design Code (CSA S6) includes guidelines on bridge inspection, evaluation, and maintenance. It mandates periodic inspections and includes specific criteria for safety evaluations. The Chinese Bridge Inspection Code (JTG/T J21) is part of the technical specifications for highway bridges in China, providing detailed procedures for regular inspections, defect identification, and condition assessment. In Europe, the Eurocodes primarily provide bridge structural design guidelines, although certain parts (especially EN 1991-2 and EN 1993-2) address the durability and inspection of bridges under different load conditions. However, these documents adopted by several countries around the world address the subject of road infrastructure safety management in a partial and multifaceted manner, and none of them comprehensively deals with management, from the inspection phase to safety verifications.

Because of the lack of detailed and comprehensive regulations in Europe (and worldwide), the Italian Government recently decided to adopt specific regulations for the multi-risk assessment of existing bridges and viaducts to address issues related to the classification of risks, safety assessment and monitoring. These regulations were first published by the Italian Higher Council of Public Works as “Guidelines 2020”,8 and later updated in 20229 when operative instructions were also published by ANSFISA.10 The latest version of these guidelines is hereinafter referred to as “Guidelines 2022”. The regulations address the multi-risk evaluation and classification for bridges and viaducts through a multilevel approach, consisting of the census and geo-localization of the structure, the visual inspections, the risk classification (through the determination of a Class of Attention–CoA–ranging from Low, Medium-Low, Medium, Medium-High, and High), and the safety assessment and monitoring procedures.11,12 Importantly, this approach considers various types of risk arising from structural vulnerabilities and the surrounding environment, encompassing structural and foundational risks due to service loads,13,14 seismic risk, landslide risk, and hydraulic risk, all of which are comprehensively evaluated according to hazard, vulnerability, and exposure. For all these reasons, the new Guidelines 2022 are considered a very cutting-edge document that gained attention in many parts of the world.

Although only recently published, a fair number of papers can already be found in the literature dealing with Guidelines 2022. Some works describe the document content15,16 and, in some cases, propose comparisons with other condition rating systems around the world.17,18 Other works discuss statistical analyses of visual inspection results trying to correlate the detected defects and the bridge typology.19–23 Many of these works show examples of applications in real bridges, mainly focusing on the prestressed concrete ones.24–28 However, all these works treat the first parts of the Guidelines 2022, namely the visual inspections, risk classifications, and, sometimes, the safety assessment verifications. To the best of the authors’ knowledge, only one paper is available in the scientific literature also discussing the experimental tests for the characterization of the structural (and dynamic) behavior and the monitoring of existing bridges, as proposed in part III, section 7.3, of the Guidelines 2022.29 However, this work is focused on a footbridge and does not address the Structural Health Monitoring (SHM) task. Thus, there are no comprehensive applications in the literature yet that provide guidance of interest to practitioners and researchers.

This paper presents a pilot study of the new Italian guidelines from both a scientific and practical standpoint focusing on prestressed concrete bridges. The study delves into all stages of the existing bridge safety assessment and management as outlined in these innovative guidelines. Moreover, differently from articles already available in the literature, the experimental testing and structural monitoring of bridges following the prescriptions of the last part of the Guidelines 2022 (Part III), are also addressed in this work. The main objective of the paper is to provide advanced procedures for the classification, evaluation, and management of existing bridges in line with the philosophy of the innovative Guidelines 2022, offering the first comprehensive discussion on their application in the scientific literature. In this work, a detailed description of the guidelines content is not reported, and only the general philosophy is discussed. Indeed, more importance has been given to showing a complete application of this document’s prescriptions. Readers interested in delving deeper into the Guidelines 2022 content may refer to the works of Santarsiero et al.15 and Natali et al.16

From a practical standpoint, the paper takes advantage of the long expertise of the Italian Autonomous National Agency for Road Administration (ANAS S.p.A.). To this end, two existing post-tensioned Reinforced Concrete (RC) box-girder half-joint bridges are taken as case studies. Both bridges showed signs of deterioration due to age, which led to an in-depth investigation over the last two years by a collaborative effort involving a team from the Italian FABRE Consortium,30 with members from the Università Politecnica delle Marche (UnivPM) and the University of Camerino (UniCAM), together with a team from ANAS S.p.A., which is the bridge administrator. This collaboration was established within the framework of a research agreement focused on the first applications of the Guidelines 2022 to bridges. The work is organized as follows: at the beginning, after a description of the bridge case studies, a discussion of the whole work is provided, contextualized within the framework of the Guidelines 2022. Then, visual inspections are discussed and the CoA of the bridges is defined. The accurate safety verifications are carried out successfully according to conventional approaches with the addition of in-depth investigations of some structural components, i.e., the prestressing system and the half-joints. In addition, being located in a seismic area, the seismic assessment of bridges is performed as well. This assessment phase configures as a complete and very detailed example of static and seismic verifications of existing prestressed RC box-girder half-joint bridges. Finally, in the last section, the paper presents the monitoring activities and test campaigns conducted to improve the knowledge of the two bridges and to monitor their performance degradation. Several static and dynamic test campaigns were performed over a 2-year period, and a combined dynamic and static SHM system was installed as well. Beyond the information provided by the experimental campaigns, which made it possible to improve the knowledge of the two bridges, the performed activities provide fundamental support for the planning and managing of the structural safety, as well as for the decision-making process about the bridges’ use.

The Bridge Case Studies

Description of the bridges

The two bridges are identical side-by-side structures crossing a river and separated by a small longitudinal gap, accommodating a 2-lane carriageway each, forming part of a motorway in Central Italy (Fig. 1). They were designed around the 1970s and built between the end of the 1970s and the beginning of the 1980s. Both the Upstream Bridge (UB) and the Downstream Bridge (DB) are composed of 8 spans for a total length of about 300 m, and they have slightly curved layouts. Spans 1, 2, 6, 7, and 8 are simply supported and about 33 m long, whereas spans 3, 4, and 5 adopt a Gerber scheme with two half-joints located at span 4 (about 60 m long), sustaining a simply supported 30 m long span. The deck of each bridge consists of post-tensioned 3-cell concrete box-girders having constant height for the simply supported decks (2.2 m) and variable height for the Gerber scheme at piers 3 and 4 (varying from 2.7 m in correspondence of the pier to 2.2 m at mid-span).
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Figure 1. Bridges considered as case studies: (a) longitudinal scheme, (b) 2 pictures of the bridges, (c) satellite view (from Google Maps), (d) cable layouts of the prestressing system, (e) mid-span deck cross-section, (f) geometry of piers

Five cast-in-place RC diaphragms per span are present, two at the girder ends (80 cm thick) and three distributed along the span length (20 cm thick). Diaphragms are about 9 m spaced and present access holes for inspection purposes. The deck supports are pot-PTFE bearings characterized by different functionalities; fixed, uni-directional, and multi-directional sliding bearings are used to provide a statically determinate scheme. All bearings present a circular rubber layer confined in a pot to allow for rotational movements. The prestressing system is obtained by adopting Morandi cables M5/12, M5/16, and M5/20 (i.e., constituted by 12, 16, and 20 strands, respectively, each one made of 7 wires and characterized by a nominal diameter of 1/2 inch). In detail, 16 cables are used for spans 1, 2, 6, 7, and 8 (8 cables of type M5/12 and 8 of type M5/16), 24 cables for the continuous Gerber scheme of spans 3, 4 and 5 (of type M5/20), and 12 cables for the span supported by the half-joints within span 4 (4 of type M5/16 and 8 of type M5/20). The RC piers are made with hollow and solid cross-sections of different heights, ranging from about 5 to about 9 m (over the river). Both piers and abutments are founded on 1.5 m diameter RC bored piles.

Workflow of the performed activities within the framework of the Italian guidelines

The bridges are selected as case studies for the comprehensive application of the recently released Guidelines 2022 in the framework of a research agreement between the FABRE Consortium and ANAS S.p.A. The guidelines are based on a multilevel approach that can be divided into three main parts. Part I discusses actions relevant to the preliminary identification of the bridge (census and geo-localization, Level 0), the visual inspection (Level 1), and the definition of the CoA (Level 2). It also contains a preliminary assessment of the structure (Level 3). The primary objective of the CoA is twofold: firstly, to establish a standardized risk classification for bridges across the Italian country, and secondly, to develop a unified rating system for identifying urgent safety measures and prioritizing maintenance interventions.

Part I of the process entails on-site visual inspections of bridges, supplemented by special inspections when necessary, such as for post-tensioned RC bridges. In detail, special inspections for post-tensioned bridges foresee a multilevel experimental campaign aimed at investigating the defective state of the prestressing system; non-destructive and semi-destructive tests can be used to identify the cables layout, the presence of voids in injections, the oxidation and corrosion on ducts and cables, the concrete corrosion potential and, eventually, the cable residual areas. Evaluation at Levels 0, 1, and 2 was conducted for the bridge case studies by a joint team comprising personnel from FABRE and ANAS, resulting in the definition of the CoA. Special inspections have not been carried out yet, but they are planned for the near future; however, the CoA of the bridges resulted in the highest possible (High), and consequently, it is not conditioned by the special inspection results, which are in any case mandatory for the prestressing system. Considering the obtained CoA, the Level 3 assessment has not been performed in favor of the accurate assessment (Level 4), which is mandatory for bridges falling into the High CoA.

Part II outlines recommendations for assessing the load-bearing capacity of bridges (Levels 4 and 5) in accordance with the Italian technical code and the Guidelines 2022. The latter introduces different performance levels for existing bridges (ranging from adequate, operative, and transitable bridges), along with the concept of a “reference time” that is used to calibrate the partial safety factors adopted for safety verification purposes. Depending on the performance level (i.e., for the adequate, operative, and transitable conditions), suitable partial safety factors and loads are defined to perform the safety assessments, reducing values from adequate to transitable conditions. Operational and transitable conditions are defined within specific time frames (30 and 5 years, respectively), necessitating periodic re-evaluation or the implementation of safety measures, such as repairs or load restrictions.

Part III offers recommendations for testing and monitoring activities throughout the lifespan of a bridge. Short-term and long-term monitoring suggestions are provided, along with recommendations for static and dynamic performance assessments. The bridges under investigation have undergone extensive surveillance activities, including both static and dynamic testing. Additionally, a permanent monitoring system has been installed as well. A summary of the experimental activities and their alignment with the Guidelines 2022 is presented in Fig. 2. As can be seen, many activities have been performed from March 2022 dealing with Part III of the Guidelines 2022. For this reason, the strength of this document is to pay more attention to the discussion of these activities, while providing less detail for those of Parts I and II. The latter, however, have been extensively treated for the safety assessment of the two bridges. Readers interested in further examining the general aspects of Parts I and II may refer to the numerous articles reported in the literature review in the introduction.
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Figure 2. Italian Guidelines 2022 framework and the relevant activities performed on the bridge case studies

Inspection Activities and Class of Attention

In February 2022, visual inspections were conducted on the two bridges following the Guidelines 2022 prescriptions and procedures. The inspections involved visually assessing of all the structural elements of the bridges, together with non-structural components, such as pavement joints and accessories (e.g., guardrails, drainage system, equipment, etc.). Each structural element has a standardized inspection form to be filled out to record information about deterioration phenomena and damage observed during the visual inspections. The inspection forms vary based on the type and material of the structural component; from a general point of view, they include a list of typical defects that were selected based on the technical literature, administrator’s manuals, and real experiences on existing bridges.

A weight is assigned to the gravity of each defect (denoted as G), which ranges from 1 to 5 on an increasing severity scale. In addition, parameters for the defect extent (k1) and intensity (k2) are introduced, which can take values equal to 0.2, 0.5, or 1, based on an increasing severity scale. For critical defects (i.e., for G equal to 4 or 5), it is also possible to indicate whether the overall stability of the structure is compromised by selecting a specific checkbox (PS). For each defect, the inspection form includes fields for the photo ID, any observations, and whether the defect is absent because it is not applicable (NA), not detectable (NR), or simply because it is not present (NP). An example of an inspection form with some of the most significant defects for prestressed RC beams is provided in Table 1.
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The two bridges are characterized by critical elements in accordance with the Guidelines 2022: the post-tensioning system and the half-joint spans. From the visual inspections, it was observed that the simply supported spans were in a fair state of conservation with defects mainly related to water infiltration through non-sealed pavement joints and damaged drainage systems. These defects included traces of both active and passive humidity, concrete degradation, oxidation, and corrosion of reinforcements. Additionally, concrete spalling in areas subjected to humidity and drying cycles was detected as well, e.g., in the cantilevered portion of the concrete slabs. In correspondence with the Gerber spans (spans 3, 4, and 5), an evident permanent deflection was observed (Fig. 3a) with a greater lowering at span 4 of both bridges, presumably related to concrete creep and/or excessive loss of prestress in combination with poor concrete quality. This lowering exposes the structures to significant dynamic effects deriving from the passage of heavy vehicles, potentially increasing fatigue effects on the structures. Moreover, the half-joints and the post-tensioning system exhibited defects such as (i) the complete gap closure at the half-joints (Fig. 3b), resulting in the development of an inner and undesirable stress state on the deck, (ii) the presence of moisture traces and white efflorescence along the longitudinal path of the prestressing cables (Fig. 3d), which could be attributed to water infiltration within the ducts or at the interface between ducts and concrete, (iii) and the presence of cracks close to the half-joints (Fig. 3c) at the inner corner of the nib and the lower corner of the nib full-depth interface, similar to those associated with half-joint collapse mechanisms reported in the literature.31,32 Also, the DB showed an important deformability of the cantilever beams of span 4 under heavy vehicular traffic and, in the cracked half-joint, the opening and closing phenomena of cracks on the lateral side of the box-girder were noted during the passage of heavy vehicles, also producing noise and concrete dust fall.
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Figure 3. Defects detected during the visual inspections: (a) permanent lowering of span 4, (b) defects of the half-joints, (c) cracks in correspondence of the half-joints, (d) efflorescence along the longitudinal path of the prestressing cables

Data collected during visual inspections, together with those collected by the road administrator and inherent to the road and infrastructure characteristics (e.g., level of traffic, importance of the road, age, codes adopted for the bridge design, maintenance activities, surrounding territory characteristics, etc.), are used to achieve the global CoA. The latter is a combination of several partial CoAs obtained for 4 types of risks to which the structure may be subjected: the structural and foundational risk, the seismic risk, the hydrological risk, and the landslide risk. A summary of the partial CoAs and the global one obtained for the two bridges at hand is reported in Table 2. It is worth noting that for the definition of landslide and hydrological risks, on-site inspections were carried out by engineers with expertise in both fields. The area surrounding the viaduct is classified, in terms of physiographic units, among the ‘hill areas’, i.e. areas at low altitudes, frequently with a low morphology due to the presence of relatively erodible formations. The slope is moderately steep (10°–25°), and the area is characterized by a relatively extensive, terraced alluvial valley. These considerations led to the adoption of a Low CoA for the landslide risk. The hydrological CoA is assigned as a function of the overtopping phenomena or insufficient hydraulic franking and of erosive effects, whether generalized or localized. Being flanked, the two bridges are considered as a unique system and the obtained hydraulic CoA is Medium-High.
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Based on visual inspection outcomes (and also on safety verification outcomes, as will be shown in the sequel), the road administrator decided to close the DB and move the relevant traffic to the UB to guarantee at least one traffic lane in each direction of the route. As a result of this decision, monitoring actions were considered for the UB to improve the understanding of the bridges’ behavior and to support decisions regarding the use of the open bridge in the transitory period.

Evaluation of the Bridge Safety

Preliminary phases and structural modeling

The Guidelines 2022 foresee that for bridges falling within a High CoA, in-depth safety verifications must be carried out in accordance with Level 4. The safety assessment of the two bridges is performed evaluating the structural performance under both static and seismic actions, following the Guidelines 2022 and the NTC1833 regulations. It is worth noting that the Italian NTC18 regulations are derived from Eurocodes, and, therefore, the requirements of the two codes are very similar. The static assessment of the bridge deck is performed considering the adequate performance level for the bridge, i.e., considering a bridge that satisfies the actual code verifications at the Ultimate Limit State (ULS) and that can be used without any traffic restrictions. As for the decks, three main components are verified: (i) the simply supported span (representative of spans 1, 2, 6, 7, and 8), (ii) the continuous Gerber girder with half-joints (spans 3, 4, and 5), and (iii) local verifications of the half-joints and the transverse bending of the box cross-section. Furthermore, an in-depth investigation of the prestressing effects is conducted, trying to understand the reasons for the lowering of spans 4 for both bridges, as well as the seismic verification of the whole structure is performed. Foundations and abutments are not verified following the Italian technical code, for which, in existing bridges, the assessment of foundations may be omitted if no significant and critical situations directly related to the soil-foundation systems are found.

To enhance knowledge of bridges, a detailed investigation of material mechanical properties was performed together with a collection of information from existing design documents. This included extracting concrete cores and steel samples from various bridge components and conducting tests to assess the condition, integrity, and residual tension of cables. The highest knowledge level (LC3) in accordance with the Italian technical code is reached; therefore, a unit confidence factor is applied to determine the design material mechanical properties, namely, no reduction is done.

The analysis considers typical bridge loads, including dead loads, permanent loads, traffic loads (similar schemes foresaw in the Eurocodes), wind loads, temperature variations, and seismic actions. The structural analysis is performed by adopting the SAP2000 software, and developing different models depending on the verifications to be carried out (Fig. 4). In particular, considering the bridge static scheme, which consists of a series of independent decks, two separate models are prepared for the static global analysis, one representative of all the simply supported spans (Fig. 4a), and the other of the Gerber spans (Fig. 4b). The Finite Element Models (FEMs) are developed by using frame elements, which have the great advantage of directly providing stress resultants along the elements. In the modeling, the geometry of the structure is reproduced as closely as possible, taking into account the geometric variation of the cross-sections. To this end, the deck is discretized with a series of frame elements positioned, for the sake of simplicity, at the centroid of the mid-span cross-section. The elements are able to account for the flexural and shear deformability, as well as for the primary torsion effects. On the contrary, torsional warping effects and the deck distortion are neglected. The deck is modelled as simply supported, and roller and pinned restraints are used on the basis of the real support layout. The analysis of the overall models is completed by the transverse analysis of the deck to identify the effects induced by the transverse bending. The prestressing forces are taken into account, exploiting the software potentials: stresses in the prestressed system are used for evaluating the relevant contribution to the beam shear capacity, while they are neglected for computing the ultimate flexural capacity by only checking for the ultimate strain of strands.
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Figure 4. Developed FEMs for the bridge case studies (extruded view): (a) model for simply supported spans, (b) model for Gerber girders, (c) plane model for the analysis of the transverse local effects, (d) global model for the seismic analysis

The evaluation of local effects due to the transverse bending of the deck cross-section is carried out with a plane frame model, assuming a fixed node scheme (Fig. 4c) supported at the level of the cross-section webs and subjected to vertical loads due to permanent and traffic actions distributed to maximize positive and negative bending moments on the top slab and the webs; the thermal actions are also considered. For the seismic analysis, a global model of the entire viaduct is developed to capture the overall behavior of the structure and the interaction between the different structural components (Fig. 4d). In the spatial model, all structural elements are modeled using frame elements. Piers are fixed at the base, and the pier caps are modeled with rigid link elements, considering the real position of the bridge support devices through which actions at the deck level are transferred to substructures. The bridge has a curvature in plan which, although not accentuated, is taken into account in the global modelling. For all models, the material mechanical properties are set equal to the mean values obtained from tests on samples collected on-site.

Static assessment of the bridge deck

The static assessment is performed by comparing the maximum bending moments and shear forces acting along the deck with the corresponding resistant bending moment and resistant shear force. Moreover, in view of the cross-section typology, the shear demand on the box-girder webs is evaluated considering the superposition of shear force and torsion arising from the non-symmetric distribution of the traffic loads over the deck, maximizing both actions. Exploiting the influence lines, both positive and negative values of each stress resultant (i.e., shear force and torsion) are maximized considering the relevant concomitant values. Furthermore, the local effects due to the transverse bending are considered for the web checks. In detail, this verification is performed taking into account the edge web of the box cross-section that, for a non-symmetrical traffic load configuration, is the one mostly excited, subjected to shear stresses due to both shear forces and torsion, as well as to transverse bending due to the load distribution over the deck. It is worth mentioning that the shear stresses due to torsion are evaluated considering the multicellular cross-section equilibrium and congruence. The verification is then carried out by comparing the transverse bending moment demand with the capacity; the latter is calculated considering the stirrup legs on the tensile side of the web. The amount of residual reinforcement corresponding to the stirrups on the compressed side and any excess in the transverse bending verification are considered in the shear and torsion verification. The contribution of the inclined prestressed cables is also suitably taken into account in the safety assessment. The flexural and shear capacity of members are evaluated according to standard methods for RC elements suggested by both the Italian NTC18 and the Eurocodes.

A summary of the verification outcomes is illustrated in Fig. 5, where red areas are used to identify those sections of the deck where at least one of the aforementioned verifications is not satisfied. If some verifications are not fulfilled considering the adequate bridge conditions, they should be repeated considering less severe situations, such as operational or even transitable bridge conditions. The former approach uses codified movable loads with adjusted safety factors, while the latter restricts bridge use and allows for less demanding movable loads with adjusted safety factors. Retrofitting is required for operational and transitable bridges within 30 and 5 years, respectively. Being the bridges at hand verified as transitable, the road administrator chose to demolish and rebuild them. Meanwhile, a continuous monitoring system was installed on one bridge (UB) to ensure safe usage, following the Guidelines 2022. The latter will be discussed in the sequel.
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Figure 5. Results of the static assessment on the deck: (a) typical simply supported span, (b) simply supported span within span 4, (c) Gerber girders

In-depth investigation of the prestressing system of Gerber girders

Due to pronounced deflection in span 4 (Gerber scheme), the impact of prestressing on deck deformation is analyzed, trying to correlate the evident lowering to the intrinsic characteristics of the structure and/or to the prestressing system. Starting from the model of spans 3, 4, and 5 (Fig. 4c), prestressing cables are added by using the “Tendon” element command and by considering their actual layout, both planimetrically and altimetrically (Fig. 6a). Prestressing forces acting on cables are estimated starting from the results of the experimental campaign performed to acquire data on the mechanical properties of construction materials. Specifically, de-tensioning tests were performed on 4 wires of different cables, obtaining residual tension values around 630–810 MPa.
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Figure 6. Numerical investigation of the downward deflection of the Gerber scheme spans: (a) developed FEM, (b) analyses in two different phases, (c) on-site picture of UB after the DB demolition

Two typical situations are analyzed: (i) the bridge subjected to dead and permanent loads together with the prestressing forces and (ii) the addition of long-term effects due to creep effects. The applied prestressing forces in phase (i) are reduced by friction losses. Deformed profiles of Fig. 6b are plotted only for the Gerber beams, while the suspended deck is drawn undeformed. Indeed, on-site pictures (Fig. 6c) reveal that the simply supported beam of span 4 does not show any evident deflection. In phase (i), the tendons layout and prestressing fail to ensure upward deflection under permanent structural and non-structural loads, causing the deck to lower by a maximum of 3.1 cm at the half-joints. In phase (ii), creep effects are added following the Eurocode 2,34 which amplifies the initial elastic deformation by a coefficient of 3.3, resulting in a maximum lowering of 10.2 cm. This estimation is conservative as it does not account for the reduction in prestressing due to creep. The numerical displacement profiles (Fig. 6b) match the observed ones during visual inspections (Fig. 6c), indicating that the downward deflection of the deck in the Gerber scheme is primarily caused by the design layout of the prestressing tendons and the cumulative effects of long-term concrete creep instead of damage to the structure.

Local verifications of the half-joints

The verification of the half-joints is based on strut and tie models identified on the basis of the rebar layout found in the construction drawings. Two different types of rebar layouts can be recognized for the end diaphragms hosting the half-joints, one adopted for the sections in correspondence of the box-girder webs (henceforth referred to as ribs) and one for the cell sections between the webs (henceforth referred to as cells). A summary of the main geometric and rebar characteristics is illustrated in Fig. 7a. It is worth explaining that the simply supported deck of span 4 is supported on two devices at each half-joint. Considering the reinforcement layout and suggestions of Eurocode 2, two types of 3D strut and tie models are considered (Fig. 7b): the first (model 1) is suitable for both rib and cell layouts, while the second (model 2) is only for ribs. Exploiting the box-girder transverse symmetry, the strut and tie spatial models are shown in Fig. 7c only for one of the two supports at each half-joint cross-section. From the schematization of model 1, it is possible to observe that, at the support node, all the trusses converge at a point where equilibrium is guaranteed by the presence of the horizontal reinforcements that are the elements governing the crisis of model 1. The global resistance of the half-joint is the sum of the resistance arising from model 1 and model 2, and, for convenience, it is expressed in terms of vertical force acting in correspondence with the support. The latter is compared with the restraint reaction at the support due to dead, permanent, and traffic loads acting on the deck. For the two bridges, the check is always satisfied, with the lower safety factor equal to 1.4.
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Figure 7. Verification of half-joints: (a) half-joint geometry and rebar layouts, (b) strut and tie models from Eurocode 2, (c) spatial strut and tie models for the bridges at hand

Seismic assessment of the overall bridges

The seismic assessment of both bridges is conducted by considering the shear forces and bending moments on piers due to the seismic excitation in conjunction with the vertical actions at seismic conditions. A dynamic analysis with a seismic response spectrum is adopted to determine the seismic demand. The NTC18 prescribes to combine the contribution of vibration modes that mobilize at least 5% of the seismic mass for a total mobilized mass not lower than 85% of the total mass. Hence, 27 vibration modes are taken into account. Then, the seismic action is combined into the three main orthogonal directions of the structure by summing 100% of the action in the main direction with 30% in each of the other two directions.

Two different types of verifications are performed separately, considering the biaxial bending and the shear forces acting at the pier basis. For the former verification, the behavior factor used to obtain the design spectrum is assumed to be equal to 2.0, while 1.5 is assumed for the latter verification. The axial force acting on piers is that produced by the application of permanent loads only. The biaxial bending resistance domain is determined by considering the actual number and layout of longitudinal rebars of the pier base cross-sections. These are different for the two pier typologies, i.e., with hollow and solid cross-section, and they are reported in Fig. 8a. The verifications are not satisfied for piers P1, P2, P3, P4, and P5 when the seismic action is acting mainly in the transverse direction of the bridge, are not satisfied for P3 for the seismic action acting mainly in the longitudinal direction, while are always satisfied for the seismic action acting mainly in the vertical direction. The shear verification at the pier bases is performed by calculating the shear resistance with the formulae provided by the NTC18 and considering the number of stirrup legs located within the shear transfer zones, extending from the compressive to the tensile chords. The latter comprise the overall cross-section for the solid piers and only some sub-parts for the hollow ones, as highlighted in Fig. 8b for the two main orthogonal directions. The shear resistance in the two main orthogonal directions of the bridge piers (transverse and longitudinal) is generally greater than the relevant seismic demand, except for P3 in the transverse direction, where the verification is not satisfied. In any case, the shear verifications provide better results than the biaxial bending ones.
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Figure 8. Seismic verification on piers: (a) geometric dimensions and rebar layouts for the typical solid and hollow pier, (b) shear transverse zone considered for the shear verification on hollow piers

Experimental Campaigns and Continuous Monitoring

The two bridges have been the object of several test campaigns during the 2022–2023 years to improve the knowledge and, consequently, to reduce uncertainties in the safety evaluations, consistently with indications provided by the Guidelines 2022. These tests aimed to deepen the understanding of the bridges’ behavior and to gather data crucial for making informed decisions regarding their use in the transitory period, especially with reference to the open bridge (UB). A summary of the whole experimental campaign is reported in the right-hand side of Fig. 2. The different experimental campaigns are described below, and the main results obtained are discussed.

Static and dynamic tests on both bridges

In March 2022, an experimental campaign began after visual inspections showed significant deformability of the DB under heavy traffic. Extensive static and dynamic tests were conducted on both bridges. The DB was closed to traffic for a whole day and static tests were preliminary performed. A 33.5 t heavy truck was stationed for about 10 minutes at three different points of the longest span (in correspondence with the two half-joints and at mid-span), and the vertical displacements of the loaded points were measured (Fig. 9). Experimental data are compared with numerical results from two FEMs: one initially developed for static deck assessment (Fig. 4b), and another modified version where gaps at half-joints are closed to entrust bending moments. This modification alters the Gerber scheme to a continuous beam scheme, restricting half-joint rotations practically. Comparison (illustrated in Fig. 9) shows that the amount of experimental vertical displacements due to the load moving along the deck is much similar to the numerical ones obtained by considering a continuous scheme. In contrast, the displacement profile is consistent with none of the two models, suggesting that the real condition for the two half-joints is midway between the two models, assuming perfect boundary conditions. Thus, it may be reasonably asserted that the obtained experimental data are affected by the half-joint conditions, characterized by closed gaps, with beams practically in contact with each other. As a consequence, the boundary conditions of the suspended girder are capable of restraining the beam rotation with a consequent transferring of bending moment. Hence, the non-perfect non-symmetric boundary conditions offered by the two half-joints at the edges of the simply supported beam are probably the most responsible for the non-symmetric response of the span during the proof load.
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Figure 9. Results of the static load tests performed on the main span (Span 4) of DB (dimensions of truck geometry are in cm)

On the same day, dynamic tests were conducted as well. At first, Ambient Vibration Tests (AVTs) were performed on both bridges. These tests consist of deploying a sensor array over the bridge deck (generally accelerometers) and measuring the vibrations due to the so-called ambient noise, i.e., vibrations produced by anthropic (e.g., traffic, works) and natural (e.g., wind, ground microtremors) activities. Then, thanks to Operational Modal Analysis (OMA) techniques35 (specifically the covariance-driven stochastic subspace identification-SSI-COV–method),36 the modal parameters that characterize the dynamic behavior of the structure are identified, namely the resonance frequencies with the relevant mode shapes and damping ratios of each vibration mode. The adopted sensor configurations are shown in Fig. 10a: 25 cross-sections were instrumented for both structures even if different sensor layouts were used. Indeed, for DB, three accelerometers per section were employed, two measuring in the vertical direction and positioned on the lateral kerbs of the deck to capture modal displacement components due to bending and torsional modes, one measuring in the transverse direction to detect modal displacement components due to transverse vibration modes. For UB, a reduced number of sensors was adopted due to traffic. However, the adopted number of sensors was sufficient to verify that the UB dynamics were very similar to the DB one. It is worth noting that during the AVTs, the DB was closed to traffic, which was completely redirected on UB, and consequently, the two bridges were subjected to different levels of anthropic excitations, obviously greater (in terms of acceleration amplitudes) for the UB. This may be responsible for the slightly different fundamental resonance frequencies identified for the two bridges. Indeed, focusing on the first mode (Fig. 10b), which is a pure bending mode involving the Gerber girders (span 3, 4, and 5), a lower value of the identified frequency is obtained for the UB; this is consistent with the fact that higher vibrations due to traffic can trigger a slight reduction of the structure initial tangent stiffness and enhance the damping capability, due to the activation of small dissipative mechanisms.37 This effect is also evident in the modal damping ratio, which is a little higher for the UB. Instead, mode shapes, as expected, are almost identical. Summarizing, no substantial variations in the dynamic behavior of the bridges were observed.
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Figure 10. AVTs for both bridges: (a) sensor configurations (measurements are in m), (b) identified modal parameters for the fundamental vibration mode

After AVTs, dynamic tests recorded deck vibrations from truck passages on the closed DB. Accelerometers at section 14 were kept in place to record vibrations from multiple truck passages at a constant speed of 80 km/h. Accelerations recorded by the two sensors measuring in the vertical direction are plotted on the top of Fig. 11a. It is worth observing that they resemble signals obtained from impact tests with the relevant free-damped oscillations; this behavior is heightened by a discontinuity over the deck pavement in the proximity of the half-joint. The Short Time Fourier Transforms (STFTs) of the acceleration time histories are also plotted in Fig. 11a. The signals reveal significant frequency content around 1.78 Hz, corresponding to the deck’s fundamental resonance frequency, associated with a pure bending mode involving the Gerber girders, similar to that identified by OMA. The latter shows a significant frequency content (highlighted with a dashed red line) around 1.78 Hz, corresponding to the fundamental resonance frequency of the deck (pure bending mode involving the Gerber girders, almost the same as identified by OMA). The signals from vertical accelerometers, filtered around the fundamental frequency, were used to calculate damping using the logarithmic decrement method (Fig. 11b). A value equal to 1.53% is obtained, in agreement with the UB damping estimated during AVTs when the bridge was opened to traffic. The parameters estimated from data collected during the truck passage for the DB resulted in values very close to those obtained by the OMA in the case of the bridge closed to traffic. This allowed for comparison and validation of the OMA results while also showing that the passage of a loaded truck did not trigger non-linear phenomena in the structure.
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Figure 11. Dynamic tests with the truck passages: (a) acceleration recordings and relevant STFTs, (b) damping estimation with the logarithmic decrement method

One year later, in April 2023, another experimental campaign was done aiming at investigating the behavior of cracks detected on the half-joints of the UB. During rush hours, crack openings were measured using a displacement transducer mounted on the side of the deck (details provided in the next section). To correlate crack openings with vehicle passages, a camera was installed over the deck and synchronized with the transducer measurements. In the meantime, the vertical displacements of the UB deck were also measured by using a high-definition camera positioned on the west bank of the river, approximately 50 m far from the deck, and pointing at circular sights installed on the UB deck lateral side. The complete test setup is shown in Fig. 12a. Considering the passage of a heavy truck (truck passage 1 of Fig. 12b) as an example, the relevant time histories of the deck vertical displacements around half-joint one obtained with the high-definition camera are depicted in Fig. 12c. The maximum measured deflection was about 4.1 mm. The vertical displacements observed align with those measured during the static tests conducted in March 2022. However, these static tests do not account for dynamic effects. In the meantime, the opening of the monitored crack was measured as well. Fig. 12d shows the evolution of the crack opening during the test campaign; the peak observed during truck passage 1 was minimal (around 2.5 × 10−4 mm), indicating that the bridge’s normal operation, even under heavy loads, did not lead to significant crack openings. This suggests the cracks are unlikely to be caused by regular operating conditions.
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Figure 12. Dynamic tests performed in April 2023: (a) measurement setup, (b) example of a heavy truck passage, (c) vertical displacements of targets installed on the lateral side of the deck in correspondence of the half-joint one due to the heavy truck passage, (d) displacement transducer mounted on a diagonal crack close to half-joint one and (e) relevant displacements due to the truck passage

Finally, in December 2023, AVTs were repeated on the entire DB bridge to update benchmark data for the final destructive experimental campaign scheduled for February 2024 before demolition. These tests used the same instrumentation and sensor setup as in March 2022 (Fig. 10a) focusing solely on the DB. Results are reported in Fig. 13. Comparing the modal parameters of the first mode with those obtained in March 2022 (frequency 1.78 vs 1.81 Hz and damping 0.53 vs 0.38%), it is evident that differences are almost negligible and within the variability due to environmental effects. This confirms that the dynamic of the bridge has not changed during the one-and-a-half-year period. Moreover, by observing the modal parameters reported in Fig. 13, it is interesting to note that the first four vibration modes are global modes of the whole bridge, while the 5th, 6th, and 7th modes are a sort of local modes where only some spans are interested. The latter are typical modes of simply supported span bridges.
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Figure 13. Results of the dynamic identification of DB in December 2023

The correctness of results is also proven by the almost diagonal AutoMAC matrix, which denotes how the identified mode shapes are highly orthogonal to each other. The results of AVTs performed in December 2023 were a key reference point for the analysis of the data collected during the induced damage process of the bridge before its complete demolition. This test campaign was performed in February 2024 and foresaw the progressive damage of prestressing cables of the simply supported span of the Gerber girders. During the induced damage evolution, many static and dynamic tests were performed by different groups coordinated by the FABRE consortium, e.g., AVTs, measurements with high-definition cameras, topographic surveys, measurements of deck deflections with transducers and tiltmeter, etc. However, these tests are still under study, and their outcomes will be disseminated in the future.

The continuous SHM of the bridge open to traffic

In June 2022, the DB was closed to traffic while awaiting demolition and reconstruction; consequently, all the traffic flow was moved to the UB. In conjunction with this decision, the road administrator decided to install an SHM system on the open bridge to guarantee its safety and monitor its use. The monitoring system is a combined static and dynamic system composed of two 3-axial accelerometers mounted on the east kerb of the cross-section, close to the two half-joints, and 8 Displacement Transducers (DT), mounted in pairs on the two lateral faces of each half-joint. The system is powered by solar panels placed on the DB kerb (Fig. 14).
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Figure 14. Static and dynamic monitoring system: (a) SHM system setup and pictures, (b) dynamic and (c) static monitoring results (+ sign means crack opening/widening)

The accelerometers record the structure vibrations under its operative condition 4 times per day (1 every 6 hours) with a sampling frequency of 100 Hz and time duration of 30 minutes; moreover, the dynamic system is integrated by a trigger that activates the recordings and the data saving whenever excessive accelerations of the deck are detected, for instance due to exceptional natural events (e.g., earthquakes, since the bridge is located in a seismic prone area) or exceptional load conditions (e.g., passage of very heavy loads, collisions, etc.). This trigger is set to measure accelerations with orders of magnitude greater than 10−1 g. The displacement transducers are mounted in correspondence with the half-joints to control possible deck crack openings and widenings. They are installed with an extension bar that allows the measurement within 1 m of length to be performed to get the overall value of cracks opening/widening in the section interested by the potential failure mechanisms. These instruments provide one displacement measurement per hour.

The recorded accelerations under the normal use of the structure are processed with AutoOMA techniques to obtain the modal parameters of the bridge. Given the low number of sensors, only the first modes can be identified without much uncertainty. In Fig. 14b the evolution of the identified resonance frequencies for the first two modes is reported for 1 year and half of monitoring. These modes correspond to the 1st and 2nd global modes reported in Fig. 13, whose mode shapes mainly involve the Gerber girders. In addition, the evolution of the air temperature for that area is reported as well, the latter obtained from meteorological websites. As can be noted, the resonance frequency evolutions show a cyclical and seasonal fluctuation that is consistent with the temperature variation. Specifically, an inverse trend is clearly evident for both frequencies, namely, when temperature increases, the frequency decreases, and vice versa. For this reason, data normalization is performed, trying to clean temperature fluctuations on frequency data by using a simple mono-parametric linear regression. Results are reported in the bottom part of Fig. 14b. In this case, frequencies show an almost constant evolution around their mean value, and no abrupt changes are evident, thus proving that the bridge experienced no significant damage during monitoring.

Results of the static monitoring are reported in Fig. 14c in terms of displacement time histories. For each transducer, the mean value of measurements after 1 year monitoring (Jun 2022–2023) is reported in the graphs. This data is useful to compare the measurements neglecting the environmental effects on the crack opening/closing. All values are positive, meaning a widening of cracks, albeit very low, being the maximum one lower than 1 mm.

In October 2023, the static monitoring system was slightly modified, moving DT 4 across one crack (thus removing the extension bar) considered worthy of being monitored alone (the same crack monitored during the April 2023 test campaign and showed in Fig. 12d). Also in this case, in this short period of monitoring (Oct.–Dec. 2023), DT 4 experienced a very low widening, about 0.1 mm in 3 months.

Conclusions

This paper presented a pilot study of the new Italian guidelines from both a scientific and practical standpoint, providing advanced procedures for the classification, evaluation, and management of existing bridges in line with the philosophy of the innovative Guidelines 2022. The objective is obtained by focusing on two existing prestressed RC box-girder half-joint bridges for which issues related to the visual inspections, safety assessments, experimental testing, and structural monitoring are addressed following prescriptions of the innovative Guidelines 2022. To the authors’ best knowledge, this work is one of the first studies in this sense; thus, it offers the first comprehensive discussion in the scientific literature on the application of this multilevel, multi-risk code, proposing, for two prestressed RC box-girder half-joint span bridges adopted as a case study, advanced procedures and considerations for the inspection, safety assessment, testing, and monitoring of the structures. An additional goal is to share such approaches with other researchers and road administrators in the spirit of achieving a best practice for the management of the infrastructure asset and upgrading national standards.
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Table 1. Extract of the inspection form for RC and prestressed beams.

Prestressed RC beam
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Table 2. Determination of the partial and global CoA of the two bridge case studies

Bridge Partial CoA Global CoA
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DB High High Low Medium-High High

UB High High Low Medium-High High






OEBPS/Images/BER_21425008-fig-6.png
Span 3 Span 4 Span 5

() == e P p— b R =

Phase (i): dead and permanent loads + prestressing

o TTTE X | —— —m
(b) 3.3cm 33cm
Phase (ii): addition of concrete creep effects
—— B — e —————————
(o T =R "R
~—— ‘ ‘ _—
10.2 cm 10.2 cm

©






OEBPS/Images/BER_21425008-fig-1.png
60 m

T ' Half-joint ~ Half-joint T
2 1 South abutment

Bré?ige on the R @

' downstream side

abutment : South

abutment
Bridge on the
“)\ upstream side

| 5 M s in meters
— Frontal view Lateral view
— R ) ®
100 4,90 9,900 149 - 9 2 Plan view
Span 3-4 and 4-5 o 65
| ' ] '
\ Span 4 T -
N @
N <
\- L~ P
\k.._._:_: i - (_—’—1_5— ( ;






OEBPS/Images/BER_21425008-fig-4.png
@

(®) Span 5

Spans 1, 2,.6.7.8

Half-joint 2

Half-joint 1

© (@ . Rigid link
General cross-section L Deck support

[—>N

>X






OEBPS/Images/BER_21425008-fig-10.png
(@) 2885

} DQO0E QDR CRE @ PREE 006 BRE@ aRE
g |eslwoel1z6lel 11| 1afolar]alelss]|1aftazfol 9] sala7fals1]4alalss] 13 [86]106]126]
© @ | 33 2 a3 147 305 147 3 2 31 A
@ X . . . . . )\:\
v H=EEE === == == H=EE=E=EEEE f\
Q = SIS e E eI e == B EESIEEEE )
g : S S _ o o
© g :
L P L]
Span 8 % Span 7 % Span 6 % Span 5 E Span 4 i Span 3 % Span 2 gSpan]
(b)
1mode: f=178Hz — £=0.53% 1'mode: f=175Hz — £=176%

DB (close) w

Legend: === A alignment ===@== B alignment ===@== C alignment






OEBPS/Images/copy.png
@0Elo)





OEBPS/Images/BER_21425008-fig-8.png
(b)

$12/20cm

2.0m

$10/40cm $10/40cm

Shear direction
/

Shear direction

$12/20cm

N.101 $20 =

S

3.5m $12/20cm
40m-—- .

’

1.1m 0.45m

\





