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Abstract

:

This study applies the first three levels of analysis outlined in the recent Italian Bridge Guidelines to a stock of prestressed concrete bridges located along the highways connecting the cities of Palermo, Messina and Catania in Sicily, south of Italy. The examined levels of analysis include census, visual inspection and determination of the structural–foundational and seismic Classes of Attention of bridges and viaducts. Data of the census and visual inspection activities were gathered using a custom-made web application. The details, the methodologies and all the features implemented in the web platform were illustrated and discussed. Furthermore, the collected data were described and critically analyzed, offering insights into the strength and limitations of each of the three examined levels of analysis of the Italian Bridge Guidelines. Finally, based on the detected defects and their numerousness with respect to the total number of assessed bridges, the authors proposed a straightforward and practical methodology for prioritizing any subsequent repairing intervention on specific groups of bridges.
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1. Introduction


Bridges and viaducts are considered critical assets of the road infrastructure due to their role in the operation of the whole network and, at the same time, to the existence of numerous factors that may impair their functionality. In particular, the lack of maintenance and/or the increase in traffic loads over the service life of the asset (e.g., due to heavier vehicles or more intense traffic) may cause it to degrade prematurely. Therefore, the structural vulnerability, as well as the associated economic and social costs, grow quickly. The infrastructure heritage of Italy is one of the oldest in Europe, and, furthermore, the Italian territory is prone to different natural hazards like earthquakes, landslides and floods. Despite this challenge, only a few Italian Regions and management bodies have invested in risk assessment of bridges e.g., through agreements with academic research groups [1,2,3].



In Italy, since the Polcevera viaduct (also known as “Morandi” bridge) collapsed in 2018 [4], the management and maintenance of bridges have become issues of extreme interest. In 2020, the Italian Ministry of Sustainable Infrastructure and Mobility (MIT) issued the first version of the “Guidelines for the classification and management of risk, safety evaluation, and monitoring of existing bridges” [5], in the following referred to as the Italian Bridge Guidelines (IBGs). In 2022, the current version of the IBGs was released [6] following a period of experimental application on Italian highways. One of the main goals of the IBGs is to offer a tool for the prioritization of maintenance activities to management bodies. To this aim, the IBGs introduced standard and uniform methodologies for the risk assessment of existing bridges and for monitoring and maintenance activities. In the framework of the IBGs, the “risk” is intended as the possibility of undergoing losses due to failure or reduced functionality of the asset. The evaluation of the overall risk is subdivided in four different categories: (1) structural and foundational risk (i.e., the risk associated with the degradation induced by traffic loads and environmental factors), (2) seismic risk, (3) landslide risk and (4) flood risk.



Due to the great number of bridges and viaducts existing on the Italian territory, the IBGs exploit a multi-level approach with six levels of analysis (ranging from Level 0 to Level 5). With an increase in the level of analysis, the amount of the required information and the complexity of the analysis also increase, while the number of the involved bridges decreases. The first three levels of analysis encompass a series of documental and in situ investigations aimed at collecting information to characterize the hazard (e.g., frequency of heavy vehicle traffic, intensity of the peak ground acceleration), the vulnerability (e.g., structural scheme, level of defectiveness) and the exposure (e.g., average daily traffic, presence of alternative paths) of the bridge for the risks under examination. This information is processed by pre-defined logical flows to obtain the “Class of Attention” (CoA) of the bridge. The CoA can assume five grades, namely, high, medium-high, medium, medium-low or low. Depending on the value of the CoA resulting from the IBG process, the management body establishes the subsequent actions to be implemented on the analyzed bridges (e.g., traffic limitation, conduction of further investigations or adoption of a monitoring system). Note that the management bodies are required to apply these three levels of analysis to all the bridges and viaducts under their management. The application of the subsequent levels depends on the actual condition of the single asset.



The literature about the application of IBGs is mainly focused on the first three levels of analysis (L0, L1 and L2). For instance, Scalbi et al. [7] presented an application of IBGs to a set of sixteen Prestressed Concrete (PC) bridges located in the Lombardia and Calabria Regions. As a result of the use of the IBGs, the above researchers underlined the relevance of the maintenance strategies in the through-life management of structures. Zizi et al. [8] applied the IBGs to a group of sixty road bridges of the Province of Caserta (located in the Campania Region). Based on the collected results, these researchers proposed a new methodology to define an inspection priority ranking. Grieco et al. [9,10] suggested an index-based methodology for the disaster risk assessment of existing bridge portfolios, accounting for a variety of natural and human-made hazards and their potential impact on the roadway network and applied their methodology to a set of bridges located in northern Italy.



This paper presents the results of the first three levels of analysis of the IBGs on a stock of PC bridges located in Sicily, Italy and belonging to the A18 and A20 highways. These results are part of a broader experimental campaign commissioned by the management body of Sicilian highways (Consorzio Autostrade Siciliane, CAS). This campaign is one of the first experimentations of the IBGs carried out in Italy on a large stock of bridges [5,6].



To manage the large set of data involved in the implementation of the IBG procedures, a web platform was developed [11]. The web application processes the collected data and automatically computes the CoA of the bridge under examination. Further, the web application allows the user to filter the data and draw up statistics. The results are displayed through a Graphical User Interface (GUI) in the form of histograms and/or pie charts. The possibility to query the data collected in the web application highlighted the finding that groups of bridges with similar intrinsic characteristics are more likely to develop similar defects and thus require similar maintenance interventions. Based on this observation, a new defect index was introduced in this study as a tool for the prioritization of interventions on bridges. The proposed index allows the management bodies to schedule a plan of interventions on groups of bridges with the same intrinsic characteristics and affected by similar defects. Over time, the adoption of this approach can reduce the number of bridges for which an analysis of Level 3 (or higher) will be required.



The authors note that the analyses presented in this paper refer to the entire stock of the considered viaducts and bridges, without any reference to a single one. The use of the results of census and visual inspections is authorized by the data owner (CAS). Based on the results of the visual inspections, the CAS carried out proper restoration works on their bridges to ensure adequate safety levels.




2. Overview of the IBGs for Existing Bridges


The IBGs adopt a multi-level approach consisting of six levels of analyses (from L0 to L5). Each level requires different actions with increasingly accurate investigations, as summarized in the following:




	-

	
L0. Census of the bridges/viaducts of the road network under examination. This step involves the collection of basic information (e.g., geolocation, geometrical data, structural typology, design code) and the research and acquisition of documentation (e.g., executive drawings, calculation reports, documentation of previous maintenance works).




	-

	
L1. Collection of the information needed to characterize the hazard (e.g., frequency of heavy vehicle traffic, intensity of the peak ground acceleration), the vulnerability (e.g., structural scheme, level of defectiveness) and the exposure (e.g., average daily traffic, presence of alternative paths) of the bridge for the risks under examination. At this level, visual inspections are required to collect the information concerning the state of conservation of the bridge. During the inspection, a qualified operator examines the structural and non-structural parts of the bridge/viaduct and fills in a checklist of pre-defined defects for each structural element, plus a form for all the non-structural elements. Also, the operator verifies the structural and geometric characteristics reported in the documentation of the bridge (if available), as well as the geomorphological and hydraulic properties of the involved area. In this phase, “Critical Elements” (CEs) of the bridge are identified by the inspector as the physical elements or conditions whose inherent fragility combined with a high level of defectiveness can impact the overall behavior of the bridge.




	-

	
L2. Elaboration of the information collected in the previous levels though pre-defined logical flows to obtain the “Class of Attention” (CoA) for each of the four categories of risk [i.e., structural–foundational (CoA-SF), seismic (CoA-S), landslide (CoA-L) and flood (CoA-F)] and, finally, the synthetic value of the CoA. Based on the synthetic value of the CoA, a decision can be made on subsequent actions to be implemented (e.g., traffic limitation, further inspection campaigns, refurbishment interventions). In particular, specific inspection campaigns are mandatory for bridges with medium or medium-high CoAs, whereas accurate structural assessments (L4) are required for bridges with high CoA.









Depending on the CoA resulting from the analysis of Level 2, the higher levels of analysis may be activated. These levels are defined as follows:




	-

	
L3. Preliminary structural assessment of the structure in order to recognize the need for a detailed analysis of level L4. The numerical calculations required at level L3 aim to estimate the minimum safety level required by the codes at the time of construction of the bridge compared with the safety level required by the current Italian construction code (NTC18) [12].




	-

	
L4. Accurate structural assessment of the bridge/viaduct according to NTC18 and the IBGs. The IBGs identify three different conditions —“passable”, “operative”, and “adequate”— for an existing bridge as a function of the vehicle load models and the safety level resulting from the L4 assessment. The “passable” condition is related to a maximum time of 5 years, during which the design and execution of safety works must be completed, and, contextually, the limitations of bridge utilization are applied. The “operative” condition is related to an assessment that is performed considering vehicle load models in a period of 30 years. Finally, the bridge is considered “adequate” when the requirements of NTC18 are satisfied.




	-

	
L5. Accurate transportation assessment of the bridge/viaduct within the road network to which it belongs. This level of analysis is currently only established but not yet covered by the IBGs.









In addition to the visual inspections reported in Level 1, the IBGs also consider “Special Inspections”. These inspections are targeted at bridges that fall in areas with evidence of landslides and/or alluvial phenomena and at post-tensioned concrete bridges. Indeed, for these latter typology, visual inspections and common non-destructive investigation techniques may not provide a sufficient description of the actual state of degradation of the post-tensioning system [13]. Depending on the findings of the Special Inspection, the assessment may progress through Level 1 as per the normal case or go directly to a Level 4 detailed assessment. Insights about the Special Inspections are out of the scope of this paper.



This study focuses on the levels of the IBGs as related to the classification of risks and planning of interventions, i.e., L0, L1 and L2. The visual inspections carried out on the stock of bridges investigated in this study were aimed at the evaluation of the structure–foundation (CoA-SF) and seismic (CoA-S) risks only. Consequently, the CoAs related to the other risks (CoA-L and CoA-F) are not discussed in this paper.




3. The Stock of PC Bridges


The protocols of the IBGs were applied to a stock of 301 PC bridges. These bridges belong to the A18 and A20 highways, which connect the cities of Messina and Catania (east side of the Sicily Island) and Messina and Palermo (north side of the Sicily Island), respectively. Both A18 and A20 were completed in the early 1970s and are more than 50 years old. Even though the north and east coast territories of Sicily have been affected by relevant seismic events during the last century (e.g., the Messina strait earthquake in 1908), the bridges of both A18 and A20 were designed and built without significant seismic provisions.



Although the stock under examination consists of different typologies of bridges—the simply supported one is the predominant—made with different materials and construction techniques [e.g., deck with Reinforced Concrete (RC), PC or Steel–Concrete (SC) beams], the PC technology is the most frequent [14,15]. A typical example of a PC bridge on the A18 and A20 highways is shown in Figure 1. Indeed, the predominance of the PC technology as a construction technique for bridges is recurrent throughout the whole Italian infrastructure heritage. Santasiero et al. [16] examined a portion of the State Road SS 658, connecting the towns of Potenza and Melfi in the Basilicata Region (Southern Italy), analyzing a stock of 48 bridges. A total of 71% of the stock examined by the researchers (34 bridges) were built using the PC construction technique. The Fabre Consortium [17] recently published the first results of the experience carried out for the implementation of the IBGs on a large inventory of bridges distributed over the Italian territory, which is mainly made up of PC structures. As a further confirmation, 95% of the Italian bridge database maintained by the Eucentre foundation [18] is made of PC bridges. In addition, a PC bridge can be pre- or post-tensioned, and this characteristic is a key difference because the pre-tensioned system, which is usually made up of sub-horizontal cables in precast girders, is a little exposed to corrosion phenomena. A post-tensioned girder, instead, could be prone to corrosion because the tensioning of cables is carried out on site, and, especially for old structures, it is a source of specific defects, like the leakage of grout, that can facilitate strand corrosion. The post-tensioned system is widespread along highway A20, where several PC bridges/viaducts of significant length are present. Highway A18 is, instead, characterized by several precast bridges/viaducts built with the pre-tensioned system.



3.1. Database Collection


The census activity and the visual inspections required by Level 0 and Level 1 of the IBGs were carried out by qualified inspectors, designated by CAS following an open and competitive selection. The results of these activities were returned in the form of photos and spreadsheet files. Initially, the data were checked by an algorithm programmed to search for incorrect or missing entries or unexpected types of data. This preliminary check highlighted some common filling-in issues. For example, a common error encountered in the census form (L0) and in the descriptive form (L1) consists of the entry of incorrect geographical coordinates of the bridge location that were incorrect or provided in an inappropriate reference system. Also, in the case of open-answer fields, the lack of a predetermined list of allowed responses and the absence of a user manual to guide the inspector caused non-homogeneous or ambiguous compilation. In addition, the operators must indicate the extension (k1) and intensity (k2) of the detected defects by filling out a predetermined form (see an example in Figure 2) in which the admissible values are 0.2, 0.5 and 1. However, it was found that the operators sometimes provided values of k1 and k2 factors equal to 0.2 and 0.5 even in cases where the inspection form (L1) allowed the entry of a unit value only.




3.2. The Web Platform


In order to easily update, manipulate, filter and query the database, a customized web application was developed. A web application was based on the “Software as a Service” (SaaS) model, which consists of hosting a software in a cloud environment (client-server architecture). The client part of the web application, running on the browser of the user, held the functions of acquiring and displaying information; the server part, usually resident on a remote computer, received the input data and provided the client with the processed data, formatted in JavaScript Object Notation (JSON) format. The client was a HTML5/CSS/JavaScript front-end arranged in several reusable components designed in a responsive way to adapt the view at the devices commonly available in the current market. All the data were stored on a server, where a MySQL relational database was installed and managed through customized PHP scripts. The exchange of data between client and server was available through an API system [19], which was designed to perform queries to the database retrieving and processing the selected data. Compared to classic desktop applications, this model offers significant advantages in both terms of use and maintenance. In fact, it allows the user to access and use the web application from anywhere through an internet-connected device and a personal account. Further, since the software runs on a remote server, the resources of the local client are preserved. Finally, since no local software installation is required, it is possible to develop and maintain a single version of the software.



The bridge data were organized in a tree-structure of folders and subfolders, with the main folders named after the highway and the subfolders labeled with the name of each bridge. In the GUI, the data of the single bridge were organized in collapsible forms, one for each level of analysis (L0, L1 or L2), according to the scheme proposed by the IBGs (Figure 2). The GUI allowed both the visualization and editing of each datum (i.e., input, modification and elimination). The entry or change in a data item triggered the re-calculation of the CoA. The same data stock can also be visualized in a map view, as shown in Figure 3, in the case of the bridges of A18.




3.3. Geometrical Properties of PC Bridges


The maximum length of the girder, which is defined as the longest of the span lengths between two consecutive supports of the bridge, and the maximum height of the piers are the parameters chosen to characterize the geometry of the 301 investigated bridges. In detail, Figure 4 shows the relative frequency of the values of the maximum girder length and the maximum pier height for the investigated bridges of A18 and A20. The maximum girder length is often in the range from 20 to 30 m for bridges belonging to A18 and in the range from 25 to 35 m for those belonging to A20. However, in a few bridges belonging to A20, the length of the girder exceeds 100 m. The maximum pier height is always less than or equal to 20 m for the bridges of highway A18, with a predominance in the range from 0 to 10 m. Piers belonging to bridges of A20 have a maximum height up to 55 m, with a predominance in the range from 0 to 15 m. Note that the maximum height of the piers is dependent on the presence of hills and/or valleys and is highly influenced by the morphology of the territory.





4. Risk Analysis of the PC Bridges


In this research work, the CoA of each bridge is evaluated for the structural–foundational risk and for the seismic risk. The evaluation of these risks depends on hazard, vulnerability, and exposure parameters, which are, in turn, subdivided into primary and secondary parameters as provided in the IBGs. Specifically, primary parameters are used to formulate a preliminary evaluation of the hazard/vulnerability/exposure level for the risk under examination. This preliminary evaluation is then modified according to secondary parameters to obtain the final value of the hazard/vulnerability/exposure level (i.e., the hazard/vulnerability/exposure class). The evaluation is based on a scale of five grades that includes low, medium-low, medium, medium-high and high grades.



The primary parameters that define the hazard for the structural–foundational risk are the maximum permissible mass of vehicles and the transit frequency of commercial vehicles (i.e., vehicles with carrying capacity greater than 3.5 t). In this case, no secondary parameters are provided by the IBGs. The primary vulnerability parameters consist of the basic structural characteristics of the bridge (i.e., static scheme, maximum girder length, number of bays) and its level of defectiveness. The evaluation of this latter parameter is discussed in more detail in the following section. Secondary parameters consist of information about the rapidity with which degradation phenomena evolve (i.e., construction period) and the code considered for design. Note that, according to IBG provisions, the presence of a certain level of defectiveness is considered more severely for recent bridges designed according to recent codes. This severe consideration is because, the level of defectiveness being equal, the progression of degradation is faster in newer bridges. The static scheme is the same for all investigated structures, while the number of PC bridges with different maximum girder lengths and number of bays is reported in Figure 5. It is clear that the morphology of the territory influences these characteristics of bridges/viaducts. Most of the PC bridges of highway A20 are multi-span and have a maximum girder length greater than 25 m. This finding is also confirmed by Figure 4, which shows the relative frequencies of the girder length. Highway A18 has, instead, a reduced number of multi-span PC bridges/viaducts with respect to highway A20. Also, the maximum length girder is distributed between the various ranges of length considered.



The exposure primarily depends on the Average Daily Traffic (ADT) and average span length. The preliminary value of the exposure parameter is modified depending on the existence of alternative routes, the typology of the bypassed obstacle (e.g., roads, rivers, valleys) and transit of hazardous materials.



The hazard associated with the seismic risk is a function of the local properties of the site, both in terms of Peak Ground Acceleration (PGA), topographic category (primary parameters) and subsoil stratigraphy (secondary parameter). The vulnerability level associated with seismic risk depends on the same parameters that define the vulnerability in the case of a structural–foundational risk. The only difference is the possible presence of CEs that are defined for the CoA-S. Similarly, the exposure level is evaluated based on the same parameters used in the case of a structural–foundational risk. However, in the case of a seismic risk, the preliminary exposure level is adjusted depending on a further secondary parameter, i.e., the inclusion of the bridge in a strategic infrastructure plan of emergency.



The estimation of the transit frequency of commercial vehicles and of the ADT has been made based on the count of all vehicles passing through the toll stations along both A18 and A20 highways. These data were provided by CAS. The analysis of the traffic data highlighted that the number of vehicles/days was always high (i.e., more than 700) on A18 highway, while, on highway A20, the average number of the transits per day was medium (i.e., between 300 and 700) from tollgates 1 to 14 and low from tollgates 14 to 28 (i.e., less than 300) [14,15].



The value of PGA was indicated by the inspectors based on the national seismic hazard map, while the subsoil stratigraphy was assumed as the worst condition in accordance with the standard code [12] due to the lack of specific data. Figure 6 reports the number of PC bridges of highways A18 and A20, respectively, for different values of PGA at the bedrock. Several bridges of highway A18 are localized on sites with high values of PGA (i.e., >0.25), while a large number of bridges, belonging to highway A20, are on sites with medium-high values of PGA (i.e., between 0.15 and 0.25).



4.1. Evaluation of the Level of Defectiveness


The evaluation of the level of defectiveness is a function of both the results of the visual inspections and the criteria indicated in the IBGs. For each type of structural element (i.e., slab, girder, pier, abutment, etc.), the IBGs provide a specific form with a pre-established list of defects (defect forms). During the inspection, a qualified inspector identifies all the structural elements of the bridge and fills in a defect form for each one of them. This procedure was introduced in the latest version of the IBGs [6]. According to the previous version of the IBGs [5], the inspectors were allowed to report the observations relative to a homogeneous group of elements on a single defect form (e.g., a single form for the girders, a single form for the slabs, etc.). The data concerning the defectiveness level used in this paper were collected according to this latter procedure.



All the defects reported in the defect forms are listed in an official document attached to the IBGs. In this document, each defect came with a brief description, a unique identification code and a pre-defined “grade of importance” (G), ranging from 1 to 5. For each defect on the defect form, the inspector assigned a value to the extension (k1) and intensity (k2) factors. In addition, in the case of defects characterized by high values of G (i.e., 4 or 5), the inspector may report whether the detected defect has the potential to affect the static condition of the bridge.



A selection of the defects detected in bridges of A18 and A20 highways are shown in Figure 7, namely, passive (ca-cap_1, G = 1, Figure 7a) and active (ca-cap_2, G = 3, Figure 7b,c) humidity spots, erosion of the external layer of concrete (ca-cap_3, G = 3, Figure 7a,b), spalling of the concrete cover (ca-cap_5, G = 2, Figure 7c–f) and presence of oxidized and corroded rebars (ca-cap_6, G = 5, Figure 7d–f) or stirrups (ca-cap_16, G = 3, Figure 7d–f).



In this phase, Critical Elements (CEs) of the bridge should be identified by the inspection team. The IBGs refer to CEs as both physical elements and adverse conditions whose inherent fragility, combined with a high level of defectiveness, may affect the structural behavior of the bridge. As an example, the IBGs indicate Gerber saddles and prestressing tendons (i.e., well-defined structural components) as well as the existence of extensive crack patterns on a member (i.e., a condition that may exist on multiple structural elements) as CEs for the determination of the CoA-SF. In the case of the CoA-S, the IBGs indicate worn out/damaged bearings as CEs.



However, the IBGs do not provide an exhaustive list of CEs nor a correlation between CEs and the defects provided in the forms. Based on the definition of a CE and on the examples provided by the IBGs, a group of defects was identified, whose presence is related to the existence of CEs. Since the procedure of evaluation of the CoA established by the IBGs is defect-based, this step is necessary for the implementation of an algorithm for the calculation of the CoA. The defects identified as CEs for the determination of the CoA-SF are as follows: piers or abutments out of plomb (dif-gen_6, G = 5), movements undermining bridge foundations (ril-fond_1, G = 5), movements of the foundation (ril-fond_5, G = 5), worn sheaths and the oxidation of prestressing wires (cap_7, G = 4), exposed and oxidated prestressing wires (cap_8, G = 4), cross-section reduction in prestressing reinforcement (cap_9, G = 5), the breakage of prestressing bars or anchorage failure (cap_12, G = 5), the presence of diagonal cracks (ca-cap_10, G = 5), the presence of rushing cracks (ca-cap_13, G = 4), the bending of rebars (ca-cap_17, G = 5) and the defects on Gerber saddles (ca-cap_24, G = 5). Note that, in the latest version of the IBGs, the defect ca-cap_24 associated with Gerber saddles was removed from the list of considered defects. In fact, the definition of this defect was found to be too vague and caused this defect to be reported even in the case of saddles in overall satisfactory condition. However, this defect was maintained here since it was considered at the time of the inspection activities.



The additional defects identified as CEs for the determination of the CoA-S are as follows: a blockage of the bearing (app_3, G = 4), the squashing of plumb bearings (app_6, G = 4), the excessive lateral deformation of rubber bearings (app_8, G = 4), the squashing of rubber bearings (app_9, G = 4) and a loss of the circular shape of roller bearings (app_13, G = 4). To facilitate the reading of the main defects detected on the investigated PC bridges/viaducts, they are listed in Table 1.



For each structural element, the IBGs provide criteria for the attribution of the level of defectiveness based on the number of the identified defects, their grade of importance, the values assumed by their extension and intensity factors and the presence of any CEs. To evaluate the level of defectiveness of the whole bridge, the IBGs require the following steps, suitable for multi-bay simply supported bridges: (1) Organize the structural elements of the examined bridge in two macro-groups: substructure and superstructure. The substructure group contains abutments, piers, foundations and bearings, whereas the superstructure group contains the other elements. (2) Organize the elements of the superstructure in as many subgroups as the number of bays of the bridge. Each subgroup contains girders, slab, joints and transverse beams. (3) Based on the level of defectiveness of the elements in the group, evaluate the level of defectiveness of the bays and the substructure. Finally, attribute to the bridge the maximum level of defectiveness evaluated for the bays and the substructure. The IBGs provide quantitative criteria to attribute the level of defectiveness to a group (i.e., the number of elements in a group with a certain level of defectiveness). Note that, in the case of the examined bridges, the superstructure subgroups collapse in one group only, regardless of the number of bays. This action occurs because the defectiveness data were collected for homogeneous groups of elements (e.g., defectiveness data of all girders were collected in one single form). The results of the inspection activities were catalogued by means of the web application. This action allows users to easily filter the data to find the number of occurrences (N) of a specific defect with a certain value of the extension and intensity factors (k1 and k2) in the considered group of bridges. The number of times a defect was identified is indicated with the symbol Nki,l, where i = 1, 2 refers to the extension or the intensity factor, and l = 0.2, 0.5 or 1.0 refers to the considered grade.



As an example, the charts in Figure 8 and Figure 9 show the values of Nk1,l and Nk2,l (l = 0.2, 0.5 or 1.0) in the case of PC girders of bridges of highways A18 and A20, respectively. The most frequently reported defects for this category of members are as follows: water traces due to inefficient rainwater drainage systems (dif-gen_1, G = 3), passive (ca-cap_1, G = 1) and active (ca-cap_2, G = 3) humidity spots, erosion of the external layer of concrete (ca-cap_3, G = 3), spalling of the concrete cover (ca-cap_5, G = 2) and presence of oxidized and corroded rebars (ca-cap_6, G = 5). In the subgroup of bridges belonging to the A20 highway, the following defects are also frequent: uncovered or oxidized stirrups (ca-cap_16, G = 3) and defects in the Gerber saddles (ca-cap_24, G = 5). Table 1 reports the main defects detected on the investigated PC bridges/viaducts. For a complete list of the detectable defects, the reader is referred to Appendix A of [15].




4.2. Calculation of the Classes of Attention


Once the hazard, vulnerability and exposure classes have been evaluated for the risk under examination, the evaluation of the CoA is straightforward. The IBGs provide a set of five tables (one for each hazard class) that give the value of the relevant CoA for assigned values of the vulnerability and exposure classes.



Figure 10 condenses the results of the calculations of the structural–foundational (CoA-SF) and seismic (CoA-S) CoAs for the PC bridges of A18 and A20 highway, respectively.



The histograms show that the CoA-S is generally higher than the CoA-SF for the bridges of both A18 and A20 highways. It can be justified because the hazard related to the CoA-SF is dependent on the traffic load frequency and is higher on highway A18 than on highway A20. By contrast, the seismic hazard is influenced by the seismic property of the site of the bridge in terms of both PGA and soil class. As reported in Figure 6, several bridges of highway A18 are on sites characterized by high PGA (i.e., ≥0.25), while almost all the bridges of highway A20 are on sites with medium-high PGA (i.e., between 0.15 and 0.25). This feature (related to a site-specific factor) together with the fact that the highways have a higher exposure class in the case of the CoA-S (involved in the local emergency plan), leads to the achievement of a discrepancy between the CoA-S levels for the PC bridges of highways A18 and A20, respectively. In addition, the lack of data has led to assume the worst subsoil stratigraphy classes to determine the seismic hazard. The subsoil class is a secondary parameter in the estimation of seismic hazards, and when the IBGs provide that for the subsoil of category C, D or E, the hazard levels increase. However, when the seismic vulnerability is high, the CoA-S is still high regardless of the other two parameters (hazard and exposure). Therefore, it was only in a limited number of cases that the assumption about the subsoil category was able to influence the CoA-S. In any case, a correct estimate of the subsoil category would be appropriate.



The application of the IBGs to the stock of PC bridges returned with the finding that 64 and 108 of the 301 bridges were classified as having a high CoA-SF and CoA-S, respectively. According to the IBGs, the bridges with a high CoA-SF (21% of the examined stock) have a high value of the synthetic CoA, regardless of the value of the CoA-S, CoA-L and CoA-F. Moreover, these results are almost in line with those obtained in [18], even if the latter are obtained considering all the construction typologies and not only the PC bridges.



For the PC bridges with a high CoA, the IBGs require a Level 4 analysis, i.e., an accurate evaluation of the safety level to be carried out according to the provisions of NTC18. This requirement means that in-depth investigations (e.g., evaluation of the mechanical properties of materials, assessment of residual prestress levels in wires) and an onerous numerical analysis are required for 20% of samples [20,21,22,23,24]. To perform a correct assessment study, the knowledge of the conditions of the bridge is fundamental. The structural analysis will have to take into account the results of the inspection activities, focusing on potential issues related to the tendon deterioration. In the literature are available some case study investigations regarding the sudden collapse of PC bridges mainly due to fractured strands and failure of the prestressing tendons as a consequence of their deterioration because of corrosion [25,26].





5. The Prioritization Defect Index


In this section, a defect-based prioritization index (in the following indicated as Prioritization Defect Index, PDI) is suggested and applied to the stock of bridges belonging to A18 and A20 highways. The purpose of the PDI is to highlight the defects that are frequently reported for a certain group of bridges, with a magnification depending on the grade of importance of the defect and on the associated levels of intensity and\or extension. The higher the PDI, the greater the influence of the defect in the level of defectiveness of the considered group of bridges. The application of the PDI to a stock of bridges may help management companies in planning targeted maintenance operations, thus reducing both economic and social costs. In addition, scheduled maintenance allows for the reduction in the level of defectiveness and, therefore, the CoA.



The value of the PDI for a certain defect reported for the bridge stock is given as follows:


  P D I =    G /   G  max          K 1   K 2     



(1)




where G/Gmax is the ratio of the grade of importance of the defect to the maximum grade of importance (i.e., Gmax = 5), and K1, K2 are two coefficients introduced to include the influence of the extension and intensity factor (k1 and k2) on the PDI. These coefficients are evaluated according to the following expression:


   K i  =      ∑ l   l ⋅  N   ki , l         N b      



(2)




where Nki,l is the number of times a defect with an assigned value of the extension (i = 1) or intensity (i = 2) factor (l = 0.2, 0.5 or 1.0) is counted in the considered stock of bridges, and Nb is the number of bridges of the stock.



The PDI returns a value ranging from 0 to 1. Note that the PDI is not influenced by the number of examined bridges because K1 and K2 are normalized with respect to Nb.



In Figure 11 and Figure 12, the defects detected on the PC girders of the bridges on highways A18 and A20, respectively, were used to calculate the PDI.



In general, the defects with the highest PDI values involved the concrete surface of girders, as already noted in the previous section. In particular, the highest values of PDI are due to the following: water traces due to inefficient rainwater drainage systems (dif-gen_1), passive (ca-cap_1) and active (ca-cap_2) humidity spots, erosion of the external layer of concrete (ca-cap_3), spalling of the concrete cover (ca-cap_5) and oxidized and corroded steel bars (ca-cap_6).



The defects detected on slabs, piers and abutments of the same stock of bridges (Figure 11b and Figure 12b) are in line with those of PC girders and RC beams. In detail, the PDI values of the most severe defects on slabs, piers and abutments range from 0.10 for (dif_gen_1) on concrete slabs to about 0.35 for (ca-cap_3) on abutments. The defects that involve the erosion of the external layer of concrete (ca-cap_3) of slabs and piers and the oxidized steel bars (ca_cap_6) of concrete piers have values of PDI from 0.15 to 0.20.



These results clearly indicate that the bridges of the stock generally suffer from the effects of an inefficient rainwater drainage system. This indication may help the infrastructure management in planning an intervention campaign aimed at replacing/fixing downpipes and drains and, subsequently, restoring the degraded surfaces of girders, RC beams, slabs, piers and abutments.



The types of interventions suggested in light of the PDI values, which were obtained for each defect considered, can be implemented on all the considered PC bridges. In the analysis herein presented, all the defects considered by the IBGs for the PC bridges were taken into account.



In order to facilitate the planning of interventions on groups of bridges by the managing body, it is possible to identify groups of defects from the list proposed by the IBGs for which common types of intervention are possible. At the same time, it is also possible to select subgroups of bridges within the considered stock based on target values of the PDI. By cross-referencing these results, groups of bridges affected by common types of defects can be selected to plan common types of interventions.



Furthermore, in order to define targeted interventions on individual bridges, it may be possible to integrate the information obtained by means of the PDI values with information relating to the characteristics of individual bridges and plan ad hoc interventions for each structure.



The described potential applications of the combined proposal PDI and data collected could be implemented in future works with the help of the developed web application.




6. Conclusions


In this paper, the methodology introduced by the recent Italian Guidelines for the classification and management of the risk, safety evaluation and monitoring of existing bridges (Italian Bridge Guidelines, IBGs) was applied to a stock of 301 PC bridges belonging to the A18 and A20 highways (Sicily, Italy). The data collected by the infrastructure management within the first two levels of the methodology (i.e., L0 census of the bridge stock and L1 defects identification) were organized in a custom-made web application to ease the analyses required for the application of Level 2. The analysis of the data collected in L1 revealed that the most common defects in the considered stock of PC bridges involved the concrete cover of the reinforced and prestressed concrete members. The cause of these defects is mainly attributable to an inefficient rainwater drainage system combined with a lack of maintenance during past decades. This problem caused, in turn, a washout of the affected concrete surfaces, corrosion of the outer reinforcement layers and cracking and spalling of the concrete cover due to the increased volume of corroded reinforcement.



Based on the application of protocols of the first three levels of the IBGs to the considered stock of bridges, the following observations and conclusions were drawn:




	-

	
A preliminary check on the data collected by inspectors revealed systematic input errors and ambiguous data entry due to the numerous open questions proposed in the L0 and L1 forms. It is the opinion of the authors that a multiple-choice formulation of the questions proposed in the forms may be more appropriate in view of an automatic evaluation of the answers.




	-

	
Critical Elements (CEs) are given a great weight in the determination of the Class of Attention (CoA) of the bridge. The IBGs provide a general definition and some examples of what a CE is but does not provide an exhaustive list of CEs, nor a correlation of CEs with the defects provided in the defect forms. According to the authors, this item has the potential to undermine the objective application of the IBGs since each inspection team is given the possibility to establish which group of defects is associated with one or more CEs. A possible solution would be to provide a list of defects associated with CEs for each structural typology and each CoA. In this paper, a list of defects associated with CEs was proposed in the case of multi-bay, simply supported PC bridges for the CoA-SF and CoA-S.




	-

	
Although the initial version of the IBGs provide some differentiation in attributing the level of defectiveness between CEs associated with defects with a high grade of importance (G) or medium grade of importance, the extension or the intensity of the defect is not taken into account. However, it is worth of note that some recent procedural suggestions of the Italian National Agency for Railways, Road and Motorway Infrastructure Safety (ANSFISA) suggest a methodology to take into account the different levels of intensity and extension of defects.




	-

	
The application of the methodology provided by the IBGs to the stock of 301 bridges led to the attribution of a high structural–foundational CoA (CoA-SF) in 21% of the examined bridges and a high Seismic CoA in 35% of the cases. This result means that detailed (and onerous and time-consuming) structural and seismic assessments are required for a large number of bridges.




	-

	
A Prioritization Defect Index (PDI) was proposed as a decision-making tool for the planification of maintenance campaigns on large stocks of bridges. The PDI assumes a value in a range from 0 to 1, depending on the frequency with which a certain defect of importance G occurs in the sample with a given extension k1 and intensity k2. Defects with high values of the PDI should be the focus to design the subsequent maintenance campaign. This focus allows users to plan targeted interventions on the entire stock of bridges, minimizing the economic and social costs.









Potential developments of this research work might include the following:




	-

	
The development of more refined uses of PDI values by selecting groups of bridges affected by common defects and incorporating the properties of each structure in order to plan interventions targeted for groups of bridges or for a single bridge;




	-

	
The integration of the other two hazards considered in the IBGs, i.e., floods and landslides.
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Figure 1. Two examples of PC bridges assessed along A18 and A20 highways. 
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Figure 2. Form for visual inspection of PC girders (web app screenshot). 
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Figure 3. Geographical positions of PC bridges on highway: (a) A18 and (b) A20 (web app screenshot). 






Figure 3. Geographical positions of PC bridges on highway: (a) A18 and (b) A20 (web app screenshot).



[image: Infrastructures 09 00196 g003]







[image: Infrastructures 09 00196 g004] 





Figure 4. Relative frequency (fr) of length of girders (L) and maximum height of piers (H). 
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Figure 5. Maximum girder length and number of bays of the investigated PC bridges: (a,b) A18; (c,d) A20. 
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Figure 6. Peak ground acceleration at bedrock for the investigated PC bridges: (a) A18 and (b) A20. 
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Figure 7. Some defects identified on PC bridges of A18 and A20 highways. 
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Figure 8. Number of defects detected on PC girders of bridges of highway A18 at different (a) extension and (b) intensity grades. 
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Figure 9. Number of defects detected on PC girders of bridges of highway A20 at different (a) extension and (b) intensity grades. 
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Figure 10. Structure–foundation (SF) and seismic (S) classes of attention of investigated PC bridges: (a,b) A18, (c,d) A20. 
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Figure 11. Prioritization defect index for PC bridges of highway A18: (a) PC girders and RC beams, (b) slabs, piers and abutments. 
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Figure 12. Prioritization defect index for PC bridges of highway A20: (a) PC girders and RC beams, (b) slabs, piers and abutments. 
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Table 1. List of the main defects detected on the PC bridges of highways A18 and A20.
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	Code
	Description
	Code
	Description





	dif-gen_6, G = 5
	piers or abutments out of plomb
	ca-cap_13, G = 4
	presence of rushing cracks



	ril-fond_1, G = 5
	movements undermining bridge foundations
	ca-cap_17, G = 5
	bending of rebars



	ril-fond_5, G = 5
	movements of the foundation
	ca-cap_24, G = 5
	defects on Gerber saddles



	cap_7, G = 4
	worn sheaths and oxidation of prestressing wires
	app_3, G = 4
	blockage of the bearing



	cap_8, G = 4
	exposed and oxidated prestressing wires
	app_6, G = 4
	squashing of plumb bearings



	cap_9, G = 5
	cross-section reduction in prestressing reinforcement
	app_8, G = 4
	excessive lateral deformation of rubber bearings



	cap_12, G = 5
	breakage of prestressing bars or anchorage failure
	app_9, G = 4
	squashing of rubber bearings



	ca-cap_10, G = 5
	presence of diagonal cracks
	app_13, G = 4
	loss of circular shape of roller bearings
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