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Abstract

:

This paper provides a discussion and thoughtful application on a large sample of the procedures for the classification of existing bridges recently adopted in Italy and defined within the Italian Guidelines for the classification, risk management, safety evaluation and monitoring of existing bridges and the early published Operating Instructions. Focusing on the classification at the territorial level, first the logic flows to the classification on the base of the structural risk are shown, resulting in the definition of the “structural warning class”, providing the motivations that support the criteria for the definition of such procedures. Then, a statistical analysis of the results obtained from the classification of 661 existing Italian bridges is performed, focusing on the vulnerability classification and on the influence of each parameter on its evaluation.
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1. Introduction


Bridges are crucial elements in transportation networks that allow crossing natural and artificial obstacles. Indeed, being generally more complex and costly infrastructures than the roads themselves, they are less numerous and redundant, and often greatly reduce the resilience of the network. A failure or simply a loss of performance of a bridge generates important consequences on the whole road network and distribution of traffic.



Despite being such crucial elements, the attention of stakeholders to bridges has not always been sufficient in the last few decades. Most worldwide existing infrastructures are dated and are degrading due to ageing, environmental stressors, human-made hazards and natural hazards (e.g., earthquakes and hurricanes) [1]: in China, 418 reported bridge collapses occurred during the period of 2009–2019, mainly caused by flooding, scouring, collision, overload, design defects and earthquakes, wind or fire [2]; in the United States, in the years 1989–2000, a total of 503 bridge collapses were reported, mainly due to floods and scours [3]. Finally, in Italy, there have been at least 10 important bridge collapses from 2013, causing injuries, deaths and huge economic losses.



Many authors in the last few years have been interested in analyzing the causes of bridge failure [3,4,5,6]. Together with natural hazards, ageing, bad preservation conditions, and overloads [7] are the main causes of structural failures. Indeed, a great number of bridges, especially in Europe, have been built after the second world war in an emergency phase, favoring the loss of the original design documents and drawings. Zhang et al. [8] give a comprehensive review of the multiple causes and statistical characteristics of bridge failures, highlighting that the causes of bridge failures are related to the regional economy, structural type, type of use, material type, and service age, and providing a list of the leading causes of bridge failures.



Although the necessity of a structured approach for the management of existing buildings was already predicted some decades ago [9], the recent failures and the abovementioned considerations have highlighted the extreme vulnerability of the infrastructural assets and drawn social and technical attention to the need for evaluating bridges’ safety and defining proper management procedures [2,10,11]. In this regard, there are many well-established Bridge Management Systems (BMS) in the technical literature, aiming at supporting bridge asset management and optimizing the economical investment for preservation [12,13,14,15,16,17,18].



In the vast scenario of the several BMSs in use all over the world, it is however possible to identify some common aspects. First of all, most BMSs base the classification system on the quick evaluation of a Bridge Condition Index (BCI): this index represents the conservation status of the bridge structural elements and is used to define a priority order for a preliminary list of the most damaged structures [19]. The second common aspect is the execution of the visual inspections as the starting point for the determination of the BCI. The visual inspections are necessary for identifying the current conservation status of the bridge and the presence of any degradation phenomena, which must be defined by the inspector in intensity and extension using numerical coefficients.



In most cases, the BCI is obtained as a sum or product of factors only related to the bridge state of preservation, hence factors connected to different sources of risk are not involved. In these cases, the BCI surely gives information about the needs of maintenance activities, but not considering all the relevant sources of risk [20]. To consider them, some methods propose to adjust the BCI by considering coefficients related to other characteristics, such as the traffic volumes or factors related to seismic and hydrogeologic hazards. In these cases, the main issue can be that all these factors are gathered in a single numerical value. Indeed, it is not possible to distinguish the importance of each aspect in the evaluation of the intervention priority, and it does not consider that structural, seismic, and hydrogeologic risks depend on dissimilar sources and are related to events with different return periods. Moreover, the assignment of numerical indexes can lead to the false sensation of extreme accuracy in the performed elaborations, which cannot be obtained by post-processing data from quick visual surveys.



Finally, in most cases, the actions to be undertaken after the classification and the prioritization are limited to the structural assessment in the worst cases, or the periodical repetition of the quick surveys. This type of approach does not consider the difficulties of simultaneously executing the fully detailed analyses included in the structural assessment of a high number of bridges.



In this context, the Italian situation is particularly complicated by further specific issues:




	
Italian bridges are usually managed by very different institutions, starting from the small provincial and regional realities up to larger management companies (highways). Each of them has its own system and has different amounts of economic resources to invest. This high fragmentation of administrative competencies limits the definition of standardized and shared management approaches.



	
The high number of existing bridges, most of which in Italy are at the end of their design life and with a bad state of preservation, makes it difficult to assess all the structures with the same detail level in a context of a reasonable amount of economic and temporal resources.



	
Especially the smaller administrative bodies do not have complete knowledge about their infrastructural heritage and their state of preservation, and they do not have a well-organized database with all information about the bridges that they manage.



	
The processes of knowledge and management of existing bridges are made even more difficult by the great heterogeneity in terms of structural features, road traffic, and environmental conditions that characterize the Italian asset, also considering that there are some cases, such as prestressed concrete bridges and structures characterized by high intrinsic fragility, that must be properly considered and addressed.








All these aspects highlight the necessity of having a structured and unique approach for the classification of risk and deriving managing and monitoring activities. Without this, it is not possible having a comprehensive and comparable view of the status of the infrastructures in the countries, making the organization of the economic sources and the rationalization of possible financial assistance from the government also difficult. In light of this, in Italy, in 2019, the Italian Ministry of Sustainable Infrastructures and Mobility appointed a committee of experts in this field responsible for drawing up the unified guidelines for the classification, risk management, safety evaluation and monitoring of existing bridges [21], from here-on called the Guidelines. The main aim was to define a complete and well-structured management system of the Italian bridges to be equally adopted by all road operators. The Higher Council of Public Works approved the guidelines in April 2020. A trial period of the guidelines on about 1000 Italian existing bridges was also carried out to validate and refine the proposed criteria and assumptions. As a result of this intensive activity, in 2022, the Italian Superior Council approved a new product called “Operating Instructions” [22], which is a commented version of the Guidelines, with practical information and strategies suggested for a clearer and guided application of the method.



The present paper describes, critically analyzes and comments on the content of the first part of the ministerial guidelines, the multilevel approach, focusing on the proposed classification methodology related to the structural and foundational risk and supplying background information that leads and supports the choices of the Ministerial Committee. This dissertation includes all the operating instructions, highlighting their support in the application of the procedure of the Guidelines. Finally, the application of the method is shown on a sample of more than 650 existing bridges, and a statistical analysis of the results obtained is proposed. Particular attention is paid to the vulnerability class and the influence of the various parameters for its definition.




2. The Multilevel Approach Proposed by Italian Guidelines


The Guidelines are organized into three main parts: the multi-level approach aiming at classifying the bridges on the base of a simplified multi-risk approach, the detailed safety level evaluation and the monitoring of bridges. The core part of the Guidelines is the multilevel approach, which overcomes the impossibility of analytically determining the risks of the whole Italian asset with reasonable time and accuracy. In the following, a detailed analysis of the approach as well as of the main reasons at the base of the technical choices are presented.



The Multilevel Approach


The multilevel approach is structured following the philosophy of rational use of resources (both time and economical) based on real identified needs. Indeed, the method is organized into six different levels, from Level 0 to Level 5, that progressively require increasingly complex and onerous activities, depending on the real need and urgency, which are detected for each bridge (Figure 1). It foresees first—for the lower levels—expeditious activities to be performed for all the existing structures, which allow the definition of a “Warning Class” for each bridge. This warning class is not a numerical index, but it is identified by a qualitative judgement. This warning class is first defined for four different sources of risk—the structural–foundational, seismic, hydraulic risk and the risk for landslides—and then gathered in a unique final warning class. This approach allows obtaining a synthetic qualitative judgement without losing the relevance of the different risk sources and the motivations for the resulting final class. The lower the class, the lower the risk level associated with the bridge. Based on this classification, specific consequent actions are suggested, dedicating the most accurate and detailed analyses (safety assessment and/or continuous or periodic monitoring) to only a limited number of selected bridges—those characterized by the higher warning classes. The core of the approach is, therefore, the classification method, which allows for obtaining a risk estimation for all the bridges and calibrating the subsequent activities of surveillance, monitoring, assessment and intervention.



According to the scheme in Figure 1, the lower levels (Levels 0, 1 and 2) are applied on a territorial macro-scale, and they do not require high economic and temporal efforts; the higher ones (Levels 3, 4 and 5) are applied on a reduced number of structures, selected through a classification method and which require a deeper effort and level of analysis.



The first activity foreseen by the multilevel approach is the creation of a database to collect as much information about the bridges as possible, to overcome the lack of knowledge and the progressive loss of information over time. Indeed, Level 0 foresees the census of all the bridges through the collection of the available documentation. Level 1 foresees the execution of visual inspections and expeditious surveys on all bridges to collect data about the conditions of the structure and its surrounding context. Exploiting the data collected in the first two levels, Level 2 allows classifying all the inspected bridges into the different warning classes, based on the parameters of hazard, vulnerability and exposure for different sources of risk (structural risk, seismic risk, hydraulic risk and risk of landslides). The choice of organizing the classification in “Warning classes” instead of “Risk Classes” reflects the intrinsic high uncertainties associated with the classification mostly due to the little information on which it is based. Indeed, the “Warning classes” are used to have a first, rational and global classification of the bridges mainly based on the state of damage at the moment of the inspection and on the base of other global characteristics of the bridges. The limits of such approach, especially evident for bridges in which the past experience has shown the possibility of sudden collapses or failures (e.g., post-tensioned decks, bridges with Gerber saddles, bridges in high landslide or hydraulic hazard zones, etc.), is considered by the Guidelines by requesting, for those bridges, “special inspections” aimed at better characterizing the vulnerability or hazard factors as better specified later.



On the base of the “Warning class” of the bridge, one of the subsequent levels of analyses shall be applied. Level 3 involves preliminary safety analyses to evaluate if more accurate analyses are necessary. Level 4 is focused on the accurate safety assessment according to the technical standards currently in force, but with specific indications for existing bridges, which are provided by the guidelines. Level 5 should be applied to bridges with significant importance in the road network, and it foresees sophisticated resilience analyses. This last level is not currently covered in detail by the guidelines.



From Level 0 to Level 5, the complexity, the detail level and the onerousness of investigations and analyses increase, but the number of bridges subjected to analysis and the involved uncertainties are reduced. All the levels are connected, according to the logic flow in Figure 2.



As represented by the figure, the connection between the lower levels (Level 0 and Level 1), applied on a territorial macro-scale, and the more accurate and detailed higher levels (Level 3, Level 4 and Level 5) is Level 2, which is the core of the method and allows the organization of all the following activities, which go beyond the deeper analyses foreseen in Levels 3, 4 and 5, providing the strategies for the full management of the road system. Level 2 provides the classification of all bridges into five warning classes—high, medium-high, medium, medium-low, and low. Specific actions and measures are then identified for each warning class: for bridges with a high warning class, it is appropriate to immediately carry out continuous monitoring activities and accurate safety assessments as foreseen by Level 4; for bridges with a medium-high warning class, performing frequent inspections and preliminary safety evaluations of Level 3 are foreseen; this latter should be also applied for bridges with a medium warning class; finally, for bridges with medium-low and low warning classes, periodical investigations are foreseen. Periodic inspections and maintenance interventions, properly planned and performed, are recommended in any case, but their frequency and extent are calibrated based on the warning class resulting from the classification. Furthermore, these activities allow us to update the warning class over time.





3. The Classification Methodology


The high number of structures to manage and the need to optimize economic and temporal resources make the definition of a simple method of classification and the identification of bridges fundamental. The classification method should consider all the possible sources of risk with simple, rapid and low-cost procedures, to be applied to every structure and obtain a ranking of them. The ranking gives information about the urgency of the required controls and deeper—and more expensive—investigations. To overcome the limits of the already existing methodologies, the classification method foreseen by the Guidelines abandons numerical evaluations and numerical indices, and it uses a qualitative but objective approach.



The bases of the classification method are the results obtained from the activities of Levels 0 and 1, which shall be applied to all the structures, and the approach for the definition of the warning classes reflects the typical framework of the risk definition: it is based on the combination of hazard, vulnerability and exposure factors, which are defined differently for each different kind of assessed risk. These factors are defined by the combination of primary and secondary parameters, which are relevant for the definition of each specific risk, with the former considered to be more relevant than the latter, see Figure 3. In this way, not only the state of preservation is considered, but also other parameters, e.g., the ageing of the structure, the material of the structural elements, the static scheme, the design traffic loads, etc.



The combination of the parameters and factors is performed through the use of easy logic flows. The choice of the guidelines of providing an intuitive methodology instead of calculating numerical indexes is based on the following main considerations:




	
The classification methodology will be applied in everyday practice on a high number of structures. A methodology whose structure is simple to follow allows better control of the results and the individuation of the critical aspects that lead to that result.



	
The graphical individuation of the level of hazard, vulnerability and exposure, as well as of the parameters that lead to that level, provides the management agency with relevant and clear information about the critical aspect characterizing the bridge.



	
The evaluation of a numerical index could have given the false sensation of a high-precision method.








At the end of the procedure, four warning classes are determined for each inspected bridge: a structural and foundational warning class, a seismic warning class, a landscape warning class and a hydraulic warning class. These four classes are combined to obtain the final warning class of the bridges, useful to decide the subsequent steps of analysis, according to Figure 2. It should be pointed out that, although the final output of the method is a unique warning class, the structure of the method with the easy-to-apply flows allows us to better understand the relevant and critical parameters that affect the final obtained class and a better choice and calibration of the future actions. In this paper, a focus is made on the structural and foundational risk, providing a full explanation of the flow for the evaluation of the associated warning class, together with the main technical and scientific background referred to each step.



3.1. Structural and Foundational Risk


The structural and foundational risk is related to the service loads acting on bridges, especially the traffic loads, which stress bridges constantly during their daily service conditions. The associated warning class is defined by the combination of parameters of hazard, vulnerability and exposure related to the ordinary service conditions of the bridge, see Table 1.



The parameters in Table 1 are selected based on the existing literature about the estimation of bridges’ structural risk and the professional experience of the ministerial committee members. All the identified parameters are easy to determine, exploiting only data provided by the original documentation (to be collected in Level 0) and the visual inspections (Level 1). Moreover, none of them requires numerical evaluations: qualitative criteria are established to define the class of each parameter and combine them to obtain a class of hazard, vulnerability and exposure for each bridge. This also allows us to easily evaluate all the parameters for all the types of bridges, despite the different materials, structural types, conservation statuses and locations. On the other hand, it should be noted that this method may be not conservative in case the structures are characterized by peculiarities or characteristics that make them not well represented in the classification procedure. The combination of these three classes, with a simple tabular approach, provides the structural and foundational warning class of the bridge (Table 4.10 of the Guidelines [21]). For each level of hazard, a slightly higher weight is given to the vulnerability class for the final definition of the warning class, the vulnerability class being the one closely related to the preservation state of the bridge. In this way, the critical situations related to a bad conservation status can be easily highlighted.



3.1.1. Hazard Factors


The hazard depends on the external actions (in terms of traffic load) that act on the structure. It is defined by the combination of the so-called “road class” and the frequency of transit of commercial vehicles with a mass exceeding a certain value—the “average daily traffic”.



The road class is based on any load limitation imposed on the bridge. This parameter is introduced due to the serious consequences of the transit of heavy-duty vehicles on the structural safety of bridges. Some of the most relevant bridge collapses—such as the collapse of the Italian bridge of “Annone Brianza”, Italy, which happened in 2016 [23]—were caused by the transit of overloaded vehicles. Obviously, the hazard induced by the transit of an overloaded vehicle depends on its frequency, which is easily obtainable knowing the average daily traffic of overloaded vehicles. This information is not always available to the road operators: traffic is easily monitored for motorways, but this hardly happens for lower category roads or roads managed by modest organizations. Thus, in case of not having this information, the Operating Instructions suggest proceeding with the classification by using the data from roads with the same category.



Table 2 defines the hazard class matching the road class with the average daily traffic. From this table, it can be noticed that in the case of Class A roads (meaning no load restrictions), even if the frequency of transit of commercial vehicles is not high, at least a medium-high vulnerability class is obtained. This happens frequently for motorway roads, which are usually also characterized by a high exposition class due to the high traffic level and the high medium-span length (Section 3.1.3).




3.1.2. Vulnerability Factors


The parameters influencing the structural and foundational vulnerability are the typical ones that generally influence the vulnerability of structures and they are closely related to the structural characteristics of the bridge. They are the level of defectiveness, the degradation evolution rapidity, the standards adopted for the design and the structural scheme with the material and the highest span length. Figure 4 represents the correlation among these parameters and the logic flow for the evaluation of the vulnerability class.



The most influencing parameter is the level of defectiveness (LD), which reflects the state of preservation of the structure. It is evaluated by the results of the visual inspections and the evaluation of the conservation status performed within Level 1. In this regard, the Guidelines provide some forms to be filled out by the inspector to facilitate the procedure of the visual inspections. There is a general form with the main characteristics of the bridge (location, structural type and scheme, material of the main components, representative views of the structure, main dimensions, etc.), and others dedicated to each structural component and containing all the possible defects. Each defect is defined by three indexes: the severity “G”, which is fixed and reflects the intrinsic criticality of the damage; the intensity “k1”, which has to be assessed by the inspector and describes the severity of the defect as observed in the bridge; the extension “k2”, which still has to be assessed by the inspector according to the dimensions of the defect compared to the element. Range values for both intensity and extension are provided.



Besides helping in pointing out all the defects, the forms also allow us to highlight the presence of critical elements or critical conditions: the former is a component characterized by a potential fragility and whose crisis may lead to the crisis of the entire structure or of a portion of it, or to the loss of functionality of the structure (i.e., dapped-ends, high carbon steel cables, etc.); the latter is a condition of possible collapse due to the presence of numerous or dangerously located defects with high or medium-high severity (G = 5 or G = 4) and high intensity and extension. The individuation of the presence of critical elements together with the detected damages and/or critical conditions is fundamental to immediately distinguish the most critical structures, thus they should be properly highlighted by the inspector.



In this way, the inspection procedure, identification and evaluation of defects are standardized and allow us to have a fully objective view of the degradation phenomena of the structure for a better evaluation of the LD. The defectiveness is not evaluated through a numerical index, as the BCI mentioned in Section 1, but it is classified into five classes—high, medium-high, medium, medium-low, and low—depending on the detected defects with the associated gravity, intensity and extent, and their position in the structural element. Together with the general indications for the definition of the LD, which are given in Table 4.5 of the Guidelines [21], the Operating Instructions suggest a detailed procedure for its evaluation: (i) evaluation of the LD for each structural component; (ii) grouping the elements in sub-structures and assignment of the respective LD; and (iii) definition of the global LD—for the whole structure. In step (i), the LD is defined for each structural component, based on the number and type of defects, their gravity, intensity and extension. In this regard, the Operating Instructions associate to each LD (low to high) the relative combination of defects and characteristics. As an example, an element has a high LD if its defects are characterized by severity, intensity, extent and position such that they lead to possible and potential incipient failure of the element itself and/or the entire structure. In this category, there are also critical elements with high severity (G = 5 or G = 4) and whatever intensity and extension defects, or the detection of critical conditions such as to jeopardize the statics of the structure. The second step (ii) consists in grouping the elements in the relevant sub-structures (e.g., beams and slab belonging to the same span are grouped in “span 1 elements”, “span 2 elements”, etc., pillars and supporting devices located on those pillars are “pillar 1 elements”, “pillar 2 elements”, etc.), and associate to each sub-structure a LD, based on the LDs of the belonging structural elements. In particular, if at least one of elements has a medium-high or high LD, the sub-group has, respectively, a medium-high or high LD, while if all the elements are characterized by medium to low LDs, it depends on the number of elements having medium, medium-low or low LD. Finally, the third step is the evaluation of the global LD, which corresponds to the highest LD among the sub-structures.



In the case of a high level of defectiveness, the class of vulnerability is automatically high, regardless of the other parameters. Examples of these kinds of defects are presented in Figure 5. This approach allows us to immediately recognize the critical situations and avoids giving too much importance to bridges with numerous but much less serious degradation phenomena. The medium-high LD is associated with the presence of defects with severity, intensity and extension that may compromise the static functioning and structural behavior of the structure, but that can still be controlled through monitoring systems, pending the implementation of any remedial measures. In the lower LDs, there are structures with defects characterized by severity, intensity and extension such that the static behavior of the components and the structure is not compromised. In general, the lower the level, the lower the gravity/intensity/extension of the majority of the defects individuated.



The Operating Instructions suggest to proceed with the evaluation of the LD for each component, and then grouping all the components belonging to a span (distinguishing the elements of the substructure and those of the deck) and associating a unique LD: if only one component has a high or medium-high LD, the LD of the group is high or medium-high, respectively. On the other hand, for lower levels, it depends on the numerousness of components: if more than 50% of the components are characterized by the medium level, the LD of the group is medium; otherwise, it is medium-low or low based on the majority of elements belonging in one of the two classes. The LD of the whole structure is the highest among the ones obtained for all the groups of elements.



The procedure for the evaluation of the LD of the whole structure suggested by the Operating Instruction succeeds in providing objectivity and standardization to the procedure for the assessment of the level of defectiveness. Besides, the resulting LDs are fully comparable among all the structures, although the approach is qualitative and not summarized in a single coefficient.



After the evaluation of the LD, it is firstly corrected with the parameter related to the degradation evolution rapidity. It is determined considering the building period of the bridge, known or supposed, which can be before 1945, between 1945–1980, and after 1980. The class resulting from matching the LD with the building period is defined by presuming that, for the same LD, more recently built bridges are more worrying than less recently built ones because it means that the evolution of the degradation was faster. This assumption is schematically described in Figure 6. This procedure, which is reasonable for recent structures with poor conservation status, risks penalizing the new ones with good conservation status, instead. In this regard, the Operating Instructions provide that the recently built structures designed with standards in force from 2005, with low or medium-low LD and with some technical documentation at disposal (the original design, the report on the complete structure with the relevant checks, the static acceptance certificate and, if necessary, the technical–administrative acceptance certificate) can be directly associated to a low vulnerability class.



After the degradation evolution rapidity, the design standards are considered. They are classified into three classes, considering the changes in standards over time and, in particular, of the traffic loads. Indeed, if the Italian standards in force over the years are analyzed starting from the first one—i.e., Normale n. 8 issued in 1933—the values and the schemes of the design traffic loads have been modified, following also the change of vehicles passing on the roads, with an increasing caution in the definition of values and safety factors. The ratio between the maximum bending moment due to the traffic loads currently provided by the Italian technical standards [24] and the maximum bending moment due to the traffic loads foreseen by the standards in force over the years evaluated for a simply supported beam is shown in Figure 7. This figure shows one of the outcomes of a parametric study [25], where the values of the bending moment due to the traffic load defined accordingly to various standards and acting on an isostatic system (a simply supported beam) are compared to the value of the effect due to the traffic load calculated by adopting the currently in force Italian Standards [24]. In this study, four span lengths (from 5, 10, 15, 20 m) structures with 9 m wide decks (meaning a driveway width of 7 m and two one-meter-large sideways) are investigated; these parameters are selected based on the most recurrent and representative configurations for the Italian existent reinforced concrete bridges. The figure, in particular, represents the ratios obtained for the 5 m-long ones. The ratio is close to 1 only for the standards in force from 1980 until now, whereas it is higher than 1 for the less recent standards. It means that, at least before 1980, the new bridges were designed with traffic loads lower than those foreseen now; therefore, bridges built less recently have a lower safety level with respect to the actual traffic loads. Similar considerations can be performed for the other bridge configurations investigated.



Finally, the final factors to be taken into consideration for the evaluation of the vulnerability class are the material, the static scheme, and the maximum span length, meaning that the final class of vulnerability is affected by the redundancy of the structural typology, the susceptibility to brittle crises and the sensitivity of the structural materials to degradation phenomena. The last modification of the vulnerability class can be performed if the number of spans involved in a possible collapse mechanism is higher than 3. In this case, an increase of the class by one is suggested to consider the increment of vulnerability when multiple substructures can be irreparably damaged by a unique event.




3.1.3. Exposure Factors


The last factor for the definition of the structural and foundational class is exposure, which is related to the other elements besides the bridge that are exposed to the risk of being damaged in case of structural failure or damage of the bridge. The logic flow to the definition of the exposure class is shown in Figure 8.



The main influencing parameters, which are considered in the first step of the procedure, are related to the traffic flows passing on the bridge, in terms of vehicles number per day (the average daily traffic, considering all the vehicles), and the bridge span length, considering that as the span length increases, the exposure time for the road users increases, too. Table 3 shows how to match these two parameters.



The class obtained by this first step then becomes higher if there are no proper alternative routes in case of failure or closure of the bridge (step 2 of Figure 8), and is then adjusted according to the typology of the crossed obstacle (final step of Figure 8). The presence of proper alternative routes provides preliminary information about the resilience of the road network and the ability of the management agency to address an unforeseen situation. The typology of the crossed obstacle is introduced to consider the economic and social consequences of a possible collapse of the bridge on the obstacle itself. In case of collapses, different scenarios can be easily imagined if there is an untouched valley or an urbanized area under the bridge (the Polcevera bridge collapse is an example).



The obtained exposure class should also consider the high frequency of transit of vehicles carrying dangerous goods, if any. It should be taken into consideration only if such vehicles routinely pass over the structure, for example because of the proximity of production facilities of the carried substances or because the structure is on an inter-route between production facilities. It does not directly influence the class of exposure, but it allows us to determine an order of priority between bridges with the same structural warning class.




3.1.4. Evaluation of Structural-Foundational Warning Class


The evaluation of the structural–foundational warning class is made by combining the vulnerability, hazard and exposure factors previously determined. The Guidelines provide five tables for the different levels of hazard, and in each table exposure and vulnerability are combined (Table 4.10 of the Guidelines [21], and in this paper Table 4 represents the case of high hazard). In particular, 53 combinations have been considered, even if the final effective number is reduced due to the different weights of the factors in the definition of the final warning class. In particular, the most relevant factor is the vulnerability class of the bridge: if it is high, the warning class is high despite the value of the other two factors. This is because vulnerability is strictly connected to the level of defectiveness of the structure, and so, all else being equal, a bridge with a critical conservation status should have high priority.



Another comment should be made about the influence of the hazard parameter in the final structural–foundational warning class. In the Section 3.1.1 and Table 2, it was highlighted that in the case of Class A roads (meaning no load restrictions), even if the frequency of transit of commercial vehicles is not high, at least a medium-high vulnerability class is obtained. This is often the case for motorway roads, which are usually also characterized by a high exposition class due to the high traffic level and the high medium-span length (Section 3.1.3). In this case, looking at Table 4.10 of the Guidelines [21] about the final evaluation of the structural–foundational warning class, it may be easy for such roads to obtain a medium to a high structural–foundational warning class, depending on the vulnerability class. Starting from these considerations, in the process of classification it is relevant to highlight the root of the final warning class to better and rationally establish a priority of intervention, especially for structures with the same warning class. For example, if there are two bridges with a high structural–foundational warning class, but the former is characterized by a high vulnerability and a medium hazard, while the latter by a medium vulnerability and a high hazard, priority could be given to the former since vulnerability can be considered more critical, being directly connected to a critical level of damage. In general, as suggested by the Operating Instructions, the vulnerability class can be used to weigh the scales in cases of structures with equal structural–foundational warning classes, and this is helpful given the high number of structures to be handled by only one road manager and the high possibility of having many bridges with the same warning class.






4. Applications and Critical Analysis of the Classification Method


The method for the definition of structural warning classes is currently being applied to many bridges all over Italy. The authors themselves are using this method, as proposed by the Guidelines and the Operating Instructions, for the classification of many bridges belonging both to the Italian provincial roads and highways, now with a data sample of 661 bridges. The analyzed bridges are mostly located in the Tuscany region (96.0%), and the rest are mostly equally distributed in Liguria (1.5%), Sardinia (1.0%) and Calabria (1.5%). Although they are mostly concentrated in one region, they are well-distributed in the Tuscany territory, which is characterized by a varied orography, going from the coast to the mountains, which makes them rather representative from the point of view of the environmental conditions to which they are subjected. For a matter of confidentiality, it is not possible to insert a more precise location of the structures.



The structural warning class of a bridge is strongly affected by two main aspects: (1) the classification process described by the Guidelines and the Operating Instructions, and (2) the initial specific characteristics and condition of the bridge at the time of the survey.



Indeed, the classification process, as depicted in Table 2, and Figure 4 and Figure 7, defines the “path” that relates the characteristics and condition of the bridge at the time of the survey to the hazard, vulnerability, exposure and, finally, structural warning classes, strongly biasing the final results. The vulnerability class definition process, in particular, is influenced by several factors (Level of Defectiveness, Degradation Evolution, Design Standard, and Material together with Structural scheme and the maximum Span length—MSS), which do not have the same weight in the final vulnerability class. Just to give an example, all the bridges with a high level of defectiveness obtain a high vulnerability class independently by all the other factors. On the other hand, not all the possible combinations of the abovementioned factors are likely to be found in real bridges and, therefore, the initial specific characteristics of the bridge and condition at the time of the survey also have a strong influence. To understand this point, it is sufficient to think about masonry bridges: it is very uncommon to find this type of bridge built after 1945 or concrete bridges built before the same year.



To highlight the influence of these two aspects, in the following, the vulnerability class of two sets of bridges is analyzed: the first set, called the “uniform” sample, is obtained, assumed to have one bridge for each possible combination of the logic flows to the vulnerability class; the second set, called the “real” sample, consists of the 661 bridges inspected by the authors.



The “uniform” sample is composed of 225 items (corresponding to all the possible combinations for the vulnerability class), distributed uniformly among the three construction periods (33% for each one). For each construction period, they still are distributed uniformly among the MSS classification (for each construction period, 20% for each MSS class). The “real” sample is composed of 661 structures, among which 45% were built before 1945, 42% between 1945 and 1980, and 13% after 1980. For each construction period, the MSS class is not uniformly distributed due to the different use in years of material and structural schemes thanks to the development of new structural and constructive technologies. This is confirmed by the analysis of the distribution of the structures in terms of deck material and structural scheme in the three construction periods. Figure 9 represents the “real” sample, distinguishing for each construction period the number of structures for the different deck materials. For each group of deck material, the amount of structures characterized by different levels of vulnerability due to material, structural scheme and span length (step 4 to the evaluation of vulnerability class, Figure 4) are highlighted. Figure 10 is a detailed version of Figure 9, since for each deck material, the structures are grouped in the different structural types. In Figure 9, it can be noticed that most of the structures of the sample were realized before 1980, and only 13% were indeed built after 1980. Despite this, masonry bridges were widely used before 1945, while afterward (1945–1980) concrete technology became relevant. After 1980, with the spreading of new construction techniques (e.g., prestresses RC decks), simple RC structures became less adopted.



In the construction periods, and for each material, the percentage of bridges characterized by more vulnerable MSS classes increases with time, thanks to the upgrade of the already-in-use technologies (RC structures) and the development of others (prestressed RC decks), which allow reaching longer spans (meaning more vulnerable bridges, if referring only to the MSS classification), as shown in Figure 10.



The “real” and “ideal” sample data are then processed following the same approach, which considers and attempts to make explicit the influence of the main parameters that determine the vulnerability class: (1) the Level of Defectiveness (LD); (2) the construction period (related to the Degradation Evolution); and (3) the material together with the structural scheme and the maximum span length (MSS). In this analysis and for the sake of simplicity, the influence of the design normative codes has not been made explicit, since it is usually coherent to the construction period. The strategy for the analysis of all the data (both the “real” and uniform sample) is the following:




	
First output: the percentage of bridges characterized by the low to high vulnerability classes, separating the sample in the function of the construction period (≤1945, 1945–1980, ≥1980). For each class, the level of defectiveness of the bridges is highlighted.



	
Second output: for each construction period, the percentage of bridges characterized by the low to high vulnerability classes, separating the sample in the function of the vulnerability of the material together with the structural scheme and maximum span length (3 groups: low and medium-low, medium, medium-high and high). For each class, the level of defectiveness of the bridges is highlighted.








Figure 11 represents the first output of the analysis; indeed, the sample is analyzed by separating the structures by different construction periods. For each group, the percentages of structures characterized by different vulnerability classes are given, highlighting for each class the percentages of structures with different levels of defectiveness. Looking at the first output on the uniform “ideal” sample (Figure 11a), it can be noticed that:




	
For all the construction periods, the LD is the unique significant parameter for the vulnerability class in case of high defectiveness. This reflects the idea that if a structure is highly damaged (ongoing mechanism that may induce the collapse of the structure), the necessity of intervention is urgent and that structure becomes primary, independently from other parameters.



	
For the construction periods <1980, the medium-high LD bridges tend to belong to the medium and medium-high vulnerability classes, while for the ≥1980 one they tend to the medium-high and high ones. This may be related to the influence of the speed of degradation, which reasonably tends to penalize the recently designed and built structures characterized by relevant damage.



	
For all the construction periods, the medium LD bridges are widely distributed among the vulnerability classes. This variability is related to the vulnerability induced by the material, structural scheme and span length. In addition to this, for the construction period ≥1980, the high vulnerability class can be reached due to the influence of the speed of degradation.



	
For the construction periods <1980, low to medium-low LD bridges are characterized by low or medium-low vulnerabilities, with a very limited influence of the vulnerability due to the MSS parameters. The classification process is indeed more controlled by the vulnerability induced by the speed of degradation, which do not penalize less recent bridges with not relevant damage. For the construction period ≥1980, a wider distribution can be noticed among the vulnerability classes, and this is also due to the influence of the speed of degradation, which in this case negatively affects the judgement of the vulnerability class.








All these considerations can be highlighted also by Figure 12a, Figure 13a and Figure 14a, which represent the previously introduced second output of the analysis and provide a deeper representation of the sample with respect of Figure 11. Indeed, each figure analyses the structures belonging to the different construction period, and in each one, the structures are again separated for the different value of the parameter “vulnerability class induced by material, structural scheme and span length”. For each group, the percentages of structures characterized by the different vulnerability classes are provided, also highlighting the level of defectiveness of the structures.



Looking at the “real” sample (Figure 11b), it can be noticed that the structures built before 1945 are mostly characterized by a low vulnerability class, while those after 1945 mostly belong to the medium and medium-high ones. In particular, for those realized after 1980, the effects of the vulnerability from the MSS and due to the speed of degradation are evident. This is highlighted even more in the second output shown in Figure 12, Figure 13 and Figure 14.



In these figures, for each construction period, bridges characterized by different levels of vulnerability due to the MSS factors are separated into three groups: low and medium-low; medium; medium-high and high. For each class, the level of defectiveness of the bridges is highlighted. For each MSS group, the percentages are calculated with respect to the number of structures belonging to that group.



Looking at the post-process of the “uniform” sample, Figure 12a, Figure 13a and Figure 14a make clearer and confirm the deductions made from the first output.



Referring to the post-process of the “real” sample, it can be noticed a clear correlation between Figure 12b, Figure 13b and Figure 14b, and between Figure 9 and Figure 10, which represent decks materials and structural schemes within the construction periods:




	
The bridges built ≤1945 (Figure 12b) are mainly characterized by low and medium-low MSS class, with a higher percentage of structures with low to medium vulnerability classes. Looking at Figure 10, most bridges belonging to this construction period are masonry arches, which fall mainly in the low MSS. Moreover, for the same group of bridges, Figure 12a,b show a similar distribution of the uniform “ideal” and the “real” sample, with some difference only for the high vulnerability, highlighting that this real sample well characterizes and represents this construction period.



	
The bridges built within the 1945—1980 period are mainly constituted of structures with a low to medium MSS class. Most of these structures are indeed made of RC decks, and the vulnerability of such structures can vary significantly with the structural schemes and maximum span length, which is highlighted in Figure 10.



	
The bridges built after 1980 are mainly characterized by prestressed RC bridges, with structural schemes and span lengths that make them belong to the medium-high and high MSS class. Although this part of the sample is not as numerous as those of the other periods, it can be noticed again that the “real” sample bridges with the medium-high and high SMM class share a similar distribution with the same category of the “ideal” sample, with some difference only for the high vulnerability due to a high LD, suggesting that this real sample may characterize and represent this construction period well.









5. Conclusions


This paper gathers a critical analysis first on the definition and then on the application of the multilevel approach for the management of the existing bridges, as proposed by the Italian “Guidelines for the classification and management of risk, for the structural assessment and monitoring of existing bridges” [21] and the early published “Operating Instructions” [22]. Focus is made specifically on the classification process (from Level 0 to Level 2 activities), and so on the parameters for the evaluation of the Structural Warning Class.



In the first part of this paper, the motivations and the criteria that receive the bases to the logic flows for the definition of the hazard, the vulnerability and the exposure classes are shown and discussed. Additional comments are made on the suggestions made by the Operating Instructions, which support the classification activities and the decision-making process of the operators that use the method.



In the second part of the paper, a statistical study of a real sample of more than 650 classified existing bridges is performed, focusing in particular on the vulnerability class. This analysis is compared to the same statistical post-process of a uniform sample of bridges, assuming to have one bridge for each possible combination of the logic flows to the vulnerability class. The uniform sample provides a visual acknowledgement of the influence of the parameters on the vulnerability class and has some correlations with the “real” sample, confirming that this one, for some categories and some construction periods, may be significative and representative. This is connected to use in the years of different deck materials and to the development of new construction techniques, which allow reaching longer spans, which are intrinsically more vulnerable if compared to those built before.
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Figure 1. Main steps of the multilevel approach. 
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Figure 2. Multilevel approach and connections between the different analysis levels [21]. 
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Figure 3. Approach for the definition of warning classes. 
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Figure 4. Evaluation of the vulnerability class for the structural–foundational risk [21]. 
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Figure 5. Defects on bridges that may imply a high level of defectiveness. (A) Prestressed RC simply supported deck on RC frames: detachment of concrete cover from pillars along the whole height, with reduction of the cross section; corrosion of the rebars; Reduction of the support area of the beams due to detachment of concrete cover, both in beams and pillars. (B) Masonry arch: Rotation of the right abutment of the bridge, inducing compression on the arch, and resulting on extreme damage in its central part. (C) RC simply supported decks on RC pillars: (C1) Reduced concrete cover, with exposure of rebars; (C2) Corrosion of rebars, with reduction of section of the longitudinal ones and breaking of the transversal ones; (C3) Complete oxidation and blocking of the supporting devices. (D) Masonry arches: erosion of the basement of the pillar. (E) Masonry arches with abutments made of irregular stone: erosion of the base of the abutment. 
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Figure 6. The degradation D evolution over the years. 
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Figure 7. Ratio between the maximum bending moment due to the traffic loads, currently provided by the Italian technical standards, and the maximum bending moment due to the traffic loads foreseen by the standards in force over the years, evaluated for a simply supported beam. 
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Figure 8. Logic flow for the evaluation of the exposure class [21]. 






Figure 8. Logic flow for the evaluation of the exposure class [21].



[image: Infrastructures 08 00070 g008]







[image: Infrastructures 08 00070 g009 550] 





Figure 9. Deck material of the bridges for each construction period for the “real” sample. Vulnerability of the MSS (Material, Structural scheme, and Span length) is highlighted. 
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Figure 10. Deck material and structural scheme of the bridges for each construction period. Vulnerability of the MSS (Material, Structural scheme, and Span length) is highlighted (PRC—Prestressed Reinforced Concrete; RC—Reinforced Concrete). 
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Figure 11. First output: (a) Uniform sample and (b) “real sample”. For each construction period, the percentage of structures characterized by low to high vulnerability classes. The level of defectiveness is highlighted. 
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Figure 12. Second output: (a) Uniform sample and (b) “real” sample. For the ≤1945 construction period and for each class for the MSS, the percentage of structures characterized by low to high vulnerability classes. The level of defectiveness is highlighted. 
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Figure 13. Second output: (a) Uniform sample and (b) “real” sample. For the 1945–1980 construction period and for each class for the MSS, the percentage of structures characterized by low to high vulnerability classes. The level of defectiveness is highlighted. 
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Figure 14. Second output: (a) Uniform sample and (b) “real” sample. For the ≥1980 construction period and for each class for the MSS, percentage of structures characterized by low to high vulnerability classes. Level of defectiveness is highlighted. 
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Table 1. Parameters for the definition of the structural and foundational warning class.
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	Primary Parameters
	Secondary Parameters





	Hazard
	Extent and frequency of loads with particular reference to the transit of special transport
	-



	Vulnerability
	Defectiveness, static scheme, span length, materials and number of spans
	Rapidity of degradation evolution, design standard



	Exposure
	Average Daily Traffic (ADT) and average span length
	Alternative routes, typology of a crossed obstacle, transit of dangerous goods
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Table 2. Hazard class as a function of the road class and on the frequency of transit of commercial vehicles (Table 4.3 of the Guidelines [21]).
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Average Daily Traffic—Overloaded Vehicles




	
High

	
Medium

	
Low






	
Class A

Traffic load according to NTC2018

	
HIGH

	
HIGH

	
MEDIUM—HIGH




	
Class B

Traffic load limit at 44 t

	
HIGH

	
MEDIUM—HIGH

	
MEDIUM




	
Class C

Traffic load limit at 26 t

	
MEDIUM—HIGH

	
MEDIUM

	
MEDIUM—LOW




	
Class D

Traffic load limit at 8.0 t

	
MEDIUM

	
MEDIUM—LOW

	
LOW




	
Class E

Traffic load limit at 3.5 t

	
LOW
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Table 3. Exposure class: matching the average daily traffic with the medium span length of the bridge.
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Medium Span Length

	
Average Daily Traffic—All the Vehicles




	
High

	
Medium

	
Low






	
Long span

	
High

	
Medium-High

	
Medium




	
Medium-length span

	
Medium-High

	
Medium

	
Medium-Low




	
Low-length span

	
Medium

	
Medium-Low

	
Low
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Table 4. Evaluation of the structural–foundational warning class in case of high hazard.
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Exposure Class




	
High

	
Medium-High

	
Medium

	
Medium-Low

	
Low






	
Vulnerability Class

	
High

	
High




	
Medium-High

	
High

	
Medium-High




	
Medium

	
High

	
Medium-High

	
Medium




	
Medium-Low

	
Medium-High

	
Medium




	
Low

	
Medium-High

	
Medium

	
Medium-Low
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