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A significant number of non-ductile existing reinforced concrete frame buildings, built in different seismic regions around the world but without adequate seismic detailing requirements, suffered damages, or collapse after past earthquakes. In fact, these reinforced concrete frame buildings are much more susceptible to high level of damage or to collapse than modern code-conforming frames. A crucial issue in the community of the earthquake engineering is the assessment and the upgrading of these non-ductile reinforced concrete structures. In particular, a careful assessment of the existing buildings is very important in order to understand the failure mechanisms that govern the achievement of predefined limit states or the collapse of the structures. Only after an in depth seismic assessment, the best upgrading/retrofit strategy can be designed and applied to the structure. In some cases, the historical value of these buildings makes the assessment procedure and the upgrading design more complicated due to the constraints related to the limited possibility of interventions. In this work, a building belonging to an old multi-sports center, is used as case study. The complex orbits around the soccer stadium called Collana and located in Naples. This soccer stadium was initially built in the late ‘20s and then it was completely rebuilt in the post-war period and used as a sports center for different sporting activities. Currently, the complex includes a soccer field, an athletic track, three indoor gyms, three tennis fields, a medical center sports, and the indoor pool building investigated herein. The analysis of seismic vulnerability implemented for the case study building shows an unsafe condition under both vertical and seismic loads. The building upgrading is provided choosing the best strategy among different options in order to achieve a certain predefined threshold of the seismic safety for the building. Definitively, the paper presents a real upgrading design case study for a building belonging to an historical complex. Assessment and upgrading are shown based both on linear and dynamic non-linear analyses procedures. Finally, the effectiveness of the structural interventions of upgrading is measured coherently with the new Italian guidelines for seismic risk classification of constructions.
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INTRODUCTION

The “Collana” football stadium was initially built in the late '20s and then be completely rebuilt in the post-war period and used as a multi-sports center together with other buildings intended for various sporting activities. Currently, the complex includes a soccer field, an athletic track, three indoor gyms, three tennis courts, a medical center sports, and the indoor pool under study. The present work concerns the description and verification of the structural upgrading design for the swimming pool building, realized inside the more general scope of the project of functional upgrading of the entire building, which at the moment of the design was unusable. In general, the assessment and upgrading/retrofit of existing structures in highly seismic zones are crucial issues in earthquake engineering. In fact, post-earthquake reconnaissance and recent research on seismic risk analysis have shown that non-ductile concrete frame structures are much more susceptible to collapse than modern code-conforming frames. In particular, a careful assessment of the existing buildings is fundamental for understanding the failure mechanisms that govern the collapse of the structure or the achievement of the recommended limit states. Based on the seismic assessment, the best upgrading/retrofit strategy can be designed and applied to the structure. Many conventional upgrading methods, such as concrete or steel jacketing of the columns, addition of shear walls and methods often based on new materials as fiber reinforced polymers (FRP), have been proposed and used (Moehle, 2000; Thermou and Elnashai, 2006; Calvi, 2013; Formisano and Sahoo, 2015a; Formisano et al., 2015, 2016, 2017a; Miano et al., 2017a). These methods can be applied considering the desired limit states/performance levels, using the requirements of new seismic codes or more advanced performance based approaches to measure the probability of collapse and quantify and minimize the costs and/or the losses with different approaches (Aslani and Miranda, 2005; Liel and Deierlein, 2013; Jalayer et al., 2015, 2017; Miano et al., 2018a). Non-linear static analysis procedure, also known as pushover, has been implemented in this work for seismic and vertical loads safety assessment and for measure the effectiveness of the different retrofit strategies. In particular, pushover analysis, can be used to calculate the vulnerability index indicator, also called seismic safety factor (Frascadore et al., 2015; NTC, 2018). Moreover, non-linear dynamic analysis procedures can be used to perform probabilistic seismic assessment using recorded ground motions. Cloud Analysis is chosen here by applying simple regression in the logarithmic space of non-linear dynamic structural response vs. seismic intensity for a set of ground motion records. Cloud Analysis is particularly efficient since it involves non-linear analyses of the structure subjected to a set of un-scaled ground motion time histories. The simplicity of its formulation makes it a quick and efficient analysis procedure for fragility assessment (Jalayer et al., 2007, 2015, 2017; Celik and Ellingwood, 2010; Miano et al., 2017b). The 3D model of the building is produced using the commercial software for structural calculation CDS (CDS, 2018). The analysis of seismic vulnerability carried out on the mentioned building highlights deficiencies in both vertical loads and seismic loads conditions. The upgrading of the building is designed in order to solve the vertical load deficiency and to achieve a certain threshold of the seismic vulnerability index, as described in Italian code (NTC, 2018). The design solutions adopted and described below are based on a careful campaign of in situ investigations performed on the existing structure together with accurate measurements to represent the dimensional characteristics and the construction details of the building. Based on different considerations related to effectiveness, costs and invasive grade of the upgrading options, steel jacketing is chosen. The steel jacketing is realized through steel plates wrapped completely around the beams plus angular plates in the corners around the length of the members. In this upgrading option, all the reinforced concrete (RC) columns and beams are steel jacketed. Assessment and retrofit are shown both based on linear and dynamic non-linear analyses procedures. In particular, the achievement of an adequate value of seismic vulnerability index through non-linear static analysis, as required for buildings susceptible to crowding in the case of temporary use of the structure for purposes related to the management of the emergencies in general, is shown. Moreover, non-linear dynamic analyses are implemented to measure the probability of achieving predefined limit states before and after the upgrading. Finally, the seismic risk class is assigned before and after the upgrading according to two parameters (Guidelines, 2017; Cosenza et al., 2018). The first parameter is economic and is called expected annual mean losses (Perdite Annue medie, PAM). The second one is related to the safety of the structure and id called Life Safety Index (Indice di sicurezza della vita, IS-V).

CASE STUDY

Building Description

The building is roughly rectangular in plan and consists of a pool block of consistent height, equal to about 6.50 m, with a surface area of about 600 m2. In adjacency on the two sides of the pool body there is the stripped area, with a plant area of 500 m2, with a height of about 3.50 m above ground and, limited to one of the service areas, 5.30 m. The covered area of the entire structure is about 1,200 m2 and, in addition to the two bodies described, there is also a technical room of about 60 m2. Access to the pool, as well as from inside the stadium, is allowed directly from the street, with respect to which the footfall is slightly higher. There is also an underground floor, done with RC walls at different quotes and directly connected to the foundation system, but the design project regards only the upper floor. However, it was possible to note that no damages or cracks are present in the underground floor. Figure 1 shows the lateral view of the building.
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FIGURE 1. Lateral view of the building.



The process of knowledge for the building has been done following two different directions, e.g., respectively visual and in depth in situ surveys and tests and research of the technical, administrative and planning documentation referred to structure under study, as required by the Italian technical regulations for buildings existing (NTC, 2008, 2018). Considering the construction time of the building, dating back to the 60 s, and the lack of the obligation to deposit the project at the city offices, it was not possible to find any documentation useful for the knowledge of the structural characteristics of the building. Definitively, in this section, the visual structural relief is commented, while, in the next section, the in situ tests campaign is described. Figure 2 shows the plan view of the building. Structurally, the building is done by frames of RC beams and columns. The slabs are made of prefabricated joists on the first level and of prefabricated RC concave tiles for the pool area. At the basement level, around the perimeter, there are RC walls, covered by the ground for three of the four sides of the building. The cross section of the beams is 400 × 450 mm, while the columns have two different cross sections, respectively 250 × 500 mm and 400 × 400 mm. The number of bars and stirrups is limited in all the sections. The bars are smooth, as in the most part of the buildings of the same construction age. The distribution of the frames is quite regular with the adoption of similar typologies referred to sections of beams and columns. However, the structural design of the building is affected by the era of realization of the works since there are no connecting elements between the supporting frames. It is clear that there is a lack of an earthquake-resistant design of the structure in this building, such as in numerous buildings of the period, designed only for vertical loads.
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FIGURE 2. Plan view of the building.



Figure 3 shows the typical structural designs of the layout of the cross sections of columns and beams (in cm). In particular, Figures 3A,B shows the cross sections of beams (a) and columns (b) before structural upgrading operations, while Figures 3C,D shows the cross sections of beams (c) and columns (d) after structural upgrading operations (for the details of the upgrading operations, see Section Building Structural Upgrading).
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FIGURE 3. Layout of the cross sections of columns and beams (in cm), before (A,B) and after upgrading operations (C,D).



In situ Tests Campaign and Materials Mechanical Characteristics

For the definition of the properties of the materials, reference has been made to the indications of point C8A.1B3 of the Italian code explanatory test (Circolare, 2009, Table 1). The goal has been to obtain the knowledge level 2 (KL2). Based on this consideration, extended in situ tests have been carried according to table C8A.1.3a of Circolare (2009), considering the absence of technical design documentation. The engineers have chosen to achieve KL2, also in order to use static non-linear analysis as procedure for the assessment, as shown in Table 1.


Table 1. Knowledge levels definition for materials, methods of analysis, and confidence factors (CF) (BS EN 1998-3:2005) and (Circolare 2 febbraio 2009, n. 617).
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With respect to the determination of the mechanical characteristics of the concrete, direct (destructive), and indirect (non-destructive) tests have been carried out, according to Circolare (2009). The types of tests performed in structural elements in order to evaluate their compressive strength are, respectively, the compression breaking of cylindrical specimens of concrete and non-destructive tests (Sonreb tests). The mechanical characteristics of the steel have been determined based on destructive tests with the removal of bars from structural elements. In particular, the steel specimens have been taken from the columns. The cover of the designated element has been removed with the subsequent removal of a piece of length equal to about 1 m and re-insertion of a suitable replacement bar with subsequent restoration of the cover. In general, the choice of the elements to be investigated has been carried out in order to obtain a significant sample of elements, able to represent the average characteristics of the concrete and the steel. Table 2 summarizes the recommended minimum requirements for different levels of testing for the number of concrete and steel tests. It is important to note that the Circolare (2009) allows to replace each destructive test with three non-destructive tests up to the 50% of all the required destructive tests.


Table 2. Recommended minimum requirements for different levels of testing (Circolare, 2009).
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Based on the recommendations provided in Table 2 line 1 and considering a surface of about 600 m2 of the building, a number of four samples is required at each floor for each structural member in order to achieve extended checks and, then, KL2 (Table 2 Line 2). With reference to concrete, the performed tests have included a number of two destructive plus six non-destructive tests for each structural member at the floor under consideration. With reference to steel, only two destructive tests have been realized for each structural member. This is quite reasonable since the variability of the steel mechanical properties can be considered less than that the one affecting concrete specimens. Moreover, in same cases it is to consider the impossibility to perform in situ tests on steel samples for different reasons. For example, in some columns, only corner bars were found. Since this circumstance was judged dangerous from the structural designers, they decided to don't extract steel bars from the corners. Definitively, based on the analysis of the results of the tests carried out, the average compressive concrete and steel yielding strengths assumed in the modeling of the structural members are:

-  concrete: fcm = 24.5 Mpa;

- steel: fym = 356.8 Mpa.

BUILDING STRUCTURAL ASSESSMENT

Non-linear Static Analysis Procedure

Non-linear static analyses are presented in this section. They are implemented through the commercial software CDS (CDS, 2018). First, some basic information about the modeling is provided. The analysis for the combinations of permanent and variable actions is carried out in a linear elastic regime. The checks are carried out using the limit state method (Life Safety and Damage Limitation Italian Limit States), using the partial coefficients of the regulations as in NTC (2008, 2018). In particular, with reference to the Damage Limitation (DL) limit state, the limit state condition is represented by the attainment of the value of 0.005 of the height of the floor as maximum displacement in a floor. Instead, with reference to the Life Safety (LS) limit state, the limit state condition is represented by the attainment of the maximum shear strength (brittle safety checks) or the maximum rotational capacity (ductile safety checks). In addition, the joints safety verifications are carried out. With respect to the structure resolution method, the structure is modeled with the finite elements method. The constitutive laws for concrete and steel are presented in Figure 4. Concrete material behavior is modeled using a zero tensile strength and a parabolic compressive stress-strain behavior up to the point of maximum strength with a linear deterioration beyond peak strength, according to the Kent-Scott-Park model (CDS, 2018). Longitudinal steel behavior is simulated using a bilinear stress-strain envelope with the definition, respectively of a yielding and a rupture deformations, according to Fedeas model (CDS, 2018). Member force-deformation response is computed assuming that inelastic action occurs mainly at the member ends and that the middle of the member remains typically elastic. A sectional analysis is implemented to obtain the non-linear moment-curvature relation in the member ends. Plastic hinge integration methods are used to confine non-linear deformations in end regions of the element of specified length. The remainder of the element is assumed to stay linear elastic and it is assumed that the length of the plastic region is equal to the depth of the cross-section. The deformational contributions from shear and bar slip are neglected in the section analysis. In particular, it is to consider that slip of longitudinal column bars at column ends (i.e., from the footing or beam-column joint) causes rigid body rotation of the column. This rotation is not accounted for in flexural analysis, where the column ends are assumed to be fixed. Many studies have been proposed to taking into this deformational contribution (Sezen and Moehle, 2004; Braga et al., 2012, 2015; D'Amato et al., 2012; Caprili et al., 2015). Finally, it is to note that the shear safety checks are however performed as post-processing, comparing the maximum demand value with the capacity in terms of force.
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FIGURE 4. Concrete and steel constitutive laws.



Definitively, a moment curvature envelope is calculated based on section analysis and is assigned at the end of the members with a concentrated plasticity model. Pushover analysis is carried out by following the Italian seismic code (NTC, 2008) for the case study building, based on the properties calculated with respect to KL2. Vertical loads analysis is implemented before pushover analysis. The safety verifications after vertical loads analysis show mainly premature shear failures in some beams. Then, a number of 16 pushovers is done, using two different distributions of forces and using a possible eccentricity of the 5% in each direction. The first forces distribution is proportional to the floor masses, while the second one is proportional to the shape of the first vibration mode (NTC, 2008 and Circolare, 2009). Figure 5 shows the pushover results in terms of base shear/acceleration vs. top displacement. The 16 pushovers are differentiated by colors in group of four, where each group represent a certain direction of application of the forces, while the four pushovers for each direction are relative to the two distributions of forces suggested by Italian code and with the application of plus/minus 5% eccentricity with respect to the geometrical barycentre of the building. In particular, the red curves correspond to forces parallel to horizontal × positive direction (see Figure 3); the blue curves correspond to forces parallel to horizontal × negative direction; the black curves correspond to forces parallel to horizontal y positive direction; the green curves correspond to forces parallel to horizontal y negative direction.
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FIGURE 5. Pushover curves for the case study building before upgrading operations.



For the DL and LS limit states, the members verifications are provided, showing a situation of strong deficiency. It's interesting to show the safety verifications for the LS limit state. In particular, Figure 6 shows for the LS limit state with red color the members for which the safety verifications are not satisfied and with green color the members for which the safety verifications are satisfied, showing that a high number of beams and columns result unsafe. The safety verifications are implemented also for the DL state, showing a lot of deficiencies in the structural members. In particular, there is the same configuration of the brittle failures of the beams as in the vertical loads analysis. These premature failures don't allow to the structure to reach a ductile behavior and to have excursions in plastic zone. The analysis is stopped when these premature failures are reached, as it is possible to see from the linear behavior in Figure 5. It is to note that the first crises are related mainly to shear failures of the beams along the principal direction of the building. So, it is to consider that the most important deficiency is related to the unsafe verifications of the members against vertical loads (as it can be seen from the results of the pushovers and from the consideration that the capacity displacement is about the same for DL and LS limit states, based on the fact that there is no possibility to develop plastic dissipation, because in the first step of the pushover the vertical loads shear failures happen).
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FIGURE 6. Safety verifications after pushover analysis for the case study building before upgrading operations.



In order to measure the level of seismic safety before and after upgrading, the Italian code (NTC, 2008, 2018) suggests to verify the vulnerability index with reference to LS limit state. For this reason, the bare building and its upgraded versions are compared at the end of the process based on the vulnerability index calculated with respect to LS limit state, verifying a part in addition the condition of the members in the DL limit state. Definitively, in order to define if the building is safe with respect to seismic actions, the software (CDS, 2018) calculates the vulnerability index (ζE), also called in literature seismic safety factor (Frascadore et al., 2015), that is a very useful parameter to measure the vulnerability of the structure. The pushover curve is an essential tool for the application of the capacity spectrum method (CSM; Vidic et al., 1994) that allows for the determination of the building response for earthquakes of a given spectral shape. All the steps of the procedure for calculate the ζE are well-described in Frascadore et al. (2015). The procedure starts from the pushover response in terms of the MDOF (Multi Degree of Freedom) system and passes to the response in terms of the corresponding SDOF (Singol Degree of Freedom). The parameters that characterize the SDOF, period T*, yield strength [image: image], and ultimate displacement [image: image], allow to derive the return period capacity, and therefore the peak ground acceleration capacity, for which the crisis mechanism is reached. The procedure for the quantification of the ζE is implemented in the ADRS space (Acceleration Displacement Response Spectrum, Fajfar, 1999, 2000), in which the abscissas are the spectral displacements and the ordinates are the spectral accelerations. It consists in scaling the elastic spectrum of seismic demand, for small decrements of the return period TR, until the spectrum that contains the point performance (Sae; Sde) of the equivalent SDOF is found, identified by the line of inclination T* and the displacement [image: image]. Finally, ζE is defined as the ratio between the demand peak ground acceleration (PGA), based on the seismic actions prescribed from the code for the Life Safety limit state, and the capacity PGA of the building:

[image: image]

where PGALS_Capacity is the PGA corresponding to the achievement of the first crisis related to LS limit state inside the building, while PGA LS_Demand is the PGA obtained from the elastic code spectrum for the specific site with reference to the LS limit state. It can be noted that this ratio between these two accelerations is directly related to the measurement of the seismic vulnerability of the structure with reference to the achievement of the crisis condition for the LS limit state. There are 16 SDOF systems associated to the 16 pushovers. The minimum value among the 16 values of the ζE related to the 16 SDOF systems is considered as ζE of the structure. The final value of the ζE is 0.23. Thus, the structure is not safe in terms of seismic actions. Moreover, also the verifications in terms of vertical loads are not satisfied. Definitively, it is clear that upgrading operations are needed for the structure.

Non-linear Dynamic Analysis Procedure

In seismic assessment and upgrading procedures, it's crucial to have accurate evaluation of the seismic vulnerability. Fragility curves are the most common and useful way to have the measure of the vulnerability. Herein, analytical fragility curves are developed for the case study building with reference to the conditions before and after upgrading operations. The curves are based on the application of a set of 30 ground motion records to the SDOF system calculated from the software program (CDS, 2018). In particular, since 16 pushover curves are developed and so 16 SDOF systems are available, Cloud Analysis refers to the most penalized SDOF, the one that minimizes the value of ζE. The methodology starts to the identification of the structural response parameter. As described in Jalayer et al. (2007), for each non-linear time-history analysis, the corresponding critical demand to capacity ratio (DCRLS), for each limit state, equal to the mechanism that brings the structure closest to the onset of the specific limit state, is adopted as the structural response parameter. The DCRLS parameter, that is equal to unity at the onset of the limit state can be calculated for the SDOF systems analyzed here as the ratio between the maximum demand in terms of displacement for each record among all the steps of the non-linear dynamic analysis and the limit state capacity, calculated accordingly with Italian code (NTC, 2008, 2018). Obviously, the ratios between demand and capacity at the level of the SDOF and MDOF systems are equal because both the demand and the capacity have to be multiplied by the modal participation factor in order to pass from SDOF system to MDOF system. Two capacity values refer in this work to DL and LS limit states, but it's to note that the procedure can be used for any other prescribed performance levels or limit states. The record selection is a very critical issue for have a good implementation of non-linear dynamic analysis procedures. Herein, a set of 30 strong ground-motion records is selected from the NGA-West2 database (see Jalayer and Ebrahimian, 2017 and Miano et al., 2018b for the details about the criteria for record selection) in order to implement Cloud Analysis. This suite of records covers a wide range of magnitudes between 5.6 and 7.2, and closest distance-to-ruptured area (RRUP) up to around 40 km. The shear wave velocity in upper 30 m of soil, Vs30, at the structure's site is in the range of 180–360 m/s (e.g., soil class C, accordingly to Italian code, NTC, 2018). Based on this information, the main part of the selected records are chosen to be on NTC (2018) site classes B and C. Only one of the two horizontal components of each recording. Finally, the records are selected to be free field or on the ground level. Table 3 summarizes the most important information about the suite of ground motion records used in this study.


Table 3. The suite of strong ground-motion records used in this study.
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In order to estimate the structural fragility, Cloud analysis is adopted herein as non-linear dynamic analysis procedure. Cloud analysis is a procedure in which a structure is subjected to a set of ground motion records of different first-mode spectral acceleration, Sa(T), values. It is to note that Sa(T) or simply Sa is adopted herein as the IM. This intensity measure has been proved to be a relatively sufficient IM for moment-resisting frames with first-mode periods lying within the moderate range (Jalayer et al., 2012). Once the ground motion records are selected, they are applied to the structure and the resulting DCRLS is calculated. This provides a set of values that form the basis for the cloud-method calculations. In order to estimate the statistical properties of the cloud response, conventional linear regression is applied to the response on the natural logarithmic scale, which is the standard basis for the underlying log-normal distribution model. This is equivalent to fitting a power-law curve to the cloud response in the original (arithmetic) scale. This results in a curve that predicts the median drift demand for a given level of structural acceleration:

[image: image]

where ln(a) and b are regression constants. The logarithmic standard deviation βDCR|Sa is the root mean sum of the square of the residuals with respect to the regression prediction:

[image: image]

where DCRi and Sa, i are the demand over capacity ratio values and the corresponding Sa for record number i within the cloud response set and N is total number of records. The standard deviation of regression, as introduced in the preceding equation, is presumed to be constant with respect to Sa over the range of spectral accelerations in the cloud. Finally, the structural fragility curves based on the Cloud Analysis can be expressed as:

[image: image]

Figure 7A presents the results of the Cloud linear logarithmic regression for the LS limit state with respect to the pre-upgrading building (it corresponds also the DL limit state as explained before). Figure 7A shows the scatter plots for Cloud Analysis data D = {(Sa, i, DCRLS,i), i = 1:30, where LS corresponds to Limit State} for the set of records outlined in Table 3. For each data point (cyan colored squares), the corresponding record number is shown. Moreover, the figure illustrates the Cloud Analysis regression prediction model (i.e., regression line and the estimated parameters, see Equation 2) fitted to the data. The line DCRLS = 1 corresponding to the onset of limit state is also shown with red-dashed line. It can be noted that consistent with the recommendations provided in Jalayer et al. (2017), the Cloud Analysis data not only cover a vast range of Sa values but also provide data points both in the range of DCRLS >1 and in the range of DCRLS <1. Figure 7B shows the resulting Cloud Analysis-based fragility curve. The values of the statistics (e.g., median and the logarithmic standard deviation) associated with the Cloud Analysis based fragility curve are, respectively, 0.04 and 0.72.
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FIGURE 7. Cloud regression (A) and fragility curve (B) for the LS limit state with respect to the bare building.



BUILDING STRUCTURAL UPGRADING

Upgrading Operations

The main goal of the upgrading design is to prevent premature failure of non-ductile elements and to increase their ductility and strength. In addition, the lateral displacements need to be limited and as uniform as possible over the height of the structure to prevent soft story mechanism. To control lateral drift by keeping them below the target displacement, one effective strategy for concrete moment frame is to add lateral stiffness, e.g., by adding a shear wall, to reduce the period, and decrease the resulting displacements. Another effective way to improve ductility and strength of the frame is to increase flexural and shear strength and deformation capacity of lateral load resistant members by better confining the columns and shifting the failure mode from shear to flexural mode (e.g., by enlarging the cross section of concrete jacketing). In some cases, to avoid the restriction of use of building for a long time, methods based on a quick application, such as fiber reinforced polymers (FRP), can be useful. However, there are many practical upgrading options (Moehle, 2000; Thermou and Elnashai, 2006; Formisano et al., 2008; Calvi, 2013; Formisano and Mazzolani, 2015b; Bertolesi et al., 2017; Miano et al., 2018b). It's important to highlight that coherently with the actual Italian code, in case of seismic retrofit of a public building, the minimum value of the ζE after the upgrading operations should be 0.60. In this building, steel jacketing is chosen as upgrading technique. The reason for choosing this technique is that there was no possibility to change the dimensions of the cross sections, due to architectural recommendations. Moreover, there was a quite total absence of steel in the structural members. The steel jacketing is less invasive with respect to other common upgrading strategies. The purpose of the steel jacketing is to increase the low shear strength of the elements (as a result of the lack of stirrups) and, in particular for the columns, to increase the bearing capacity due to the concrete confinement effect. It is to note that also the FRP wrapping allows to have a good increase of confinement action (Formisano et al., 2006, 2017b; Laterza et al., 2017). However, the steel jacketing has been chosen because it allowed an higher increase of the flexural capacity of the members, given a fixed economical threshold. The steel jacketing is applied to the structural elements (e.g., columns and beams, see Figures 3C,D) with a rectangular section. The jacket consists of four angular profiles (dimensions 60 × 60 × 6 mm) connected by welded plates, with a width of 60mm and a thickness of 6 mm positioned with appropriate distance. The angular profiles are fixed to the element by epoxy resin, after preliminary treatment of the surface of the members, with protection of the bars, restoring of the concrete cover with cement mortar and cleaning of the surface.

Non-linear Static Analysis Procedure

First, it is to note that the same modeling approach used for the bare building is used also for the upgraded building. As for the bare building, pushover analysis has been carried out by following the Italian seismic code (NTC, 2008) for the case study upgraded building. A number of 16 pushovers has been done, using two different distributions of forces and using a possible eccentricity of the 5% in each direction. Figure 8 shows the pushover results in terms of base shear vs. top displacement. As explained for the pushovers of the bare building, the red curves correspond to forces parallel to horizontal × positive direction (see Figure 1); the blue curves correspond to forces parallel to horizontal × negative direction; the black curves correspond to forces parallel to horizontal y positive direction; the green curves correspond to forces parallel to horizontal y negative direction.
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FIGURE 8. Pushover curves for the case study building after steel jacketing.



Figure 9 shows for the LS limit state with red color the members for which the safety verifications are not satisfied and with green color the members for which the safety verifications are satisfied, showing that however a limited number of members result unsafe. It is to note that the unsafe members still present shear deficiencies and so the first crisis in the members is still related to possible shear failure. The reason is related to the impossibility to operate in that zone of the building, as consequence of the presence of the engine of the climate installations, that is fundamental to be preserved in a swimming pool. However, as general goal of the upgrading, a vulnerability index of 0.61 has been achieved.
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FIGURE 9. Safety verifications for the case study building after steel jacketing.



Non-linear Dynamic Analysis Procedure

Figure 10 shows the scatter plots for Cloud Analysis data D = {(Sa,i, DCRLS,i), i = 1:30 for the set of records outlined in Table 3. For each data point (cyan colored squares), the corresponding record number is shown. Moreover, the figure illustrates the Cloud Analysis regression prediction model (i.e., regression line and the estimated parameters, see Equation 2) fitted to the data. The line DCRLS = 1 corresponding to the onset of limit state (herein, DL in Figure 10A and LS in Figure 10B) is also shown with red-dashed line. Figure 11 shows the resulting Cloud Analysis-based fragility curves for the pre e post upgrading building with reference to the limit states of DL and LS. For DL limit state, the capacity is assumed as the displacement corresponding to the end of the bilinear system of the SDOF. The LS capacity, instead, is attained in correspondence of the ultimate displacement of the bilinear system of the SDOF. The values of the statistics (e.g., median and the logarithmic standard deviation) associated with the Cloud Analysis based fragility curve are, respectively, 0.51 and 0.66 (LS limit state) and 0.13 and 0.66 (DL limit state).
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FIGURE 10. Cloud regression for (A) DL limit state and (B) LS limit state.
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FIGURE 11. Fragility curves comparison before and after upgrading operations.



CLASS OF RISK ACCORDING TO ITALIAN SEISMIC CLASSIFICATION BEFORE AND AFTER THE UPGRADING

In this last section, the class of risk (according to the Italian Guidelines on the seismic classification, Guidelines, 2017) is calculated for the case study building before and after the upgrading. Once the capacity of the structure is assessed, two parameters are calculated. The first parameter is economic and is called expected annual mean losses (Perdite Annue medie, PAM). The second one is related to the safety of the structure and id called Life Safety Index (Indice di sicurezza della vita, IS-V). The same calculation is repeated after the upgrading. It is to note that with the 2017 law (Italian Balance Law, 2017), a campaign has been launched for the seismic improvement of existing structures. This is the so-called “Sismabonus,” an opportunity to stimulate a voluntary plan for the evaluation and prevention of seismic risk of buildings. In this context, the Italian guidelines have been conceived, with the goal of providing the operational tools for classifying the seismic risk of buildings; The document defines eight Classes of Risk, with increasing risk from letter A+ to G, and establishes two methods for determining the risk class of a building: the conventional method and the simplified one. The first one is conceptually applicable to any type of construction and is based on the application of the standard methods of analysis provided by the current codes (NTC, 2018) and allows the assessment of the class of risk of the construction both before and after upgrading. Instead, the simplified method, applicable only to masonry buildings, allows a reliable but simplified estimate. Herein, in the following seismic classification, the conventional method is used. As said, for the determination of the risk class, reference is made to two parameters (e.g., the PAM, that takes into account the economic losses associated with damage to the elements, structural or not and the IS-V, that takes into account the safety of the structure or the safety index). The seismic risk class assessment procedure includes the following steps:

• PGA evaluation: with respect to the specific site, the peak ground accelerations, PGAD, for reaching the different limit states are evaluated;

• Structural analysis: the values of the capacity peak ground accelerations, PGAC, which induce the achievement of LS and DL limit states are calculated;

• Identification of the IS-V class, that is the relationship between the PGAC (for LS limit state) and the PGAD of the site where the construction is located. The percentage value obtained, through the table shown in Figure 12A, allows to identify the seismic risk class of the building according to the vulnerability index.

• Vulnerability analysis—which allows to quantify the structural and non-structural damage consequent to the achievement of certain levels by the response parameters, through the calculation of the following values: (a) return periods, TrC, associated with the earthquakes that generate such accelerations; (b) value of the annual average frequency of exceeding λ (equal to the inverse of the return period); (c) the value of the reconstruction cost percentage (CR%) associated with the corresponding value of λ for each of the limit states considered;

• Identification of the PAM class as the area under the curve representing direct economic losses, obtained as function of the annual average frequency of exceeding the events that cause the achievement of a certain limit state for the structure. The PAM Class is identified, using the table shown in Figure 12B.


[image: image]

FIGURE 12. (A) Assignment of the IS-V risk class according to the size of the Security Index; (B) Attribution of the PAM risk class according to the magnitude of the expected annual average Losses; (C) IS-V class before upgrading; (D) PAM class before upgrading; (E) IS-V class after upgrading; (F) PAM class after upgrading.



Finally, the risk class is identified as the worst class between the PAM class and the IS-V class. Figure 12 shows the results in terms of risk class before and after the upgrading operations for the case study building. It can be noted that before the upgrading operations the risk class was G, while after the upgrading operations, the risk class D is achieved.

CONCLUSIONS

The “Collana” football stadium was initially built in the late '20s and then be completely rebuilt in the post-war period and used as a multi-sports center together with other buildings. The present work concerns the description and verification of the structural upgrading design for the swimming pool building, realized inside the more general scope of the project of functional upgrading of the entire building. The upgrading of the building is designed in order to solve the vertical loads deficiency and to achieve a certain threshold of the seismic vulnerability index, as described in Italian code. Based on different considerations related to effectiveness, costs and invasive grade of the upgrading options, steel jacketing is chosen. The steel jacketing is realized through steel plates wrapped completely around the beams plus angular plates in the corners around the length of the members. All the columns and the members are steel jacketed. Assessment and upgrading are shown both based on linear and dynamic non-linear analyses procedures. In particular, the achievement of an adequate value of seismic vulnerability index through non-linear static analysis, as required for buildings susceptible to crowding in the case of temporary use of the structure for purposes related to the management of the emergencies in general, is shown. Moreover, non-linear dynamic analyses are implemented to measure the probability of achieving predefined limit states before and after the upgrading. Finally, the seismic risk class is assigned before and after the upgrading according to two parameters. The final results show the effectiveness of the structural interventions of upgrading with respect to the application of non-linear static and dynamic analyses procedures and based on the new Italian guidelines for seismic risk classification of construction.
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