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Abstract

:

This work summarises the strategy adopted in the European research project PERSISTAH. It aims to increase the resilience of the population, focusing on the existing primary schools in the Algarve (Portugal) and Huelva (Spain) regions. Software was developed to assess the seismic safety of these schools, considering different earthquake scenarios. Seismic retrofitting measures were studied and numerically tested. Some of them were also implemented in the retrofitting activities of two case study schools (one in each country). It was found that the adopted ground motion prediction equations (GMPEs) considerably affect the results obtained with the software, especially for offshore earthquake scenarios. Furthermore, the results show that the masonry buildings would be the most damaged school typologies for all the scenarios considered. Additionally, a set of guidelines was created to support the school community and the technicians related to the construction industry. The goal of these documents is to increase the seismic resilience of the population. Different activities were carried out to train schoolteachers in seismic safety based on the guidelines produced, obtaining positive feedback from them.
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1. Introduction


One of the 17 Sustainable Development Goals (SDGs) that were adopted by the Unit-ed Nations (UN) [1] includes resilience (goal 11: Make cities and human settlements inclusive, safe, resilient, and sustainable). In this context and in earthquake-prone regions, improving the earthquake resilience of communities is a very important issue. There are many definitions of resilience, with different types and dimensions [2,3]. Despite that, it seems evident that post-traumatic disturbance after an earthquake considerably depends on the resilience of the population [4]. This might be a relevant problem in schools due to the possible presence of very young children. This is even more problematic in primary school buildings. Therefore, it is crucial to improve the earthquake resilience of this type of construction to reduce the impact of catastrophic situations in the education system. In fact, school buildings have presented important seismic damage all over the world [5,6,7,8,9]. This can also be related to the relative position of school buildings to the earthquake rupture [10].



The reduction in the seismic risk is the result of a combination of actions, processes and attitudes aiming to improve resilience. These can be divided into three main groups of activities [11]: prevention (usually by building schools in proper locations and with an adequate seismic resistance), mitigation (by retrofitting the most vulnerable buildings and communicating this need to teachers, students and the whole community where the school is placed, for example), and preparation (by creating emergency plans, training in the earthquake context, producing guidelines for teachers and learning materials for students about this issue, and alerting the community to the seismic risk). In this context, civil protection agencies usually promote the development of tools for risk and crisis management, aiming to increase the protection of people and property against earthquake disasters.



Regarding the existing school buildings, prevention is not an option: it is not possible to change their location. Additionally, they might not have enough seismic resistance due to their construction date. In fact, they might not comply with the requirements of new seismic codes. To solve this problem, the only possible solution is to carry out activities related to mitigation and preparation.



The existing methods for the seismic vulnerability assessment of buildings can be divided into three major groups [12]: the empirical methods, usually based on statistical mean data obtained in post-earthquake scenarios and in expert knowledge; the analytical/mechanical methods, which are normally based on structural analyses to assess seismic safety according to different limit states (LS); and the hybrid methods, which gather characteristics of the other two methods.



The empirical methods are more suitable for large-scale seismic risk studies. The analytical/mechanical methods seem to be more adequate to study individual buildings. This is due to the possible differences in the results of each type of approach, as shown by recent studies [13].



The seismic vulnerability of the structural elements of school buildings is of great importance. In fact, it can lead to the collapse of the building. However, it is also important to understand the seismic behaviour of non-structural elements. Recent tests, carried out on shaking tables, highlighted the effects of earthquakes on non-structural elements that usually exist in buildings [14]. This might be especially important in buildings presenting low seismic vulnerability, or in general when buildings are subject to low levels of vibration. This is especially important when there is the possibility of a high concentration of people, as in school buildings.



Past earthquakes seem to evidence the key role that schools have with regard to society in the event of an earthquake and at different levels [15]. Besides their importance regarding seismic performance, it is also necessary to ensure that teachers are trained. They can better transmit their knowledge about earthquakes to the students but also act accordingly in case of a seismic emergency [16,17]. The importance of schools in the seismic resilience of a modern society is the goal of many studies. These adopt a wide range of strategies based on the requirements of each country where the study is carried out. In addition, they bear in mind the number of school buildings that are studied. Thus, it is necessary to understand the real structural behaviour of each school building, either through laboratory studies [18] or complemented through numerical studies.



Recent works using more rigorous analytical methods have been normally carried out only for individual buildings, such as schools or hospitals. In this context, it is usual to adopt nonlinear static analyses [19,20,21,22,23] or nonlinear dynamic analyses [24,25,26,27,28,29]. The latter are more rigorous, but they require more computational effort. These aspects should be considered in the case of large-scale studies. However, the use of these methods is also the best way to understand the influence of the level of conservation on the seismic safety of schools [30]. They are also useful to evaluate the effectiveness of seismic retrofitting measures [31,32]. Simplified empirical methods are widely applied as well [33]. Contrariwise, these are essentially supported by visual inspections and expert knowledge and can be easily applied to a large number of schools [34,35].



For large-scale studies on the seismic safety of schools, it is common to use algorithms from other scientific areas, using empirical information to maximise the accuracy of the results. Such is the case of machine learning (expert systems, genetic algorithms, and neural networks, for example) [36,37,38], as well as the development of specific computer tools [39,40].



It should be noted that earthquake effects cross borders between countries. Therefore, studies should not be limited by these national borders, such as is the case of the European research project PERSISTAH (Projetos de Escolas Resilientes aos SISmos no Território do Algarve e de Huelva, in Portuguese, or Projects of Earthquake-Resilient Schools of the Algarve and Huelva, in English). The area under study is the Algarve (Portugal) and Huelva (Spain) provinces, which are next to each other near the Portugal–Spain border. The project is focused on the agreements of Hyogo [41] and Sendai [42] on the cooperation to reduce countries’ seismic risk.



The research steps of the project are outlined in Figure 1. First, a survey of the existing primary schools in the regions under study was carried out to create a database. Then, nonlinear structural analyses of a set of school buildings of different construction dates and structural systems were carried out. The outputs of these analyses were added to a software that was developed in the context of the PERSISTAH project. This allows us to perform the seismic assessment of individual school buildings and create ranked lists based on their individual safety. These lists can be instantly exported to a KML file and displayed in Google Earth, or in Google Maps, with a colour scale. Additionally, this allows us to place the maps with the results on a website with an intuitive and interactive interface. This information is especially useful for civil protection authorities. The results are helpful to support mitigation and preparation activities (from enhancing emergency planning to facilitating technical training and exercises, in the civil protection context). Furthermore, it enables us to improve the risk communication to the population. After identifying the most vulnerable school typologies, two case study schools were selected for their seismic retrofitting (one located in the Algarve and the other in Huelva). Training actions were also carried out for teachers and for the technical community of the two regions under study. Several guides were produced to support teachers, students, and civil construction technicians.



As mentioned, owing to the difficulties of large-scale seismic risk studies of schools, it is usual to simplify the seismic vulnerability assessment procedures. However, this entails a substantial increase in uncertainty regarding the reliability of the results, which is often unknown. The innovative feature of the PERSISTAH project is related to the use of the most advanced structural analysis methods that are established in the Eurocodes for the large-scale assessment of school buildings. To do so, a computer tool, which allows us to improve the knowledge about the main factors that may influence the seismic behaviour of school constructions, was developed. This information was also included in the guides that were created to help civil construction professionals. More than just thinking about creating a finished, watertight product, which often characterises this type of research project, it was sought to create a methodology and a set of tools that can be continuously updated, namely for civil protection purposes.




2. Developing a Computational Strategy for the Seismic Assessment


Software was developed in the framework of the PERSISTAH project due to the high number of primary schools in the Algarve–Huelva regions. The main goal of this software is to identify school buildings that do not comply with the safety criteria established in the seismic codes that are mandatory in each country. The software was developed in Object Pascal (Delphi) and consists of several modules (Figure 2). These modules are associated with a set of independent, yet fully interconnectable, computational objects [43] that resulted from the dismemberment of previously developed software, such as SIMULSIS [44]. This feature gave the new software unique characteristics since it inherited the attributes of the original computer programmes in a symbiotic way, such as the user interfaces.



2.1. Schools Database


The data about schools were gathered and included in a database. Similar information was obtained for schools of each country and used in the adopted seismic safety assessment procedure. Instead of using a generic database software, a specific database was developed adopting some innovative strategies. Such is the case of the creation of a visual system that allows the user to easily have access to information about schools. The database allows us to save that information and export it to external software since it is georeferenced. It enables the creation of a KML file to use in Google Earth or MS Excel files directly through the clipboard.



In total, 281 primary schools in the Algarve–Huelva region were added to the database. Each school campus might be composed of several buildings or structurally independent modules. In some cases, these buildings were built at different times, and they might present different structural systems. Therefore, evaluating their seismic safety with high accuracy is difficult to accomplish.



2.1.1. Primary Schools in the Algarve Region (Portugal)


Many of the existing school buildings in the Algarve were built with standardised designs. This facilitated the study of their seismic safety given the high number of existing schools. However, it was not possible to analyse all the buildings of the 142 schools that were included in the database because the structural configurations of the buildings were rather different. Thus, the study focused on studying the buildings that could be more vulnerable based on their characteristics: (i) traditional masonry buildings; (ii) reinforced concrete (RC) structures constructed prior to the application of the seismic codes in Portugal; (iii) existing buildings with much lower seismic requirement levels than those currently established by Part 1 of Eurocode 8 (EC8-1) [45] and the respective National Annex (NP EN 1998-1:2010 [46]).



Some of the most vulnerable constructions are the oldest masonry school buildings. It should be noted that these buildings were constructed according to a set of standardised designs developed for the Algarve by several architects before the first Portuguese seismic code. They are part of the so-called “Plano dos Centenários”. Examples of these designs are those created by Raul Lino in the 1930s, Alberto Braga de Sousa in the 1940s or Fernando Peres in the 1950s. In this case, it was possible to gather information of the architectural designs of most of those schools. Additionally, documents related to the construction works were also available. Therefore, it was possible to carry out the structural analysis of many buildings belonging to these typologies. Many of these buildings are still functioning as schools; others are occupied by Administrations [47].



The following standardised designs date from the 1970s. In this case, this group of buildings has RC structures. The architecture designs of the so called “P3” schools were created at this time. This is an RC typology commonly found in the Algarve. Unfortunately, no structural blueprints were found. Fortunately, these buildings present columns and beams with exposed concrete. It was possible to identify the location of the reinforcements, as well as the mechanical properties of the materials, based on the results of in situ non-destructive testing procedures. This knowledge allowed the determination of capacity curves [48].



In the case of most modern schools, each building has its own design, not following standardised ones.




2.1.2. Primary Schools in the Huelva Region (Spain)


In Huelva, a total of 139 primary schools (269 different buildings) were identified. First, they were grouped according to their structural system and to their date of construction. Later, they were classified according to their geometry and their volumetry. It was found that 82% of the buildings were constructed with RC frames, 13% with unreinforced masonry walls and 4% with steel frames. It was not possible to identify the structural system of only 1% of the buildings.



Regarding the construction date, 48% of the buildings were built during the 1970s and 1980s; therefore, they were built before the application of seismic codes in Spain. Most of the masonry buildings were built before 1970, while the RC buildings were mainly constructed after that period (1970s–1980s). Regarding the geometry, they were classified into six different groups according to the aerial views and on-site visits: compact, linear, prism, intersection, juxtaposition, and sportive. It was found that 36% and 34% of them are compact or linear, respectively. The compact buildings are characterised by a square shape, while the linear structures are rectangular. Further information on the classification of the buildings can be obtained in [49].





2.2. Seismic Action


This is a module of the developed software in which it is possible to select the seismic action to be used in the seismic safety assessment of each school building. Different types of seismic actions can be selected: (i) the code-based seismic action, mandatory in each municipality where the school is located, to verify the compliance of the legal requirements; (ii) the seismic action resulting from a given earthquake scenario, to support civil protection activities.



2.2.1. Code-Based Seismic Action


In this case, the seismic action is represented by the EC8-1 response spectrum. A computational object was created with different subclasses, one for each country. The same computer routines were always used, regardless of the country, the region, and the municipality. Therefore, the results were more easily obtained. For the Algarve, the response spectra established in the mandatory NP EN 1998-1:2010 [46] were implemented. For Huelva, the current Spanish seismic code, the NCSE-02 [50], was implemented.



By using this software, it was easier to compare the differences between the maximum values of the design ground acceleration for schools in the border regions of the Algarve and Huelva. The peak acceleration ag of the EC8-1 (Equation (1)), which depends on the reference peak acceleration (agR) and on the importance factor (γI), is equal to:


   a g  =  a  g R     ·    γ I   



(1)







It is evident that the seismic hazard does not bear in mind borders between countries. Therefore, the seismic codes of each country should not present very different values. In fact, this is the idea on which the European Seismic Hazard Model (ESHM) was based, which supported the creation of the ESHM13 [51] and the new ESHM20 [52] models. Contrary to this idea of harmonisation, it was possible to observe very significant differences on the border between Portugal and Spain (Figure 3). This is due to two reasons: (i) the reference peak ground accelerations (agR) are higher in the Portuguese seismic code for the Algarve region; (ii) the importance factor for schools is higher than one in the NP EN 1998-1:2010 for the Algarve region, while this value is equal to one in the NCSE-02 for the Huelva region. From a practical point of view, the return period (TR) of the seismic action that must be used to check the safety of schools in the Algarve is 821 years, in accordance with the Portuguese National Annex of Part 5 of Eurocode 8 (EC8-5) [53], while in the region of Huelva, the Spanish NCSE-02 adopts TR = 475 years.




2.2.2. Earthquake Scenarios


This functionality implemented in the developed software enables the definition of earthquake scenarios. This is particularly useful for the civil protection authorities since it allows us to assess the possible impact of this natural phenomenon on the evaluated schools. For each earthquake occurrence scenario, it is necessary to define the magnitude of the event, the characteristics of the rupture (which can be a point source, a line, or a plane), the type of seismic fault, and the geographic location of the earthquake rupture.



It seems evident that it is not scientifically correct to idealise earthquakes of any magnitude and location. This may lead to effects on school buildings whose probability of occurrence is quite low. In this work, to illustrate the potential of the software developed, scenarios whose magnitudes are stipulated in official documents were chosen [53]. Their locations are selected according to the seismic faults identified in international scientific publications, or where earthquakes have occurred in the past.



It is not usual for seismic codes to establish the magnitude of the earthquakes for a given seismic action because they express seismic actions throughout a uniform probability response spectrum. Therefore, they do not correspond to an isolated event and location, but to a set of seismic events related to a certain probability of exceedance. Nevertheless, hazard disaggregation analyses [54] can enable the establishment of scenarios for the occurrence of earthquakes with return periods consistent with those established in a seismic code. To do so, two types of events were selected according to the magnitudes indicated in the Portuguese National Annex of the EC8-5 [53] for liquefaction studies in the Algarve region: an offshore far-field earthquake with magnitude M = 7.7, and a near-field earthquake with magnitude M = 5.2. Both correspond to a return period of 821 years. For a return period of 475 years, the magnitudes for these two scenarios are M = 7.4 and M = 5.1, respectively. Nevertheless, the possible locations of these seismic events are not indicated in the EC8-5. The seismic hazard disaggregation analysis [54] showed that the São Vicente Canyon area is the one with the highest probability of originating the seismic action established in the EC8-1 for the Algarve region. The zone between the Guadalquivir Bank and the Guadalquivir Fault [55] is another area with high seismic activity. It corresponds to a cluster [56] where there seems to be seismic faults whose total dimension can originate an offshore earthquake of magnitude M = 7.7.



According to the Spanish IGN [57] (Instituto Geográfico Nacional) earthquake catalogue, an earthquake of a magnitude greater than 4.5 (happening in this offshore area after 1961) occurred on 3 January, 2005, with an epicentre located at latitude 36.6161° and longitude −7.5947°. This corresponds to an earthquake of magnitude M = 4.9. This is an area where earthquakes usually have focal mechanisms of the reverse type [58]. For the far-field scenario, the coordinates of the abovementioned earthquake were adopted (Figure 4). The rupture plane dimensions were obtained according to an empirical expression [59]. The adopted azimuth of the fault was equal to 244.5° and the dip angle was 64°. The primary school that is closest to the epicentre is in Portugal (Escola Básica de Ilha da Culatra) at an epicentre distance of 47.1 km. Near the border, the school that is closest to the rupture is in Spain (Colegio Virgen del Carmen) at 43.3 km from the fault plane.



The largest onshore earthquake recorded after 1961 that exists in the IGN catalogue occurred on 20 December 1989. This occurred at a latitude of 37.225° and a longitude of −7.3917°, with a depth of 23 km and a magnitude of M = 5.0. In this area, earthquakes normally present strike–slip focal mechanisms [58]. The closest primary school to the epicentre is in Spain (Colegio Galdames) at about 1.2 km. Thus, this location seems to be quite good for establishing the near-source earthquake scenario for the present study, with a magnitude of M = 5.2. A strike–slip rupture was adopted, with a focal depth of 13 km and a vertical plane aligned with the Guadiana River (Figure 5).





2.3. Vulnerability Evaluation


As mentioned in the introduction, there are several possible approaches for assessing the seismic vulnerability of existing schools. The objectives of the PERSISTAH project were to analyse the seismic safety of these buildings according to the legal framework of both regions under study and to rank the seismic risk of school buildings for seismic retrofitting purposes. Therefore, it was opted to apply the seismic structural analysis methodologies presented in Part 3 of Eurocode 8 (EC8-3) [60], considering the limit states (LS) established for the Algarve in the NP EN 1998-3:2017 [61]. These are usually adopted for the seismic assessment of a single building. However, in this case, they were applied to a large number of school buildings throughout the development of the computer routines that were developed to automatically carry out this task [43] as if each building were analysed individually. From all the different seismic analysis approaches proposed in the EC8-3, nonlinear static seismic analyses were selected. First, a different software was used to perform nonlinear static analyses to compute the capacity curves of each school building following the requirements of the EC8-3 (12 for each building, in most cases). These capacity curves were then imported into the PERSISTAH software to rank the seismic safety of the school buildings according to different possible seismic actions.



2.3.1. Capacity Curves Obtained for the Algarve Region (Portugal)


Regarding the Algarve region, particular attention was given to the unreinforced masonry (URM) school buildings that were built before the first Portuguese seismic codes. The capacity curves of these buildings were determined according to the principles and rules defined in the EC8-3 [47], using the TreMuri software [62]. In the case of RC schools built in the early 1990s, it was not possible to check the safety levels currently required in the NP EN 1998-3:2017 for all the LS. As concluded in [63], the level of seismic vulnerability of this type of structure seems to be much lower and much less worrying. However, RC buildings designed before the 1983 Portuguese code, namely the so-called “P3” schools [48], present low shear reinforcement ratios in their columns. For these buildings, the nonlinear structural analyses were carried out with Seismostruct [64]. The results show premature shear failures. In this case, as already carried out in earlier studies [65] and considering the civil protection purposes, a residual shear strength of the columns was adopted to reproduce the expected degree of damage for higher displacement values.




2.3.2. Capacity Curves Obtained for the Huelva Region (Spain)


In the case of Huelva, the seismic assessment of the buildings was carried out according to the performance-based method. In a similar way to the Algarve, the seismic safety was verified according to the EC8 requirements. The capacity of the buildings was obtained according to different numerical modelling procedures. The seismic hazard was acquired according to the seismic code in Spain (NCSE-02) [50] and the Spanish update of the ground acceleration values [66].



For URM buildings, the TreMuri software was also used. In [67], the optimal seismic retrofitting of a URM case study was analysed. It was representative of the URM buildings identified in the area. It was found that this case presents a probability of “collapse” and of “severe damage” of 45% and 40%, respectively. Furthermore, it presented a very low ductile behaviour. It was concluded that the most effective solutions (according to a cost–benefit analysis) were the addition of encirclements with L-shape profiles and steel grids spaced at certain distances.



The seismic assessment was mainly focused on RC buildings. This was due to the amount of them and to the available data at different local archives (such as blueprints and reports). Different software was used to numerically model the buildings, focusing on the use of OpenSees [68]. The ageing effects of the RC frames, the infills, the irregularities in plans and in height or the presence of smooth rebar were considered in the analyses, as presented in [69]. The soil–structure interaction effects have also been tested [70]. It was found that they can worsen the capacity of the medium-rise buildings up to 10%. Additionally, the seismic retrofitting of different case study buildings representative of different typologies has been analysed. Further information on the seismic assessment of the buildings can be found in [49].





2.4. Ranking School Buildings


Given that funding is usually limited, it is important to establish seismic safety rankings to identify the buildings with a higher risk. This can be obtained according to the seismic hazard of the site and the vulnerability of the buildings. This type of analyses is especially important to set the different seismic retrofitting intervention priorities and in relation to higher importance classes [71]. Schools are one of those groups of buildings for which different types of rankings were suggested, usually based on the ratios between capacity and demand associated with a certain LS [72].



In the PERSISTAH project, a similar procedure was adopted to rank the schools. In this case, the adopted school score corresponds to the expression presented below (Equation (2)). This was implemented in the software developed. This score     s c o r  e  L S       is inversely proportional to the percentage of the seismic action     %  S  e , L S      , associated with a given LS, defined from the seismic performance [43]. If the reference seismic action is the response spectrum established in the EC8-1, then this corresponds to the inverse of the coefficient      γ  L S       [47]. This should multiply the seismic action corresponding to the reference return period.


  s c o r  e  L S   =   100   %  S  e , L S     =  1   γ  L S      



(2)







The LS might be a life-saving LS, which is related to the LS of significant damage (SD) of the EC8-3, or to the collapse LS, which is related to the LS of near collapse (NC) of the EC8-3. It can also be any other LS related to full operational performance (OP) or damage limitation (DL), depending on the goal of the study. The higher the score, the higher the seismic risk and, therefore, seismic retrofitting interventions are more needed.



Further studies would consider other important variables to define a more complex but more realistic score, in linking educational facilities and those essential utilities, such as power, water, and sewers, to be available for the functionality of school systems after disasters [73].



A set of factors that affect the functionality of schools includes the performance of non-structural elements, the number of students in each school and the difficulty in assessing the school. The decision to reopen schools after disasters involves not only the school building, the school administrators or staff, but also the damage to community buildings and infrastructure after an earthquake. A multi-criteria approach can be helpful for the construction of a global school score.





3. Retrofitting of Pilot School Buildings


The seismic retrofitting of school buildings has received particular international attention [74,75,76,77,78,79,80,81,82]. After identifying the schools with the highest score in the ranking, it is necessary to select a set of retrofitting strategies. These depend on the type of existing structural system and its dynamic characteristics. They also depend on the ratio between the seismic demand and the capacity of the structure.



In regions where there is no tradition of seismic retrofitting, it is very important to train technicians to carry out the task. In this context, one of the goals of the PERSISTAH project was to perform the seismic retrofitting interventions of two pilot schools. To do so, one school in the Algarve region (Portugal) and another in the Huelva region (Spain) were selected so that they could serve as examples for the two studied regions. The selection of the schools was made based on their school score and the money allocated for the task. Finally, two small masonry school buildings were chosen.



3.1. The Brancanes Primary School (Olhão, Algarve, Portugal)


As aforementioned, one of the typologies of masonry schools that still abound in the Algarve is the schools designed by the architect Fernando Peres. The Brancanes primary school is one of those schools (FP2 [47]). It has a single storey. Sometime after its construction, a new space was added. This new building was separated from the original construction and possesses an RC structure. The original classrooms have two independent entrances because the school was built in 1961, when there was still a gender separation in Portugal. The masonry walls, which support an RC slab, are made of limestone from the region and lime–sand mortar.



The structural analysis of the original masonry building indicated that the school did not have the appropriate level of seismic safety [83]. The adopted retrofitting solution consisted of wall jacketing (Figure 6). Two layers of pre-mixed lime mortar were applied to the opposite faces of the walls. These were connected by means of transverse inox ties through the masonry, as proposed in the EC8-3. The selection of lime-based mortar, instead of cement mortar or concrete, aimed to ensure the physical, chemical, and mechanical compatibility of the new material with the existing one. The choice of inox ties was due to durability issues.




3.2. The Los Lanos Primary School (Almonte, Huelva, Spain)


The building selected for retrofitting is a small URM two-storey building built in the 1980s. The walls are 25 cm thick, with rigid RC floors. It has a sloped tiled roof and shallow concrete foundations. The openings on the façade are located on the longitudinal walls, while the walls in the orthogonal direction are blind (Figure 7).



Its vulnerability evaluation was performed as explained in Section 2.3, resulting in one of the highest school scores of the area studied. Moreover, the building does not comply with the seismic code requirements. The uneven distributed openings represent the main seismic weakness of the building. The probability of severe and complete damage in its weak direction is quite high.



Therefore, the search for retrofitting solutions focused on the mitigation of the weak direction openings’ effect and, thus, the reinforcement of the façade walls. Three potential solutions were considered: external wire mesh, carbon fibre-reinforced polymer (CFRP) mesh and steel rebars around openings. They were selected based on the following features: (i) easy execution from the outside of the building, (ii) low cost/effectiveness ratio, (iii) low/no architectural impact and, of course, (iv) improvement of the seismic behaviour of the building.



This last feature was studied following the method described in Section 2.3, finding that the retrofitted models outperform the as-built one. A higher resistance capacity and a notable reduction in the target displacement at the performance point for all of them was obtained.



In particular, the larger improvement was provided by the combination of two of the methods (Figure 8): the application of an external steel mesh on the façade walls plus the reinforcement of the openings by means of rebars. The analysis of this solution showed that it increases the global stiffness of the structure, reducing deformations. The steel mesh provides an increase in the maximum strength, while the rebars at the openings contribute to a reduction in the displacement at the performance point. The CFRP technique, by contrast, showed the worst improvement/cost ratio and was, therefore, disregarded.



The combination of the steel mesh and rebar around the openings was implemented. A 20 × 20 cm Ø8 mm mesh was put on the external walls and 2 Ø8 mm rebars were hung around each opening. The solution was quickly and easily implemented by a regular local firm, with no special training. It was relatively cheap, and both the aesthetics and the functionality of the building remained unchanged.





4. Risk Communication


It has been observed that populations are not aware of buildings’ seismic risk, even in societies that have modern seismic codes and where earthquakes are frequent. It has been found that even in seismic-prone countries such as Chile, expectations about the seismic behaviour of constructions have been unrealistic [84]. Populations should be aware that, even if a building meets all the seismic safety requirements established in a modern code, they are not designed to withstand earthquakes without damage. Moreover, it may even be economically unfeasible to repair it after a very intense earthquake. The primary goal of a well-designed structure is related to life safety issues. Depending on the seismic code, a moderate earthquake can cause moderate or severe damage mainly of the non-structural elements. This might affect the operation of the facilities for a long time.



In this context, it is important to promote education of and information for the population to contribute to increasing the resilience of the society to these natural phenomena. The school context seems to be an important vehicle to achieve this goal. Moreover, school buildings also suffer the effects of earthquakes. Given the high concentration of children and young people in schools and the fact that they spend a large part of their time in school, the consequences of any structural and non-structural failure could be fatal for them.



Schools play a key role in supporting their communities after an earthquake. Teachers, principals, and non-teaching staff assume roles that go beyond educational leadership. They must deal with an immediate crisis, running schools as community centres after the disaster. Moreover, they must be sensitive to the physical, emotional, social and psychological needs of their students and families [16].



The positive effect of educational programmes on children affected by a very destructive earthquake is known [85]. So that teachers, monitors and technicians in the educational area can fulfil this goal, it is necessary for them to have pedagogical and didactic resources for the initial and continued training of the school community. Given the lack of this material in the regions under study, the Why does the ground shake? [86] and Practical guide for earthquake resilient schools [87] guides were created, which are available in three different languages (Portuguese, Spanish and English). These tools can be used in three types of learning (formal, non-formal and informal). This way, it facilitates the interconnection between the learning of the subjects and the domains of the primary school curriculum. Thus, it is intended to teach educators and children about the seismic phenomenon and the reduction of risk, in a creative, pedagogical, and playful way. Therefore, various activities that promote individual and collective participation were integrated. In this way, a culture of safety is developed in children so that they can transfer it to other moments of their daily lives and to the general population. In this context, special attention was given to problems related to non-structural elements, namely in the guides that were created [87], where issues related to the preparation activities that it is possible to carry out were focused on.



The educational guide Why does the ground shake? was tested and implemented from the beginning of the PERSISTAH project, namely, it was used with students from pre-school (five-years-old) and primary education (6 to 12-years-old). Two training courses for teachers were also held in Almonte (Huelva, Spain) and in Olhão (Algarve, Portugal). This allowed us to test the methodology and prove its practical success (Figure 9).



Recently, during the COVID-19 pandemic lockdown, it was possible to use the Why does the ground shake? educational material and participate in the Portuguese programme #EstudoEmCasa, aimed at students from the 1st to the 9th grade [88]. The TV programme was broadcasted on RTP Memória, RTP Internacional and RTP Play.




5. Results and Discussion


One of the main difficulties of the PERSISTAH project was to establish the earthquake scenarios of many schools spread over the two neighbouring countries. This is a very challenging task. On the one hand, it is challenging because the scenario should be plausible, and the earthquake should take place in areas with well-known seismic sources. This is very complex when dealing with offshore seismic sources. On the other hand, it is challenging because, if the results are accessible to everyone, they may generate panic in the school community without absolute certainty concerning the occurrence of those scenarios. In this context, it is very important to validate the results properly. This can be done by comparing them with identical scenarios that occurred in the region studied or, when that information does not exist, in other regions of the world. Unfortunately, even though the Algarve–Huelva region has been affected by several destructive earthquakes throughout its history [89,90], no instrumental records have yet been obtained in the region regarding a major destructive earthquake.



The 28 February 1969 (Ms = 8) earthquake caused the collapse of some buildings in the Algarve (masonry buildings). However, the rupture was very distant and only one strong motion record was obtained in a station located in Lisbon [91], very far away from the earthquake source.



Given the evaluation method adopted [43], it is necessary to use GMPEs that present spectral values and not only peak ground acceleration (PGA) values. Unfortunately, there are no such GMPEs established for this region based on earthquake records.



It is important to emphasise that the purpose of this study is not to validate the scenarios defined in Section 2.2.2, whose magnitudes are established in the Portuguese National Annex of the EC8-5, but the possible damage effects of these scenarios. Thus, the choice of which GMPE to use is of utmost importance. It should reproduce the spectral values that the earthquakes may generate in the various study sites. Moreover, there might be some unexpected results, concerning both high and small-magnitude earthquake events, which are not captured by some GMPEs. This is due to the incomplete knowledge of how all the factors that influence the level of vibration in a given place come together [92].



There are multiple GMPEs that are proposed by different authors, but not all of them were established with earthquakes that cover the range of magnitudes and distances that are required for this study. Some GMPEs adopt the epicentral distance, others the hypocentral distance, others the Joyner–Boore distance, and others the closest distance to the rupture plane, or a combination of some or all of them [93].



For large magnitudes, as is the case of the far-field earthquake scenario presented in Section 2.2.2, the dimension of the rupture may be very large, so it might not be rigorous to use the epicentral distance or the hypocentral distance. To better understand the impact on the results of this issue, an analysis of the effects of the onshore Amberley (New Zealand) Earthquake of 13 November 2016 (magnitude Mw = 7.8) was carried out. This was done by consulting the acceleration records that exist in the “Center for Engineering Strong Motion Data” [94], recorded in stations from the GNS network. If we analyse the records obtained in the Seddon Fire Station (SEDS), located at an epicentral distance of 145.3 km, but just 23.0 km from the fault, it is possible to see that the PGA was 0.759 g, which is a high value for such a long epicentral distance (probably due to the proximity to the rupture). However, in the Lake Taylor Station (LTZ), at a closer distance to the epicentre (64.3 km), but at a farther distance from the fault (52.8 km), the PGA was just 0.094 g. Obviously, this might be also due to site effects or to the relative distance to existing fault asperities, and not only to the distance from the fault. However, this phenomenon can also be observed in other stations, such as the Blenheim Marlborough Girls (MGCS), for which the soil characteristics are known (Vs30 = 210 m/s) [95]. This is located at an epicentral distance of 155.1 km, but only at 42.7 km from the fault, and presented a PGA of 0.269 g. Moreover, the importance of the distance to the ruptured fault plane can also be observed in other earthquakes, or through the results of stochastic simulations [44]. This type of comparison was also carried out by another author for Nepal, in the context of the Gorkha earthquake (Mw = 7.8) that occurred on 25 April 2015 [96]. This means that the distance to the fault plane rupture seems to be a better choice, regarding accuracy issues, when selecting a GMPE to deal with high-magnitude earthquake events. For this reason, an attempt was made to find a GMPE that is a function of the shortest distance to the rupture (RRUP), for computing the response spectrum of each school site. This type of GMPE is more complex to use because more parameters are needed. In addition, this is more difficult to implement in software, but it seems to be more accurate [97]. In this type of more general mathematical expression (Equation (3)), the spectral acceleration      S  a  T        is a function of the period (T) and of all, or just part, of the following parameters: the earthquake magnitude      f  M  T       ; the distance to the source      f  R  T       , which depends on the adopted GMPE, which considers both geometrical and anelastic attenuation; the type of the earthquake fault      f  F  T       ; a hanging wall term      f  H  T       ; a fault dip term      f  D  T       ; the site geologic conditions      f  S  T       , usually a function of the    V  S 30     value; and a basin response term      f  B  T       .


  l n    S  a  T    =  f  M  T    +  f  R  T    +  f  F  T    +  f  H  T    +  f  D  T    +  f  S  T    +  f  B  T    .  



(3)







To better understand the accuracy that we can expect for the selected damage scenarios, the results of the GMPEs [98,99,100,101,102,103] that were implemented in the developed software were first compared with response spectra obtained from earthquake records. The first set was recorded in the CHBH14 (Vs30 = 201 m/s, ground type C of the EC8-1, focus distance of 72 km) and in the IBRH18 (Vs30 = 559 m/s, ground type B of the EC8-1, focus distance of 78 km) Japanese stations of the KiK-net [104]. This network provides records obtained at the bedrock level and at the surface and presents much information about the geological characteristics of the sites. The 11 March 2011 earthquake (JMA magnitude of 7.7, Mw = 7.8), which was an aftershock of the great Tohoku Earthquake (Mw = 9.0) [105], was considered. This offshore earthquake and those station sites were chosen because the earthquake mechanism and the relative position of those sites regarding the fault rupture have some similarities to the context of the earthquake scenario presented in Figure 4. For this sensitivity analysis, it was assumed that the focus was placed on the middle of the fault plane, and the NIED earthquake mechanism was adopted (strike equal to 209° and dip equal to 31°, which are close to the mainshock values [106]). The comparison of the results is presented in Figure 10, only using the implemented GMPEs [100,101,102,103] that are valid for earthquakes up to M = 7.8.



When analysing the response spectra shown in Figure 10, it is possible to conclude that the GMPE presenting the highest spectral values is the one that was established for the Chilean subduction area [102]. For the CHBH14 site, the values are too high, but for the IBRH18 site, this is the only GMPE that presents results close to the recorded ones. All the other GMPEs exhibit much lower values when compared with the records. Those differences might be due to the possibility of the fault plane not being centred in the focus, which might increase, or decrease, the closest distance from the rupture. Other factors such as the relative distance from fault asperities and the geological site effects are also factors that can influence the response spectra shape and, consequently, the building damage, as shown in previous studies [107].



The offshore area that is close to the Algarve and Huelva regions where the M = 7.7 earthquake rupture was placed is not a subduction area, so it is questionable to use GMPEs that are obtained in subduction areas. Nevertheless, the region studied is not very far from the subduction zone below the Gibraltar Arc [108], so these GMPEs were tested in this study as well.



This strategy was also adopted to assess the ability of the implemented GMPEs to reproduce near-field earthquake scenarios (in this case, the GMPEs that were developed for subduction areas were not used). A superficial onshore earthquake that occurred in Japan on 21 September, 2011 (JMA magnitude of 5.2, Mw = 5.1) was selected. This earthquake was recorded in two very close sites of the KiK-net network: the IBRH13 site (Vs30 = 335 m/s, ground type C of the EC8-1, focus distance of 10.8 km) and the IBRH14 site (Vs30 = 829 m/s, ground type A of the EC8-1, focus distance of 10.3 km). These records presented PGA values which are close to the ones obtained in Spain after the 2011 Lorca earthquake [109]. For this scenario, two of the adopted GMPEs use the closest distance to the rupture [100,101]. The other two use the Joyner–Boore distance [98,99]. The comparative results are presented in Figure 11.



Again, the high dispersion of the results is noticeable when observing the response spectra obtained with different GMPEs. With this issue in mind, it is important to figure out what are the consequences for the damage evaluation that can result from this variation observed in the estimated response spectra. In this context, two GMPEs were adopted for each earthquake scenario, which were the ones that induced the lower and the higher collapse ratios. Figure 12, Figure 13, Figure 14 and Figure 15 show the results obtained for the scenarios that were tested in this work for the LS of NC (a red marker with a number higher than 1.00 means that the collapse of the school building is most likely to occur).



The damage maps obtained for the different earthquake scenarios are probably value information. It emphasises the importance of transmitting to society that a huge amount of uncertainty still exists in relation to the occurrence of earthquakes, with regard to their recurrence, the propagation of seismic waves, the phenomena of local amplification or their effects on buildings. Interestingly, the GMPE that presents the highest values for the near-field onshore earthquake is also the one that has the lowest values for the far-field offshore earthquake scenario. The damage that schools would effectively present due to the earthquake scenarios that were studied would probably fall between the upper and lower limits of the results shown in Figure 12, Figure 13, Figure 14 and Figure 15, where the presented collapse ratio was computed for the LS of NC by using Equation (2).



The enormous uncertainty inherent in seismic risk assessment procedures is observed in the results obtained in this study. For this reason, it is important to transmit this uncertainty to society and to promote a culture of risk. This is probably the only way we can build a more resilient and sustainable society. The importance of this issue was also very evident in Japan after the 2011 Tohoku earthquake, as has been highlighted by some authors [110,111].



In the context of the Algarve and Huelva regions, it is important to remember the destruction caused by the 1755 earthquake [89]. The Algarve was the most damaged region [112]. This is a recurrent phenomenon in this area, as there are sedimentary, palaeontological and geomorphological records of tsunamis of similar effects to the 1755 earthquake [113], as well various historical accounts of different destructive earthquakes [90]. The only way to reduce this uncertainty is to obtain records of large-magnitude earthquakes. These must be recorded at different distances from the source and with different geological characteristics, which unfortunately do not exist in sufficient numbers in this region. Even using stochastic earthquake simulation [44,107], where it is possible to control many of these factors, uncertainty is also high, and the processing speed is much lower than that resulting from the use of GMPEs, which can make their use unrealistic in software intended for civil protection.



The influence of uncertainty surrounding damage seems to be greater for large-magnitude far-field offshore earthquake scenarios, as it influences the results of a greater number of buildings. In relation to scenarios with near-field earthquakes (with lower magnitudes), the differences are less significant and influence the damage results of a smaller number of buildings.



For new buildings, the adoption of capacity design rules intends to solve the problem of aleatory and epistemic uncertainty inherent to the effects of earthquakes on constructions, such as the case of the rules presented in the EC8-1, for example. This type of structural design strategy has long been adopted as a way of desensitising the structural behaviour of the earthquake characteristics [114]. However, in the context of the assessment of existing buildings, the influence of the variability of the seismic action is still an important problem that needs to be minimised. Recent seismic hazard studies have adopted backbone approaches to capture the epistemic uncertainty, namely, by combining a set of GMPEs within logic trees [52,115]. However, there are also issues related to this approach, because sensitivity studies have shown that the selection of GMPEs has a greater impact on the results than the weights assigned to each branch of the logic trees [116]. If all branches are given an equal weight, this is equivalent to the mere arithmetic mean, which may not be the best option, given the difference in results observed in the response spectra presented in Figure 10 and Figure 11. It is also not certain that these weights are equally valid for all magnitudes and distances, namely, in the context of the region under study. Moreover, it is likely that the set of GMPEs, as well as the weights of the logic trees, should be properly adjusted for each particular region, instead of being uniform for large areas.



In all the tested scenarios, it was the masonry school buildings that had the highest school score in terms of possible collapse. Therefore, buildings with this structural system are the ones where seismic retrofitting measures are most needed, which was the support for selecting the two pilot school buildings that were retrofitted.



In relation to the differences observed between the seismic actions that are stipulated on each side of the border between Portugal and Spain, it will be necessary to carry out more studies. These should be of a probabilistic nature, to better define the seismic action for the border zone between these two countries.



In this context, this type of study should be continued for this region, transcending country borders, which is of utmost importance to increase the resilience of the communities, as the effects of the earthquakes do not recognise international borders, which should be reflected in the future generation of EC8.




6. Conclusions


As a result of the work carried out in the PERSISTAH project, it is possible to present the following main conclusions:




	
It is feasible to carry out the evaluation of the seismic safety of a large number of buildings using the analysis methods established in the EC8-3, when using dedicated software, such as the one that was developed for the project;



	
Using this approach, it has been possible to verify the great influence of the selection of the GMPEs on the estimation of the collapse ratio of the school buildings. Therefore, the real degree of damage expected for the earthquake scenarios tested is not certain. Nevertheless, it would probably be within the upper and lower limits obtained;



	
The seismic retrofitting of two pilot schools made it possible to observe the main execution errors of the most usual solutions adopted for masonry buildings. Moreover, it stressed the need to provide training courses to all types of workers involved in this type of work and not to just focus attention on structural designers;



	
The resources and educational material developed, as well as the training actions carried out with teachers, were a great success. This shows that this procedure is one of the best ways to create a more resilient society to the effects of earthquakes;



	
The PERSISTAH project can help government agencies to prepare a vulnerability reduction plan, promoting structural and non-structural mitigation, to enhance the safety of existing schools and reduce their vulnerability;



	
The fact that PERSISTAH is a cross-border project allowed a better understanding of the differences between the seismic codes of Portugal and Spain, in particular for school buildings. Therefore, it is desirable to carry out more joint studies concerning the seismic hazard of these regions.
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Figure 1. Flowchart of the PERSISTAH project approach and some inputs–outputs. 
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Figure 2. Global organisation of the PERSISTAH project software. 
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Figure 3. Values of ag that are established in national codes for the primary school buildings placed in the regions of the Algarve and Huelva (range between a maximum 3.90 m/s2, in the Algarve region, and a minimum 0.61 m/s2 in the Huelva region). At the border, the discontinuity is from 2 to 1. 
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Figure 4. Earthquake scenario with magnitude M = 7.7 located in a possible offshore source [55]. This is identified near the border between the Algarve (left side of yellow border line) and Huelva (right side of yellow border line) regions. 
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Figure 5. Earthquake scenario with magnitude M = 5.2 near the borderline (in yellow) between the Algarve (left side) and Huelva (right side) regions. It has the same epicentre as the 20 of December of 1989 earthquake (M = 5.0) according to the IGN catalogue. 
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Figure 6. Retrofitting solution that was adopted at the Brancanes primary school (Olhão, Algarve, Portugal). 
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Figure 7. Long façade after retrofitting. 
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Figure 8. Construction detail of the reinforcement used. 
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Figure 9. Activity carried out with the teachers based on the educational guide Why does the ground shake? 
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Figure 10. Comparison of the response spectra obtained with several GMPEs for the offshore scenario, the Japan earthquake records (Mw = 7.8), and the seismic actions of the Portuguese (type 1 of the NP EN 1998-1:2010 [46] for Vila Real de Santo António) and for the Spanish (NCSE-02 [50] for Ayamonte) seismic codes, which are currently mandatory for each region: (a) for the CHBH14 site (ground type C) and (b) for the IBRH18 site (ground type B) [100,101,102,103]. 
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Figure 11. Comparison of the response spectra obtained with several GMPEs for the near-source scenario, the Japan earthquake records (Mw = 5.1), and the seismic actions of the Portuguese (type 2 of the NP EN 1998-1:2010 [46] for Vila Real de Santo António) and Spanish (NCSE-02 [50] for Ayamonte) seismic codes, which are currently mandatory for each region: (a) for IBRH13 site (ground type C) and (b) for the IBRH14 site (ground type A) [98,99,100,101]. 
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Figure 12. Collapse ratios for the studied offshore earthquake scenario (M = 7.7) when using the Idini et al. GMPE [102]. 
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Figure 13. Collapse ratios for the studied offshore earthquake scenario (M = 7.7) when using the Bindi et al. GMPE [100]. 
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Figure 14. Collapse ratios for the studied near-field earthquake scenario (M = 5.2) when using the Bindi et al. GMPE [100]. 
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Figure 15. Collapse ratios for the studied near-field earthquake scenario (M = 5.2) when using the Campbell and Bozorgnia GMPE [101]. 
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