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Abstract

:

Southeastern Europe faces a significant earthquake threat, endangering lives, property, and infrastructure thus jeopardizing sustainable development. The development of a Rapid Earthquake Damage Assessment System (REDAS) designed to deliver crucial earthquake damage information for scenario planning, real-time response, and bolstering public awareness and preparedness is presented. In doing so, REDAS enhances community resilience and safeguards sustainability. REDAS comprises a Rapid Earthquake Damage Assessment platform (REDA.p), a smartphone application, and an Educational Hub (Edu.Hub). REDA.p provides both scenario-based and near real-time seismic damage evaluation of structures, gas pipelines, and geotechnical failures, based on harmonized Ground Motion Prediction Equations and a comprehensive building taxonomy scheme covering the area under investigation. To assess regional landslide hazards, the Infinite Slope Model and a statistics-based model have been implemented, alongside a statistical model for liquefaction probability assessment. Validated against historical data, REDA.p integrates real-time input from key earthquake monitoring networks in the region, covering cross-border areas as well, while in designated urban zones, the system is enhanced by real-time data from a dense earthquake monitoring network deployed in selected school buildings. The smartphone app and Edu.Hub disseminate critical information, guidelines, and tools to improve public prevention, preparedness, and response capacities, thereby enhancing societal resilience.
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1. Introduction


Earthquakes are a recurring natural hazard in southeastern Europe and around the Black Sea area [1,2,3,4,5,6,7,8,9], with the potential to cause substantial damage to infrastructure, endanger lives, and disrupt communities. This fact, combined with the expansion of built environment and infrastructure during the past decades [10,11], has led to a dramatic increase in the elements at risk. In addition, secondary phenomena triggered by strong ground motion, such as landslides and liquefaction [12,13,14], may also cause serious damage, which, in turn, can dramatically affect the environment and the socio-economic stability of society and jeopardize sustainability.



These conditions necessitate well-informed decisions for effective earthquake disaster mitigation planning by civil protection authorities. To that end, situational awareness encompassing damage distribution is vital for authorities to plan prevention, prepared-ness and response effectively. Up to date, earthquake-related damage assessment focuses on predefined probabilistic seismic scenarios; therefore, existing seismic vulnerability studies cannot fully provide, especially in real time, the expected damage pattern of a seismic event. Therefore, the development of a rapid earthquake damage assessment platform (REDA.p) to provide scenario-based earthquake damage information for disaster mitigation planning and real-time response actions is imperative.



Countries in the area have developed their own policies, technical expertise and tools to cope with seismic risk reduction and improve their earthquake disaster mitigation capacity. Seismic hazard is being systematically analyzed; however, different approaches (i.e., probabilistic, classical deterministic and neo-deterministic), as well as input seismic sources and GMPEs adopted for seismic hazard assessment, often lead to different, even partially conflicting maps of seismic hazard, especially in Cross Border Areas (CBA). On the other hand, modern seismic networks operating in the area facilitate real-time data exchange through ORFEUS EIDA nodes and also over direct data-exchange agreements.



Although exposure datasets exist for the entire area [15,16,17], the level of detail differs between countries. Thus, existing datasets cannot uniformly cover cross border areas, leading to output limitations.



The vulnerability assessment methods used are also quite different due to both the characteristics of the building stock in each country (local construction practices, different materials, variation in codes and regulations, etc.), as well as because of the methodological approaches adopted. Comprehensive state-of-the-art reviews and efforts focusing on the development of extensive databases of existing vulnerability functions can be found in the literature [18,19,20,21,22,23,24,25,26]. The existing variety of methods used to assess earthquake damage on buildings and specific infrastructure (road or railway networks, dams, utility networks, etc.), includes empirical (intensity based, relying on empirical fragility curves, etc.), analytical (capacity-spectrum, MADRS, improved-displacement coefficient, etc.), and even hybrid ones. It must be noted that vulnerability models developed for building typologies in any specific country/region are generally not applicable in other places of the world, unless the compatibility tests carried out (if any) show that there is good correspondence between specific typologies. At the same time, efforts have been made within the framework of international research projects to propose vulnerability functions for the entire European continent, such as the SERA, RiskUE, Syner-G, NERA, PERPETUATE, ESRM2020 [27,28,29,30,31,32] projects. In recent years, the rapid development of machine learning methods and artificial intelligence has led to the development of advanced procedures that are directed towards achieving a quicker and more reliable depiction of the existing building stock in urban areas, as well as focusing on the development of improved fragility curves and vulnerability indexes [33,34,35,36,37,38,39,40,41].



As it therefore seems, and in order to develop an efficient REDA.p, harmonization across all aspects of earthquake hazard and risk assessment is needed.



Earthquake-imposed crises invoke the entire community with all of its components, including the population (Public). Response of the Public strongly affects the dynamics and progress of response actions, both during the event, and after that, and is strongly related to the level of communication in comprehending the situation and in being trained to respond. To that end, policies towards improving public prevention, preparedness and response capacities through education and raising awareness actions are necessary.



Public behavior is usually motivated by personal concerns, so their main concerns during an emergency must also be considered when developing educational and awareness raising material. To that end, situational awareness regarding those concerns at a personal level should also be acquired during emergencies.



To date, prevention measures aiming to minimize earthquake consequences on built environment and society are mainly based on seismic code provisions (National Codes, EC8), as well as emergency response plans on local and regional scales depending on the event magnitude and intensity.



At the same time, a number of scenario-based REDA platforms for earthquake damage assessment exist, including HAZUS [42], ELER [43], PAGER [44], SELENA [45], Open Quake [46], AFAD Red [47]. These tools showcase numerous valuable capabilities; however, extensive data requirements and limitations, particularly concerning real-time REDA, hinder these solutions from delivering the anticipated outputs and providing real-time situational awareness to competent authorities. A more extensive summary of already existing REDA software v.1.2.3 can be found in project deliverables (https://www.redact-project.eu/) which will be available during February 2024



Taking into consideration everything mentioned thus far, and to support well informed decisions regarding earthquake disaster mitigation, a Rapid Earthquake Damage Assessment (RE-DA) platform that can provide scenario based and real-time earthquake damage assessment by combining information from any of the available monitoring networks is needed. To that end, harmonization of policies, strategies, methodologies and activities involved in Earthquake Disaster mitigation over developing a framework for common practices and joint actions in this field is also necessary.



The report that follows comprises several sections corresponding to the different parts that make up the project “Rapid Earthquake Damage Assessment Consortium”, and all with their individual significance: coordination and management, Earthquake Hazard Assessment, Risk Assessment, Geotechnical failures, Geoinformatics platform development, a smartphone app and the Educational Hub. Harmonization, as an essential part of the project, is a prerequisite for all of the specified sections.




2. The REDACt Project Methodology


2.1. Project Objectives, Targets, Expected Results


REDACt aims at contributing to Earthquake Disaster mitigation by intervening in three of the basic disaster mitigation stages, Prevention—Preparedness—Response, through improving the operational capacity of Civil Protection authorities and public response.



This entire action is split into two parts, implemented in parallel:




	
The first one is to develop, as a Decision Supporting System, a Rapid Earthquake Damage Assessment platform (REDA.p) which can support authorities to make informed decisions during the Prevention and Preparedness phases, and to provide situational awareness during emergencies regarding the spatial distribution of the expected level of damage. REDA.p produces outputs with improved accuracy and reliability in urban areas by receiving readings from a dense monitoring network of low-cost accelerometers, installed in selected school buildings.



	
The second part of the action aims at improving Public Response always in line with State Emergency plans by:




	
Developing a smartphone app to provide guidance, best practices and the ability to provide feedback and felt reports during an emergency.



	
Developing an Educational Hub which answers problems related to public response, as identified by Competent Authorities at a National level.













The overall target of the action is to improve Emergency Response efficiency and Community resilience against earthquake-imposed risks and all of that covering Cross Border areas as well.



The proposed REDA System is based on a jointly developed framework for harmonization of all the involved parameters and methodologies, and provides:




	
Both scenario-based and near Real-Time (Rapid) Earthquake Damage Assessment. The REDA.p integrates real-time seismic data from various monitoring stations from various providers including ITSAK/EPPO (Greece), NIEP (Romania) and AFAD (Türkiye) to detect earthquakes promptly. Utilizing geological, engineering geological/geotechnical and structural data, the system employs predictive models to estimate ground motion parameters and potential earthquake damage based on user defined scenarios. When triggered by any of the earthquake monitoring networks, the platform calculates ground motion parameters, produces the respective shakemaps, and, based on the available for the area vulnerability and/or geotechnical data, produces the respective earthquake damage distribution maps (Figure 1).



	
Smartphone app. It provides (i) education and training to users; (ii) information regarding the event; (iii) a map of safe locations in the area; (iv) the capability of sending an “I am safe” message to selected contacts; (v) the capability of sending feedback as “felt-reports”; and (vi) access to the project website where they can find more information, guidelines and tools to implement their own emergency plans.



	
Educational Hub (Edu.Hub). The scope of the educational hub is to investigate the reasons influencing public behavior during earthquake emergencies and to offer solutions for improvement. It capitalizes on educational material published by competent Authorities at National and Regional Levels and based on internationally recognized and widely acceptable principles, it attempts to constructively contribute towards improving public prevention, preparedness and response capacities against earthquake-related risks.








Research activities to build those system components include several interlinked scientific areas, including Earthquake Hazard assessment, Risk assessment, Geotechnical hazard assessment, Edu.Hub development, REDA platform development and the smartphone app development.




2.2. Project Design and Structure


Project partners include the International Hellenic University as the lead partner (GR), the Institute of Engineering Seismology and Earthquake Engineering of the Hellenic Earthquake Planning and Protection Organization, the Democritus University of Thrace (GR), the Gebze Technical University (TR), the Ovidius University of Constanta (RO) and the Institute of Geology and Seismology (MD).



Project implementation was based on regular and on-demand communication among the project implementation team and among the project and the Target Group, which includes competent in earthquake disaster mitigation authorities at National, regional and local levels, the scientific community, competent professionals and the Public.



Internal procedures were controlled and monitored by the project coordinator with the assistance of the Steering Committee (StC), comprising of the heads of partner teams. There were partners responsible for each of the groups of activities (working groups), for each activity and respective deliverable. A total number of 50 staff scientists/researchers and 9 highly qualified external experts participated in the project.



Attached to the StC was an Advisory Committee (AdC), consisting of distinguished scientists at the international level, who also hold key positions in Civil Protection (Figure 2). Members of the AdC include the President of the Hellenic Earthquake Planning Protection Organization (Greece); the Director of the Earthquake Department of Disaster and Emergency Management Presidency (AFAD, Türkiye); the general manager of the National Institute for Earth Physics (NIEP, Romania); the President of the EMSC-European Mediterranean Seismological Center; and the director of internal Protection and Prevention Service, former officer of Civil Protection (Moldova).




2.3. Research Subjects


A very broad spectrum of research subjects was applied, including seismicity assessment, strong ground motion parameter estimation, geotechnical failure model investigation (focusing on landslides and liquefactions), risk assessment, vulnerability of structures and gas pipelines, and public behavior related to natural disaster mitigation, especially during emergencies.



More technical subjects were also covered including the operational specs and development of the REDA platform, the smartphone app development, the development of a prototype platform built on geoinformatics technologies and available APIs, for assessing geotechnical hazards triggered by earthquakes, and the development of low-cost accelerometers and their installation to selected school buildings (Figure 3).



2.3.1. Ground Motion Prediction Equations and Selection of Seismic Sources


The necessary harmonization was based on the assessment of the existing status on the detection of discrepancies/incompatibilities and on research to develop solutions that fully cover the REDA.p demands in terms of accuracy, reliability and geographic coverage. Previous research indicates that various seismogenic sources and faults have been adopted and used by each country for seismic hazard map generation in the area. They provide diverging outputs, which are especially evident in Cross Border Areas (CBA) in terms of the expected ground motion intensity for a given annual probability of exceedance, making the harmonization of seismic sources and fault parameters, and of the Ground Motion Predictive Models (GMPM), a necessity.



The harmonization of seismic sources and fault parameters was based on the outputs of the SHARE EU project (2009–2013, http://www.share-eu.org; last accessed on 15 October 2023), but still, a missing part of seismogenic faults of the area between Romania and Moldova and of Ukraine and Southwestern Russia had to be covered. Towards that end, seismic sources and faults in the wider area of Romania and of the Republic of Moldova, which also covers large parts of Bulgaria and southern Ukraine, were investigated. Recent research related to the determination of seismic sources [48] and faults in the area [49] was also considered.



Ground motion predictive models’ harmonization was based on the SHARE project [6,7,8]. The REDACt research area was divided into two main categories in terms of tectonic features; one including active shallow crustal regions (ASCR), covering Greece and Turkey, and the Stable Continental Region (SCR), consisting mainly of a continental crust covering Romania, Moldova and their broader area. For this reason, two parallel investigations regarding the selection of the most appropriate Ground Motion Predictive Models (GMPM) have been completed.



To that end, thirteen out of the existing thirty-seven GMPM published during 1985–2021 were selected based on the criteria suggested by Cotton et al. [50] and Bommer et al. [51], and were tested and ranked according to their Peak Ground Acceleration (PGA) and Peak Ground Velocity (PGV) performance.



Evaluation of GMPM for the GR/TR CBA was through comparison to strong motion data recorded in both Greece and Türkiye during three events that have recently (2017–20) occurred in the Greek/Turkish CBA. The “Normalized Residuals” method was used to identify biases that may exist when implementing a specific model in a region, and the “Log-Likelihood” method [52] was used to decide if a specific GMPM is suitable for implementation, and, if so, in which way the various GMPMs are to be weighted within the epistemic uncertainty analysis in a “logic tree” framework. Although the selected evaluation approach offers an objective way of ranking the selected GMPMs, it has been observed that different evaluation approaches lead to different rankings, and, therefore, GMPMs for Probabilistic Seismic Hazard Analysis (PSHA) must be combined with corresponding weighting factors, which were finally calculated (Table 1). The same results have been derived from a similar analysis proposed by Sotiriadis and Margaris [53].



Based on the analysis, the first three GMPMs were selected to be implemented for the entire GR/TR cross border area.



A respective analysis covering Romania, Moldova and their surrounding area for evaluating the GMPMs for intermediate-depth events was based on models currently used for developing the Romanian ShakeMap [56] and on recent research [57]. Several models were tested in terms of Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV) and Spectral Acceleration (SA). They were evaluated and ranked using the “Normalized Residuals” and the “Log-Likelihood” as described previously, and the highest-ranking ones were those proposed by Sokolov et al. [58], Atkinson and Boore [59], Vacareanu et al. [60] and Garcia et al. [61].



GMPMs incorporate shear wave velocity in the upper 30 m (Vs30), which is used in estimating shaking, and also in calculations related to seismic site characterization. Based on the fact that Vs30 values were found to correlate very well with topographic slope [62], Vs30 values for the entire research area were adopted from the USGS (https://earthquake.usgs.gov/data/vs30/, last accessed on 21 February 2022). These values are based on a 30 arc-sec Digital Elevation Model, and they have been used worldwide [63] as they are considered generically applicable on a global scale.



In selected pilot implementation urban areas, more detailed Vs30 value data were produced using detailed topographic and geologic maps. All of this information was incorporated into the REDA platform (Figure 4).




2.3.2. Earthquake Damage Assessment of Buildings and Gas Pipelines


Existing loss estimation methods, which are utilized globally for assessing buildings and infrastructure, were comprehensively reviewed in the project’s deliverables (made available over the project website), as well as available software solutions for rapid earthquake loss estimation. In the majority of the existing REDA systems, there is an effort to quantify the anticipated damage to buildings and structures by determining specific damage levels based on criteria that are usually associated with damage extent and repair cost.



Subsequently, these estimates can be used to calculate socio-economic impacts, both direct and indirect, typically by employing empirical models. At a systemic level (pertaining to transportation networks or lifelines), the models are generally observational and possess a high degree of uncertainty when applied to other case study areas. Available approaches are based on:




	
seismic intensity values and direct correlations with potential of casualties and economic losses;



	
seismic intensity values and vulnerability functions for buildings with casualty models;



	
seismic PGA, PGV and Sa values, capacity and fragility functions or directly vulnerability functions for structures;



	
more empirical approaches (but generally less used), relying on GIS multi-criteria decision analysis.








In most cases, the scale of analysis for the damage assessment of buildings applies to broader urban areas such as a municipality or a city. Therefore, fragility or vulnerability functions are linked to generic structural typologies rather than focusing on individual structures. Achieving harmonized seismic risk assessment of buildings across different countries introduces specific challenges due to variations in codes, regulations, local construction practices, and prevalent trends in each nation’s seismic risk assessment procedures, such as building taxonomy and seismic damage definitions. Determination of geographical units (e.g., building block, mahalla, etc.) and differences in available exposure datasets, such as the level of detail and format, also present obstacles.



To attain a unified outcome for REDA.p, key decisions were made to allow the application of common procedures, with paramount importance given to the building taxonomy and the vulnerability models used to evaluate the levels of seismic damage. To harmonize seismic loss estimation over the entire research area, the taxonomy proposed by the Global Earthquake Model [64] was adopted as the common taxonomy used for exposure datasets. The set of fragility curves proposed by Martins and Silva [65] was adopted, as it appeared to provide a reliable solution for describing the seismic performance of buildings in all partner countries and is compatible with the GEM taxonomy.



Validation of the platform results that was attempted in the city of Thessaloniki, revealed satisfactory comparison with available damage distribution data [66,67] after the Volvi earthquake (M = 6.5, 1978).



In REDA.p, the earthquake damage assessment of natural gas pipelines leverages a logic tree approach, using selected fragility curves with assigned weights to depict the performance of pipelines under wave propagation and peak ground deformation hazards. The selection of pertinent vulnerability functions is based on (a) an existing database of damaged pipelines, often supplemented with water or sewer pipelines data to augment the dataset [68]; (b) fragility curves specifically tailored to gas pipelines [69]; and (c) the relationship proposed by O’Rourke et al. [70]. Failures in water and sewage pipelines located in the broader area of Kocaeli (Türkiye) were considered for validating the efficiency of REDA.p estimations.




2.3.3. Earthquake Triggered Landslides and Liquefactions


Taking into account the regional scale of implementation, the available data and the existing methods used worldwide for the assessing the liquefaction potential and/or probability [63], the method proposed by Zhu et al. [71] was adopted for evaluating the probability of liquefaction-induced ground disruption, while for local scales, the adopted method was the one proposed by Iwasaki et al. [72].



Based on the same conditions, landslide hazard assessment at a regional scale, for events triggered by earthquakes, is made over two different approaches: (a) Jessee et al.’s [73] recently developed statistical approach, and (b) the infinite slope model (ISM); a widely used, physically based model, appropriate for shallow landslides, which has been adopted and evaluated in a previous Black Sea Basin JOP 2007-13 funded project, SciNetNatHaz [74]. Data produced for implementing the ISM were based on detailed topographic and geologic maps, and on analysis of the engineering properties of rocks and soils to assess cohesion and angle of friction values.




2.3.4. The Smartphone App


The REDACt smartphone app has been developed to provide event-related information to the public, while, at the same time, receive feedback from the public in the form of felt reports using the scheme of the well-known “Last Earthquake” app (EMSC). To support the public during emergencies, the app also allows users to send a message to selected contacts with one click. It also provides maps of safe (refuge) areas, as defined by competent authorities.




2.3.5. The Educational Hub


Education to process information and comprehend the risks are among the main requirements for improving public response capacity; therefore, a large part of the educational hub is attributed to providing targeted education, which capitalizes on guidelines issued and/or published by competent National authorities and adds some new ideas, tips and solutions to potential problems the public faces during emergencies.



Reasons the public should be prepared to respond in earthquake emergencies in line with state emergency plans, what and how to do it to mitigate the risks, and info regarding the content of the Hub, introduce the visitor into the essentials regarding earthquake disaster mitigation and the necessary participation of the public in this effort. Suggestions are provided for voluntary involvement at a neighborhood level. Care has been taken to provide explanations and justifications for necessary actions per case.



As response of the population strongly affects the progress and evolution of response actions, both during the event and after that, the scope of the Edu.Hub was to investigate the reasons influencing public behavior during earthquake emergencies and to offer solutions for improving public response. To develop the educational material, suggestions regarding public compliance with guidelines and rules, especially during crises [75,76], were considered.



A second part of the introductory section follows with brief information regarding the problem of earthquakes in the area, the role REDACt project aims to play, and information regarding the funding Programme.



Links to competent at National level, State authorities follow this section, to allow for easy access to already published educational material and information.



The next section of the Edu.Hub focuses on helping the public comprehend the risks. Information is provided in the form of a table, linking actual risks to the appropriate preventive, preparedness and response actions. The table is followed by a slideshow, based on already published educational material by the Hellenic Earthquake Planning and Protection Organization (EPPO), which again attempts to link risks to prevention, preparedness and response actions. Preventive, preparedness and response actions, inside and outside the house, as well as suggestions to support people in the neighborhood who may need help (elders, people with mobility difficulties), are also included via three informative diagrams.



The next section of the Edu.Hub attempts to help resolve problems that were reported by competent authorities [75]: panic, traffic jams, unknown geographical location of safe (refuge) areas, inability to navigate there, and the length of time that people can stay there.



Based on previous recent research, which suggests that crowd behavior is usually “normal” and “mass panic” is very rare [77,78,79,80], as opposed to older research that suggested the existence of a crowd “irrationality” during emergencies causing “mass panic” [81], the reasons for “panicking” were investigated. As already mentioned, one of the reasons can be the unknown intensity and impact of the event. Answers to that problem are provided by the educational hub content already presented, in conjunction with the smartphone app, which provides event-related info and the ability to submit “felt reports”.



Panic can be a result of the self-preservation instinct, but that is not what drives people to ignore the threat and expose themselves to risks several minutes after an event when they have already evacuated buildings. Existing research suggests a “critical situation“ is strongly related to the viewpoint of the one who is undergoing it [82], which means that different people may have a different perspective on the same “critical situation”. This can be a result of the different levels of relative education and training they have, but, at the same time, it may also be linked to their personal concerns during critical moments.



Concerns people face during crises are related to “social vulnerability” [83]; a set of characteristics that include a person’s well-being, self-protection, livelihood and resilience, social protection and the social and political networks and institutions. In fact, the six levels of “social” vulnerability identified [84,85] are in a series of significance: (i) individual; (ii) household; (iii) administrative community; (iv) cultural community; (v) national and (vi) regional, which means that the main concerns people face during emergencies are related to their closest, personal circle: family, friends, valuable assets, pets, etc. Concerns regarding the condition of those subjects during an emergency can make people ignore any threats and expose themselves to risks.



As is therefore evident, the public needs situational awareness at different levels, including those related to the event itself, as well as those regarding its personal interests and concerns. This kind of situational awareness can only be acquired at a personal level by exchanging information over real-time communication. Having said that, earthquakes trigger the reaction of the entire community, so attempts to communicate over voice calls often lead to overloading the network, causing communication interruption.



To overcome the problem, tips and advice, and tools and tutorials are provided by the Edu.Hub for setting up a communication plan and facilitating communication over data (Figure 5). To that end, free software and services (indicatively, such as Meta messenger v.431.1.0.35.116, Whatsapp v.2.23.23.78, Viber v.21.4.1.0 and Google Maps v.11.107.0101) are suggested and very short tutorials are provided indicating the proper use of these apps to communicate, exchange messages and share a live location.



It is demonstrated that exchanging short messages with a contact or a group of contacts can be just four clicks away, and it can provide many more options than voice communication, such as sharing live geographic location among contacts. This feature is important as the communication group will all be able to track each other on their smartphones as they move towards a predefined safe location, thus eliminating reasons to go through the streets searching for each other. At the same time, efforts have been made to persuade people to use data for communication during crises instead of attempting to use voice calls, in order to prevent the cellphone network overloading and communication interruption.



An effort has also been made to answer additional problems related to public response, such as the ones regarding the unknown refuge area geographic location. Considering that in cities there may be numerous visitors who do not know the area, a sample, navigation-able map of safe areas is also provided. The map can be readily accessed over the Edu.Hub; it contains (indicatively) all the safe areas in the Region of Anatoliki Makedonia and Thraki (data, courtesy of the Civil Protection service) after they have been reverse geocoded to contain helpful information such as address and name of the location.



Additionally, an evaluation of the safe areas’ spatial distribution and the coverage they offer based on their accessibility from different parts of the city in five-minute walking time has been carried out. Various parameters, such as gender and age, were taken into consideration, and various dynamic isochrone creation models were used to develop five-minute isochrones around each safe area, thus indicating the parts of cities that are covered given this specific criterion (Figure 6).



The Redact Educational Hub (Edu.Hub) is hosted on the project Web Site: https://www.redact-project.eu/educational-hub/ (last accessed 16 October 2023, will be kept on line for at least, the next five years); it has been developed in English and translated into Greek, Turkish and Romanian.






3. Main Research Outputs, Evaluation and Results


3.1. The REDA.p and the Harmonization Framework


The REDA.p presents unique capabilities, including scenario-based and real-time damage assessment, based on real-time information coming from the major monitoring networks in the area. Data for the exposure (i.e., building stock, gas pipelines, etc.) have been obtained by local authorities and organizations in each partner country. For example, in the case of Greece, the building data were provided for the regions of Central Macedonia and Eastern Macedonia and Thrace by the Hellenic Statistical Authority based on the 2011 National Census [16], as the 2021 data are not available yet. In-house software tools have been developed as a pre-processor to the REDAS application to handle these data. Figure 7 presents some details for the building stock in the Metropolitan area of Thessaloniki.



REDA.p provides fully harmonized outputs for the entire implementation area. It is an expandable system, which can easily incorporate data and information from additional monitoring networks as well as additional GMPM/GMPEs after the necessary harmonization process, given the already developed harmonization framework, which covers all research/scientific and practical aspects related to developing such a platform. It can process information and provide outputs in seconds; indicatively, the scenario of the Thessaloniki earthquake (1978) processing time, with all outputs produced, takes much less than one minute (Figure 8).



Evaluation of REDA.p outputs was based on comparison with actual observations from real events. During the process, both strong ground motion parameters and damage states were evaluated. For the risk assessment of buildings, the 1978 Thessaloniki earthquake statistical damage data [66,67], which are based on field inspections by engineers right after the event, were used. Although there is no direct (one to one) matching between the damage states adopted and the post-earthquake tagging scheme used in 1978, REDA.p outputs show a satisfactory convergence with the statistics of building damage.



The geotechnical hazard outputs were evaluated with actual failure data from Lefkas (2015) and Pinias (2021) earthquakes and showed a remarkable convergence.



In any case, REDA.p output evaluation is an ongoing process, as new data and information become available.




3.2. The Edu.Hub and the Smartphone App


These project outputs provide complementary effects: the smartphone app provides event related information, capability of submitting felt-reports and of sending messages to selected contacts with a click of a button, map of safe locations, access to the project’s website and to the Edu-Hub. The app (version 1.05) is available on both Google Play and Apple Store for devices with Android or iOS operating systems.



The Edu.Hub provides:




	
Education to help raise public awareness;



	
Tutorials to help people develop their own emergency plans and respond more efficiently by also acquiring situational awareness regarding their own interests and concerns;



	
Supports the public by providing maps of safe locations where they can navigate directly from the Edu.Hub with two clicks;



	
An evaluation of the coverage of safe locations provided to urban areas given a maximum walking time of five minutes.








At large, the Edu.Hub demonstrates ways of improving the efficiency of communication with the public, presents ideas and tools that can help the public improve its response capacity and, as a research output, may be adopted by competent earthquake disaster mitigation authorities, which hold the role to communicate with the public.





4. Discussion


Earthquake imposed crises, invoke the entire community, including all of its structural components. They put into test the operational capacity of services, their response efficiency and the response of the population, which strongly affects the dynamics and progress of response actions, both during the event and after that. The right knowledge of what happens after an earthquake of moderate to large magnitude is of great importance. Citizens would like to know what is the magnitude and the epicenter of the event, and if it is in the proximity of their living place, how to respond accordingly. Moreover, they would like to know the level of the intensity measure in their location as well as in the broader epicentral area. In addition, Civil Protection authorities would like to have an estimation of distribution of possible damage and losses, especially in the urban environment, to appropriately respond towards mitigation of seismic risk within the first minutes/hours after the earthquake.



In this way, the state authorities can have an estimate of the spatial distribution of the expected damage, in case of a specific seismic scenario, which can be used to mitigate consequences of a possible future earthquake on the built environment and on citizens. It is understood that the rational estimation of the expected seismic actions (e.g., maximum ground acceleration) and the accuracy of the databases on building stock of a city are decisive factors for a reliable estimation of seismic risk parameters and results. In the direction of enriching the relevant database, the cooperation of scientists with Civil Protection and public services updating the databases is deemed necessary and decisive. In addition, in the case of real-time Shakemap generation, the above building inventory databases can also be used towards rapid damage assessment of an urban environment from a specific earthquake in the wider area. The usefulness of this information for the response of Civil Protection in the first minutes and/or hours after the event is evident, so that the actions to reduce consequences of the earthquake would be rationally focused.



Continuous communication with major stakeholders in the area, has led to tailoring the REDA System to their needs, so the REDAS outputs could be readily adopted by them.



The Edu.Hub content was presented to Civil Protection authorities during project organized seminars and in International Conferences. The proposed ideas and forms of communication with the public were well accepted, and parts of the Edu.Hub have already been adopted by competent authorities. Demand for additional communication actions to further disseminate the Edu.Hub content has also been expressed by authorities, so additional communication events are expected to be organized in the near future.



It is also interesting to highlight the role of coordination and management in converting project outputs into results. The project administrative structure has supported the aim for continuous communication with special members of the Target Group, who are competent organizations at a national level in the area.



At the same time, the REDA platform outputs incorporate state-of-the art methodologies and satisfy the needs of the stakeholders, as these were defined by systematic previous consultation. Consequently, it has led to the adoption of project outputs by major stakeholders including AFAD (Türkiye) and NIEP (Romania), even during the project implementation period. It has also led to building a fully operational REDA.p instead of a working prototype with limited capabilities, since NIEP and AFAD offered their cooperation and real-time data support to the system.



Adoption of the project outputs by competent organizations at a national level produced results, and the REDACt project received an honorary distinction by the BSB JOP 2014-20 Program managing authority and by TESIM ENI CBC as a “flagship” project; it was presented as a “Best-Practice” project in TESIM events and was featured at the TESIM May 2023 magazine issue “Voices from the field section (https://interregtesimnext.eu/voices/konstantinos-papatheodorou/; last accessed 16 October 2023).



Moreover, it has expanded the existing cooperation with a new partnership with AFAD, which has led to successfully submitting a proposal leading to a new project called Earthquake Resilient Schools-EReS, funded by the UCPM over the “Disaster-Resilient Society 2022 (HORIZON-CL3-2022-DRS-01)” call. EReS capitalizes on REDACt and further expands it results by focusing on school buildings in the GR/TR CBA.




5. Conclusions


The Rapid Earthquake Damage Assessment Consortium project was successfully implemented during 2020–2023. It has led to developing a Rapid Earthquake Damage Assessment System, consisting of:




	
A REDA platform which can provide both scenario-based and near Real-Time damage assessment including buildings, gas pipelines and geotechnical failures such as landslides and liquefaction.



	
A smartphone app, which provides the public with event related data and offers communication capabilities such as sending a reassuring message, submitting a felt report and having access to a map of safe areas.



	
An Educational Hub, which attempts to raise public awareness, promote volunteering at a neighborhood level and offers solutions to help the public acquire the situational awareness it needs during emergencies. It also provides a navigation-able sample map of safe locations to demonstrate its potential use by competent authorities at various levels of administration.








Exhaustive validation tests have been implemented to verify earthquake induced damage in both structures and the triggering of geotechnical failures. For a pilot site, (Thessaloniki, Greece) observed seismic and building damage data of the 20 June 1978 (M6.5) earthquake that hit the city of Thessaloniki have been compared with corresponding scenario results using the REDA system. The comparison showed satisfactory agreement with the observed damage data, indicating the accuracy and reliability of REDAS assessments.



Continuous communication with the Target Group has led to tailoring the project outputs to their needs, thus converting them into results and achieving the funding Program’s targets.



By supporting both the competent earthquake disaster mitigation authorities and the public, the combined use of all REDA system components is expected to contribute to improving community resilience against earthquakes and to strengthening sustainability in the wider area.
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Figure 1. Rapid Earthquake Damage Assessment platform structure and Real-Time operational mode. 
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Figure 2. The REDACt project administrative structure. 
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Figure 3. The REDACt project implementation structure. 
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Figure 4. Top: Map displaying the GMPM Zones [52,53,54,55,56,58] for the implementation area and their respective geographic coverage. The main provider (NIEP, AFAD, ITSAK) of earthquake related real time data is auto-selected based on the epicenter location of the triggering earthquake and the seismic faults in any of the three area sections. Bottom: A screen print of the REDA platform output, displaying the incorporated GMPMs which cover the entire area. 
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Figure 5. Location sharing using Whatsapp (v.2.23.23.78). A four-step process taking a few seconds to provide and receive important information such as live location and message exchange. 
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Figure 6. Process of evaluating the spatial distribution of state defined safe areas in major cities of the Anatoliki Makedonia and Thraki Region, and the coverage they offer based on their accessibility from different parts of the city in five minutes of walking time. Colors correspond to the number of safe areas accessible from various parts of the city. 
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Figure 7. Main characteristics of the building stock in the Municipality of Thessaloniki (top); spatial distribution of the seismic design level in the building blocks of the city (bottom). 
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Figure 8. Seismic risk assessment of the building stock of Thessaloniki for the Volvi earthquake (M = 6.5, 1978), using the REDA platform: (top left) Intensity values in the greater area around the city of Thessaloniki; (top right) Vs30 values in a user defined grid; (bottom left) PGA values, in cm/s2, (bottom right) damage state distribution estimates for the building stock in the metropolitan area of Thessaloniki. 
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Table 1. Weights of selected GMPMs for PSHA in GR/TR CBA, based on evaluation approaches adopted.
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	GMPM
	wl—LLH
	wl—Residuals
	Final wl





	1
	Boore et al. (2021) w bias [54]
	0.160
	0.281
	0.346



	2
	Chiou and Youngs (2014) [55]
	0.160
	0.270
	0.337



	3
	Boore et al. (2021) w/o bias [54]
	0.162
	0.241
	0.317
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