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Abstract

:

Earthquakes are one of the most costly and deadliest natural disasters. This perspective paper presents a discussion focused on the role of seismic design codes in risk perception and seismic risk reduction in Europe. The seismic design codes are a key component for both the design of new buildings, as well as for the vulnerability assessment of existing ones. The impact of seismic design codes on seismic risk reduction is discussed using as case-study countries, Italy, Turkey, Greece, and Romania, which according to the recent European seismic risk model 2020 have the largest expected mean annual losses due to earthquakes. The evaluation of the seismic exposure of the four countries shows that from the entire population of more than 170 million people, about 130 million live in buildings designed using no or low level seismic design. The mean annual expected losses due to earthquakes are of the order of 0.1–0.2% of the national GDP. Moreover, the mean annual death probability due to earthquakes is 10−6 which represents a risk level not of great concern to the average people. However, large earthquakes in Europe from the past 50 years have produced losses in excess of 10 billion Euros and several hundred thousand affected people. A solution for a better communication of seismic risk in order to increase seismic risk perception might be to provide exceedance probabilities of specific macroseismic intensity levels for time frames of 10 or 20 years, instead of annual values. Macroseismic levels from past earthquakes might be used in order to have a better understanding of the results and should complement the seismic design maps. In addition, in the case of seismic vulnerability, the use of simple terms (e.g., inhabitable or uninhabitable) along with their associated occurrence probabilities in the same time frame as in the case of the seismic hazard, might be a solution. Financial incentives for seismic strengthening, as well as a clear definition of an earthquake-prone building are also very useful for increasing seismic risk perception.
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1. Introduction


Earthquakes represent one of the deadliest and most costly natural disasters in the world and in Europe, as well. The EM-DAT database [1] assigns a number of more than 70,000 deaths, more than 13 million affected people and losses in excess of 250 billion Euros caused by earthquakes that have occurred in Europe in the period from 1950–2022. Corbane et al. [2] state that earthquakes are the second costliest natural disaster in Europe for the period 1980–2014, after heatwaves.



From the point of view of the design of new buildings, and from the point of view of seismic assessment and the strengthening of existing buildings, seismic codes are key elements. An increase in the level of seismic safety of new buildings is observed for each new generation of design codes. The taxonomy employed for the evaluation of seismic exposure uses the evolution of seismic design codes as a key parameter for differentiating among various buildings. Finally, the seismic risk metrics can be significantly reduced by increasing the level of seismic safety of buildings. It is suggested by some authors that the adoption and enforcement of seismic design codes is the most important factor to reduce earthquake community risk [3]. A benefit-to-cost analysis has shown that there are many areas in Europe where seismic design is highly cost-beneficial in terms of life-cycle costs, compared to no seismic provisions [4].



In this context, a technical description of the provisions given in the seismic design codes from US, New Zealand, Japan, Chile, Mexico and Canada, as well as in Eurocode 8 [5] can be found in [6]. In the European context, the most important documents from the past 20 years for the seismic design and assessment of structures and which have been adapted nationally by a significant number of countries are Eurocode 8—Part 1 for new buildings [5] and Eurocode 8—Part 3 for existing buildings [7].



In this study, the issue of seismic design codes and their impact on seismic risk reduction in Europe is focused on the four countries which have the largest mean annual losses according to the recent European seismic risk model 2020 [8], namely Italy, Turkey, Greece and Romania. The average annual seismic losses from these four countries account for more than 70% of the total losses at the European level. The seismic risk metrics are evaluated and discussed in the context of seismic risk perception. Finally, solutions for improving the communication of seismic hazards and risks to the general public in order to enhance seismic risk perception are proposed based on the experience of Japan, and using simpler, more comprehensible metrics.




2. The Evolution of Seismic Design


This section focuses on the seismic design evolution from the four countries, as well as on the major earthquakes affecting these countries and their impact. The evolution of the seismic design in each country is marked by significant changes occurring as a result of a local damaging earthquake, or as a result of the practice accumulated nationally and/or worldwide. The study of Crowley et al. [9] highlights the years marking the changes in seismic design practice in European countries. The years in which the first moderate-level or high-level seismic design code was enforced in each country, as well as the major damaging earthquakes occurring in the past 50 years are given in Table 1. It can be observed from Table 1, that a significant number of earthquakes occurring in the past 50 years has affected the four selected countries. In addition, it can be seen that, at least for the case of Romania and Greece, the changes of the seismic design codes from low-code to moderate-code occurred after significant earthquakes (1977 Vrancea earthquake and 1978 Thessaloniki earthquake). In the case of Italy and Turkey, the change from the low seismic design code generation to a moderate seismic design code occurred some 10–15 years later [9].



According to the EM-DAT database [1], the earthquakes which have generated the largest number of affected people and economic losses in the past 50 years for the four countries being analyzed are: (1) the Irpinia 1980 earthquake in Italy, (2) the Kocaeli 1999 earthquake in Turkey, (3) the Vrancea 1977 earthquake in Romania, and (4) the Thessaloniki 1978 and (5) Athens 1999 earthquakes in Greece.




3. Seismic Exposure


The recent European seismic risk model provides an evaluation at the European level of the seismic losses for residential, industrial and commercial buildings [8]. The exposure model employed for the development of the European seismic risk model is presented in the study of Crowley et al. [10].



All the data used in the exposure analyses shown in this section is publicly available for download [11]. Table 2 shows the number of buildings, population and the total replacement costs of the buildings in the four selected countries [11], as well as the gross domestic product (GDP) evaluated by the World Bank [12]. Based on the data given in Table 2, it can be observed that the ratio between the total replacement costs of the building stock and the GDP of each individual country is in all cases larger than unity and can be as high as 3 (in the case of Greece).



The structure of the building stock (residential, industrial and commercial) in terms of the number of buildings as a function of the level of the seismic design code is subsequently analyzed for all four countries. The relative percentage of buildings designed using either no-code/low-code or moderate-code/high-code for each country is illustrated in Figure 1. Modern seismic design codes are considered as high-code, low-level codes represent the first generation of seismic design codes (which follow the no-code period), and moderate-code is the second generation of seismic design codes [9]. It can be easily observed that in all four countries, the current building stock consists mainly of buildings designed using no- or low-level seismic design. The relative percentage of the population living in buildings designed using either no-code/low-code or moderate-code/high-code for each country is shown in Figure 2. The relative percentages are similar in the two situations (buildings and population) for Greece and Italy, while in the case of Romania and Tukey, the relative percentage of the people living in buildings designed using either moderate-code/high-code is double than that corresponding to the building number.



In absolute terms, from the entire population of more than 170 million people in the four countries, about 130 million live in buildings designed using no- or low-level seismic design.




4. Seismic Risk Assessment


The average annual losses for the four selected countries are, according to the recent European Seismic Risk Model 2020 [9] in the range 0.4–3.3 billion Euros, which leads to average annual loss ratios between 0.6‰ and 1.4‰.



The average annual number of deaths, injured people and those affected are computed for each country based on the data collected from the EM-DAT database [1] for the period 1950–2022 in Table 3.



Based on the average annual number of deaths, injured people and affected people and the corresponding population of each country, the mean annual probability of death is of the order 1.2–5.7 × 10−6, while for injuries it is 3.0 × 10−6–1.5 × 10−5. The order of magnitude of the mean annual death probability due to earthquakes is about 10 times smaller than that due to air travel or building fires [13]. It is noted by Otway et al. [14] that a risk level of the order of 10−6 means that such accidents are not of great concern to average people. This means that average people may be aware of them, but they feel nothing will ever happen to them.



The average seismic losses are evaluated in Table 4 using also the EM-DAT database [1] for the period 1980–2022, in order to better constrain the results. It can be concluded that the average annual seismic losses are of the order 0.08–0.16% of the GDP. Thus, on average, the annual seismic losses are small, but individual seismic events can generate losses 10–20 times larger. A plot showing the distribution of the seismic losses for earthquakes occurring in the four selected countries in the period 1980–2022 according to the EM-DAT database [1] is illustrated in Figure 3. It can be easily observed that three seismic events occurring in the selected period have generated losses in excess of 10 billion Euros, which can have a considerable impact on the GDP of each country.



It has to be emphasized that even in the case of the current seismic design regulations, the exceedance of the design accelerations in the areas situated in the vicinity of the earthquake epicenter can occur as shown in several studies from the literature (e.g., [15,16]) and as observed during various earthquakes. It also has to be highlighted that the mean return period of the seismic action considered for design is 225 years in the case of Romania and 475 years in the case of Italy. Both mean return periods are defined with respect to a timeframe of 50 years. The same mean return period for the seismic design action from the current version of Eurocode 8 [5], will be maintained in the proposed future draft [17], as well. The impact of the provisions of the proposed future Eurocode 8 draft on the seismic zonation of Romania has been studied by Pavel et al. [18].




5. Perception of Seismic Risk and Risk Reduction


The superior seismic performance of better engineered buildings has been observed in many earthquakes both in Europe, as well as in the rest of the world (e.g., [19,20,21,22,23,24]). In addition, the new generations of seismic design codes increase the level of safety of buildings (through improved design and detailing requirements) and as such, an improved seismic performance is expected during future earthquakes. However, on the other hand, the use of an increased quantity of construction materials (e.g., concrete, reinforcing steel bars, etc.) required by large seismic design forces leads to an increase in the emissions released to the environment [25].



In this context, the recent Italian guidelines for seismic risk reduction [26] define technical principles for exploiting tax deductions with respect to seismic strengthening interventions on existing buildings. The reference demand is evaluated as for a new building. The financial incentives are valid only if a safety index of 60% of that corresponding to a new building is obtained through the strengthening process. The unit costs to have an upgrade of one safety index class result was about 270 €/m2 for reinforced concrete buildings and 342 €/m2 for masonry buildings, respectively. The scale of the problem considering the size of the building stock in Italy, as well as the possible costs of the retrofitting are visible with reference to the results from Figure 1.



The 2016 Building (Earthquake-prone Buildings) Amendment Act 2016 [27] from New Zealand adopted in the aftermath of the 2010–2011 Christchurch series of earthquake adopts very strict timeframes for the authorities to identify earthquake prone buildings and for the owners to strengthen or demolish them. Very importantly, an earthquake-prone building is referred to as one that has a rating smaller than 34% of that corresponding to a new building standard, and thus there is a much better understanding from the general public of this term. Risk reduction can be further enhanced by employing policies that can link together house improvements, maintenance loans and seismic risk reduction strategies [28]. A methodology for identifying risk levels for both individual buildings and entire neighborhoods allowing for the identification of areas of conflict between public perceptions of risk and objective/physical risk was proposed in the study of Fischer et al. [29]. A review of the seismic risk mitigation policies in earthquake-prone countries can be found in the study of Zhang et al. [30]. The recent study of Morelli et al. [31] presents a literature review on how social media can impact on disaster risk perception and vulnerability and how these two aspects are interconnected.



From the point of view of earthquake occurrence, the vast majority of the sites in Greece, Italy or Turkey are affected by significant earthquakes which occur at most once or twice per century. On the other hand, Romania faces a different problem in the sense that the main contributor to seismic hazard is the Vrancea intermediate-depth seismic source [32], thus affecting the same regions every time an earthquake occurs. Bucharest, for instance was affected by five large magnitude Vrancea earthquakes in the period 1908–1990 (in 1908, 1940, 1977, 1986 and 1990) and by only one moderate sized earthquake since 1990.



However, the issue of communicating seismic risk to the general population is much more complicated. The assessment of seismic risk perception is of significant importance in order to introduce appropriate disaster risk reduction strategies [33]. Risk perception is a measure of the community awareness, preparedness, and resilience to natural disasters. Moreover, another study has shown that a person’s risk perception increases with respect to the actual vulnerability of their buildings [34]. Since the risk level associated with death due to earthquakes has a very small probability associated to situations which are not of great concern to average people [14], communication strategies have to be adapted. For instance, Savadori et al. [35] proposed a solution for the communication of seismic risks to the general public by providing meaningful risk comparisons with other, more familiar events. However, such an approach is not valid for the case of earthquake risk. To make matters more complicated for the general public, seismic design codes rely on zonation maps in terms of peak ground acceleration (PGA) or spectral acceleration (SA). Both quantities are a complete unknown for most of the general public. Maps in terms of macroseismic intensities (directly related to the way in which an earthquake is felt and its effects) are not commonly associated with seismic design codes, as they used to be in the past.



In Japan, the seismic hazard maps depict the likelihood of an earthquake with a seismic intensity (JMA) of 6 Lower [36] or more within 30 years, with 3.0% being considered a high probability level [37]. The study of Saito et al. [37] reveals an interesting observation in the sense that earthquake risk perception increased significantly when the earthquake danger was presented in terms of occurrence probabilities within 10 and 20 years. Moreover, an age dependency on seismic risk perception was also noticed in the same study in the sense that an increase occurred when the risk was presented as the occurrence probabilities within 20 and 30 years for those aged 20–40, and as occurrence probabilities within 10 years for those aged 50–60. As such, the solution of communicating seismic hazard for time frames of 10 or 20 years instead of using annual values or a time frame of 50 years (as is the case of modern seismic design codes) might be feasible.



The vulnerability of buildings is another critical issue for the correct perception of seismic risk. While for the engineering community, the differences between the expected seismic performance of a building designed considering no or very limited seismic design are obvious, for the general public, they are not. A recent seismic awareness study performed in Bucharest [38] has shown that irrespective of the construction year of the building they live in, the residents expect minor to moderate damage to occur to their building (even though some of the buildings have no or very limited seismic design). Moreover, from the point of view of preparedness, similarly low values were observed in both the case of Bucharest [38] as well as in Salt Lake City [39], both sites being situated in the proximity of active seismic zones. In this context, it is clear that many people do not understand seismic design codes, their evolution and what is the expected performance of a particular building during an earthquake of a given size. The common limit states employed for design purposes (e.g., immediate occupancy, life safety, near collapse, etc.) should be replaced for the general public with simple, more manageable and comprehensible terms. For instance, the use of inhabitable or non-inhabitable differentiation, with associated probabilities in the case of scenario earthquakes or using the same suggested time frames (10 or 20 years) as for the seismic hazard case, might be a solution. In order to better understand the results, numbers of uninhabitable buildings after scenario earthquakes and the average time necessary for rendering the building as inhabitable again can have a significant impact on seismic risk perception.



Finally, risk-based targeting in seismic design codes instead of the common hazard-based approach might also be a solution for an increased level of safety in the future generations of seismic design codes ([4,40,41,42,43,44]).




6. Conclusions


Earthquakes are one of the deadliest and most costly natural disasters affecting Europe. In this context, the focus of this perspective paper has been to present an overview of the seismic risk reduction in Europe using as case-studies four countries in Europe, namely Greece, Italy, Romania and Turkey, which have the largest mean annual losses according to the recent European seismic risk model 2020 [4]. In this context, the issue of seismic risk perception and awareness has been also discussed. The main observations of the analyses performed using data from the four countries can be summarized as follows:




	
The current building stock in the four analyzed countries consists mainly of buildings designed using no- or low-level seismic design;



	
There is a much larger share of the population living in buildings designed using either moderate-code/high-code in Greece, Turkey and Romania, than in the case of Italy;



	
In the case of Romania and Turkey, the relative percentage of the people living in buildings designed using either moderate-code/high-code is double than the percentage corresponding to the building number;



	
From the entire population of more than 170 million people in the four case-study countries, about 130 million live in buildings designed using no- or low-level seismic design;



	
The mean annual probability of death computed based on the EM-DAT database [1] for the population in the four analyzed countries is of the order 1.2–5.7 × 10−6, while for injuries it is 3.0 × 10−5–1.5 × 10−4. The order of magnitude of the annual death probability due to earthquakes is on average 10 times smaller than that due to air travel or a building fire;



	
Three seismic events occurring in the period 1980–2022 in Europe have generated losses in excess of 10 billion Euros.








While from the point of view of seismic risk specialists, things appear very clear, the communication of seismic risks to the general population and the perception of seismic risk in the case of the general people is a very difficult issue. In this context, it is worth highlighting that according to Otway et al. [14], a risk level of the order of 10−6 means that such accidents are not of great concern to average people. The Japanese experience which suggests that seismic hazards should be discussed in terms of occurrence probabilities in 10 years or 20 years, instead of the current time frame of 50 years, is an option which should also be employed in Europe. Zonation maps using macroseismic intensity as the intensity measure should accompany the engineering-oriented maps (in terms of spectral accelerations or peak ground accelerations), as was the case in the past. Macroseismic levels from past earthquakes might be used for comparison purposes in order to have a better understanding of the results from the general population. In addition, the definition of vulnerability of the buildings and their expected seismic performance during various earthquakes should be adjusted and made more comprehensible to the general public. The improvement in the seismic performance of buildings as a function of the seismic design code level observed in many earthquakes should be mentioned in a very clear manner in design codes. A solution starting from the communication of seismic hazard might be to use simple terms (e.g., inhabitable vs. uninhabitable) in order to describe the expected behavior of a building along with their associated probabilities for a time frame of 10 or 20 years. These probabilities should also be accompanied by absolute numbers of uninhabitable buildings after scenario earthquakes (e.g., Vrancea 1977 earthquake, Kocaeli 1999 earthquake, L’Aquila 2009 earthquake, etc.) and the average time necessary for rendering the building as inhabitable again can have a significant impact on seismic risk perception. The financial incentives proposed by the recent Italian guidelines for seismic risk reduction should be explored by other countries as well. In addition, as applied in New Zealand, the definition of earthquake-prone buildings should be clearly defined by using a new building as a reference.



The main conclusion and the most important point of this paper is that a very important adjustment and update of the presentation of the seismic design codes has to be performed in the near future, so the general population can have clear, distinct and measurable quantities in order to make informed decisions.
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Figure 1. Comparison of the relative percentage of buildings designed using no-code or low-code and buildings designed using moderate-code or high-code for each selected country. 
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Figure 2. Comparison of the relative percentage of the population living in buildings designed using no-code or low-code and buildings designed using moderate-code or high-code for each selected country. 
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Figure 3. Relative frequency histogram for the seismic losses due to earthquakes occurring in Greece, Italy, Turkey and Romania in the period 1980–2022 [1]. 
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Table 1. Years corresponding to low-code to moderate/high-code change and years in which significant damaging earthquakes occurred for the four selected countries [9].
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	Country
	Seismic Design Code Change (Low-Code to Moderate/High-Code)
	Major Damaging Earthquakes





	Greece
	1984
	1981, 1986, 1995. 1999, 2014, 2015, 2017, 2020



	Italy
	1996
	1976, 1980, 2002, 2009, 2016



	Romania
	1978
	1977, 1986, 1990



	Turkey
	1997
	1976, 1983, 1992, 1998, 1999, 2003, 2011, 2020
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Table 2. Number of buildings, population, total replacement costs of buildings and gross domestic product in the four selected countries [11].
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	Country
	Number of Buildings (mill.)
	Population

(mill.)
	Total Replacement Cost (bill. Euro)
	GDP (bill. Euro)





	Greece
	3.35
	10.71
	609
	207.6



	Italy
	12.19
	60.30
	5263
	2015.9



	Romania
	5.51
	19.35
	337
	272.7



	Turkey
	9.16
	83.43
	822
	782.7
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Table 3. Average annual number of deaths, injured people and affected people for the period 1950–2022 [1].
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	Country
	Average No. of Deaths
	Average No. of Injured People
	Average No. of Affected People





	Greece
	14
	100
	16,836



	Italy
	92
	178
	13,289



	Romania
	23
	167
	5456



	Turkey
	473
	1287
	97,712
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Table 4. Average annual seismic losses for the period 1980–2022 [1].
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	Country
	Average Economic Losses (mill. Euro)





	Greece
	326



	Italy
	2507



	Romania
	213



	Turkey
	952
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