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Abstract

:

Featured Application


Geographic Information System (GIS) estimation of ante-earthquake scenarios through a more functional and standardized method of seismic vulnerability evaluation of reinforced concrete buildings in urban areas.




Abstract


In spite of the enhancements related to building construction, many regions still present a major level of seismic risk as a consequence of the high vulnerability of the urban configuration of their cities. An improved method to assess the seismic vulnerability of buildings in urban areas is proposed in this contribution in order to advance the management of seismic emergency scenarios. The methodology, mainly based on the cadastral database, allows for a more standardized implementation as a function on the typological, structural, and urban parameters of the buildings, reducing the level of uncertainties linked to these methodologies and giving continuity to the different RISK-UE published works. The generalization of the method to any urban area has also been improved by means of removing the parameters whose calibration is associated with a specific area. The methodology has been put into practice in the urban area of the city of Lorca (SE Spain), in the aftermath of the earthquake of 11 May 2011, due to the availability of well-documented data reported from this seismic event. The proposal, when it is combined with Geographic Information System (GIS) techniques, provides valuable information for the planning and management of post-earthquake emergency situations.
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1. Introduction


The study of the seismic global performance of buildings continues to constitute one of the main purposes of Seismic Engineering. Some of the last seismic disasters (Nepal 2015, Ecuador 2016, Italy 2016, and Mexico 2017) have once again revealed the inadequate performance of many existing buildings against the seismic action. In this sense, seismic design codes have usually been improved after each earthquake disaster, but old constructions have remained unprotected by new techniques. Nevertheless, poor behavior has also been observed in those buildings designed with recent seismic regulations [1,2,3].



At an urban scale, the seismic risk of a structure can be defined as the potential expected damage that may happen to it in a specified time frame of exposure [4]. This property is related to the seismic hazard (the probability of occurrence of a seismic event of certain severity in a specific site and during a determined period of exposure) and to the intrinsic predisposition of the building to be affected upon receiving the impact from a quake of a certain severity, expressed as seismic vulnerability. This parameter depends on the design and construction characteristics of the building (structural configuration, geometric form, ductility of the materials, etc.), therefore constituting an independent factor from the seismic action.



In some territories, such as the Euro-Mediterranean, the proportionally low frequency of seismic phenomena in comparison to other regions has often generated a decline in the social and institutional awareness of the seismic danger. This context has on many occasions driven to scant rigor in the application of the existing regulations and a somewhat lax attitude in the application of good practices of seismic design [5,6]. Without doubt this situation raises the levels of seismic vulnerability in many urban areas and the expected losses in the event of an earthquake. In this sense, the seismic vulnerability evaluation of existing buildings can be carried out using Mechanical or Macroseismic methods [4].



Consistent with the recent philosophy of seismic design known as Performance Based Design, mechanical or analytical methods consider the seismic demand and the capacity of the building constructions according to its respective spectrums developed from a nonlinear dynamic study. Proposed initially in previous studies [7,8], these methodologies allow for a comprehension of the structural behavior of buildings for each level of impact when they are exposed to a seismic action, even including the contribution of masonry infills in the seismic response of a building construction [9,10,11].



Moreover, macroseismic—or empirical—methods allow for the performance of a specific building to be characterized based on a statistical analysis of observed damage during past earthquakes. From a series of characteristics related to the typology and the structural design of each building, these models estimate the seismic susceptibility according to vulnerability classes, through descriptors or qualitative variables [12,13], or according to vulnerability indexes by means of a numerical valuation as a result of the quantification of the above-mentioned parameters. These methods include the Italian Method [14], the Japan Method [15], NZSEE and US Guidelines [16,17], the Vulnerability Index Method [18], or recent European Commission reports [19].



For seismic risk assessment in urban areas, the RISK-UE Project [20] stated two methodologies. The first one, named the Level 1 method (LM1) and obtained from empirical procedures, typifies the seismic danger of an urban area according to the European Macroseismic Scale (EMS-98), and the vulnerability of the buildings through a vulnerability index developed in line with the Vulnerability Index Method. The second one, named as Level 2 method (LM2), models seismic action using the corresponding spectrum of demand and the seismic vulnerability consistent with the capacity spectrum of the structure [21].



In this sense, the Vulnerability Index Method (VIM) constitutes a process that combines the vulnerability classes of the EMS-98 scale and the Italian method [14] for the characterization of the seismic vulnerability of buildings [22,23]. These methodologies are based on vulnerability indexes that have their roots in a sequence of basic vulnerability indexes obtained according to the structure typology of the building; they are modified with a series of factors related to the structural and constructive characteristics of each building, in a standardized way. Concerning the VIM method, the basic vulnerability indexes Iv were developed through the inventory of damage in buildings found in the European countries involved in the project. Thus, the seismic performance of the most habitual structural configurations in urban areas can be characterized by means of the Building Typology Matrix (BTM) [18].



The vulnerability indexes for some building typologies of BTM, consequently included in a previous study [24] as participants of the RISK-UE Workgroup, are shown in Table 1. This proposal standardizes the RISK-UE curves by empirical damage models, consistent with the fuzzy set theory. Similar to the qualitative definitions interpreted through membership functions χ proposed by previous studies [23,25] for the vulnerability categories of the EMS-98 scale, RISK-UE considers a series of membership functions for each structural configuration. A function χ defines the belonging of single values of a certain parameter to a specific set: the value of χ is 1 when the degree of belonging is reasonable; between 0 and 1 shows that the value of the parameter is infrequent but possible; and χ is 0 when the parameter is not associated to the set. Thus, VIM sets a value Iv* as the most possible vulnerability index (χ = 1), a couple [Iv−, Iv+] that generates a commendable interval (χ = 0.6), and an interval [Ivmin, Ivmax] with the minimum and maximum limits (χ = 0.2), characterized as least probable or exceptional.



The VIM method adapts this basic index of vulnerability Ivt in line with a series of values of penalty or improvement called modifiers of behavior, according to some structural and urban planning constraints such as the level of design code, the number of floors of the buildings, the geometric and stiffness regularity, or the relative position of the building in the neighborhood.



Taking into account different experiences after post-earthquake evaluations [16,26,27], these standards are defined in a ±0.02 range for an interval between −0.08 and +0.08 in order to incorporate them into the characterization of the seismic vulnerability. Since the previous described version [18] a series of reviews have been performed in the definition and numerical evaluation of these behavior modifiers [23,25,28,29], calibrating the influence of several dispositions (i.e., sloping ground difference of height between close buildings, irregularity in plant or elevation, etc.), in the seismic analysis of buildings.



Furthermore, the methodology considers an additional factor—the regional modifier—, linked to the specific constructive idiosyncrasy of the study area, the existing seismic design codes, time of construction, or of the judgment of experts from empirical information proceeding from actual observed damage. In order to estimate this modifier, no widely accepted proposal is currently available, with different values in the range of [−0.088, 0.08] for masonry typologies and [−0.022, 0.14] for reinforced concrete buildings [23,25,29].



Finally, the correlation between expected seismic damage and the seismic vulnerability assessed is expressed in the LM1 method through a semiempirical vulnerability function linked to two parameters: the vulnerability index Ivb, and the macroseismic intensity I in the EMS-98 scale [30]:


   μ D    =   2.5    [  1 + tanh  (    I   +   6.25    I  v b     −   13.1  Q   )   ]   



(1)




where Q is a ductility factor of value 2.3 for many of the building configurations of BTM [19], and    μ D    is the mean damage degree developed in the EMS-98 scale (Table 2). After the calculation of this index, RISK-UE is used in order to define the distribution of damage probability through a beta type function, more adaptable than the binomial one of the EMS-98 scale [30].



In this sense, the existence of well-documented damaging earthquakes (such as that in Lorca in 2011) offers an interesting occasion to enhance the empirical methodologies to assess the seismic answer of buildings. This paper is focused on the analysis of the planning and management of ante-earthquake scenarios of emergency contexts by developing methods for the seismic vulnerability assessment of buildings in urban areas. After an introduction section where the seismic vulnerability of buildings has been summarized, a developed model mainly based on the cadastral database is proposed, documenting the method through a field study of the buildings damaged in the Lorca earthquake, 2011 (see Supplementary Materials). In the Results section, the application of the proposal for the planning and management of seismic scenarios is exposed, with the conclusions obtained being provided in the last section.



In this sense, this contribution is aimed at the analysis of the seismic performance of reinforced concrete buildings, since this typology is usually the most common in modern urban areas. Nevertheless, the importance of seismic behavior assessment of masonry structures in historic centers must be highlighted for a necessary conservation of the urban heritage. The first studies for assessing the seismic vulnerability of buildings already included the analysis of this typology of structures [14,18]. Recent studies have improved these methodologies in order to give a better estimation of the mechanical performance of this typology of building [31,32].




2. Materials and Methods


2.1. An Adjusted Technique for Evaluating the Susceptibility of Buildings to Potential Damage


The global vulnerability index Ivb of a building can then be assessed using the following expression [24]:


   I  v b   =  I v  + ∆  M R    +     ∑   j = 1  n     M  C j    



(2)




where Iv is the basic vulnerability index of the structural configuration shown in Table 1; ΔMR is the regional modifier; and ΣMC are the individual set of modifiers of behavior taking into account the structural and urban planning parameters for each building assessed.



Equation (2) reflects the importance of the quantification of each behavior modifier in order to accurately evaluate the seismic vulnerability of buildings in urban areas. The reviews proposed for these parameters in the LM1 method framework [23,25,28,29] have concentrated mainly on the analysis of those parameters related to the impact of different urban planning dispositions in the seismic answer of the buildings (short column, soft storey, etc.). However, other constraints related to the scientific rigor of the seismic design code that has been used or the effect of the natural period in the building seismic answer need to be adjusted to the real behavior of reinforced concrete buildings, in order to distinguish it from the behavior of unreinforced masonry structures.



Thus, the improved technique for the evaluation of the seismic vulnerability through the LM1 method proposed in this contribution revises the definition of the modifiers of behavior of the methodology. Providing continuity with the currently available reviews of the method, the new values are proposed from an analysis of these previous works and an evaluation of the seismic performance of buildings in recent earthquakes, according to the level of the seismic codes and the construction characteristics usually present in reinforced concrete buildings. The modifiers projected to get the vulnerability index Iv-b of a building can be observed in Table 3.



First, a new modifier that considers the scientific rigor of seismic and structural design code is defined. It can adopt the values 0.16, 0.08, or 0.00, according to the behavior typically detected in the structures designed with outdated and inaccurate seismic codes [33,34,35]:




	
0.16: Case of pre-code buildings (calculated with no seismic regulations). In this situation, the following conditions are concurrently met: (i) use of simplified methods for the analysis of the building; (ii) the nonexistence of seismic construction requirements or good practices for the design of the structure; (iii) the lack of seismic construction requirements or good practices for the design of the foundation; and (iv) the probable poor state of conservation and/or quality of materials.



	
0.08: Case of low code buildings (performed with early versions of seismic codes). The implementation of some seismic recommendations for the structure and foundation in the codes makes this modifier decrease from 0.16 to 0.08, taking into account that only the simplified analysis methods and the probable poor state of conservation and/or quality of materials are considered in this case.



	
0.00: Case of medium or high code buildings (performed with latter seismic codes). A value of 0.00 is given to this modifier taking into consideration that more truthful analysis systems have been implemented and a superior state of conservation and quality of materials is expected.








Thus, after a classification of the different national seismic codes this parameter can be obtained depending on the construction period of the building, which can be estimated from the cadastral database.



Moreover, the parameter linked to the number of storeys above ground is modified fitting its performance depending on the form of the response spectrum defined in Eurocode-8 and the corresponding natural period of the buildings. Damage in small constructions with cracks in masonry infill walls at the ground floor and failures at the end of columns is generally identified in this type of buildings due to their higher stiffness [5,35,36]. Thus, the behavior lower height building is penalized with a value of 0.04, whose natural frequency coincides with the amplified area of constant spectral acceleration, and the vulnerability of the highest buildings is diminished (−0.04) coinciding with the spectrum area of decreasing accelerations. Nevertheless, as high-rise buildings are seismically vulnerable to P-Delta and higher mode effects, it would be advisable for the value of the behavior modifiers to be adjusted based on the availability of more well-documented earthquakes.



Furthermore, since in reality the majority of the buildings in urban areas, especially those located on low-to-moderate seismicity territories, have no seismic structural joint between buildings (or such a joint is not wide enough or has not been executed correctly), cracks in masonry infill walls and even in structural elements can frequently be detected in the joint between contiguous constructions [27,34]. Consequently, a penalty value of 0.04 has been conservatively reflected, excluding those buildings executed with high level seismic regulations.



The two modifiers linked to the configuration of the foundation and the conservation state of the building, included in the former versions of the VIM method, have been removed since they are problematic to evaluate in most cases and since these parameters are already considered in the first modifier mentioned, relating to the level of the seismic design code. Thus, part of the uncertainty associated to the vulnerability assessment can be reduced. Likewise, taking into account the definition of the modifier ΔMR presented in this paper, its removal in the assessment of the vulnerability index Ivb has been proposed, since the aspects involved in its evaluation, such as the specific constructive dispositions or the date of construction, are in practice included in the behavior modifier related to the level of the seismic design code. The generalization of the method to any urban area has been consequently simplified since a parameter requiring calibration depending on the area of study has been deleted, summarizing its value in just one parameter depending on the seismic design code.



Therefore, the proposed model enables to improve a more functional and operable approach of the technique using cadastral survey data and performing an on-site inspection of the assessed area, depending on the typological, structural, and urban configurations of the buildings.




2.2. Application of the RISK-UE LM1 Method for Seismic Vulnerability Assessment to Emergency Management: Lorca (Spain) Earthquake, 2011 Case Study


In order to apply the improved method proposed in this contribution, the Department of Civil Engineering of the Technical University of Cartagena carried out a field study to register all the seismic behavior in reinforced concrete buildings affected by the Lorca earthquake that occurred in 2011. Despite having a moderate magnitude of 5.1 Mw, the quake on 11 May 2011 caused important casualties (9 people died and more than 300 were injured) and important structural damage which forced more than 10,000 people to be evacuated from their homes during the first days [36]. Considering the comparatively small size of the city of Lorca and the homogenous results that the seismic event produced in the urban area, the quake was defined with an EMS-98 macroseismic intensity (IEMS-98) of VII [37] in the main neighborhoods of the city.



During the campaign performed in the urban area of Lorca, damage linked to the quake and several urban features that may guide its seismic answer were registered for each building studied in the research, along with the actual damage grade observed. An example of the document used to collect data is included in Figure 1, inspired from different works on the rapid evaluation of seismic damages in buildings [38,39], but which is not contained in these works.



The template consisted of three sections covering: (i) general data, such as the building description or the address; (ii) the constructive topics and urbanistic conformation of the building, such as the presence of short columns or soft storeys; and (iii) the evaluation of EMS-98 damage degree    μ D   . In the second phase of the work, the collected data was completed with the cadastral information required to implement the remaining modifiers of behavior in the RISK-UE LM1 methodology, such as the year of construction, comparing also the modifiers obtained in the field campaign, such as the number of storeys above ground or the aggregate building position. Nevertheless, for applying the proposal on a large scale in further studies it is highly recommended to use the cadastral database to allow for a more standardized implementation of the methodology.



Based on this input data collection, the vulnerability indexes and the expected damage grade according the LM1 method in each building were estimated. After a comparison and validation process, from an early sample of 1050 buildings, 406 homogeneous cases were finally selected, eliminating outliers or those where adequate information was not available. The construction period distribution of the analyzed buildings, according to the Spanish seismic codes, is graphically represented in Figure 2. A uniform distribution in the urban area of Lorca can be observed.



The distribution of the actual EMS-98 damage grade detected in buildings is shown in Figure 3. As an example, within the group of structures built before 1963, 46.7% presented high damage levels (   μ D    = 3) whereas this percentage diminished to 8.5% in the buildings built after 1996. In contrast, only 8.9% of the buildings belonging to the first group presented a slight grade of damage (   μ D    = 1), with this value reaching 43.4% in the more recently built buildings.



Thus, the damage grade estimated according to the proposed model of the LM1 method for an earthquake of IEMS-98 = VII has been compared with the corresponding damage observed in the 2011 Lorca earthquake. Figure 4 shows the distribution of both values obtained from the input collection data. For each building, the estimated mean damage grade    μ D   * is plotted with its corresponding vulnerability index Ivb along with the possible range [   μ D   −,    μ D   +] associated with the interval [Iv−, Iv+] defined in BTM. Moreover, the observed EMS-98 damage    μ D   , plotted as a cross mark, is shown with the same Ivb values. As can be observed, for an earthquake of IEMS-98 = VII the damage simulated by the proposed LM1 method remains below the levels of actual observed damage.



The statistical measures of the vulnerability indexes and the mean damage grade    μ D    defined in the EMS-98 scale of the RC analyzed buildings are shown in Table 4. As can be observed, the mean value obtained of the vulnerability index is 0.677 with a standard deviation of 0.101, whereas the mean value of damage grade estimated is 0.753 with a standard deviation of 0.288. The building configuration RC1 has been designated to obtain the vulnerability index [18]. A new variable Di = ADi −    μ  Di     has been evaluated, where ADi is the actual EMS-98 damage observed for every building i, and    μ  Di     is the corresponding mean damage grade obtained according to the proposed model of the LM1 method.





3. Results


The possibility of evaluating the seismic performance of the stock of buildings of an urban area from an analysis of the cadastral database contributes information for the management of the effects of the different damage scenarios in a rapid and standardized way. In this respect, the role of Geographical Information System (GIS) in urban natural risks analysis constitutes an effective tool for the integral management of this type of situations.



In this sense, the graphical picturing of vulnerability indexes and expected damage in buildings, through a geo-referencing process, makes it possible to recognize the most vulnerable areas of the city and planning different ante-earthquake emergency scenarios (see Figure 5).



Thus, the geospatial dissemination of the vulnerability indexes of RC buildings studied in Lorca, obtained according to the improved LM1 method proposed in this work, is described in Figure 6a by means of a density heat map estimation. Similarly, the distribution of expected damage grade obtained according the proposed model for an IEMS-98 = VII earthquake can be observed in Figure 6b.



In both cases, in spite of the damage distribution not being homogeneous, the modeled results reflect that the most vulnerable areas to a certain seismic action were mainly concentrated in the northeast neighborhoods and the central and southwestern areas of the city, as has been presented in some studies [27,40]. Precisely, these zones suffered widespread damages in buildings after the 11 May 2011 earthquake, even with the collapse of one entirely residential building [5,6].



Considering a detailed scale, an example of how this method allows for an analysis of damage scenarios in an individualized way for each building and each neighborhood of the urban area is shown in Figure 7. As can be observed, the above-mentioned evaluation not only depends on the structural characteristics of the building but also on urban parameters such as the relative position within the block of buildings, the relative height between adjoining buildings or the slope of the ground. Therefore, an analysis of the influence of urban planning features in the seismic performance of the structures is necessary in order to obtain an adjusted approach of the damage scenarios.



In this sense, the method can be applied in the decision-making process of subjects related to the emergency planning of post-earthquake situations, such as in the areas with major expected damage to buildings, the most suitable location to set up the base management camp or the assistance camps for the population, the operability of basic services and communication lines or the safest evacuation routes available in the city, in a more accurate way for a certain damage scenario.



In order to perform a more integral evaluation of the seismic risk, these results can be combined with other aspects related to the seismic hazard assessment, such as microzonation studies which determine the amplification or attenuation of local site effects of the ground motion. In this way, buildings with high vulnerability levels which are placed on soft soils present a considerable amplification of the local site effects and would need certain particularly accurate seismic construction requirements, in order to allow for an adequate behavior of these buildings in case of an earthquake. Moreover, the location of essential buildings such as educational centers, hospitals, or community centers in these soil types must be thoroughly analyzed due to the serious consequences of an insufficient seismic performance of these buildings.



Figure 8 shows the vulnerability indexes Ivb of RC buildings analyzed in Lorca, obtained according to the proposed LM1 method, overlapped with the soil types identified in microzonation study of Lorca, according to EC-8 classification [41]. In this sense, the neighborhood of San Fernando in Lorca must be highlighted. The buildings in this district presented high levels of seismic vulnerability due to a soft-storey urban configuration on ground floor (see Figure 9). In addition, these buildings were located on a soft soil area with significant local site effects of ground motion amplification. Consequently, 232 homes from nine buildings had to be completely demolished after the earthquake because of the serious damage that had appeared in structural elements [5,6,34].




4. Discussion


In spite of the scientific progress made in seismic design, many territories continue to face a major level of seismic risk, mainly because of the high vulnerability of their buildings. In low-to-moderate seismic areas, the comparatively low frequency of seismic phenomena in contrast to Japan, Turkey, or Chile for example, has frequently generated a decrease in the social and institutional perception of the seismic danger.



In this sense, the conception of seismic design in urban planning is necessary in order to enhance the seismic performance of buildings in urban areas. Public administrations and institutions must develop codes regulating certain structural and urban configurations which are totally inadequate from a seismic point of view (soft storey, short column, etc.). Cases such as that of the neighborhood of San Fernando in Lorca show the lack of seismic requirements during the design and the construction of the buildings and the scant urban planning of the different seismic scenarios. In this case, the low institutional perception of the seismic threat finally led to the demolition of the district due to the impossibility of ensuring adequate future performance of the structural elements.



By using GIS tools, the most vulnerable districts of the urban area and the grade of operating conditions for the basic services and communication lines after a certain earthquake can be identified by using plot features in a detailed scale for the geospatial distribution of expected damage in buildings, providing emergency information for the management of seismic disasters and to define action protocols in real time.



Figure 10 shows a diagram for implementing the proposed model of the LM1 method applied to the analysis of the different seismic emergency situations.




5. Conclusions


In this contribution, the planning and management of ante-earthquake emergency scenarios have been approached by proposing an improved method for the assessment of seismic vulnerability in urban areas, according to a review of the currently available models of LM1 methodology and an evaluation of the actual seismic performance of buildings



In comparison with the previous published works, the methodology provides an improvement in the functionality and operability of the technique with regard to the models proposed in various previous papers [14,18,20,24,25], since the method can be implemented from only cadastral information and a rapid visual inspection of the evaluated zone, depending on the typological, structural, and urban parameters of the reinforced concrete buildings. Furthermore, the generalization of the proposal has been simplified in comparison with these methods by removing one parameter—the regional modifier—that requires calibration depending on the analyzed area.



Therefore, the application of the method on a large scale in urban areas has been developed in order to obtain expected damages in buildings for a certain seismic ground motion, which can be especially useful to public administrations to perform preliminary studies providing actual levels of seismic risk in a rapid and standardized way. It is necessary for these institutions to make such an effort in order to state the appropriate seismic emergency protocols.



Finally, although the verification of a seismic loss model needs to be validated in further analysis, the existence of well-documented damaging earthquakes, not so often in practice, offers an opportunity to enhance the different methodologies related to the vulnerability evaluation and seismic risk analysis of buildings in urban areas.
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Figure 1. Example of a template used in the field campaign to collect data. 
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Figure 2. Graphical construction period distribution of the buildings evaluated in Lorca, according to the different Spanish seismic codes that exist. 
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Figure 3. Distribution of the mean actual EMS-98 damage grade observed on RC buildings after the Lorca earthquake, 2011, according to the period of construction. 
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Figure 4. Graphical comparison between EMS-98 observed damage on RC buildings from earthquake of Lorca (blue crosses), and the mean damage degree calculated with the RISK-UE LM1 model for an IEMS-98 = VII earthquake, where    μ D   * is the representative mean damage value (yellow) and [   μ D   −,    μ D   +] the range of the estimated mean damage degree (red and green dots) [33]. 
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Figure 5. Implementation of cadastral database of reported damage buildings used in this case study. 
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Figure 6. (a) GIS plotting of density estimation for the vulnerability indexes Ivb of RC buildings evaluated in the city of Lorca, obtained according to the proposed model of the LM1 method. (b) GIS plotting of density estimation for the mean damage grades according to the new proposal for an IEMS-98 = VII earthquake. 






Figure 6. (a) GIS plotting of density estimation for the vulnerability indexes Ivb of RC buildings evaluated in the city of Lorca, obtained according to the proposed model of the LM1 method. (b) GIS plotting of density estimation for the mean damage grades according to the new proposal for an IEMS-98 = VII earthquake.



[image: Applsci 08 01208 g006]







[image: Applsci 08 01208 g007 550] 





Figure 7. Detail of the urban plot in the southwestern part of the city of Lorca, including the vulnerability indexes Ivb of analyzed RC buildings, according to the proposed model. 
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Figure 8. GIS plotting of density estimation for the vulnerability indexes Ivb of RC buildings analyzed in Lorca, obtained according to the proposed LM1 method, overlapped with the EC-8 soil types identified in the microzonation study of Lorca. The location of the San Fernando neighborhood is highlighted. 
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Figure 9. Overview of the San Fernando neighborhood after the 11 May 2011 earthquake [6]. Widespread damage can be observed in columns on the ground floor. 
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Figure 10. Diagram of the implementation of the proposed model of the LM1 method applied to the planning and management of ante-earthquake emergency scenarios. The issues developed in this contribution are italicized. 
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Table 1. Basic vulnerability indexes of reinforced concrete building typologies defined in Building Typology Matrix [18,24].
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Typologies

	
Building Type

	
Ivmin

	
Iv−

	
Iv*

	
Iv+

	
Ivmax






	
Reinforced Concrete

	
RC1

	
Concrete moment frame

	
0.140

	
0.330

	
0.484

	
0.640

	
0.860




	
RC2

	
Concrete shear walls

	
0.140

	
0.210

	
0.384

	
0.510

	
0.700




	
RC3

	
Dual system

	
0.060

	
0.127

	
0.522

	
0.880

	
1.020
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Table 2. Mean damage grade defined in the RISK-UE LM1 method [12].
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	Damage Grade
	Description





	0: Null
	No damage



	1: Slight
	Negligible to slight damage. No structural damage, slight nonstructural damage



	2: Moderate
	Moderate damage. Slight structural damage, moderate nonstructural damage



	3: Substantial to heavy
	Substantial to heavy damage. Moderate structural damage, heavy nonstructural damage



	4: Very heavy
	Very heavy damage. Heavy structural damage, very heavy nonstructural damage



	5: Destruction
	Destruction. Very heavy structural damage. Total or partial collapse
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Table 3. Behavior modifiers proposed for the LM1 VIM method, conditioned to the level of the seismic code design assigned. The modified values are indicated in bold. Further description of each element can be found in [25].
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Modifier of Behavior

	
Level of Design Code






	

	

	
Pre-code

	
Low code

	
Medium code

	
High code




	
Level of seismic and structural design code

	
0.16

	
0.08

	
0

	
0




	
Nº storeys above ground

	
0 to 3

	
0.04

	
0.04

	
0.04

	
0.04




	
4 to 7

	
0

	
0

	
0

	
0




	
≥8

	
−0.04

	
−0.04

	
−0.04

	
−0.04




	
Plant irregularity

	

	
0.04 (RC < 0.5)

0.02 (0.5 > RC > 0.7)




	
Irregularity in elevation

	
0.04 (d < 0.04)

0.02 (1 > d > 3)




	
Short column

	
0.08

	
0.08

	
0.08

	
0.08




	
Insufficient seismic structural joint

	
0.04

	
0.04

	
0.04

	
0




	
Slope of the ground

	
0.04

	
0.04

	
0.04

	
0.04




	
Relative position in the block of buildings

	
Intermediate

	
−0.04

	
−0.04

	
−0.04

	
−0.04




	
Corner

	
0.04

	
0.04

	
0.04

	
0.04




	
Full corner/Header

	
0.06

	
0.06

	
0.06

	
0.06




	
Relation with adjoining buildings

	
[−0.04, 0.04]

f (relative height between buildings)




	
Soft storey

	
0.2

	
0.2

	
0.2

	
0.2
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Table 4. Measures of central tendency of the vulnerability index Ivb*, the mean damage grade    μ D    and the new variable D of the reinforced concrete studied buildings according to the proposed model of the LM1 method.
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	Damage Grade
	Ivb*
	    μ D    
	D





	Sample mean
	0.677
	0.753
	0.91



	Sample standard dev.
	0.101
	0.288
	0.694



	Minimum
	0.404
	0.26
	−1.14



	Maximum
	0.944
	2.84
	2.31
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