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Abstract 10 

There are personal and institutional decisions that can increase the seismic resilience of the 11 

buildings in a city. However, some of these decisions are possible if we have basic knowledge of 12 

buildings’ seismic risk. The present document describes the main results of a detailed study of 13 

seismic vulnerability and seismic risk of residential buildings of Ciutat Vella (the ancient district of 14 

Barcelona) and Nou Barris (one of the newest districts of Barcelona). In this study, we assessed 15 

seismic risk according to the Vulnerability Index Method-Probabilistic named as VIM_P.  Moreover, 16 

we analyzed the influence of basic buildings’ features in the final vulnerability and seismic risk 17 

values. For instance, we assessed the seismic vulnerability and the seismic risk of groups of buildings 18 

defined according to the number of stories of the buildings. Findings of this research reveal that the 19 

annual frequency of exceedance of the collapse damage state in Ciutat Vella buildings is, on average, 20 

4.7 times higher than for the buildings in Nou Barris. Moreover, according to the Best vulnerability 21 

curve, 70.31% and 2.81% of Ciutat Vella and Nou Barris buildings, respectively, have an annual 22 

frequency of exceedance of the collapse damage state greater than 1x10-5. 23 
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 27 

1. Introduction 28 

 29 

The seismic risk knowledge is essential information to take actions that can contribute to increasing 30 

the seismic resilience in cities. Therefore, each town has the responsibility of assessing its own 31 

seismic risk (UNISDR, 2015). Barcelona is a city where the seismic risk is regularly assessed (Aguilar-32 

Meléndez et al. 2019a, b, 2010; Aguilar-Meléndez 2011; Barbat et al. 1996, 2006, 2008, 2009; 33 

Carreño et al. 2007; Irizarry et al. 2011; Lantada 2007; Lantada et al. 2009, 2010, 2018; Pujades et 34 
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al. 2000, 2007). Table 1 shows information on relevant examples of the previous studies about 35 

Barcelona’s seismic risk. 36 

The present study complements the previous work of Aguilar-Meléndez et al. (2019a,b).  In this case, 37 

a new assessment of Barcelona’s seismic hazard was done, applying new ground-motion prediction 38 

equations. The new seismic hazard results were applied to assess the seismic risk of dwelling 39 

buildings of two districts of the city of Barcelona: Ciutat Vella and Nou Barris (Figure 1). Additionally, 40 

a new and detailed comparison between the residential buildings of both districts was performed. 41 

To underline some features of the city of Barcelona, we mention that it has 1664182 inhabitants 42 

(idescat, 2021a). However, in Ciutat Vella and Nou Barris live 6.48% and 10.45%, respectively, of 43 

Barcelona’s mentioned total number of inhabitants (idescat, 2021b).  44 

Table 1.  Examples of seismic risk results of Barcelona. 45 

Reference 
of the 
study  

Method to 
assess 
seismic risk 

Studied 
buildings 

Seismic hazard considered Seismic 
vulnerability 
results 

Seismic risk results 

Lantada et 
al. (2010)  
 

VIM 
(Risk-UE) 

Residential 
and 
monumental 
buildings 

Two seismic scenarios: i) a 
deterministic scenario; 
ii) a probabilistic scenario 
for a return period of 475 
years. 

Census zones 
classified 
according to 
the mean 
vulnerability 
index from 
the residential 
buildings. 

Maps of mean damage 
grade for each district 
of Barcelona. Five no 
null damage grades 
were considered. 
Economic losses due to 
seismic scenarios. 

Lantada et 
al. (2018) 

VIM Residential 
buildings 

Seismic hazard scenarios 
(V-VI, VI, VI-VII, and VII). 
The intensity of VI-VII in 
rock has a 475-year return 
period. 

Average 
vulnerability 
index for 
groups of 
buildings. 

Seismic risk scenarios  

Aguilar-
Meléndez 
et al. 
(2019a,b) 

VIM_P Residential 
buildings 

Probabilistic seismic hazard 
curve determined by a 
PSHA. 

Vulnerability 
functions of 
the buildings. 

Annual frequency of 
exceedance of five 
damage grades for the 
city and districts. 
Seismic risk maps to 
plot scale for the 
Eixample district. 
Economic losses for the 
city. 

 46 
To assess seismic risk,  we applied the Vulnerability Index Method-Probabilistic (VIM_P) proposed 47 

by Aguilar-Meléndez et al. (2019a), which is considered as a complementary method to the 48 

Vulnerability Index Method (VIM) (Milutinovic and Trendafilosky 2003; Lantada et al. 2010). Both 49 

methods (VIM and VIM_P) are based on the assessment of three essential components: 1) seismic 50 

hazard, 2) seismic vulnerability, and 3) seismic risk. However, there are significant differences in the 51 

procedures to assess each one of these components (Milutinovic and Trendafilosky 2003; Aguilar-52 

Meléndez et al. 2019a). 53 

In the VIM, the seismic hazard is considered through seismic scenarios in macroseismic intensities. 54 

Meanwhile, a vulnerability index (a value between zero and one) characterizes the seismic 55 

vulnerability of each examined building. Zero represents low vulnerability and one high vulnerability 56 

(Giovinazzi, 2005; Lantada et al. 2009, 2010). Finally, to compute a mean damage grade (seismic 57 

risk), an empirical function that relates the macroseismic intensity (seismic hazard) and the 58 
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vulnerability index (seismic vulnerability) is used. The VIM was recently applied to determine the 59 

seismic risk of diverse urban areas (Ademović et al. 2020; Cherif et al. 2016; Lestuzzi et al. 2016; 60 

Athmani et al. 2015; Guardiola-Víllora and Basset-Salom 2015, 2020; Ruiz et al. 2015). In Spain, the 61 

VIM has been applied in two cities: Barcelona (Lantada et al. 2010, 2018) and Valencia (Guardiola-62 

Víllora and Basset-Salom 2015, 2020). It is convenient to highlight that both towns are divided into 63 

districts. Simultaneously, they have coincidences on the names of some districts. For instance, in 64 

both cities, there is a district called Ciutat Vella, and in both cases, this district is the oldest district 65 

of the city. In the present article, all the forthcoming mentions of the Ciutat Vella district correspond 66 

to the district with this name in Barcelona. 67 

It is appropriate to emphasize that the VIM_P is a procedure that allows incorporating significant 68 

uncertainties that the VIM does not consider. Essentially, these uncertainties are incorporated into 69 

the seismic vulnerability assessment, which affects the seismic risk results. Additionally, the VIM_P 70 

allows obtaining seismic risk in terms of an annual rate of exceedance of both physical damage and 71 

loss (Aguilar-Meléndez et al. 2019a). 72 

 73 
Figure 1. Districts of the city of Barcelona. 74 

At this point, it is useful to mention that the present study has significant differences from the 75 
previous works of Aguilar-Melendez et al. (2019a, b). For instance, a relevant difference is the fact 76 
that in this study, new seismic hazard curves were determined for Barcelona, and these new curves 77 
were used to determine the seismic risk of the residential buildings of Ciutat Vella and Nou Barris. 78 
Additionally, in this study, we included a detailed comparison between the results of vulnerability 79 
and risk of both districts’ buildings. 80 
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We divided this article into three sections. The first one is the introduction; the second section 81 

describes the use of VIM_P to determine the seismic risk of the residential buildings of Ciutat Vella 82 

and Nou Barris. This section includes a summary of the VIM_P methodology, information about the 83 

data and procedure applied to compute seismic hazard, and a description of the main steps 84 

performed to determine vulnerability and seismic risk. Finally, section 3 is devoted to the discussion 85 

and conclusions.  86 

2. Seismic risk assessment of the residential buildings of Ciutat Vella and Nou Barris 87 

2.1. Methodology 88 

According to the VIM_P, the three main steps to compute seismic risk are the following: a) 89 

probabilistic seismic hazard assessment (PSHA), b) determination of the seismic vulnerability of 90 

buildings and c) computation of the seismic risk of buildings under study. In the following sub-91 

sections, we described the main phases that we performed to apply the VIM_P. 92 

2.1.1. Seismic hazard in the VIM_P 93 

One of the requirements of the VIM_P is that the seismic hazard data to compute seismic risk must 94 

be in terms of frequencies of exceedance of macroseismic intensities. Specifically, it is suggested to 95 

perform a PSHA to obtain the seismic hazard curve required by the VIM_P (Aguilar-Meléndez et al. 96 

2019a). For this last purpose, it is possible to apply validated software as R-CRISIS (Ordaz et al. 2020) 97 

or even a previous version of this software as CRISIS2015 (Ordaz et al. 2015; Aguilar-Meléndez et al. 98 

2017). It is essential to underline that CRISIS2015 and R-CRISIS allow performing PSHA using 99 

accelerations or macroseismic intensities (Ordaz et al. 2020). 100 

2.1.2. Seismic vulnerability in the VIM_P 101 

According to the VIM_P, the building’s seismic vulnerability is computed based on information about 102 

the building’s main features. This vulnerability is represented by three Beta-type pdf functions 103 

named Lower, Best, and Upper. The procedure to determine the vulnerability functions was 104 

described by Aguilar-Meléndez et al. (2019a). The Best vulnerability function represents the main 105 

vulnerability of a building.  We called it the main vulnerability to highlight that between the three 106 

vulnerability curves used in the VIM_P to describe the vulnerability of a building, the best 107 

vulnerability curve describes the mean vulnerability and, therefore, the essential vulnerability of the 108 

building. In other words, in the VIM_P, the vulnerability of a building must be represented at least 109 

by the Best vulnerability function. The Best vulnerability function is computed applying the following 110 

four steps (Aguilar-Meléndez et al. 2019a): 111 

i. Estimation of the mean vulnerability index IV .  112 

IV  is computed according to Eq. (1) 113 

*

I I R mV V V V= + +
 

(1) 

where VI
* = vulnerability index of the structural typology; ∆VR=building regional modifiers; ∆Vm= 114 

building-specific modifiers (Milutinovic and Trendafiloski 2003; Lantada 2007). In the case of 115 

Barcelona’s buildings, the VI
* values were taken from the building typology matrix (BTM) defined by 116 

Milutinovic and Trendafiloski (2003). Additionally, Table 2 shows an example of a VI
* value. 117 

Moreover, the values of ∆VR and ∆Vm for the buildings of Barcelona were obtained from Lantada 118 

(2007). 119 



5 
 

According to the VIM_P, the value of IV will be the mean of the Best vulnerability function. This 120 

function will describe the main seismic vulnerability of the studied building. 121 
 122 
Table 2. Example of vulnerability indices for the typology M34- Unreinforced masonry bearing walls with a floor system 123 
based on slabs of reinforced concrete. These indices were obtained from the Risk-UE building typology matrix (BTM) 124 
(Milutinovic and Trendafiloski 2003). 125 

Representative values of the vulnerability1 

VI min VI - VI* VI + VI max 

0.300 0.490 0.616 0.793 0.860 
1 VI

* = the value of the vulnerability index (V) that is the most probable. VI
- and V I+ = lower and upper values of the range 126 

of the probable values of V, respectively. VI
min and VI

max = lower and upper values of the range of less probable values of 127 
V, respectively. 128 
 129 
 ii. Assessment of the confidence interval (Vc and Vd) 130 

Vc and Vd determine the range of the Best vulnerability function that contains 90% of the possible 131 

values of V. There are two criteria to compute Vc and Vd (see Eq. 3 and the explanation of Eq.3 in 132 

step iv. See also a detailed description in Aguilar-Mélendez et al. 2019a). In this work, we applied 133 

the simplified criterion that assumes that VI
min and VI

max (Table 2) correspond to Vc and Vd, 134 

respectively. Therefore in this study, the values of Vc and Vd are the same for the buildings classified 135 

into the same structural typology. 136 

iii. Determination of vulnerability index limits (Va and Vb) 137 

According to Aguilar-Mélendez et al. (2019a), Va and Vb, define the minimum and maximum values, 138 

respectively, that can take V (see Eq. 3 and the explanation of Eq.3 in step iv. A detailed description 139 

is also available in Aguilar-Mélendez et al. 2019a). For instance, in previous studies, Aguilar-140 

Mélendez et al. (2019a,b) adopted  -0.04 for Va and 1.04 for Vb, for studying the Barcelona case. The 141 

election of these previous values was also based on previous works (Lantada 2007; Aguilar-142 

Mélendez et al. 2019b). We also used these same values for Va and Vb in the present study for the 143 

reasons mentioned above. 144 

iv. Calculation of Beta pdf parameters: m and m 145 

The parameters previously determined are used to compute m and m. These last values complete 146 

the required information to define the Beta pdf function representing the seismic vulnerability of 147 

each analyzed building. 148 

In this step, values of m between 0.1 and 8 are assumed. This specific range was selected by Aguilar-149 

Meléndez et al. (2019a.) as a result of a sensitivity analysis. The primary purpose of selecting this 150 

range was to reduce the calculation time because, according to the sensitivity analysis, values 151 

between 0.1 and 8 were enough to consider a wide variety of beta functions used to represent the 152 

seismic vulnerability of buildings. However, any user of the methodology could consider a different 153 

range of values of m. The increment between values of m depends on the desired resolution. Then, 154 

for each m, the corresponding m pair is computed using Eq. (2). In this process, we calculated the 155 

integral in Eq. (3) for each (m, m) pair. The final (m, m) pair correspond to the pair closest to the 156 

0.9 value.  157 
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where y1= Vc ; y2 = Vd ;  By2 (αm, βm) is the incomplete Beta function (beta cumulative distribution 159 

function (CDF)) for y2 ; By1(αm, βm) is the CDF for y1. Finally, in this step, the computed beta function’s 160 

mean and standard deviation are determined according to Equations (4) and (5), respectively. A 161 

similar procedure described by Aguilar-Mélendez et al. (2019a) is performed to determine the other 162 

two seismic vulnerability functions: the lower and the upper. 163 
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2.1.3. Seismic risk in the VIM_P 165 

According to the VIM_P, the seismic risk is computed with Eq. (6), and the results are annual 166 

frequencies of exceedance (ν) for each non-null damage grade (Dk ). There are five non-null damage 167 

grades. The damage grade 5 means the total collapse of the building. 168 

     [ ] | , 'k k

I V

D D P D D V I P V I      (6) 

where  | ,kP D D V I  = probability that damage (D) is greater than Dk for a building with a 169 

vulnerability index (V ), that receives the effects of an earthquake with a macroseismic intensity (I) 170 

(Aguilar-Mélendez et al. 2019a). This probability of damage is assessed by applying the damage 171 

function defined in previous works (Lagomarsino and Giovinazzi 2006; Milutinovic and Trendafiloski 172 

2003; Giovinazzi 2005). 173 

P[V] = probability of V. Value computed from the seismic vulnerability functions from each studied 174 

building; 175 

 ' I = annual frequency of exceedance of I (Aguilar-Mélendez et al. 2019a). Value determined 176 

from the seismic hazard curve. 177 

In the following sections, we include the description of the essential data used to apply the VIM_P. 178 

We also highlight relevant results of seismic vulnerability of Ciutat Vella and Nou Barris’s districts. 179 

Additionally, we include the main values of the seismic risk results for the same districts of 180 

Barcelona. 181 

 182 
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2.1.4. The VIM_P versus the Capacity Spectrum-Based method to assess seismic risk 183 

The VIM_P methodology has shown to be robust to assess seismic risk, and its application has been 184 

considered helpful in sites like Barcelona, where a great number of buildings should be evaluated 185 

and where seismicity data other than macroseismic intensities are scarce and not enough to cover 186 

long return periods. For instance, in this region, there are references of historic earthquakes 187 

potentially damaging with significant return periods (Ojeda et al., 2002), and at the same time, there 188 

are no acceleration records of seismic ground motions in Barcelona of significant earthquakes. 189 

Therefore, the more representative catalog of earthquakes for the region of Barcelona is based on 190 

macroseismic intensities data. In the VIM_P, the data in terms of macroseismic intensities can be 191 

used directly to compute the seismic hazard using CRISIS2015 (Ordaz et al., 2015) or R-CRISIS (Ordaz 192 

et al., 2020). Additionally, the VIM_P applies damage function based on macroseismic intensities 193 

and a vulnerability index; therefore, the data of the earthquakes and the damage functions are 194 

consistent (macroseismic intensities) and robust. 195 

The VIM_P methodology is a derivation of the VIM that allows determining seismic risk scenarios. 196 

The VIM methodology is related to valuable and extensive work developed in the last 25 years in 197 

different countries with emphasis on some European countries as Italy, Spain, Greece, among many 198 

others (see for instance Vacareanu et al., 2004; Faccioli et al., 2004; Giovinazzi, 2005; Lagomarsino 199 

and Giovinazzi, 2006; Barbat et al., 2006; Dolce et al., 2006; Bernardini, 2007a, b; Barbat et al., 2009; 200 

Vicente et al., 2011; Neves et al., 2012; Ferreira et al., 2013, 2017a,b; Athmani et al. 2015; Guardiola-201 

Víllora and Basset-Salom 2015, 2020; Ruiz et al. 2015; Cherif et al. 2016; Lestuzzi et al. 2016; Maio 202 

et al., 2016; Apostol et al., 2019; Giuliani et al., 2019; Ortega et al., 2019; Ademović et al. 2020; 203 

Basset-Salom and Guardiola-Víllora, 2020; Kassem et al., 2020; Romis et al., 2020; Taibi et al., 2020). 204 

Recently, Aguilar-Meléndez et al. (2019a) highlighted that the seismic risk results obtained 205 

according to the VIM_P agree with the results determined through the application of the VIM. 206 

Similarly, Lantada et al. (2009) developed a comparison between the VIM method and the capacity 207 

spectrum-based method (CSBM). They determined a good correlation between the seismic results 208 

determined by the VIM and CSBM methods. However, because of the difficulty of getting detailed 209 

structural information about a great number of buildings, the VIM method showed a better 210 

resolution and detail of the damage scenarios. For these reasons, it is possible to affirm that VIM 211 

and VIM_P allow determining reasonable values of the seismic risk of buildings in urban areas. 212 

Moreover, the results obtained are compatible with, but more resolutive than, those obtained 213 

applying the CSBM methods. According to this, it is possible to affirm that the VIM_P is a robust 214 

methodology that allows obtaining good results about the seismic risk of buildings. In the next 215 

section, we describe the application of the VIM_P to assess the seismic risk of the residential 216 

buildings of two districts of the city of Barcelona.  217 

2.2. Seismic hazard in Barcelona 218 

We performed a PSHA for Barcelona considering the seismic sources (Figure 2) and seismicity data 219 

(Table 3) utilized by Aguilar-Melendez et al. (2019a); however, in this case, we apply new GMPEs 220 

(Ground Motion Prediction Equations). This section describes the primary data used to compute the 221 

seismic hazard and the main results obtained. 222 

 223 
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Seismic sources 224 

The geometry of the seismic sources used in the present study is shown in Figure 2. Moreover, the 225 

seismicity of these sources was represented according to the truncated Gutenberg-Richter relation 226 

(see Eq. (7)). For this last purpose, the seismic parameters of the seismic sources of Figure 2 (Table 227 

3) were determined according to an earthquake catalog based on macroseismic intensities (Secanell 228 

et al., 2004). The seismic sources and their respective seismicity parameters have been used in 229 

different studies of the seismic hazard of Barcelona and Catalonia (Irizarry et al., 2011; Secanell et 230 

al., 2004; Irizarry, 2004).  231 

On the other hand, R-CRISIS allows computing directly seismic hazard in terms of macroseismic 232 

intensities. Therefore, and mainly because these are the only representative seismicity data for the 233 

studied areas, we choose this option to compute the seismic hazard of Barcelona. In other words, 234 

we assigned directly to R-CRISIS the geometry of the seismic sources of Figure 2 and its respective 235 

seismicity parameters in terms of macroseismic intensities (Table 3). 236 

 237 
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where 𝜆(𝐼) is the annual frequency of exceedance of the macroseismic intensity 𝐼, 𝐼𝑚𝑖𝑛 is the 238 

minimum epicentral intensity considered, 𝐼𝑚𝑎𝑥 is the maximum epicentral intensity for each zone, 239 

α is the annual frequency of exceedance of intensities greater or equal to 𝐼𝑚𝑖𝑛, and β is the slope 240 

related to the Gutenberg-Richter law (Goula et al., 1997; Ordaz et al., 2020). 241 

  242 
Figure 2. Seismic sources considered to compute the seismic hazard of Barcelona. 243 
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Ground Motion Prediction Equation 244 

Mezcua et al. (2020) recently developed new GMPEs for Spain. These GMPEs were developed 245 

considering more than 3700 intensities data. The GMPEs developed allows computing values of 246 

macroseismic intensities for Spain. In this work, we applied two of the four GMPEs determined by 247 

Mezcua et al. (2020), the Pyrenees and the SCR (Stable Continental Region), because these two 248 

GMPEs (Mezcua et al., 2020) are enough to cover the regions of the seismic sources that were 249 

considered in the present work. 250 

 251 

Table 3. Seismicity parameters of the seismic sources of Figure 2. Adapted from Secanell et al. (2004) 252 

Seismic 

source 
 σ ()* β σ (β)* 

h 

(km)* 
Imin* Imax* 

Imax 

observed * 

1 0.100 0.030 1.864 0.559 7 V VIII VII 

2 0.128 0.033 1.608 0.324 7 V IX VIII 

4 0.157 0.030 1.256 0.186 10 V X IX 

5 0.040 0.014 1.319 0.373 10 V IX VIII 

6 0.099 0.025 1.977 0.640 10 V VII VI 

7 0.957 0.090 1.420 0.116 15 V X VIII 

8 0.218 0.040 1.716 0.246 15 V IX VIII 

9 0.070 0.020 1.737 0.214 10 V VIII VII 

10 0.635 0.059 1.201 0.083 10 V XI X 

11 0.060 0.016 0.886 0.242 10 V IX VIII 

* σ(α) is the estándar deviation of α; σ(β) is the standard deviation of β; h is the depth in km; Imin is the 253 
minimum epicentral intensity assigned to the seismic source; Imax is the maximum epicentral intensity assigned 254 
to the seismic source; Imax observed is the maximum epicentral intensity observed in the seismic source. 255 

 256 

Table 4. Ground Motion Predictions Equations determined by Mezcua et al. (2020) 257 

Zone Average intensity Standard 
Deviation 

Stable Continental Region −0.223 + 1.347𝑀 − 0.0023𝑅 − 1.235𝑙𝑜𝑔𝑅 0.59 
Pyrenees −2.559 + 1.774𝑀 − 0.0062𝑅 − 0.933𝑙𝑜𝑔𝑅 0.60 

 258 

Local site effects 259 

Figure 3 shows the surface geological features of different areas of the city of Barcelona. These 260 

geological features were considered by Cid et al. (1999) to define the five seismic zones shown in 261 

Figure 4: Rock, Soil type I, Soil type II, Soil type III, and artificial soil (A). Rock seismic zone 262 

corresponds to rocky outcrops. Zone I corresponds to Holocene outcrops. Meanwhile, zone II 263 

corresponds to Pleistocene outcrops with a tertiary substrate. Otherwise, zone III corresponds to 264 

Pleistocene outcrops without tertiary substrate. Finally, seismic zone A corresponds to artificial soil. 265 

With these references and considering the work of Lantada 2007 and Aguilar-Meléndez et al. 266 

2019a,b, we also considered for the present work the criteria of increasing in a half degree the 267 

macroseismic intensities in rock to determine the macroseismic intensities in soil sites.  268 
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 269 
Figure 3. Surface geological features in the city of Barcelona, according to Cid et al. (1999) 270 

 271 

Seismic hazard results 272 

Figure 5 includes seismic hazard curves for the city of Barcelona for two cases, curves computed by 273 

Aguilar-Melendez et al. 2019a and curves computed in the present work. As was mentioned 274 

previously, the main difference in both cases is the GMPEs used. In the first case, GMPEs of López-275 

Casado et al. (2000) were applied, and in the second case (present work), GMPEs of Mezcua et al. 276 

(2020) were used.  277 

 278 

 279 
Figure 4. Districts of the city of Barcelona and seismic zones (Cid et al., 1999) 280 
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 281 

Figure 5. Curves of seismic hazard for Barcelona’s rock sites (continuous black line this work and continuous blue line 282 
Aguilar-Meléndez et al. 2019a), and Seismic hazard curves for Barcelona’s soil sites (dotted black line this work and dotted 283 
blue line Aguilar-Meléndez et al. 2019a). 284 

2.3. Data of the residential buildings of Barcelona 285 

 286 

We used the same building database of Barcelona that was used by Aguilar-Meléndez et al. (2019a). 287 

According to this data, the number of residential buildings in Barcelona’s districts ranges 288 

approximately from 2500 to 10000 (see Figure 6). The district of Ciutat Vella has 5675 residential 289 

buildings, and in the Nou Barris district, there are 6916 residential buildings. 290 

 291 

Figure 6. Number of buildings of each district of Barcelona 292 

The database of Barcelona’s buildings (Aguilar-Mélendez et al. 2019a,b; Lantada et al. 2010, 2018)  293 

that we used to assess seismic vulnerability and seismic risk includes the information listed in Table 294 

5. It is essential to highlight that this database has typologies valid for both the VIM method 295 

(Milutinovic and Trendafiloski, 2003) and the VIM_P method (Aguilar-Meléndez et al. 2019a). 296 

The more common structural materials of the residential buildings in Barcelona are masonry and 297 

reinforced concrete, with 69.8% and 26.2%, respectively (Figure 7). Similarly, we analyzed Ciutat 298 
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Vella and Nou Barris’s residential buildings’ data, and we observed that the proportion of buildings 299 

according to their primary structural material is similar between Barcelona (Figure 7) and its Nou 300 

Barris district (Figure 7). Additionally, we identified that the Ciutat Vella district has a significantly 301 

higher proportion of masonry buildings (88.5%) than the percentage of masonry buildings in 302 

Barcelona’s whole city (69.8%). 303 

Table 5. Basic information of the database of the residential buildings in Barcelona 304 
 Datum 

1 Id of the building 
2 Cadastral plot code 
3 Sub-District code 
4 District code 
5 Stories of the building 
6 Structural Typology 
7 Construction year 
8 Seismic Zone 
9 Conservation state 

10 Building position in the block 

 305 
If we analyze the typologies distribution by district, we can observe significant differences in the 306 

distribution of the masonry typologies of the buildings in Ciutat Vella and Nou Barris. For instance, 307 

in Ciutat Vella, the M31 typology is the most common typology, with 81.1% of the masonry buildings 308 

(Figure 8). However, this typology represents only 21.0% of the masonry buildings in Nou Barris 309 

(Figure 8). In this last district, the most common typology is the M34 typology, with 44.4% of the 310 

masonry buildings (Figure 8). 311 

 312 
Figure 7. Distribution (%) of buildings by primary structural material (M-Masonry, S-Steel, RC-Reinforced Concrete, W-313 
Wood) for 69982 buildings in Barcelona, 5675 buildings in Ciutat Vella, and 6916 buildings in Nou Barris. 314 

Other relevant information in the database is the year of construction of each building. Based on 315 

this last information, we determined that Ciutat Vella and Nou Barris’s buildings have a mean age 316 

of 119.58 years and 59.88 years, respectively. Similarly, the mean number of stories of residential 317 

buildings equals 5.85 stories in Ciutat Vella and 4.03 in Nou Barris. The detailed distribution of the 318 

buildings by the number of stories in Ciutat Vella and Nou Barris is shown in Figure 9. Moreover, it 319 

is possible to observe in Figure 9 differences between the buildings’ distributions according to their 320 

stories in Ciutat Vella and Nou Barris. For instance, the most common buildings in Ciutat Vella have 321 

six stories (40.22%), while in Nou Barris, the most frequent buildings have one story (23.68%). 322 
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Additionally, it is possible to note in Ciutat Vella that buildings with 5, 6, and 7 stories represent 323 

83.15% of this district’s residential buildings. 324 

 325 
Figure 8. Distribution (%) of masonry buildings by structural typology (according to the Risk-UE building typology matrix) 326 
in Ciutat Vella and Nou Barris. 327 

 328 
Figure 9. Distribution of buildings by their stories in Ciutat Vella (left) and Nou Barris (right). 329 

2.4. Seismic vulnerability of Ciutat Vella and Nou Barris 330 

 331 

It is essential to highlight that, as was mentioned previously (section 2.1.2), a part of the procedure 332 

to compute seismic vulnerability functions includes the assessment of the mean vulnerability index 333 

(Eq. (1)). This mean value depends on three elements: a) the structural typology, b) building regional 334 

modifiers, and c) building-specific modifiers.  335 

 336 

Eq. (1) was assessed to determine the seismic vulnerability of each building that was studied in the 337 

present work. For this last purpose, we considered the following conditions: a) the first term of Eq. 338 

(1) depends on the structural typology of each building according to the typologies of Table 6 339 

(Milutinovic and Trendafiloski, 2003); b) to assess the second term of Eq. (1), the regional modifiers 340 

that were defined by Lantada (2007) for the buildings of Barcelona were applied (Table 7), and, c) 341 

the building-specific modifiers were considered according to the modifiers proposed by Lantada 342 

(2007).  343 

 344 

In the following part of this section, we included an example of the data and the procedure applied 345 
to compute seismic vulnerability of the buildings of the districts of Ciutat Vella and Nou Barris. For 346 
this purpose, we selected four buildings from the complete database of the residential buildings of 347 
Ciutat Vella and Nou Barris districts in Barcelona city (Table 8). Subsequently, we applied the VIM_P 348 
and used the data in Table 8 to compute the seismic vulnerability functions representing the four 349 
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buildings’ seismic vulnerability. Table 9 shows the parameters that define the vulnerability functions 350 
computed, and in Figure 10, it is possible to observe the respective seismic vulnerability curves. 351 
 352 

The vulnerability curves of Figure 10 are an input to compute the seismic risk of the buildings of 353 

Table 8. However, the vulnerability curves by themselves describe the seismic vulnerability of the 354 

buildings. For instance, the probability that in the CV1 building, the vulnerability index will be greater 355 

than 0.8 is equal to 50%, 65%, and 79%, according to the lower, best, and upper seismic 356 

vulnerability, respectively. Similarly,  the probability that in the CV2 building, the vulnerability index 357 

will be greater than 0.8 is equal to 27%, 46%, and 63% according to the lower, best, and upper 358 

seismic vulnerability, respectively. Therefore, it is possible to conclude that building CV1 is 359 

seismically more vulnerable than building CV2. Similarly, the probability that in the NB1 and NB2 360 

buildings, the vulnerability will be greater than 0.8 is equal to 40% and 21%, respectively, if only the 361 

best vulnerability curve is considered.  362 

 363 
Table 6. Structural Typologies (Milutinovic and Trendafiloski, 2003). 364 

Group Typology Description Representative values of vulnerability** 

VI min VI - VI* VI + VI max 

Mason

ry 

M31 Unreinforced masonry bearing walls 

with wooden slabs 
0.460 0.650 0.740 0.830 1.020 

M32 Unreinforced masonry bearing walls 

with masonry vaults 
0.460 0.650 0.776 0.953 1.020 

M33 Unreinforced masonry bearing walls 

with composite steel and masonry slabs 
0.460 0.527 0.704 0.830 1.020 

M34 Unreinforced masonry bearing walls 

with reinforced concrete slabs 
0.300 0.490 0.616 0.793 0.860 

Concre

te 

RC32 Irregular concrete frames with 

unreinforced masonry infill walls 
0.060 0.127 0.522 0.880 1.020 

Steel 

S3 Steel frames with unreinforced masonry 

infill walls 
0.140 0.330 0.484 0.640 0.860 

S5  Steel and RC composite systems -0.020 0.257 0.402 0.720 1.020 

 

Wood W Wood 0.140 0.207 0.447 0.640 0.860 

** VI
* is the more probable value of the vulnerability index for the corresponding typology. VI

- and V I
+ delimit the range 365 

of the probable values of the vulnerability index for the corresponding typology. VI
min and VI

max increase the range of the 366 
probable values of the vulnerability index in order to include the less probable values of the vulnerability index for the 367 
same typology. 368 
 369 

 370 
Table 7. Regional modifiers for buildings in Barcelona (Lantada, 2007) 371 

Period M31 M32 M33 M34 RC32 

<=1940 +0.198 +0.162 +0.234 - - 
1941-1962 +0.135 +0.099 +0.171 - - 
1963-1968 +0.073 +0.037 +0.109 +0.134 +0.228 
1969-1974 +0.010 -0.026 +0.046 +0.009 +0.103 
1975-1994 -0.052 -0.088 -0.016 -0.053 -0.022 
1995-2002 -0.052 -0.088 -0.016 -0.053 -0.022 
>2002 -0.052 -0.088 -0.016 -0.053 -0.022 
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Table 8. Example of the primary data of each residential building of Barcelona used to determine their seismic vulnerability.  372 

No. Data Building 1 in 
Ciutat Vella 
(CV1) 

Building 2 in 
Ciutat Vella 
(CV2) 

Building 1 in 
Nou Barris 
(NB1) 

Building 2 in 
Nou Barris 
(NB2) 

1 Structural typology M31 M33 M31 RC32 
2 Reliability parameter 8 8 8 8 
3 Conservation state Normal Normal Normal Normal 
4 Stories of the building 6 4 6 7 
5 Construction year 1965 1969 1987 2004 
6 Seismic Zone (Terrain) II(Soil) II(Soil) III(Soil) R(Rock) 

 373 

According to Aguilar-Meléndez et al. (2019a), the seismic vulnerability of groups of buildings can 374 

also be represented using vulnerability functions. Therefore, for the previous example, it could be 375 

possible, for instance, to obtain vulnerability functions that represent the seismic vulnerability of 376 

the two buildings of Ciutat Vella and the two buildings of Nou Barris. Figure 11 shows the case of 377 

the vulnerability curves that represent the seismic vulnerability of the two buildings of Ciutat Vella.  378 

 379 
Table 9. Parameters that define the vulnerability functions of the residential buildings of Table 8 380 

Building α β Mean SD α β Mean SD α β Mean SD 

 Lower Best Upper 

CV1 4.21 1.41 0.77 0.18 4.68 1.11 0.83 0.16 5.31 0.81 0.90 0.14 
CV2 4.76 2.41 0.68 0.18 4.11 1.51 0.75 0.19 4.41 1.11 0.82 0.17 
NB1 4.20 2.31 0.66 0.19 4.46 1.81 0.73 0.18 4.22 1.21 0.80 0.18 
NB2 0.68 1.01 0.39 0.32 1.16 1.11 0.51 0.30 1.32 0.81 0.63 0.30 

 381 

In the present work, we applied the VIM_P to determine the vulnerability functions of 5675 382 

residential buildings in Ciutat Vella and 6916 in Nou Barris. To do this, first, the three vulnerability 383 

functions (lower, best, and upper) for each studied building were obtained. After that, we used 384 

these individual vulnerability functions to determine average vulnerability functions for different 385 

groups of buildings. The selection of the different groups had the objective of analyzing the influence 386 

of different features in the seismic vulnerability of the studied buildings. The total number of groups 387 

analyzed with their respective features is summarized in Table 10 and Table 11. These two tables 388 

also indicate the data used to analyze each group or subgroup of buildings. 389 

To determine the seismic vulnerability of the groups of buildings in Table 10 and Table 11, according 390 

to the VIM_P, the procedure defined by Aguilar-Meléndez (2011) and Aguilar-Meléndez et al. 391 

(2019a) was applied. The procedure can be summarized in two steps: Step 1. Determination of three 392 

vulnerability functions for each building of the group according to the VIM_P and Step 2. 393 

Determination of three representative vulnerability functions for the whole residential buildings in 394 

this group, based on the vulnerability functions computed in Step 1. 395 

 396 
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(a) (b) 

  
(c) (d) 

Figure 10. Vulnerability functions of the buildings of Table 8. Building CV1 (a), building CV2 (b), building NB1 (c), and 397 
building NB2 (d).  398 

To compute the seismic vulnerability according to the VIM_P, we applied the USERISK2015 software 399 

(Aguilar-Meléndez et al. 2016). Figure 12 shows the seismic vulnerability curves for Ciutat Vella and 400 

Nou Barris districts that were also determined by Aguilar-Meléndez et al. (2019b). However, in this 401 

work, we performed a more extensive assessment of the seismic vulnerability of the buildings of 402 

Ciutat Vella and Nou Barris because, in this work, we assessed new seismic vulnerability curves of 403 

sub-groups of these dwelling buildings (Table 10 and Table 11). Figure 12 includes the seismic 404 

vulnerability curves that describe the seismic vulnerability for 5675 residential buildings in Ciutat 405 

Vella (GCV1) and 6916 residential buildings of Nou Barris (GNB1). Using these results, we can affirm 406 

that the mean vulnerability index for the Best curve for Ciutat Vella buildings is 0.90 (Figure 12). We 407 

also can determine that the probability that a building in Ciutat Vella has a vulnerability index 408 

greater than 0.8 would be 73.52%, 83.59%, and 88.37%, counting the Lower, Best, and Upper 409 

vulnerability curves, respectively. Similarly, we can observe that the mean vulnerability index for 410 

the Best curve for Nou Barris buildings is 0.69 (Figure 12). Simultaneously, the probability that a 411 

residential building in Nou Barris has a vulnerability index greater than 0.8 would be 21.33%, 34.03%, 412 

and 52.14 %, if the Lower, Best, and Upper vulnerability curves are considered, respectively. 413 

 414 
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 415 
Figure 11. Vulnerability functions of a group of two buildings of Ciutat Vella (CV1 and CV2) 416 

Table 10. Group and subgroups of buildings of the district of Ciutat Vella that were studied in the present work. 417 

ID Group Subgroup Number of 
residential 
buildings in 
the group or 
subgroup 

Steps of the 
procedure to 
obtain the 
vulnerability 
functions 

Data 
considered to 
compute the 
vulnerability 
functions 

Number of 
vulnerability 
functions 
determined 

GCV1 Ciutat 
Vella  

 5675  
  

Step 1* *** 17025 

Step 2** **** 3 (Figure 12) 

GCV2  Ciutat Vella 
Masonry  

5022 Step 1* *** 15066 

   Step 2** **** 3 (Figure 14a) 

GCV3  Ciutat Vella 
RC 

459 Step 1* *** 1377 

   Step 2** **** 3 (Figure 14b) 

GCV4  Ciutat Vella 
M31 

4069 Step 1* *** 12207 

Step 2** **** 3 (Figure 15) 

GCV5  Ciutat Vella 
M31<1969 

3993 Step 1* *** 11979 

 Step 2** **** 3 (Figure 16a) 

GCV6  Ciutat Vella 
M31>=1969 

76 Step 1* *** 228 

   Step 2** **** 3 (Figure 16b) 

GCV7  Ciutat Vella 
Stories<6 

1908  Step 1* *** 5724 

   Step 2** **** 3 (Figure 13a) 

GCV8  Ciutat Vella 
Stories >=6 

3767 Step 1* *** 11301 

   Step 2** **** 3 (Figure 13b) 

* Assessment of three vulnerability functions for each building according to the VIM_P 418 
** Assessment of three representative vulnerability functions for the whole residential buildings in this group, 419 
based on the vulnerability functions determined in step 1. 420 
*** The six data of each building as the data mentioned in Table 8. 421 
**** The vulnerability functions of each building that were obtained in step 1. 422 

It is essential to highlight that the VIM_P computes the seismic vulnerability of each building 423 

considering the structural typology and the additional data mentioned in Table 8. And the seismic 424 

vulnerability results are vulnerability functions in terms of probability of non-exceedance of the 425 

vulnerability index. Therefore, because all the vulnerability functions are in the same units, it is 426 

possible to use these vulnerability functions to compute representative seismic vulnerability curves 427 

of groups of buildings with different structural typologies (see also Aguilar-Meléndez et al. 2019a).  428 
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 429 

Table 11. Group and subgroups of buildings of the district of Nou Barris that were studied in the present work. 430 

ID Group Subgroup Number of 
residential 
buildings in the 
group or 
subgroup 

Steps of the 
procedure to 
obtain the 
vulnerability 
functions 

Data 
considered to 
compute the 
vulnerability 
functions 

Number of 
vulnerability 
functions 
determined 

GNB1 Nou 
Barris 

 6916 
  

Step 1* *** 20748 
  

Step 2** **** 3 (Figure 12). 

GNB2  Nou Barris 
Masonry 

4885 Step 1* *** 14655 

  Step 2** **** 3 (Figure 14c) 

  Nou Barris 
RC 

1761 Step 1* *** 5283 

GNB3   Step 2** **** 3 (Figure 14d) 

  Nou Barris 
M31 

1026 Step 1* *** 3078 

GNB4   Step 2** **** 3 (Figure 15) 

  Nou Barris 
M31<1969 

961 Step 1* *** 2883 

GNB5   Step 2** **** 3 (Figure 16c) 

GNB6  Nou Barris 
M31>=1969 

65 Step 1* *** 195 

   Step 2** **** 3 (Figure 16d) 

  Nou Barris 
Stories<6 

4757  Step 1* *** 14271 

GNB7   Step 2** **** 3 (Figure 13c) 

GNB8  Nou Barris 
Stories >=6 

2159 Step 1* *** 6477 

   Step 2** **** 3 (Figure 13d) 

* Assessment of three vulnerability functions for each building according to the VIM_P 431 
** Assessment of three representative vulnerability functions for the whole residential buildings in this group, 432 
based on the vulnerability functions determined in step 1. 433 
*** The six data of each building as the data mentioned in Table 8. 434 
**** The vulnerability functions of each building that were obtained in step 1. 435 

 436 

In this study, we computed the seismic vulnerability curves of two groups of buildings that were 437 

defined, taking into account the number of stories of the buildings (Figure 13): a) buildings with five 438 

or fewer stories, and b) buildings with six or more stories. Figure 13 and Table 12 summarize the 439 

results for the groups of buildings defined according to their number of stories. These results 440 

indicate that the mean vulnerability index of the Best curve of seismic vulnerability is equal to 0.87 441 

and 0.91 for Ciutat Vella buildings with less than six stories (GCV7) and more than five stories (GCV8), 442 

respectively. Similarly, in Nou Barris, we obtained that the mean vulnerability index of the Best curve 443 

of seismic vulnerability is equal to 0.7 and 0.67 for buildings with less than six stories (GNB7) and 444 

more than five stories (GNB8), respectively. 445 
 446 
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Seismic 

Vulnerability 

Curves for the 

group of 

buildings* 

α β Mean SD 

Ciutat Vella 
(GCV1) 

L 3.85 0.63 0.86 0.16 
B 5.62 0.64 0.90 0.12 

 U 5.65 0.49 0.92 0.11 

Nou Barris 
(GNB1) 

L 2.81 1.77 0.61 0.22 

 B 3.40 1.52 0.69 0.21 
 U 3.47 1.04 0.77 0.19 

*L=Lower, B=Best, U=Upper 

Figure 12. Seismic vulnerability curves for Ciutat Vella (GCV1) (black lines) and Nou Barris (GNB1) (cyan lines) considering 447 
Va=-0.04 and Vb=1.04 (some of the values of the table were published in Aguilar-Meléndez et al. 2019a). 448 

 449 

Based on the seismic vulnerability results included in Table 12, we observed that in Ciutat Vella, the 450 
buildings with six or more stories (GCV8) are, on average, more vulnerable than the buildings with 451 
fewer than six stories (GCV7). For instance, in Ciutat Vella, the probability that V is greater than 0.8 452 
is equal to 77.40 % and 85.94% (Best curve-Table 12) for buildings with fewer than six stories (GCV7) 453 
and more than five stories (GCV8), respectively. On the other hand, if we consider the Best curve 454 
for the Nou Barris buildings (Table 12), then the probability that V is greater than 0.8 is equal to 455 
34.39% and 33.61% for buildings with fewer than six stories (GNB7) and more than five stories 456 
(GNB8), respectively. 457 
 458 
Table 12. Probabilities that V exceeds the values of 0.7, 0.8, and 0.9 (probabilities computed from the vulnerability curves 459 

of Figure 13 corresponding to the buidlings of groups ). 460 

District Group of 
buildings 

P(V>0.7) [%] P(V>0.8) [%] P(V>0.9) [%] 

Lower Best Upper Lower Best Upper Lower Best Upper 

Ciutat 
Vella 

Stories<6 
(GCV7) 

79.95 90.24 94.47 64.76 77.40 86.69 41.01 51.89 68.91 

Stories>=6 
(GCV8) 

87.61 93.95 95.58 77.12 85.94 89.13 58.19 68.17 73.74 

Nou 
Barris 

Stories<6 
(GNB7) 

40.13 55.28 70.99 22.04 34.39 52.48 6.99 13.15 27.79 

Stories>=6 
(GNB8) 

34.72 50.41 67.02 20.10 33.61 51.75 7.41 15.66 31.37 

 461 
 462 
Additionally, we determined the seismic vulnerability of masonry and concrete buildings. Figure 14 463 

shows that in Ciutat Vella, there are considerable differences among the vulnerability of masonry 464 

(Figure 14a) and reinforced concrete (RC) buildings (Figure 14b). For instance, if we consider the 465 

best curve, the probability that V is greater than 0.8 is equal to 89.17% and 22.35% for masonry 466 

buildings (GCV2) and RC buildings (GCV3), respectively. This significant difference between the 467 

masonry and RC buildings of Ciutat Vella agrees with the seismic vulnerability results assessed by 468 

Lantada et al. (2018). Remarkably, they applied the VIM for Ciutat Vella’s buildings and obtained a 469 
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vulnerability index average of 0.59 and 0.93 for reinforced concrete and masonry buildings, 470 

respectively. 471 

  
Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 3.98 0.86 0.82 0.17 
Best 6.11 0.91 0.87 0.13 
Upper 5.66 0.54 0.91 0.11 

 

Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 3.78 0.54 0.87 0.16 
Best 5.39 0.53 0.91 0.12 
Upper 5.64 0.46 0.92 0.11 

 

(a) (b) 

  
Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 3.17 1.88 0.63 0.21 
Best 3.91 1.67 0.70 0.19 
Upper 3.95 1.15 0.77 0.18 

 

Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 2.16 1.55 0.58 0.25 
Best 2.50 1.23 0.67 0.23 
Upper 2.60 0.83 0.76 0.22 

 

(c) (d) 
Figure 13. Seismic vulnerability curves of buildings in Ciutat Vella with fewer than six stories (GCV7) (a) and with six or more 472 
stories (GCV8) (b) and seismic vulnerability curves of buildings in Nou Barris with fewer than six stories (GNB7) (a) and with 473 
six or more stories (GNB8). For these cases, it was considered Va=-0.04 and Vb=1.04. 474 
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The vulnerability curves of Figure 14 also show that the masonry buildings of Ciutat Vella (GCV2) 475 

(Figure 14a) have, on average, higher levels of seismic vulnerability than the masonry buildings of 476 

Nou Barris (GNB2) (Figure 14c). For instance, the Best curve indicates that the probability that V is 477 

greater than 0.9 is equal to 71.39% and 14.20% for masonry buildings in Ciutat Vella (GCV2) and Nou 478 

Barris (GNB2), respectively. The difference between the levels of seismic vulnerability of the average 479 

masonry buildings in Ciutat Vella and Nou Barris is because, in the VIM_P, the seismic vulnerability 480 

assessment depends on the structural typology and the additional features of the buildings. 481 

Therefore, the differences in the percentage of masonry buildings of each structural typology in the 482 

districts of Ciutat Vella and Nou Barris are relevant factors that contribute to explain the differences 483 

in the average vulnerability of the masonry buildings of both districts. For instance, if only it is 484 

considered the structural typology, it is possible to identify (Figure 8) that in Ciutat Vella, the greater 485 

percentage of masonry buildings are M31 (81.1%), and in Nou Barris, a similar percentage (77.40%) 486 

correspond to the typologies M33 and M34, and these last two typologies have a best vulnerability 487 

function that has a 𝑉𝐼
∗ lower than the M31 structural typology (Table 6). 488 

At the same time, the additional data to the typology contribute to explain the differences between 489 

the levels of seismic vulnerability of the masonry buildings in Ciutat Vella and Nou Barris. Notably, 490 

in the case of the studied buildings of Barcelona, the regional modifiers have a significant influence 491 

on the final values of seismic vulnerability (Lantada, 2007). These regional modifiers take into 492 

account the constructive considerations available in the construction date of the building, and this 493 

information is used to infer the probable seismic performance of the buildings (Lantada, 2007). 494 

Another factor that explains the average higher levels of seismic vulnerability in the masonry 495 

buildings of Ciutat Vella is the fact that in this district, the major part of the masonry buildings 496 

(81.1%) corresponds to the M31 structural typology, and in Nou Barris, the major part of the 497 

masonry buildings (44.4%) are buildings with M34 structural typology. Therefore, in this case if only 498 

the structural typology is considered, the M31 structural typology is more vulnerable than the M34 499 

structural typology (Table 6).  500 

On the other hand, seismic vulnerability values between the RC buildings in Ciutat Vella (Figure 14b) 501 

and Nou Barris (Figure 14d) have a similar magnitude order. For example, according to the Best 502 

curve, the probability that V is greater than 0.9 is equal to 11.35% and 16.61% for RC buildings in 503 

Ciutat Vella and Nou Barris, respectively. In this case, the similitude in the average seismic 504 

vulnerability curves of the RC buildings in Ciutat Vella and Nou Barris is mainly due to two conditions: 505 

a) the whole RC buildings of both districts are classified into the same structural typology, and b) 506 

close of 32% and 34% of the RC buildings in Ciutat Vella and Nou Barris, respectively, were built 507 

before 1969. And the structural typology and the construction date are two features that 508 

significantly influence the final value of the seismic vulnerability of the buildings.  509 

We also assessed the vulnerability for subgroups of masonry buildings. For instance, we studied the 510 
M31 buildings. We did this analysis because 81.1% of the masonry buildings of Ciutat Vella 511 
correspond to this typology (Figure 8). The vulnerability curves computed (Figure 15) show that the 512 
M31 buildings in Ciutat Vella (GCV4) have, on average, higher seismic vulnerability than the M31 513 
buildings in Nou Barris (GNB4). Notably, the Best curve (Figure 15) indicates that the probability that 514 
V is greater than 0.9 is equal to 73.80% and 38.69% for M31 buildings in Ciutat Vella (GCV4) and 515 
Nou Barris (GNB4), respectively. 516 
 517 
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Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 4.64 0.58 0.89 0.14 
Best 6.78 0.59 0.92 0.10 
Upper 6.66 0.45 0.94 0.09 

 

Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 0.70 0.98 0.42 0.32 
Best 1.11 0.99 0.53 0.31 
Upper 1.32 0.74 0.64 0.30 

 

(a) (b) 

  
Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 4.67 2.26 0.67 0.18 
Best 5.32 1.91 0.74 0.17 
Upper 5.07 1.27 0.80 0.16 

 

Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 0.84 0.95 0.47 0.32 
Best 1.18 0.84 0.58 0.31 
Upper 1.41 0.61 0.70 0.29 

 

(c) (d) 
Figure 14. Seismic vulnerability curves of buildings of masonry (GCV2)(a) and RC (GCV3)(b) in Ciutat Vella and seismic 518 

vulnerability curves of buildings of masonry (GNB2)(c) and RC (GNB3)(d) in Nou Barris. For these cases, it was considered 519 
Va=-0.04 and Vb=1.04. 520 

As was mentioned previously, in addition to the structural typology, other features of the buildings 521 
are considered to determine their seismic vulnerability. For this last reason, it is possible to have 522 
cases where buildings of the same structural typology have different levels of seismic vulnerability. 523 
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Notably, in this case, a significant reason that explains the difference between the average M31 524 
buildings in Ciutat Vella versus the M31 buildings in Nou Barris are the regional vulnerability 525 
modifiers defined by Lantada (2007). According to these modifiers (Table 7), M31 buildings built in 526 
1940 or before have greater vulnerability modifiers than those built after 1940. Moreover, according 527 
to the data, 94.94% and 76.02 % of the M31 buildings in Ciutat Vella and Nou Barris, respectively, 528 
were built in 1940 or before. Therefore, the percentage of M31 buildings in Ciutat Vella that have a 529 
regional modifier for the buildings of 1940 or before is greater than the percentage of the Nou Barris 530 
district that has this feature. 531 

 
Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 4.67 0.54 0.90 0.13 
Best 6.83 0.55 0.93 0.10 
Upper 6.74 0.42 0.94 0.09 

 

Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 4.42 1.23 0.78 0.17 
Best 5.89 1.17 0.83 0.14 
Upper 4.72 0.61 0.89 0.14 

 

Ciutat Vella Nou Barris 
Figure 15. Seismic vulnerability curves for the masonry M31 buildings in Ciutat Vella (GCV4) and Nou Barris (GNB4) 532 
considering Va=-0.04 and Vb=1.04.  533 

Additionally, we analyzed two subgroups of the M31 buildings of each district, considering the 534 
variable of the year of construction. For this analysis, we choose the 1969 year as the reference 535 
point because Barcelona’s first seismic code was used in that year (Lantada 2007). The results 536 
(Figure 16) indicate that the M31 buildings built during or after 1969 in Ciutat Vella (GCV6) and Nou 537 
Barris (GNB6) have, on average, a significantly lower seismic vulnerability than the M31 buildings 538 
built before that year. Moreover, if we analyze the Best vulnerability curves (Figure 16), we can 539 
verify additional conclusions. For instance, in this last case, we can observe that the probability that 540 
V is greater than 0.8 is equal to 90.79% and 28.8% for the M31 buildings in Ciutat Vella built before 541 
1969 (GCV5) (Figure 16a) and during or after 1969 (GCV6) (Figure 16b), respectively. We also 542 
observed that, on average, the M31 buildings that were built during or after 1969 in Ciutat Vella 543 
(GCV6) (Figure 16b) have higher levels of seismic vulnerability than the buildings that were also built 544 
during or after 1969 in Nou Barris (GNB6) (Figure 16d). For instance, the Best vulnerability curve 545 
shows that the probability that V is greater than 0.8 is equal to 28.8% and 20.9% for the M31 546 
buildings built during or after 1969 in Ciutat Vella (GCV6) (Figure 16b) and Nou Barris (GNB6) (Figure 547 
16d), respectively. 548 
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 549 

  
Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 4.69 0.52 0.90 0.13 
Best 6.89 0.53 0.93 0.10 
Upper 6.79 0.41 0.94 0.09 

 

Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 3.56 2.20 0.62 0.20 
Best 4.42 2.04 0.68 0.18 
Upper 4.41 1.46 0.75 0.18 

 

(a) (b) 

  
Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 4.58 1.19 0.79 0.17 
Best 6.08 1.13 0.84 0.14 
Upper 4.71 0.56 0.89 0.13 

 

Seismic 
vulnerability 
curve 

α β Mean SD 

Lower 2.55 2.00 0.56 0.23 
Best 3.67 2.12 0.63 0.20 
Upper 4.84 2.01 0.71 0.18 

 

(c) (d) 

Figure 16. Seismic vulnerability curves for the masonry M31 buildings built before 1969 (GCV5) (a) and during or after 1969 550 
(GCV6) (b) in Ciutat Vella (top) and the seismic vulnerability curves for the masonry M31 buildings built before 1969 (GNB5) 551 
(c) and during or after 1969 (GNB6) (d) in Nou Barris considering Va=-0.04 and Vb=1.04. 552 
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 553 

 
(a) 

 

 
(b) 

 
(c) 

Figure 17. Maps of seismic vulnerability of residential buildings in the Gothic neighborhood of the Ciutat Vella district, in 554 
terms of the probability that V is greater than 0.7(a), 0.8(b), and 0.9(c) considering the Best vulnerability functions. 555 
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The computed seismic vulnerability curves can also be used to generate seismic vulnerability maps 556 

like the ones included in Figure 17. The data of the map of Figure 17a allows identifying that 85.36% 557 

of residential buildings in the Gothic neighborhood of Ciutat Vella have a probability superior to 0.75 558 

that V is greater than 0.7 (if the Best vulnerability curves are considered). The Ciutat Vella district is 559 

divided into four neighborhoods: i) Raval; ii) Gothic; iii) Barceloneta, and iv) Santa Pere, Santa 560 

Caterina I la Ribera (Ajuntament de Barcelona, 2020). Similarly, the results represented in the maps 561 

of Figure 17b and Figure 17c indicate that 84.44% and 66.36% of residential buildings in the Gothic 562 

neighborhood of Ciutat Vella have a probability superior to 0.75 that V is greater than 0.8 and 0.9, 563 

respectively (if the Best vulnerability curves are considered). In contrast, the results in the Nou Barris 564 

district’s case show that 24.29% of dwelling buildings of this district have a probability superior to 565 

0.75 that V is greater than 0.7. Similarly, 17.31% and 0.51% of residential buildings in Nou Barris 566 

have a probability superior to 0.75 that V is greater than 0.8 and 0.9, respectively (considering the 567 

Best vulnerability curves). 568 

 569 

2.5. Seismic Risk of Ciutat Vella and Nou Barris 570 

 571 

According to the VIM_P, Eq. (6) was applied to compute the seismic risk of the studied buildings. 572 

Particularly, the seismic risk of each building was computed considering their respective seismic 573 

hazard curves and the seismic vulnerability functions of the studied building. For instance, applying 574 

USERISK2015, the seismic risk results of the buildings included in Table 8  were computed. For this 575 

case, the seismic hazard curves used are the curves of black lines in Figure 5. These curves were 576 

truncated to 475 years and the vulnerability functions considered are included in Figure 10. Table 577 

13 and Figure 18 shows the computed seismic risk results. These last results correspond to the 578 

seismic risk for each one of the four studied buildings. However, it is also possible to use these 579 

seismic risk results to obtain the risk for a group of buildings as it was described by Aguilar-Meléndez 580 

et al. (2019a). Figure 19 shows the case of the seismic risk results determined for a group of the two 581 

buildings: CV1 and CV2. 582 

 583 
Table 13. Results of Seismic risk of buildings CV1, CV2, NB1, and NB2 in Barcelona in terms of the average of the annual 584 
frequency of exceedance of the damage grades (1-5) computed considering a seismic hazard truncated to 475 years 585 

Building VC 
ν (D) [1/years]  

D1 D2 D3 D4 D5 

CV1 L 9.5E-3 3.28E-3 7.9E-4 1.03E-4 3.29E-6 

 B 1.21E-2 4.61E-3 1.2E-3 1.69E-4 5.91E-6 

 U 1.51E-2 6.35E-3 1.8E-3 2.73E-4 1.04E-5 

CV2 L 5.99E-3 1.66E-3 3.3E-4 3.51E-5 8.73E-7 

 B 8.79E-3 2.94E-3 6.91E-4 8.78E-5 2.73E-6 

 U 1.17E-2 4.43E-3 1.15E-3 1.61E-4 5.61E-6 

NB1 L 5.59E-3 1.54E-3 3.06E-4 3.26E-5 8.18E-7 

 B 7.83E-3 2.46E-3 5.46E-4 6.54E-5 1.89E-6 

 U 1.07E-2 3.92E-3 9.91E-4 1.35E-4 4.56E-6 

NB2 L 2.24E-3 5.85E-4 1.09E-4 1.07E-5 2.23E-7 

 B 3.06E-3 7.94E-4 1.47E-4 1.41E-5 2.89E-7 

 U 5.05E-3 1.47E-3 2.98E-4 3.12E-5 7.05E-7 
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If we consider the individual seismic risk, it is possible to observe that in the CV1 building, the annual 586 

frequency of exceedance of the collapse damage state ranges between 3.29x10-6 and 1.04x10-5, with 587 

a mean value of 5.91x10-6. Similarly, in the CV2 building, the annual frequency of exceedance of the 588 

collapse damage state ranges between 8.73x10-7 and 5.61x10-6, with a mean value of 2.73x10-6. On 589 

the other hand, if we consider the mean values, we can affirm that the CV1 building has twice the 590 

seismic risk of the CV2 building. At the same time, it is possible to highlight that if the upper value is 591 

considered, we can observe that the seismic risk of the CV1 building exceeds the value of 1x10-5. 592 

Therefore, if a decision criterion states that the building with a higher level of seismic risk greater 593 

than 1x10-5 (Stirrat and Jury, 2017; Hardy et al., 2017) must require an additional detailed revision, 594 

then the building CV1 would require this kind of revision. 595 

 596 

In this study, we applied USERISK2015 (Aguilar-Meléndez et al. 2016) to compute the seismic risk of 597 

Ciutat Vella and Nou Barris’s residential buildings. First, we computed seismic risk applying the 598 

seismic hazard curves determined in the present work (Figure 5) truncated to 475 years (10% 599 

probability of exceedance in 50 years). Additionally, we computed seismic risk considering the same 600 

hazard curves but truncated to 975 years (5% probability of exceedance in 50 years). We computed 601 

the seismic risk for seismic hazard for these two return periods (475 and 975 years) because, as a 602 

part of the seismic risk management, it is convenient to have results of seismic risk for different 603 

return periods of seismic hazard to facilitate the stakeholders the decision procedures. Even though 604 

the return periods selected are common values to compute seismic hazard (Solomos et al., 2008), 605 

they are not unique options. For this reason, the VIM_P allows computing the seismic risk for the 606 

diverse return periods that could be necessary.  607 

 608 

  
(a) (b) 

  
(c) (d) 

Figure 18. Seismic risk of buildings CV1(a), CV2(b), NB1(c), and NB2(d) in Barcelona in terms of the average of the annual 609 
frequency of exceedance of the damage grades (1-5) computed considering a seismic hazard truncated to 475 years 610 
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For the first case (475 years), the seismic risk computed of Ciutat Vella and Nou Barris’s residential 611 

buildings is shown in Figure 20. Specifically, according to Figure 20, on average, the seismic risk of 612 

the residential buildings of Ciutat Vella is higher than the seismic risk of the residential buildings of 613 

Nou Barris. For instance, if we observe the results obtained using the Best vulnerability curves 614 

(Figure 20), we can identify that the damage grade 5 (total collapse) has an annual frequency of 615 

exceedance equal to 1.46x10-5 and 3.14x10-6 for the residential buildings of Ciutat Vella and Nou 616 

Barris, respectively. These results agree with Lantada et al. (2010) study because they also 617 

concluded that the seismic risk in Ciutat Vella is significantly higher than in Nou Barris.  618 

 619 

 620 
Figure 19. Average risk of buildings CV1 and CV2 in Barcelona in terms of the average of the annual frequency of 621 
exceedance of the damage grades (1-5) computed considering a seismic hazard truncated to 475 years 622 

 623 

Additionally, the results show that 70.04%, 70.31%, and 82.26% of the Buildings in Ciutat Vella 624 

(GCV1) have an exceedance frequency of the collapse damage state greater than 1x10-5, if the 625 

Lower, Best, and Upper vulnerability curves are considered, respectively. Similarly, 1.06%, 2.81%, 626 

and 28.11% of the Buildings in Nou Barris (GNB1) have an exceedance frequency of the collapse 627 

damage state greater than 1x10-5, if the Lower, Best, and Upper vulnerability curves are considered, 628 

respectively. 629 

 630 

On the other hand, Figure 21 shows seismic risk results computed using seismic hazard truncated to 631 
975 years. These risk results indicate that the damage grade 5 (total collapse) has an annual 632 
frequency of exceedance equal to 2.35x10-5 and 5.17x10-6 for Ciutat Vella (GCV1) and Nou Barris 633 
(GNB1) buildings, respectively. Therefore, analyzing these previous results, we can affirm that the 634 
seismic risk related to the damage grade 5 in both districts increases by about 70% when we modify 635 
the truncation limit of the seismic hazard from 475 years to 975 years. The same seismic risk results 636 
indicate that 81.07% and 23.02% of the buildings in Ciutat Vella and Nou Barris, respectively, have 637 
an exceedance frequency of the collapse damage state greater than 1x10-5, if the Best vulnerability 638 
curve and the seismic hazard of 975 years are considered. 639 
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 640 

 
Figure 20. Seismic risk of Ciutat Vella (GCV1) and Nou Barris (GNB1) in Barcelona in terms of the average of the annual 641 
frequency of exceedance of the damage grades (1-5) computed considering a seismic hazard truncated to 475 years. 642 

 643 

 

Figure 21. Seismic risk of Ciutat Vella (GCV1) and Nou Barris (GNB1) in Barcelona in terms of the average of the annual 644 
frequency of exceedance of the damage grades (1-5) computed considering a seismic hazard truncated to 975 years. 645 

Additionally, Figure 22 shows another way to communicate the seismic risk computed according to 646 

the VIM_P. Particularly, in this figure, we can observe maps that display the location and shape of 647 

each plot where a residential building exists in the Gothic neighborhood of the Ciutat Vella District. 648 

However, at the same time, these maps show the seismic risk of the building located in each plot in 649 

terms of the annual frequency of exceedance of the damage grade 5. Moreover, these maps display 650 

the main structural material of each studied building. 651 
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According to the seismic results of Figure 22, the percentage of dwelling buildings in the Gothic 652 

neighborhood that has a frequency of occurrence of damage five greater than 1x10-5 is 70.42%, 653 

70.57%, and 77.93%, respectively, when the Lower, Best, and Upper vulnerability curves are 654 

considered. 655 

 656 

 

 

(a)  

 
 

(b) (c) 
Figure 22. Seismic risk maps of the Gothic neighborhood of Ciutat Vella to cadastral plot scale. These maps show the seismic 657 
risk and the main structural material of each residential building of the Gothic neighborhood of Ciutat Vella. The seismic 658 
risk is in terms of annual frequency of damage D5, and this risk was obtained considering a seismic hazard curve truncated 659 
to 475 years and the Lower (a), Best (b), and Upper (c) seismic vulnerabilities curves. 660 
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As stated in Figure 23, the average seismic risk of the masonry buildings in Ciutat Vella is higher than 661 

the average seismic risk of the masonry buildings in Nou Barris. For instance, according to the Best 662 

vulnerability curve (Figure 23), the annual frequency of exceedance of damage 5 in the masonry 663 

buildings is equal to 1.62x10-5 and 3.08x10-6 in Ciutat Vella (GCV2) and Nou Barris (GNB2), 664 

respectively. These values also mean that the seismic risk of the masonry buildings in Ciutat Vella is 665 

5.3 times higher than the seismic risk of the masonry buildings in Nou Barris. Similarly, we can 666 

observe that considering the Best vulnerability curves (Figure 24a and Figure 24b), the annual 667 

frequency of exceedance of the damage 5 in the reinforced concrete buildings is equal to  2.35x10-668 
6 and 3.53x10-6 in Ciutat Vella (GCV3) and Nou Barris (GNB3), respectively.  Therefore, in this case, 669 

the average seismic risk of the reinforced concrete buildings is 1.5 times higher in Nou Barris than 670 

in Ciutat Vella. 671 

 

 

Figure 23. Seismic risk of masonry buildings of Ciutat Vella (GCV2) and Nou Barris (GNB2) in terms of the average of the 672 
annual frequency of exceedance of the damage grades (1-5), computed considering a seismic hazard truncated to 475 673 
years. 674 

 675 

It can be observed that buildings in Ciutat Vella with six or more stories (GCV8) have, on average, 676 

higher seismic risk than buildings with five or fewer stories (GCV7) (Table 14). For instance, for the 677 

best vulnerability curve, the average seismic risk for the damage grade 5 is equal to 1.1x10-5 and    678 

1.64x10-5 for buildings with five or fewer stories and six or more stories, respectively.  679 

Similarly, Table 14 shows that buildings in Nou Barris with six or more stories (GNB8) have, on 680 

average, higher seismic risk than buildings with five or fewer stories (GNB7). For example, the best 681 

vulnerability curve indicates that the average seismic risk for the damage grade 5 is equal to  682 

2.96x10-6 and 3.55x10-6 for buildings in Nou Barris with five or fewer stories and six or more stories, 683 

respectively.  684 
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 685 

 
(a) 

 
(b) 

Figure 24. Seismic risk of reinforced concrete buildings of Ciutat Vella (GCV3) (a) and seismic risk of reinforced concrete 686 
buildings of Nou Barris (GNB3) (b). The seismic risk is in terms of the average of the annual frequency of exceedance of the 687 
damage grades (1-5), computed considering a seismic hazard truncated to 475 years. 688 

 689 

 690 
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Table 14. Seismic risk for the buildings in Ciutat Vella (left) and Nou Barris (right) considering two groups of buildings: I) 691 
buildings with five or fewer stories and II) buildings with six or more stories. These results were computed considering a 692 
seismic hazard truncated to 475 years and the Best vulnerability curve of the buildings (Figure 9).   693 

District Buildings VC 
ν (D) [1/years]  

D1 D2 D3 D4 D5 

Ciutat 
Vella 

Residential buildings with 
five or fewer stories 
(GCV7) 

L 1.72E-02 7.97E-03 2.43E-03 3.96E-04 1.64E-05 
B 1.47E-02 6.36E-03 1.83E-03 2.83E-04 1.10E-05 
U 1.68E-02 7.84E-03 2.41E-03 3.95E-04 1.65E-05 

Residential buildings with 
six or more stories (GCV8) 

L 1.51E-02 6.94E-03 2.11E-03 3.44E-04 1.43E-05 
B 1.66E-02 7.73E-03 2.38E-03 3.91E-04 1.64E-05 
U 1.74E-02 8.27E-03 2.58E-03 4.28E-04 1.81E-05 

Nou 
Barris 

Residential buildings with 
five or fewer stories 
(GNB7) 

L 5.88E-03 1.93E-03 4.58E-04 6.01E-05 1.99E-06 
B 7.59E-03 2.63E-03 6.48E-04 8.74E-05 2.96E-06 
U 9.88E-03 3.82E-03 1.04E-03 1.54E-04 5.88E-06 

Residential buildings with 
six or more stories (GNB8) 

L 5.46E-03 1.78E-03 4.22E-04 5.57E-05 1.86E-06 
B 7.65E-03 2.75E-03 7.04E-04 9.92E-05 3.55E-06 
U 1.05E-02 4.21E-03 1.17E-03 1.78E-04 6.90E-06 

VC=vulnerability curve; L=Lower; B=Best; U=Upper 694 

Additionally, we compared the seismic risk of buildings of Nou Barris founded on soil and rock. 695 

Figure 25 displays that buildings of Nou Barris founded on soil have, on average, a seismic risk higher 696 

than the seismic risk of buildings of Nou Barris founded on rock. For instance, for damage grade 5, 697 

the annual frequency of exceedance is equal to 5.11x10-7 and 3.68x10-6 for buildings on rock and 698 

soil, respectively. According to these results, the seismic risk of the Nou Barris buildings founded on 699 

soil is, on average, 7.2 times greater than the seismic risk of the buildings of the same district 700 

founded on rock.  701 

 702 
Figure 25. Seismic risk of the buildings in Nou Barris on soil and rock computed considering a seismic hazard truncated to 703 
475 years 704 

2.6. Seismic risk in economic terms 705 

We used the seismic risk results in terms of physical damage (Figure 21a) to assess economic losses. 706 

For this purpose, we considered that according to Marulanda et al. (2013), €31523 million is the 707 
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overall value of Barcelona’s total residential buildings. Additionally, we applied the proposal that 708 

states that the economic cost factors are equal to 0.035, 0.145, 0.305, 0.800, and 1.00 for the 709 

occurrence of damage states 1,2,3,4, and 5, respectively (Dolce et al. 2006). 710 

The economic cost obtained by Lantada et al. (2018) for Ciutat Vella shows good agreement with 711 

the losses computed in the present study. Particularly, Lantada et al. (2018) computed €591 and 712 

€1105 million of economical cost in Ciutat Vella due to a seismic event of intensity VI and VI-VII, 713 

respectively. The losses of €1105 million also correspond to a probabilistic seismic scenario with a 714 

return period of 475 years. In this study, the economic losses related to a return period of 475 years 715 

are equal to €875.65, €948.55, and €1037.06 million for the Low, Best, and Upper cases, respectively 716 

(Figure 26a). Similarly, the economic losses that we computed for Nou Barris are equal to €473.13, 717 

€630.12, and €795.97 million for the Low, Best, and Upper case, respectively (Figure 26b). Moreover, 718 

the economic losses for the Best case are equal to €1349.39 and €965.43 for Ciutat Vella and Nou 719 

Barris, respectively (Figure 26b) if a return period of 975 years is considered. 720 

 

(a) 

 

(b) 

Figure 26. Seismic risk curves of the residential buildings of Ciutat Vella and Nou Barris in terms of economic losses versus 721 
return periods. These curves were obtained considering the seismic hazard curves computed in the present work (Figure 5) 722 
truncated to 475 years (a) and 975 years (b). 723 
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3. Discussion and conclusions 724 

 725 

The VIM_P is a versatile methodology to assess seismic vulnerability and the seismic risk of 726 

residential buildings. Specifically, in this study, we analyzed the residential buildings of Ciutat Vella 727 

and Nou Barris districts in Barcelona. Both seismic vulnerability and seismic risk results obtained 728 

with this methodology are valuable information that could be used to make essential decisions 729 

oriented to increase seismic resilience in cities. 730 

Seismic hazard 731 

The seismic hazard curve computed for Barcelona agrees with previous seismic hazard assessments. 732 

For instance, based on the results (Figure 5), the intensity with a return period of 475 years for a 733 

rock site is slightly less than the macroseismic grade VI. This last result agrees with the intensity of 734 

VI determined by the IGN (2017) for Barcelona for a return period of 475 years. We highlighted that 735 

the Lorca earthquake in 2011 generated substantial damage (Aguilar-Meléndez et al. 2019c), and 736 

this disaster contributed to increasing the interest in performing new assessments of the seismic 737 

hazard of Spain.  738 

Vulnerability 739 

The results show that the buildings in Ciutat Vella have, on average, significantly higher seismic 740 

vulnerability than the buildings in Nou Barris. For instance, if we consider the Best vulnerability 741 

curve, then the probability that a building has a vulnerability index greater than 0.8 could be 83.59% 742 

and 34.03% in Ciutat Vella and Nou Barris, respectively. The results also indicate that in Ciutat Vella, 743 

the buildings with six or more stories are, on average, more vulnerable than buildings with five or 744 

fewer stories. For example, in this district, the probability that V is greater than 0.9 is equal to 745 

51.89% and 68.17% (Best-curve-Table 12) for buildings with fewer than six stories and more than 746 

five stories, respectively. However, in Nou Barris’s case, the seismic vulnerability between buildings 747 

with six or more stories and buildings with five or fewer stories have fewer differences than in the 748 

case of Ciutat Vella’s buildings.  Specifically, when we analyzed a level of seismic vulnerability 749 

represented by V>0.7, then the buildings in Nou Barris with fewer than six stories have more 750 

probability (55.28%-Table 12) of exceeding that level of vulnerability than the buildings with more 751 

than five stories (50.41%-Table 12). However, if we analyze a level of vulnerability represented by 752 

V>0.9, then the buildings in Nou Barris with more than five stories have more probability (15.66%-753 

Table 12) of exceeding that level of vulnerability than the buildings with fewer than six stories 754 

(13.15%-Table 12).  755 

It is essential to highlight that even though, on average, the masonry buildings in Ciutat Vella have 756 

higher levels of seismic vulnerability than the masonry buildings in Nou Barris, in the case of the RC 757 

buildings, this behavior is not the same. Conversely, the RC buildings in Nou Barris are slightly more 758 

vulnerable than the RC buildings in Ciutat Vella. These differences are mainly related to the age of 759 

the buildings because this age is used to determine the design procedures that were considered to 760 

design each building. And this feature is considered in the regional modifiers for the Barcelona’ 761 

buildings (Table 7) that were defined by Lantada (2007). Notably, on average, the masonry buildings 762 

in Ciutat Vella are older than the masonry buildings in Nou Barris. On the other hand, on average, 763 

the RC buildings in Nou Barris are slightly older than the RC buildings in Ciutat Vella. For instance, if 764 
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we consider the Best curve, the probability that V is greater than 0.9 is equal to 16.61 % and 11.35% 765 

for the RC buildings in Nou Barris and Ciutat Vella, respectively.  766 

We also analyzed the case of the masonry buildings M31, and the results show that the M31 767 

buildings in Ciutat Vella are, on average, more vulnerable than the same type of buildings in Nou 768 

Barris. This last condition is because not only the structural typology is considered to determine the 769 

seismic vulnerability of the buildings, and, in this case, the regional modifiers have a significant 770 

influence on the final values of seismic vulnerability of each studied building (Table 7). 771 

On the other hand, a year that has been associated with a relevant reduction in the seismic 772 

vulnerability of buildings in Barcelona is 1969. This last condition is because, during this year, the 773 

first seismic code in the city was applied. For this last reason, even the M31 buildings in Ciutat Vella 774 

have significant differences in their seismic vulnerability depending on the year of construction. For 775 

instance, if we consider the best vulnerability curve, then the probability that V is greater than 0.8 776 

is equal to 90.79% for M31-buildings in Ciutat Vella built before 1969 and equal to 28.8% for the 777 

M31-buildings built in the same district during or after 1969. 778 

The seismic vulnerability can also be communicated through vulnerability maps like the ones shown 779 

in Figure 17 to help a broader range of stakeholders. These maps show the different levels of seismic 780 

vulnerability of the buildings in the Gothic neighborhood of Ciutat Vella. 781 

Risk 782 

The results show that if the Best vulnerability curve and a seismic hazard curve truncated to 475 783 

years are considered, then 70.31% and 2.81% of the buildings in Ciutat Vella and Nou Barris, 784 

respectively, have an exceedance frequency of the collapse damage state greater than 1x10-5. 785 

Therefore, if we consider this last value as the limit of acceptable seismic risk, then it can be 786 

observed that the major part (70.31%) of Ciutat Vella’s buildings could have a not acceptable level 787 

of seismic risk. Consequently, this district could be considered a Barcelona region where the 788 

buildings require a special program to verify their structural safety, including their appropriate 789 

behavior during earthquakes. On the other hand, in Nou Barris, the percentage of buildings that 790 

exceed the reference seismic risk level is 2.81%. Therefore, in this case, it could be convenient to 791 

verify the buildings’ structural safety with the emphasis on the buildings that exceed the reference 792 

level of seismic risk previously mentioned. 793 

It should be noted that the results show that not all the buildings in Ciutat Vella have more seismic 794 

risk than the buildings in Nou Barris. Specifically, the RC buildings of Nou Barris have, on average, a 795 

seismic risk level 1.5 times greater than the RC buildings of Ciutat Vella if the Best curve is 796 

considered. Simultaneously, it is convenient to notice that according to the results (Figure 25), the 797 

buildings of Nou Barris in soil have, on average, a seismic risk level 7 times greater than the buildings 798 

of the same district located in rock.  799 

The seismic risk maps of Figure 22 are an option to communicate the residential buildings’ seismic 800 

risk to the stakeholders. This information could be used to make decisions that increase the seismic 801 

resilience of the cities. It is essential to highlight that the VIM_P allows assessing the seismic risk in 802 

terms of annual frequency of exceedance of damage states, which does not occur with the VIM 803 

antecedent method. At the same time, the VIM_P allows computing the seismic risk in terms of 804 

losses with different return periods. This last type of information is, for instance, relevant for the 805 
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insurance industry. Therefore, the appropriate application of the VIM_P can contribute to 806 

generating valuable information for the different stakeholders related to the management of the 807 

seismic risk of buildings in urban areas.  808 

Comparison with previous results 809 

The losses assessed in the present study for Ciutat Vella agree with the losses obtained by Lantada 810 

et al., 2018. They assessed losses of €1105 million for a seismic scenario associated with a return 811 

period of 475 years, and we estimated losses of €948.55 million for a return period of 475 years. In 812 

this aspect, it is convenient to underline that the comparison focuses on the order of magnitude of 813 

the economic losses because the methodology used to compute the losses by Lantada et al. (2018) 814 

was the VIM, and in the present study, we applied the VIM_P. As was mentioned by Aguilar-815 

Meléndez et al. (2019a), the type of seismic results that can be obtained by each one of these two 816 

methods are not the same. On the other hand, the seismic vulnerability results obtained in the 817 

present study for the masonry and RC buildings in Ciutat Vella agree with the results determined by 818 

Lantada et al. 2018, because they also computed significant differences between the seismic 819 

vulnerability of both groups of buildings of the Ciutat Vella district. 820 
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