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Abstract

Nowadays, different risks are frequently assessed to take actions to increase the resilience in
cities. The present work is mainly related to the probabilistic assessment of seismic risk of
buildings in urban areas. Particularly, we described the main characteristics of the VIM P
which is considered as the probabilistic version of the Vulnerability Index Method (VIM). The
VIM_P requires essential information to compute seismic risk of buildings in urban areas: a)
results of seismic hazard of the site where the studied buildings are located (frequency of ex-
ceedance vs macroseismic intensities), and; b) basic data of the structure of the studied build-
ings to classify each building into a structural typology. The seismic vulnerability computed in
the VIM_P for each building is represented by probability density functions beta type, which
describe the probability distribution of a vulnerability index. In the VIM_P the seismic risk of
buildings is computed through the convolution of the seismic hazard and the seismic vulnera-
bility, considering a semi-empirical damage function. The seismic risk computed is expressed
in terms of annual frequencies of exceedance of damage grades. Additionally, to show the

applicability of the VIM P, we assessed the seismic risk of 69982 dwelling buildings of Bar-
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celona. According to the results, the damage state 5 (collapse) has an annual frequency of oc-
currence greater than 1x107, in a percentage of the buildings of the Eixample district, that

ranges between 52.58 and 70.7 (with a mean value of 56.55).

1 Introduction

The Sendai Framework for Disaster Risk Reduction 2015-2030 (UNISDR, 2015) is an example
of a specific initiative to increase the resilience in cities, this framework gives continuity to the
Hyogo Framework that was valid until 2015 (ISDR-UN, 2005). In both documents, it is high-
lighted the importance of to know the different risks that exist to increase the resilience in
cities. In this context and for the case of seismic risk, it is possible to identify that in the last
decades have been proposed different methodologies to assess this type of risk in urban zones.
For instance, Table 1 includes some relevant methodologies to compute seismic risk. In these
methodologies, it is possible to highlight the Hazus methodology, which was proposed in the
USA with the objective of assessing seismic risk in urban areas of that country (FEMA, 99).
Some years later it was developed a European project with some similitudes to Hazus (Vacar-
eanu et al, 2004; Mouroux & Le Brun, 2006). This European project was identified with the
short name of Risk-UE (Mouroux & Le Brun, 2006). Because of this last project, two stand-
ardized methodologies were proposed to assess seismic risk of buildings in urban areas: a) the
LM1 method or vulnerability index method (VIM) and; b) the LM2 method or capacity spectra
method (Milutinovic & Trendafiloski, 2003). Since then, both methodologies have been widely
validated (Irizarry et al, 2010; Lantada et al, 2010; Lantada et al, 2009a; Barbat et al, 2006;
Faccioli, 2006; Lagomarsino & Giovinazzi 2006; Faccioli et al, 2003).

In the present paper, we described a probabilistic method based on a vulnerability index
(VIM_P), which it is a derivation of the VIM (Aguilar et al, 2010). The main objectives con-
sidered to propose the VIM_P were the following: a) to offer both simplified and probabilistic
methodology to compute seismic risk results, that cannot be obtained applying the VIM and
that they can contribute to offer a valuable information about the seismic risk of buildings in
urban areas; b) to incorporate a major quantity of probabilistic elements to compute seismic

risk in a procedure based on a vulnerability index.



Table 1. Main characteristics of relevant methodologies to assess seismic risk in urban areas (adapted
from Aguilar et al in press)

Methodology a) Seismic Hazard b) Seismic Vulner- c¢) Seismic Risk Computer codes
ability available to apply
the methodology
ATC-13 Selection of a ground mo- It is implicitly con- ~ Damage state probabil-  None
(1985) tion in terms of a MMI sidered in the dam- ities base on damage
grade. age probability ma-  probability matrices,
trix of each facility for each facility type.
type.
HAZUS a) Deterministic ground Capacity curves for =~ Damage states proba- Hazus to be executed
(FEMA, motion analysis; b) USGS specific structural bilities based on fragil-  in ArcGIS
2015a) probabilistic ground motion  typologies. ity curves for specific
maps; ¢) Other probabilistic structural typologies.
or deterministic maps of
ground motion
GNDT II Value of PGA Vulnerability index, Damage degree (0-1)
(Benedetti, et with scores and
al 1988) weights, according
to characteristics of
buildings.
Risk-UE A seismic scenario in terms A total vulnerability = Damage grade proba- CRISIS99 (only for
Vulnerability  of a macroseismic intensity  index for each bilities (5 no-null dam-  probabilistic seismic
index method  obtained by means of: a) building classified age states), for each hazard assessment)
(VIM) or probabilistic method; b) de-  into a structural ty-  building, based on a
LMI method  terministic method. pology. damage function de-
(Milutinovic, pending of a vulnera-
& Trendafilo- bility index and a mac-
ski, 2003). roseismic intensity.
Risk-UE Demand spectrum Capacity curves for ~ Damage states proba- CRISIS99 (only for
LM2 method structural typolo- bilities (4 no-null dam-  probabilistic seismic
(Milutinovic, gies. age states), for each hazard assessment)
& Trendafilo- building into a group of
ski, 2003). buildings; based on fra-
gility curves, for each
structural typology.
CAPRA (Car-  Seismic hazard scenarios Vulnerability func-  Probabilities of occur- -CRISIS2007 (proba-
dona, et al, obtained by means of a tions for structural rence of damage states bilistic seismic hazard
2012) probabilistic assessment typologies. based on fragility assessment)
curves, for each struc- -ERN- Vulnerabilidad
tural typology. (Vulnerability assess-

ment)
-CAPRA-GIS V2.0
(Seismic risk)

According to the context previously mentioned the objectives of the present document are: 1)

to highlight the main differences between the VIM P and the VIM,; 1ii) to offer detailed infor-

mation about the main characteristics of the VIM_ P, whose basic concepts were defined by

Aguilar et al (2010, 2008); iii) to show basic examples of the main results of seismic vulnera-

bility and seismic risk that can be computed according to the VIM_P; and i1v) to show the main

results of seismic vulnerability and seismic risk of 69982 dwelling buildings of Barcelona, that

we computed using the VIM_P. To satisfy the previous objectives, we divided this document

into the following parts: section 1) it correspond to the introduction; section 2) here we men-

tioned the main characteristics of the VIM, and we described an example where we assessed



the seismic risk of two buildings using this last method; section 3) in this other part we men-
tioned the principal characteristics of the VIM_P, and we described the procedure to use the
VIM_P to compute the seismic risk of the same two buildings considered in the example of
section 2; section 4) here we highlight the main procedure that we apply to use the VIM_P to
assess the seismic risk of 69982 dwelling buildings of Barcelona and we show the main results
that we computed for these buildings; section 5) in this last part we included conclusions. Note
that, the description of the VIM (section 2) is incorporated essentially due to the following two
reasons: a) some procedures of the VIM are also valid for the VIM_P and; b) the description

of the VIM is helpful to identify clearly the differences between this method and the VIM_P.

2 Vulnerability index method (VIM) to assess seismic risk scenarios of buildings in
urban zones
The VIM proposed in the Risk-UE project to compute seismic risk (Milutinovic & Trendafilo-
ski, 2003; Mouroux and Le Brun, 2006; Lantada et al, 2009a) can be summarized in following
three steps: a) assessment of seismic hazard in the site where buildings are located; b) assess-
ment of seismic vulnerability of the buildings; and; ¢) assessment of seismic risk of the build-
ings.
According to the VIM, the main purpose of the assessment of the seismic hazard is to determine
a seismic hazard scenario in terms of a macroseismic intensity. On the other hand, in the VIM,
the main objective in the assessment of seismic vulnerability is to determine a vulnerability
index value (between 0 and 1), that represents the seismic vulnerability of each studied build-
ing. To determine the seismic risk, it is computed a mean damage grade of each studied build-
ing according to a semi-empirical damage function. This function depends on both the vulner-
ability index and the macroseismic intensity (Lantada et al, 2009a, 2010; Milutinovic &
Trendafiloski, 2003). The mean damage grade computed previously it is used to generate a
complete distribution of the damage in the building (five no-null damage states are considered).
Finally, it is computed a weighted mean damage index. These seismic risk results can be used,
for instance, to generate maps of scenarios of damage.
The VIM was mainly defined by Giovinazzi and collaborators (Giovinazzi, 2005; Giovinazzi
et al, 2006; Barbat et al, 2006; Milutinovic & Trendafiloski, 2003). However, the VIM has as
references other vulnerability index methods (Bernardini, 2000; Benedetti et al, 1988), and

different methodologies as the ATC-13 (1985), among others. The EMS-98 scale was also a



fundamental support for the generation of the VIM (Gruntal, 98). This last method has been
applied to assess the seismic risk of important cities as Nice, Bitola, Catania, Barcelona, Thes-
saloniki, etc. (Brgm, 2004; Milutinovic et al, 2004; Spence & Brun, 2006; Kappos et al, 2008;
Castillo et al, 2011; Pitiliakis et al, 2006, Lantada et al, 2010; Athmani et al, 2015; Guardiola-
Villora & Basset-Salom, 2015; Ruiz et al, 2015; Lestuzzi et al, 2016; Cherif et al, 2016; Fac-
cioli et al, 2004; ICC/CIMNE, 2004; Kostov et al, 2004, Lungu et al, 2004).

To highlight the main differences between both methods VIM and VIM_P, we assessed seismic
risk of two buildings of Barcelona. It is important to underline that both methods are valid to
assess the seismic risk of numerous buildings. However, only for comparative purposes, we
included in the present document a basic example related to the assessment of the seismic risk
of just two buildings. These buildings are named BCN1 and BCN2, and their data are in Table
2. In the next part of this section, we included an extended description of both the VIM and its

application to assess the seismic risk of these two buildings.

Table 2. Data of two buildings at Barcelona, Spain

Data Building BCN1 Building BCN2
1. Structural Typology Unreinforced masonry bearing  Irregular concrete frames with
walls with composite steel and unreinforced masonry infill

masonry slabs walls

2. Reliability factor in the as- 7 7

signment of the structural ty-

pology

3. Conservation state Good Good

4. Number of levels 2 3

5. Construction date 1970 1975

6. Type of terrain Rock Rock

2.1 Seismic hazard in the VIM

According to VIM, the seismic hazard scenario can be determined by two types of procedures:
deterministic and probabilistic (Milutinovic & Trendafiloski, 2003; Faccioli, 2006; Faccioli et
al, 2003). We included essential comments about each one of these two types of procedures in
the following sections of this document because the type of procedure to assess seismic hazard
is one of the differences, between both methods VIM and VIM_P.

2.1.1 Deterministic assessment of a seismic hazard scenario

To determine a seismic hazard scenario the VIM considers the following two deterministic
options (Faccioli et al, 2003): a) “a reference earthquake” defined by a magnitude or an epi-

central intensity, related to a specific seismic source; or b) a local macroseismic intensity, or
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other intensity parameter associated to a damaging real earthquake that occurred in the region
of interest (Faccioli et al, 2003). More extended recommendations to get the seismic hazard
considering a deterministic procedure were documented by Faccioli and collaborators (2003).
2.1.2 Probabilistic assessment of a seismic hazard scenario

In the VIM it is possible to determine a seismic hazard scenario performing a probabilistic
seismic hazard assessment (PSHA), which is based mainly on the approach of Cornell and
Esteva (Cornell, 1968; Esteva, 1970). For this purpose, CRISIS99 (Ordaz et al, 1999; Aguilar,
2001; Ordaz et al, 2013; Aguilar et al, 2017) was selected as the standard code of the Risk-UE
project to perform a PSHA (Faccioli et al, 2003). Particularly, the results of seismic hazard that
can be computed by CRISIS99 are, for instance, annual frequencies of exceedances of PGA.
Therefore, if CRISIS99 is chosen to determine the seismic hazard scenario required in the VIM,
then the following steps are necessary: a) to perform a PSHA in terms of frequencies of ex-
ceedance of PGA (Peak Ground Acceleration); b) to use the results of the PSHA to select a
seismic hazard scenario in terms of PGA, for a specific return period in years, and; ¢) to convert
the PGA value determined in the previous step to a macroseismic intensity, applying a rela-
tionship between PGA and macroseismic intensities.

It is important to mention that nowadays the recent versions of CRISIS as CRISIS2015 or R-
CRISIS (Ordaz et al, 2015; Aguilar et al, 2017; ERN, 2017) allows applying two procedures
to determine curves of frequencies of exceedance of macroseismic intensities. The first proce-
dure is the same that was mentioned previously for CRISIS99 and the second procedure con-
sists in to perform a PSHA in terms of macroseismic intensities (Ordaz et al, 2015; Aguilar et
al, 2017), to obtain directly a curve of macroseismic intensities versus exceedance rates. Cur-
rently, both procedures are valid, and the selection of the procedure depends on different factors
as the data available, the attenuation relationships available, etc.

To assess the seismic risk of buildings BCN1 and BCN2 according to the VIM, it is neces-
sary to determine a seismic hazard scenario for a rock site in Barcelona, where the buildings
are located (Table 2).



Table 3 shows the seismic hazard scenarios that were computed according to the two proce-
dures mentioned previously to perform a PSHA with CRISIS. In



Table 3 it is possible to observe that the results obtained by both procedures are different.



Table 3. Probabilistic scenarios of seismic hazard computed for a bedrock site in Barcelona (Aguilar et
al, 2013).

No. of Seismic hazard scenarios

proce- Main steps of the procedure [Macroseismic intensities]

dure Tr = 475 years Tr = 2475 years
1 i) Perform a PSHA in terms of PGA 6.4 6.7

and, ii) to convert the seismic hazard
curve of PGA versus exceedance rate to
a curve of macroseismic intensities ver-
sus exceedance rate.
2 1) Perform a PSHA directly in terms of 6.0 6.8
macroseismic intensities.

2.2 Seismic vulnerability in the VIM
2.2.1 Total vulnerability index by building

Seismic vulnerability of buildings is a measure of the capacity of each building to withstand
without damage, during the presence of seismic ground motions with different features. In the
VIM, the seismic vulnerability of each building is represented by means of a total vulnerability

index, which is computed by Eq. 1 (Milutinovic & Trendafiloski, 2003; Barbat et al, 2006).
V, =V +AV,+AV, 1

where 7, means total vulnerability index, V7" is the vulnerability index by structural typology,

AVr, means regional vulnerability index and, AV is the sum of the scores related to all the
factors that modify the vulnerability of each building. AVz and AV are optional values, how-
ever, Vi" is basic, because this term represents the mean value of the seismic vulnerability of a
building according to its structural typology. Therefore, to assess the seismic vulnerability of
a building according to this procedure, at least the value of ¥;* must be assigned. For this rea-
son, in the VIM is fundamental to know the structural typology of each building that will be
assessed. The AVr term can be used if it is considered that the buildings that have been classi-
fied in some structural typology (Table 4, Milutinovic & Trendafiloski (2003)) are not properly
characterized by the representative values of vulnerability, that according to Milutiovic &
Trendafiloski (2003) correspond to the structural typology chosen (Table 4). In other words,
AVr allows adjusting the value of the vulnerability index by structural typology, V;* (Miluti-
novic & Trendafiloski, 2003) to avoid the creation of a new structural typology. On the other
hand, the term AV represent the sum of the different modifiers, which can be used to include

additional characteristics of the buildings that increase or reduce its seismic vulnerability.



These modifiers can be related to features of the building or they can represent a condition
between the building and its surrounding environment. For instance, the conservation state is
a feature of the building, but the position of the building respect to its adjacent buildings is a
condition between the building and its environment.

More probable vulnerability index of a building according to its typology (Vi)

Milutinovic and Trendafiloski (2003) defined the main structural typologies and their respec-
tive values of V;". Table 4 shows some examples of values of V;". According to typologies of
Table 4, the buildings BCN1 and BCN2 (Table 2) can be classified as typologies M33 and
RC32, respectively. Then, according to Table 4 the values of V;* for buildings BCN1 and
BCN2, are 0.704 and 0.522, respectively. If researchers consider that it is not necessary to use

AVr values and they determine that there are not data to consider values to compute AV then
71 = V,* . However, it is desirable to dispose of more data about the buildings that just the struc-

tural typology, to consider vulnerability modifiers that contribute to doing a better description
of the seismic vulnerability of each studied building.

Table 4. Structural typologies and their corresponding representative values of vulnerability, in terms
of the vulnerability index (Milutinovic and Trendafiloski, 2003).

Group Typology Description Representative values of vulnerability**
Vy min Vi- Vi Vit Vi mex
M31 Unreinforced masonry bearing walls with 0.46 0.650  0.740  0.830 1.02
wooden slabs
M32 Unreinforced masonry bearing walls with ma-  0.46 0.650 0.776  0.953 1.02
Ma- sonry vaults
sonry M33 Unreinforced masonry bearing walls with 0.46 0.527  0.704  0.830 1.02
composite steel and masonry slabs
M34 Unreinforced masonry bearing walls with re-  0.30 0490 0.616 0.793  0.86

inforced concrete slabs
RC32 Irregular concrete frames with unreinforced 0.06 0.127  0.522  0.880 1.02

Con- .
crete masonry infill walls
S3 Steel frames with unreinforced masonry infill  0.14 0.330 0.484 0.640 0.86
walls
Steel
S5 Steel and RC composite systems -0.02 0.257  0.402  0.720 1.02
Wood w Wood 0.14 0207 0447 0.640 0.86

** I/;* is the more probable value of the vulnerability index for the corresponding typology. V7 and ¥ ;* delimit the range
of the probable values of the vulnerability index for the corresponding typology. V™" and V™~ increase the range of the
probable values of the vulnerability index to include the less probable values of the vulnerability index, for the same typology.

Regional vulnerability factor (AVy)
As was mentioned previously the use of AVr is optional, therefore, the decision of the applica-
tion of AVr values must be taken according to the data of each project and the decisions of the

researchers. However, to determine values of AV, it is recommended consider the opinion of
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regional experts. For example, in the case of Barcelona, a proposal of regional factors of vul-
nerability for buildings in that city was documented by Lantada (2007). In this case, the re-
gional vulnerability factors are in function of both the structural typology and the construction
period (Table 5). Therefore, for buildings BCN1 and BCN2 (Table 2), the regional vulnerabil-
ity modifiers are 0.046 and -0.022, respectively (Table 5).

Vulnerability modifiers (AV )

Vulnerability modifiers allow considering additional characteristics to the structural typology
for each building. For instance, Table 6 and Table 7 show scores related to two specific modi-
fiers of the vulnerability related to the conservation state of the building and the number of
levels of the building, respectively. The data in these last two tables correspond to characteris-
tics of buildings of the city of Barcelona (Lantada, 2007). The vulnerability modifiers that were
considered for buildings BCN1 and BCN2 are summarized in Table 8. For this reason, accord-
ing to the VIM the total vulnerability index of buildings BCN1 and BCN2 is equal to 0.67 and
0.42, respectively (Table 9). Conforming to these values, the building BCN1 has a higher level
of seismic vulnerability than building BCN2.

Table 5. Regional modifiers of seismic vulnerability for the main structural typologies of Barcelona
(Lantada, 2007).

= 1 E 2
= £ -0
2 H " g BT 2 2 Regional modifier of the vulnerability (AVr)
o0 5} S = S @ 2 z (.
- = = S = S TS - & ©
= o ] = o— =
: 5 £d T8 E2%ETZ 3
= =] S op s = S ] @ g > A
) = (=9 ] S L v 9 L O
& /A @ £ = @ O&as3s —= M3l M32 M33 M34  RC32
1 <1940 - - Absence No +0.198 +0.162 +0.234 - -
11 1941- - - Deficient No +0.135 +0.099 +0.171 - -
1962

111 1963- Recommen- Not de- Deficient No +0.073 +0.037 +0.109 +0.134 +0.228
1968 dation MV- fined

101 (1963)
v 1969-  Seismic code  Yes Acceptable Low +0.010 -0.026 +0.046 +0.009 +0.103
1974 PGS-1
(1968)
v 1975-  Seismic code  Yes Acceptable  Low -0.052 -0.088 -0.016 -0.053 -0.022
1994 PDS (1974)
VI 1995-  Seismic code No Acceptable Low -0.052 -0.088 -0.016 -0.053 -0.022
2002 NCSE-9%4
(1995)
VII  2002-  Seismic code Yes Acceptable Low -0.052 -0.088 -0.016 -0.053 -0.022
2010 NCSE-02
(2002)
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Table 6. Vulnerability modifiers in function of the conservation state of buildings in Barcelona (Lan-
tada, 2007).

Conservation state Ns[:f\f;:;:}s]t:(t):_ Code
Significant reparations are required (deficient and ruins condition)  +0.04 D or O (deficient)
Intermediate (regular) 0 R (regular condition)
Modifications are not necessary (normal) -0.04 N (normal or good condition)

Table 7. Vulnerability modifiers in function of number of levels of the buildings in Barcelona (Lantada,
2007)

Typology No. of levels Modifier by number of levels
Buildings of 1940 or Buildings that were
built before 1940 built after 1940
Masonry Low (1 to 2) -0.02 -0.04
Medium (3 to 5) +0.02 0
High (6 or more) +0.06 +0.04
Reinforced concrete Low (1 to 3) -0.04
(low seismic code) Medium (4 to 7) 0
High (8 or more) 0.08

Table 8. Vulnerability modifiers and their respective scores for buildings BCN1 and BCN2.

Modifier oiit';ulnerabll- Building BCN1 Scores Building BCN2 Scores
Conservation state Good -0.04 Good -0.04
Number of levels 2 3
Built date 1970 -0.04 1975 -0.04

AV,= -0.08 -0.08

Table 9. Values of each term of Eq. 1 to compute the total vulnerability index of buildings BCN1

and BCN2.
Building Vi AV AV v,
BCN1 0.704 0.046 -0.08 0.67
BCN2 0.522 -0.022 -0.08 0.42

2.3 Seismic risk in the VIM

In the VIM, a semi-empirical expression (Eq. 2) allows estimating mean damage grade, in
function of both a total vulnerability index and a macroseismic intensity (Milutinovic &
Trendafiloski, 2003; Giovinazzi, 2005; Lagomarsino & Giovinazzi, 2006; Barbat et al, 2006).
This analytic expression (Eq. 2) was obtained mainly considering damage probability matrices
(DPMs), which were defined according to the EMS-98 scale (Griinthal, 1998). At the same
time, other elements of this scale as the vulnerability classes (Giovinazzi, 2005) were consid-

ered to define Eq. 2.
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Eq. 2 allows estimating only a mean damage grade, for this reason, to completely define the
damage probability matrices, it can be assumed that the damage probability, follows a beta
probability density function ( pdf’) (Lantada et al, 2009a). This beta pdf can be represented by
Eq. 3.

) (x=a) (b=x)"

— a<x<byt,r>0 3
FOCC-r)  (b-a)

PDF: p,(x) =

where a, b, and r are parameters of the distribution and I' is the gamma function. In the case of
the VIM, a is set to 0 (none damage state) and b is set to 6 (destruction damage state) (Lantada
et al, 2009a). On the other hand, the parameter ¢ affects the scatter of the distribution; therefore,
it can take different values. However, since the damage distribution in the EMS98 scale
(Griintal, 1998) is considered as a binomial distribution (Giovinazzi et al, 2006) it was deter-
mined that 8 was an appropriate value for ¢ because, with this value, the beta distribution is like
the binomial one (Lantada et al, 2009a). The parameter r is defined as a function of up accord-

ing to Eq. 4.

r=1(0.00724 —0.052514, +0.287541,,) 4
Then, it is possible to compute the probability that the damage be less or equal to a damage
grade pﬁ(X) if the value of 7 is integrated in Eq. 3, and the limits are 0 and the A~~-damage grade

(Lantada et al, 2009a). With that result, it is possible to use Eq. 5 compute the probability of

occurrence of each damage grade k.

P =E(k+1)=Fy(k) 5
Finally, Eq. 6 can be used to compute a weighted mean damage index.

5
DS, => k.P[DS,]

k=0 6

where k takes the integer values from 0 to 5 for the damage grades k and P[DSk] are the respec-
tive probabilities (Lantada et al, 2009a). Table 10 shows a simplified description of the five
no-null damage grades that are considered in the VIM method. Additionally, Table 12 has a
detailed description of each one of the five damage grades (including a simplified diagram) for

two common structural typologies: masonry buildings and reinforced concrete buildings.
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To obtain seismic risk results for buildings BCN1 and BCN2 (Table 2) it is possible to consider

the seismic hazard scenario No.2 of
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Table 3, for a return period of 475 years, and the total vulnerability index of buildings BCN1

and BCN2 (Table 9). Then for these values, the mean damage grade u,, is equal to 0.37 for the

building BCN1 and equal to 0.1 for the building BCN2. Additionally, the damage distributions

for buildings BCN1 and BCN2, that can be obtained applying equations 3 to 5, are shown in

Figure la and Figure 1b, respectively. Finally, the weighted mean damage indexes (DSwu) for

both buildings are shown in Table 11.

Table 10. Damage grades in the VIM to describe the levels of seismic damage (Milutinovic and Trenda-

filoski, 2003).

Damage grade

Structural damage Non-structural damage

1 Negligible to slight damage None Slight
2 Moderate damage Slight Moderate
3 Substantial to heavy damage Moderate Heavy
4  Very heavy damage Heavy Very heavy
5 Destruction Very heavy
1 T T
#=0.37 k 4=0.1
09} s 09 -
§ 0.8 § 081} e
9‘:’ 0.7 g 07k
g 0.6 g 06
‘S 05} %505
50.4 H 50.4 H
3 3
® 0.3 .3
_g % 0.3
g o2t o 02f
0.1 0.1}
o — ‘ ‘ 0 — ‘ ‘ ‘
0 1 2 3 4 5 1 2 3 4 5
Damage grade Damage grade
() (b)

Figure 1. Damage distribution for both buildings BCN1 (a) and BCN2 (b) located in Barcelona, ac-
cording to the VIM, for a macroseismic intensity equal to 6.0 (Tr =475 years)

Table 11. Results of seismic risk according to the VIM for the seismic hazard scenario 2 of
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Table 3 related to a return period of 475 years

Building Mean damage grade  Weighted Mean Dam-
(up) age Index (DSw )
BCNI1 0.37 0.24
BCN2 0.10 0.04
BCN1 & BCN2 (arithmetic mean) 0.235 0.14

Table 12. Classification of damage for both masonry and reinforced concrete buildings (EMS-98).

(Griinthal, 1998).

Grades

Complementary description

Masonry buildings Reinforced concrete buildings

1- Negligible to
slight damage (no
structural damage,
slight non-struc-
tural damage)

Hair-line cracks in very few walls.  Fine cracks in plaster over frame members or
Fall of small pieces of plaster only  in walls at the base.

2- Moderate dam-
age (slight struc-
tural damage,
moderate non-
structural damage)

Cracks in columns and beams of frames and

Cracks in many walls. in structural walls.

Fall of fairly large pieces of plaster.

3- Substancial to
heavy damage
(moderate struc-
tural damage,
heavy non-struc-
tural damage).

Large and extensive cracks in most  Cracks in columns and bean column joints of

walls. Roof tiles detach. frames at the base and at joints of coupled
walls
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Serious failure of walls; partial Large cracks in structural elements with
structural failure of roofs and floors  compression failure of concrete and fracture
4- Very heavy of rebars. Collapse of a few columns or of a
damage (heavy
structural damage,
very heavy non-
structural damage)

Collapse of ground floor or parts (e. g.

5- Destruction wings) of buildings.

(very heavy struc-
tural damage)

On the other hand, if it is required an analysis as a group of buildings about the previous seismic
risk results (Table 11), then it is possible to determine that the group consisting of the buildings
BCNI1 and BCN2, has in average a weighted mean damage index equal to 0.14. The application
of the VIM essentially concludes with the computation of the damage distribution (Figure 1)

and the weighted mean damage index (Table 11).

3 Probabilistic method based on a vulnerability index (VIM_P) to assess seismic risk
of buildings in urban zones.

In this section, we described the VIM_P that is a derivation of the VIM but with the incorpo-
ration of a probabilistic approach that is summarized in Eq. 7. This equation was adapted from
McGuire (2004) and it allows to compute annual frequencies of exceedance of five no-null
damage grades (Table 12). For this purpose, the following three elements are considered: a)
the seismic hazard in the site where each building is located; b) the seismic vulnerability of
each building and; c) the earthquake damage that both the seismic hazard and the seismic vul-

nerability can generate in each studied building.

v[D>D,]~> > P[D>D,|V,I|P[V]r'[I] 7

In Eq. 7 the approximation is because of is being included the frequency, y [/], which is ob-

tained from the seismic hazard assessment, rather than the probability P[/] (McGuire, 2004).
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y'[1] is the annual frequency of occurrence of the seismic intensity (McGuire, 2004). Accord-
ing to McGuire (2004) in Eq. 7 the value of /' Mcan be considered as a “very close estimator

of the probability” for values of 7 [1 ] < 0.1, where 7[1 ] is the annual frequency of exceedance

of the seismic intensity. A similar criterion is summarized by Ellingwood (2006) according to
this phrase: “the annual probability and annual mean rate of occurrence are numerically inter-
changeable for randomly occurring events with probabilities less than 0.01/year”. In the present
work, we considered as reference value, the value proposed by McGuire (2004). P [V] is the
probability of occurrence of the index of seismic vulnerability. P [ D> Di | V, I ] is the prob-
ability that damage D will be exceeded given that a seismic intensity /, and an index of seismic
vulnerability V" have occurred. In Eq. 7 the total probability theorem is applied and it is consid-
ered that the intensity / and the vulnerability } are independent random variables (Aguilar et

al, 2010).

For the operational implementation of the VIM_ P two codes are recommended: CRISIS and
USERISK. The different versions of code CRISIS have been widely validated to perform
PSHA (Aguilar et al, 2017). The code USERISK was developed since 2011 exclusively to
compute seismic risk according to the VIM_P, and it has been successfully applied for this
purpose (Aguilar, 2011). Therefore, for identification reasons it was defined the CRI-
SIS&USERISK  procedure, to recognize the case when both codes CRISIS2015 and
USERISK?2015 (Aguilar et al, 2015) are simultaneously applied to assess seismic risk of build-
ings in urban areas, according to the VIM_P (Figure 2). The CRISIS&USERISK procedure

was applied in the present work to compute the seismic risk of dwelling buildings of Barcelona.

CRISIS&USERISK procedure

Probabilistic Seismic Hazard Probabilistic Seismic Vulnerability
Assessment Assessment
(PSHA) (PSVA)
Cornell-Esteva improved method VIM P
CRISIS2015 code or newer USERISK2015 code or newer

Probabilistic Seismic Risk Assessment
(PSRA)
VIM P
USERISK2015 code or newer
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Figure 2. Diagram of the CRISIS&USERISK procedure to assess seismic risk of buildings in urban
areas. Dotted line corresponds to the VIM_P (adapted from Aguilar et al, in press).

3.1 Seismic hazard in the VIM_P

To compute seismic risk of buildings according to the VIM_P it is required a curve of
seismic hazard, that represent the frequency of exceedance of macroseismic intensities. This
curve must be computed performing a PSHA which can be executed using a recent version of
CRISIS as CRISIS2015 or R-CRISIS. In this point, it is possible to highlight that there are
significant differences between the VIM and the VIM_P about the data of seismic hazard used
to compute seismic risk and about the way to compute this seismic hazard. For instance: 1) a
deterministic procedure to assess seismic hazard is valid in the VIM, but not in the VIM_P; 2)
in both methods is valid to apply a PSHA, however, in the VIM a point of the seismic curve
computed is enough to define a seismic hazard scenario. This point corresponds to the value of
intensity that can occurs for the chosen return period, according to the results of PSHA. In other
words, in the VIM the frequency of exceedance is only a reference value to select the seismic
hazard scenario, but this frequency value is not included in the seismic risk computations. On
the opposite, in the VIM_P at least a segment of the seismic hazard curve computed through a
PSHA must be considered to define the seismic hazard. At the same time, the values of fre-
quency of exceedance of the macroseismic intensities are considered in the computation of

seismic risk.

To compute the seismic risk of buildings BCN1 and BCN2 (Table 2) it is necessary to assess
the seismic hazard at a rock site of Barcelona because according to the data (Table 2), these
buildings are located in that type of ground. If a PSHA is performed then it is possible to obtain
a seismic hazard curve as the curve of Figure 3, which was computed applying CRISIS2012
(Aguilar et al, 2013). According to this curve, the macroseismic intensity of VI has a return
period of 475 years. Similarly, the macroseismic intensity of V has approximately a return
period of 100 years. It is also possible to observe in the same seismic hazard curve of Barcelona

that the macroseismic intensity that has a return period of 2475 years is a value lower than VII.

19



107"

7T TTTTTT
Lo

10,2 100 yrs

T T
il

475 yrs

107 975 yrs

T T
Ll

2475 yrs

107

T T
|

107

T T T
Ll

Annual frequency of exceedance

10-6 | | | | |

| EMS98

Figure 3. Seismic hazard curve for a rock site in Barcelona computed by means of CRISIS2012 in
terms of macroseismic intensities (Aguilar et al, 2013).

3.2 Seismic vulnerability in the VIM_P

As was mentioned previously, the seismic vulnerability is a measure of the expected structural
response of a building during the presence of strong seismic ground motions. For this reason,
the data used in the VIM_P to assess the seismic vulnerability of buildings are for instance the
following: a) structural typology; b) levels of the building; c) main characteristics of the struc-
tural materials of the building; d) age of the building; and; e) conservation state of the building.
On the other hand, the reliability of these data it is also relevant. For this reason, the VIM_P
considers the reliability of the datum of the structural typology of each studied building in the

process to assess the seismic vulnerability.

It is possible to note that a fundamental difference between the methods VIM and VIM P is
the way in that the seismic vulnerability is represented or modelled. In the VIM, the seismic
vulnerability of a building is represented by a number called total vulnerability index (Eq. 1).
This total vulnerability index is mainly a value between 0 and 1. Cero means low seismic vul-
nerability and 1 means high seismic vulnerability. However, the total vulnerability index of
the VIM method corresponds to the mean value of a probability density function beta type
(Figure 4) in the VIM_P. This pdfbeta type is named best vulnerability curve and it is the main
representation of seismic vulnerability of a building. This best vulnerability curve allows to
represent the seismic vulnerability of a building but at the same time it represents a substantial

part of the important uncertainty, that is related to the assessment of the seismic vulnerability
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of a building. Additionally, to consider the reliability in the datum of the structural typology of
each building, other two vulnerability curves are considered to represent another part of the
uncertainty related to the seismic vulnerability. Summarizing, in the VIM_P three pdfbeta type
represent the seismic vulnerability of each building: a) lower curve, b) best curve and, ¢) upper

curve.

PDF

|VI = Mean\ulnerability index
L . L | I L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vulnerability index (V)

0

Figure 4. Example of a probability density function beta type, which is used in the VIM_P to define the
best curve of seismic vulnerability of a building.

The main reasons that were considered by Aguilar and colleagues (2010) to choose the pdfbeta
type to model the seismic vulnerability of buildings are the following: a) the pdf beta type can
take an important variety of shapes (including distributions with important dissymmetry), de-
pending on the values of two parameters (« and B); b) the pdf beta type is helpful to represent
variables which values are restrained to a range, as in this case where the vulnerability index
is restrained to a range, for instance, the range defined by 0 and 1; c) the pdf beta type has been
used with good results to represent variables related to the seismic risk of buildings (McGuire,
2004; ATC-13, 1985). In the following part of this document, we described the main steps of

the VIM_P, to determine the best curve of seismic vulnerability of each building.

3.2.1 Best vulnerability curve

To define the pdf beta type that represents the best vulnerability curve of a building it is essen-

tial to determine the values of a» and fm of the beta function (Eq. 8).

D, +8,) (V-V,)" (v,-v)""
Na,)T(B,) (V- "

fV;e,,pB,)= V<V<V, ea,pB, >0 8
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where V' is the seismic vulnerability index, am and fm are the shape parameters, Va and Vb are

the lower and upper limits, respectively, of the distribution, and /" is the gamma function.

With the purpose of simplifying the computations, it is possible to express the general form of

the probability function beta type (Eq. 8), in terms of the probability function beta standard
(Eq. 9).

a,,—1 L1
a V=V, a,,p, _T@,+8) [ V-V, 1- V=V, V<V<V,;a,B, >0 9
V,=V, e, LB\, -V, V,=V,

a

To obtain the values of the parameters am and fm it is considered that the beta function satisfies
the following conditions: 1) the mean value of the function is equal to the mean of the values

of the vulnerability index, which is determined by Eq. 1 (V_]) when V.=0 and V=1 (Figure 5),

V.-V .
and equal to VI V" when V,#0 and/or V»#1 (Eq. 10), and; 2) the values of V. and Va (Figure

b a

5) determine the confidence interval of 90% (Eq. 11).

ARANA 0
V) anth,

0.9=[ f(y)dy=B,,(a,.B,)-B,(a,.B,) 11

where y; and y2 correspond to Ve and Va, respectively; By2(om, fm) and Byi(am, fm) are the in-
complete beta functions (beta cumulative distribution function), for values of y> and y, respec-

tively.
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Figure 5. Example of a PDF beta that according to the VIM_P correspond to the best curve of seismic
vulnerability of a building. In these pdf s their mean value is equal to the mean vulnerability index, and
the 90% confidence interval is delimitated by the values of V. and V.

Therefore, the procedure to estimate the pdf beta that represents the best curve of seismic vul-

nerability of a building can be summarized in four steps: 1) assessment of 7] ; 2) determination
of Ve and Vy; 3) determination of V. and Vi, 4) estimation of values of o and S of the pdf beta
type that completely defines the curve of the best estimation of seismic vulnerability. In the
following sections, we described details about these main four steps required to obtain the best
curve of seismic vulnerability of each studied building. At the same time, we calculate the best
curve of seismic vulnerability for buildings BCN1 and BCN2 (Table 2).

Determination of the best curve of seismic vulnerability
Step 1. Computation of mean vulnerability index

According to the VIM_P, the first step to assess the best curve of seismic vulnerability of a
building is to compute the mean vulnerability index,f,. For this purpose, Eq. 1 is applied.
Then, for buildings BCN1 and BCN2 (Table 2), the values of V, are 0.67 and 0.42, respec-
tively (Table 9).

Step 2. Determination of values of V. and V4
To compute values of Ve and Va (Figure 5), that define the confidence interval of the 90% of
the best curve of seismic vulnerability of each building, it is possible to consider two criteria

(I and II). In this section, we describe the criterion I. However, in Appendix 2, we included the
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criterion II that can be applied in special cases according to the researcher’s judgment. In the
criterion I to compute Ve and Va it is considered that values V7" and V/"* (Table 4) correspond
to values Ve and Va, respectively. That is, it is considered that the confidence interval of the
90% of the best curve of seismic vulnerability of each building is defined by values of V"
and V7"*. In other words, it is considered that in 90% of the cases the index of seismic vulner-
ability of each building it will be a value between V7" and V/"*. According to this criterion,
values of Ve and Vg, that define the confidence interval of the 90%, will be the same for all the
buildings that are classified into the same structural typology. This case is represented by Eq.
12 and Eq. 13. According to this criterion I, the values of V. and Vs are in a range between
-0.02 and 1.02. Therefore, if criterion I is applied then the pair of values (Ve, Va) for buildings
BCNI and BCN2 according to Table 4 are (0.46, 1.02) and (0.06, 1.02), respectively.

y=pm 12

c

V= 1

Appendix 2 describes in detail the criterion II to determine values of Ve and Va. In this criterion,
the values of V- and Vi can exceed the range defined by the values of -0.02 and 1.02. A common
reference about the use of values of the vulnerability index greater than 1.02 occurs mainly in

special monumental buildings (Goded et al, 2016; Goded et al, 2012).

Step 3. Determination of values of V., and V}

According to the VIM, it is reasonable that the seismic vulnerability of the major part of the
buildings can be represented with values of the vulnerability index between -0.02 and 1.02
(Milutinovic and Trendafiloski, 2003). These values correspond to the minimum value of V7"
and the maximum value of V/"*, that were considered by Milutinovic and Trendafiloski (2003)
to define the representative values of vulnerability for the typologies that were included in the
VIM method. At the same time, those values correspond to the values of Ve and Vs in the

VIM P if criterion I is chosen.

In the VIM_ P the values of Vzand V5, determine the range of values that the vulnerability index
V can reach (Eq. 9). Therefore, in order to facilitate the comparison and interpretation of results
of seismic vulnerability, the values of V, and V» must be equal for all the studied buildings in
the same urban area. For this purpose, if the criterion I to determine values of Ve and Va is

chosen, then the range delimited by V. and V5, must be a range wider than the range delimited
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by Veand Va. Additionally, it is possible to remember that according to Milutinovic and Trenda-
filoski (2003), V7~ and V7" define the range of probable values for the buildings of the same
structural typology and V7" and V/"* increase the range, to include the less probable values
of the vulnerability index for the same structural typology. Then if in criterion I of the VIM P,
Ve=V"m and Va=V"*, it is possible to consider that the values of V. and V5 can delimit a range
slightly higher than the range defined by Ve and Va. For this purpose, in the present work, we
are proposing to use the values of -0.04 and 1.04 for V, and Vb, respectively. That is, values
close to the values of Ve (-0.02) and V4 (1.02), respectively. This proposed is also based on the
following: a) the fact that the 90% of the values of the vulnerability index will be into the range
defined by V. and Va (Figure 5) and; b) in the assumption that the 100% of the values of the
vulnerability index will be into the range defined by Vzand V. On the other hand, the difference
between Vi, and Ve and Vp and Va, respectively, is of 0.02, which has a magnitude order similar
to the increment of the vulnerability related to common modifiers of the vulnerability (Miluti-
novic and Trendafiloski, 2003). These previous recommendations can be summarized in Eq.14
and Eq. 15. In any case, the range defined by Vzand V» must be greater than the range delimited
by Ve and Va.

Va=-0.04 14
Vy=1.04 15

On the other hand, if criterion II is chosen then it is possible to apply Eq.16 and 17 to determine

the values of V4, and Vb, respectively.
V= Min [ (Min(V.)-0.02), - 0.04] 16

Vi, = Max [ (Max(V4)+0.02), 1.04] 17

Step 4. Determination of values of o and B
To compute am and [ it is considered the following three stages: 1) fn is proposed, then,?, ,

Va and Vs are applied to compute the value of am according to Eq.18.

g Vi
m Vb—Va
am:_— 18
VI_Va -1
V, =V,

ii) It is computed the cumulated probability that exists in the cumulative distribution function

beta type (Eq. 11), according to the values of S, am, Ve, and Va, previously determined.
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1i1) It is verified if the cumulative probability assessed is equal to the 90%. If this condition is
not satisfied, then the procedure return to the stage i and a new S is proposed. But, if the
condition it is satisfied then the present values of £ and o define the probability density func-
tion beta type, which corresponds to the best curve of seismic vulnerability of the studied build-

ing. The standard deviation of this probability function beta type can be computed with Eq. 19.

a,f )
= o V-V,
% \/(am+ﬂm)2(am+ﬁm+l)(b ) 19

We applied the procedure previously described to compute the best curve of seismic vulnera-
bility of the buildings BCN1 and BCN2. The values of o and S, Va and Vb, that define these
curves of the buildings BCN1 and BCN2 (Figure 6) are shown in Table 13. These curves were
computed both using USERISK2015 and according to the criteria I to determine V. and Va. In
Table 13, we included the mean and the standard deviation that we computed according to Eq.
20 and Eq. 19, respectively.

Table 13. Results of seismic vulnerability of buildings BCN1 and BCN2. Values of o, and £, that

define the best seismic vulnerability curve for each building, according to the criterion I to assess the
values of V. and V.

V,=-0.04; V;,, = 1.04 (criterion I)

Building Qn LPin Mean Standard deviation
BCNI1 4.43 2.31 0.67 0.18
BCN2 0.75 1.01 0.42 0.32
Mean=(V, -V, )(“—] +V, 20
a,+p,

To compare the seismic vulnerability curves of buildings BCN1 and BCN2 (Figure 6) it is
possible, for instance, to compute the probability that the vulnerability index V' is greater than
0.8. These values are shown in Table 14 and according to these results, the building BCN1 has
higher seismic vulnerability than building BCN2.

Table 14. Probabilities that the vulnerability index V is greater than 0.8, according to the best curves
of seismic vulnerability of buildings BCN1 and BCN2.
BCN1 BCN2
P(V>0.8) 0.273 0.169
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Figure 6. Results of seismic vulnerability of buildings BCN1 and BCN2. Cumulative density functions
(CDF) beta type, which represent the best curve of the seismic vulnerability of the buildings BCN1 (a)
and BCN2 (b), respectively. These seismic vulnerability curves were computed considering the crite-
rion I to determine V. and V, and the values of V, and V; equal to -0.04 and 1.04, respectively.

It is convenient to highlight that the best curves of seismic vulnerability defined in the VIM_P,
allows representing in a reasonable way, an important proportion of the uncertainty that exists
in the assessment of the seismic vulnerability. For instance, it is possible to observe that the
seismic vulnerability curve of building BCN1(Figure 6a) is a curve that represents less uncer-
tainty in the determination of the seismic vulnerability curve of the building BCN1 than the
seismic vulnerability curve of building BCN2 (Figure 6b). This last affirmation is because in
the building BCN1 the value of the vulnerability index varies in a range of about 0.2 to 1, but
in the building BCN2 the vulnerability index range between about 0 and 1. On the other hand,
with the purpose of considering the uncertainty in the determination of the structural typology,

the VIM_P includes the assessment of the lower and upper curves of seismic vulnerability.
Determination of lower and upper curves of seismic vulnerability

The lower and the upper curves of seismic vulnerability are computed applying a similar pro-
cedure to the one used to obtain the best curve of seismic vulnerability of a building. The main
difference is that the mean values of these additional vulnerability curves are assessed accord-
ing to Eq. 21, for the lower curve, and Eq. 22 for the upper curve. The rest of the process is

essentially the same that it is used to compute the best curve of seismic vulnerability.

— I, -
Vv, =V,-- /
— ]f

/N 21
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where Irand ¢ are parameters of the reliability model that are calibrated in each study; f'is the

reliability factor in the assignation of the structural typology of each studied building; 0 - is

the standard deviation that is computed according to Eq. 19. The Eq. 21 and 22 were defined
due to the fact that when the reliability in the assignation of the structural typology is a low
value, it produces an increase in the value of the uncertainty in the determination of the mean
index of the seismic vulnerability. In our work, it was considered appropriate define reliability
factors f between 0 and 10, corresponding to zero the case of null reliability and to 10 the
condition where the reliability is complete. At the same time, it was considered that an appro-
priate value for /rwas 10, and 1.96 for ¢. This proposition was done considering that the max-
imum variation of the mean vulnerability index (in the 95% of the cases), it will be determined
by the values that delimit the confidence interval of 95%.

On the other hand, the values of V. and Va to assess the lower and upper curves of seismic
vulnerability can be also determined by means of Eq. 12 and Eq. 13, if the criterion I is selected.
However, if criterion II is selected then it is possible to use the equations indicated in Appendix
2 for that purpose. To continue with the example of buildings BCN1 and BCN2 we applied the
procedure described previously to compute the lower and upper vulnerability curves of the
building BCN1 and BCN2. Table 15 shows the computed values of a and f that define both
lower and upper seismic curves for each building (Figure 7). In this case, we considered the
criterion I to determine the values of V. and Va, and the values of Vs and V» of -0.04 and 1.04,
respectively.

According to the three curves of Figure 7a that represent the seismic vulnerability of the build-
ing BCN1, the probability that in the building BCN1 the vulnerability index is greater than 0.6
vary between 45.7% and 82.7%, with a mean value of 66.2%. Similarly, according to the three
curves of Figure 7b that represent the seismic vulnerability of the building BCN2, the proba-
bility that the index of vulnerability is greater than 0.6 varies between 17.45% and 54.79%,
with a mean value of 32.11%. Conforming to these results it is possible to affirm that the build-
ing BCNI1 is significantly more vulnerable to earthquakes than the building BNC2. On the
other side, it is important to highlight that the separation that exists between the three curves
of vulnerability for the same building (Figure 7), depends mainly on the reliability factor f, that
describes the reliability in the assignation of the structural typology of the studied building.
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This reliability factor is equal to 7 for buildings BCN1 and BCN2 (Table 2; Table 15). The
separation between the three curves of vulnerability also depends on the standard deviation of

the pdf beta type, which represents the best curve of seismic vulnerability.

Table 15. Results of seismic vulnerability of buildings BCN1 and BCN2. Values of a, £, fand ¢ of
PDFs beta type, that define both the lower and upper seismic vulnerability curves of each one of these
buildings, according to criterion I to define V.and V.

Seismic vulnerability curve Vi=-0.04; V,=1.04
o . ty Building BCN1 Building BCN2
(Criterion I)
a g f & | a /i f ¢
Lower 2.53 2.01 7 1.96 | 0.27 0.81 7 1.96
Upper 4.1 1.31 7 196 | 1.22 0.81 7 1.96
10 ; 1= | ; | ; .
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Figure 7. Seismic vulnerability curves (CDFs beta type) of buildings BCN1 (a) and BCN2 (b), com-
puted according to criterion I to define V. and V; (Table 13; Table 15).

3.2.2 Seismic vulnerability curves for a group of buildings

For analysis purpose, it is possible to obtain representative curves of seismic vulnerability for
a group of buildings. For instance, it is possible to obtain a single curve that represents the best
curve of seismic vulnerability of the group consisting of buildings BCN1 and BCN2. This
seismic vulnerability curve for a group of buildings is determined computing the geometric
mean of the values of awand B, that define the seismic vulnerability curve of each building. For
this purpose, it is possible to apply Eq. 23 and Eq. 24. We applied this procedure to determine
the unique seismic vulnerability curve that represents the best seismic vulnerability of the
group consisting of buildings BCN1 and BCN2. This curve corresponds to the curve with the

continuous line in Figure 8 and it is defined by the values of a and 8 of Table 16. In the same

29



figure, but in dotted lines, it is possible to observe the best vulnerability curves of buildings

BCNI1 and BCN2.
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Figure 8. Best curves of seismic vulnerability of: a) building BCN1, b) building BCN2 and, c) group
consisting of buildings BCN1 and BCN2.

Table 16. Results of seismic vulnerability. Values of a and f that define the best curves of seismic
vulnerability of: a) building BCN1; b) building BCN2; C) group consisting of buildings BCN1 & BCN2

Seismic vulnerability curve V.=-0.04; V;,=1.04
(Criterion I to define V. and V) a p
BCNI1 4.43 2.31
BCN2 0.75 1.01
BCN1&BCN2 1.823 1.527

3.3 Seismic risk in the VIM_P
3.3.1 Seismic risk by building in the VIM_P

In the VIM_P the seismic risk of buildings is assessed applying Eq. 7. For this purpose, the
values of the third term of Eq. 7 are determined from the results of seismic hazard that were
computed according to the section 3.1. Particularly, in this case, must be considered the values

of the macroseismic intensities and their respective frequencies of exceedance, that were se-
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lected to assess the seismic risk, according to the results of the PSHA. Additionally, it is nec-

essary to note that according to McGuire (2004) the assessment of y '[/] for the case y '[1 = 7]
must be computed by the difference of y[/>6.5]—-y[I >7.5]. At the same time, a similar
criterion must be considered to assess any value of y '[7]. On the other hand, the values of the

second term of Eq. 7 are computed from the pdf beta that defines the seismic vulnerability of
each building. For instance, the probability of occurrence of the vulnerability index equal to

0.5 can be determined by the following difference P[V = 0.5]= P[V > 0.49]- P[V > 0.51].

The values of each one of the terms of this last equation are determined through the evaluation
of the beta incomplete function, corresponding to each curve of seismic vulnerability previ-
ously determined according to section 3.2. At the same time, the values of the vulnerability
index to be applied in Eq. 7 correspond to the values included in the range defined by V. and
V. To determine the values of the first term of Eq. 7 it is possible to apply Eq. 5, which allows
computing probabilities of occurrence of different damage states in terms of a value of the
vulnerability index and a value of the macroseismic intensity. Then it is possible to observe
that in the VIM_ P it is applied the same damage function that in the VIM. This damage function
is a semi-empirical function, therefore, a pending improvement of the VIM_P is the develop-
ment of a damage function, based on a complete probabilistic definition.

We applied the previous procedure to compute the seismic risk results of buildings BCN1 and
BCN2 (Table 2). Particularly, we obtained the results of Table 17 and Figure 9 applying
USERISK?2015 and considering both the seismic hazard of a rock site of Barcelona (Figure 3)
truncated to 475 years, and the seismic vulnerability curves of Figure 7a. According to these
results, it is possible to observe, for instance, that in the building BCN1 the annual frequency
of exceedance of the damage grade 4 is a value between 6.40 x10° and 3.19 x10~°, with a mean
value of 9.68 x10°6. Therefore, only in the upper curve the annual frequency of exceedance of

the damage grade 4 is greater than 1x107.

Table 17. Results of seismic risk of building BCN1 expressed in terms of annual frequencies of exceed-
ance of damage states.

Seismic vulnerability curvesof | v(D>1) v(D>2) v([D=3) v(D>4) v (D=5)
building BCN1 [1/year]

Lower 2.15E-3  477E-4  7.65E-5 6.40E-6 1.11E-7
Best 3.13E-3  7.15E-4  1.16E-4  9.68E-6  1.64E-7
Upper 5.59E-3 1.58E-3  3.12E-4  3.19E-5 7.03E-7
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Figure 9. Seismic risk curves of building BCN1, which were computed considering the seismic vulner-
ability curves of Figure 7a, and the seismic hazard curve of (Figure 3) but truncated to 475 years.

Similarly, we computed the seismic risk of building BCN2 considering the seismic vulnerabil-
ity curves of Figure 7b, and the seismic hazard of a rock site of Barcelona (Figure 3) truncated
to 475 years. According to the results of seismic risk of the building BCN2 (Table 18 and
Figure 10), the annual frequencies of exceedance of the damage grade 4, is a value between
7.44x10° and 2.72x107, with a mean value of 1.08x107. In this case, only in the lower curve
the annual frequency of exceedance of the damage grade 4 is lower than 1x107. Therefore,
conforming to the previous results the building BCN2 has a level of seismic risk higher than
the building BCN1 because the BCN2 has greater values of frequencies of exceedances of the
damage grade 4, than the building BCN1.
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Figure 10. Seismic risk curves of building BCN2, which were computed considering the seismic vul-
nerability curves of Figure 7b, and the seismic hazard curve of (Figure 3) but truncated to 475 years.

Table 18. Results of seismic risk of building BCN2 expressed in terms of annual frequencies of exceed-
ance of damage states.

Seismic vulnerability viDb=1) v(@D=>2) v(D=3) v{D=4) v (D=5
curves of building BCN2 [1/year]

Lower 1.21E-3  341E-4 691E-5 7.44E-6 1.78E-7
Best 2.02E-3  5.44E-4 1.05E-4 1.08E-5 245E-7
Upper 3.98E-3 1.18E-3  2.47E-4  2.72E-5  6.60E-7

3.3.2 Seismic risk in the VIM_P for a group of buildings

To represent the seismic risk of a group of buildings, it is possible to compute an arithmetic
mean considering the frequencies of exceedance for each damage state, of each building that
is part of the group. For instance, Figure 11 shows the annual frequencies of exceedance of
damage states of the best curve of seismic risk of the group consisting of buildings BCN1 and
BCN2 (Table 19). This last curve was obtained applying the procedure described previously,

with the data summarized in Table 19.
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Figure 11. Best seismic risk curves of buildings BCN1 and BCN2 and of the group consisting of build-
ings BCN1 and BCN2 (Table 19).

Table 19. Results of seismic risk expressed in terms of annual frequencies of exceedance of damage
states of the following buildings: a) BCN1; b) BCN2 and; c) group consisting of buildings BCN1 and
BCN2.

D>D1 D>D2 D>D3 D>D4 D=D5
Best curves of seismic risk vIDzD1] - vibzD2] - vID=D3] v [D=D4] v |

[1/year]
BCNI1 3.13E-3 7.15E-4 1.16E-4 9.68E-6 1.64E-7
BCN2 2.02E-3 5.44E-4 1.05E-4 1.08E-5 2.45E-7

Arithmetic mean BCN1 & BCN2  2.58E-3 6.30E-4 1.11E-4 1.02E-5 2.05E-7

3.3.3 Seismic risk computed with more than one seismic hazard curve

The VIM P is a versatile methodology that allows computing seismic risk considering three
seismic hazard curves, for instance, the mean curve, the 16" percentile curve, and the 84"
percentile curve. Then, for the case of Barcelona could be considered the seismic hazard curves
of Figure 12, which were adapted from the work of Secanell et al (2004).

Nowadays, there are important discussions about the pertinence of representing the seismic
hazard only with a single curve, or through several seismic curves (Marzocchi et al, 2015). For
this reason, both options are available in the VIM_P. If it is considered three seismic hazard
curves as in Figure 12, then nine curves of seismic risk are computed. For instance, Figure 13
shows the seismic risk curves of building BCN1 that we computed with the seismic hazard

curves of Figure 12 and the seismic vulnerability curves of Figure 7a. Similarly, we used the
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seismic hazard curves of Figure 12 and the seismic vulnerability curves of Figure 7b to com-

pute the seismic risk curves of Figure 14, that correspond to the building BCN2.
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Figure 12.Seismic hazard curves of Barcelona city (adapted from Secanell et al, 2004) in terms of
macroseismic intensities.
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Figure 13. Seismic risk curves of building BCN1, which were computed considering the seismic vul-
nerability represented by curves of Figure 7a and considering the seismic hazard represented in Figure
12, but truncated to 475 years.
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but truncated to 475 years.

4 Application of the VIM_P method to assess the seismic risk of dwelling buildings of

Barcelona

In the present section, we mentioned seismic risk results of Barcelona that were computed in
previous works. Subsequently, we described the main steps that we applied to compute accord-
ing to the VIM_P the seismic risk of 69982 dwelling buildings located in the ten districts of
the city of Barcelona (Figure 15). Additionally, we highlighted the main results obtained during
the application of the VIM P to assess the seismic risk of the dwelling buildings of Barcelona.

4.1 Previous results of the seismic risk of Barcelona

The seismic risk of Barcelona has been assessed several times in the last years. These assess-
ments have been done applying different methodologies (Barbat et al, 2010). For instance,
seismic risk scenarios were computed applying the two methodologies (the VIM and the ca-
pacity spectrum) of the Risk-UE project (Lantada et al, 2010; Lantada et al 2009b; Mouroux
and Le Brun, 2006). Recently, the seismic risk of Barcelona was assessed according to the
CAPRA methodology (Marulanda et al, 2013). Particularly, Table 20 shows a summary of the
main results of seismic risk of Barcelona that were computed by Lantada and collaborators

(2010) when the VIM was applied to Barcelona. Additionally, Table 21 shows the average
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damage grade computed in the same work for each district (Figure 15) of Barcelona (Lantada

et al, 2010).

Table 20. Main results of seismic risk of Barcelona according to the VIM (Lantada et al, 2010)

Seismic Deterministic seismic scenario: “The maximum intensity for a mean soil expected in
hazard the city of Barcelona varies from VII degrees to the north of the city to VI degrees in the
southern area” (Lantada et al, 2010).

Probabilistic seismic scenario: VI-VII for a return period of 500 years (Secanell et al,
2004)

Seismic | Masonry buildings: Vulnerability index: 0.7-1.00 (mean value of 0.87)
vulnera- | Reinforced concrete buildings: Vulnerability index: 0.40-0.85 (mean value of 0.65)
bility

Seismic Deterministic seismic scenario: Damage grade equal to 1.65
risk Probabilistic seismic scenario: Damage grade equal to 1.59
Economic losses due to structural damage: 10,000 million of euros

According to the results of seismic risk that were computed by Lantada and collaborators
(2010), it is possible to identify that the district with the highest level of seismic risk is Ciutat
Vella. This classification as the district with the higher seismic risk was obtained in two cases:
1) when the deterministic hazard scenario was considered and ii) when the probabilistic hazard
scenario was chosen. However, the district with the lowest seismic risk is Les Corts if the
determinist seismic hazard scenario is considered. But if the probabilistic seismic hazard sce-
nario is chosen, then the district with the lowest seismic risk is Horta-Guinardo. In the next
section of this document, we describe the main data, the essential steps and the most important
results of seismic risk of the dwelling buildings of Barcelona that we obtained during the ap-

plication of the VIM_P.

Table 21. Average damage grade for the districts of Barcelona according to Lantada et al (2010)

Seismic risk results consider-  Seismic risk results consider-

No. District ing a deterministic seismic ing a probabilistic seismic
hazard scenario hazard scenario

1  Ciutat Vella 243 2.45
2 Eixample 2.00 2.03
3 Sants-Montjuic 1.33 1.73
4  Les Corts 1.20 1.34
5  Sarria-Sant Gervasi 1.37 1.37
6 Gracia 1.61 1.61
7  Horta-Guinardo 1.31 1.16
8  Nou Barris 1.67 1.27
9  Sant Andreu 1.76 1.39
10  Sant Marti 1.73 1.70
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Sarria-Sant Gervasi
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Figure 15. Districts of Barcelona

4.2 Data of buildings of Barcelona

The database about buildings of Barcelona that we used in the present work is the result of
more than 10 years of work of different institutions of Barcelona (Aguilar, 2011). Figure 16
shows a summary of the data available for the buildings of Barcelona. In the present work, we
computed the seismic risk of 69982 buildings, because for these buildings we knew at least the

data about their structural typology and their oldness.

a 71256 built plots (90.6%, 100%)

/ 78668 cadastral plots (100 %) \

/ 70137 buildings with known typology (89.2%, 98.4%)

69982 buildings with typology and oldness (89.0%, 98.2%, 100%)

(74.3%, 82.0%, 83.6%)

NS 2/

Figure 16. Summary of the database about the dwelling buildings of Barcelona that has been elaborated
by Ayuntamiento de Barcelona and research group of the UPC from 1990 (Aguilar, 2011).

[ 58481 buildings with typology, oldness and censed persons ]
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4.3 Probabilistic seismic hazard assessment of Barcelona

We perform a PSHA of Barcelona applying CRISIS2015 (Ordaz et al, 2015; Aguilar et al,
2017) directly in terms of macroseismic intensities. For this purpose, we considered the seismic
sources of Figure 17 (Aguilar et al, 2013). Additionally, we use the Eq. 25 to model the occur-

rence of earthquakes in each seismic source.

_ﬂ([_lmin) _ﬂ(lrmx_lmin)
e —e 25

AD=0— 7

where A ( ) is the annual frequency of exceedance of the macroseismic intensity /7, Imin is the
minimum epicentral intensity considered, /max 1s the maximum epicentral intensity possible in
each seismic source, « is the annual frequency of exceedance of intensities greater or equal to
Inmin, and p 1s the slope associated to the Guttenberg-Richter relation (Goula et al, 1997; Ordaz
et al, 2015). We used in the present work the main seismic parameters of each seismic source
that are shown in Table 22. These parameters have been also used in recent studies about the
seismic hazard of Barcelona and other regions of Catalonia (Irizarry et al, 2010; Secanell et al,

2004; Irizarry, 2004).

44 - .

N
w
T

/' Catalonia .

Latitude (grades)
D S o
o - N

w
©
T

38

Longitude (grades)
Figure 17. Geometry of seismic sources considered to estimate the seismic hazard of Barcelona (dia-
mond symbol).
As a part of the PSHA, we applied two attenuation relationships proposed by Lopez-Casado et
al (2000). These attenuation relationships were mainly determined with catalogs of maps of
isosist of the Iberian Peninsula. For this last reason, we considered valid its use in the assess-

ment of the seismic hazard of Barcelona. These two attenuation relationships are represented
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by the general Eq. 26 and the values of Table 23. According to the specification of Lopez
Casado et al (2000), only the attenuation relationship for low attenuation must be applied to
the seismic source that represents the seismicity in the Pirineus (Table 24). Therefore, we ap-

plied the relationship for high attenuation for the rest of the seismic sources (Table 24).

sz([ep[c)_a2lnA_a3A 26
where [ is the macroseismic intensity to a focal distance A, A=(R2 +R§)1/2 where R is equal to

the epicentral distance in km, and Ro a value used to improve the fitting and means focal depth
in km (Table 23); Iepic is the epicentral macroseismic intensity MSK; f{Zepic) is the value accord-
ing to the Table 23; a2 and a; are coefficients with the values shown in Table 23.

According to the seismic hazard curve of Barcelona (Figure 18) that we computed applying
CRISIS2015, the macroseismic intensity that has a return period of 475 years corresponds to a
value of VI. The total seismic hazard curve of Figure 18 is equal to the seismic hazard curve
that was computed by Aguilar et al (2013) using CRISIS2012. On the other hand, according to
the same seismic hazard results that are shown in Figure 18, it is possible to affirm, that the
seismic source number 2 gives the most important contribution to the seismic hazard of Barce-
lona. At the same time, the seismic hazard results that we obtained in the present work have
important coincidences with the results that were obtained in previous studies. For instance,
Secanell et al (2004) obtained a mean value of 6.5 (VI-VII) for the macroseismic intensity
corresponding to a return period of 475 years. A similar value was estimated by Goula et al

(1997).

Table 22. Seismic parameters of the seismic sources, whose geometry is shown in Figure 17 (Secanell
et al, 2004).

Seismic Cv % Uncertainty in-
source @ P B* Tnin®  E(Tnax) terval of Lux

1 0.100 1.864 0.3 A% VII 1

2 0.128 1.608  0.202 \% VIII 1

4 0.157 1256 0.148 v IX 1

5 0.040 1319 0.283 v VIII 1

6 0.099 1977 0.324 v VI 1

7 0.957 1.420 0.082 v VIII 2

8 0218 1.716  0.143 v VI 1

9 0.070 1.737 0.123 v Vil 1

10 0.635 1.201  0.069 v X 1

11 0.060 0.886 0.273 \Y VIII 1

* Inin 1s the minimum macroseismic intensity assigned to the seismic source; Cv(f) is the variation coefficient of
b5 E(Ina) 1s the expected value of the maximum macroseismic intensity that in this case was considered equal to
the .. observed.

40



Table 23. Values of the two attenuations relationships that were applied to perform the PSHA for Bar-
celona and that were determined by Lopez Casado et al (2000), for the Iberian Peninsula in terms of
macroseismic intensities.

Attenuation relation- SUepic) a; as Ry o
ship
1) For high attenua-  6.016+0.090- 7, +0.069- I,
tion (AR-HA) o o 1.477 0.01035 4 0.46
2) For low attenuation . e
(AR-LA) 5.557+0.902 L. +0.014 L. 1.762 0.00207 2 0.59

o is the standard deviation of the macroseismic intensity /.

Table 24. Attenuation relationships assigned to each seismic source

Seismic Attenuation relationships assigned
source
1,2,4,5,6, AR-HA (Lopez Casado et al, 2000)
8,9,10
7 AR-LA (Lopez Casado et al, 2000)
100 T
— 100 yrs
475 yrs
2475 yrs
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Figure 18. Seismic hazard curves at bedrock site of Barcelona in terms of annual frequency of exceed-
ance versus macroseismic intensities (EMS-98). Total seismic hazard curve and single
seismic hazard curves (S) for the 9 sources that contribute in major proportion to the total
seismic hazard of Barcelona

4.4 Seismic vulnerability of the dwelling buildings of Barcelona according to the
VIM_P

We applied the software USERISK2015 to compute the seismic vulnerability of dwelling

buildings of Barcelona. Particularly, we use USERISK2015 to compute three seismic vulner-

ability curves for each one of the 69982 dwelling buildings of Barcelona. These results give us
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information about the seismic vulnerability of the studied buildings that can be used to compute
seismic risk. On the other hand, these seismic vulnerability results allow doing a wide analysis
of the seismic vulnerability of the dwelling buildings of Barcelona. For this purpose, we can
use these vulnerability curves to generate representative seismic vulnerability for groups of
buildings. For instance, Table 25 shows the values of o and f that define the three seismic
vulnerability curves (Figure 19) that represent the seismic vulnerability of the 69982 dwelling
buildings of Barcelona. We determined these last curves according to the procedure described
in section 3 of this paper. According to these results of seismic vulnerability, the dwelling
buildings of Barcelona have, on average, a probability between 42.71% and 70.78% with a
mean value of 56.86% of that their vulnerability index is greater than 0.8 (Table 26). Similarly,
the dwelling buildings of Barcelona have, on average, a probability between 6.21% and 22.61%
with a mean value of 10.40% that their vulnerability index is greater than 1.0 (Table 26).

Table 25. Values that according to the VIM P define the three curves that represent the seismic vulner-
ability of the dwelling buildings (69982) of Barcelona (adapted from Aguilar et al, in press)

Seismic vulnerability curve a ), Mean Standard de-
V.=-0.04; V;,=1.04 viation
lower 2.76 1.18 0.72 0.22
best 3.73 1.10 0.79 0.19
upper 3.75 0.76 0.86 0.17
1 T T T T T T
X/,
————— Lower BCN A
09r Best BCN A1
0.8 I | == ~Upper BCN /." II ]
p— / /
> 071 / I
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Figure 19. Representative curves of the seismic vulnerability of the 69982 dwelling buildings of Bar-
celona (Table 25) (Adapted from Aguilar et al, in press)
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Table 26. Probabilities that the vulnerability index V is greater than 0.8, according to the curves of
seismic vulnerability that represent the average vulnerability of 69982 dwelling buildings of Barcelona.

lower best upper
P(1>0.8) 42.71% 56.86% 70.78%
P(7>1.0) 6.21% 10.40% 22.61%

Additionally, we computed the values of a and £ (Table 27) that define the representative
curves of best vulnerability (Figure 20) for each district of Barcelona. According to these
curves, the district with the higher seismic vulnerability is Ciutat Vela and the district with the
lower seismic vulnerability is Nou Barris (Figure 20). Particularly, according to the three seis-
mic vulnerability curves of the dwelling buildings of the Eixample district (Table 27), these
buildings have a probability between 21.05% and 38.67% with and mean value of 28.28% that
their vulnerability index is greater than 1.0 (Table 28, Figure 21). Meanwhile, according to the
three seismic vulnerability curves of the dwelling buildings of the Nou Barris District (Table
27) the buildings in this district have a probability between 1.32% and 11.15% with a mean
value of 3.34% that their vulnerability index is a value greater than 1.0 (Table 29, Figure 22).
Therefore, it is possible to conclude that, on average, the buildings in the Eixample district are
significantly more seismically vulnerable than the buildings of the Nou Barris district. The
seismic vulnerability results computed by USERISK2015 can be also used to generate maps

as the ones shown in Figure 23.

Table 27. Values that define the representative curves of vulnerability of the dwelling buildings of each
district of Barcelona (V,=-0.04; V,=1.04) (Adapted from Aguilar et al, in press)

Low vulnerability curve Best vulnerability curve High vulnerability curve

District ar pL V] P oL am P V] o, auv pu V[ P ou
1 Ciutat Vella 3.85 0.63 0.89 0.16 562 0.64 093 0.12 565 049 095 0.11
2 Eixample 2.69 0.69 0.82 0.21 392 0.67 0.88 0.16 4.10 053 092 0.14
3 Sants-Montjuic 270 1.04 0.74 0.22 3.84 1.01 0.82 0.18 3.83 0.68 0.88 0.16
4 Les Corts 212 126 0.64 0.25 278 1.12 0.73 0.22 289 0.75 082 0.20
5 Sarria-S. G. 2.55 137 066 0.23 343 128 0.75 0.20 342 0.86 0.82 0.19
6 Gracia 291 1.13 0.74 0.22 4.07 1.09 081 0.18 399 0.72 0.87 0.16
7 Horta-G. 294 1.79 0.63 0.22 3.67 160 0.71 0.20 3.65 1.08 0.79 0.19
8 Nou Barris 281 1.77 0.62 022 340 1.52 0.71 0.21 347 1.04 0.79 0.19
9 Sant Andreu 2779 1.60 0.65 0.22 361 146 0.73 0.20 3.61 098 0.81 0.19
10 Sant Marti 230 1.04 0.70 0.24 3.19 098 0.79 0.20 3.15 0.63 0.86 0.18
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Figure 20. Representative curves of the best seismic vulnerability of the dwelling buildings of the 10
districts of Barcelona.

Table 28. Probabilities that the vulnerability index V is greater than 0.8, according to the curves of
seismic vulnerability that represent the average vulnerability of 8723 dwelling buildings of Eixample
district of Barcelona.

lower best upper
P(1>0.8) 63.51% 75.82% 82.49%
P(7>1.0) 21.05% 28.28% 38.67%
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Figure 21. Representative curves of the seismic vulnerability of 8723 dwelling buildings of the
Eixample district of Barcelona.
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Figure 22. Representative curves of the seismic vulnerability of 6912 dwelling buildings of the Nou
Barris district of Barcelona.

Table 29. Probabilities that the vulnerability index V is greater than 0.8, according to the curves of
seismic vulnerability that represent the average vulnerability of 8723 dwelling buildings of Nou Barris
district of Barcelona.

lower best upper
P(1>0.8) 24.93% 38.36% 56.53%
P(1>1.0) 1.32% 3.34% 11.15%

The maps in Figure 23 allow identifying geographically the distribution of the seismic vul-
nerability of the Eixample district of Barcelona to a ground plot scale. It is also possible to
observe in those maps (Figure 23) that in the district Eixample of Barcelona, there are dwelling
buildings that have a probability lower than 20% of that their vulnerability index is greater than
0.8. But at the same time, there are buildings that have a probability greater than 80% that their
vulnerability index is greater than 0.8. Particularly, in the Eixample district of Barcelona, the
percentage of dwelling buildings that have a vulnerability index greater than 0.8 varies from
48.78% to 65.17%, with a mean value of 58.33%, according to the lower, best and upper curves,

respectively.
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Figure 23. Probability that the vulnerability index V is

greater than 0.8 for the dwelling

buildings of the Eixample district of Barcelona, according to the lower, best and upper vulner-

ability curves.

4.5 Seismic risk of the dwelling buildings of Barcelona

We applied the code USERISK2015 to assess according to the VIM_P, the seismic risk of the

dwelling buildings of Barcelona. Particularly, we computed

three seismic risk curves for each

one of the 69982 dwelling buildings of Barcelona. We also use these individual seismic risk

curves to compute representative curves of risk for the following groups: a) all the dwelling

buildings (Figure 24, Table 30), and, b) for each group consisting of the dwelling buildings of

each district of Barcelona (Figure 25, Table 31). As a reference value, it is possible to remember

46



that according to McGuire (2004) dangers with an annual probability lower than 1x107 usually

are ignored.
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Figure 24. Average seismic risk curves of the dwelling buildings of Barcelona (Case 1).

According to the seismic risk results of the dwelling buildings of Barcelona, on average, the
annual frequency of exceedance of the damage 5 (total collapse) are values lower than 1x107,
because they range between 5.24x10° and 9.87x10° with a mean value of 6.72x10° (Table
30). Similarly, according to the seismic risk results of the dwelling buildings of each district of
Barcelona, Ciutat Vella and Eixample are the districts with the highest levels of seismic risk
and these levels exceed the value of 1x107 for the three cases of seismic risk: lower, best and
upper. On the other hand, Horta-Guinard6 and Nou Barris are the districts with the lower levels

of seismic risk, and these levels are in average lower than 1x107 (Table 31).

Table 30. Annual frequencies of exceedance of damage state of the dwelling buildings of Barcelona

(Case 1).
Seismic risk curve v(D=D1) v(D=D2) v({D=D3) v ((D=D4) v (D=D5)
[1/years]
Low 7.05E-03  2.83E-03 8.01E-04 1.26E-04 5.24E-06
Best. 8.47E-03 3.50E-03 1.01E-03 1.61E-04 6.72E-06
High 1.02E-02 448E-03 1.35E-03 2.25E-04 9.87E-06

*Value lower than 1.00E-05
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The seismic risk results that we computed applying USERISK2015 allows generating seis-
mic risk maps as the maps of Figure 28 and Figure 29. These maps show the geographic dis-
tribution of the seismic risk of the Eixample district to a ground plot scale. According to the
maps of Figure 28, the values of the annual frequency of exceedance of damage 4 in the dwell-
ing buildings of the Eixample districts range between 0 and 5x10*. Meanwhile, according to
the maps of Figure 29 the values of the annual frequency of exceedance of damage 5 in the

dwelling buildings of the Eixample district range from 0 to 2.3x107.

T T TTTT
L1

T T 1777

—— Ciutat Vella
——Eixample
—— Sants-Montjuic
Les Corts
- - - Sarria-Sant Gervasi
- - -Gracia
- - - Horta-Guinardd
Nou Barris RS
- - -Sant Andreu q
Sant Marti .
10—6 I | |
1 2 3 4 5
Damage grade (Dk)

T T T
Lol

T T T
L

Annual frequency of exceedance

T T T

Figure 25.Average seismic risk curves (best) of dwelling buildings of the districts of Barcelona.
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Figure 26. Average values of the annual frequencies of exceedance of the damage grades of the dwelling
buildings of the Eixample District.
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Figure 27. Average values of the annual frequencies of exceedance of the damage grades of the dwelling
buildings of the Nou Barris District.

The seismic risk results related to the damage state 4 are relevant because in this damage state
partial collapse can occur. Therefore, according to the seismic risk maps of Figure 28, the seis-
mic risk of the dwelling buildings of the Eixample district must not be ignored. On the other
hand, the percentage of dwelling buildings of the Eixample district that have a frequency of
occurrence of the damage 5 greater than 1x10-5 varies from 52.68% to 70.07% with a mean
value of 56.55%, if the lower, upper and best results are considered, respectively. Therefore,
according to these results, the seismic risk of the dwelling building of Barcelona cannot be

ignored.

The seismic risk results that we computed in the present work were also used to determine
economic losses. For this last assessment and for comparative purposes we consider that the
value of the total dwelling buildings of Barcelona (69982) corresponds to the 31522.8 million
of euros considered by Marulanda et al (2013). Additionally, to obtain the losses curve that it
is shown in Figure 30 we considered: a) the damage factors that were proposed by Dolce et al
in 2006 (Table 32) and; b) the results of seismic risk in terms of frequencies of exceedance of
damage grades, that we computed in the present work. These seismic risk results were assessed
for two cases: considering regional modifiers of the vulnerability and without considering re-

gional modifiers of the vulnerability.
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Table 31. Annual frequencies of exceedance of damage state of the dwelling buildings by district of
Barcelona

District v(D=D1) v ((D=D2) v(D=D3) v (D=D4) v (D=D5)
[1/years]

1 Ciutat ~ Low  [.18E-02 5.37E-03 1.65E-03 2.78E-04 1.23E-05
Vella Best  1.30E-02 6.06E-03 1.89E-03 3.20E-04  1.43E-05
Upper  141E-02 6.77E-03  2.17E-03  3.76E-04  1.72E-05

2 Eixample Low  9092E-03 4.45E-03 1.36E-03 229E-04 1.02E-05
Best  [.14E-02 5.22E-03 1.62E-03 2.75E-04  1.23E-05

Upper  126E-02 5.93E-03  1.87E-03  3.22E-04  1.46E-05

3 Sants-  Low  781E-03 3.19E-03 9.13E-04 1.44E-04 5.99E-06
Monuic Best  929F-03  3.88E-03 1.13E-03  1.80E-04  7.55E-06
Upper  1.09E-02 4.91E-03  1.50E-03 2.51E-04 1.11E-05

4 LesCorts Low  583E-03 2.17E-03 5.79E-04 8.59E-05  3.33E-06
Best  7.45E-03 2.93E-03 8.13E-04 1.25E-04 4.99E-06

Upper  9.56E-03  4.12E-03  1.23E-03  2.02E-04  8.78E-06

5 Sarria-  Low  578E-03 2.17E-03 5.81E-04 8.71E-05 3.43E-06
Zzlfvasi Best  7.15E-03 2.78E-03  7.64E-04 1.16E-04  4.65E-06
Upper  895E-03  3.77E-03  1.10E-03  1.79E-04  7.67E-06

6 Gracia  Low  747E-03 3.01E-03 8.51E-04 1.33E-04 5.50E-06
Best  8.86E-03 3.67E-03 1.06E-03 1.67E-04  6.95E-06

Upper  1.06E-02 4.68E-03  1.42E-03 2.36E-04  1.04E-05

7 Horta-  Low  470E-03 1.58E-03 3.86E-04 5.31E-05 1.91E-06
Guinardd Begt 6 06E-03  2.15B-03  545E-04 7.73E-05  2.84E-06
Upper  7.90E-03  3.10E-03  8.59E-04 1.32E-04  5.40E-06

8 NouBar- Low  476E-03 1.59E-03 3.89E-04 5.35E-05 1.92E-06
s Best  628E-03 2.25E-03 5.78E-04 8.29E-05  3.09E-06
Upper  829E-03 3.31E-03 9.34E-04 1.47E-04 6.08E-06

9 SantAn- Low  557E-03 2.03E-03 5.34E-04 7.85E-05 3.01E-06
dreu Best  7.02E-03 2.68E-03  7.25E-04 1.09E-04 4.27E-06
Upper  892E-03  3.75E-03  1.10E-03  1.79E-04  7.74E-06

10 Sant Marti Low  7.34E-03 2.96E-03 8.35E-04 1.30E-04  5.32E-06
Best  890E-03 3.72E-03  1.08E-03 1.71E-04  7.09E-06

Upper  1.09E-02 4.92E-03  1.52E-03  2.56E-04  1.14E-05

Figure 30 shows the economic losses computed by Marulanda et al (2013) for Barcelona
and the economic losses that we computed in the present work. It is possible to observe the

important agreement of the best curve without regional modifiers, and the curve of Marulanda
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et al (2013), especially, for return periods lower or equal to 500 years. On the other hand, the
economic losses computed in the present work can be considered as reasonable values if they
are also compared with the 10,000 million of euros that Lantada et al (2010) computed for a

seismic scenario with a return period of 475 years (Table 20).
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Figure 28. Seismic risk maps of the Eixample District of Barcelona, which were generated considering
5 ranges of values of the occurrence rate of the damage state 4 and the three seismic risk results for this

damage state (lower, best and upper).
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Figure 29. Seismic risk maps of the Eixample District of Barcelona, which were generated
considering 5 ranges of values of the occurrence rate of the damage state 5 and the three seismic
risk results for this damage state (lower, best and upper).

Table 32. Damage factor proposed by Dolce et al (2006)
Damage state  Damage factor

1 0.035
2 0.145
3 0.305
4 0.800
5 1.000
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Figure 30. Curves of seismic losses for the dwelling buildings of Barcelona.

5 Conclusions

The methods VIM and VIM_P allow obtaining reasonable results of seismic risk of buildings
in urban areas. The results of both methods are complementary results. At the same time, it is
possible to highlight that the VIM_P is very helpful to model the important uncertainty related
to the assessment of the seismic vulnerability of the buildings. This last characteristic is an
important difference of the VIM_P respect to the VIM method. The seismic risk results that
can be computed by the VIM method can be considered in a big proportion as deterministic
results, otherwise, the seismic risk results computed by VIM_P can be considered with a high
content of probabilistic base. Therefore, we can conclude that the seismic risk results of both

methods are complementary results.

The VIM_P is a robust methodology to determine the seismic vulnerability and the seismic
risk of buildings in urban zones. The VIM_P is based on a probabilistic approach, which allows
considering uncertainty in the three following basic elements: a) the seismic hazard; b) the
seismic vulnerability and; ¢) the seismic risk. Particularly, the VIM_P requires a seismic hazard
curve that must be computed according to a PSHA. This curve will be used to compute seismic

risk. Additionally, in the VIM_P the seismic vulnerability of each building is represented by a
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probability density function beta type, which describes the probable variation of the vulnera-
bility index, that represents the seismic vulnerability of buildings. At the same time, according
to the VIM_P, the seismic risk is expressed in terms of frequencies of exceedance of damage
states. The VIM_P can be considered as a versatile methodology because it is also possible to
generate probability density functions that represent the seismic vulnerability of a group of
buildings, for instance, it is possible to generate a single curve that represents the best seismic
vulnerability of a group of buildings located in the same district of a city. For this purpose,
procedures were specified in the VIM_P. On the other hand, the representation of the seismic
vulnerability of buildings through pdf contributes to highlight that there is an important uncer-
tainty in the determination of this seismic vulnerability and therefore the uncertainty in the
seismic risk results it is also important. Therefore, the VIM_P contributes to do appropriate
interpretations of the results of seismic vulnerability and seismic risk computed through this
method. The VIM P can be appropriately implemented with the support of software CRI-
SIS2015 and USERISK2015, to assess seismic hazard, seismic vulnerability and seismic risk

of buildings in urban areas.

About the semi-empirical seismic damage function that is used in the VIM_P, it is important
to highlight that it is convenient to improve the present semi-empirical damage function to
incorporate more probabilistic elements in the assessment of the seismic damage. For this pur-

pose, we recommended considering previous works as the Vargas and colleagues work of

2013.

In the case of the seismic hazard of Barcelona, it is possible to mention that the results of the
present work agree with results determined in previous works. However, it is important also to
highlight that the major proportion of the total seismic hazard in Barcelona is due to the seismic
source 2, where Barcelona is included. Therefore, according to the present work, the major
ground motion in Barcelona could due to an earthquake that could occur in the seismic source

number 2 (Figure 17).

The results computed in the present work according to the VIM_P show that Ciutat Vela is the
district of Barcelona whose buildings have in average the major levels of seismic vulnerability
in the city. Similarly, Horta-Guinardé and Nou Barris are the districts with the lowest levels of
seismic vulnerability. Additionally, according to the results of seismic risk, Ciutat Vella is the
district that has, on average, the buildings with the highest levels of seismic risk in the city.

Similarly, Horta-Guinard6 is the district that has, on average, the buildings with the lowest
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levels of seismic risk in Barcelona. These results agree with the values of seismic risk that were
determined by Lantada et al (2010), considering a probabilistic seismic hazard scenario (Table

21).

According to the results of seismic risk in Table 30, on average, the annual frequency of oc-
currence of the damage 5 in the dwelling buildings of Barcelona is a value lower than 1x107>.
On the other hand, according to the results of seismic risk of table Table 31, on average, in the
dwelling buildings of the Eixample and Ciutat Vella, the annual frequency of occurrence of the
damage state 5 are higher than 1x10. Similarly, on average, in the dwelling buildings of the
Les Corts, Sarria-Sant Gervasi, Horta-Guninardo, Nou Barris and Sant Andreq, the annual fre-

quency of occurrence of the damage state 5 are values lower than 1x107 (Table 31).

On the other side, according to the individual seismic risk results of each building of the Eix-
ample district that were used to generate the maps of Figure 29, the 52.68% of the total dwelling
buildings of the Eixample district have a frequency of occurrence of the damage 5, greater than
1x107 if the lower seismic risk results are considered. Therefore, to take decisions, we recom-
mend the use of the results of seismic vulnerability and seismic risk in the different scales

available, for instance: city, districts and single buildings.

To assess economic losses, we considered two cases: seismic risk results computed considering
regional modifiers and seismic risk results without considering regional modifiers. The signif-
icant difference between the results of both cases highlights the importance of the election of

the values of the regional vulnerability modifiers to be considered in each project.

In relation to the economic losses computed in the present work for Barcelona, it is possible to
affirm that are reasonable results, because they are in general slightly higher than the economic
losses computed by Marulanda et al (2013) and they are similar to the losses computed by
Lantada et al (2010). Therefore, it is possible to affirm that the VIM_P is a valid method to
assess seismic risk of buildings in urban areas in terms of economic losses. At the same time,
the difference between the loses computed considering regional modifiers of the vulnerability
and the losses computed without considering regional modifiers of the vulnerability, suggest
the important to execute sensitivity analysis about the regional modifiers of the vulnerability

that must be considered in each project.

55



Acknowledgements

This work has been possible with the support of Barcelona Supercomputing Center (BSC),
CONACYyT. This research has been partially funded by the Ministry of Economy and Compet-
itiveness (MINECO) of the Spanish Government and by the European Regional Development
Fund (FEDER) of the European Union (UE) through projects referenced as: CGL2011-23621
and CGL2015-65913 -P (MINECO / FEDER, UE).

References

Aguilar, A. (2011). Evaluacion probabilista del riesgo sismico de edificios en zonas urbanas. Tesis
doctoral. Universidad Politécnica de Catalufia, 297 pp.

Aguilar Meléndez, A., Ordaz Schroeder, M. G., De la Puente, J., Gonzalez Rocha, S. N., Rodriguez
Lozoya, H. E., Cérdova Ceballos, A., ... & Campos Rios, A. (2017). Development and Validation
of Software CRISIS to Perform Probabilistic Seismic Hazard Assessment with Emphasis on the
Recent CRISIS2015. Computacion y Sistemas, 21(1).

Aguilar, A., Pujades, L. G., De la Puente, J., Barbat, A. H., Ordaz, M. G., Gonzalez-Rocha, S. N.,
Welsh-Rodriguez, C. M., Rodriguez-Loyola, H. E., Lantada, N., Ibarra, L., Garcia-Elias, A., Cam-
pos-Rios, A. (In press). Probabilistic assessment of seismic risk of dwelling buildings of Barcelona.
Implications for the City Resilience. Book1 Urban resilience for risk and adaptation governance.
Lessons from the practices, Dordrecht: Springer.

Aguilar, A., Pujades, L., De la Puente, J., Barbat, A., Lantada. N., Campos, A. (2015). USERISK2015.
Program for computing seismic risk in urban areas. https://sites.google.com/site/userisk2015/

Aguilar, A. (2001). CRISIS99.1. Sistema de computo para el célculo de peligro sismico. UNAM.
México. Thesis. pp. 102. Last accessed: 2016/01/19. http://sites.google.com/site/aguilaruniver-
sity/files/Tesis_CRISIS99 completa_V1.pdf.

Aguilar, A. Pujades, L., Barbat, A., Lantada. N. (2010). A probabilistic model for the seismic risk of
buildings: application to assess the seismic risk of buildings in urban areas. A: US National and
Canadian Conference on Earthquake Engineering. "9th US National and 10th Canadian Conference
on Earthquake Engineering". Toronto, p. 1-10.

Aguilar, A., Pujades, L., Barbat, A., & Ordaz, M. (2008). Probabilistic assessment of seismic risk in
urban areas. In Proceedings of the 14th World Conference on Earthquake Engineering, Paper (No.
09 01 0158, pp. 12-17).

Aguilar, A., Pujades, L. G., Ordaz, M.G., Barbat, A. H., Lantada, N., A, Garcia-Elias, A. Campos
(2013). Analisis comparativo del peligro sismico de Barcelona. A: Congreso Nacional de Ingenieria
Sismica. "XIX Congreso Nacional de Ingenieria Sismica". Boca del Rio, Veracruz: 2013, p. 1-17.

ATC-13 (1985). Earthquake Damage Evaluation. Data for California; Applied Technology Council;
Redwood City, California, 492 pp.

Athmani. A. E., Gouasmia, A., Ferreira, T. M., Vicente, R., Khemis, A. (2015) Seismic vulnerability
assessment of historical masonry buildings located in Annaba city (Algeria) using non ad-hoc data
survey. Bull Earthquake Eng; 13:2283-2307.

Barbat, Alex H., Carrefio, Martha L., Pujades, Lluis G., Lantada, Nieves, Cardona, Omar D. and Maru-
landa, Mabel C. (2010) Seismic vulnerability and risk evaluation methods for urban areas. A review
with application to a pilot area. Structure and Infrastructure Engineering, 6: 1-2, 17 — 38. DOL:
10.1080/15732470802663763 URL: http://dx.doi.org/10.1080/15732470802663763

56



Barbat, A.H., Lagomarsino, S., Pujades, L. G. (2006). Vulnerability assessment of dwelling buildings.
In: Oliveira, C. S., Roca, A., Goula, X. (Eds.), Assessing and Managing Earthquake Risk, Springer,
Dordrecht, pp. 115-134.

Benedetti, D., Benzoni, G., & Parisi, M. A. (1988). Seismic vulnerability and risk evaluation for old
urban nuclei. Earthquake Engineering and Structural Dynamics, 16(2), 183-201.

Bernardini (2000). Edit A. Bernardini (A cura di), La vulnerabilita degli edifici: valutazione a scala
nazionale della vulnerabilita sismica degli edifici ordinari, CNR-Gruppo Nazionale per la Difesa dai
Terremoti - Roma, 2000, 175 pp. Last accessed: 31 March 2016. ftp://ftp.ingv.it/pro/gndt/Pubblica-
zioni/Bernardini/indice_Bernardini.htm

Brgm (2004). Synthesis of the application to Nice city. RISK-UE. An advanced approach to earthquake
risk scenarios with applications to different European towns. Contract: EVK4-CT-2000-00014, 44

pp.
Cardona, O.D., Ordaz, M.G., Reinoso, E., Yamin, L. E., Barbat, A. H., (2012) CAPRA- Comprehensive

Approach to Probabilistic Risk Assessment: International Initiative for Risk Management Effective-
ness. 15 World Conference on Earthquake Engineering. Lisboa.

Castillo, A., Lopez-Almansa, F., & Pujades, L. G. (2011). Seismic risk analysis of urban non-engi-
neered buildings: application to an informal settlement in Mérida, Venezuela. Natural Hazards,
59(2), 891-916.

Cherif, S. E., Chourak, M., Abed, M., & Pujades, L. (2016). Seismic risk in the city of Al Hoceima
(north of Morocco) using the vulnerability index method, applied in Risk-UE project. Natural Haz-
ards, 1-19.

Cornell, A. (1968). Engineering Seismic Risk Analysis. Bulletin of the Seismological Society of Amer-
ica 58:5, 1583-1606.

Dolce, M., Kappos, A., Masi, A., Penelis, G., Vona, M. (2006). Vulnerability assessment and earth-
quake damage scenarios of the building stock of Potenza (Southern Italy) using Italian and Greek
methodologies, Engineering Structures, 28: 357-371.

Ellingwood, B. R. (2006). Mitigating risk from abnormal loads and progressive collapse. Journal of
Performance of Constructed Facilities, 20(4), 315-323.

ERN (2017). Web site of R-CRISIS. http://www.r-crisis.com/

Esteva, L. (1970). Regionalizacion simica de México para fines de ingenieria. Institute of Engineering
Series-246, UNAM, Mexico.

Faccioli, E. (2006). Seismic hazard assessment for derivation of earthquake scenarios in Risk-UE. Bul-
letin of Earthquake Engineering; 4:341-364. http://dx.doi.org/10.1007/s10518-006-9021-2

Faccioli, E., Pessina, V., Pitilakis, K., Ordaz, M. (2003). WP2: Basis of a handbook of earthquake
ground motions scenarios. An advanced approach to earthquake risk scenarios with applications to
different European towns, Contract: EVK4-CT-2000-00014, 93 pp.

Faccioli, E., Frassine, L., Finazzi, D., Pessina, V., Cauzzi, C., Lagomarsino, S., Giovinazzi, S., Rese-
mini, S., Curti, E., Podesta, S., Scuderi, S. (2004). Synthesis of the application to Catania city. RISK-
UE. An advanced approach to earthquake risk scenarios with applications to different European
towns. Contract: EVK4-CT-2000-00014.

FEMA (1999). HAZUS-99: Earthquake Loss Estimation Methodology, Technical Manual, Vol.1,
Washington, D.C.

FEMA (2015a). HAZUS® MH 2.1. Multi-hazard Loss Estimation Methodology. Earthquake Model.
User Manual. Washington, D.C.,718 pp. Last accessed: 2016/03/10. http://www.fema.gov/media-
library-data/20130726-1820-25045-1179/hzmhs2 1 eq um.pdf

57



Giovinazzi, S. (2005). The vulnerability assessment and the damage scenario in seismic risk analysis.
Doctoral thesis, Technical University of Braunschweig, and University of Florence, 222 pp.

Giovinazzi, S., Lagomarsino, S., Pampanin, S. (2006). Vulnerability Methods and Damage Scenario
for Seismic Risk Analysis as Support to Retrofit Strategies: an European Perspective. 2006 NZSEE
Conference, Napier, New Zeland. 10 pp.

Goded, T.; Cattari, S.; Lagomarsino, S.; Giovinazzi, S.; Ingham, J.M.; Marotta, A.; Liberatore, D.; Sor-
rentino, L.; Ottonelli, D.; Pinna, M.; Clark, W. (2016). Vulnerability analysis of unreinforced ma-
sonrychurches (EQC 14/660) — Final Report, GNS Science Consultancy Report 2016/53. 132 p.

Goded, T., Irizarry, J., & Buforn, E. (2012). Vulnerability and risk analysis of monuments in Malaga
city’s historical centre (Southern Spain). Bulletin of Earthquake Engineering, 10(3), 839-861.

Goula, X., Susagna, T., Secanell, R., Fleta, J., Roca, A. (1997). Seismic Hazard Assessment for Cata-
lonia (Spain). Proceedings Second Congress on Regional Geological Cartography and Information
Systems, Barcelona, pp.173-177.

Griinthal, G. (1998). European Macroseismic Scale 1998. Cahiers du Centre Europ’een de G’eody-
namique et de S’eismologie. Luxemburg; 15: 1-99

Guardiola-Villora, A., & Basset-Salom, L. (2015). Escenarios de riesgo sismico del distrito del Eixam-
ple de la ciudad de Valencia. Revista Internacional de Métodos Numéricos para Calculo y Disefio
en Ingenieria, 31(2), 81-90. http://dx.doi.org/10.1016/}.rimni.2014.01.002

ICC/CIMNE (2004). WP08 Application to Barcelona. Synthesis. RISK-UE. An advanced approach to
earthquake risk scenarios with applications to different European towns. Contract: EVK4-CT-2000-
00014, 50 pp.

ISDR, UN (2005). Hyogo framework for action 2005-2015: building the resilience of nations and com-
munities to disasters. In Extract from the final report of the World Con-ference on Disaster Reduc-
tion (A/CONF. 206/6) (Vol. 380).

Irizarry, J. (2004). An Advanced Approach to Seismic Risk Assessment. Application to the Cultural
Heritage and the Urban system of Barcelona. Doctoral thesis, Universitat Politécnica de Catalunya,
Barcelona, 406 pp.

Irizarry, J., Lantada, N., Pujades, L. G., Barbat, A. H., Goula, X., Susagna, T., Roca, A. (2010). Ground-
shaking scenarios and urban risk evaluation of Barcelona using the Risk-UE capacity spectrum based
method; Bulletin of Earthquake Engineering 9:2, 441-466.

Kappos, J. A., Panagopoulos, G., Penelis, G., G. (2008) Development of a seismic damage and loss
scenario for contemporary and historical buildings in Thessaloniki, Greece. Soil Dynamics and
Earthquake Engineering 28; 836- 850.

Kostov, M., Vaseva, E., Kaneva, A., Koleva, N., Varbanov, G., Stefanov, D., Darvarova, E., Solakov,
D., Simeonova, S., Christoskov, L. (2004). WP13: Application to Sofia. RISK-UE. An advanced
approach to earthquake risk scenarios with applications to different European towns. Contract:
EVK4-CT-2000-00014, 64 pp.

Lagomarsino S., Giovinazzi, S. (2006). Macroseismic and mechanical models for the vulnerability and
damage assessment of current buildings. Bulletin of Earthquake Engineering; 4(4): 415-443.
http://dx.doi.org/10.1007/s10518-006-9024-z

Lantada N. (2007). Evaluacion del riesgo sismico mediante métodos avanzados y técnicas GIS. Apli-
cacion a la ciudad de Barcelona. Tesis doctoral, Vol. 1., Universitat Politécnica de Catalunya, Bar-
celona, 338 pp.

Lantada, N., Irizarry, J., Barbat, A. H., Goula, X., Roca, A., Susagna, T., & Pujades, L. G. (2010).
Seismic hazard and risk scenarios for Barcelona, Spain, using the Risk-UE vulnerability index
method. Bulletin of earthquake engineering, 8(2), 201-229.

58



Lantada, N., Pujades, L. G., Barbat, A. H. (2009a). “Vulnerability index and capacity spectrum based
methods for urban seismic risk evaluation. A comparison”, Natural Hazards, 51:501-524.

Lantada N., Pujades L.G., A. H. Barbat (2009b). Escenarios de riesgo sismico para la ciudad de Barce-
lona. Informe técnico para el Servicio de Proteccion Civil. Ayuntamiento de Barcelona. Volumen
IL. 76 pp.

Lestuzzi, P., Podesta, S., Luchini, C., Garofano, A., Kazantzidou-Firtinidou, D., Bozzano, C., ... &
Rouiller, J. D. (2016) Seismic vulnerability assessment at urban scale for two typical Swiss cities
using Risk-UE methodology. Natural Hazards, 1-21.

Lopez Casado, C., Molina, S., Delgado, J., Pelaez, J. A. (2000). Attenuation of Intensity with Epicentral
Distance in the Iberian Peninsula; Bulletin of the Seismological Society of America; 90:, 34-47.

Lungu, D., Aldea, A., Arion, A., Cornea, T., Petrescu, F., Vacareanu, R. (2004). WP10: Synthesis Re-
port for the City of Bucharest. Synthesis. RISK-UE. An advanced approach to earthquake risk sce-
narios with applications to different European towns. Contract: EVK4-CT-2000-00014, 38 paginas.

Marzocchi, W., Taroni, M., & Selva, J. (2015). Accounting for Epistemic Uncertainty in PSHA: Logic
Tree and Ensemble Modeling. Bulletin of the Seismological Society of America; 105(4): 2151-2159

Marulanda, M. C., Carrefio, M. L., Cardona, O. D., Ordaz, M. G., & Barbat, A. H. (2013). Probabilistic
earthquake risk assessment using CAPRA: application to the city of Barcelona, Spain. Natural haz-
ards, 69(1), 59-84.

McGuire RK (2004) Seismic hazard and risk analysis. Earthquake Engineering Research Institute.
MNO-10. 221 pp.

Milutinovic, Z. V., Trendafiloski,G. S. (2003). WP4: Vulnerability of current buildings. RISK-UE. An
advanced approach to earthquake risk scenarios with applications to different European towns, Con-
tract: EVK4-CT-2000-00014, 109 pp.

Milutinovic, Z.V., Trendafiloski, G.S., Olumceva, T.R., Anastasov, K., Vrskovski, Z. (2004). WP9:
Application to Bitola. Synthesis. RISK-UE. An advanced approach to earthquake risk scenarios with
applications to different European towns. Contract: EVK4-CT-2000-00014, 34 pp.

Mouroux, P. & Le Brun, B. (2006). Presentation of RISK-UE Project. Bulletin of Earthquake Engineer-
ing, 4: 323-339. http://dx.doi.org/10.1007/s10518-006-9020-3

Ordaz, M., F. Martinelli, F., Aguilar, A., Arboleda, J., Meletti, C., D'Amico, V. (2015). CRISIS2015.
Program for computing seismic hazard. Last accessed: 2016/02/18 https://sites.google.com/site/co-
decrisis2015/

Ordaz, M., Aguilar, A., Arboleda, J. (1999) CRISIS99. Program for computing seismic hazard, UNAM

Ordaz, M., F. Martinelli, F., Aguilar, A., Arboleda, J., Meletti, C., D'Amico, V. (2013). CRISIS2013.
Program for computing seismic hazard.

Ordaz, M., F. Martinelli, F., Aguilar, A., Arboleda, J., Meletti, C., D'Amico, V. (2015). CRISIS2015.
Program for computing seismic hazard. Last accessed: 2016/02/18 https://sites.google.com/site/co-
decrisis2015/

Pitilakis, K., Alexoudi, M., Argyroudis,S., Anastasiadis, A. (2006). Seismic Risk Scenarios for an Ef-
ficient Seismic Risk Management: The Case of Thessaloniki (Greece). In: Syed Tanvir Wasti, Guney
Ozcebe (eds) Advances in Earthquake Engineering for Urban Risk Reduction. Springer Science &
Business Media.

Ruiz, A., Vidal-Sanchez, F., Aranda-Caballero, C. (2015) Estudio de la Vulnerabilidad Sismica del
Centro Historico de Tapachula, Chiapas, con el Método del Indice de Vulnerabilidad. Revista Inter-
nacional Desastres Naturales, Accidentes e Infraestructura Civil. 15(1), 5-24.

59



Secanell, R., Goula, X., Susagna, T., Fleta, J., Roca, A. (2004). Seismic hazard zonation of Catalonia,
Spain, integrating random uncertainties, Journal of Seismology, 8:, 25-40.

Spence, R., & Brun, B. L. (2006). Preface. Bulletin of Earthquake Engineering, 4(4), 319-321.

UNISDR  (2015). Sendai  Framework for Disaster Risk Reduction 2015-2030.
http://www.unisdr.org/files/43291 sendaiframeworkfordrren.pdf Last accessed: 2017/03/03

United Nations (2012). How To Make Cities More Resilient. A Handbook For Local Government
Leaders. Geneva, March. http://www.unisdr.org/files/26462 handbookfinalonlineversion.pdf Last
accessed: 2016/01/20

United Nations (2013). Plan of Action on Disaster Risk Reduction for Resilience. United Nations Sys-
tem. Chief Executives Board for Coordination. 14 pp. http://www.prevention-
web.net/files/33703 actionplanweb14.06cs1.pdf Last accessed: 2016/01/19

UN-Habitat (2016). City Resilience Profiling Programme. http://unhabitat.org/urban-initiatives/initia-
tives-programmes/city-resilience-profiling-programme/ Last accessed: 2016/01/19

Vacareanu, R., Lungu, D., Aldea, A., Arion, C. (2004). WP7: Seismic Risk Scenarios Handbook. RISK-
UE. An advanced approach to earthquake risk scenarios with applications to different European
towns, Contract: EVK4-CT-2000-00014, 51 pp.

Vargas, Y. F., Pujades, L. G., Barbat, A. H., & Hurtado, J. E. (2013). Capacity, fragility and damage in
reinforced concrete buildings: a probabilistic approach. Bulletin of earthquake engineering, 11(6),
2007-2032.

Appendix 1. Case of criteria II to determine the seismic vulnerability curves

A) Curve of best seismic vulnerability.

Determination of the curve of the best seismic vulnerability
Step 1. Computation of mean vulnerability index.

The mean vulnerability index, 7] , it is determined according to the same procedure described
for Criteria I. Then, for the example of buildings BCN1 and BCN2, the values of 7, for these
buildings are 0.67 and 0.42, respectively (Table 9).

Step 2. Determination of values of V. and V,

According to the criteria II, it is considered that V7" and V/"* (Table 4) are references values
to determine Ve and Vg, for each building. In this case, the values of Ve and Vs will be estimated
for each building using equations (27) and (28), respectively. According to this criterion the
values of Ve and Vu that define the confidence interval of 90%, can be different for each build-

ing, even for buildings that are part of the same structural typology.
V.=V"™+AV,+AV, 27
V, =V + AV, +AV, 28
If the criteria II is selected, then the pair of values (Ve, Va) computed for buildings BCN1 and
BCN2 will be (0.426, 0.986), and (-0.042, 0.918), respectively.
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Step 3. Determination of values of V. and V'
According to criteria II in order to determine the values of V; and V5 it is possible to assess
the values of V. and Vs of all the buildings, and then to choose a value of V, and a value of V»

according to Eq.29, and Eq. 30, respectively.

V. <min[min(¥)-0.02,-0.04] 29
where min(V¢) is the minimum value of V. between all the values of V. of all the studied

buildings.
V. > max|[max (7, ) +0.02,1.04] 30

where max(Vz) is the maximum value of Vz between all the values of Va of all the studied

buildings.

For instance, if buildings BCN1 and BCN2 are the total buildings of a study, then, it will be
possible to observe that the minimum value of V¢ from both buildings is -0.042, if the criteria
IT is selected. Similarly, the maximum value of V4 of both buildings is 0.986 according to the
same criteria. Therefore, applying the Eq. 16 and 17, the values of V; and V5 are equal to -0.062
and 1.04, respectively.

Step 4. Determination of values of an and S

This step is the same than in the case of the procedure described for Criteria I, but using the
values of of Va, Vi, Ve and Vathat were determined according to the previous steps. Therefore,
if this criterion is considered then it is possible to obtain the seismic vulnerability curves de-
fined by the values of Table 33 and the curves that are shown in Figure 31.

Table 33. Results of seismic vulnerability of buildings BCN1 and BCN2. Values of ¢, and £, that

define the best seismic vulnerability curve for each building according to the criteria II available to
assess values of V. and Vy

Criterion 11
V,=-0.062; V;,,=1.04

Building O LB Mean Standard deviation
BCNI1 5.56 2.81 0.67 0.17
BCN2 0.94 1.21 0.42 0.31

61



T T T T T . . . . .
Best BCN1;(alpha, beta);(5.56,2.81) Best BCN2;(alpha, beta);(0.94,1.21)

e o
® ©
T T T
o o
o> N » ©
T T

© © o o o ¢
P
T

Probability [
N

Probability [V <V ]
S w

o
o

o
T

0 01 02 03 04 05 06 07 08 089 1 0 01 02 03 04 05 06 07 08 09 1

Vulnerability index (V) Vulnerability index (V)
(a) (b)

Figure 31. Results of seismic vulnerability of buildings BCN1 and BCN2. Cumulative density function
(CDF) beta type, which represent the best curve of the seismic vulnerability of buildings BCN1 (a) and
BCN2 (b), respectively. These seismic vulnerability curves were computed considering the criteria II,
and the values of V, and V}, are equal to -0.062 and 1.04, respectively.

B) Curves of lower and upper seismic vulnerability.
To determine these seismic vulnerability curves, it is necessary to do the following consid-

erations:

- The mean values V7 for each seismic vulnerability curves are determined according to

the same equations applied for the criteria I (Eq. 21 and Eq. 22).

- For the assessment of the lower seismic vulnerability curve, the value of Ve or Ve 1 is
determined according to Eq. 31, and the value of Vs or Va 1 is determined substituting
Vmin by Vi in Eq. 31. Similarly, the value of Ve or V. v for the upper seismic vulner-
ability curve is determined according to Eq.32 and the value of Vi or Va vis determined

substituting V™" by V7™ in Eq. 32.

I,—f

V., =|Vm- P-o, |HAV+AV, 3]
— If
min ]f_f
V.o=|V +[—'¢'Uy +AV,+AV, 32
I

Finally, with these previous values, it is applied the same procedure than for the best vul-

nerability curve to determine the values of a and f that define the lower and upper curves.
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Table 34. Results of seismic vulnerability of buildings BCN1 and BCN2. Values of &, and £, that
define the lower and upper seismic vulnerability curves for each building according to the criteria II
available to assess values of V. and V,

Criterion 11
V.=-0.062; V,=1.04

Building A P Mean Standard devia-
tion
BCNI1 (lower) 4.59 3.41 0.57 0.18
(upper) 5.58 1.81 0.77 0.16
BCN2 (lower) 0.68 1.81 0.24 0.26
(upper) 0.92 0.61 0.60 0.34
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Figure 32. Results of seismic vulnerability of buildings BCN1 and BCN2. Cumulative density functions
(CDF) beta type, which represent the three curves of the seismic vulnerability of buildings BCN1 (a)
and BCN2 (b), respectively. These seismic vulnerability curves were computed considering the criteria
I, and the values of V, and V' are equal to -0.062 and 1.04, respectively.
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