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Abstract The Capacity Spectrum Based Method developed in the framework of the
European project Risk-UE has been applied to evaluate the seismic risk for the city of Bar-
celona, Spain. Accordingly, four damage states are defined for the buildings, the action is
expressed in terms of spectral values and the seismic quality of the buildings, that is, their
vulnerability, is evaluated by means of capacity spectra. The probabilities of the damage
states are obtained considering a lognormal probability distribution. The most relevant seis-
mic risk evaluation results obtained for Barcelona, Spain, are given in the article as scenarios
of expected losses.

Keywords Demand spectrum - Capacity spectrum - Urban seismic risk evaluation - GIS

1 Introduction

The Risk-UE project (Mouroux and Lebrun 2006a,b) established a methodology for eval-
uating urban risk which is based on the Capacity Spectrum Method (Freeman 1978, 1998;
HAZUS 1999). Such methodology requires that the vulnerability of the building stock is
defined in terms of a capacity spectrum and that the seismic hazard is defined in terms of
spectral values. Then, it permits evaluating the expected seismic performance of structures by
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comparing, in spectral coordinates, their seismic capacity with the seismic demand described
by Acceleration-Displacement Response Spectra (ADRS) and adequately reduced in order
to take into account the inelastic behaviour (Fajfar 2000, 2002).

These methodologies have been applied to the city of Barcelona, Spain, which was
one of the seven pilot cities participating in the Risk-UE project. The seismicity affecting
Barcelona, located in the Catalonia region, is moderate, as the tectonic deformations are
weak when compared to other countries of the Mediterranean region. The seismic hazard
assessment for urban areas developed within the Risk-UE project includes both deterministic
and probabilistic approaches to obtain acceleration response spectra including soil effects
(Faccioli 2006). Fragility curves and damage probability matrices (DPM) have been com-
puted for the six more common structural types in the city, both from a deterministic and a
probabilistic point of view. Next, a damage and loss estimation exercise, involving all the
dwellings of the city, has been carried out using the derived DPM, the residential building
stock inventory and the population database of Barcelona.

The main objective of this article focuses on the adaptation and application to Barcelona
of the Capacity Spectrum Based Method (CSBM) as recommended within the framework
of the Risk-UE project (Milutinovic and Trendafiloski 2003). Most of the city’s building
stock was constructed when no seismic codes were available. The combination of very old
buildings constructed without seismic awareness and conscience and a highly populated and
active city can be extremely risky under the effects of even moderate earthquake events. The
most relevant seismic risk evaluation results obtained for the city of Barcelona using this
methodology are finally shown in this article.

2 Earthquake scenarios in terms of 5% damped elastic response spectra

The expected ground-shaking for the city of Barcelona was obtained implementing both
deterministic and probabilistic approaches (Faccioli 2006). The deterministic earthquake
scenario in terms of spectral acceleration, Sa, at 5% of damping, was based on a refer-
ence earthquake that represents the actual maximum earthquake that has affected the site.
The probabilistic earthquake scenario was calculated using the CRISIS99 code (Ordaz et
al. 1999) and the seismotectonic zonation and seismicity analysis previously performed by
Secanell et al. (2004). The attenuation relationship from Ambraseys et al. (1996) was chosen
within the Risk-UE project to be used for both approaches. This attenuation relationship is
mostly based on European data, makes no distinction on the type of source mechanism of
the earthquake data, uses a simplified soil classification and covers a wide range of distances
and magnitudes. Ground-shaking results are expressed in the form of acceleration response
spectra at 5% damped elastic response spectrum.

2.1 Deterministic seismic scenarios

The deterministic scenario in terms of spectral values was evaluated using two reference
earthquakes selected from the catalogue of historical seismicity of the region (Susagna and
Goula 1999) that affected the city of Barcelona.

The event with the highest epicentral intensity and the minimum distance to Barcelona
is the one that occurred in 1448 in the Cardedeu area with an epicentral intensity of VIII
(MSK) (Susagna and Goula 1999). It occurred at an epicentral distance of 15km from the
city and was assigned an approximate focal depth of 7km. The highest intensity ever felt
in the city due to a distant event comes from the 1428 event in the Eastern Pyrenees region
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Fig. 1 Intensity-magnitude relationship used for the seismic hazard assessment

with an epicentral intensity of IX (MSK) (Susagna and Goula 1999). The 1428 earthquake
had an approximate epicentral distance of 90 km from Barcelona city and it is associated to
a focal depth of 10km. Both earthquakes caused damages in houses, churches and castles
in Barcelona. The combined effect of these two maximum historical earthquakes had been
used to develop the deterministic acceleration response spectra because of the influence the
distant 1428 earthquake has in the long period spectral acceleration.

To define the deterministic earthquake scenario in terms of response spectra, epicentral
intensities had to be transformed to surface wave magnitudes, M which are needed to obtain
the corresponding acceleration response spectra by using the Ambraseys et al. (1996) atten-
uation relationship. Gonzélez (2000) developed a relationship between epicentral intensity,
Ip, and local magnitude, M;, based on data available for Catalonia, which was modified in
this study to explain uncertainties by including the effect of the depth of the seismic source
zone in which it was applied (Fig. 1).

In the lack of sufficient Catalonian data to develop a relationship between local and sur-
face magnitude, and assuming that for Catalonia M; and m} are almost equal, the problem of
the difference in magnitude scales was solved using the relationship developed by Dufumier
(2002) using French data

Ms =1.75M, — 4.3 (1)

With this relationship, local magnitudes were transformed into surface wave magnitudes so
that the spectral acceleration values could be evaluated using the Ambraseys et al. (1996)
attenuation relationship. Applying these two relationships and using a focal depth of 7km,
a local magnitude, M;, of 5.4 and a surface wave magnitude, M, of 5.1 are obtained for the
1448 earthquake near Barcelona with an epicentral intensity of VIII. The 1428 earthquake
in the Pyrenees, with an epicentral intensity of IX and a focal depth of 10km, is assigned a
local magnitude of 6.2 and a surface wave magnitude of 6.5.

Using the attenuation relationship of Ambraseys et al. (1996), the acceleration response
spectra for rock were calculated for both earthquakes. The shorter distance earthquake con-
trols the 5% damped acceleration elastic response spectrum for high frequencies (up to 1 Hz).
The more distant earthquake controls the long period range. This increase of the energy in the
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Fig. 2 Deterministic acceleration response spectrum = o for rock site condition in Barcelona

long period range is due, not only to the longer distance but also to the higher magnitude of
the 1428 event. In fact, both earthquakes are independent and, strictly, the risk analysis should
be conducted separately for the response spectrum corresponding to each scenario and, then,
to choose the envelope of the obtained risk values. However, in this case, the contribution of
the longer distance earthquake results on a very slight excess in the long period range of the
former response spectrum. So it is assumed that the differences among the complete analysis
and the more simplified one, assuming the envelope of the spectrua of both earthquakes,
would not be significant. In the final deterministic acceleration spectrum shown in Fig. 2, a
peak ground acceleration of 0.07 g is expected in the city of Barcelona. The upper and lower
bounds for the deterministic acceleration spectrum are calculated using one o value from the
Ambraseys et al. (1996) attenuation relationship.

2.2 Probabilistic seismic hazard assessment

The basis for the Probabilistic Seismic Hazard Assessment (PSHA) was established by
Cornell (1968) with his proposal of an algorithm for the calculation of the seismic hazard that
was later enhanced by others such as McGuire (1976). A probabilistic seismic hazard assess-
ment takes into account the ground motions from the full range of earthquake magnitudes
that can occur on each fault or source zone that can affect a site (Cornell 1968).

The first step for this zoned probabilistic seismic hazard assessment is the definition of
the seismotectonic sources, which can be defined as points, lines or areas depending on the
nature of the seismicity. The definition of the seismic sources is accomplished through the
study of the spatial distribution of the seismicity and the geological, geophysical and seismic
characteristics of the influence zone of the site. A seismic model must be defined for each
seismic source describing the temporal occurrence of earthquakes in the zone as well as the
frequency of occurrence of earthquakes according to its magnitude. Once the seismicity of
the sources is characterized, the distribution of the parameter indicating the seismic hazard at
the site must be obtained for each zone using an appropriate attenuation relationship. Finally,
the seismic hazard for the site studied is defined as the exceedance probability of a certain
level of the seismic hazard parameter as a result of the contribution of each one of the sources
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Fig. 3 Seismotectonic zonation
of Catalonia and its influence
area (Secanell et al. 2004)
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to the seismic hazard of the site. Several computational tools which implement Cornell’s
method are available.

Because the location or existence of active faults within the Catalonia region are not accu-
rately known, seismic source zones were defined based on the seismicity and tectonics of
the region. Secanell et al. (2004) defined a seismotectonic zonation (Fig. 3) for Catalonia
assuming that the heterogeneous nature of the continental crust in the northeast of the Iberian
Peninsula could cause the distribution and different characteristics of the observed seismicity
(Grellet et al. 1993).

The macroseismic earthquake catalogue used by Secanell et al. (2004) contains a total of
876 earthquakes selected from an initial group of almost 2000 events. This catalogue includes
events within Catalonia’s influence area: the northeastern part of the Iberian Peninsula and
the French Pyrenean Region. For major events, the catalogue was considered to be complete
for a period up to 750 years.

The seismicity of the 11 zones of the seismic zonation was modelled using the truncated
Gutenberg-Richter model (Goula and Godefroy 1985). The most actives zones affecting
Catalonia are the central Pyrenees (zone 7) and zone 10 (situated outside Catalonia) (Secanell
etal. 1998). The seismicity parameters in terms of intensity obtained by Secanell et al. (2004)
were transformed using the intensity-magnitude relationship from Gonzélez (2000) to obtain
these parameters in terms of local magnitude, M; (Irizarry 2004). An example of this trans-
formation for seismic source zone 2 is shown in Fig. 4.

The Risk-UE project selected the CRISIS 99-18 (Ordaz et al. 1999) computer code for
evaluating the probabilistic seismic hazard. It is a flexible tool of analysis that can be used
to evaluate seismic hazard in a various seismotectonic contexts using a probability model
that considers the time occurrence process and distribution of earthquakes. CRISIS 99-18
allows the simultaneous hazard calculation for several hazard parameters and several spectral
ordinates using different attenuation relationships.

The distance definition of the Ambraseys et al. (1996) attenuation relationship was adapted
to be implemented in CRISIS 99-18 software. The Ambraseys et al. (1996) attenuation
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Fig. 4 Example of the transformation of the Guttenberg-Richter relationship from intensity to MI for seismic
source zone 2

relationship selected within Risk-UE project defines its distance as the shortest distance,
d, between the surface projection of the fault rupture and the site, while CRISIS 99-18 code
makes use of focal or hypocentral distance, R,. For seismic zones were the depth is constant,
it was proposed within the Risk-UE project to use special input attenuation tables obtained
by taking into account the depth of each of the seismotectonic zones. The proposed solution,
presented in detail in Faccioli (2006), is based on the Wells and Coppersmith (1994) cor-
relation for subsurface ruptures. In addition, the Dufumier (2002) relationship was used to
overcome the fact that seismicity parameters are defined in terms of local magnitudes, M;,
while the attenuation relationship is defined for surface wave magnitude, M.

Being Barcelona a relatively small city, the spectral values are expected to show small
variation within the city. A total of 8 points were selected in order to compare their corre-
sponding acceleration response spectra and study the variation of the response spectra in the
city. For this reason, a single acceleration response spectrum was selected for the whole city of
Barcelona (Irizarry 2004). Acceleration response spectra for a rock site condition associated
to various return periods were obtained for Barcelona, whose acceleration response spectra
for a rock site condition and associated to return periods of 100, 475, 1000 and 1500 years
are shown in Fig. 5.

2.3 Site soil amplification effects

There are several ways to estimate site effects: characterizing them by using a soil-type
classification, deriving them directly from observed records, taking ratios of horizontal to
vertical components and modelling the ground as a medium of seismic wave propagation
from the source to the site studied. Within the Risk-UE project, the recommended site effects
evaluation is based on using a geotechnical zonation of the studied area and on calculating
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Fig. 6 Seismic zonation of Barcelona according to local effects (Cid et al. 2001)

the 1D linear equivalent response to obtain the values of amplification that can be expected
at the studied site (Faccioli 2006).

For the city of Barcelona, the results from a previous seismic zonation were used to eval-
uate the site effects in terms of spectral amplification factors. Cid et al. (2001) published a
seismic zonation for the city of Barcelona based on the simulation of local effects (Fig. 6).
A 1D equivalent linear Shake method (Schnabel et al. 1972) was used by Cid et al. (2001)
to compute complete transfer functions that allowed classifying zones with similar behavior.
Data for this study consisted of a set of 70 columns with geotechnical information.

These zones correspond roughly to the four main geological units, i.e.: Zone I, Holocene
deposits from the Llobregat and Besos deltas; Zone 11, Pleistocene formations with a Tertiary
base with sufficient thickness to have an influence on the soil amplification; and Zone III,
Pleistocene outcrops without the Tertiary base with sufficient thickness to have an influence
on the response. Zone R corresponds to rock outcrops (Paleozoic and Tertiary). Each zone is
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Fig. 7 Spectral amplification factors for all periods considered in the calculation

characterized by an average normalized transfer function and by an amplification factor for
the peak ground acceleration level (PGA), relative to Zone R.

The first step in the calculation of the amplification factors for the spectral acceleration
was finding a set of five real worldwide recorded acceleration time-histories having mean
acceleration response spectra with a maximum of a 20% of difference from the target spec-
trum for rock associated to a return period of 475 years. These time histories were selected
from the European strong-motion database (Ambraseys et al. 2000).

The Fourier transformation of the selected time histories was obtained in order to perform
their convolution with the transfer functions of Barcelona’s soil zones. A new set of time
histories was obtained from the results of the convolution process. The acceleration response
spectra from these new time histories include the soil effects from the transfer functions and
their average is obtained for each soil zone. The average acceleration response spectrum
with soil effects for each zone is compared with the target response spectrum for rock site
conditions to calculate spectral amplification factors for each soil zone.

This process was carried out using the Paleozoic basement of the city as reference site
and the obtained spectral amplifications were higher than expected. Ambraseys et al. (1996)
define the rock condition with a shear wave velocity greater than 750 m/s, so the attenuation
relationship can be considered to be for a medium type of rock and not for a very hard rock
with shear velocities in the order of 2000 m/s as the Paleozoic basement of Barcelona. For this
reason, the Tertiary outcrop of Montjuic were preferred as a reference site because its shear
wave velocity varies between 550 and 1500 m/s. Figure 7 shows the amplification factors for
all the periods considered in the calculations.

2.4 Deterministic and probabilistic acceleration response spectra with soil effects

The spectral amplification factors were applied to the mean deterministic spectral accelera-
tion values of Fig. 2. The deterministic acceleration response spectra with soil effects for the
different soil zones within Barcelona are shown in Fig. 8. As mentioned before the higher
amplifications are found in the short period range. The deterministic acceleration response
spectra obtained represents lower spectral acceleration levels than the probabilistic acceler-
ation response spectra for a return period of 475 years.

The probabilistic acceleration response spectra for the different soils within Barcelona
are based on the probabilistic acceleration response spectrum for rock associated to a return
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Fig. 8 Deterministic acceleration response spectra for the different soil zones of Barcelona
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Fig. 9 Probabilistic acceleration response spectra with a return period of 475 years for the different soil zones
of Barcelona

period of 475years (Fig. 5). The spectral amplification factors were applied to the mean
acceleration response spectrum to obtain the 5% damped acceleration response spectra with
soil effects. The acceleration response spectra for the different soil zones in Barcelona are
shown in Fig. 9. As can be seen, the soils within Barcelona show considerable amplifications
in the short period range (Fig. 7).

2.5 Earthquake scenarios and design spectra for Barcelona. A comparison

Figure 10 shows the response spectra for both the deterministic and probabilistic scenarios
together with the design spectra provided by the Spanish seismic code (NCSE-02 2002).
As can be seen, for periods lower than 0.4 s the obtained deterministic response spectrum
gives higher spectral accelerations than the response spectra recommended for a rock site
condition in Barcelona by the NCSE-02. On the contrary, for periods higher than 0.4s, the
response spectra recommended by the NCSE-02 give spectral accelerations higher than the
deterministic response spectrum obtained in this study. The rock site condition probabilistic
acceleration response spectrum obtained in this study for a return period of 475 years gives
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Fig. 10 Comparison between the deterministic and probabilistic Sa and the Sa recommended by the NCSE-02
for a rock site condition in Barcelona

—O— Deterministic Sa
O Probabilistic Sa - 475 years
———NCSE0Z Rock
—»—EC8 Class A Type 1
= == EC8 Class A Type 2

Normalized Sa

0.5 St
_H—G—o—_o'_ ___________ __g
00 02 04 06 08 1 1.2 14 16 1.8 2
Period, sec

Fig. 11 Comparison between the normalized deterministic and probabilistic Sa and the normalized Sa rec-
ommended by the NCSE-02 and Eurocode-8 for a rock site condition in Barcelona

higher spectral accelerations than the acceleration response spectrum recommended by the
NCSE-02 for similar soil conditions.

The normalized acceleration response spectra obtained for a rock site condition in
Barcelona are compared in Fig. 11 to the corresponding normalized horizontal elastic
response spectra recommended by the NCSE-02 and Eurocode-8 (CEN 2003). For all the
considered periods, the normalized deterministic response spectrum is lower than the one
recommended by the NCSE-02 and Eurocode-8 for both types. The normalized probabilistic
response spectrum is lower than the response spectra recommended by the NCSE-02 and the
Eurocode-8 Type 1, but very similar to the Eurocode-8 Type 2 spectrum, although it is higher
for some periods.

In order to analyze the feasibility of the 5% damped elastic response spectra obtained
for soft soils, the European Strong Motion Database (Ambraseys et al. 2000) is used. In a
first step, the Ambraseys et al. (1996) attenuation law was used to determine that, for the
probabilistic scenario and for rock site conditions, the 5% damped elastic response spectrum
roughly corresponds to earthquakes with surface wave magnitude close to 5 (Ms~5), as the
strongest earthquake within seismic source zone 2, where the city is located (see Fig. 3), has
a surface wave magnitude of 5.1 and epicentral distance up to 10km (A =~ 10km) (Irizarry
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2004). Then, in this strong motion database, it was performed a search for accelerograms
corresponding to earthquakes of similar epicentral parameters recorded in analogous soft
soil conditions. Figure 12 shows representative examples of the obtained results. The 5%
damped elastic response spectrum of six strong motion records, together with the target
response spectra are shown in this Figure. Two of them show a reasonably good agreement
with the response spectra corresponding to the zones I, II, and III. Two more are shown for
the zones II and III and, finally, the other two are plotted only in the case of the zone 1. Taking
into account the crudity of this comparison, which is mainly due to the difficulty of knowing
the specific soil conditions of the site where the selected accelerograms were recorded, we
conclude that, this exercise is a sort of validation of the amplification factors used to obtain the
response spectra for soft soils starting from the one obtained for rock site conditions. Actually
it can be seen in Fig. 12 that the 5% damped elastic response spectra for soils obtained using
the spectral amplification factors calculated in this work are within the spectral amplification
levels exhibited by these real acceleration response spectra corresponding to accelerograms
recorded in similar soft soils.

2.6 Acceleration-displacement response spectra (ADRS)

The deterministic and probabilistic scenarios defined here by means of 5% damped response
spectra represent credible ground shaking levels for Barcelona. Code based design spectra
define the seismic actions to be used in the design and construction of buildings and facilities
in order to protect them against earthquakes. Force based design methods use the period-
acceleration format of the response spectra. Modern performance based earthquake design
techniques use the Sa-Sd format (ADRS) for the response spectrum, that is, the spectral
acceleration, Sa, in the y-axis and the spectral displacement, Sd, in the x-axis.

The inelastic reduced response spectrum for a given building is also called demand spec-
trum. The following equation from Newmark and Hall (1982) allows obtaining elastic ADRS
from the acceleration-period format response spectrum:

T2
S, =5, [ } P

42

Specific elastic ADRS response spectra were obtained for the deterministic and probabilistic
scenarios for Barcelona. This format is needed to obtain the performance point that allows
knowing the maximum displacement a building defined by means of its capacity spectrum
will suffer when subjected to a seismic action defined by its response spectrum. Figure 13
shows the acceleration-displacement response spectra corresponding to the probabilistic sce-
nario defined for Barcelona.

The analytical formulation of Eq. 3 was adjusted by Irizarry (2004) for the smoothed
acceleration response spectra for Barcelona’s soil zones. These simple analytical formula-
tions make easier to use these results in risk studies of large urban areas. Table 1 shows the
values of the parameters of the model fitted for the soils zones of Barcelona for both the deter-
ministic and probabilistic scenarios. Figure 14 shows the smoothed ADRS corresponding to
Barcelona’s soil zones for the probabilistic scenario that was obtained using the analytical
formulation from Eq. 3. Response spectra in the ADRS format are crucial for risk evaluation
by using the capacity spectrum based method.
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Fig. 12 Comparison between the probabilistic 5% damped acceleration lineal response spectra for the soil
zones in Barcelona and the 5% damped lineal response spectra for real acceleration records on soft soil
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Fig. 14 Smoothed form of the probabilistic acceleration-displacement spectra (ADRS) for Barcelona’s soil
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3 Capacity spectrum based method

Damage is assessed by using a Capacity Spectrum Based Method (CSBM). In this method,
the earthquake is represented by 5% damped elastic response spectrum, in Sd-Sa format
(ADRS); earthquake scenarios are selected according to the seismic hazard of the study
area. Buildings are described by means of bilinear capacity spectra which are defined by
the yielding point (Dy, Ay) and the ultimate capacity point (Du, Au) (see Fig. 15); capacity
spectra are obtained for representative buildings by means of pushover analysis. Taking into
account the inelastic behaviour of the structure, the elastic response spectrum is reduced to
the so called demand spectrum. Crossing demand and capacity spectra leads obtaining the
performance point (Fajfar and Gaspersic 1996; Fajfar 2002; ATC-40 1996), Milutinovic and
Trendafiloski (2003) provide three methods to determine this point. The performance point
defines the spectral displacement that the considered seismic demand will produce on the
building. Then, the expected damage is evaluated by using fragility curves.

For a specific building type and for a defined damage state (D Sy ), the corresponding fragil-
ity curve defines the probability of reaching or exceeding D Si. Four non-null damage states
are considered: Slight(DS1), Moderate(DS,), Severe(DS3) and Complete(DSys). For
the null(DSp) damage state the fragility curve is trivially equal to one. For non-null damage
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Table 1 Parameters for the

acceleration response spectra for Zone Parameter Deterministic Probabifiste
each soil zone 1 pga (cm/s™2) 133 184
Tp (s) 0.10 0.10
T. (s) 039 040
Be 1.91 2.00
D 1.70 1.34
Ty (s) 2.30 2.85
By 0.09 0.14
1I pga (cm/s™2) 138 190
Tp (s) 0.10 0.10
Te (s) 0.22 0.23
B, 2.45 2.50
D 1.43 1.28
Tq (s) 220 221
By 0.09 0.14
I pea (cm/s*2) 120 166
Tj (s) 0.10 0.10
T (s) 0.22 0.19
B 2.29 2.57
d 1.40 1.12
Tq (5) 2.00 177
B, 0.10 0.20
Rock pga (cm/s"2) 71 98
Ty (s) 0.10 0.10
T. (s) 023 025
B 2.26 2.29
d 1.12 0.98
Ty (s) L75 175
By 0.23 0.34

states, it is assumed that fragility curves are represented by lognormal distribution functions,
as given by the following equation (FEMA/NIBS 2002):

1 Sd
Sdy=P(DS > DS |Sd)=d|—In(==)| k=1,....4 4
§k (Sd) (DS > DS |Sd) I:,Bkn(Sdk)] 4)

In this equation, ® is the standard lognormal cumulative distribution function, Sd is the
inelastic spectral displacement. Sdy and By are respectively the mean value and the stan-
dard deviation of the normal distribution associated to the lognormal distribution. Therefore,
Sdj, is the median (50th percentile) of the lognormal distribution and Py, reflects the dis-
persion of the random variable Sy.

The simplified method suggested in the Risk-UE project is used to estimate these param-
eters (Milutinovic and Trendafiloski 2003; Lagomarsino and Giovinazzi 2006; Barbat et al.
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Fig. 15 Capacity spectrum and ‘
damage states thresholds (see
also Table 2) <
N
=1 AUfp————————————
2
g |
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= | |
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2 [ | |
n [ | |
I | |
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S, sS4, s s,
Spectral displacement, Sd
Table 2 Damage states
thresholds defined according to Damage state Damage state thresholds
the capacity spectrum (see also . < _
Fig. 15) Slight Sidl— 0.7Dy,
Moderate Sdy = Dy
Extensive Sd3 = Dy +0.25(Dy — Dy)
Complete Sdy = Dy,

2006). Median Sdj, values, also called damage state thresholds, are obtained from the capacity
spectra.

Figure 15 and Table 2 show how these values are obtained from capacity spectra for
damage states DSy, DS, DS3 and DS4.

In order to estimate S it is assumed that, at the spectral displacement corresponding to the
damage states thresholds, Sdy, the expected seismic damage follows a binomial probability
distribution (Griinthal 1998), which is defined by the following equation:

(N-1)

_ _ _ _ ! k _ N—1-k _ _
P, = P(DS = DS;) = P«(N,d) = 7(N—1—k)!k!d (1—d) k=0,...,(N—=1)
5

where N is the total number of damage grades (here N = 5) and d takes values between 0
and 1; d = 0 means no damage, whereas d = 1 means that the complete damage grade is
expected with a probability equal to 1.

Equivalent Beta probability functions can also be used to quantify the probabilities of
occurrence of the damage states. The value of d is related to the mean damage grade, DS,,,
by the following equation:

Ds N-1
d= ﬁ; being DS =;kpk(1\',d) ©)

DS, takes values between 0 and N — 1, N = 5 in this case.

For any spectral displacement (Sd) the probabilities of occurrence, Py, in Eq. (5), and the
probabilities of exceedance, g; in Eq. (4), of the damage states are linked by the following
equation:
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Table 3 Probabilities of exceedance (g ) and probabilities of occurrence (Py) of the damage states (DSk)
at the damage states thresholds

Condition Sd  r(Sd) = P(DS > DSy |Sd) Py =P[DS=DS] DSy d
DSy DS DS3 DSy DSy DSy DS DS3 DSy

©1(Sd1) =0.5 Sd; 0.500 0.122 0.015 0.001 0.500 0.378 0.107 0.014 0.001 0.636 0.159

©2(Sd>) = 0.5 Sd, 0.858 0.500 0.163 0.022 0.142 0.358 0.337 0.141 0.022 1.543 0.386

©3(Sd3) = 0.5 Sdz 0.978 0.837 0.500 0.142 0.022 0.141 0.337 0.358 0.142 2.457 0.614

©4(Sdy) = 0.5 Sdy 0.999 0.985 0.878 0.500 0.001 0.014 0.107 0.378 0.500 3.364 0.841

For each damage state, DSK, it is assumed that gy at STik is 50% (0.500 bold text in Table). d defines the
binomial probability distribution given in Eq. (5) and DSm is the mean damage state (see explanation in the
text)

N—1 N—1
9k(Sd) = P(DS > DS) = > P=» P[DS=DS] k=0,....(N—1) (7
=k 1=k

Therefore, taking into account that when Sd is equal to Sd, the probability of equalling
or exceeding the damage state k is 50%, the probabilities of the other damage states are
estimated from the corresponding Binomial probability distribution. For example, when the
probability of equalling or exceeding the damage state 1 (slight) is 0.5, the occurrence prob-
abilities of the damage states 0, 1, 2, 3 and 4, computed by using Eq. (5), are respectively
0.500, 0.378,0.107, 0.014 and 0.001, whereas the corresponding exceedance probabilities of
the damage states 1, 2, 3 and 4 are 0.500, 0.122, 0.015 and 0.001. Table 3 shows the occur-
rence and exceedance probabilities of the damage states at the mean spectral displacements
corresponding to the damage states thresholds.

In particular Fig. 16 shows a plot of the probabilities corresponding to the mean spectral
displacement thresholds deduced from the capacity curve for an example of unreinforced
masonry building (Bonett 2003). A least squares fit leads to estimate f; parameters thus pro-
viding a complete definition of the corresponding fragility curves. Typical fragility curves, as

None
Moderate

Extensive

04 - )
o Sligth

O Moderate

Probability of exceedance

Complete A& Extensive

X Complete

0 | T T T T T T
0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

Spectral displacement, S ; (cm)

Fig. 16 Fragility curves for mid-rise unreinforced masonry buildings fitted to the obtained points of Table 3
by means of a least square criterion (Bonett 2003; Barbat et al. 2008)
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Fig. 17 Fragility curves for mid-rise reinforced concrete buildings fitted to the obtained points of Table 3 by
means of a least square criterion (Moreno et al. 2004; Barbat et al. 2008)

Table 4 Most probable damage
state as a function of the mean
damage state values (see Eq. 6) 0.0-05

Mean damage index intervals (D.Sy;) Most probable damage state

None
0.5-1.5 Slight
1.5-2.5 Moderate
2.5-3.5 Extensive
3.5-4.0 Complete

functions of the spectral displacement, for unreinforced masonry buildings and for reinforced
concrete buildings are shown respectively in Fig. 16 and in Fig. 17. The values of Table 3,
corresponding to the fragility curves at the damage states thresholds, are also shown in these
figures.

Finally, for each building and for each earthquake scenario, the spectral displacement of
the corresponding performance point enables to determine the exceedance probabilities, and,
therefore the probabilities of occurrence, of the damage states by entering this value into the
appropriate fragility curves. These probabilities of occurrence of the different damage states
are also called damage probability matrices (DPM).

The mean damage state, as defined in Eq. 6, is very useful for mapping and analyzing
damage distributions by using a single parameter. In these cases it is also useful to link mean
damage state values and the most likely damage state. Table 4 shows the correspondences
between the values of DS, and the discrete damage states D Si. Of course, alternative maps
may also plot the spatial distribution of the probability of occurrence of a specified damage
state DSy, thatis Py.

4 Seismic risk evaluation for the city of Barcelona
This section is devoted to risk analysis. It is worth noting that, for management purposes, risk
requires a multidisciplinary evaluation that takes into account not only the expected physical

damage, but also damage to population and economic losses (ATC-13 1985; Coburn and
Spence 2002; Vacareanu et al. 2004) as well as other societal and policy related aspects
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(Carrefio et al. 2007; Barbat et al. 2010). First, the expected direct physical damage to dwell-
ings is analyzed, and then casualties, economic losses and volume of debris produced by
such seismic crises are estimated. For the two seismic scenarios developed in the previous
sections, DPM are obtained by using specific capacity spectra and fragility curves developed
for structures representative of the dwelling buildings of Barcelona. Although damage is
assessed building by building (Lantada et al. 2009), in this section the spatial distribution of
the seismic risk results are summarized and represented for the ten districts of Barcelona.

4.1 Physical direct damage for residential buildings

Throughout the years, detailed information on the design and constructive peculiarities of
the existing buildings has been obtained by collecting and completing a reliable database
of the dwellings of the city of Barcelona. All the available data have been integrated into a
Geographic Information System (GIS), which includes more than 60,000 residential build-
ings and provides information about the distribution of building stock according to structural
system, year of construction and number of stories.

Almost the 80% of housing in Barcelona was constructed prior to the first Spanish Seismic
Code (PGS-1 1968) and the 97% of them are unreinforced masonry and reinforced concrete
buildings. Most of the reinforced concrete buildings of Barcelona have waffled-slabs, a typol-
ogy usually not recommended for seismic areas (Vielma et al. 2008). Most of them have a
soft first storey. In extreme cases, their vulnerability is comparable with that of low quality
unreinforced brick masonry buildings. Detailed information on the design and construction
of the buildings of Barcelona can be seen in Lantada et al. (2009), Barbat et al. (2008, 2010).

Capacity curves and damage probability matrices were obtained for six different buildings
classes that characterize the building stock of the city: low-rise (2 floors), mid-rise (4 floors)
and high-rise (6 floors) of masonry buildings (Bonett 2003) and low-rise (2 floors), mid-rise
(5 floors) and high-rise (8 floors) concrete buildings (Moreno et al. 2004)

Table 5 shows the mean damage index for low, mid and high-rise masonry and concrete
buildings respectively located in different zones of the seismic microzonation of the city
and for deterministic and probabilistic hazard scenarios. Starting from these mean damage
grades, damage probability matrices can be obtained (Barbat et al. 2008). Damage expected
for mid and high rise masonry buildings are high for relative small earthquakes. For example,
in the probabilistic seismic scenario, an Extensive damage state is expected for mid and high
rise masonry buildings located in Zone I (mean damage index of 2.81 and 2.98 respectively).

Unreinforced masonry structures show higher maximum damage grades and also lower
minimum damage grades than reinforced concrete buildings. Maximum damage values are
expected for high rise masonry buildings located on soft soils (Zone I) and for the probabilistic
hazard scenario.

Figures 18 and 19 show the distribution of the damage among the six building classes
analyzed for the deterministic and probabilistic hazard scenarios respectively for the totality
of buildings in the city.

The mid rise and high rise masonry buildings would suffer the damages, especially for
probabilistic hazard scenario, with moderate damages for the 89% of these buildings. How-
ever, not important damages are expected for reinforced concrete buildings, except for the
low rise buildings. Moderate damages are expected for the 54% of these buildings, according
to the probabilistic hazard scenario.

Thank to the detail and quality of the GIS database of the city, and using these damage
probability matrices, building by building damage scenarios were built. However, for a better
interpretation of the results the mean damage grade (Eq. 6), these values have been summa-
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Table 5 Mean damage grades, DSm for masonry and reinforced concrete buildings in Barcelona, for deter-
ministic and probabilistic seismic hazard scenarios (zones corresponding to the seismic microzonation of the
city: R-Rocky outcrops, I — Soft soils)

Zone Unreinforced masonry Reinforced concrete
Low-rise Mid-rise High-rise =~ Low-rise Mid-rise High-rise
(1-2 (3-5 (>6floors) (1-3 4-7 (>8 floors)
floors) floors) floors) floors)
Deterministic I 0.07 2.34 2.40 1.96 1.23 0.82
scenario
I 0.35 1.60 1.56 1.33 0.44 0.30
I 0.11 1.25 1.16 0.89 0.21 0.10
R 0.00 0.64 0.57 0.34 0.11 0.11
Probabilistic I 0.50 2.81 2.98 2.05 1.51 1.19
scenario
1T 1.07 2.31 2.44 1.61 0.83 0.68
il 0.81 2.01 2.15 1.30 0.53 0.44
R 0.03 1.60 0.50 0.78 0.44 0.52

(b) Low rise

Mid rise Mid rise

d1;54%

d3;11%

High rise High rise
? d2;70% N g

d1,30%

Fig. 18 Damage distribution (mean damage index) of unreinforced masonry buildings according to number
of stories for deterministic and probabilistic hazard scenarios

rized by administrative zones. In general, damage values of buildings are close to Slight and

Moderate damage state for deterministic and probabilistic hazard scenarios respectively.
The mean damage grade is 0.86 for the deterministic hazard scenario, while for the prob-

abilistic case it is 1.51, which respectively corresponds to slight and moderate damage states
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(a) Low rise (b) Low rise

d1,63%

d2;25%

Mid rise Mid rise
d1;75%

d2,7%

High rise

d1,63%

d1:10% d0;37%

Fig. 19 Damage distribution (mean damage index) of reinforced concrete buildings according to number of
stories, a for deterministic and b probabilistic hazard scenarios

according to Table 2. The distribution of damage follows a radial pattern from downtown
to the outskirts of Barcelona, In both cases, the highest damage expected is located in the
downtown (01—Ciutat Vella district), were a moderate damage state is expected (1.8 and 2.5
in the deterministic and probabilistic hazard cases, respectively).

4.2 Population casualties rates

The casualties are estimated for four injury severity levels (mortally injured, life threatening
injuries, injuries that require hospitalization and light injuries), according to the casualty
model given by Coburn and Spence (2002). The occupancy rate of each building has been
evaluated by assuming that reinforced concrete buildings contain more dwelling units and
therefore more people due to their bigger size. Concerning the total floor area of masonry
and reinforced concrete buildings, reasonable weights of 45 and 55% were assumed for
masonry and concrete buildings, respectively. Thus, from the number of inhabitants for each
census area, the number of inhabitants for each type of building has been estimated. The
results obtained correspond to the distribution of population during a work day at night, with
occupancy at time of earthquake of 80% for residential buildings.

Other important information that should be considered for disaster management in a city
is the number of persons that must be relocated due to the uninhabitable dwelling units. The
methodology to determine the number of uninhabitable residential units due to structural
damage (UNUgsp), is based on HAZUS (1999). Based on comparisons with previous works
(Perkins et al. 1996), the methodology considers as U NUsp the 100% of residential units
located in buildings that are in the very heavy and destruction damage state and the 90%
that are in substantial to heavy damaged structures. Therefore, the total number of persons
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Table 6 Summary of risk scenarios by districts

Districts name Deterministic hazard scenario Probabilistic hazard scenario
D In H Cost De D In H Cost De

01-Ciutat Vella 1.0 1.6 1756 653 602 33 3.0 3314 1243 1232
02-Eixample 1.0 0.8 87.0 981 926 29 20 2060 2247 2296
03-Sants-Montjuic 1.0 0.8 82.5 804 864 27 1.7 1728 1653 1814
04-Les Corts 0.8 05 38.5 105 116 26 14 92.0 258 306
05-Sarria-StGervasis 0.1 0.2 36.8 261 234 1.1 0.1 107.0 734 745
06-Gracia 03 04 59.8 264 241 1.5 1.1 148.2 637 635
07-Horta-Guinard6 0.1 0.1 33.7 185 165 0.7 0.5 95.1 499 488
08-Nou Barris 0.1 0.1 39.5 146 131 .1 07 1137 398 399
09-Sant Andreu 05 04 36.9 159 167 1.7 1.0 93.6 378 415
10-Sant Mart{ 1.2 07 89.1 84 125 2.3 1.0 1484 137 205
Barcelona city 0.6 0.6 59.2 3642 3571 20 1.2 136.1 8184 8535

D people died (?/°?); In injured people (?/°?); H homeless people (? /°?); Cost structural cost in million of
Euros; De debris volume in tons

displaced from each building i with a typology ¢ (Pynv), is obtained multiplying the total
number of UN Ugsp by the number of persons who are assumed to live in each household.

Table 6 summarizes the total of casualties, injured people and homeless evaluated for
each district of the city, for the deterministic and the probabilistic seismic hazard scenarios.
The cause of most of the casualties and injured people is the collapse of reinforced concrete
buildings. This is mainly due to the differences between the coefficients proposed by Coburn
and Spence (2002) that, in fact, reveal the actual effect of the collapse of certain types of
reinforced concrete buildings during past earthquakes (Coburn and Spence 2002). Expected
casualties in an urban area are strongly correlated not only with the severity of the hazard
scenario but also with the density of population and of the built area. Figures 20 and 21
depict the total casualties and homeless people that can be expected from the considered
deterministic and probabilistic earthquake hazard scenarios, respectively.

4.3 Economic cost

The economical losses are estimated as the present restoration cost of the damaged build-
ings. This value is determined by considering that reconstruction is made using reinforced
concrete buildings and it does not include the land cost. Two economic cost scenarios have
been evaluated in this study. The first one provides the absolute economic cost (Scs) in
millions of Euros, given by the following equation:

5 5 Ne
Scost = D CS() = Ve - D> [Area(j) - Ps(k, j) - RC(k, j)] ®)
k=2 k=2 j=1

where Scos; is the sum of the CS(k) repair costs due to the damage state k (damage state
1 none is not considered, because there is no any induced cost when there is no damage);
Vc is the cost per unit area for which a constant value of V¢ is assumed for all building
typologies; Area is the building area; P S(k, j) is the probability for the building j to be in the
damage state k and RC (k, j) is the repair value due to the damage state k for the building j;
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Fig. 20 Distribution of injured people by districts, a deterministic hazard scenario and b probabilistic hazard
scenario

(a) | N (b)

Homeless (°/°°)
| <50
[ s0-100
B 100250
Bl 50350

Fig.21 Homeless people estimated by districts for a deterministic hazard scenario and b probabilistic hazard
scenario

RC(k, j) is given as a percentage of the reposition cost per square meter. A reasonable value
of V¢ for a residential building is 723 € m? which corresponds to the Spanish construction
market (Boletin Econémico de la Construccién 2007). The construction cost has increased
considerably in the last years (about a 10% per year) and, taking into account that the final
cost depends on these values, the second scenario gives the relative economic cost (Rcos:),
that is, the expected equivalent floor area destroyed by the earthquake.

An additional economic loss due to the damage of residential building contents is about
the 50 % of the building restoration value (ATC-13 1985). This value is added to the struc-
tural cost, Scos;, in order to obtain the total economic cost Ty, . Table 6 shows the values
Scos: obtained for each district of the city, which have been assumed to be dependent on
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Fig. 22 Total economic cost in million of Euros evaluated by districts for a deterministic hazard scenario and
b probabilistic hazard scenario

the damage state k but not on the structural typology. Figure 22 depicts Scs;, in millions of
Euros, caused by the considered deterministic and probabilistic earthquake hazard scenarios.

4.4 Debris generated

The estimation of debris is performed empirically, based on observations of damage
occurred in past earthquakes, for the damage states of the structural and non-structural ele-
ments (FEMA/NIBS 2002). Two types of debris are considered: (1) debris that falls in large
pieces, e.g. steel members or reinforced concrete elements; (2) smaller debris, such like
brick, wood, glass, building contents etc. The total debris weight, in tons, are obtained for
each building of typology ¢ and for each debris type d, multiplying the built area by the
expected debris fraction EDFs(d, t) due to the structural damage state k. This fraction is
modeled by the following equation:

5
EDFs(d,t) =Y Ps(k.1)- DFs(d, k1) )
k=2

where Ps(k,t) is the probability of a structural damage state k for the building typology
t and DFs(d, k, t) is the fraction of debris type d for the building typology ¢ if the structural
damage state k occurs. In order to obtain the value of DFs(d, k, t), the coefficients of struc-
tural element weights for different materials of debris type and for the building typology,
and the fractions of the structural element weight that is expected to result in debris due to
the earthquake have been adapted from HAZUS 1999 (Vacareanu et al. 2004; Barbat et al.
2006).

4.5 Summary by districts
Results for seismic risk scenarios simulated for Barcelona are shown in this section. Different

seismic risk scenarios for the deterministic and probabilistic hazard are shown for districts
from Figs. 20-22. The scenarios of these figures provide average information easy to analyze
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and interpret, useful for preparedness, risk management and emergency planning. Table 6
summarizes the values obtained for each district of the city.

Unreinforced masonry structures show higher maximum damage grades and also lower
minimum damage grades than reinforced concrete buildings. Maximum damage values are
expected for high rise masonry buildings located on soft soils (Zone I) and for the probabilistic
hazard scenario.

In general, the highest values for casualties, injured people, economic cost and debris gen-
erated have been obtained for the probabilistic hazard scenario and, in both cases, analyzed
for the Ciutat Vella and Example district. This district is the most populated and highest
density populated, and its buildings are the most ancients after Ciutat Vella district.

5 Conclusions

For the first time, a seismic hazard evaluation in terms of spectral accelerations was per-
formed for the Catalonia region and acceleration response spectra for a rock site condition
were obtained for Barcelona. A deterministic acceleration response spectrum was obtained
from the combined effect of both a distant and a closer historical earthquake that reflected a
PGA value of 0.07 g for a rock site condition. For a return period of 475 years, the variation
within the city of the acceleration response spectrum for a rock site condition was negligible
and a single response spectrum was fixed for the whole city with a PGA value of 0.10g. The
software CRISIS 99-18 proved to be a powerful tool for the constant hazard evaluation by
providing a user friendly windows interface.

Site effects were included by means of amplification factors to define an acceleration
response spectrum for each of the soil zones of the city. The obtained spectral amplification
factors compare very well to the amplification proposed by the Eurocode-8 for similar soils.
The deterministic and probabilistic acceleration response spectra including soil effects pro-
vide higher spectral accelerations than the response spectra obtained for Barcelona using the
NCSE-02. Elastic acceleration-displacement response spectra were obtained for Barcelona’s
soil zones and adjusted to a smooth analytical form to make easier the programming of the
vulnerability assessment process using the capacity spectrum method.

Starting from this description of hazard and based on a complete and highly reliable data-
base for the buildings of the city, the capacity spectrum based method has been applied.
Therefore, fragility curves and damage probability matrices have been developed for six
building classes, and for the four seismic areas of the city.

The massive application of these damage probability matrices to the whole urban area has
been done thanks to a Geographic Information System (GIS). This GIS tool allows obtaining
reliable seismic risk scenarios which well represent the 95% of residential buildings stock in
the city.

The results show that in Barcelona, a city located in a low to moderate seismic hazard
region, the high seismic vulnerability of the structures leads to a considerable expected risk.
The mean damage state expected for Barcelona’s residential buildings correspond to a level
of Slight and Moderate for the deterministic and probabilistic scenario, respectively.

In general, the results obtained are highly consistent with the historical and modern evo-
lution of the populated area. The highest values of risk evaluation have been obtained for
the probabilistic hazard scenario and, in both cases, analyzed for the downtown of the city
(Ciutat Vella district) and for the Example district. This district is the most populated and
highest density populated, and its buildings are the most ancients after Ciutat Vella district.
The evaluation of the damage to the population strongly depends on casualty models.
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The obtained results and conclusions offer a great opportunity to guide the action and
decision making in seismic risk prevention and mitigation in big cities.
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