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Abstract

Between the late nineteenth century and the early twentieth century, Barcelona was expanded, occupying the
terrains connecting the old walled city and the nearby towns of the plateau of Barcelona. At that time, a large
number of unreinforced masonry buildings were constructed and nowadays many of them are still used as
dwellings. Though built individually, these buildings are connected to adjacent buildings, forming blocks
composed of aggregates. In order to analyze the seismic behavior of isolated buildings and aggregates, two
typical central buildings and one typical corner building have been chosen. The two central buildings and the
corner building are referred as C1, C2, and E buildings. Two corner buildings and two central buildings have
been connected in order to simulate a block side. This aggregate is referred as AGG and it is composed by the
following sequence of individual buildings: E-C1-C2-E. Original plans and drawings of existing buildings are
then used to model these buildings. The modeled buildings have five stories. Standard pushover analyses lead
to evaluate their seismic performance by means of capacity spectra and fragility curves. The analysis has
been carried out in the parallel (Ux) and transversal (Uy) directions to the street. Then, a capacity spectrum
based method is used to analyze the seismic behavior of these buildings considered as individual buildings
and as an aggregate. Two earthquake scenarios are considered. The first one is a deterministic scenario
which is based on a historical earthquake occurred in 1824, 25 km away from the city and the second one is a
probabilistic scenario, which represents the ground motion with a probability of occurrence of 10% in 50
years. The soil local effects have been also considered and both scenarios have been used to assess the ex-
pected damage. Four non-null damage states are considered: slight (1), moderate (2), severe (3) and exten-
sive-to-collapse (4). For the type of soil where most of the buildings are, and in the Ux direction, the four
buildings show a similar behavior. The mean damage grade is 2.3 for the deterministic scenario and 2.7 for
the probabilistic one. This means that moderate to severe damage is expected in both cases; furthermore, in
the case of the deterministic scenario more than 10% of the buildings would suffer extensive-to-collapse dam-
age and nearly 20% for the probabilistic scenario, confirming the high vulnerability of such buildings. The
differences in the expected damage are due to the significant different characteristics of the response spectra
of the earthquake scenarios in the range of the fundamental periods of the buildings.

Keywords: unreinforced masonry buildings, aggregates, seismic performance, capacity spectra, fragility
curves, seismic risk.

1 Introduction

During the twentieth century, world population has increased dramatically. Starting from the 1.6 billions in
1900 the world population currently is more than 6.6 billion people. The acceleration of the population pres-
sure on our planet began in the nineteenth century and involves the massive occupation of land resulting in
urban societies where people are organized in great cities. Modern cities, in addition to a very high population
density, accumulate large numbers of buildings, infrastructures and facilities that result in a large concentra-
tion of socioeconomic value. One important cause of disasters is the poor seismic performance of buildings.
The design and earthquake-resistant construction and seismic codes are excellent tools for improving the
seismic behavior of structures, but many of the current buildings were built in the past without any considera-
tion to seismic actions. This fact decisively increases the overall vulnerability and the seismic risk in these
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urban areas. Furthermore, the seismic behavior of engineered buildings, that have been designed and con-
structed according to codes, strongly depends on the technical level of the codes, which, in many cases, was
not adequate. Some examples of how these factors may have contributed to the catastrophic damage that
occurred in the past 15 years in the world, are the earthquakes occurred in Northridge (USA, 1994), Kobe
(Japan 1995), Kocaeli (Turkey 1999), Nantou (Taiwan 1999), Kachch-Bhuj (India 2001), Niigata (Japan
2007), Wenchuan (China 2008), Haiti Region (Haiti 2010) and Offshore Maule (Chile 2010). Therefore,
many buildings in urban areas have different levels of seismic vulnerability and some of them show an inade-
quate behavior during earthquakes. For this reason, many recent studies in earthquake engineering are orient-
ed to the development, validation and application of techniques to improve the seismic capacity of buildings,
e.g. to reduce their vulnerability, enabling better decision making on seismic risk prevention and protection.
Improving the capacity requires the evaluation of seismic vulnerability and seismic physical damage. There
are several methods for evaluation as well as numerous applications in urban areas (Whitman 1973; ATC-13
1985; Yepez et al. 1996; Barbat et al. 1998, 2006a, 2006b, 2008 and 2009; Lagomarsino and Giovinazzi
2006; Dolce et al. 2006; Carrefo et al. 2007; Park et al. 2009 and Lantada et al. 2009 and 2010). The fragility
and vulnerability of existing buildings can be evaluated from capacity curves, which are force-displacement
diagrams that generally correspond to the maximum response of the structures corresponding to the funda-
mental mode of vibration. Capacity curves are derived from non-linear structural analysis and, in their accel-
eration displacement (AD) format, are called capacity spectra. From the capacity spectra, simplified tech-
niques can be used to produce fragility curves. For each damage state, fragility curves determine its probabil-
ity of exceedance in terms, for instance, of spectral displacement. The earthquake scenario is defined by
means of 5% damped response spectra. Thus, advanced methods for estimating the seismic vulnerability and
risk (FEMA/NIBS 2002; Milutinovic and Trendafiloski 2003) allow estimating the physical damage expected
for an earthquake scenario by crossing the capacity spectrum, which defines the building, with the response
spectrum, which defines the scenario. This procedure allows obtaining the performance point, which defines
the spectral displacement produced in the building by the earthquake corresponding to the selected scenario.
Entering this spectral displacement in the fragility curves, the probabilities of the different damage states are
obtained.

Barcelona is a city located in a low-to-moderate seismicity region in the northeast of the Iberian Peninsula and
in the western Mediterranean Sea. Lantada (2007) describes the city and its historical evolution that can also
be found in Solé (1975) as well as in other books on the city and on its expansion of the nineteenth century
(Permanyer 1990; Grau and Nadal 1997; Ribas 2004). Between the 15 to 10 years B.C., the city was colo-
nized by the romans receiving the name of ““Cologne lulia Augusta Faventia Paterna Barcino”. The current
name to the city derives from the last word of this roman name. After a long historical evolution that includes
the medieval times, Barcelona reached the mid-nineteenth century with a high population pressure and op-
pressed by the medieval walls. It is in this context that generates the major urban expansion project, demolish-
ing the walls and occupying the territory that separates the city from various villages in a vast area of land
between the sea and the Collserola hills. During this era of expansion, which extends from the late nineteenth
century until late in the twentieth century, most of the buildings constructed were unreinforced masonry
buildings, forming aggregates that constitute typical building blocks, so called “manzanas’ in Spanish. It is
worth noting that today many of these buildings are more than one hundred years old. The main objective of
this paper is to assess the vulnerability and seismic risk of these buildings considered as individual buildings
and as aggregates. Aggregates are simulated by grouping individual buildings according to typical rows in
front of a typical block. The methodology proposed by the Risk-UE project is used. In this method, the build-
ing is characterized by its bilinear capacity spectrum and the earthquake is defined by the 5% damped re-
sponse spectrum. The structural analysis is performed by using the TREMURI computer program (Lagomar-
sino et al. 2008) that has been specifically developed for the analysis of unreinforced masonry buildings. The
results show the high seismic vulnerability of this type of buildings confirming that a relatively small earth-
quake in Barcelona would cause significant damage.

2 The Eixample

Eixample means enlargement and it is the name of one of the ten districts of the city. In 1850, Barcelona city
was still a walled city; in 1854 was promulgated the decree for the demolition of the walls. Thus, a vast space
was opened from Barcelona to the small surrounding towns, which included the future districts of Horta,
Gracia, San Andres, San Marti, Sarria and Sants. Then, Barcelona could grow quickly. The planning of this
area was subjected to a competitive public tendering. Not without controversy among architects and civil
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engineers and not without political reluctances, finally, the Plan of Cerdéa of 1859 was enforced and, on Sep-
tember 4, 1860, Queen Elizabeth II laid the first stone of the first house of the Eixample, right in the Plaza de
Catalonia. Fig. 1 shows an area of the Eixample district, near the Old City (Ciutat vella) district, as it was
conceived and in its current state.

Fig. 1 Area of the Eixample next to the Old City as it was conceived by Cerda in 1859 (left)
and in its current status

Nowadays, the Eixample has 247418 inhabitants, a population density of 33148 inhabitants/km? and 8658
buildings. The Eixample is a Barcelona landmark district where lives 15% of its population and containing
12% of its buildings. Most of these buildings were built before the 60’s of the twentieth century. After this
year, gradually introduces the reinforced concrete in the construction (Lantada 2007). Nearly 70% of the
buildings of the Eixample are unreinforced brick masonry buildings and, on average, their number of stories is
between five and six. The average year of construction of all the buildings of the Eixample is 1931. Therefore,
a large number of masonry buildings are more than 100 years old. Although the buildings were built inde-
pendently, only some of them were erected as individual buildings. The neighboring buildings were con-
structed by sharing the load lateral walls with the existing adjacent buildings, so, in general, masonry build-
ings of the Eixample district form large aggregates constituting buildings blocks (see Fig. 2), following the
urban framework that can be seen in Fig. 1.

3 Masonry buildings of Barcelona

Paricio (2001) describes the specific architectonic features of the masonry buildings of the Eixample district
and Mari et al. (2003) describe some other technical aspects of this type of constructions. These buildings
show very repetitive patterns and they are structures with load-bearing walls. Foundations are shallow running
through surface pads under the walls or, in case of younger buildings, they are isolated foots under concrete
pillars. The resistant elements are bearing walls, although in the ground floor there may also exist masonry
pillars or cast iron pillars. Nevertheless, in general, these buildings only have the elements necessary to ensure
the stability of the building. The walls of the street facade, of the interior courtyard of the block and the walls
between buildings are the main bearing walls. In the first two stories, often there are metallic pillars and gird-
ers. This constructive solution for the first two floors are very common because it allows large open space
permitting the ground floors being used for trading or catering activities in the ground floor and office or
administrative activities in the mezzanines. However, it is worth noting that this option provides the systemat-
ic presence of soft ground floors in most of the buildings in the city. The walls of the main fagade and of the
courtyard fagade are usually about 30 cm thick, but they have significant openings with windows and balco-
nies. The walls between adjacent buildings are solid and they typically have a thickness of 15 cm. In general,
within a typical city block, there are two types of buildings: central buildings and corner buildings. Fig. 2
shows a drawing of the fagade of a typical building.
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Fig.2 Aecrial view of a typical building block of the Eixample district (source: Google Earth) and sketch of
a typical facade of a building

Central buildings are usually rectangular with a ratio between the main dimensions of 2 to 1 or higher. Corner
buildings are more irregular, with a quasi-triangular shape due to the closure of the block corner. In addition,
each building may contain one or more cores around the staircases and small internal courtyards made to
provide natural light to the internal rooms. These cores are partially closed by masonry walls, which are 10,
15 or 20 cm thick; the floors are usually carried out in the transverse between the walls of the inner core and
the walls between buildings by distributing the load on these walls. In the case of very narrow buildings, the
supports are built directly into walls between buildings. These walls usually are very wide and high; when
there is no internal courtyard these walls span the entire height and width of the building; when there are
internal courtyards between adjacent buildings, these walls are irregular and contain setbacks and a set of
window gaps where incipient cracks can be seen. The thickness of load bearing walls, corresponding to lower
levels, ranges from 20 cm (staircases) to 60 cm (fagade wall). At the higher levels (4th floor and upper), it is
possible to find 10 cm thick bearing walls. All these walls have been included in the models. Furthermore,
these buildings also have a secondary system of interior walls with different dimensions and importance. In
general, these interior walls do not have vertical continuity; they may have big openings and they are not
intended for a structural function. Anyhow, all the walls with a thickness of 15 cm or greater have been con-
sidered in the analysis. Only walls 5 cm thick have not been considered. In fact, the ratio between the areas of
not included and included walls is not significant and, in any case, it is lower than 10%. The corner building
geometry is more complex due to the irregular shape of the plant; in any case, the main inner and the external
walls, corresponding to the fagades and to the adjacent buildings, act as bearing walls. The distribution of the
inner cores also is more irregular and complex. In general, corner buildings have a second internal bearing
wall, which is parallel to the facade along its entire perimeter and there are walls of one or more internal
cores, containing staircases or elevators or simply intended to provide light to the inner rooms. This way,
corner buildings have bearing walls according to, at least, three directions: parallel to the two sides of the
block and parallel to the main facade, which forms an angle of 45° with the directions of the streets (see Fig.
2). In general, the inner walls, that can reach lengths of up to 10 m, have been built without foundations and
are poorly connected or not connected to the fagades nor to the walls between adjacent buildings and, there-
fore, they cannot act as bracing walls. Furthermore, when there are openings for doors, windows or balconies,
they give rise to lintels or parapets of variable dimensions; the wall sections over lintels or parapets are ex-
tremely weak areas where cracks, due to the effect of differential movements, can be observed.

4 Model buildings

Based on available architectonic drawings and structural plans of actual buildings (Paricio 2001), two central
rectangular buildings and a typical corner building have been modeled. The rectangular buildings are referred
as C1 and C2 and the corner building as E. Building C1 is more regular than building C2 (see Fig. 3 and Fig.
4). In order to analyze the differences between the behavior of individual buildings and aggregates four of
these buildings are joined according to the sequence E-C1-C2-E. This aggregate simulates one side of a typi-
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cal block and it is referred AGG. This way the seismic behavior of isolated buildings as well as aggregates
will be analyzed. Fig. 3 shows the three isolated buildings and the aggregate. Fig. 4 shows the plants of indi-
vidual buildings; the internal hubs of the inner cores for courtyards, stairwells or elevators can be seen clearly.
C1 model is based on architectural drawings of a building constructed in 1898. It has a facade of 17.55 m, a
length of 23.65 m, a height of 17 m and it has five stories: ground floor, mezzanine and three upper stories.
The heights of the first floor, the mezzanine and the rest of the stories are 4.5, 3.5 and 3 m respectively. The
wall of the main fagade has a thickness of 45 cm in the first two floors and 30 cm in the other floors. The
internal fagade is 30 cm thick. The thickness of the lateral walls is 30 cm on the ground floor and 15 c¢m in the
rest of the floors. These lateral walls also have masonry columns, with a 30 X 30 cm section, which go from
the ground to the roof; the other interior walls are 15 cm thick. The building has a courtyard and two rectan-
gular entrants that become inner courtyards when it is attached to similar adjacent buildings.

AGG

Fig. 3 Schemes of the buildings modeled. Individual buildings C1, C2 and E are shown above. Below the
aggregate AGG is shown. This aggregate simulates one side of a typical block of the Eixample district
and it is composed of individual buildings according to the sequence E-C2-C1-E, from left to right

C2 model is based on a building built in 1890 and the plant dimensions are 11.5 x 26.57 m. In height this
building keeps the structure and dimensions of the building C1. The wall of the main facade has a thickness of
45 cm in the first two floors and 30 cm in the remaining three floors. The interior facade is 30 cm thick. There
are other inner bearing walls 15 cm thick. The sidewalls have a thickness of 30 cm in the ground floor and 15
cm in the rest of the floors. These walls include brick columns with a section of 30 x 30 cm going from the
ground to the roof; this building, like the building C1, has an interior patio and two external rectangular en-
trants. E model is based on a corner building constructed in 1905. It is irregular and, in order to achieve a
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greater structural strength, it has up to three lines of interior walls parallel to the external facade of the build-
ing. The lack of connection between them and the lack of walls parallel to the lateral walls indicate that these
buildings will have a poor behavior when subjected to horizontal loads. In height, the model has the same
structure and dimensions as the previous two buildings; the plant size is 24.80 x 24.65 m and the length of the
chamfer is 20 m; in the plan of Cerda, these chamfers on the corners of the blocks were designed to improve
the visibility of traffic at the crossings. The wall of the outer facade has a thickness of 60 cm on the ground
floor, 45 on the mezzanine and 30 in the remaining floors, the inner facade is 30 c¢m thick and the interior
walls are bearing walls of 15 cm, except the walls of the stairwell on the first floor that are 20 cm thick.

C2

Fig. 4 Plants of typical masonry buildings of Barcelona. The plant of C1 is a little bit more regular than that
of C2. E is a corner building. The plant dimensions of buildings C1, C2 and E are, in meters, 17.55 x
23.65, 11.5 x 26.57 and 24.80 x 24.65 respectively

There are several solutions for the floors of these buildings. The floors are unidirectional, with short and light
beams, which are formed by ceramic vaults. Fig. 5 shows an original drawing and two sketches of floors. In
the past, wooden beams were used for oldest buildings and, more recently, metal or precast reinforced con-
crete beams were adopted as constructive solutions. Usually, floors do not have perimetrical bracings. In the
buildings modeled in this work, the beams are made from wrought iron and they are spaced 70 cm. Vaults and
floors have an average thickness of 12 cm. It is assumed that the floor beams are well connected to the load-
bearing masonry walls. Actually, the beams are simply leaning on bearing walls or girders. The original pro-
ject structural plans, as well as several photos taken during restoration work (Paricio 2001), show details of
beams leaning on perimetrical walls. In many cases the section leaning on the wall, is similar to but no greater
than the beam section. Sometimes, it is also possible to see beams that cross the wall and go to about 50 cm
beyond the wall limit. In both situations there are not anchoring elements. In some cases, it is possible to see
simple supports in the zones where beams lean on walls. In all the cases, the beam-wall connection is good
but this cannot be strictly considered as a rigid connection.

5 Method

The risk analysis is performed by using the method based on the capacity spectrum (Barbat et al. 2008). The
earthquake is defined by the 5% damped response spectrum in its acceleration displacement (ADRS) format
and earthquake scenarios are chosen according to the seismic hazard of the site. The buildings are described
by their bilinear capacity spectra, which are defined by their yielding point (Dy, Ay) and by their ultimate
capacity (Du, Au). To take into account the inelastic behavior of the structures, the elastic response spectrum
is reduced to obtain the inelastic response spectrum, which is called the demand spectrum. Crossing demand
and capacity spectra allows obtaining the performance point, which defines the spectral displacement that the
earthquake scenario considered, would produce in the building. Among the different methods of obtaining
this point (ATC-40 1996, Milutinovic and Trendafiloski 2003) the method of the equivalent linear displace-
ment is used. The expected damage is then obtained from fragility curves. The method considers four non-
null damage states: 1 slight, 2 moderate, 3 severe and 4 extensive-to-complete. The meaning of these damage
states or damage grades is well described in Griinthal (1998) and in Barbat et al. (2008).
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Fig. 5 Illustrations of typical floors. Old original drawing (above) and plots based on original sketches of
wood beams (left) and cast iron beams. In all the cases, the ceramic vaults are also shown

For each damage state, the fragility curve defines the probability that the damage state be equaled or exceed-
ed. For the no-damage state, the fragility curve is trivially equal to one. For the other damage states, it is
assumed that fragility curves follow a lognormal distribution, which is defined by the following equation
(FEMA/NIBS 2002)

gok(Sd)zp(DszDsk|5d)=q>[ﬂi1n(%H k=14 W

where @ is the cumulative standard lognormal distribution function, Sd is the spectral displacement and Sd,
and f, are, respectively, the mean value and the standard deviation of the distribution function. Both parame-
ters can be estimated from the bilinear capacity spectrum. The mean_Sd, values, also called damage thresh-
olds, are determined by using the following conditions: Sd, =0.7Dy , Sd, = Dy, Sd, = Dy +0.25(Du — Dy) , and
Sd, = Du. To evaluate the standard deviations it is assumed that damage is distributed according to a binomi-
al distribution (Griinthal 1998). Given that for the mean values, the probability of exceedance of the corre-
sponding damage state is 50%, assuming the binomial distribution allows calculating the probabilities of
exceedance of the other damage states so that f, can be obtained from a least squares fit of the fragility
curves to the computed exceedance probabilities, thus being completely defined the fragility curves. A more
detailed description on how the values of £, are obtained can be found in Lantada et al. (2009). Therefore, for
each building and for each earthquake scenario, the spectral displacement of the corresponding performance
point can be input into the corresponding fragility curve to obtain the exceedance probabilities of each dam-
age state. The probabilities of occurrence of each damage state (F,, k=0, 1, 2, 3 and 4) are easily calculated
from the exceedance probabilities and the mean damage grade D,, can then be calculated by using the fol-
lowing equation:

m

4
D, =2 kR @
k=0
Then, the parameter d = D,, /4 is the parameter that defines the binomial damage distribution. This parameter
allows recovering the probabilities of occurrence of each state of damage. These two parameters d and
D,, are used below to discuss the results.
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6 Capacity and fragility

This section is devoted to the structural analysis of the individual buildings and of the aggregate in order to
find the capacity spectra and fragility curves. To do that, and after a previous modal study of the structures,
capacity curves are obtained by means of a pushover analysis. These curves are a representation of the shear
at the base of the building as a function of the displacement at the roof. Then, the procedures and guidelines
described in ATC-40 (1996) are followed in order to transform the capacity curve into the capacity spectrum
in its bilinear form. The simplified method proposed in Risk-UE (Milutinovic and Trendafiloski 2003) has
been used to obtain the corresponding fragility curves.

6.1 TREMURI program

3MURI is a computer program developed at the University of Genoa (Lagomarsino et al. 2008) allowing
three-dimensional non-linear static analysis of masonry structures combined with elements of other materials
such as, for instance, wood, iron or reinforced concrete, that are part of walls, beams or columns. The pro-
gram evaluates the major in-plane failure modes of the masonry panels. Nevertheless, out-of-plane responses
and the behavior to local bending of the floors are not taken into account by this software. This software is
based on macro-elements. Based on mechanical hypotheses, each non-linear macro-element model may char-
acterize a whole masonry panel allowing taking into account the two main in-plane masonry failure modes,
bending-rocking and shear-sliding, including friction mechanisms. This way, this simplified model takes into
account the evolution of damage by controlling the deterioration of the strength and degradation of the stiff-
ness (Penna 2002; Galasco et al. 2006; Lagomarsino and Cattari 2009). Consequently, this program can be
used for the design of new structures as well as for modeling and analyzing the seismic vulnerability of exist-
ing buildings. The dimensions of the macroelements depend on the geometry and dimensions of the consid-
ered storey, as well as on the dimensions of the openings and on the distances between them. For instance, a
load-bearing wall can be well represented by one macro-element, but a load-bearing wall containing a door
may need between three and five macroelements. The number of macro-elements to be used greatly increase
with the number of openings in the wall. Details on how these macro-elements are constructed and modeled,
usually by means of 8 degrees of freedom, and on how the failure mechanisms are obtained, are well de-
scribed in Lagomarsino et al. (2008).

6.2 Mechanical properties of the masonry

Moreno (2006) and Bonett (2003) describe the main characteristics and properties of the materials used in the
construction of unreinforced masonry buildings, which are masonry panels and floors. Masonry panels are
considered as made up of bricks and mortar. The same authors review the masonry strength to shear, to ten-
sion and to compression as well as its behavior under cyclic and dynamic loads; the in-plane and out-of-plane
failure modes of the masonry panels are widely analyzed and discussed in these references. In fact, the
TREMURI program uses macro-elements to model masonry buildings and incorporates the results of labora-
tory experiments, data coming from the analysis of real structures and other observations on the behavior of
this type of buildings during earthquakes (Gambarotta and Lagomarsino 1997). The mechanical properties
used in this study have been adjusted based on technical reports of restoration of unreinforced buildings of
Barcelona and on the guidelines and judgment of architects and civil engineers with expertise on these types
of materials and constructions. The main properties of the masonry walls and pillars are: specific mass,
p=1800 kg/m>, Young's or elastic modulus, E,=1800 MPa, shear modulus, G = 300 MPa, shear strength, tx =
0.20 MPa, and strength to compression ox= 1.8 MPa. The vertical load, including dead and live loads, is g=5
kN/m?. Moreover, concerning the floors, the Young's or elastic modulus in the main direction, E1=958 MPa,
and the shear modulus, G = 25040 MPa, have been taken for the corresponding macroelements. It is worth
noting that these macroelements contain all the components shaping the floor, including beams, ceramic
vaults and mortar (see Fig. 5).

6.3 Modal analysis

Table 1 shows the main modal properties of the first three modes of vibration including the mass of the build-
ing, the period, and the mass contribution factors in each of the vibration directions. For buildings C1 and E
translation modes correspond to first and second modes while the third mode of vibration correspond to the
rotational mode. For building C2 and aggregate AGG the first and third modes correspond to translation and
the second mode is the rotational mode. Only the translation modes are considered here.
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Table 1.-Modal properties of the buildings

Mode 1 Mode 2 Mode 3
Mass T My My, M, T M My M, T My My, M,
Building  (Kg) ® ) ) ) ) 0 ) B ) () () ()
Cl1 1.5E+06 045 866 00 00 041 00 810 00 039 01 0.1 00
C2 1.2E+06 056 868 00 0.0 043 0.0 0.0 0.0 035 00 802 0.0
E 2.0E+06 044 265 494 001 042 527 3058 00 038 15 028 0.0
AGG 6.8 E+06 045 789 0.04 0.0 042 3.8 8.9 00 040 02 712 0.0

6.4 Pushover analysis

A pushover analysis, performed using the TREMURI program, allowed obtaining the capacity curves. The
pattern of pushing forces is consistent with the fundamental mode of vibration and the analysis has been car-
ried out in positive and negative directions of the x and y-axis, which correspond respectively to the longitu-
dinal and transverse directions. As shown in Fig. 3 the x direction is parallel to the street. The same procedure
was applied to the four buildings in the four directions defined by &+ Ux and + Uy. Fig. 6 shows two examples
of capacity curves for building C1 and aggregate AGG analyzed in the +Ux direction.

900 6000
[ -/\/\J/ = 5000 L A \AA /\VW\

T e f M B ; W Yo AV
£ 600 1 - = 4000 1
- N © .
o H 2 Y
2 X < 3000 |
o B Building C1 (+Ux) 4 / Aggregate AGG (+Ux)
9 300 I L 1 ! (7] 2000 / 1 1 i
@ : —— Pushover curve a IJ _— PfJ?hOVEr curve -
@ - - = Bilinear curve [elastic section] 1000 -+ = Bilinear curve [elastic section]
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0.00 100 200 3.00 400 500 6.00 0.00 1.00 2.00 3.00 4.00 5.0C
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Fig. 6 Capacity curves for buildings C1 and aggregate AGG, in the direction +Ux. Their simplified bilin-
ear forms (ATC-40 1996) are also plotted

The procedure outlined in the ATC-40 (1996) has been used to transform the capacity curves into capacity
spectra, which are given in its simplified bilinear form. Table 2 summarizes the parameters of the bilinear
capacity spectra in the directions Ux and Uy. The analysis of fragility and expected damage will be also per-
formed in these two directions.

Table 2
Parameters of the simplified bilinear capacity spectra
Ux Direction Uy Direction
Building Dy Ay Du Au Dy Ay Du Au
(cm) (2 (cm) (2 (cm) (2 (cm) (2
Cl 0.22 0.05 4.52 0.05 0.52 0.11 1.65 0.11
C2 0.19 0.02 5.17 0.02 0.50 0.11 0.77 0.12
E 0.91 0.12 2.55 0.11 0.37 0.15 1.67 0.14
AGG 0.49 0.09 3.23 0.08 0.49 0.15 1.82 0.14

6.5 Fragility curves

The method implemented in the Risk-UE project (Milutinovic and Trendafiloski 2003) as described above, in
section 0, has been used to assess the fragility curves of the buildings. Table 3 contains the parameters that
define the fragility curves of the buildings when the seismic action is considered in the Ux direction. Table 4
has the parameters of the fragility curves in the direction Uy. Fig. 7 shows the fragility curves of the corner
building, E, and of the aggregate AGG, when the analysis is performed in the direction Ux.
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Table 3
Mean values and standard deviations of the fragility curves of the four buildings considered in
the direction Ux. Units of the spectral displacement are cm.

Damage states

Building Slight Moderate Severe Extensive-to-

collapse
Sd, B Sd, B Sd, B, Sd, B,
Cl 0.16 0.27 0.22 0.30 1.20 1.24 4.52 0.98
C2 0.14 0.27 0.20 0.33 1.29 1.35 5.17 1.00
E 0.64 0.28 091 0.32 1.38 0.43 2.55 0.50
AGG 0.34 0.28 0.54 0.51 1.21 0.78 3.23 0.79
Table 4

Mean values and standard deviations of the fragility curves of the four buildings considered in
the direction Uy. Units of the spectral displacement are cm.

Damage states

Building Slight Moderate Severe Extensive-to-collapse
sd, B sS4, B sd, B sd, B,
Cl 0.36 0.28 0.53 0.34 0.83 0.48 1.65 0.55
C2 0.36 0.25 0.50 0.11 0.59 0.19 0.77 0.23
E 0.26 0.28 0.40 0.43 0.73 0.62 1.67 0.68
AGG 0.34 0.28 0.50 0.38 0.85 0.54 1.82 0.61
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Fig. 7.- Fragility curves of the buildings E (above) and aggregate AGG, in the direction Ux
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7 Earthquake scenarios

The city of Barcelona is located in a low-to-moderate seismic hazard region. The macroseismic intensity with
a return period of 475 years is between the grades VI and VII in the European macroseismic scale EMS’98. In
the framework of the Risk UE project, Irizarry (2004) developed two scenarios, specific to the city of Barce-
lona, in terms of 5% damped elastic response spectra. The first scenario, which is called deterministic scenar-
i0, is based on a historical earthquake occurred 25 km away from Barcelona. The second scenario, which is
called probabilistic scenario, matches the ground motion with a 10% probability of occurrence in 50 years,
that is, the 475 return period ground motions. Local site effects were also considered. Seismic microzoning
studies of the soils of Barcelona, as proposed by Cid (1998) and Cid et al. (2001) were used by Irizarry (2004)
to obtain specific site response spectra for these two scenarios and for the four soil types identified in the city.
Table 5 shows the S-wave velocities of the four soil types and the correspondence between soil types in the
city and those considered in the Eurocode EC8 (2004).

Table 5
Soil types in Barcelona. The typical shear wave velocities and the equivalent soil
types as defined by the Eurocode (EC8 2004) are assigned to each one of the four
zones of the city.

Zone Vs (m/s) Eurocode
I 225 C
I 384 B
m 405 B
R 800 A

Fig. 8 a) shows an outline of the city with its 10 districts. Fig. 8 b) shows the four seismic zones of the city.
Zone R corresponds to good quality soils including rock outcrops, Zone I has very soft soils and it includes
the areas near the waterfront as well as the deltas of the rivers Besos, northeast, and Llobregat, to the south-
west. Zones II and III correspond to intermediate quality soils, respectively located near soil type I and soil
type R. Fig. 8 c¢) shows the 5% damped elastic response spectra for the deterministic scenario and Fig. 8 d)
shows the response spectra for the probabilistic scenario. Fig. 8 a) and Fig. 8 b) show how the Eixample dis-
trict is almost entirely located on soil type II. It is in this zone where most of the unreinforced masonry build-
ings, aggregates, and typical blocks of the city, are located. Therefore, the results obtained for this soil type
will be mainly used for the discussion of the results.

8 Expected damage

The method described in section 0 has been used to assess the damage expected, which is quantified by means
of the mean damage grade D,, . Table 6 summarizes the mean damage grades obtained when the buildings are

analyzed in the Ux direction. Fig. 9 shows the corresponding bar diagrams. Table 7 shows the expected dam-
age when the analysis is carried out in the direction Uy. The damage obtained for the probabilistic scenario is
greater than that obtained for the deterministic one. However, the increase of the damage is different for dif-
ferent buildings. For instance, in Table 6, which correspond to the analysis in the direction Ux, and for the soil
type R, the mean damage grade obtained for the corner building E is 0.5 for the deterministic scenario and 1.3
for the probabilistic scenario. But, in the cases of the buildings C1 and C2, the differences in the damage
expected are much less; indeed, the mean damage grades respectively are 2.2 and 2.3 for the deterministic
scenario and 2.3 and 2.4 for the probabilistic scenario. In the direction Uy, (see Table 7) the differences in the
expected damage between the deterministic and probabilistic scenarios are more important. A similar effect is
observed when comparing the behavior of the buildings in different types of soils; buildings are more dam-
aged in soft soils (Zone I). Differences in the expected damage in the Ux and in the Uy directions (see Table 6
and Table 7) do not follow a systematic pattern of variation. Thus, for instance, for the deterministic scenario
and hard soils (Zone R), buildings C1, C2 and aggregate AGG are more damaged in the direction Ux than in
the direction Uy, but building E is more damaged in the direction Uy; the variation patterns of the expected
damage in the other soil zones are different. For the probabilistic scenario, the expected damage in the direc-
tion Uy only is lesser for building C1 and aggregate AGG.
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Fig. 8 a) Sketch of the city of Barcelona with its ten districts. b) Seismic zoning of the city. Four main
soil types are identified. ¢) 5% damped elastic response spectra for the deterministic scenario.
d) 5% damped elastic response spectra for the probabilistic scenario

For soil zones I, II and 111, in general, the expected damage in the direction Uy is larger than in the direction
Ux for buildings C1 and C2, but it is similar for the buildings E and AGG. Finally, and with only three excep-
tions, see zones I and II of the probabilistic scenario in Table 6, and zone R of the deterministic scenario in
Table 7, the most damaged building is the building C2, probably because of its geometric characteristics.

9 Discussion and conclusions

The unreinforced masonry buildings analyzed in this work belong to the Eixample district and, since almost
this entire emblematic district is located in the soil zone II, the average damage grade for this zone is used for
discussion. Furthermore, concerning the buildings, although the analysis has been performed in the Ux and
Uy directions, the discussion is focused on the Ux direction, because it is in this direction that the individual
buildings are joined to compound the aggregate. Moreover, it is expected that the behavior of the aggregate in
the Uy direction be similar to that of the individual buildings in the same direction. The average value of the
mean damage grade corresponding to soil zone II in the deterministic and probabilistic scenarios of Table 6
are 2.30 and 2.67 respectively. These values indicate that the expected damage in unreinforced masonry
buildings of Barcelona is between moderate and severe damage. The binomial probability distribution is then
used to obtain the probabilities of each damage state. Table 8 shows damage probability matrices for these
two mean damage values; so Dy, in this Table is the mean damage grade, and d is the parameter controlling
the binomial distribution which is computed according to equation (2); P(Dsk) are the probabilities of each
damage state, and k=0, 1, 2, 3, 4, identifies the corresponding damage state. The expected damage is high.
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Table 6
Mean damage grades, Dm, expected for the four buildings and
for the two earthquake scenarios. Direction Ux.

Deterministic scenario  Probabilistic scenario

Building Soil type Soil type
R I I I R I o1
Cl 22 25 24 23 23 27 26 24
C2 23 27 25 24 24 29 27 26
E 05 26 21 15 13 32 28 22

AGG 1.3 25 22 20 19 29 26 23

Table 7
Mean damage grades, Dm, expected for the four buildings and
for the two earthquake scenarios. Direction Uy.

Deterministic scenario  Probabilistic scenario

Building Soil type Soil type
R I I I R I I
C1 09 29 25 21 19 34 30 26
C2 08 39 35 30 27 39 39 37
E 10 24 23 20 18 28 28 24

AGG 07 25 22 18 17 30 28 23

4 4
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Fig. 9 Mean damage grades, D, for the deterministic (left) and probabilistic scenarios (see also Table 6)

Table 8
Mean damage grades, Dm, parameter of the binomial probability distribution, d, and
probabilities of the damage states (in %) expected in the soil Zone II for the two earth-
quake scenarios considered. Direction Ux.
Damage states probabilities (%)

Scenario Dnn d P(Ds0) P(Dsl) P(Ds2) P(Ds3) P(Ds4)
Deterministic  2.30  0.5750 3.3 177 358 323 10.9
Probabilistic  2.67 0.6675 1.2 9.8 296 396 19.8

For the deterministic scenario, more than 10% of buildings suffer damage grade 4 while for the probabilistic
scenario, almost 20% of the buildings would suffer this damage state. In the damage state Ds4, they are in-
cluded the buildings suffering extensive or generalized damage or collapse. Namely, it is usually considered
that in this damage category are included all the buildings for which the estimated repair cost exceeds the
60% of the replacement cost. Furthermore, the number of buildings suffering this damage grade has a great
impact on three key issues of seismic disasters such as homeless people, the volume of debris and the number
of casualties including deaths and injured people. The analysis in the direction Uy for the same type of soil
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produces results comparable although slightly higher. In our view, the two most relevant results of this study
are the following. 1) The old unreinforced masonry buildings of Barcelona are extremely vulnerable, in such a
way that they may cause catastrophic effects in case of earthquake. 2) For soil type II and in the Ux direction,
the aggregate does not improve significantly the seismic behavior of isolated buildings; rather the aggregate
seems to inherit the shortcomings of seismic strength of the individual buildings from which it is compound.
However as it can be seen in Table 6, for the two earthquake scenarios considered and for the four soil types,
the expected damage in the aggregate is a sort of average of the damage expected for the individual buildings.
It is worth noting that this average must include two corner buildings. Moreover, the interpretation of the
results obtained in the direction Uy is different (see Table 7); in this direction of the analysis, the expected
damage of the aggregate is similar to the lower value obtained for the individual buildings. This may be be-
cause in the AGG, buildings C1, C2 and E perform like isolate buildings having some confinement, which
may produce a small improvement of their individual behavior. In any case, the expected damage depends on
the geometry of the building as well as on the soil quality. In the direction Ux, aggregate AGG and building E
show a better performance when they are founded on rock; while in lower quality soils, the expected damage
is similar for all the buildings. The building C1 performs better than C2; soft soils increase the expected dam-
age and the probabilistic scenario is slightly more damaging than the deterministic one. In the direction Ux
and for all types of soils, the damage suffered by the buildings C1 and C2 is similar, while the building E and
aggregate AGG show a better behavior on hard soils than in soft soils; the behavior of these two buildings is
more sensitive to the soils quality than the buildings C1 and C2. All the buildings perform better on hard rock
soils than in other soil types, but as it can be seen in Table 6 and Table 7, this effect is more relevant in the Uy
direction. In both directions, Ux and Uy, this effect relative to the soil quality is more notable for the deter-
ministic scenario than for the probabilistic one. In the direction Ux and for the deterministic scenario, the
building C2 shows a relatively poorer performance, which probably is due to the geometry of the plant in this
direction. In this same direction Ux, the expected damage for the probabilistic scenario, although larger, is
similar to that in the deterministic scenario. These significant differences in the damage expected for different
directions and scenarios may be due to the combined effects of buildings strengths, of their eigen periods as
well as to the differences on the amplification levels and frequency contents of the response spectra for differ-
ent soils.
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