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Abstract

The article addresses the seismic vulnerability assessment of a typology of unreinforced
masonry buildings constructed in Lisbon between the nineteenth and the twentieth centu-
ries. The main architectural and structural features of these buildings are presented. This
supported the identification of the main uncertainties affecting their seismic performance
and the definition of classes of buildings representative of the typology. The seismic assess-
ment includes the generation of fragility curves that combine the in-plane and out-of-plane
response following different criteria and methods of analyses. The results put in evidence
the seismic vulnerability of this class of buildings. Considering the earthquake-resistant
code for Lisbon with a return period of 475 years, about 50% probability of having heavy
damage and about 30% probability of collapse were estimated. The structural intervention
on these buildings is urgent in order to reduce losses due to future earthquakes. Further
studies for the assessment of similar buildings in Lisbon and elsewhere can be developed
using the adopted procedure.
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1 Introduction

In the last decades, the simplification of the normative for the rehabilitation of buildings
(e.g. Decree-Law No 32, from 2012, which clearly refer that the urban rehabilitation of
existing buildings does not need to respect the legislation after the original construction),
the fiscal benefits and the increase of funding allowed for more investment in the urban
regeneration of Lisbon and many other historic cities in the world. The decrease of con-
struction of new buildings in the outskirts of Lisbon and the real estate speculation in
the city centre have contributed to modify the focus of the construction industry. These
changes require knowledge about the existing stock of buildings and call for state-of-the-art
rehabilitation processes to guarantee safety, functionality and the maintenance of cultural
features. According to the building census in 2011 (INE 2012), Lisbon has about 53,000
buildings. From these, 57% feature load-bearing masonry walls.

The residential unreinforced masonry (URM) buildings constructed in Lisbon between
the nineteenth and the twentieth centuries (usually called Gaioleiro buildings) characterize
a period of low construction quality and medium rise buildings (between four and six sto-
reys). This is evident when in comparison with the preceding earthquake-resistant masonry
buildings constructed after the 1755 earthquake (Lopes et al. 2014). This article addresses
the seismic assessment of these URM buildings and deals with the evaluation of the uncer-
tainties that mostly influence the structural performance of the buildings.

To this aim, the main architectural and structural features of these URM buildings are
firstly presented. This includes information about the configuration of the buildings, struc-
tural systems, constructive details and characterization of materials based on the appli-
cation of the Bayes Theorem. This characterization is the starting point to define repre-
sentative classes of buildings. Then, the dynamic characteristics of the models used to
perform the non-linear analysis are compared with the experimental dynamic characteris-
tics obtained from ambient vibration tests.

Fragility curves are subsequently derived based on non-linear analysis and detailed
models, combining the global and the local response of the structure, considering epistemic
and aleatory uncertainties. The first type of uncertainties aims to account for the incom-
plete knowledge about the structure of the buildings and is herein treated by the logic-tree
approach. The second type of uncertainties deals with the quantification of specific param-
eters and the intrinsic variations between buildings. The aleatory variables associated with
the global and local response are, respectively, treated by the Monte Carlo Method (Rubin-
stein 2011) and by the Response Surface Technique (Liel et al. 2009). The generated fragil-
ity curves are then compared with curves present in the literature.

2 Architectural characterization
2.1 Historical background

The Lisbon urban development plans in 1889 originated new aggregates of buildings in
the northern area, known as “Avenidas Novas” (meaning New Avenues). During the nine-
teenth century, multi-storey residential buildings were commonly constructed for renting.
On the transition to the twentieth century, the idea of rentable buildings changed. The lib-
eral bourgeoisie preferred to buy the already finished buildings and use them as a “financial
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product”. Filius Populi (anonymous author under a pseudonym), claims that contractors
from Tomar, a small city 150 km from Lisbon, were responsible for a new system of build-
ings “for sale”, where the profit of the transaction would be maximized using cheaper
materials and construction processes. Additionally, Portugal suffered bankruptcy in 1892
and moved from a monarchy to a republic in 1910. The devaluation of the currency, the
subsequent inflation in material prices and the shortage of credit, forced contractors to pur-
chase cheaper materials and to simplify the construction processes. Some of these build-
ings even collapsed during the construction phase (Simdes et al. 2017). This caused, in
1921, a public demonstration against the so-called “gaioleiros”, the name given to the con-
tractors which were seeking for fast profit and were construing buildings without guaranty-
ing the minimum safety conditions. After a few years, the URM buildings of this period
got to be known as “gaioleiro” buildings in a pejorative way, meaning “bird cage”, as they
seemed more adequate for birds than people (Appleton 2005; Simdes et al. 2017).

2.2 Urban design and configuration of the buildings

The city expansion plan of 1889 was more flexible than the preceding ‘“Pombalino” recon-
struction plan, which followed the 1755 earthquake in Lisbon (Lopes et al. 2014). In the
second half of the nineteenth century, no specifications were provided regarding the aes-
thetics of the new urban areas, the configuration of the buildings or the health conditions of
the houses.

The buildings from this period are located along the perimeter of the blocks, with
entrances facing the street and private courtyards in the rear of the building (Simdes et al.,
2017). They were constructed side by side or with small passageways in between, to access
the courtyards. The street facades are characterized by a diversity of proportions and archi-
tectural or decorative solutions following the requests of an emerging bourgeoisie. The
lower level has large entrance doors and was used for stores (Fig. 1a). Bush-hammered
limestone was usually adopted as finishing. The medium level corresponds to flats. It is
often plastered and painted or finished with ceramic tiles (Fig. 1b). The top level includes
the cornice and parapet (sometimes a balustrade) and the roof with dormer windows or
mansards. The buildings are decorated with terracotta/moulded reliefs or glazed tiles with

TR TR

Fig. 1 Image of the buildings (Simdes et al. 2017): street fagcade with a limestone stone and b ceramic tiles,
and rear facade with c steel balconies
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floral motifs, in friezes or around the windows and exuberant steelwork, in cast or wrought
iron, is used in doors, fences, balustrades and gates.

The rear facades are much simpler and mainly intended to service functions (such as
laundry). The finishing of the walls is made of plaster and painting. Steel and cast iron
balconies with stairs are placed on the fagade to access the courtyards (Fig. 1c). These are
some examples of the cast-iron in residential architecture in Lisbon.

These URM buildings are, typically, five storeys and have elongated plan shapes. They
can be divided into four types: type I—small size facades and one flat per floor; type [I—
medium size facades and one flat per floor; type Ill—medium to large facades and two flats
per floor; and type IV—corner of the block with one or two flats per floor. This classifica-
tion has been proposed in (Appleton 2005). Buildings type I to III are characterized by
long corridors connecting the rooms adjacent to the street and the rear fagades. The flats
have several lateral rooms with insufficient natural light and ventilation, as these depend on
the depth of the lot and the size of the airshafts. Buildings of type IV are a particular case
because of the position on the corner of the blocks and the use of two street fagades.

3 Structural characterization
3.1 Main features

The foundation system is characterized by rubble stone masonry with larger thickness than
the load-bearing walls (direct foundation). The width of the foundation varies between 0.7
and 1.5 m on the fagade walls and between 0.3 and 0.8 m on the side walls and airshafts.
Usually, hard limestone and air lime mortar was used.

The fagade walls are made of rubble stone and air lime mortar and are typically 0.6 to
0.9 m thick at the ground floor level, decreasing between 0.05 and 0.10 m in each floor.
Openings are covered by shallow relieving brick masonry arches (Fig. 2a). The side walls
are made of clay brick and air lime mortar. The thickness of these walls varies between
0.20 and 0.50 m and is constant between floors.

The internal load-bearing walls are placed parallel to the facades to support the floor
timber beams. These are also made of clay brick masonry and, in some cases, they are rein-
forced by timber elements (Fig. 2b). The partition walls are made of clay brick masonry or
vertical timber boards, and horizontal laths filled with mortar (Fig. 2c).

(b)

Fig.2 Walls: a rubble stone masonry walls and window with clay brick relieving arch, b clay brick wall
with timber frame and ¢ timber walls
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Floors are made of timber joist set perpendicular to the facades with a distance of
0.35-0.45 m between each other. The joists range between 0.07 and 0.08 m for the width
and 0.16 and 0.22 m for the height. Timber joists are directly embedded on the walls or
supported on transition joists with squared sections (0.07-0.10 m) running inside the wall.
Floors are covered by timber boards or by hydraulic tile paving on kitchens and bathroom:s.
The buildings have pitched roofs with ceramic tiles supported on a simple timber structure.

In general, the weakest points of URM buildings are the poor connections (between
walls or between walls and floors/roof) and the limited stiffness of timber floors (see
(Simdes et al. 2017)). In particular, in case of an earthquake, weak connections may cause
the overturning of the facades or the collapse of the floors and/or roof. The limited stift-
ness of timber floors reduces the load transfer capacity between walls, leading to a lack of
global behaviour.

In the last decades, several buildings have experienced alterations to their original
design. For instance, there are many buildings with internal walls replaced by steel or rein-
forced concrete beams to create larger spaces (Fig. 3a) and buildings with the removal of
masonry piers on the ground floor fagade wall to open shop windows (Fig. 3b). This type
of intervention introduces local weaknesses and stiffness variations on the building.

3.2 Masonry mechanical properties

The structural behaviour of URM buildings is directly dependent on the materials and con-
structive details and indirectly dependent on the usage and state of conservation. One of
the main challenges when assessing existing buildings is the definition of the mechanical
properties of the materials. There are limitations to the type and number of tests that can
be conducted in situ and the restrictions to the extraction of samples for laboratory testing.
Alternatively, laboratory tests on specimens constructed to represent traditional masonry
walls can be carried out.

Nevertheless, the number of experimental campaigns on characterization of the materials
in Lisbon URM buildings is quite limited. In Simdes et al. (2017) a summary of the main
experimental results is presented, considering both in situ and laboratory testing. The sample
puts in evidence the dispersion of results and the difficulty to define reference values with
reasonable degree of confidence. Due to this, and taking advantage of the experimental data

(a) | (b)

Fig.3 Alterations: a removal of internal walls to have larger rooms and b removal of masonry piers to have
large shop window
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acquired, a plausible interval of values was defined, based on the application of the Bayesian
update approach (Bracchi et al. 2016; Franchin and Pagnoni 2018).

The Bayes’ Theorem is used to update the probability of a priori distribution given that
new evidences are available. In this case, the a priori distribution is defined by the interval of
values proposed in the commentary to the Italian Code—NTCO08 (MIT 2009) for the relevant
masonry types, whereas the new evidences are defined by the experimental test results carried
out in Lisbon.

Table 1 presents the reference and updated values for the modulus of elasticity (E), com-
pressive strength (f,,) and equivalent shear strength as (z;) for different masonry types. The
specific weight (y) is also included. The stiffness properties presented are representative of the
uncracked state. An advantage of this approach is that, when new test results become avail-
able, the interval may be easily updated. The shear modulus (G) is assumed equal to 1/3 of the
modulus of elasticity, following the recommendation from (MIT 2009).

4 Seismic assessment
4.1 Description of the approach

It is proposed to analyse the seismic behaviour of buildings of type [—small size facade walls
and one flat per floor—as the most representative (Simdes et al. 2017). In a row of buildings,
buildings of type I are located in the middle or in the end of the row. Therefore, a group of
three buildings of type I is considered as case study and the behaviour of the buildings with
one or two adjacent buildings and their interaction is discussed. The geometry and layout of
the buildings is defined based on the average characteristics of six reference buildings from an
existing block of buildings (Simdes et al. 2017). This average model is replicated to define the
group of three buildings (Fig. 4a, b).

For the seismic assessment, fragility curves are defined, addressing the global response of
the structure, mainly governed by the in-plane capacity of the walls, and the local response,
related to the activation of out-of-plane collapse mechanisms of parts of the buildings insuffi-
ciently connected to the rest of the structure. Fragility curves provide the probability of reach-
ing or exceeding a certain limit state (LS) as a function of a selected seismic intensity measure
(IM) and are herein described by a lognormal cumulative distribution function, as:

Pustim) = P(d 2 Dylim) = P(imyg < im) = ¢<1fL oe < i >> @
LS

Table 1 Reference values for the mechanical parameters of masonry (Simdes et al. 2017)

Material Values fn (MPa) E (GPa) 7, (MPa) y (kKN/m%)

Rubble stone masonry Ref. 1.00-1.80 0.69-1.05 0.030-0.048 19
Updated 0.84-1.07 0.62-0.88 0.018-0.026

Solid brick masonry Ref. 2.40-4.00 1.20-1.80 0.060-0.092 18
Updated 0.95-1.21 0.72-0.99 0.060-0.092

Hollow brick masonry Ref. 2.40-4.00 1.20-1.80 0.060-0.092 15
Updated 0.87-1.18 0.72-0.99 0.60-0.092

@ Springer



Bulletin of Earthquake Engineering (2020) 18:645-672 651

Fig.4 Building type I: a exterior view of the case study, and b plan of the buildings A, B and C (dimen-
sions in meters)

where d is a displacement representative of the seismic behaviour, D is the displacement
limit state threshold, @ is the standard cumulative distribution function, /M, ¢ is the median
value of the lognormal distribution of the intensity measure that produces the attainment of
the limit state threshold LS, and f; ; is the dispersion.

As schematically represented in the flowchart from Fig. 5, to derive the fragility curves,
it is proposed to perform non-linear analyses for the assessment of the in-plane and out-
of-plane response of the buildings and considering the propagation of uncertainties.

Fig.5 Assessment of the seismic
performance
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The assessment comprehends the comparison between the displacement capacity of the
structure, identified for different performance limit states (LS), and the seismic demand,
expressed by a properly reduced acceleration-displacement response spectrum. The evalua-
tion of the corresponding seismic intensity measure is obtained from the application of the
Capacity-Spectrum Method. The intensity measure (IM) adopted in this work is the peak
ground acceleration (PGA), which is a common choice in case of URM buildings and justi-
fied, for the case study of this work, by the direct relation between the characteristics of the
structure and the spectral characteristics of the seismic input. Despite the drawbacks, this
option is possibly the most effective for a direct interpretation of results and for the com-
parison with other studies available in the literature.

The global seismic behaviour is addressed according to a displacement-based assess-
ment approach (Lagomarsino and Cattari 2015) and is determined through non-linear static
(pushover) analyses considering the equivalent frame model approach. Epistemic uncer-
tainties are defined based on the logic-tree approach (Sect. 5.1.1). Different parameters are
assumed as aleatory variables and treated by the Monte Carlo Method (Sect. 5.1.2). The
combination between epistemic and aleatory uncertainties results in the definition a group
of 1000 buildings representative of the typology. Non-linear static (pushover) analyses are
performed to define the capacity of the different building models. The analyses are first
carried out with the building models, defined by the median properties of the aleatory vari-
ables, in order to compare the global behaviour of the different cases of study and identify
the main features and differences of the seismic response. Non-linear dynamic time-history
analyses are also carried to verify the reliability of the load distributions considered in the
pushover analyses. Pushover analyses are afterwards performed with the building models,
defined by the aleatory properties of the various parameters.

Four performance limit states are defined on the pushover curves in terms of displace-
ment thresholds according to the criteria proposed by (Lagomarsino and Cattari 2015)
that correlates the behaviour of the structure at three scales (element, macro-element and
global). The performance-based assessment comprehends the comparison between the dis-
placement capacity of the structure, identified for different performance limit states, and
the seismic demand, expressed by a reduced acceleration-displacement response spec-
trum (ADRS). As referred, the Capacity-Spectrum Method with over-damped spectrum
is adopted in this work. The values of the seismic intensity measure compatible with the
attainment of the performance limit states are treated in order to derive the parameters for
the definition of the fragility functions. This includes the determination of the dispersion
related to the definition of the capacity of the structure (f.) and the dispersion related to
the definition of the seismic demand (3. The aleatory uncertainty in the definition of 3
is related to the variability of the seismic input described by the intensity measure 0.5llo
g(IM g g4) —log(IM g 16)I, Where IM; g ¢4 and IM g ;¢ are the intensity measure (IM) val-
ues that produce the attainment of the limit state threshold LS by considering as input the
84% and 16% percentiles of the elastic response spectrum. Finally, the fragility functions
[Eq. (1)] associated with the global seismic behaviour of the typology of buildings are
derived and the damage distribution is estimated for different seismic scenarios.

The local seismic behaviour is analysed according to the displacement-based approach
proposed by Lagomarsino (2015) aiming to define the seismic intensity measure compat-
ible with specific performance limit states. The first step for the analysis comprehends the
identification of the possible out-of-plane mechanisms in the URM buildings of type 1. The
reliability of each mechanisms is analysed as an epistemic uncertainty and treated through
the logic-tree approach. In addition, as the out-of-plane behaviour is mainly related to the
geometric stability rather than to the strength of materials, the geometry of the elements
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and the actions involved in the mechanisms are assumed as aleatory variables. These vari-
ables are treated by a full factorial combination in order to define the input parameters for
the set of mechanisms. Non-linear kinematic analyses are performed to define the capac-
ity of the mechanisms. The performance-based assessment comprehends the comparison
between the displacement capacity of the mechanisms, identified for different performance
limit states, and the seismic demand, expressed by a properly reduced ADRS. As the mech-
anisms in this building typology are located in the upper level of the buildings, the seismic
input is defined through a floor response spectrum that takes into account the dynamic fil-
tering effect of the buildings. Moreover, in this work, the floor response spectrum is com-
puted for each performance limit state based on an iterative procedure in order to consider
the progressive damage in the building determined with the analysis of the global seismic
behaviour.

The values of the seismic intensity measure compatible with the attainment of the per-
formance limit states are treated in order to derive the parameters for the definition of the
fragility functions. This includes the determination of the dispersion related to the defini-
tion of the capacity of the mechanisms based on the Response Surface Method (Liel et al.
2009), the dispersion related to the definition of the seismic demand and the dispersion
related to the definition of the floor response spectrum. Finally, the fragility functions asso-
ciated with the local seismic behaviour of the typology of buildings are presented and the
damage distribution is estimated for different seismic scenarios.

In the end, the individual fragility curves are properly combined to define a single curve
function for the class of buildings. It is proposed to first combine the global and the local
seismic behaviour in each direction (for the case study only for the direction parallel to the
side-walls, Y direction, is considered the local seismic behaviour) and after to adopt the
minimum between the results obtained in the X and Y directions. A detailed description of
the procedure for the derivation of fragility curves is presented in (Simdes 2018; Simdes
et al. 2019a, b).

4.2 Analysis of the global behaviour

Non-linear static (pushover) analyses are carried out for both main directions (parallel
and perpendicular to the fagades) to assess the global seismic behaviour of the buildings.
Pushover analysis is a non-linear static analysis method where the structure is subjected to
constant gravity loads and monotonically varying horizontal loads aiming to simulate the
effect of the seismic action on the structure (CEN 2004). The behaviour of the structure
(multi-degree-of-freedom, MDOF, system) is described by the pushover curve that relates
the base shear force and the horizontal displacement of a control node (assumed as repre-
sentative of the structural response of the system), providing information about the stift-
ness, strength and displacement capacity.

For this purpose, a three-dimensional model of the group of three buildings is defined
in Tremuri program (Lagomarsino et al. 2013) following the equivalent frame modelling
approach (Fig. 6a). The response of the masonry panels (piers and spandrels) is modelled
by non-linear beams characterized by a linear piecewise force-deformation constitutive law
(Fig. 6b).

In this work, the flexural behaviour is defined according to the beam theory as proposed
in Part 1 of Eurocode 8, EC8-1 (IPQ 2010) and in the Italian Code—NTC (NTC 2008).
The shear behaviour of both piers and spandrels is governed by the diagonal cracking
failure mode defined according to Turnsek and Cagovi¢ (Turniek and Cagovi¢ 1970) and

@ Springer



654 Bulletin of Earthquake Engineering (2020) 18:645-672

DS0 DS1 DS2 DS3 DS4 DS5
il ktl kit\'
08
06 ol
T Bs
. By
5 9 5 5, & 3
(b)

Fig.6 a Model of the group of three buildings in Tremuri program and b force-deformation constitutive
law

Turnsek and Sheppard (1980). Mixed failure modes are also possible, when the prediction
between flexural and shear modes is close one to each other.

The horizontal diaphragms are modelled as membrane elements in order to consider the
hypothesis of flexible diaphragms. These are defined as 3- or 4-nodes orthotropic mem-
brane finite elements and characterized by the following equivalent parameters: thickness
(1) modulus of elasticity in the principal direction of the floor (spanning orientation, E|,
parallel to the side-walls) and in the perpendicular direction (E,), and shear modulus (G,).
In this work, the floor membrane is defined with same thickness as the floor timber boards
(0.022 m) and the modulus of elasticity of the material (E,=12 GPa). The shear modu-
lus is defined as an aleatory variable (refer to Sect. 5.1.2) considering the difficulty in the
quantification of this parameter and the reduced number of experimental testing on old
timber floors.

4.2.1 Dynamic characteristics

To identify the dynamic properties of these buildings, experimental ambient vibration tests
were performed in two buildings of this typology from the reference block of buildings in
Lisbon. The buildings are positioned adjacent to each other (Fig. 7) and present boundary
conditions that may be related to the group of three buildings considered as case of study.
Therefore, the dynamic characteristics of the buildings obtained experimentally are herein
compared with the dynamic characteristics of group of buildings obtained numerically.

The ambient vibration tests were carried out to each building individually. A reference
accelerometer was positioned on the staircase of the buildings, while the other accelerom-
eters were placed in different positions inside the buildings defining different tests setups.
The test comprehends the determination of the modal parameters based on the response
of the structure to ambient vibration forces that cannot be quantified or controlled. This
type of analysis is commonly known in the literature as output-only. ARTeMIS Modal Pro
(SVIBS 2013) was used for the post-processing of the data and to identify the fundamental
frequencies and mode shapes of the structure identified through the amplitude peaks of the
spectral density function. In order to simulate the existing boundary conditions in ARTe-
MIS, the four buildings identified in yellow in Fig. 7 were modelled.
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Fig.7 Block of buildings in Lisbon (Simdes et al. 2017) and identification of the tested buildings

Table 2 compares the frequencies obtained experimentally and numerically, by perform-
ing a modal analysis in Tremuri Program. The numerical model considered is characterized
by the median values of the mechanical properties discussed in Sect. 5.1.2. In addition, in
order to have a direct comparison between modal results, the model of the buildings was
modified to incorporate the structural modifications performed to these buildings, namely
the removal of internal walls and the removal of masonry piers to have large shop window
on the ground floor. It should be noted that a match is obtained for the dynamic characteris-
tics of the buildings (see last column of Table 2). Figure 8 presents, as an example, the plan
view of the first mode shape in the direction of the facade walls obtained in ARTeMIS and

in Tremuri Program.

Table 2 Dynamic characterization of the buildings

Mode  Mode type Frequency (Hz) Error Mass participation
(%)
Experimental ~ Numerical M, M, M,
1 Translation along Facade Walls  0.73 0.73 +0.0 53 0 0
2a Translation along Side Walls 2.15 1.94 -0.10 O 56 0
2b Translation along Side Walls 2.34 2.08 -0.11 0 27 0
3 Translation along Facade Walls ~ 3.13 3.11 -0.01 7 0 0
4 Torsion 3.61 3.42 -0.05 038 0 0.1
5 Translation along Facade Walls ~ 5.37 5.42 +0.01 09 0 0
6 Torsion 5.62 5.62 + 0.0 0 0.4 0.1
7 Translation along Side Walls 5.99 5.58 -0.07 0 5 0
Average —0.04
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Fig. 8 First mode shape (front view) in the direction of the facade walls: a ARTeMIS and b Tremuri Pro-
gram

The first fundamental mode of the buildings is along the facade walls due to the lower
stiffness of the structure in this direction, particularly when in comparison with the per-
pendicular direction characterized by long side walls between buildings without openings.
The first modes in the direction of the side walls (modes 2a and 2b) comprehend two local
modes characterized by the individual mobilization of the side walls. The first torsion
mode occurs with a frequency of 5.62 Hz. This type of modes is less common on this type
of buildings considering that the stiffness of the structure is mainly concentrated on the
exterior walls. It can also be concluded that there is a good match between experimental
and numerical frequencies, validating the numerical model and indicating that the mod-
elling assumptions considered are a good approximation of the existing condition of the
buildings.

4.3 Analysis of the local behaviour

URM buildings under seismic actions are prone to local collapse mechanisms related to
the out-of-plane response and overturning of fagade walls insufficiently connected to the
rest of the structure and standing out elements, such as gable walls, parapets and chimneys.
The activation of local mechanisms depends of the quality and strength of the connections
between the fagade walls and elements such as side walls, partition walls, floors and roof
structure.

In what concerns the URM “gaioleiro” buildings, it is reasonable to consider the col-
lapse involving only the upper level of the facade walls, as proposed in (Simdes et al.
2014b). This hypothesis is supported by: (1) the many constraints that give stability to the
out-of-plane behaviour, such as, the connection to the side walls and the orientation of the
timber floors perpendicular to the facade walls; and (2) experimental results from shaking
table tests on reduced scale building models (Candeias 2008; Lourengo et al. 2011).

After analysing the constructive details of the last floor, three out-of-plane mechanisms
are considered here (Fig. 9): the overturning of the central pier, with a plastic hinge at the
base (Mech. 1), the flexural mechanism of the central pier, with a plastic hinge at the base
and a plastic hinge separating the pier in two blocks (Mech. 2), and the overturning of the
parapet, with a plastic hinge at the base (Mech. 3) of the parapet.
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Fig.9 Configuration and actions involved in the mechanisms: Mech. 1—overturning of the central pier,
Mech. 2—flexural mechanism of the central pier and Mech. 3—overturning of the parapet

Concerning Mech. 1, the two central piers are more vulnerable to overturning than the
lateral piers, as these are connected to the side walls. Assuming that the timber roof struc-
ture is connected to the interior walls and simply supported on the fagcade walls, in case of
the overturning of the central piers, the timber elements will slide, transmitting a stabiliz-
ing horizontal force to the piers due to the friction originated in the contact surface. This
force is equivalent to the vertical load transmitted by the roof to the piers (Py) multiplied
by the coefficient of friction (). The development of Mech. 2 is supported on the hypothe-
sis that the horizontal displacement on top of the central piers is restrained due to the effect
of strengthening, due to the insertion of tie-rods connecting the central piers to the interior
walls or the introduction of a beam at the top of the wall. Then, flexural mechanism of the
central piers is determinant (Griffith et al. 2004; Mendes et al. 2014). Overturning of the
parapet may also occur (Mech. 3), unless these elements are fixed at the base or connect to
the roof structure by steel tie-rods.

Figure 9 identifies the actions involved on the three mechanisms: P;, P, and P; are,
respectively, the parapet and central pier self-weight, Py is the weight of the roof transmit-
ted to the pier, « is the coefficient proportional to the vertical loads that induces the loss
of equilibrium of the system and activates the kinematism, denoted as the static seismic
multiplier.

The behaviour of each local mechanism is evaluated by non-linear kinematic analyses
considering the macro-block modelling approach. These analyses are based on the assess-
ment of the work done by equilibrated forces applied to a set of compatible generalized vir-
tual displacements (Lagomarsino 2015). The response of the mechanism is described by a
curve that relates the static seismic multiplier (@) with the incremental horizontal displace-
ment of a control node. This curve may be regarded as equivalent to the pushover curve
obtained for the global seismic behaviour.

5 Evaluation of uncertainties
5.1 Global behaviour

In order to characterize the behaviour of these buildings, the main epistemic and alea-
tory uncertainties are briefly defined in the next sections in order to account the possible
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variations within this class of buildings. The geometry of the building is not considered an
uncertainty as the layout of the buildings is similar.

5.1.1 Epistemic uncertainties

The epistemic uncertainties for the analysis of the global behaviour are related to the
incomplete knowledge about the structure of the buildings. Different classes of buildings
have been identified in previous works about the URM “gaioleiro” buildings in Lisbon
(Simdes et al. 2018; Simdes 2018). These classes account for variations at:

Ground floor configuration: use of the building as i) housing (H) or as ii) shop (S).
Constructive details: (1) side walls shared between adjacent buildings (S) or (2) inde-
pendent (I).

e Side walls material: (1) solid clay brick masonry (S) or (2) solid clay brick masonry in
the first two floors and hollow clay brick masonry in the last three floors (SH).

e Main interior walls material: (1) solid clay brick masonry (S), (2) solid clay brick
masonry in the first two floors and hollow clay brick masonry in the last three floors
(SH), or (3) solid clay brick masonry in the first two floors, hollow clay brick masonry
in the intermediate floors and timber walls on the last floor (T).

e Partition walls material: (1) hollow brick masonry (H) or (2) timber walls (T).

These features are treated by the logic-tree approach. A probability is attributed to each
feature based on the information available in the literature and on a detailed survey to exist-
ing block of buildings (Simdes et al. 2017). This aims to define different prototypes repre-
sentative of the URM buildings constructed in Lisbon in the early twentieth century.

The different values adopted for the probability of each feature are defined in Fig. 10
and explained in the following. In what concerns the ground floor configuration, 33% of
the buildings from the referred block of buildings are used for housing, while 67% are used
for shopping. This has implications on the layout of the rooms and openings at the ground
floor level. In the reference block of buildings, 33% of the buildings have shared side walls
and 67% have independent side walls. The decision may depend on the time of construc-
tion (and the presence of adjacent buildings) and on the dimension of the lot.

There is limited information about the materials used on the construction of these build-
ings. The exterior walls were constructed in rubble stone masonry on the street and rear
facade walls and clay brick masonry on the side walls. Brick units may be: i) solid in all
floors or ii) solid in the lower floors and hollow in the upper floors. The Building Regula-
tion from 1930 (RGEUL 1930) recommended to use hollow bricks only in the last two
floors of the side walls. Considering that this regulation was published in the end of the
construction period of these buildings, a lower probability is attributed to this option.
Therefore, it is assumed that the side walls of 70% of the buildings are made of solid clay
brick masonry, while the remaining 30% are made of solid clay brick masonry in the first
three floors and hollow clay brick masonry in the last two floors. It is estimated that the
main interior walls are made of solid clay brick masonry in 50% of the buildings while they
are made of solid clay brick masonry in the ground floor and hollow clay brick masonry in
the other floors in 50% of the buildings. However, there are records of buildings in which
the majority of the interior walls are made with timber structure. In order to consider also
this option, in 20% of the buildings the main interior walls are assumed to be made of tim-
ber (but limiting them to the last floor of the buildings, as indicated in (RGEUL 1930)) and

@ Springer



Bulletin of Earthquake Engineering (2020) 18:645-672

659

Ground floor Constructive
configuration details

Shared side walls

033

House
0.33

Independent
side walls

0.67
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“gaioleiro”
buildings

Shared side walls
033

Shop
0.67

Independent side
walls

0.67

Fig. 10 Logic-tree for URM “gaioleiro” buildings

Side wall
materials

Solid Brick
0.70

Solid/Hollow
Brick
0.30

Solid Brick
0.70

Solid/Hollow
Brick
0.30

Solid Brick
0.70

Solid/Hollow
Brick
0.30

Solid Brick
0.70

Solid/Hollow

Brick
0.30

Main internal Partition Acronym
walls walls
Hollow Brick H-S-S-S-H
— —
040 Timber Wall H-S-S-S-T
0.50 0.015
Hollow Brick H-S-S-SH-H
Solid/Hollow 0.50 0.015
Brick
0.40 Timber Wall H-S-S-SH-T
0.015
Timber Wall Timber Wall H-S-S-T-T
0.20 1.00 0.015
Hollow Brick H-S-SH-SH-H
Solid/Hollow 0.008
Brick
0.50 Timber Wall H-S-SH-SH-T
0.50 0.008
Timber Wall Timber Wall H-S-SH-T-T
0.50 1.00 0.016
Hollow Brick H-I-S-S-H
0.031
Timber Wall H-I-S-S-T
0.50 0.031
Hollow Brick H-I-S-SH-H
Solid/Hollow 0.50 0.031
Brick
0.40 Timber Wall H-I-S-SH-T
0.50 0.031
Timber Wall Timber Wall H-I-S-T-T
0.20 1.00 0.031
Hollow Brick H-I-SH-SH-H
Solid/Hollow 0.50 0.017
Brick
0.50 Timber Wall H-I-SH-SH-T
0.50 0.017
Timber Wall Timber Wall H-I-SH-T-T
0.50 1.00 0.033
Hollow Brick S-S-S-S-H
Solid Brick 050 0.031
040 Timber Wall 5-5-5-S-T
0.50 0.031
Hollow Brick S-S-S-SH-H
Solid/Hollow 0.50 0.031
Brick
0.40 Timber Wall S-S-S-SH-T
0.50 0.031
Timber Wall Timber Wall S-S-S-T-T
0.20 1.00 0.031
Hollow Brick S-S-SH-SH-H
Solid/Hollow 0.50 0.017
Brick
0.50 Timber Wall S-S-SH-SH-T
0.50 0.017
Timber Wall Timber Wall S-S-SH-T-T
0.50 1.00 0.033
Hollow Brick S-I-S-S-H
= —
0.40 Timber Wall S-I-S-S-T
0.50 0.063
Hollow Brick S-I-S-SH-H
Solid/Hollow 0.50 0.063
Brick
0.40 Timber Wall S-I-S-SH-T
0.063
Timber Wall Timber Wall S-I-S-T-T
0.20 1.00 0.063
Hollow Brick S-I-SH-SH-H
Solid/Hollow 0.50 0.034
Brick
0.50 Timber Wall S-I-SH-SH-T
0.034
Timber Wall Timber Wall S-I-SH-T-T
0.50 1.00 0.067
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to reduce the previous probabilities associated to clay brick masonry to 40/40. As to the
partition walls, it is estimated that in 50% of the buildings these are made of hollow clay
brick masonry, while in 50% of the buildings these are made of timber structure.

Figure 10 presents the logic-tree for the URM “gaioleiro” buildings in Lisbon. The end
of a branch of the tree represents a class of buildings with specific features, identified by an
acronym. The probability attributed to the class of buildings is determined by multiplying
the probability of all the component branches of the tree. A total of 32 building classes are
considered.

As an example, Fig. 11 shows the pushover curves obtained for the first eight branches
of the logic-tree, for both X and Y directions.

5.1.2 Aleatory uncertainties

Aleatory uncertainties are related with the randomness of a certain phenomenon. For
the analysis of the global behaviour, the aleatory variables account for variations on the
mechanical properties of masonry, strength and deformability characteristics of masonry
piers and spandrels, mechanical properties of interior timber walls, quality of connections
between walls and in-plane stiffness of timber floors.

It is proposed to treat these aleatory variables by the Monte Carlo Method (Rubinstein
2011) in order to define, in a random way, the properties to be assigned to the numerical
models. A total of 1000 simulations are considered in order to have a sufficient number of
results (from a statistical point of view) to reach a good convergence in the estimation of
the dispersion of the capacity for the global behaviour (3.).

To do so, first, for each aleatory variable (X,), a plausible range of variation is defined
based on reference values available in literature and codes. Second, an appropriate distribu-
tion of probability is attributed and characterized by median value (X,,,,) and dispersion
(P) so that the 16% and 84% percentiles of the distribution correspond, respectively, to the
lower and upper values of the range of variation. An alternative procedure to the 16% and
84% percentiles is to consider the coefficient of variation, as suggested in the Probabilistic
Model Code (Joint Committee on Structural Safety 2011). Lognormal distributions were
attributed to the aleatory variables varying between ]0,4oo[ and beta distributions for those
varying between [0,1] or having, from a physical point of view, a range of variation equal
to one. A total of 50 aleatory variables are considered and divided in 17 groups (Table 3).

0.04 UNIFORM +X DIRECTION 02 UNIFORM +Y DIRECTION
H-S-S-S-H H-S-S-S-H
H-S-S-S-T H-S-S-S-T
0.03 H-S-S-SH-H H-S-S-SH-H
H-S-S-SH-T H-S-S-SH-T
H-S-S-T-T H-S-S-T-T
B ! H-S-SH-SH-H = H-S-SH-SH-H
S 002 H-S-SH-SH-T S H-S-SH-SH-T
H-S-SH-T-T H-S-SH-T-T
0.01
0
0 0.1 0.2 0.3 0.4 0 0.02 0.04 0.06 0.08 0.1 0.12
d[m] d [m]

Fig. 11 Pushover curves for the first the group of buildings (H-S): X direction (left) and Y direction (right)
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Within each group, the variables are fully correlated assuming that their variation is identi-
cal in each model.

The range of values for Group 1 and 2 (rubble stone masonry), Group 3 and 4 (solid
brick masonry) and Group 6 and 7 (hollow brick masonry) are defined from the application
of the Bayes Theorem as presented in Sect. 3.2.

Group 5, 8 and 11 refer to the modelling of the flexural behaviour of spandrels accord-
ing to the criterion proposed in Cattari and Lagomarsino (2008) assuming an equivalent
tensile strength on the elements due to the interlocking of the masonry units at the end
section of spandrels (/n—ratio between length and height of the masonry unit). For brick
masonry, Int is equal to 2 (deterministic value). For rubble stone masonry, lower values are
expected due to the masonry irregularity (Group 11). Another input is the coefficient of
friction in the mortar joints in the end section of spandrels (y;,,,—Group 5, 8 and 11).

Groups 9 and 10 characterize the mechanical properties of spandrels in the facade walls.
Considering that these panels may be made of rubble stone masonry or clay brick masonry,
the properties attributed, range between the mechanical properties of the two types of
materials.

Groups 12, 13 and 14 are related to the formulation of the linear piecewise constitutive
law associated with the initial stiffness degradation (k;, and k;) and the progressive degra-
dation of strength (8; and f;) of the panels.

The values for Groups 12 and 13 are defined based on experimental test results (KrZan
et al. 2015; Vanin et al. 2017) and expert judgement. For instance, in case of piers, the ulti-
mate drift levels (DL4) reflect the recommendations from structural codes (IPQ 2017; NTC
2008): between 0.4 and 0.6% in case of shear failure and between 0.8 and 1.2% in case of
flexural failure. In case of spandrels, the experimental results from (Beyer and Mangala-
thu 2014) are taken into account to characterize the behaviour of the shallow brick arches
present in the facade walls and of the timber elements in the clay brick masonry walls.
For spandrels with shallow brick arches, DL3 threshold is not defined in terms of drift,
but in terms of ductility (u), considering the greater deformation capacity of the elements
observed during the experimental tests (Beyer and Mangalathu 2014). Due to the limited
information available, the same intervals of values are adopted for the different types of
masonry. It is noted that recent results in literature suggest lower drift values (Morandi
et al. 2018), nevertheless refers to modern hollow bricks, which are more fragile than older
hollow bricks in Gaioleiro buildings, which present a lower percentage of hollows.

In what concerns Group 14, structural codes (IPQ 2010; NTC 2008) recommend to
adopt a 50% reduction of the elastic stiffness properties (corresponding to k;,=2), unless
more detailed information is available. Previous parametrical studies have indicated this
level of reduction leads to conservative estimate of the non-linear behaviour of the panels
(Cattari and Lagomarsino 2013). Therefore, it is proposed to vary k;, between 1.00 and
1.50, in order to simulate the extreme cases in which there is no stiffness degradation and
the case in which this reduction is approximately 67% due to the expected cracked state of
the buildings. As to k, it is proposed to consider a range between 0.50 and 0.80.

Group 15 quantifies the mechanical properties of the interior timber walls. The mechani-
cal properties of these walls are determined based on the experimental results from compres-
sion and shear tests performed by (Rebelo et al. 2015). Group 16 defines the area (A) and
inertia (/) of the link beams that set the connection between perpendicular exterior walls.
These connections are defined as medium quality connections justified by the use of differ-
ent materials between fagade walls (rubble stone masonry) and side walls (brick masonry).
The connection between exterior walls and interior clay brick masonry walls are defined as
weak quality connections taking into account that the interior walls were constructed after
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exterior walls. The properties of the link beams representative of the weak quality connec-
tions are assumed as deterministic. Group 17 characterizes the flexible behaviour of timber
floors, represented by the shear modulus (G) of an equivalent finite membrane element with
0.022 m of thickness, corresponding to the thickness of the timber boards. The range of
variation is defined in (NZSEE 2017), which proposes reference values as a function of the
floor system and state of conservation, based on Giongo et al. (2013).

The Monte Carlo simulations are defined for each variable starting from the continuous
probability density function attributed and considering additional correlations between var-
iables, as described in the following. It is assumed that within the 17 groups, the aleatory
variables are fully correlated in order to guarantee a positive linear relationship between
the variables attributed to the same model (correlation coefficient, R=41). A negative lin-
ear correlation (R=—1) is considered for Group 14 related to the initial stiffness degrada-
tion of the masonry panels. This aims to define two extreme behaviours for the transition
between elastic and plastic phases. Thus, for higher initial stiffness degradation (higher
value of k;,) a lower value of k; is expected, so to have a longer interval between the first
cracks and the reaching of the ultimate strength capacity (the opposite relation is also
valid). It is also proposed to assume a correlation coefficient of 0.5 between Group 1 and
2, Group 3 and 4, Group 6 and 7 and Group 9 and 10, taking into account that the modulus
of elasticity (E), the shear modulus (G) and the compressive strength (f,) are not fully cor-
related nor uncorrelated with the equivalent shear strength (7).

5.2 Local behaviour

The reliability of each local mechanism is analysed as an epistemic uncertainty, while the
geometry of the elements and the actions involved in the mechanisms are assumed as alea-
tory variables. The involved uncertainties are described in the next sections.

5.2.1 Epistemic uncertainties

The occurrence of collapse mechanisms depends on the condition of the building and pos-
sible strengthening interventions to prevent the overturning of the central piers and para-
pets. In this regard, the local behaviour of the buildings may be analysed by considering
two different scenarios:

1. The last floor of the buildings, with the hypothesis of: (1) overturning of the central piers
(Mech. 1) or (2) flexural mechanism of the central piers (Mech. 2).

2. The parapet, with the hypothesis of: (1) overturning (Mech. 3) or (2) no overturning, in
case strengthening has been implemented or the building has no parapet.

Each scenario is assumed as an epistemic uncertainty and again treated by the logic-
tree approach, as presented in Fig. 12. An expert judgement probability is attributed to
each branch of the tree. In what concerns the first scenario, a lower probability is defined
for Mech. 2 considering that the flexural mechanism only occurs in case a strengthening
solution has been implemented. Thus, it is assumed that in 70% of the cases Mech. 1 may
occur. In what concerns the second scenario, it is assumed that in 60% of the cases Mech.
3 may occur. It is noted that the overturning of the parapet to the street is relevant from the
point of view of life safety, however from the point of view of the performance limit state
of the main building, it addresses a non-structural element.
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Overturning of the central
pier (Mech. 1)

0.70
Flexural mechanism of

the central pier (Mech. 2)

0.30

(a) (b)

Fig. 12 Local behaviour scenarios: a last floor of the building and b parapet

Overturning (Mech. 3)
0.60

No overturning
0.40

5.2.2 Aleatory uncertainties

The aleatory variables for the analysis of the local behaviour account for the geometry
of the blocks involved in the mechanisms and the value of the external forces applied.
Although the geometry of the building is considered deterministic, for the analysis of the
local behaviour, the thickness of the parapet (7,,,,,,.) and the thickness of the central pier
(#,i¢,) are considered aleatory variables as the behaviour of the mechanisms is mainly influ-
enced by the geometry of the blocks. The external forces applied comprehend the weight
of the roof transmitted to the pier (Pg) and the equivalent horizontal force (1Py), i.e. the
self-weight of the roof (yg) and the coefficient of friction (1) are considered as aleatory
variables.

The aleatory variables are treated by the Response Surface Method. Each aleatory varia-
ble is described by a lower (X, j,,,), median (X, ,,.,) and upper (X ,,) values. This method is
based on the approximation of the hyperplane that fits the response surface of the variable
log(IM; ¢) in the hyperspace of the normalized variables representing the aleatory variables
considered. The angular coefficients (f;) defining the hyperplane are determined accord-
ing to:

Bei=(Z"2)7'Z"Y 2)
where Z is a matrix, with M rows X N columns (M =2" is the number of models defined by
the full factorial combination and N is the number of aleatory variables), which collects the
corresponding normalized variables (equal to —1 for X; ;,,, and +1 for X, , ) and Y is a vec-
tor, with M rows, which collects the corresponding log(IM; ) values. The dispersion in the
definition of the capacity of the local mechanism (f) is given by:

Pc = \Y ﬂgiﬁcl‘ 3)

The values of the aleatory variables considered (X ;,,,» X eq and X, ,,,, respectively) are
summarized in Table 4.

Table 4 Characterization of the

aleatory variables in terms of X Xiton Xisned Xy
lower, median and upper values araper (M) 0.10 0.13 0.15
Lpier (M) 0.35 0.38 0.40
g (KN/m?) 0.88 1.09 1.30
e 0.40 0.50 0.60
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T inati -
ab.le 5 Combination of a.leatory Mech. Variables X, N Q=2N
variables for each mechanism
tparapet’ tpier’ TR M 4 16
tpampet’ tpi()r! 143 3
3 [pumpet
Table 6 Resulting parameters - -
of fragility curves for the URM PL Action type | Action type 2
buildings PGAsy,, (m/s?) V] PGAsqq, (m/s?) B
1 0.341 0.406 0.816 0.447
2 0.631 0.354 1.489 0.407
3 1.289 0.317 2.805 0.308
4 1.447 0.325 3.050 0.288

In the global model of the buildings, the street fagade in the last floor is defined with
0.40 m of thickness. Considering that the thickness of the facade walls decreases along
the height, approximately 0.05 m in each floor, the same variation is now assumed for the
thickness of the central pier (7,,,). In addition, in the global model of the buildings, the
parapet is defined with 0.15 m of thickness and 0.80 m of height. In this case, the thickness
of the parapet (f,,,,,.,) is considered between 0.10 and 0.15 m. The self-weight of the roof
(yp) is defined by the interval of values proposed by (Ferreira and Farinha 1974). The coef-
ficient of friction (u) between timber and masonry is defined from (Farinha and Reis 1993;
Zhang et al. 2008).

The aleatory variables are treated by a full factorial combination at two levels. For each
of the Q=2 models, the aleatory variables assume the values correspondent to the lower
(X 10w and upper (X, ,,) values of the interval. Table 5 identifies the variables involved in
the three out-of-plane mechanisms and the number of combinations/models considered for
the analysis of the local seismic behaviour.

6 Fragility analysis
6.1 Derivation of fragility curves

The fragility curves for these buildings result from the combination of the fragility curves
obtained for the global and local behaviour and after considering the contribution of the
different classes of buildings identified by the global logic-tree in Fig. 10 (for additional
information refer to (Simdes et al. 2019a, b)). In this work, it is proposed to add the con-
tribution of PLk at the local scale (P p; ) to the corresponding PLk at the global scale
(P pLi) according Eq. (4).

Pprx = Pgprx + (1 —-P G,PLK)P LPLK 4)

Table 6 summarizes the parameters for the fragility curves considering the global seis-
mic behaviour of the typology for the two seismic actions of the applicable code in Lis-
bon (IPQ 2010) and Fig. 13 plots the corresponding functions for seismic action type 1
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PLI1 PL2 PL3 PL4
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Fig. 13 Fragility curves for the URM buildings: seismic action type 1 (left) and type 2 (right)

and type 2 progressing four damage levels assumed to correspond to the EMS98 scale
(Griinthal 1998). These fragility curves consider the different sources of uncertainties that
influence the seismic performance of the buildings, providing the overall assessment of the
seismic vulnerability of this class of buildings.

The discrete probability associated with the different damage states is determined fol-
lowing the procedure presented in (Lagomarsino and Cattari 2014). The damage states
(DSk with k=1,...,5) are defined to be conceptually compatible with the European Mac-
roseismic Scale (EMS-98 (Griinthal 1998)): DSO—no damage, DS1—slight damage,
DS2—moderate damage, DS3—heavy damage, DS4—very heavy damage, and DS5—
collapse. Figure 14 shows the corresponding probability damage distribution consider-
ing the code seismic actions for Lisbon (IPQ 2010) for a return period of 475 years are

[ Global Behaviour [____] Global & Local Behaviour

08 ACTION TYPE 1 1 ACTION TYPE 2
0.8
0.6
= = 0.6
5 0 F
n% n% 0.4
0.2 02
0

DSO DS1 DS2 DS3 DS4 DSS5 DSO DSI DS2 DS3 DS4 DS5
Distribution of damage DSO | DS1 | DS2 | DS3 | DS4 | DS5
Action Type 1 Global Behaviour 0.000 | 0.001 | 0.128 | 0.104 | 0.467 | 0.301
PGA = 1.94m/s” | Global & Local Behaviour | 0.000 | 0.001 | 0.099 | 0.085 | 0.474 | 0.341
Action Type 2 Global Behaviour 0.015 | 0.171 | 0.649 | 0.089 | 0.066 | 0.009
PGA =2.16 m/s’ | Global & Local Behaviour | 0.015 | 0.167 | 0.622 | 0.082 | 0.099 | 0.015

Fig. 14 Distribution of damage for the URM buildings for seismic action type 1 (PGA=1.94 m/s?) and
type 2 (PGA =2.16 m/s?)
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considered for the estimation of the damage distribution: type 1 (PGA=1.94 m/s?) and
type 2 (PGA =2.16 m/s?).

It is estimated that there is about 47% probability of having very heavy damage (DS4)
and about 34% probability of collapse (DSS5). As expected, the contribution of the local
seismic behaviour increased the final vulnerability for the higher damage states. These
outcomes, put in evidence the high seismic vulnerability of these URM buildings and the
urgent need to reduce potential losses due to future earthquakes.

6.2 Comparison with other fragility curves

Fragility curves available in the literature addressed to URM buildings such as the ones
in Lisbon are scarce. The comparison of fragility curves defined for traditional masonry
located in different regions is also questionable as the seismic vulnerability depends on
the local materials and on the local seismic culture. Therefore, in this section, the fragility
curves proposed for the URM buildings are compared with the fragility curves derived in
previous studies about these buildings (Simdes et al. 2014a, 2015). In addition, the method
proposed by Vicente et al. (2011) for the vulnerability assessment of masonry buildings is
applied to the present case in order to derive the corresponding fragility curves. Final refer-
ence is made to the fragility curves proposed by D’Ayala et al. (1997) for the URM build-
ings located in Alfama, one of the oldest districts in Lisbon.

In Simdes et al. (2014a, 2015) the fragility curves for these buildings were determined
based on non-linear static (pushover) analyses and considering only the global seismic
behaviour. The fragility curves were defined by assuming a lognormal cumulative distribu-
tion and some conventional values for the dispersion (f) of the different performance limit
states (also in terms of PLk, with k=1,...,4). In this case, the dispersion accounted for the
uncertainties in the definition of the capacity () of buildings, seismic demand (), limit
states (B;) and the error associated with the model used for the analysis (f,). Figure 15a
compares the fragility curves in question for seismic action type 1 (the most demanding
case). It is observed that the curves previously defined are closer to each other, whereas

——— ——— - ——— i
PL1 PL2 PL3 PLA - Simdes et al. 2015 [Isiméesetal. 2015 I Global Behaviour

= ==PL] —=-=PL2 ===PL3 — - - PL4-Global Bchaviour .
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e

92

I
I
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=
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f=3
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0.25

o

DSO DSI DS2 DS3 DS4 DS5
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Fig. 15 Comparison of the results obtained in Simdes et al. (2015) and in the present work: a fragility
curves and b distribution of damage for action type 1—PGA = 1.94 m/s?
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the curves now proposed for PL2 to PL4 are shifted to the right side of the plot. Figure 15b
compares the probability damage distribution for the code seismic action for Lisbon. The
probabilities associated with the lower damage states increased with the new fragility
curves, when the contribution of the local seismic behaviour is considered, whereas the
probability of collapse (DS5) decreased from 54 to 30%.

The hybrid method developed by Vicente et al. (2011) was also applied here. The
method combines the empirical vulnerability index formulation suggested by the GNDT II
level approach (GNDT 1994), including some modifications, with the Macroseismic Vul-
nerability Model defined by Lagomarsino and Giovinazzi (2006). Figure 16a compares the
fragility curves obtained from the application of the method proposed by Vicente et al.
(2011), dashed lines, and the curves proposed in this work, considering both the global and
local behaviour, solid lines. This option is consistent with the method proposed by Vicente
et al. (2011) as it takes into account both the global and local seismic behaviour of the
buildings. Figure 16b compares the results in terms of the probability damage distribution
for PGA =1.94 m/s?, showing that the probability of having heavy damage (DS4) and the
probability of collapse (DS5) estimated by the hybrid method are lower than the proposed
in this work: 38% in contrast with 47% for DS4, and 19% in contrast with 34% for DS5.

D’Ayala et al. (1997) analysed 200 URM buildings in Alfama district, in Lisbon, with 2
to 6 storeys. These buildings were constructed before the 1755 earthquake and have been
subjected to several repairs and modifications afterwards. The vulnerability assessment
was supported on the application of a simplified limit-state approach (analytical method).
The fragility functions proposed by D’Ayala et al. (1997) consider as performance limit
states the damage scale from the European Macroseismic Scale (EMS-98). Here a direct
correspondence between PLk and the DSk is considered. Figure 17a compares the fragility
functions proposed by D’Ayala et al. (1997), dashed lines, and the new fragility functions.
The curves are quite diverse and indicate that the URM buildings constructed in Alfama
are less vulnerable than the URM buildings constructed in the transition between the nine-
teenth and twentieth centuries in Lisbon. Figure 17b compares the results in terms of the
probability damage distribution for PGA = 1.94 m/s?.
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—— PLI PL5 - Present Work

o [ 1 Hybrid Method [__] Global & Local Behaviour

DAMAGE DISTRIBUTION

0.75 0.8

Probability
(=}
W
Probability
s o
= [=)}

0.25

S
o

b ll

DSO DS1 DS2 DS3 DS4 DSS

(=]

PGA [m/s?]

(a) (b)

Fig. 16 Comparison of the results obtained with the hybrid method and in the present work: a fragility
curves (discontinuous—hybrid method and solid lines—present work) and b distribution of damage for
action type 1 —PGA = 1.94 m/s?
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Fig. 17 Comparison of the results obtained in D’Ayala et al. (1997) and in the present work: a fragility
curves (discontinuous lines—D’Ayala et al. (1997) and solid lines—present work) and b distribution of
damage for action type 1—PGA = 1.94 m/s>

The comparison of the fragility curves and the corresponding distribution of dam-
age for the code seismic action type 1 for Lisbon (PGA =1.94 m/s?) indicated that the
vulnerability estimated in the present work is between the results obtained from previ-
ous works, supported on a simplified approach (only one building was analysed) and
conventional parameters, and the results obtained from the application of the hybrid
method proposed by Vicente et al. (2011). The curves proposed by D’Ayala et al. (1997)
indicated that older URM buildings in Lisbon are less vulnerable than the more recent
and taller URM buildings; indeed, it is worth noting that buildings in Alfama district
survived to the 1755 Lisbon earthquake (even if with some damage), while the vulner-
ability of Gaioleiro buildings is well evident. Table 7 compares, in addition, the disper-
sion of the different fragility curves for different PLi. The curves proposed in this work
have lower values of dispersion. This may be justified by the fact that in the previous
methods the dispersion was based on conventional values, that are related to a typology
in which buildings of different configurations are present (e.g. aggregated buildings in
the Alfama district); on the contrary, the typology analysed in the present work is made
by a well-defined configuration and, in addition, the different contributions for the total
dispersion have been determined in a more detailed.

Table 7 Comparison of the PL This work

di . Simdes etal.  Hybrid D’Ayala
1spersion (2015) method etal.

Vicente etal.  (1997)
(2011)

1 0.406 0.575 0.477 0.730

2 0.354 0.518 0.478 0.629

3 0.317 0.517 0.471 0.805

4 0.325 0.517 0.478 0.705

5 - - 0.475 0.584
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7 Final remarks

The article addresses the seismic vulnerability assessment of a typology of URM build-
ings constructed in Lisbon between the nineteenth and the twentieth centuries. The assess-
ment includes the generation of fragility curves that combine the in-plane and out-of-
plane response following different criteria and methods of analysis. The fragility curves
are derived considering the propagation of both epistemic and aleatory uncertainties on
the analysis. Among different alternatives (e.g. artificial neural networks or machine learn-
ing methods), in this paper the epistemic uncertainties have been treated by the logic-tree
approach, through the definition of different classes of buildings representative of the
typology. The aleatory uncertainties were treated by the Monte Carlo Method in case of the
global seismic behaviour and of the Response Surface Method in case of the local seismic
behaviour. The first method requires a larger number of analyses to obtain a reliable out-
come, while the second method needs only a few points to define the hyperplane that fits
the response surface of the variables. Notwithstanding the lower computational burden, the
application of the Response Surface Method to the analysis of the global seismic behaviour
would not be feasible for the comprehensive analyses of the variations within a typology of
buildings.

The final fragility curves, providing the overall assessment of the seismic vulnerabil-
ity of this class of buildings, were evaluated. These curves combine the fragility curves
obtained for the global and local behaviour. The results put in evidence the seismic vulner-
ability of this class of URM buildings. For instance, considering the earthquake-resistant
code for Lisbon with a return period of 475 years, it was estimated about 50% probability
of having heavy damage and about 30% probability of collapse. The structural interven-
tion on these buildings is urgent in order to reduce potential losses due to future earth-
quakes. Similar results were obtained, between global and local behavior, as the vulnerabil-
ity of this typology is mainly controlled by the in-plane behavior of the masonry walls. As
expected, the contribution of the local seismic behaviour increased the final vulnerability
for the higher damage states.
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