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Abstract

This paper describes a method developed to evaluate the seismic performance of old masonry buildings, which allows identif
expected structural collapse mechanism of the structure. The collapse mechanism is identified by the accumulation of several dama
structural elements in specific points of the structure. The methodology allows simulating the non-linear behaviour of masonry buil
making use of an iterative procedure, where the structure is changed at each step according to the cracking, yielding or collapse of struct
elements at the previous steps. The method was applied to an old masonry building from the city of Lisbon that includes a three-dim
timber structure enclosed in masonry walls aimed at providing seismic resistance. Discussion is made regarding the advantages of the ite
procedure for the identification of the expected structural collapse mechanism of old masonry buildings. The method limitations wil
discussed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Old masonry buildings are an important percentage of
building stock of many cities. These buildings are still bei
used and their main functions at present days are mo
housing and services (offices of companies and banks).
importance of the preservation of the cultural heritage
the functions that old masonry structures still maintain
our days justify the concern about their structural saf
including under earthquake actions. Recent earthquake
showed a deficient performance of masonry buildings un
seismic actions. Poor seismic performance of these build
may be expected due to the following reasons: (i) age
consequent degradation of structural materials leading
decrease of local and global stiffness and strength; (ii)
high number and variety of structural changes that th
structures suffered during service time, without consider
the effect on the seismic performance; (iii) most of the
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buildings were not built according to seismic codes beca
they didnot exist at the time of their construction.

The design of strengthening and/or large modifications
old masonry buildings to perform new functions leads to
definition of a numerical model of the building. Besides th
correct characterization of strength and stiffness paramete
of structural materials (masonry and wood), there are a
difficulties in modelling its non-linear behaviour. In fact, th
behaviour of a masonry structure is non-linear mainly d
to crack opening and to the rupture of connections betwe
structural elements. Considering the existence of tim
structural elements, the rupture of connections betwe
timber elements and masonry walls is also a source of n
linear behaviour.

The proposed method was developed aiming at
accounting explicitly for most of the main sources of no
linear behaviour of masonry structures and (ii) being a to
applicable in current design practice of seismic assessm
and strengthening of old masonry buildings. For the
reasons, non-linear analysis is performed by an itera
method where each step is a linear three-dimensio
analysis of the structure. The structure analysed at e
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Fig. 1. Structural details of a ‘Pombalino’ building (adapted from[2]).

teration results from the structure analysed at the previou
tep with the removal of collapsed connections or stiffne
hanges due to cracking or yielding occurred at that s
alculations willbe performed with a commercial progra

SAP2000® [1]) and linear three-dimensional dynam
nalyses will be performed considering the seismic ac
efined by response spectra.

Discussion will be made about the results of t
pplication of the methodology to the analysis of an exis
uilding from Lisbon Downtown. The building analysed
‘Pombalino’ building, which is an old masonry building
ith timber structural elements enclosed in masonry.
riterion used to define the collapse of the connections
he collapse of the structure will also be discussed in th
aper.

. Description of the building

‘Pombalino’ buildings, as shown inFigs. 1and2, are old
asonry buildings that can beidentified by the presenc
f a three-dimensional timber structure named ‘ga
ombalina’ enclosed ininterior masonry walls above the fir
oor. The other interior walls (partition walls) are wood
anels without structural functions. Façades are mad
asonry columns and beams without the ‘gaiola’ struct
he doors and windows define the geometry of the faç
asonry structural elements. Roofs are made with tim

russ and ceramic tiles and may include window openin
loors are wood slabs and should be considered as fle
iaphragms. Ground floor interior walls are masonry w
upporting a system of vaults made of blocks of cera
asonry and stone arches. Foundations include short

mall diameter woodpiles connected by a wood grid (Fig. 1).
The wood structure of ‘gaiola’ is like a birdcage ma

f vertical and horizontal elements braced with diagon
amed St Andrew’s Crosses, as shown inFig. 3. The
onception of the ‘gaiola’ three-dimensional wood struct
imed at providing resistance to horizontal forces. T
onnections between timber elements of the floors
gaiola’ and masonry walls are supposed to be done with
lements. Nevertheless, experience shows that some
.
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Fig. 2. ‘Pombalino’ building from Lisbon Downtown [3] (Prata Street, 210
to 220).

Fig. 3. Timber elements of ‘gaiola’ enclosed in masonry interior walls.

these elements do not exist. Most of the time, tim
elements of ‘gaiola’ are notched together or connecte
by nails or iron ties, according to historical information
about construction techniques [4]. Therefore, there are
some doubts about the possible intention of allowing
overturning of the façades after detaching from the inter
‘gaiola’ walls, in order to avoid complete collapse of t
building. This conception may beefficient for one- or two-
floor buildings, as is shown inFig. 4, which represents
a building whose exterior walls have fallen out-of-plan
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Fig. 4. Fall out-of-plane of the exterior walls without complete collap
(1998 Azores earthquake).

Fig. 5. Main façade of ‘Pombalino’ building from Lisbon Downtown (Pra
Street, 210 to 220) [3].

in the 1998 Azores earthquake. However, there are so
uncertainties regarding its efficiency in buildings with mo
than two floors because the out-of-plane fall of the façade
may bring down other parts of the building.

Figs. 5 and 6 show, respectively, the main façade an
the plan of the five-floor ‘Pombalino’ building that was
analysed. The building is located at Lisbon Downtown (Prat
Street, 210). According to original conception of Lisbo
Downtown, rebuilt after the 1755 earthquake, Pombali
buildings should have similar characteristics, such
number of floors, spans, materials, structural conception
order that, in each block, all buildings would perform in
similar manner. Therefore, the chosen building was analys
as a single building, assuming that the error by disregar
interaction between adjacent buildings is small, as is also
discussed by Ramos and Lourenço [5].
Fig. 6. Plan of a floor (above ground floor) of a ‘Pombalino’ building fro
Lisbon Downtown (adapted from[3]).

The masonry of the exterior walls is made of irregu
blocks of calcareous stone and lime mortar with very p
strength capacity. Masonry infill of the ‘gaiola’ can be ston
(rubble) or clay bricks, similar to the bricks used at grou
floor vaults. It is usual tofind both type of masonry a
interior walls. The wall’s average thickness is 0.8 m f
masonry exterior walls, 0.18 m for the interior walls of
‘gaiola’ and 0.12 m for the other interior walls. A mor
detailed description of ‘Pombalino’ buildings can be fou
in [6].

3. Numerical model

As mentioned before, a commercial program was us
(SAP2000®) in order to perform the iterative procedur
adopted, where linear dynamic modal analysis by respo
spectrum is used at each step.

Fig. 7 shows the numerical model of the building
Masonry exterior walls were simulated by thin b
dimensional elements (shell elements) considering o
bending deformation in and out of plane. For the inter
walls of ‘gaiola’, only timber elements were considere
These were simulated by bars that transmit only a
forces—rotations are free at the connections. The exclu
of masonry from the model of the interior walls was decid
after a previous study [7] where experimental results o
‘gaiola’ panels were comparedwith the results of numerica
models of these panels, modelled with timber and maso
elements with different meshes and sizes. This study le
the conclusion that the stiffness of the panels obtained wit
the numericalmodel and considering timber and mason
elements was twice the one obtained in the experime
study. However, the numerical and experimental stiffn
would be similar if, in the numerical model, masonr
elements were removed and the connections of diag
timber elements under tension were not conside
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Fig. 7. Numerical model of the building [7].
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In fact, historical data regarding construction practices and
the observed gaps between the different timber element
‘gaiola’ and the absence of iron elements at the connecti
indicate that the connections of the diagonal bars co
not transfer tensile forces. This study also contributed
the decisionon mesh dimensions for masonry elements
was concluded that it was not worth refining the mesh f
masonry elements more, bearing in mind that the level
accuracy does not need to go beyond the accuracy in
evaluation of the material properties as input. Moreover, t
main objective of studying crack/crush in masonry eleme
was the evaluation of theextension and location of masonry
damage, since it is fundamental to identify the type
collapse mechanism. The mesh size adopted seems t
appropriate for this purpose since the results obtained
similar to the collapse observed in buildings of the sam
type, also presented in this paper (Fig. 4).

The floors were modelled as truss bars with fr
rotations at the connectionsto the walls, simulating
flexible diaphragms and restraining out-of-plane relat
displacements of parallel walls. The connections betwe
timber elements of the ‘gaiola’ and perpendicular masonr
walls were simulated considering short bars that on
resist axial forces, intendingto simulate the strength o
the connection. No iron elements were considered in
evaluation of the strength of the connections due to th
uncertainties about their real existence in the buildings.

As can be seen inFig. 7, the roof structure was not
included in the model. Its self-weight was assigned
the nodes at the top of the building. Two rigid diagon
bars (Fig. 7(iii)), with free rotations in their connections
to masonry walls, simulated the masonry vaults of t
ground floor. A triangular truss of rigid bars (Fig. 7(iv))
f

e

modelled the stone arches of ground floor. The connect
between these bars allow relative rotations transmitt
compression forces simulating the arch effect. These arche
were connected to the interior ‘gaiola’ walls of the fir
floor parallel to the main façade and were supported
ground floor masonry walls. The foundations were simula
by built-in connections. Since the pavements cannot
considered rigid in their own plan, the mass was of each fl
was distributed by the nodes of that floor.

Table 1presents the Young’s modulus,E, of the structural
materials adopted in the numerical model. The Pois
coefficient of all materials was assigned the value 0.2.

According to the Portuguese Code [9], a uniform service
load (1.2 kN/m2) acting at all the floors was considere
The seismic action was based on the response acceler
spectrum also defined in the mentioned code, acting al
the two horizontal directions.

4. Methodology of analysis

4.1. Introduction

The aim of this analysis is to evaluate the buildin
potential seismic performance,establishing a relation
between the intensity of the seismic action and differen
damage states up to collapse.

In this study, the seismic action was modelled by mean
of acceleration response spectrum, scaled by a param
γsis that, in this manner, defines the intensity of the seism
action. Therefore, in this work, the intensity of the seism
action designates the scale factor of this action (the leve
seismic action) and not the usual Mercalli seismic intens
The reference acceleration response spectrum used i
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Table 1
Properties of structural materials considered in the numerical model

Materials and structural elements Young’s modulusE (MPa)

Masonry
Façades and walls between buildings 600a

Shell elements between perpendicular masonry walls 150a

Timber
Bars of ‘gaiola’ 8000a

Bars of the connections between timber elements and masonry walls
Bars of the floors

Stone Arches and vaults (ground floor) 3000b

a Values adopted are discussed in [8].
b Calcareous stone: value adopted is discussed in [7].
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Fig. 8. Response spectrum of accelerations according to Portuguese
[9] (Seismic Action type 2, Soil type III—soft soil).

analysis performed in this work, corresponding toγsis = 1,
is presented inFig. 8. It is intended to represent a far-dista
earthquake, with low frequency contents, which is the o
that induces higher accelerationsin these type of structures
The average peak ground acceleration of accelerogr
associated with that response spectrum is 0.12g.

Changing the value of the parameterγsis allows the
consideration of different intensities of the seismic actio
The purpose of the analyses is to obtain the value ofγsis that
defines the intensity of the seismic action correspondin
the collapse of the structure, quantifying, in this manner, it
seismic resistance. The value ofγsis obtained at the end o
each analysis is calledγ max

sis .
Since it was also intended to develop a methodology t

can be used in current design practice, it would be useful
the analyses could be done with commercial programs t
perform essentially linear dynamic analyses. This restric
led to the choice of an iterative procedure — a step
step procedure — in order to simulate, in an approxima
manner, the non-linear behaviour of the structure. In fact
introducing a number of changes in structural configuration,
it is possible to simulate the main sources of non-lin
behaviour: (i) cracking of the masonry elements and
failure of the connections between the timber elements
masonry walls. It is also possible to simulate the respec
sequence of ruptures, which is relevant in the struct
global behaviour as the rupture of some structural elem
can lead to the rupture of others. Masonry mechan
behaviour in compression is also non-linear but it is us
e

s

Fig. 9. Relationship betweenγsis and displacementd, considered in the
iterative method.

to represent masonry compressive stiffness by mean
constant secant Young’s modulus up to a given stress le
This approach is considered quite reasonable, given
large variability of material properties and, moreover, c
be easily implemented by means of linear analyses.

The intensity of the seismic action whose effects lead
cracking or rupture of structural elements corresponds
given value of factorγsis. If γsis obtained for each iteration
is expressed as a function of a given control variable,
instance a displacement,d, the relationship may be as show
in Fig. 9. It can be observed that the building’s glob
stiffness (the slope of each step line) is reduced during
iterative process due to the evolution of damage states.

Since in each step the seismicaction is fully considered
the effect of the duration of the seismic action is neglect
If the seismic action was defined by an accelerogr
this would be equivalent to starting each step from
beginning of the accelerogram and not from the part of
accelerogram where the last step finished. Obviously
is a conservative procedure,especially if the accelerogram
has few peaks with amplitude similar to the maximu
amplitude. This problem can only be accounted for
time history analyses, which is obviously more compl
It is probably much less important in the case of lo
duration accelerograms with several peaks with amplitu
similar to the maximum, which is the base of large distan
earthquakes.
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Another disadvantage of the method is that it does
account directly for hysteretic energy dissipation. Thus
this type of analysis, this phenomenon can only be accoun
for in an approximate manner, for instance by means
changing the viscous damping coefficient, and/or by me
of a behaviour coefficient (q-factor in EC8 [10]). Cyclic
tests on real ‘gaiola’ panels [11] have shownthat these
elements possess reasonable energy dissipation cap
This may be either due to friction between elements of the
panel, displacements associated with opening and clo
of gaps between the timber elements of the ‘gaiola’,
to metallic elements at the connections. However, this
not well characterized yet; therefore, the energy dissipatio
capacity was directly accounted for by means of a cons
relative viscous damping coefficient of 10%. This may b
conservative procedure, especially if large deformation
the ‘gaiola’ take place before rupture. It is thought tha
q-factor of 1.5 can be considered in this situation.

The proposed method cannot be used in regular b
masonry buildings because, for these structures, the
linear behaviour of the joints, as well as the geometrica
non-linearity, should be included in the analyses.

The method, besides making use of accessible com
tational tools, has the advantage of identifying the weak
links of the structure. Therefore, it provides useful informa
tion about the potential efficiency of possible strengthen
interventions, as discussed in acompanion paper (Bento, R
Cardoso, R, and Lopes, M, 2005—Seismic evaluation of
masonry buildings. Part II: Analysis of strengthening so
tions for a case study, Engineering Structures, 2005).

4.2. Description of the iterative method

The sequence of the iterative procedure is as follows.

1. A linear model of the structure is defined, intending
represent the existing structure.

2. A linear dynamic analysis is performed, in which t
seismic action is defined according to the prescribed
acceleration response spectrum (γsis does not scale this
response spectrum).

3. One value ofγsis is set, assuming a given intensity
seismic action acting in the structure:
• The design action effects (internal forces) in structu

elements,FSd, are defined by Eq. (1), where FPerm
are the effects of vertical permanent loads andFE

are the effects of the code prescribed seismic act
Therefore, the value of the permanent load effect
constant and only the value of earthquake effect
scaled by means of parameterγsis.

FSd = FPerm± γsisFE . (1)

• For each structural element or connection, the des
action effects,FSd, will be compared with respectiv
resistances,FRd, identifying their rupture, cracking or
yielding if FSd ≥ FRd.
y.

-

• A damage level is defined,according to the cracking
yielding or collapse of a set of elements or connecti
in the structure, as presented further in this section.

• It is admitted that, if the rupture of the set of eleme
that define the current damage level can chan
structural behaviour, as explained soon after in t
section, a damage state is identified. In this case, th
associated value ofγsis is namedγsis(n). If not, γsis
is incremented and step 3 of the iterative proces
repeated.

4. The damage state forγsis(n) is modelled by removing
collapsed elements or connections or reducing
stiffness of the elements or connections which suffer
significant yielding or cracking. The stiffness can b
reduced gradually or all at once, depending on h
sudden is the effect been modelled. The number
elements to be removed at each time depends on
precision required in the analysis.

5. If the accumulated damage is considered to corresp
to structural collapse, the process stops. If not, th
previous sequence is repeated, including the chang
the structural model. The value ofγsis at the collapse will
be the value ofγsis(n) of the last step and will be name
γ max

sis .

The value of γsis allows controlling the iterative
procedure because (i) in each step, it defines damage l
in the structure until a damage state is reached and (
between steps, it defines the intermediate damage stat
reached until the collapse of the structure.

The structural elements where damage was anal
are the masonry elements from the exterior walls and
connections of timber elements. The connections consid
relevant in the analysis are (i) the connections of
diagonals to the other elements of ‘gaiola’ and (ii) t
connections between timber elements (‘gaiola’ and flo
and masonry walls. These connections were chosen d
their bracing function of the structure against horizonta
actions. The connections analysed are identified inFig. 10.

In this study, a complete drop in stiffness was conside
to model the rupture of connections within the ‘gaio
walls and between these and the masonry walls.
masonry elements an average state in each elemen
considered to identify damage. In some masonry elemen
partial stiffness reduction (50%) was considered. Howe
a designer may wish to adopt a different criterion for str
evaluation aiming at higher precision.

Table 2presents tensile strength values considered fo
mentioned connections. It also presents masonry stre
values obtained from a bibliographic search [8]. The
masonry strength values are average values that ca
be considered the same for all masonry buildings, ma
due to the large variability of the properties of structu
materials and to the variety of structural solutions fou
in old masonry buildings. The tensile capacity of t
connections between timber elements and masonry wa
probably below real average values of the strength of
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Fig. 10. Analysed connections betweentimber elements and masonry walls.
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Table 2
Strength values adopted for damage calculation in relevant structural
elements

Structural element Strength values—FRd

Connectionsa

Braced timber bars in ‘gaiola’
(only tension)

0 kN

Timber bars – masonry walls
(only tension)

5 kN

Masonry
Compression 1.3 MPa
Tension 0.1 MPa
Shearb 0.1 MPa

a Valuesjustified in [7].
b This was considered an average shear stress in a cross-section relat

diagonal cracking.

connections to inner ‘gaiola’ walls. This is because there
a large uncertainty about the details of these connectio
Considering a poor detail, a strength value of 5 kN w
adopted for the connections.

The connections achieve rupture only in tensio
corresponding to timber elements being pulled out from
masonry walls. Even though the connections may conti
to transfer compressive forces this is enough to allow
detachment of the exterior walls from the inner ‘gaiol
walls. Therefore, it is considered that the connections are
longer effective and they are removed from the model.

4.3. Collapse mechanism identification

The definition of a collapse mechanism is associated
damage state considered “unacceptable”. Therefore it ca
be defined with complete precision. For instance, the o
of-plane fall of the façades isconsidered collapse, even
the inner structure of the building remains standing, since
the building will be left in an irrecoverable state. Howeve
it does not mean that it leads to human causalities am
the occupants. The identification of this collapse mechani
is therefore associated to a given level of damage in
masonry walls and large out-of-plane displacements that
t

only possible after the rupture of part of the connections
the inner ‘gaiola’ walls.

Besides the level of damage in the structural elements
connections, the evolution of the values ofγsis in the iterative
process may also lead to the identification of the collapse
mechanism. Due to the brittle nature of the behaviour
many elements and connections, it is possible that
seismic intensity associated to the new significant damag
in a given iteration is equal to or inferior to the seism
intensity registered in the previous iteration. This identifie
situation in which damage increases in the structure with
an increase of the seismic intensity, which may lead
sequential collapse in a manner similar to a ‘domino effec

5. Method application

5.1. Firstiteration

The evolution of damage levels in the first step
the iterative procedure can be observed inFig. 11, which
presents the masonry elements from the main faç
for which cracking due to tension occurred (the dark
elements), for different values ofγsis. The vertical line in
the middle of the façade above the first floor represents
connection G1 identified inFig. 10. In Fig. 11, the vertical
lines at the ground floor represent the connections of
existing interior masonry walls to the façade.

Fig. 11 shows that masonry damaged elements a
mainly located at the top of the building. The obtained
damage patterns identify the expected collapse mechan
corresponding to the fall out-of-plane of the front façade
the top floor. This mechanism is one of the typical collap
mechanisms of masonry buildings which was obser
in buildings that collapsed during recent earthquakes
Europe, as shown inFig. 12 [12].

The table inFig. 13 presents the maximum values ofγsis
for which rupture of different connections G1 occurs. The
values are the scale factors corresponding to the inten
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Fig. 11. Damage levels in masonry elements from main façade for increasing values ofγsis.
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Fig. 12. Bending out-of-plane of masonry buildings as a typical collapse
mechanism due to seismic actions [12].

Fig. 13. Values ofγsis corresponding to the rupture of the connections G
(‘gaiola’ wall to façade masonry wall).

of the seismic action whose effects in the structure,FSd,
defined by Eq. (1), are equal to the resistance of ea
connection,FRd.

Considering the damage levels of the front faça
presented inFig. 11, defined to values ofγsis between 0.20
and 0.30, and, simultaneously, the rupture of the connect
presented in the table inFig. 13 (bold values), the damag
state associated toγsis(1) = 0.25 was adopted to defin
the first step. According to the values presented in the ta
of Fig. 13, the rupture of the connections number 5 (at t
roof level) occurred at values ofγsis inferior to 0.25. An
s

Fig. 14. Results (main façade)—all steps of iterative method.

intermediate step introducing their rupture in the struct
wasnot justified mainly due to the reduced damage level
masonry elements of the front façade at those levels.

5.2. Results of all the iterations

In the following steps of analysis higher levels of dama
associated to the out-of-plane displacements of the fron
façade were obtained without increasing the value ofγsis.
The collapse mechanism was reached after three steps
calculation. As allγsisvalues wereequal to 0.25, the collaps
of the structure is sequential, as described inSection 4.3.
This type of mechanism was observed in small buildin
during the 1998 Azores earthquake, as shown inFig. 4.

The relevant masonry damage states analysed for
three steps are presented inFig. 14. The table in this figure
shows the connections G1 suppressed during the itera
procedure (bold values). According to these values, the v
of γsis associated with the rupture of some connecti
in the second and third iterations decreases, which
consequence of the increase in the tensile forces in
connections due to the removal of the adjacent connect
from the model that suffered rupture in the first and sec
iterations, respectively.
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Table 3
Horizontal relative displacements out-of-plane at the top of connection G1(γsis(1) = γsis(2) = γsis(3) = 0.25)

1st Step 2nd Step 3rd Step Building without ‘gaiola’
γ max

sis = 0.25

Relativea displacement (cm) 1.20 2.30 3.70 3.90
Increment of displacement (cm) between successive steps – 1.10 1.40 –
Increment of displacements (cm) 2.50 (217%) 0.2 (5%)b

a Relative to the left corner of the front façade.
b Relative to the last step of the iterative procedure for the building with ‘gaiola’.
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Fig. 15. Horizontal displacements out-of-plane of the façade, relative to
corner of the building.

The collapse mechanismcan be identified by the
out-of-plane horizontal displacements associated with th
deformation of the main façade. Those displaceme
presented in Fig. 15, are the difference between the
horizontal displacements observed in the connection
(Fig. 10) and the displacements inthe same direction
observed in the left corner of the front façade of the buildi
This procedure was adopted to better understand the
deformed shape of the front façade in the out-of-pla
direction. The maximum values were obtained at the top
the building and are presented inTable 3for each step of
the iterative procedure, scaled by the corresponding va
of γsis (γsis(1) = γsis(2) = γsis(3) = 0.25). In this table, the
displacements observed at the end of the iterative proce
(step 3) at thetop of the building were 2.50 cm highe
than the value obtained in the first iteration. The observe
displacement corresponds to an increase of 217% of
displacement observed in the linear analyses (step 1), w
indicates that the iterative procedure leads to a more rea
evaluation of displacements.

Table 3 and Fig. 15 also include the displacemen
observed in the numeric model of the same building with
‘gaiola’. It can be observed that displacements measure
l

e

t

the end of the iterative procedure were 0.2 cm (5%) sma
than the displacements measured in the same building
without the ‘gaiola’ (Table 3). This is due to the remaining
active connections after the collapse of the building (th
step) that still contributes to its stiffness.

A previous study [7] allowed understanding that th
presence of ‘gaiola’ in the building braces masonry walls
The analysis showed that independent (local) vibra
modes of each masonry wall and relative displacem
between parallel walls were restrained at the first iteratio
The frequency of the first mode of vibration wasf =
0.942 Hz, higher thanf = 0.398 Hz obtained for the sam
building without ‘gaiola’.Fig. 16shows theconfiguration of
the first threemodes for both buildings.

Fig. 16 and the mentioned results show that the ‘gaio
are effective in bracing masonry walls and give an impor
contribution to the global stiffness. The dynamic behavi
of the structure analysed in the last step is closer to
dynamic behaviour of the building without ‘gaiola’ du
to the high number of removed connections. This can
be observed inTable 4, which presents the values of th
frequencies for the first vibration modes of the building with
‘gaiola’ analysed in the iterative procedure.

The reduction of the frequencies between iterations
confirms the reduction of the global stiffness of the build
during the iterative procedure, explained by the rupt
of the connections between wood structural elements
masonry (floor elements, ‘gaiola’, etc) and wood eleme
between themselves (elements of ‘gaiola’).

The reported results, regarding out-of-plane displa
ments of the façade and the frequencies, indicate that th
building collapse is due to the overturning of the front
façade.

5.3. Evolution of the building global behaviour along t
different steps

Table 5presents the evolution of the global stiffness o
the building,K , for each step(γsis(1) = γsis(2) = γsis(3) =
0.25). Theglobal stiffness of the structure,K , wasobtained
with Eq. (2), considering the effects of the seismic acti
obtained in the analyses, the global base shear reactionF ,
and the average of the displacements of all the nodes o
top of the building,d, for both horizontal directions.

K = F/d. (2)
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Fig. 16. Dynamic shapes of the building with and without ‘gaiola’.
Table 4
Dynamic analysis—frequency values obtained during the iterative process

Mode Mode of vibration 1st Stepf (Hz) 2ndStep f (Hz) 3rd Stepf (Hz)

1 Translation parallel toy-axis 0.942 0.671 0.438
2 Translation parallel tox-axis with torsion 1.055 0.806 0.622
3 Translation parallel tox-axis with torsion 1.196 1.096 0.700
with
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Fig. 17 relates the base shear reactions in each step,
the displacements of the top ofthe building, according to the
valuespresented inTable 5.

As shown inTable 5and inFig. 17, the global stiffness
is reduced along the iterativeprocedure for both horizonta
directions. The global base shear reactions in the out
plane direction of the front façade are also reduced alo
the iterative procedure.

The decrease in the overall stiffness of the building fro
iteration to iteration is due to the reduction in the numb
of effective connections between the ‘gaiola’ walls and t
masonry walls, as well as the effects of masonry cracking

Another consequence of the reduction of the effect
number of connections is the fact that the masses of
façades and of the inner part of the building do not vibr
together. This changed the mode shapes and is respon
for the reduction of the mass mobilized in the first modes,
shown inTable 5.

6. Discussion

By applying the iterative procedure it is possible to obta
more realistic out-of-plane horizontal displacements
masonry walls and corresponding damages, so the colla
mechanism of the structure will be more realistically
characterized. Because the structure is changed at eac
step, the analysis allows modelling non-linear behavio
le

e

Moreover, the iterative procedure allows for detect
sequential collapse.

The main advantages of defining the valueγ max
sis are that it

provides, with a single variable, information about the se
mic vulnerability of the buildings and also gives informatio
about the relevance of different collapse mechanisms.

The definition of the damage state in each step, accor
to the number and location of the structural elements tha
have yielded, collapsed or reached a given stress le
may not be obvious and straightforward. Therefore
interpretation of the results, like those presented inFig. 14,
is not always simple. Thus, the accuracy in the evaluatio
γsis at each step depends on the accuracy of the definitio
damage states.

Even if the value ofγ max
sis cannot be evaluated wit

the precision that there would be fora reinforced concrete
or steel building, the value evaluated can be consider
parameter that allows for quantifying the building’s poten
performance under seismic actions, and therefore its sei
vulnerability.

In the structural design of new structures, the des
action effects including the effects of the seismic action
defined by an equation similar to Eq. (1), in which γsis is
replaced by the safety factor,γs. Since the safety factor
γs scales the seismic action, it can be directly compa
with the factor γ max

sis . The low values obtained for this
factor show a low strength of these structures for seis
actions, justifying the concern about the potential seis
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Table 5
Evolution of the global stiffness of the structures analysed in each iteration, for all the analysed modes (values obtained forγsis(1) = γsis(2) = γsis(3) = 0.25)

x direction y direction
parallel to the front façade perpendicular to the front façade

Step 1 Step 2 Step 3 Step 1 Step 2 Step 3

F (kN) 619 626 611 527 408 370
d (cm) 0.912 0.976 0.972 0.941 1.159 1.432
K (kN/m) 67 870 64 154 62 855 55 930 35 156 25 848
% of the massmobilizeda in the first mode in each direction 27.9 44.1 39.2 35.1 22.2 16.2

(3rd mode) (3rd mode) (5th mode) (1st mode) (1st mode) (1st mode)

a Percentage in the mass mobilized in all the modes considered in the analysis (over 100 modes, which include local modes of vibration of the timb
elements of ‘gaiola’).
Fig. 17. Evolution of the global stiffness of theanalysed structures (values obtained forγsis(1) = γsis(2) = γsis(3) = 0.25).
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performance of these buildings. However, the final val
γ max

sis also depends of the hypothesis adopted to define
model: (i) assumingthat the seismic action starts in a
the steps by adopting the same response spectrum in
the iterations and (ii) accounting for the hysteretic ener
dissipation capacity of ‘gaiola’ walls to dissipate energy a
theone due to the rupture of structural elements during
iterative calculation by adopting a constant viscous damp
coefficient equal to 10%. These hypotheses are conserva
and lead to an underestimation of the value ofγ max

sis . The
consideration of theq-factor (force reduction factor) equa
to 1.5 would increase the values ofγsis by 50% and would
be closer to the expected seismic behaviour of the buildin

The value ofγ max
sis obtained also depends on the streng

parameters considered, which must be calibrated c
by case. The values of the strength parameters adop
presented inTable 2, are acceptable or below average value
But it should not be forgotten that these values ha
a large variability due to the variability of the materia
characteristics and construction techniques in this type
building, as the values found in the literature [8] show.
Degradation due to age and structural changes perform
during the structure lifetime also justify the large range
some material property values. For all the material proper
l

e

.

e
,

f

d

values presented and adopted in this work, the m
relevant that should be reasonably assessed are the te
capacity of the connections involving timber elements a
the masonry mechanical properties. In particular, masonry
shear strength is fundamental to quantify the resista
to the global shear mechanism. These values can
calibrated in real cases by non-destructive technique
‘in situ’ tests, which can be prescribed by the structu
designer [7].

Only three steps of analysis were necessary to re
the collapse mechanism and to understand the struct
behaviour of the original building. Although a highe
number of iterations could be necessary if a higher leve
accuracy in the definition of the damage states was requ
the analyses performed showed that the most rele
information could be obtained with a reduced number
iterations. However, the amount of work associated with
identification of damaged elements all over the structure
significant. Therefore, the automatic implementation of this
step-by-stepprocedure in an interactive manner is proba
necessary for design applications. Another advantage o
automatic implementation of the iterative procedure is t
it would allow performing different analyses for the sam
building covering a given rangeof material properties, in
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order to deal with uncertainties in the characterization o
these properties.

The proposed method allows, within certain limits, th
simulation of fragile and ductile behaviour. An example
the first is thebehaviour of the connections between th
‘gaiola’ walls and the façades, and an example of the sec
is the type of behaviour admitted for the façades in their o
plan.

7. Summary and conclusions

An iterative method is proposed for the seism
assessment of old masonry buildings. In each iterati
damage in the structural elements or connections betw
elements due to collapse (brittle behaviour) or yieldi
(ductile behaviour) are identified and the structural syste
changed accordingly. Eachiteration comprises a linea
elastic dynamic analysis by response spectrum, scaled
a factorγsis to define the seismic action associated to ea
damage state. The value of this factor at the collapse of
structure,γ max

sis , quantifies its potential seismic performance
and is directly comparable to a safety factor. The fact tha
each iteration only comprises alinear analysis allows the use
of the method in current design practice.

Besides the seismic intensity at collapse, the metho
allows the identification of the weakest links an
connections in the structure and the identification
its expected collapse mechanism, which are relev
information to the designof seismic strengthening solutions

The proposed method is conservative, as it does
account for the energy dissipation capacity, which is like
to be underestimated by means of using an equivalent lin
damping coefficient, and overestimates the effects of
seismic action, as it does not account for its duration.
cannot be applied to regular block masonry, as it can
simulate the behaviour of the interfaces and the geometr
non-linearity.

The proposed method was applied to an old maso
‘Pombalino’ building typical of Lisbon Downtown, built
after the Great Lisbon Earthquake of 1755 with the conc
of providing seismic resistance.

The results, which can be confirmed by comparis
with masonry buildings’ collapse mechanisms observe
during earthquakes, indicated a sequential collapse a
d

,
n

y

t

t

r

t
l

a

relatively low seismic intensity, initiated by failure of th
connections of the façade to theinner horizontal resisting
braced timber structure on the upper floors. This indu
the collapse of most of the other connections at the lowe
floors, followed by the out-of-plane fall of the front façad
all at the same intensity of the seismic action. This type
behaviour is associated to a slight decrease of the in
forces as the damage increases. This would correspon
a force–displacement diagram, to a descending branch
the ultimate load was reached and is due to the brittle na
of the behaviour of the connections.
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