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This paper presents a sensitivity analysis taking into account possible variations on the features of
masonry buildings. The main objective of the analysis is to compare the seismic performance of a typol-
ogy of buildings in Lisbon as a function of the changes of its properties with respect to a reference model
calibrated from experimental tests. The sensitivity analysis was carried out using non-linear dynamic
analysis with time integration and using pushover analysis with distribution of forces proportional to
the inertial forces of the structure. The deviations on the seismic response were mainly analysed in terms
of maximum load capacity and collapse mechanisms. The results show that the Young’s modulus of the
masonry walls, the Young’s modulus of the timber floors and the compressive non-linear properties are
the parameters that most influence the seismic performance of this type of tall and weak existing
masonry structures. Furthermore, it is concluded that the stiffness of the timber floors significantly influ-

ence the strength capacity of the building and the type of collapse mechanism.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The seismic behaviour of existing masonry buildings is particu-
larly difficult to characterize and depends on several factors, such
as the material properties, the geometry, the foundations, the con-
nections between walls and floors, the connections between walls
and roof, the stiffness of the horizontal diaphragms or the building
condition. Furthermore, “non-structural” elements (partition
walls) and their connection to the load-bearing walls can also con-
tribute to the performance of these buildings.

Masonry is a composite material that consists of units and mor-
tar, which had been used for construction of housing and many
important monuments around the world. Units can be bricks,
blocks, ashlars, irregular stones and others. Mortar can be clay,
bitumen, chalk, lime/cement based mortar, glue or other. The huge
number of possible combinations generated by the geometry, nat-
ure and arrangement of units as well as the characteristics of the
joints raises doubts about the accuracy of the term masonry to
identify a single structural material.

The strength of masonry depends on the unit and mortar proper-
ties as well as on the construction technique. As an example, the
compressive strength of stone units may range from values such
as 5 MPa (low quality limestone), and even less for tuff, to over
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130 MPa (good quality limestone), and even more for granite or mar-
ble. The strength of the mortar also presents large variations and
depends on the proportion of its components (cement, lime, sand,
soil and water) used in the mix [1]. The compressive strength of
the mortar of existing masonry buildings can be about 1.5-
3.5 MPa [2,3], even if weaker and stronger mortars can be found.
Furthermore, the strength and failure modes of masonry are depen-
dent on the loading direction and combination of the loads [4].
Nevertheless, the mechanical behaviour of different types of
masonry has some common features: high specific mass, low tensile
strength, low to moderate shear strength and low ductility (quasi-
brittle behaviour). The specific mass of stone masonry can range
between 1700 kg/m> to 2200 kg/m> [5].

The characteristics of masonry make it a material mainly suit-
able for structural elements subjected to compressive stresses
caused by vertical static loads, such as walls, arches, vaults and col-
umns subject to the self-weight. Masonry properties have a direct
influence on the seismic performance of unreinforced masonry
buildings and massive damages have been observed in strong seis-
mic events. The inertial forces induce tensile and shear stresses
which may lead to the failure of masonry elements and, conse-
quently, to local or global collapse of the building. Detailed infor-
mation on the mechanical behaviour of the masonry is given in
[1,4,6].

The geometrical regularity in plan and in elevation as well as
the structural simplicity (well distributed of mass and stiffness)
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improve the seismic performance of masonry structures, prevent-
ing local damage and decreasing torsional effects. These criteria,
together with requirements for material properties in terms of
strength and robustness, and rules for design and detailing are
present in modern codes [7-9], aiming at a good seismic perfor-
mance of masonry buildings in terms of strength capacity and ade-
quate collapse mechanisms. But, existing masonry buildings often
present geometric and material properties, which may lead to brit-
tle or non-proportionated collapse mechanisms. The damage gen-
erally occurring in unreinforced masonry buildings due to the
seismic action are cracks between walls and floors, cracks at the
corners and at wall intersections, out-of-plane collapse of the
perimetral walls, cracks in spandrels beams and/or parapets, diag-
onal cracks in structural walls, partial disintegration or collapse of
structural walls and partial or complete collapse of the buildings
[6]. For more information about the damage occurring in unrein-
forced masonry buildings, see e.g. [10,11].

The present work presents a sensitivity analysis taking into
account variations of the features in existing masonry buildings.
The main objective of the sensitivity analysis is to compare the
response of the structure, as a function of the change of its proper-
ties with respect to the response of a reference numerical model,
which was calibrated with an experimental test. The sensitivity
analysis was carried out using non-linear dynamic analysis with
time integration and pushover analysis proportional with distribu-
tion of forces proportional to the mass. The comparison of the
response of structure is mainly based on the maximum load capac-
ity and type of damage.

2. Seismic performance of masonry walls and timber floors

Although the seismic performance of unreinforced masonry
buildings depends on several aspects, only the seismic behaviour
of the masonry walls and of the floors are discussed here. The in-
plane behaviour of masonry walls depends on the geometry of piers,
spandrels and openings. In what concerns the seismic behaviour of
piers, the typical in-plane collapse mechanisms (Fig. 1) are [12-14]:

e Rocking induced by bending, which causes horizontal cracks at
the top and at the bottom of the pier. The failure of the pier
occurs by overturning of the wall. The failure by in-plane over-
turning, which occurs rarely, is associated to very slender and
slightly loaded piers.

o Sliding associated with horizontal forces at the piers that are
larger than the shear strength of the bed joints (low vertical
load and low friction coefficient), which is characterized by sin-
gle full pier width horizontal cracks.

e Diagonal tension, in which the principal tensile stress caused by
the seismic action exceeds the strength of masonry and diago-
nal cracks arise. The cracks can propagate along the bed and
head joints or go through the units, depending on the strength
of the mortar, mortar-unit interface and unit.

e Toe crushing, which can appear in combination with rocking or
diagonal tension. The toes of the piers are usually zones of high
compressive stresses and when the principal compressive stress
caused by the seismic action exceeds the strength of the
masonry, compressive failure (crushing) can occur.

The behaviour of spandrels is similar to the behaviour of piers.
However, two aspects have to be taken into account: (a) the axis of
the spandrel is horizontal and not vertical as in the piers; (b) the
normal stress existing in the spandrels, caused by vertical loads,
is much lower than the one in the piers. The first aspect is impor-
tant for regular masonry, due to the orthotropic behaviour, while
the behaviour of irregular masonry is more independent from the
load direction. The second aspect has consequences in all types
of masonry, as the normal stress has a strong influence on strength.
Fig. 2a presents the in-plane behaviour of spandrels subjected to a
seismic action, in which shear stresses occur and can lead to them
to collapse (Fig. 2b). In masonry buildings with elements that pre-
vent such collapse mechanisms (Fig. 2c), diagonal compression
occurs and these elements increases the bending strength of the
spandrels. Under these conditions, the spandrels present two pos-
sible collapse mechanisms [15,16]:

e Collapse due to high compression of diagonal struts (similar to
the collapse of piers subjected to combined axial and bending
forces).

e Collapse due to diagonal tension (shear failure).

The out-of-plane behaviour of unreinforced walls is rather com-
plex and depends on the connection between walls and floors/roof,
the connection between transverse and longitudinal walls, and the
in-plane stiffness of the floors. When the floors are rigid and are
adequately connected, masonry walls have local effects. On the
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Fig. 1. In-plane collapse mechanisms of the piers (adapted from [14]).
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Fig. 2. In-plane behaviour of the spandrels [17].
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