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a  b  s  t  r  a  c  t

In order  to  assess  the  structural  behavior  and to evaluate  the  seismic  vulnerability  of masonry  structures
of  relevant  historical  and  artistic  significance,  which  is a widespread  building  type  in  Italy  and  in the  world,
an  historical  masonry  church  is analyzed  under  earthquake  loading.  Linear  and  non-linear  analyses  are
performed  on the  finite  element  models  of the  structure.  From  these  analyses  it  is  pointed  out that  the
structure  does  not  behave  elastically  in  its  existing  condition  even  when  subjected  to  the  frequent  design
earthquake  (81%  probability  of  being  exceeded  over 50 years).  Two  traditional  rehabilitation  methods  are
studied:  the  placement  of  a rigid  diaphragm  which  connects  the  top  of  the  masonry  walls  only  enclosing
the  church  entrance  area  and  the placement  of  a rigid diaphragm  which  connects  the  tops  of  all  masonry
walls.  None  of  the traditional  method  is sufficient  for the  structure  to survive  basic  design  earthquake
(10%  probability  of  being  exceeded  over  50 years).  Hence  an advanced  seismic  retrofit  solution  using
innovative  carbon  fiber  reinforced  elastomeric  isolators  is  proposed.  The  proposed  intervention  consists
in  the  installation  of six  Unbonded  Fiber-Reinforced  Elastomeric  Isolators  (U-FREI)  and  six Flat  Surface
Sliders  (FSS)  as  passive  protective  devices  besides  the  placement  of  a rigid  diaphragm  which  connects  the
tops  of all  masonry  walls.  The  process  of  installation  of  the  devices  is  illustrated.  The  use  of  the proposed
solution  leads to a remarkable  enhancement  of the seismic  response  capacities  of the structure;  indeed
a  general  elastic  response  under  the Basic  Design  Earthquake  (BDE)  is  attained.

© 2017  Published  by Elsevier  Masson  SAS.

1. Introduction

A great number of the historical or culturally significant monu-
ments in Italy are church masonry buildings. These historical
buildings are generally able to safely carry the vertical loads, but
they are particularly susceptible to damage, and prone to partial or
total collapse under earthquake horizontal loads, sometimes in the
presence of ineffective restoration [1].

The seismic vulnerability of this type of building is due to both
the configuration, often characterized by open spaces, faç ades spar-
ingly interconnected with the perpendicular walls, flexible wooden
roofs, and the mechanical properties of the masonry material,
which has highly nonlinear behavior and very low tensile strength
[2].
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Impediments to and restrictions on inspection of historic con-
struction, or difficulties with the removal of specimens in buildings
of historical value, as well as the high costs involved in inspection
and diagnosis, often result in limited information about the internal
constructive system or the properties of existing materials.

Moreover, it must be stressed that the structural resistance
of material decreases over time due to deterioration, and this
degradation is frequently accelerated by lack of maintenance or
carelessness [1].

Because of the uncertainties that affect the structural behavior
and mechanical properties, it is difficult to reduce historical build-
ings to any standard structural scheme. The above considerations
explain the need of specific modeling and analysis strategies for
such constructions.

One of the criteria used to classify the structural modelling tech-
niques in general and for historical masonry structures too is the
complexity of the mathematical models adopted to describe the
materials behavior. A simple wide-spread method is the “limit anal-
ysis” [3], which requires an a priori detection of potential crisis
mechanisms.
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Thanks to the availability of more powerful computing tools,
more refined structural models have emerged in recent years, and
the non-linear finite elements approach has become a popular anal-
ysis technique. Detailed investigations about masonry modelling
techniques are provided in [4], while reviews on constitutive laws
used to model the brittle behavior of masonry structures is provided
in [5] and [6].

In accordance with the classification formulated in [7] it is possi-
ble to distinguish two main finite-elements modelling approaches:
macro-models and micro-models.

In macro models [6] and [8–13] the masonry, usually made
of brick elements and mortar joints, is simulated as isotropic
or anisotropic homogenous material with equivalent mechanical
properties. The main problem in this compound is to define rep-
resentative mechanical properties of the masonry, since it is well
known that brick elements and mortar joints have different stress-
strain properties under normal and shear stresses.

In micro models [14–17] the spatial discretization of the
masonry is reduced to the simulation of brick elements and mortar
joints. Micro models use contact elements to model the connec-
tion between the brick elements and mortar joints. This approach
provides a more realistic representation of the masonry behavior,
because it is able to describe local effects in each material and at
their contact, but it demands a great number of relatively small
finite elements and contact elements, i.e. a greater computational
cost.

In the numerical simulation of masonry structures by the Finite
Element Method (FEM), different tendencies were developed to
represent the cracks. The discrete crack models are based on the
idea of always working with the portion of the solid which remains
continuous and without any damage, so that during the forma-
tion or progression of an existing crack, its sides incorporate to
the outline of the solid. The cracks are modelled as displacement
discontinuities among the finite elements and they must develop
across their outlines, what ends up generating a restriction in its
propagation direction. In the smeared crack models, otherwise, the
cracked material is treated as continuous, and the discontinuity of
the displacement field caused by the crack is spread across the ele-
ment by changing the constitutive equation instead of changes on
the finite element mesh [18]. The smeared crack models permit to
simulate the post-crack behavior of the material allowing to follow
up the evolution of stresses and strains during the loading process
and to obtain a crack pattern which enabled to better understand
its behavior, as well as to follow up the stress evolutions [18].

A seismic analysis of an historical building, whose model
is entirely constituted of smeared cracking elements, is pre-
sented herein. The main references for the used smeared crack
model are [2], and [1,19,20]. The described case concerns the
seventeenth-century private church known as Lippomano Villa
Oratory (Figs. 1-2), located in the Monticella hill, district within
the municipality of Conegliano, about 70 m a.s.l. and 30 km north
of Treviso, Italy. The church structural behavior with respect to

Fig. 1. Lippomano Villa Oratory: (a) main entrance on the south side after architectural restoration [21]; (b) south-west side after restoration with the anchoring ties
highlighted by the circles and reinforcing ring indicated by arrow [21]; (c) typical out-of-plane collapse mechanism of masonry buildings; (d) simplified structural scheme
of  the wooden roof.
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