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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.
. Introduction

A great number of the historical or culturally significant monu-
ents in Italy are church masonry buildings. These historical

uildings are generally able to safely carry the vertical loads, but
hey are particularly susceptible to damage, and prone to partial or
otal collapse under earthquake horizontal loads, sometimes in the
resence of ineffective restoration [1].

The seismic vulnerability of this type of building is due to both
he configuration, often characterized by open spaces, faç ades spar-
ngly interconnected with the perpendicular walls, flexible wooden
oofs, and the mechanical properties of the masonry material,
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
https://doi.org/10.1016/j.culher.2017.09.015

hich 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
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

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,
ore refined structural models have emerged in recent years, and

he non-linear finite elements approach has become a popular anal-
sis technique. Detailed investigations about masonry modelling
echniques are provided in [4], while reviews on constitutive laws
sed to model the brittle behavior of masonry structures is provided

n [5] and [6].
In accordance with the classification formulated in [7] it is possi-

le to distinguish two main finite-elements modelling approaches:
acro-models and micro-models.
In macro models [6] and [8–13] the masonry, usually made

f brick elements and mortar joints, is simulated as isotropic
r anisotropic homogenous material with equivalent mechanical
roperties. The main problem in this compound is to define rep-
esentative mechanical properties of the masonry, since it is well
nown that brick elements and mortar joints have different stress-
train properties under normal and shear stresses.

In micro models [14–17] the spatial discretization of the
asonry is reduced to the simulation of brick elements and mortar

oints. Micro models use contact elements to model the connec-
ion between the brick elements and mortar joints. This approach
rovides a more realistic representation of the masonry behavior,
ecause it is able to describe local effects in each material and at
heir contact, but it demands a great number of relatively small
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
https://doi.org/10.1016/j.culher.2017.09.015

nite elements and contact elements, i.e. a greater computational
ost.

ig. 1. Lippomano Villa Oratory: (a) main entrance on the south side after architectur
ighlighted by the circles and reinforcing ring indicated by arrow [21]; (c) typical out-of
f  the wooden roof.
 PRESS
l Heritage xxx (2017) xxx–xxx

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
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

the municipality of Conegliano, about 70 m a.s.l. and 30 km north
of Treviso, Italy. The church structural behavior with respect to

al restoration [21]; (b) south-west side after restoration with the anchoring ties
-plane collapse mechanism of masonry buildings; (d) simplified structural scheme

https://doi.org/10.1016/j.culher.2017.09.015
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Fig. 2. Lippomano Villa Oratory: (a) ground floor plan;

he actual state of conservation is investigated, and an innovative
ehabilitation intervention is proposed.

. Research significance

The aim of the present study is to show the efficiency of an
dvanced seismic retrofit solution, consisting of the installation
f innovative unbonded fiber-reinforced elastomeric isolators, to
chieve adequate protection levels for historic masonry buildings.

. Case study

.1. Existing condition

The Lippomano Villa Oratory (Fig. 1) is an historical brick
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
https://doi.org/10.1016/j.culher.2017.09.015

asonry structure, part of the Italian artistic and cultural her-
tage. Geometrically, it is constituted of the union of two volumes
Fig. 2(a)). The first volume contains the main entrance area, hav-
ng the dimensions of 8.4 m long and 2.2 m wide; the height of
signed isolation system; (c) sections A-A and B-B [21].

the faç ade is about 11 m,  and it is topped by a wooden saddle
roof. The second volume contains the main room, i.e. the chapel;
it has a barrel shape with a diameter of about 8.3 m and cone-
shaped wooden roof (Fig. 2). The roof is supported by the top of the
chapel barrel walls at a height of 9.6 m and has a height of 3.0 m.
Its structural scheme, unknown because it is hidden by a ceiling
system (Fig. 2(c)), is deduced through comparison with roofs of
similar churches built in the area during the same historical period
(Fig. 1(d)).

The walls’ thickness ranges between 0.4 m and 0.8 m.
No information is available about the foundations, which are

presumed to be the simple continuation of the masonry walls.
In the recent past, the church was  strengthened by means of

anchoring ties to improve the connection between east and west
walls of the entrance hall, and a reinforcing ring made by a steel
plate installed at the base of the cone-shaped wooden roof. Even
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

more recently the plaster was renewed (Fig. 1(b)), hiding a critical
crack pattern, evident from the photo in Fig. 1(a), that can be traced
back to the incipient formation of a typical out-of-plane collapse
mechanism of the church south faç ade (Fig. 1(c)). This mechanism

https://doi.org/10.1016/j.culher.2017.09.015
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s due to the slenderness of the faç ade and to the absence of a struc-
ural system connecting the tops of the walls at the base of the roof
nd will be described well in the following.

. Analysis method

At present, the most widely adopted approach in analyzing
xisting masonry buildings, as recommended by Italian Guide-
ines for Cultural Heritage [22], presumes, or pre-assigns, a failure

echanism based on a collection of most probable partial failure
echanisms. These include out-of-plane faç ade overturning, bell-

ower collapse, apse shear, rocking failure, and other phenomena
ommonly observed in earthquake surveys. In the Italian Guide-
ines approach, the collapse multiplier of an unreinforced masonry
rame is evaluated by applying the kinematic theorem of limit
nalysis for no-tension materials. The most vulnerable damage
echanisms are considered to be the failure mechanisms linked

o the lower value of the collapse multiplier that coincides with the
on-dimensional horizontal acceleration at collapse.

The Italian guidelines approach, while straightforward and eas-
ly applied, has two noteworthy drawbacks [2]. First, there is a risk
f overestimating the horizontal acceleration at failure. The upper-
ound theorem of limit analysis states that the actual mode of
ollapse corresponds to the smallest kinematically admissible mul-
iplier. Therefore, if the actual failure mechanisms that determine
he vulnerabilities are different from those presumed in accordance
ith the Italian Guidelines, an overestimation of the collapse mul-

ipliers occurs. Second, the approach does not take into account the
act that masonry exhibits several characteristics that may  play an
mportant role in the formation of the failure patterns. For example,
he orthotropic nature of masonry cannot be described by the uti-
ization of a no-tension material model. Furthermore, in reality, the
exture of the brickwork considerably influences what the model
ssumes to be monolithic behavior against out-of-plane loads.

Refined mechanical models, which accurately predict the
ehavior of masonry material and elements, have been proposed

n the literature [23–28]. Such models adopt different strategies
o take into account the highly non-linear behavior of the mate-
ial both in tension (low tensile capacity and consequent cracking
henomena) and in compression. Some of the models are also
ble to provide the structural response to large cyclic deforma-
ions, which occur under seismic actions. Unfortunately, they are
ardly applicable to the complete 3D analysis of complex structural
ystems, due to the great number of parameters involved in the def-
nition and updating of the mechanical model, and the large number
f degrees of freedom required for structural meshing, conditions
hich lead to untreatable problems [1].

In this paper fundamental dynamic properties of the case study
re worked out by using the finite element method. Dynamic linear
nd nonlinear analyses are performed on 3D models of the church.
or the linear analysis, the standard FEM modeling strategy based
n the concepts of homogenized material and elastic constitutive
aws is used, while, for the non-linear analysis, the behavior of the

asonry is modeled with solid elements, whose stiffness is modi-
ed by the development of cracking and crushing, according to the
hosen smeared cracking constitutive law.

The internal stress distribution of the church masonry struc-
ure obtained from the linear elastic model and the non-linear
ne are compared up to the instant at which, as consequence of
ignificant structural damage, the results of the non-linear model
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
https://doi.org/10.1016/j.culher.2017.09.015

iverge significantly from the results of the linear one. The pur-
ose is to identify the stress pattern that gives origin to cracking

n the masonry walls, which anticipates the development of failure
echanisms.
 PRESS
l Heritage xxx (2017) xxx–xxx

In this way, linear dynamic analysis results are used to assess
whether the structure is able to ensure a general elastic response
(i.e. no damage) during the whole seismic event.

5. Finite element models

Dynamic time-history analyses are carried out on the 3D models
of the church structural complex using the Finite Element codes
SAP2000 for the linear elastic analysis and Fast Non-linear Analysis
[29] (FNA) and ANSYS Mechanical APDL, for the non-linear elastic
one.

ANSYS, allowing the modeling of masonry non-linearity, is used
to study the non-linear behavior of the fixed-base configuration
of the building, to distinguish the main and most dangerous dam-
age patterns, whose development may  give rise to the formation of
collapse mechanisms. As regards the isolation system proposed in
this research, in order to achieve the best plan configuration for the
isolators, numerous non-linear time-history analyses are required,
which generally involve long computation time if non-linearity is
diffused as in the ANSYS model.

On the other hand SAP2000, which provides only a linear con-
stitutive relationship for masonry, allows describing the overall
dynamic behavior of the structure through FNA method which
involves nonlinearities concentrated only in the non-linear links,
i.e. the isolators. Thanks to this method the computational cost is
reduced and a greater number of nonlinear analyses to determine
the ideal number and positioning of the base isolation devices is
allowed.

In this study a correspondence between the “first damage
state” found by ANSYS and the corresponding stress distribution
in SAP2000 is searched. This stress distribution is then considered
as the one involving failure of the structure and SAP2000 is used
for subsequent analyses because of the lower computational cost
required.

The masonry linear behavior is modeled in SAP2000 through
thick-shell elements [30]. A Mindlin-Reissner formulation is used
to model the plate behavior.

The masonry non-linear behavior is represented in ANSYS
by combining plastic behavior with the chosen smeared crack
approach. To reach this goal, the masonry walls are modeled by
means of SOLID65 tetrahedral elements [31], which are defined by
eight nodes and isotropic material properties.

In order to reduce the number of parameters involved in the
definition of the masonry non-linear behavior, a Drucker-Prager
perfectly plastic criterion [32] is employed, avoiding the need for
definition of a hardening rule [1]. To define the yield surface, a
non-associated flow rule is assumed; therefore cohesion c, inter-
nal friction angle � and dilation angle �dil are the only material
parameters required.

The masonry failure is predicted through the Willam-Warnke
yield criterion [33]. Despite the need for five constants in order to
define the criterion, in most practical cases [1] the adopted fail-
ure surface is defined by only the uniaxial tensile strength ft and
the uniaxial compressive strength fc, since a proper selection of
these values is adequate to cut off the tensile strength and to set an
upper limit to the biaxial compressive strength [34]. The cross sec-
tion of the assumed failure surface is defined by a cyclic symmetry
about each 120◦ sector of the deviatoric plane. Both cracking and
crushing failure modes are accounted for. The presence of a crack at
each integration point is represented through modification of the
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

stress-strain relationships by introducing a plane of weakness in a
direction normal to the crack face. Also, shear transfer coefficients
are introduced depending on the crack status, ˇt for open, or ˇc
for re-closed, representing reduction factors for shear strength of

https://doi.org/10.1016/j.culher.2017.09.015
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racks subjected to shear stresses in the stages of opening and
losing, respectively.

The non-linear model previously described, combining Drucker-
rager and Willam-Warnke criteria, effectively approximates the
mall tensile strength of the masonry, the plasticity behavior in
he regime of average compression values, and the crushing phe-
omenon for high compressive stress.

Hook NLLink element in SAP2000 and Link180 element in ANSYS
APDL are used to model the non-linear behavior of the steel

nchoring ties connecting the east and west walls of the church
ntrance.

The flexible wooden roof is considered only in terms of seis-
ic  masses, and the relevant forces are assigned to the tops of the
asonry walls that support them; thus the roof structure is not
odeled.
Values that define the physical properties of masonry material

ere estimated using code prescriptions [35] and considering the
onservative assumptions made by other authors who performed
imilar modeling of analogous buildings [1,2,36,37]. In particular,
he masonry Young’s modulus E is taken equal to 1500 MPa, Pois-
on modulus � equal to 0.20, own weight � equal to 1800 kg/m3,
ohesion c equal to 0.09 MPa, friction angle � equal to 38◦, dila-
ion angle �dil equal to 15◦, uniaxial tensile strength ft equal to
.10 MPa, uniaxial compressive strength fc equal to 3.20 MPa, shear
ransfer coefficient for open cracks ˇt equal to 0.15, shear transfer
oefficient for closed cracks ˇc equal to 0.75.

Preliminary modal analyses were performed to assess the agree-
ent in results of the analyses obtained with the two finite element

odes, ANSYS and SAP2000. The fundamental frequency of the
tructure obtained from the model realized by ANSYS was equal to
.91 Hz (period = 0.34 s) and involved a participating mass of 14.8%

n the north-south direction (Fig. 2(a)). The corresponding mode
nvolved the out of plane vibration of the south faç ade upper middle
art.

The fundamental frequency of the structure obtained from the
odel realized by SAP2000 was equal to 2.8 Hz (period = 0.36 s) and

nvolved a participating mass of 15.9% in the north-south direction.
lso in this case the corresponding mode involved the out of plane
ibration of the south faç ade upper middle part.

On the basis of these values it can be said that the results
btained by the two software are in good agreement.

. Input earthquakes

The performance assessment of the structure’s seismic behav-
or is carried out through incremental dynamic analyses, which are
erformed starting from the four reference seismic levels (limit
tates) set by standards [35], namely: the Frequent Design Earth-
uake (FDE), with an 81% probability of being exceeded over the
eference time period VR; the Serviceability Design Earthquake
SDE), with a 50%/VR probability; the Basic Design Earthquake
BDE), with a 10%/VR probability; and the Maximum Considered
arthquake (MCE), with a 5%/VR probability. The VR period is fixed at
0 years, as obtained by multiplying the nominal structural life VN

f 50 years by an utilization factor equal to 1 assumed for buildings
ot subject to crowding, which applies to the Lippomano private
hurch.

By referring to the topographic category T1 (flat surface), and C-
ype soil (deep deposits of dense or medium-dense sand, gravel or
tiff clay from several ten to several hundred meters thick) accord-
ng to code prescription [35], the peak ground accelerations (PGA)
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
https://doi.org/10.1016/j.culher.2017.09.015

or the four seismic levels specified above result as follows: 0.058 g
FDE), 0.079 g (SDE), 0.228 g (BDE), and 0.309 g (MCE), where g is
he gravity acceleration. Three artificial accelerograms generated
rom each of the four elastic pseudo-acceleration response spectra
Fig. 3. The three accelerograms generated for the MCE  compared to the design
response spectrum.

associated to these peak ground accelerations are used as inputs
to the non-linear dynamic analyses. Three groups of accelerograms
are applied to the building for each limit state. For each group, the
same accelerogram is contemporarily applied in both main hori-
zontal directions of the structure, i.e. north-south and east-west
(for the directions see plan in Fig. 2). The three accelerograms gen-
erated for the MCE  are compared to the design response spectrum
in Fig. 3, where the dotted regular line represents the response
spectrum, the irregular lines the accelerograms and the continuous
regular line the boundaries of the compatibility area inside which
the accelerogram has to lay.

Actions and displacements of the structure are elaborated tak-
ing the most unfavorable values obtained from the analyses, as
provided by the Code [35] when less than seven groups of accelero-
grams are used for a limit state.

7. Traditional rehabilitation interventions

The goal of rehabilitation of masonry structures, especially in
seismically active areas, is typically to make them behave like a rigid
block, with stiff floors and effective connections between the walls.
However, for historic buildings in particular, such attempts must
be made while striving for non-invasiveness; that is, removability
of the interventions and compatibility of materials and construc-
tion techniques. In order to respect the existing features of the
considered constructions, special care must be taken to limit vari-
ations in the external appearance and, if possible, to minimize
variations in the original structural scheme. Rehabilitation efforts
must respond to these conservative design criteria while ensuring
that the proposed interventions will result in acceptable structural
safety conditions of historic constructions.

In the present case, the first necessary action is to prevent the
faç ade collapse mechanism previously mentioned (Fig. 1(c)). Such
a condition could be attained by imposing block-like behavior on
the building through a rigid diaphragm which connects the tops
of the walls at the base of the roof. This is a possible intervention,
because it would be hidden by the presence of the ceiling system
and it could be realized by means a plane structure of steel braces,
for example.

Two  possible structural solutions are therefore considered (type
A and type B). Both of them provide the presence of a rigid
diaphragm that connects the tops of the masonry walls: in solu-
tion A, the rigid plane connects the tops of only the masonry walls
enclosing the entrance area, while in solution B it connects the tops
of all the masonry walls.
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

It is expected that, due to insufficient masonry strength and duc-
tility, the conventional strengthening interventions describe above
would improve the seismic response capacities of the building, but
would not allow the building to reach an adequate safety level.

https://doi.org/10.1016/j.culher.2017.09.015
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Strengthening of the masonry walls would entail invasive inter-
entions, to give the structure the capacity to dissipate earthquake
nergy throughout the inelastic response of its elements, or to
espond elastically to the design earthquake. This is why it was
ecided to use seismic isolation.

. Base isolation for seismic rehabilitation

Differently from conventional types of retrofit interventions,
he base seismic isolation technique decouples the structure from
he horizontal components of the ground motion by interposing
tructural elements, the isolators, with low horizontal stiffness
etween the structure and the foundation, which are called super-
nd sub-structure, respectively. This layer gives the structure a
undamental frequency that is much lower than both fixed-base
requency and the predominant frequencies of the ground motion.
he first dynamic mode of the isolated structure involves deforma-
ion only in the isolation system, the structure above being to all
ntents and purposes rigid [38].

The decrease in the fundamental frequency produces reduction
f the acceleration acting on the structure. Further acceleration
eduction is provided by the energy absorption capability of the
evices. These bearings, which can be replaceable if such need
rises, are placed between the building and its foundation,

Seismic isolation is usually used for new buildings, but it is
lso effective, when applicable, for seismic protection of existing
uildings, in particular cultural heritage sites [39,40] or even for
rotection of art objects [41].

The applicability of isolation technique must be assessed with
egard to two main aspects, namely: the absence of adjacent build-
ngs or the feasibility of separating the isolated building from
eighboring structures, and the possibility of removing the ground
oor to create a working area for the installation of the isolators.

.1. Proposed rehabilitation intervention

The retrofit action proposed herein involves the use of an inno-
ative type of isolation device, the Unbonded Fiber-Reinforced
lastomeric Isolator (U-FREI), according to the method of produc-
ion described in [42,43].

Studies on U-FREIs began at the end of the 1900s and at early
000s with first publications of J.M. Kelly and co-workers at the
arthquake Engineering Research Center (University of California
t Berkeley) [44–48], who started to study this innovative type of
lastomeric bearings with the main aim of promoting the develop-
ent of low-cost natural rubber isolation systems for the seismic

rotection of public housing in developing countries.
The fiber reinforced elastomeric bearings revealed to be valuable

evices for seismic isolation of buildings, hence research on their
tilization continued and spread during the years involving several
esearch groups around the world. Theoretical [49–57] and experi-
ental studies [58–65] also on shaking table [66], [67] were carried

ut, which allowed to satisfactorily understand U-FREIs behavior.
Analyses of buildings isolated by means of U-FREIs can also be

ound [68–70], however only one application [70] has been devel-
ped until now about the utilization of U-FREIs to isolate historical
uildings.

U-FREIs, unlike the more commonly used Steel-Reinforced Elas-
omeric Isolators (SREIs), which are reinforced by steel plates, are
einforced by carbon fiber fabrics and do not need anchorages to
he sub- and super-structures. U-FREIs’ fabric reinforcements can
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
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e the same used for retrofit of existing structures [71,72] and can
ave fibers along two principal directions, at 0◦ and 90◦, or along

our directions at 0◦, 45◦, 90◦ and 135◦ [42,43]. The manufacturing
ost of fiber reinforced isolators is greater than that of traditional
 PRESS
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ones, due to the major cost of the fibers. Anyhow, the costs con-
nected with the labor involved in preparing the steel reinforcement
(cutting, sandblasting, cleaning with acid, and coating with bonding
compound) are eliminated. Moreover the absence of end-plates for
the anchorage to the structure and the substitution of the steel rein-
forcements with fiber ones reduces the isolator’s weight. Hence,
being fiber-reinforced isolators much lighter than the traditional
ones and also less voluminous, transportation and installation are
simpler and the relevant costs are lower than those for traditional
isolators. It results that the overall cost of a fiber-reinforced isolator
is a little lower than a traditional one [62].

Being U-FREIs not anchored to the sub- and super-structure,
the “absence of compression” causes the detachment between the
super-structure and the device. This situation is not catastrophic
for the isolator itself, because it remains unloaded. However, since
the whole seismic action is borne by the other devices, which are
still in contact with the superstructure, these devices have to be
verified.

In a previous research work [73] the possibility of using isolation
techniques for the Lippomano Villa Oratory was assessed, and a
method for the installation of U-FREIs at the base of the church was
developed.

The intervention begins with the removing of the indoor floor-
ing. Then two  excavations parallel to the foundation, one inside
the building and the other outside, are realized in order to create
an adequate working area for the installation of the devices. A dou-
ble bottom ring of reinforced concrete, one internal and the other
external, parallel and adjacent to the existing foundation, is realized
in the excavations to create a new rigid sub-foundation. Then the
masonry is cored with constant pitch along the entire perimeter of
the building. The coring is performed below the ground level, thus
preserving any internal or external precious plaster. Threaded steel
rods are inserted in the holes to connect two  steel elements, which
are placed on both sides of the wall in order to jacket the masonry
(Fig. 4(a)). Hydraulic jacks are installed between the steel beams
and the foundation concrete rings to keep the structure in position
during the cutting of the masonry. Then the masonry below the
steel profiles is cut and removed, ashlar after ashlar, and the seis-
mic  devices are inserted into the cavity (Fig. 4(b)). Cross bracings
of steel elements are installed inside the building, above the level
of the isolators, to form a rigid horizontal plane [74].

It should be noted that the isolation plane is located above the
foundation and below the ground level, hence it affects neither the
aesthetic appearance of the building nor its artistic and historical
heritage. Not even the moat surrounding the building impacts the
architecture because it is covered at the ground level by an element,
which bears the vertical loads but is deformable or slides under
horizontal loads. A possible technical solution for this element is a
stainless steel sheet adequately thick for vertical loads, connected
by means of bolts to the existing structures and leaned on a sliding
support anchored to the moat external retaining wall. The steel
sheet must have an adequate width in order to cover the moat
under the maximum design displacement of the isolation system.

The aim of seismic isolation is to produce an increase in the
first mode period of the structure, with consequent reduction of
the seismic acceleration. However the use of only U-FREIs did not
lead to a sufficient high period for the considered structure, hence
it was decided to reduce the number of isolators substituting some
of them with Flat Surface Sliders (FSS). Since FSS devices have a
negligible horizontal stiffness, the overall horizontal stiffness of the
isolating system was  in this way  reduced and a satisfactory first
mode of vibration period Tis was reached.
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

Both the U-FREIs and FSS bearings support vertical loads
and allow the isolation plane to move laterally with relatively
low lateral stiffness, the latter provided by the elastomeric
devices. A hybrid base seismic isolation system, consisting in

https://doi.org/10.1016/j.culher.2017.09.015
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ig. 4. (a) Jacketing of masonry with steel profiles; (b) cutting/removing of the mas

ix square-shaped U-FREI devices and six flat surface sliders is
esigned for the Lippomano Villa Oratory.

The location of the U-FREIs and FSS bearings is shown in Fig. 2(b).
heir size is chosen on the basis of the maximum vertical acting
oad, which is 606.7 kN for FSS bearings and 473.9 kN for U-FREIs.

While properties of FSS bearings are provided by the man-
facturer [75], U-FREIs are designed on the basis of previous
xperimental tests and studies performed on these devices
53,54,59,62]. Since these studies, which allow to derive the isola-
or constitutive relationship [57], regarded square shaped isolators,
he devices designed herein have this shape.

Also a preliminary selection of SREIs is performed on the basis
f the devices available in the market [75], to make a comparison
n terms of size and isolation capacity between U-FREIs and SREIs.

Geometric characteristics of the selected devices are: square
hape in plan with side length of 600 mm and height of 270 mm
or U-FREIs, and circular shape in plan with diameter of 650 mm
nd total height of 313 mm  for SREIs. From these device sizes it can
e observed that the volume of the U-FREI is smaller (−6,4%) than
hat of the SREI.

Both devices are made with soft elastomeric compound hav-
ng shear modulus equal to 0.4 MPa. The rubber layer thickness
s 263 mm for U-FREIs and 207 for SREIs. The maximum allowed
isplacements are 450 mm and 400 mm for U-FREIs and SREIs,
espectively. Other U-FREI characteristics are as follows: individ-
al rubber layer thickness equal to 8 mm,  fiber layer thickness
.2 mm,  primary shape factor = cross sectional area of rubber/free
urface area of a single rubber layer = 18.8, and secondary shape fac-
or = isolator side length/rubber total thickness = 2.3. The isolator
ulk modulus can be assumed equal to 2000 MPa.

The type of adopted FSS device is a PTFE flat sliding support
roduced by IBG MONFORTS (Germany), model N 806 [76]. The
evice has square shaped plan with side length of 520 mm,  height
f 165 mm and vertical capacity of 1750 kN. The movement range
f the support is equal to 460 mm,  i.e. the allowed displacement
s ± 230 mm.  The coefficient of static friction is equal to 0.02. The
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
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SS device is modeled with a non-liner behavior: it does not work
f subjected to vertical tensile action, while it works if subjected to
ompression. For the compression condition, the authors assigned
o the device a linear elastic behavior, neglecting its dissipative
elow the steel profiles and insertion of seismic devices into the new cavity [73].

characteristics. The elastic modulus of this linear law is equal to
10−7 MPa.

To evaluate the effects of the seismic retrofit, dynamic time-
history analyses are performed using SAP2000. The seismic
isolators and the pre-existing anchoring ties (Fig. 1(b)) are the only
elements having a non-linear behavior, hence the Fast Non-Linear
Analysis (FNA) tool is used [37]. The aim of the analysis is to assess
whether the stress state of the masonry remains within the elastic
domain during the entire seismic event.

The vertical acceleration is not considered in the church anal-
yses, because the isolator vertical stiffness (304680 N/mm) is
adequately high, with respect to the horizontal one (497 N/mm in
Table 1), to avoid rocking of the structure.

8.2. Modelling of U-FREIs

Each U-FREI device is modeled by assembling three finite
elements in the following order: Friction Pendulum (NLLink), Hys-
teretic Rubber Isolator (NLLink), Friction Pendulum (NLLink).

Friction Pendulum elements transfer vertical and horizontal
loads only when they are subjected to compressive stresses, while,
in the presence of tensile vertical action, no load is transferred.
The amount of transferred horizontal load depends on the value
of the coefficient of static friction assigned to the element. Analo-
gously, since U-FREIs are not anchored to sub- and super-structure,
they transfer vertical and horizontal loads only when subjected
to compressive stresses and the amount of transferred horizon-
tal load depends on the friction conditions of the contact surfaces,
i.e. material type of sub-and super-structure and roughness degree
of the surfaces. On the basis of previous observations, the upper
and lower Friction Pendulum of the proposed assembly allow to
well represent the contact behavior between U-FREI and super-
and sub-structure. The characteristics assigned to these elements
are: flat sliding surface, to avoid uplift movements of the super-
structure, and coefficient of static friction equal to 0.93, assumed
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

on the basis of previous experimental tests [53] considering sub-
and super-structure concrete contact surfaces. This value is high,
because no slip is expected among the U-FREI and the sub- and
super- structure if the isolator is subjected to compressive stresses.

https://doi.org/10.1016/j.culher.2017.09.015
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Table 1
Parameters for analyses and verifications.

Type of device Horizontal effective
stiffness
[N/mm]

Elastic stiffness
[N/mm]

Post-yield stiffness
[N/mm]

Yield strength
[kN]

Characteristic strength
[kN]

Maximum allowed
displacement
[mm]

h
u
d

c

d
e
n
t

9

9

i

U-FREI 497 2104 334 

SREI  641 4209 422 

The Hysteretic Rubber Isolator element allows to describe the
ysteresis isolator behavior under horizontal loads. This is done
sing a simplified bi-linear constitutive relationship, which can be
erived from experimental results, as explained in [57].

SREIs devices, being anchored to the super- and sub-structure,
an be modeled using only the Hysteretic Rubber Isolator.

When linear analyses are performed, both U-FREI and SREI
evices are modeled as linear elastic elements having stiffness
qual to the horizontal effective stiffness specified in Table 1. For
on-linear analyses a bi-linear relationships can be employed using
he parameters reported in Table 1.

. Seismic response of the structure
Please cite this article in press as: M.  Pauletta, et al., Seis
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.1. Existing condition seismic response

From the incremental dynamic analysis performed with ANSYS,
t was observed that the building is not significantly damaged if

Fig. 5. Relationship between peak ground acceleration ag and re

Fig. 6. South wall under the application of the MCE: (a) tensile stress 
41.7 217 450
53.8 186 400

the PGA value is less than or equal to 0.035 g. This acceleration
corresponds to a return period of design ground motion TR of 16
years, a period much shorter than the return period relevant to the
FDE, which is equal to 30 years (Fig. 5).

Since the church was built in the seventeenth century, it is statis-
tically probable that a low intensity earthquake, corresponding to
the return period greater than 16 years, has already occurred during
the life of the building. This could explain the crack pattern visible
on the south façade of the church before the renovation of the plas-
ter (Fig. 1(a)) and, correspondingly, the cracks present inside the
building, visible in section in Fig. 2(a).

In particular, non-linear dynamic analyses of the building under
a seismic event having a PGA value of 0.309 g (MCE) predicts that,
after 1 second, a failure mechanism involving the collapse of the
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

upper middle part of the church south faç ade occurs.
Such a mechanism is immediately evident in Fig. 6(a), which

shows the stress pattern provided by SAP2000 on the south faç ade
at the time instant t = 1.0 s. The shell elements, which have a darker

turn period of ground motions TR for the case study [77].

map  (SAP2000) at t = 1 s; and (b) crack pattern (ANSYS) at t = 2 s.

https://doi.org/10.1016/j.culher.2017.09.015
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olor in Fig. 6(a), are subjected to tensile stresses exceeding the
asonry strength limit value of 0.1 MPa.
In the literature [36,37] it is reported that the damage of the

asonry is visible on the surface of the wall only if the tensile
tress limit for masonry is reached in at least two of the main direc-
ions of the element quadrature point. Fig. 6(b) shows in a darker
olor the only elements subjected to these conditions of stress at

 = 2.00 s for the MCE. From this figure it can be observed that seis-
ic  acceleration peaks subsequent to that occurred at t = 1 s cause

ncreased damage in the masonry wall. In particular the damage
t t = 2.00 s is sufficiently extended to produce the disarticulation
f the masonry and the possible incipient expulsion of its upper
ortion (schematically enclosed by the dashed line in Fig. 6(b)).

By referring to a seismic event having a PGA value of 0.035 g, the
tress state occurring in the SAP2000 model in the interior wall is
ompatible with the beginning, at the middle of the door open, of
he crack visible in Fig. 2(c). The result obtained by means of ANSYS
s similar.

Both obtained results, however, are not sufficient to justify sur-
ace damage to the interior wall of the church. While, if the MCE
ith PGA of 0.309 g is applied to the structure, a vertical crack, like

he one visible in Fig. 2(c), occurs at time t = 2 s. This means that
he church has likely been subjected to an earthquake with a PGA
reater than 0.035 g, which caused the formation of that crack.

To assess previous considerations a research on main earth-
uakes occurred in the area near the considered construction was
arried out. It was found that historically there have been no major
arthquakes in Monticella, but the potential of the fault (Mon-
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
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ello fault) in whose influencing area the construction is located
s Mw = 6.7 according to the moment magnitude scale [78].

From the Italian macrosesismic database, it can be found that
ix earthquakes having magnitude above four occurred in the past

Fig. 7. Shear base reactions trend for the MCE: (a) e
 PRESS
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in the Montello fault influencing area, the highest of which in 1900
with Mw = 5.13.

Since the 1970s the instrumental seismicity of the area has been
recorded by the Italian seismological research center [79], which
has a network for locating shocks in the Northeast of Italy. Since
1977, 247 shocks have been recorded in the Montello fault influ-
encing area, with a maximum magnitude of 4.0 in 1980.

Many ground motion equations exist for the prediction of earth-
quake peak ground acceleration on the basis of the magnitude,
among which the one of Sabetta and Pugliese [80] is calibrated
only on Italian accelerometers data. This equation is used herein
to evaluate the PGA of the above mentioned earthquakes having
magnitudes equal to 4 and 5.13.

log amax = −1.562 + 0.306 · Mw − log
(

r2 + 5.82
)0.5 + 0.169 · S

Where r(km) = epicentral distance for earthquakes with Mw ≤ 6;
S = 0 for stiff soil sites and deep alluvial deposits (depth greater than
20 m)  and S = 1 for superficial deposits (depth from 5 m to 20 m).

Considering that the average distance between Monticella and
the Montello fault is around 12 km and that the village is located
above deep alluvial deposits (S = 0), the resulting peak ground accel-
eration for Mw = 4 is ag = 0.034 g, and for Mw = 5.13 is ag = 0.076 g.

From these results it can be said that the church has certainly
been subjected to an earthquake having at least a PGA equal to
0.034 g that is practically the value individuated as the one inducing
the described crack pattern in the church south faç ade (Fig. 1(a)).

Fig. 7 shows the shear base reactions trend along the seismic
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

force directions, which coincide with the main axes of the building
(dir. 1: East-West and dir. 2: South-North).

The dotted line represents the response obtained from the linear
analysis, the solid one the response of the non-linear analysis.

ast-west direction, (b) south-north direction.

https://doi.org/10.1016/j.culher.2017.09.015


ARTICLE ING Model
CULHER-3281; No. of Pages 14

10 M. Pauletta et al. / Journal of Cultura

Table 2
Key performance indicators for the two models.

ANSYS SAP2000

Modal analysis
1st mode period [s] 0.34 0.36
1st mode participating
mass ratio [%]

14.8 15.9

FNA at time equal to 1 s
Damage Cracking in the

south faç ade upper
part

Tensile stresses in the
south faç ade upper
part > masonry tensile
strength

Shear base reaction in
dir. 1 [kN]

100 120
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above all the masonry walls (intervention type B), allowing a better
Shear base reaction in
dir. 2 [kN]

210 200

It is evident that the progressive damage of the masonry, taken
nto account by the non-linear model, modifies the response of the
tructure over time, in comparison with the linear response. At

 = 2.2 s the two responses have few similarities in both the East-
est and South-North directions, and the non-linear response of

he damaged building becomes almost indifferent to the seismic
nput; this means that the numerical collapse condition has been
eached.

The key performance indicators for the two models described
bove are summarized in Table 2.

.2. Seismic response after traditional rehabilitation interventions

An estimate of the seismic safety level achieved by means each
raditional rehabilitation intervention is obtained through incre-

ental dynamic analyses performed on 3D models of the church
ubjected to the interventions.
Please cite this article in press as: M.  Pauletta, et al., Seis
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Proceeding as previously described for the church in its present
tate, it was estimated that the church with the type A structural
ntervention may  be damaged by earthquakes with PGA greater
han 0.041 g, which corresponds to a return period of design ground

Fig. 8. Shear base reactions trend for the MCE. (a) and (b) e
 PRESS
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motion equal to 19 years, a period shorter than the 30-year value
provided for the Frequent Design Earthquake (FDE).

In the same way, it is estimated that the church with the type
B structural intervention may  be damaged by earthquakes with
PGA greater than 0.067 g, which corresponds to a return period of
design ground motion equal to 37 years, or 7 years longer than the
value provided for FDE, but lower than the value provided for the
Serviceability Design Earthquake (SDE), which is equal to 50 years
(Fig. 5).

Fig. 8 shows the shear base reactions trend along the seismic
force directions for the MCE.

The dotted line represents the response of the new structural
configurations (type A in (a) and (c); type B in (b) and (d)), according
to the linear analysis performed by means of SAP2000.

The dashed and the solid lines represent the behavior of the
church in its existing condition and with the new structural
configurations, respectively, according to the non-linear analysis
performed by means of ANSYS.

From Fig. 8 it can be observed that masonry damage modifies the
building structural response: it is evident that both the church in its
present state and with the structural intervention A (Fig. 8(a) and
(c)) becomes indifferent to the seismic input in both directions from
the instant t = 2.2 s onwards. Hence, from this instant, the structure
can be considered collapsed. This result demonstrates the ineffec-
tiveness of intervention type A in improving the building behavior
to cope with the design earthquake. Conversely, the greater value of
the base shear reactions developed by the structure with the inter-
vention type B (Fig. 8(b) and (d)) at the time instant of 2.2 s, shows
that this structural configuration is still able to react to the seismic
input, although the amplitude and frequency of the reactions are
different from the elastic response (dotted line) due to the damage
that has developed in the structure.

It can be concluded that the presence of the rigid diaphragm
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

redistribution of the seismic forces among the walls, increases the
resistance capacity of the building. However, at t = 2.4 s masonry
crushing occurs at the side windows of the chapel.

ast-west direction; (c) and (d) south-north direction.

https://doi.org/10.1016/j.culher.2017.09.015
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(�V1 and �V2) due to seismic isolation are reported for every con-
figuration in the last two  columns. As it can be seen from the data in
the table, all isolated configurations provide a base shear reduction

Table 3
Maximum absolute shear values in direction 1 and 2 for all the considered
configurations.

Fixed base structure

V1[kN] V2[kN]

Existing condition 2149 2108
Type A 2137 1753
Type B 2139 2383

Isolated structure
Fig. 9. Existing condition and existing condition* shear base reac

.3. Seismic response after the proposed intervention

The efficiency of the designed seismic base isolation system is
ssessed considering the three structural configurations discussed
bove, i.e.: the church in its present state (existing condition), with
ntervention type A, and with intervention type B.

The behavior of the isolated structures is compared to the behav-
or of corresponding fixed base structures. To be distinguished from
he corresponding fixed base structural configurations, the base
solated structural configurations are henceforth identified with
sterisks, i.e.: existing condition*, type A* and type B*.

In order to compare the response of the U-FREI and SREI isolation
ystems, in terms of isolating period, displacement and base shear,
quivalent static analyses are performed, assuming that the total
orizontal effective stiffness of the isolating system is equal to the
um of the devices effective stiffness.

From these preliminary analyses it is estimated that:

the vibration period is 2.2 s and 1.94 s for the church isolated by
U-FREIs and SREIs, respectively, hence the vibration period is 13%
higher in the first case;
the maximum device displacement is equal to 193 mm for U-
FREIs system and 170 mm  for the SREIs system, respectively,
hence the maximum displacement is 14% higher in the first case;
the church isolated by means of U-FREIs achieves lower maxi-
mum  base shear (−12%) than the church isolated by means of
SREIs.

The observed results are due to the U-FREIs’ lower effective
orizontal stiffness.

On the whole it can be said that the U-FREIs’ isolation capacity
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
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s better than the capacity of SREIs. Once it was  determined that
he U-FREI devices perform better than the SREIs, only the results
f analyses relevant to the structure isolated by means of U-FREIs
ere considered.
trend for MCE: (a) east-west direction, (b) south-north direction.

In Fig. 9 the shear base reactions trends of the fixed base
configurations are compared to the corresponding base isolated
configurations for the MCE. Assuming linear-elastic-only behavior
for masonry in both cases, the diagrams in Fig. 9 show that the
designed seismic isolation system significantly lowers the high-
est stress peaks and decreases the oscillation frequency of the
building in both main directions. Indeed the period of the base iso-
lated structure derived from the modal analysis is 2.12 s for the
existing condition* configuration and it is 2.23 for type B* configu-
ration. Hence, considering the first period of vibration obtained by
SAP2000 from the modal analysis of the structure for the Existing
condition configuration (Table 2), the percentage increase of the
period attained in presence of isolation is equal to 490%.

To make a comparison among the base shear acting on the
structure in all the considered configurations, the corresponding
maximum absolute shear values in both direction 1 and 2, V1 and
V2, respectively, are reported in Table 3. The base shear reductions
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

V1[kN] V2[kN] �V1[%] �V2[%]

Existing condition* 471 476 −78 −77
Type A* 480 485 −78 −72
Type B* 477 482 −78 −80

https://doi.org/10.1016/j.culher.2017.09.015
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Fig. 10. Hysteresis loops under the MCE

f 78% in direction 1, while the maximum reduction in direction 2
80%) is provided by configuration type B*.

Proceeding as described in sections 7 and 8 for the fixed-base
tructural configurations, through incremental dynamic analysis
t is observed that the Existing Condition* structure is not signifi-
antly damaged if the PGA value of the seismic action is less than or
qual to 0.103 g. This PGA corresponds to a return period of design
round motions of 82 years (Fig. 5), which is significantly longer
han the TR value provided for SDE (50 years) and more than twice
he value reached with the conventional intervention type B, for
hich TR = 37 years.

Under the MCE  the U-FREIs subjected to the maximum lateral
isplacements D1 and D2 in the two main directions are the devices

dentified as E1 and E6 in Fig. 2(b), respectively. The calculated val-
es of the maximum displacements are, respectively, D1 = 183 mm
E1 device) and D2 = 180 mm (E6 device). These displacements can
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
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e easily tolerated by the designed U-FREIs, which have a maximum
llowed displacement of 450 mm.  Displacements of this order of
agnitude can be tolerated also by the FSS, which have a maximum

llowed displacement of 230 mm.
uake for the: (a) U-FREI E1, and (b) FSS.

However, after 3.6 seconds of analysis under the MCE, the stress
state of the isolated church south wall is similar to that of the fixed
base church after one second of the same analysis. Such a stress
state implies an out-of-plane collapse mechanism.

On the basis of these results it can be said that base isolation
alone is not so effective and the existing condition* isolated struc-
ture is still not able to resist very intense earthquakes, like the MCE,
without collapsing. This occurs because, even after isolation, the
church south faç ade remains slender and not effectively restrained
to out of plane deformation at the top. Hence additional strengthen-
ing is required to the superstructure to further improve its behavior.
In particular this result can be achieved only by restraining the
church south faç ade at the top.

The goal is to achieve the elastic response of all the masonry
walls for – at a minimum – the Basic Design Earthquake (BDE),
which has TR = 475 years. To this end, in addition to the seismic
mic rehabilitation of cultural heritage masonry buildings
 – A case of study, Journal of Cultural Heritage (2017),

isolation, the traditional interventions described in section 8 are
taken under consideration. It is found that the isolated church with
intervention type A (type A*) would be damaged by earthquakes
with PGA greater than 0.182 g, which corresponds to a return period

https://doi.org/10.1016/j.culher.2017.09.015
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Table  4
Acceleration peak values and return periods of the corresponding earthquakes that
the structure can tolerate for all the scenarios.

Scenarios Acceleration peak value [g] Return period [years]

Existing condition 0.035 16
Type A 0.041 19
Type B 0.067 37
Existing condition* 0.103 82
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e  di scelte progettuali per il consolidamento conservative di vecchie strutture.
Type A* 0.182 274
Type B* 0.250 581

f design ground motions equal to 274 years (Fig. 5). The isolated
hurch with intervention type B (type B*) would be damaged by
arthquakes with PGA greater than 0.250 g, which corresponds to

 return period of 581 years (Fig. 5). Hence the type B* solution
nsures the elastic response of all the masonry walls for seismic
vents of intensity greater than the one corresponding to BDE.

Regarding the behavior of the used devices, the hysteresis loops
erformed by U-FREI E1 and FSS S6 under the MCE  earthquake
re reported in Fig. 10(a) and (b), respectively. By comparing the
wo diagrams, it can be seen that the displacements are of the
ame order of magnitude, but not equal, because the two devices
ccupy different positions. Moreover the U-FREI performs elastic-
ardening cycles and dissipates energy thanks to the viscous
amping of rubber, while the FSS performs linear-elastic cycles
s expected according to the linear elastic behavior assigned in
ompression.

No Slip is observed in the U-FREIs in any of the scenarios, because
ll the isolators are subjected to compression during the whole seis-
ic  action. Indeed the minimum observed compression under MCE

s equal to 120.73 kN for isolator E1 (Fig. 9).
On the basis of the previous results, summarized in Table 4, it

an be concluded that, by combining a seismic base isolation sys-
em, composed of U-FREI and FSS devices, and a rigid diaphragm
onnecting the tops of all the masonry walls, it is possible to achieve

 high seismic performance level, i.e. a general elastic response of
he structure for the Basic Design Earthquake (BDE).

0. Conclusions

On the basis of dynamic non-linear analyses performed on the
ippomano Villa Oratory, a masonry church of historical and artistic
ignificance, subjected to earthquake loading, the following conclu-
ions can be drawn:

The structure in its existing condition is not able to ensure a gen-
eral elastic response for a seismic event having intensity equal
to that of the Frequent Design Earthquake (return period of 30
years);
Earthquakes of intensity greater than the one having return
period of 16 years could easily cause the formation of a mech-
anism that involves the collapse of the upper middle part of the
church south faç ade;
The two proposed reinforcing interventions of traditional type –
intervention type A, with a diaphragm connecting the tops of only
the masonry walls enclosing the entrance area, and intervention
type B, with a diaphragm connecting the tops of all the masonry
walls - are not effective in preventing the faç ade collapse mech-
anism under the Basic Design Earthquake (return period of 475
years), but allow only to bear earthquakes with return periods of
19 and 37 years, respectively;
Please cite this article in press as: M.  Pauletta, et al., Seis
with unbonded fiber reinforced elastomeric isolators (U-FREIs)
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An advanced seismic retrofit solution is then proposed, consisting
in the installation of six Unbonded Fiber-Reinforced Isolators (U-
FREIs) and six Flat Surface Sliders (FSS);

[
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• The building in the existing condition isolated configuration is not
significantly damaged for seismic events with a return period up
to 82 years;

• However, in order to achieve a general elastic response of all
the masonry walls for the BDE, seismic isolation and reinforcing
intervention type B should be used, allowing the church to
remain elastic under an earthquake having a return period of 581
years > 475 years.

The approach described in the paper could be useful for the
design of seismic protection interventions for other masonry cul-
tural heritage buildings.
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