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ABSTRACT

The structural analysis of masonry historical buildsgstill a
challenging taskasicallglue tothedifficult numerical modelling of the
nonlinear behaviour ofmasonry material, with almost no tensile
strergth; the arrangement of blocks and mortar joints frequently
uncertain andvariable;the complexity of morphology; the difficult
modeling of the geometrywhich drive to threedimensional models
charaarized by a large numbeidefyrees of freedom.

The alove considerations justify the need for specific modelling and
analysis strategies to be developed and estabishéustorical
buildings. The most widely ussttategies are affected bgme
limitations and different levels of accuracy. In this stedstrilctural
analysis of different types of historical buildings, under seismic loads, is
performed by comparing different analysis approaches and pointing out
some their criticalities.

In the first part of the thesis (Chapter 2), the seismic capauoimtiof

storey masonry buildings is evaluated, comparing different modelling
strategies, such as simplified methods (equivalent frame; macro
modelling) and FE method. Four case studies characterized by different
geometry (overall height, storeymber, slere&tness of spandrels and
piers, et¢. are analyzed. The results are compared with the horizontal
collapse multipliers computed with the limit analysis. The latter has
proved to be a powerful simple method to check the results of more
complex analysis, dafteless manageablend influenced by the
implementednodelling A simplified formula is proposed to apply the
limit analysis and it was found to provide a good approximate measure
of the seismic capacity of the building, being only noted the geometrical
chaacteristics of the walls.

The second part of the thesis focuses on the seismic behavior of
masonry churches. The dynamic behavior is first investigated on a
sample of fourteen case studies (Chapter 3), then an impressive case
study: the gothic cathedodlSantaMaria del Mais analyzed by means

of different analysis methods.

The dynamic analyses of the fourteen masonry churches reveals a
considerable dispersion of the vibration modes, which provide very small
contribution in terms of participating mds¢eads to low values of the

base shears (computed through the response spectrum analysis) and,
consequently, to the possibility of adopting reduced forces to be applied
on the masonry churches.

Xiii



The Santa Maria del M&wurch was analyzed carrying lgar static
analysis, modal analysis, non linear -guesh)analysis and non linear
dynamic analysis. The comparison between all these analysis methods

provides a convincing picture of the structural weaksess the
cathedral.
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1 INTRODU CTION

The conservation of historical buildirggmtrinsically linked to a correct
structural analysis. The structural analysis contributes to all the phases
and activitiesincluding diagnosis, reliabildgsessment and ides of
intervenion, oriented to grardn efficienand respectful conservation of
monuments anbistorical buildingdRoca et al. 201@)corrector non
exhaustivestructural analysis can lead iteffective or counter
productiveinterventios. The seismic events ocedrin Italy in the last
decadedUmbriaMarche 1999199, Abruzzo 2009, EmHRomagna

2012) demonstrated thabverstrengtheimg interventions,generally
performed with reinforced concrete, does not alwayguaafed the

structure. Figure 1dhows a deilaof the damage of the S. Maria di

Coll emaggi o church (L&dAQquUiIl a, I t al
transept of the chadn collapsedompletely and the presence oftibie

courses in reinforced concrété¢ nserted during, the s
did not help to avoid the collapse.

However it has to be said that the conventional methods of the
structural analysis are not immediately applicable to historical
constructionsAs excellently staten the preface by Navier (1828)d

reported inmportantl i t er at ur e 6 s 1802arel 8eymare s ( R
1885), pyramids, mastabas, mosques, churches, domes, ratghed

towers, castles, paladaesdges, have been designed staftiogn the

dimensias of similabuildingsunder the theory of proportionsfoom

state of art rule§herefore, these buildings amsilited to be studied

by means of the numerical models traditionally used in structural
engineeringSince the times of realgimarvelous Egyptian temples in

the 3000 B.C. up to 18th century,fher | dds ar céhas ect ur
been constructed wittnreinforcedmasonry Masonry, being a two
phasesmaterial made of assemblageboéks/blocks connected at
interfaces, does not obey to the theomwladticitylt is charactered by

highly norlinear behavipa brittle responsi tensionwith very low

tensile strengtha frictional responsm shear and anisotropy. A
complete model describing all the complexity of the mechanical behavior

of masonry is still an open, challenging issue.
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Figure 11 S. Maria di Collemaggio church: damage after 2009 #aguake
showing thecourse of reinforced concretée nsert ed during the second half of

Further difficulties connected to the structural analys historical
buildingsare relatedo the highly composite geometry amarphology,
which drives to the need dafefining threglimensional3D) models
characterized by a very high number of degrees of freedom.

Moreover, recent studies have provedahatbrrect structural analysis
should take into account the historical events occurred on the structure
over the centurieS§tudies on different historical structures (Roca 2004,
Roca et al.2004) have shown that real deformations are nanncally
larger dne or even two orders of magnituttegn those predicted by
conventional instantaneous calculatidhis. is due to the fact that these
analysis neglebistoryrelated aspects such as (1) deformations occurred
during the construction process, (2) iratidlhistorical soil settlements,

(3) architectural altations, (4) the nereversible effect of multiple
thermal andhygrometi cycles, and (¥)ng term dimage of mechanical,
physical or chemical natuaeong other phenome(fRoca et al.2010)

Sincethe complexity and variety of the aspects involved, different
modelling strategies have been developed and different analysis methods
are generally used and compared to carry out the structural analysis of
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historical buildings. In the following an overvigwthe principal
modelling strategies and, then, of the analysis methods is presented
pointing out the related advantages and disadvantages.

1.1 OVERVIEW OF MODELLING STRATEGIES

Limit analysis

As mentioned above, the masonry doesobely to the theorpf
elasticity andts mechanical behavior is difficult to model. However the
masonry structures obviously satisfy the equilibrium laws and based on
the equilibrium conditions, the first theories for the structural
assessments of masonry structures were devbiogpesgory, La Hire
(1712), Poleni (1748) and Couldfity 3).

Limit analysis, as it was formulated by Hey{h866, 1982, 1995)
synthetizes all the mentioned classical theories based on equilibrium
considerationdt represents garticularly effectiviol for estimating

the collapseohd of structural systenssjce it provides a bod of the
horizontal capacityAs sketched by Heymathe hypotheses on the
masonry behaviour are® tensile strength; infinite compression strength
andabsence of slidirgt failureUnder these hypothesehe masonry
material becomean assemblage of rigid tparheld up by mutual
pressureand the collapse of the stiwal elements is characteribgd

the develpment of nordissipative hinges transforming the structure
into a mechanism. The terhmeamh s mo i ndicates a
distribution inthe structure produced by inelastic deformatidres (t
formation of hinges) vi¢h occur in a finite number of sections due to
disconnections and crackitfga kinematicahdmssible mechanism can

be found,the externaforces corresponding to the activation of the
mechanisn{obtained by applying the virtual work principle), give an
upper-bound of the actual ultimdtad

This methodology was applied by Giuffré, who idengfiedmber of
possible failure mechanism of traditional masonry buildiygs
observing the real damage experienced by these construction during the
earthquake.

Moving from the approacimtroduced by Heyman, De Luca et al.
(2003), Giordano et al. (20@fHd more recently Brandonisio et al.
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(2015) used the principle of virtwakksto derive closed and simplified

expressions for computing the collapse multiplier of simple structural

elements, such as portal frame and arches.

The need of robust methodolegjifor pedicting the masonry structures

behavior or forchecking the numerical resutstained frommore

uncertainadvanced analysis methods, is strongly remarked in the

scientific literature on masonry structures (Bucchi et al. 2009,

Brandonisio et ak012, 2014)and led to the recent rediscovery of

traditional equilfumb ased met hods, -bfockénhit as the O60macro
analysis.,. probably the best (hoorentoysi s t ool for p
2011).0On the other hand the limit analysis has the dmasie

disadvantage of providing only an indication about the safety of the

structure regarding a limit condition, but it cannot be helpful in depicting

the structural behavior of the building for moderate service load

conditions.

Simplified modelling

In order to overcome the mentioned disadvantage of the limit analysis,
but with still simple approaches,the last three decades, mairtlycas

have developed simplified alternative methodologies tthaith a
reduced computational effosthiould be ableotpredict the nonlinear
seismic behaviour of masorbyildings.The most commonlysed
practical approach for th@adysis of unreinforced masonry is the so
caledbequi val ent f r a me masoory building isi n  whi ch t he
representedby an equivalent nameéar frame structure constituted by
nonlinear beam elemeaisd rigid offsetdMagenes et al. 1998, Kappos

et al. 2002)According to theequivalent frame odel approach, each
wall of the building is subdividetb macreelemerd representing piers,
spamirels and rigidzones. The nonlinear belmaw of piers and
spandrels areimulated by nonlinear framenedat, while the rigid
zones, in which thelamage cannot occure aubstituted by rigid offsets.
Several different models have been proposed tddeberibehavior of

the two nodesmacreelement implemented in the equivalent frame
models of the structure. Much effort was devoted to this issue by
Gambarotta and Lagomarsina 1996 theyproposed a nclinear
macreelement modelepreserative of a whie masonry panel which
permits, with a limitedumber of degrees of freealoto represdrthe

two main irplane masonrfailure modes, bendingcking ad shear
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sliding (with friction) mechanisms, on the basis of mechanical
assumptions. This model consddry means of internal adles, the
sheassliding damage evolutiavhich controls the strengthtelgoration
(softening) and thstiffness degradatiohis model was later further
refined and improvedfencich and Lagomarsino 1997, 1998, Penna
2002and Galasco et @2004.

However he substitution of a masonmyrijon with a frame element has
some restrictions due to the inaccurate simulation of thectiotera
between macrelements, to the ditulties that arise for complex
geomaty and to the ®ak modelling of the cracked condibbpanels.

For these reasons some autlprmposed the use of tvddmensional
macreelements performing an approach definad macreelenent
discretization (Lourenco 2002). It has been conceived with the aim of
cgturing the nonlinear behaviof anentire masonry wall and of the
ertire building, as an assemblajeseveral wallsBased on this
approach, ecently Calio et al. (2012) proposetasic macrelanent

which consists of an articulatgdadrilateral with i) edges in wbh

two diagonal springs govetime shear behaviour. THiexural and
sliding shear behaviougsverned by discreatiéstributions of springs in

the sides of thquadrilateral that presigver the interaction with the
adjacenmacreelemert.

The simplified modellings, discussed above, are implemented in
computer codes, nowadays commonly used also for the analysis of
historical buildingslowever this approach hardly can be used to model
historical buildings characterized by complex georoetnpininglD
members (arches, flyingches) witl2D members (vaults, domes) and
3D oneffillings, pendentives . . .).

Finite elementmethod

The FE method permits to modelny geometry and to associate
sophisticated material model, taking into accoantigily norinear

behavior of the masonnBasically, two differerdpproahes are
implemented in the FE methta modelthe the masonry he é mi cr o
model 6;madrer & tawanatpepnaasoaocchedl , or O0equi
mat erial approacho

In the micromodel, the discretization followse actual geometry of

both the blocks and mortar joingslopting differentonstitutive models

for the two components. Particulattention mustbe paid in the
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modelling of joints, sincéd sliding at joint level oftestarts up the

crack propagation.Although this approach may appear very
straighforward, its major disadvantagenesfrom the extremely large
number of elements te generated as the structucesiases in size and
complexityThis renders umklely theuse of micranodels for the global
analysis of entire buildings, also considé¢negact that the aal
distribution of blocks and jointsight be impossible to detect unless
invasve investigatiorere performed.

The macranodel assumes that the nmxgastructure is a homogeneous
continuum to beliscretized with a fie element mesh which does not
copy the wal/l or g a rsiovenaniteriabThe singleb ey s t he met hoc
element wilthus have a constitutiveodel which must be mable of
reproducing anaveragebehaviour. This sgsumption bypasses the
physicalcharacteristics of the prebi. Nevertheless the equivalent
material models have pem to be able to grasp certaspects ofhie

global behaviour without the numloémparameters and tlsemputing

effort needed in thmicromodel(Pegon anénthoine, 1994)

An exhaustive dissertation on micro and macro FE modelling is
provided byLourencoin his Ph. D. thesis (..). In this reference the
adequacy of using homogenization teakesiqin which the nrac
behaviorof the compasge is predicted from the micpoperties of
masonry constituentsas discussed andanstitutive macrmodel for
unreinforced masonry, that includasisotropic elastic as well as
anisotropic inelastic behayiwasproposed.

The macrd~E modellindhave been extensively usednalyze complex
historical monuments and, recently, well known monuments have been
studied by using this approach: among the others, the basilica of Hagia
Sophia Almacet al. 2013), the Mallorca gothathedral (Roca et al.
2013) andlsoseveral Italian masonry churches damaged during the last
earthquakes occurred in Btadéngioi | a and i n Emi
et al. 2013, Gattulli et al. 2088aniand Valent@01% and b).

However,it has to be saithatFEM models may be very sensitive to
changes in boundary conditions, load history and may predict the
formation of cracks in unexpected locations (Huerta 2003). According to
Boothby et al. (2006), the solutions provided by an initial FEM model
must &vays be validated against known information on the structure
such as testing results, crack location and/or other damage. During the
validation process an initial model may probably need to be refined in
terms of boundary conditions and material propertie is also
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important to study the influence of the different parameters on the
results through a parametric st{itydo 2015)

Discrete elemenimethod

The Discrete Element Method (DEM),currently used for computing
the motion of simple unreinforcedasonrystructures modeled as an
assemblage of distinct blocks (rigidedominable) which interact along
the boundariesThis method, originallproposed by Cundafll971,
1979)in the area of granular and discardirs materials, is based on the
integran of the equation of moti of the discrete elements, and
allows for considerinpé large displacements withgbquential update
of the elements positions. In 198¥bs, proposed a DEM formulation
for two-dimensional blocks s Ph.D. thesisand fomulatedtogether
with Cundall and Hart (1988}hreedimensional distinct element model
for a system composed wfany polyhedral blocks. In thest two
decades, the application of DEM was extetwletasonnto simulate
the response of simpldrustural elements under grounchotion;
available litature review on DEM of masonry structurgsasided by
Lemos (2007) where the wogk of Livesley(1978), Gilbert and
Melbourne (1994, 1995Prduna and Lourenc¢2001),Baggio and
Trovalusc{1998)are discussl.

In spite of theseverabtudiesfocused on this approach, he analysis of
complexstructuresuch as the historical monumeststill achallenging
issueén DEM. The natural field adpplication of DEMs is composed by
structuresformed by rgularly saped masonry or stonilocks.
Computationaliability of analysimay limit severely the numioér
block elements that can be included in a model.

1.2 OVERVIEW OF ANALYSIS METHOD

Linear static analysis

Linearstatic analysis is in principle inadequate fiedl lncause it does

not take into account the complex +ioear response even for low or
moderate stress lev&gcondly the static approach to assess the seismic
response of the buildings is based on the predominance of the first
vibration modes, whichenerally give the greatest contribution. The
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static approach, traditionally used in the structural enginappies
equivalent lateral forces generally distributed proportionally to the mass
or according to the main vibration mode of the builtiogever, as it

will be extensively discussed in chapter 3, the prerequisites for applying
the static approach are not realistic for complex historical bugdtiys

as the churches.

The seismic demand computed for this analysis method should be
reduced ttough a reduction factor , to take into account the further
displacement capacity of the buildings. But the reduction factors
provided by the rules are generally reliable for regular buildings, and they
can lead to incorrectesults, and consequently toeffiective
interventionsfor historical complex buildings.

However, due to its simplicity, stability and reduced computer effort,
many cases obistorical monuments have been studied by means of this
approach, and among the otheéan Marco in Venice (Moand
Vitalianj1995), the Tower oPisa (Macchi et al.,199%Be Colosseum of
Rome (Croc¢i1995. Moreover especially for vertical loadsjear
analysis is always performed, ptior the aplication of more
sophisticate@dpproaches, to allow a quiakd first assessment tbke
adequacy of the structumnabdels regarding the definitmirmeshes, the
values and distribution of loads and reactaomsthe likelihood of the
overall resultRoceet al. 2010)

Modal dynamic analysis

The response spectrumodal dynamic analysis permoitgaking into
account all the vibration modes of the structure. Their contribution is
compared with the response spectrum and combined thiffegint

mode superpositionprocedures: the direct superposition (SUM)
provides an upper bound to the maximum of total response; the root
sumsquare (SRSS) provides a satisfactory estimate for system with well
separated frequencies; the complete quadratic combination (CQC) used
when the natural periods of the structures are veligr.sim

This analysis methasl performed by usin@n elastic material model

and it is based on tlseiperposition principléhereforet would be in
principle inadequate, as well as the linear static analysis.

However the response spectrum analysibdsa used to study many
examples of historical monuments, especially masonry choathés (

et al . 2013, Dal Cin and Russo 2014,

Chel

n
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It involves a dynamic approach to seesmic analysis of this kind of
constructions which generally dot obey to the assumptions at the
base of the static one. At the same time the response spectrum analysis
doe not imply the computational effort of the more complex non linear
dynamic analyses.

Non linear static (pusfrover) analysis

A pushover analysi is performed by subjecting a structure to a
monotically increasing pattern of lateral forces, representing the inertial
forces which would be experienced by the structure when subjected to
ground shakingThis analysis is performed considering a noar line
constitutive law of the material and, it can take into account the
geometrical non linearitynder incrementally loads various structural
elements yield sequentially. Consequently, at each event, the structure
experiences a loss in stiffness (Fajfa®)2dhe analysis stopped when

an ultimate condition of the structure is reached. A relationship between
non inear force and displacement can be determined at the end of a
pushover analysis, which provides a capacity curve of the structure.
Generally thbase shear and the displacement of points at the top of the
structures are chosen. In the following chapters theopeskanalyses

will be carried out conforming this choice.

The selection of an appropriate lateral load is an important step within
the pushover analysis. A unique solution does not exist (Fajfar 2000)
The Eurocode 8 (CEN, 2004) recommend to use at least two load
patternsa load pattern of forces proportional to the mass and a modal
load pattern of forces usually distributed accorditigetdirst modal
shape.

An exhaustive discussion on pros and cons of theopeshnalysis can

be found in Krawinkler and Seneviratna (1998). They pointidchtoidit

an invariant load pattern is used, the basic assumptions are that the
distribution of iertia forces will be reasonably constant throughout the
earthquake and that the maximum deformations obtained from this
invariant load pattern will be comparable to those expected in the design
earthquake. These assumptmay be close to the truth if: thp
structure response is not severely affected by higher modelgtieets
structure has only a single load yielding mechanism that can be detected
by an invariant load pattern. If these hypotheses are verified, the
pushover analysis will very likelgvle good estimates of global, as
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well as local inelastic deformation dema@tiserwise,deformation
obtained from a pustveranalysis may be very inaccurate.

Recent studies have focused on extending theyershnalysis to the
structures affected thygher mode effects (among the others, Chopra
and Goel 2002, 2004). Moreover adaptive analysis methods, applying
load patterns which follow closely the time variant distribution of inertia
forces, have been provided (among the others Bracci et alnZ@).

of these studies, the mentioned limitations of thequeshanalysis are

still a critical point for the reliability of this analysis method.

The puskover analysis provides only a measure of the capacity and has
to be combined with a demand mueasusing methods like capacity
spectrum or N2 to complete the assessment @ lrthshay, 2002)n

this thesis the N2 method will be used and therefore a brief summary of
the procedure is given in the followifige N2 method developed at the
Universityof Ljubljana by Fajfas exhaustively illustrated in Fajfar 1999
and 2000. This method is aleplemented in Eurocodg8EN, 2004)

The result of the N2 method is basically the graplgofe 1.2 (Fajfar
2000). To obtain this graph four steps carotieed

u =1 (elastic)

s

Dd Dy Sd = Sde Sd

Figure 12 Elastic and inelastic demand spectra versus capacity diagraffRajfar
2000)
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In the first step, thelastic responseesgrum in the format of time
elastic acceleration teansformed to e displacemesicceleration
format using té following relation:
v
.l.“

oy Y

In the second step, the capacityve obtained from the pushover
analysis is transformed the equialent bilinear curve using the
approximate gpoach ofequal area, i.e., theea under the capacity
curve is equal to tleeea under the-bnear curve

In the third stepthe intersection of the radial line, corresponding to the
elastic period of the idealized bilinear system T*, with the elastic demand
spetrum defines the acceleration demand (strength) required for elastic
behavior and the corresponding elastic displacement (Fajfar, 2000).

The elastispectrum igransformed to the inelastic spectusmgthe
following relationproposed by Vidic et #1994):

oy Y
Y
. Y
Y o Y
whereRnis the reduction factor due to ductilitd @nevaluated from:
"y
‘Y ] - uY "Y
p N p
‘Y ‘ uY uY

wheremis the ductility factor defined as the ratio between the maximum
displacement and the yield displacemgtjitébd T is the characteristic
period of the ground motion.

The last stegonsist ofthe inersection between theliniea capacity
curve andhe inelastic response spectrum to determirpetf@mance
point which defines theedormance acceleration and peeformance
displacement of the structure

Non linear dynamic analysis

All the previous described analysis methedsmplified ways to assess
the seismic response of the masonry buildings. They are based on more

11
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or less reliable assumptions on the mechanical behavior of the material

and on the actions applied to the buildings. The non linear dynamic

analysis or timeidtory analysis, aimed to provikde seismic response

of buildings without any of these major simplifying assumpitions

furnishes the time history of the displacements of the structure, subject

to external forces described by an accelerdayaolvinghe equabns

of motion of the structureNhen the behavior of the structure is into

the non linear range, such as the case of the historical masonry buildings,

the equation of the motion has to be solved by using numerical methods.

In 1959 N. M. Newmar#leveloped a family of tirseeppinghumerical

methods whichbeing notedhie values of the external foeteregular

generally constant time sfatpgives the values of displacement velocity

and acceleration of the structwtarting from the resultstbe previous

step.The Newmark method is exhaustively discussed in QCtijfra

and itwasadopted in the non linear dynamic analysis performed and

illustrated in the following chapters.

When the Newmark methagladoptedwo recommendations about the

timestepsize should beespected

1)it is sufficiently small compared with the accelerogram duration (td)
YoL o

2) 20 time steps must be appliedhe small period (Ti) of the highest

mode in orderto correcty reproduce the system response:

Yo CET';Y
The highest mode of the structure should be chosen considering that a
cumulative participatimgass ratio at least equal to 90% is adequate to
realistically describe the seismic response of the builtingding to
Eurocode 8 (CEN, 2004)

Even if some authors considdgre non linear dynamic analyassthe

only option for irregular structur@hambers and Kelly, 2004), it has to

be said that it involves also some limitations (Powell, 2006). First of all,
thetime for a dynamic analysis increases substantially as théhsize of
structure increasesd it implies that this kind of analysishistorical
masonry building is strongly time demantogeover,fitheanalysis is
carried out for several ground motions, tbarebe substantiariation

in the resultsThis B partly because nonlinear behavionhsrently
sensitive to relativedynall changes in the ground motildre Eurocode
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8 promoteghe use of at least seven accelerogram, allowing both artificial
and real or simulated accelerograms. However, the artificial
accelerograms may lead to a cmmservative estimation of theismic
response. Great effors necessary to ensure that tlspiectra are
suitable to seismic analysis (Bazzurro and Luco 2003, Cornell 2004). On
the other hand, the recenthcreasing accessibility to data bases of
natural acderograms recorded during resdrthquakes helped
significantly in using natural records (lervolino et al., 2009).

In spite of the above mentioned limitations, the non linear dynamic
analysis has been recently used for the structural analysis of complex
masonry buildings such as magamch bridges (Pela, 2013), gothic
cathedral (Elyamani 2Qfaasonry churches (Milani and Valente, 2015),
and also for the study of ma@lements of historic masonry churches
(Giresini et al. 2014, Giresini 2016)

13
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2 SEISMIC CAPACITY OF HISTORICAL
BUILDINGS: COMPARISON OF DIFFERENT
MODELLING STRATEGIES

2.1 INTRODUCTION

The seismic capacity of muslibrey historical buildings (used for
residences, public offices, schools etc.) is studied in this chapter,
considering a sample of faase studies. In detail theplane seismic
capacity of the walls is evaluated performing the non linear static (push
over) analysis, compared with the limit analysis.

The masonry walls of such buildings, characterized by openings regularly
or irregulagl arranged, are usually modelled as equivalent frame
8discussed in section 1.1), as it issalggested bydhtalian technical

code( N T C oT@is8 structural modellingermits to performa non

linear incremental collapse analysis of the masonry thalisreduced
computational effortin comparison witthe moded made ofbi or
threedimensional elementslowever more sophisticated modelling
strategies are used, such as the mebaarent modelling, finite element
method or discrete element method whielwe been described in
section 1.1.

The mentioned modelling strategies are implemented by different
computer codeMuch study in the recent years is focused to compare
the results provided by different approaches and different codes. Studies
have proveithat theyare affected by a certain uncertaanty different

codes, even if implementing the same modelling stddegyt give
alwaysomparableesults.

Bucchi et al. (2009) carried outghshover analysisf five case studies
(masonry schools)pmparing the results provided by ANDIL Wall (v.
2.0.1.) an@Muri (v. 3.2.11.Both software implement the equivalent
frame approachin terms of base shear, the codes provided average
variance equal to 12% with a maximum difference of 32%. In terms of
maimum displacements, the average variance was 27% with a maximum
value of 70%. It was concluded that the commercial codes were still not
able to provide a reliable result and, consequently, the assessment of the

15
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seismic capacity, based only on numerivaistigation, was not
suggested.

Arangio et al. (2013) studiedsimple threelimensional building by
using SAP 200Qo implement the equivalent frame approach. The
results were compared w8Nuri. The difference between the results
obtained from the twoodes reached 50% both in terms of base shear
and in terms of displacements.

In this chapter the pusiver analysis was carried out by using equivalent
frame approach, maeetement modelling and finite element method.
3Muri and 3DMacro, very common inethtalian professional
community were respectively used for the equivalent frame and the
macreelement modellingAbaqus, generallsed in the research field,
was used for the finite element analysis. The results obtained from the
different codes were roparedin terms of load multipliers and
maximum displacemeni&he puskover analysis were also compared
with the limit analysis. Finally a link between the seismic capacity of
single walls and complete building was investigated.

2.2 CASE STUDIES

Four casetsdies were selected to perform the assalfwgo located in
Napl es, and t &4. Thephatedhad typical peamefri¢al, g .
and mechanical characteristics of Italian buildings in theXXWI
centuries.The floors do not havany rigid behaar, belonging to first

or second class of Pagano classification (Pagano, 1968).

A brief description of each case study is presented in the following.
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Figure 21 Building casstudiesa)Palazzo Scafpiples); bEx prison S.
Francesddlaples); c)Palazzo CentiL 6 A g u iDE &nicis sdhpol
(L6BAqQquUil a) .

2.2.1 Palazzo ScarpéNaples)

The Palazzo Scalpaldingwas built in 190@&nd it can bsaida typical
example of théleapolitan resehtial buildings. Plan and frontal view
are plotted in Figure 2.2. Italsaracterized by a nearly rectangular plan,
approximately 20m®m with a a#ral rectangular core 10mx5in
consists of six storeys above the ground level and a basemeiitieelow.
overall height of the building is 27 .Bne walls are made of Neapolitan
yellow tuff, excepf the basement and the ground floor, consisting of
claybrick. The wall thickness is 120cm, at the basementgeadtllly
decreases at the higher levmdgg 50cm thickat the 5th level is.
According to Pagano classification, the building belongs to the second
class, having continuous masonry walls and horittoatal consisting

of beams simply supported by the masonry. walls

17
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Figure 22 Palazzo Scarpdrontal view and plan of the first floor

2.2.2 Exprison S. Francesc@Naples)

The Ex prison S. Francésgo 2.3)s locatedn the historical center of
Naples and has a strong historical interest, in consideration of its
differentoccupancy over tim@riginally it was a monasteaythe end

of 1700, it was converted into a hospital to serve the city prisons,
assuming the nowadays architectural aspect. Later, in 1923, the building
was further modified to allow the accommodatigudadial offices.

The building has five floors above ground and it has a rectangular plan,
with two courtyards; in plan the total size is about 78x36 m, while the
two inner courts, almost square, are 16x17 and 15x19m, respectively.
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The overall height ohé building is approximately.@n. The thickness
of the main walls varies from 140 cm, at the first level, to 70cm at the
last one.
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Figure 23 Ex prison S. Francesco frontal view and plan of the first floor

The structure is made of tuff masoexgpt ofthe top levk built in a
subsequent timeade of clay brick and mortar wallscept of the roof
composed of steel beant® floos consistof tuff vaults. Acording to
the Pagano classification, the mgldelongs to the first class.

223 Palazzo@ nt i (LO6Aqui |l a

Palazzo Ceffig. 2.4)was the prestigioussidencef the CentiColella
family. The construction started in 1776 on the basis of the design by
Loreto Cicchi d&escocostanzBefore the 2009 earthquakeyats the
headquarter buildingf dRegioneAbruzzo; it is located in Piazza S.
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Giuda, i n t he hi st or i andlit representsrae of L6Aquil a
masterpiece of the city baroque architecture of the city.
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Figure 24 Palazzo Centi frontal view and plan of the first floor

The building &s a rectangular plan, with dimensin8x 41.4 mthe

internal courtyards 9 x 11 m. QiginallyPalazzo Centiad only three

levels; more recenty, pent house <called 66castellinadd v
roof. The height from the ground level to the oailgioof is 19.4 m.

The walls are made of rubble stone masonry, with the two external layers

mainly made of mixed roughly squared standsclay bricksThe

facade and the courtyard walls are 90 cm thick, while the intdisial
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are usually 80 cm thicnly in few cases 70 cm; for all walls the
thickness remains constant from the base to the top.

The horizontal structures are clay bricks pavilion vaults, with thickness at
least equal to 12.5 cifhe roof structure is made of wooden trusses
(Simple Palla@ha type), with underneath ceilings vaults made of bricks
orfake vaul t, call ed 06 06c aaiso beragston a 6 6 .
the first class of the Pagano classification.

Pal azzo Centi experienced signific
earthquake.Detailed informations on theeismic damage and
performanc@ f Pal azzo Centi after LOAQuUI
Lucibello (2013) and Lucibello et al. (2013).

224 De Amicis school (L6Aqui |l a

The De Amicis Scho(fig.2.5) is located in tlmgstoricalcenter of
LOAqui |l a. It is the remaining part
built during in XV century.

It has a rectangular plan, on the whole 52.4mx4ith an internal
courtyardof 24.9x13.7m. The building has three larelshe overall

heght is19.80m on the south side (in San Bernardino square) and 17.50

m on the north side.

The walls are very thick and, in some cases, the walls thickness exceeds
2m. However the thickness decreases at the higher level and, at the top,
the walls are at reblm thick.

The horizontal structuresnsist of barrel vaults and cross vaults at the

first floors, whilesteel beams integrated in the lightweight mortar slab
are at the second floohetroof structure is made of wooden trusses
According to Paganthe De Amicis Schoah be classified ascond
classouilding.
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Figure 25 De Amicis school: frontal view and plan of the first floor
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2.3 ANALYSES BY MEANS OF SIMPLIFIED MODELLING

Two types of simplified modelling were first used to perform the push
over amlysis: equivalent frame approach and rearent modelling.

The equivalent frame was adopted by using the software 3muri, while the
macreelement modelling was implemented through 3DMacro software.

2.3.1 Equivalent framemaodelling implemented by3Muri

Tremur programprovided by S.T.A. Data Sislone of the most used
software in Italy for the structural analysis of masonry buildings. The
modelling implemeadin 3Muri can be defindeME (Frame by Macro
Element} becausé is based on the ndinear mam-element model,
representatigeof a whole masonry panéhis macreelement model,
mentioned in section 1.1 whstly developed by Gamabrotta and
Lagomarsino (1996) and Brencich and Lagomarsino (1997, 668). A

it was improvewvith the cooperatiorof Penna (2002) and Galasco et al.
(2004). A more recent refined mod#lustratedn Penna et aj2014).

A compl ete explanati on of t he CC
Lagomarsino et al. (2013) and an user manual was provided by
STADATA (2012). Here aummary of the modelling strategies
implemented by the code is given.

The macreelementpermits, with a limited number of degrees of
freedom to represent the two mairplane masonry failure modes,
bendingrocking and shealiding (with friction) mechamis, on the

basis of mechanical assumptions. This model considers, by means of
internal variables, the shslding damage evolution, which controls the
strength deterioration (softening) and the stiffness degradation. Figure
2.6shows the three swdtructires in which a maerelement is divided:

two layers, inferiqfl) and superio(3), in which the bending and axial
effects are concentrate¢dde central part2) suffers sheateformations

and presents no evidence of axial or bending deformafioas.
complete 2D kinematic modelkesinto account the three degrees of
freedom for each node (adaldsplagemdnt 0 ) 6
w, horizontal displacement u and rotation and two degrees of
freedom for the central zo(exial displaceme#diand rotationQ. It is
assumed that the extremities have an infinitesimal thickness.
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Figure 26 Kinematic model for the macreelement (Gambarotta, 1996)

3Muri divides each wall isuchmacreelement and idealizéhe wall in

an equivalent frame. Fig@.& summarizes the main steps of the frame
idealization procedure in a regularly perforated masonry wall: from the
identification of spairels and piers (steps 1 andd2fined on basis of

the vertical alignment and overlap of openings, to that of(steje8).

Step I- Identification of spandrels Step 2- Identification of piers Step 3- Identification of nodes Equivalent frame

el FE L)

L iR i iyl

Figure 27 Example of equivalent frame idealization in case of regularly
distributed openings (Lagomarsino et al.2013)

The geometry of the rigid nodes comes out directly from the previously
defined elements that are connected to.tBemwe haing idealized the
masonry wall into an assemblage of structural eleBMuntisconsides

these as nelinear beam elements with lumped inelasticity idealization
(bilinear elastic perfectly plastic behaviour). The deformation and non
linear response arencentrated in spandrels and piers, instead the nodes
are considered as portion rigid, which connect the deformable ones
(step4). Earthquake damage observation shows, in fact, that only rarely
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(very irregular geometry or very small openings) cracksiapgpeae
areas of the wall.

2.3.1.1 Macro-element modelling implemented by 3DMacro

3DMacro program ideveloped by Gruppo Sismica S.r.l.\eatidated

by numerousesearch investigatiqi@alio et al. 2004, 2005, 2008, 2012).
The basic macreelement of the proped simplified approach
mentioned in section 1l.has a simple and eagynprehensive
mechanical schensiown inFigure2.8

It is represented by an articulated quadrilateral constituted by four rigid
edges connected by four hinges and two diagondihean springs.

Each side of the panel can interact with other panels or elements or
supports by means of a discrete distribution of nonlinear springs,
denoted as interface. Each interface is constituted bgnlinear
springs, orthogonal to the panel smled an additional longitudinal
spring which controls the relative motion in the direction of the panel
edge.

Given a simple masonry wall it is possible defining a minimum number
of panels composing. 3DMacro couple each panels with the defined
macreelemat. Howeverthe model can also be refined by using more
panels in order to better describe the kinematics of the masonry walls
(Fig.2.9)

Figure 28 The basic macroelement: a) undeformed configuration; b) deformed
configuration (Calio et al. 208).
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Figure 29 Masonry wall and corresponding macre@lement discretizations with
different mesh resolutiongCalio et al.201p

In spite of its great simplicity, such a basic mechanical scheme is able to
simulate the main -plane failures of a pomioof masonry wall
subjected to horizontal and vertical loads: the flexural failure, the
diagonal shear failure aiiding shear failuréhe flexural failure mode,
associated to the progressive rupture of the panel in the tensile zone
and/or to the crushig of the panel in the compressive zone, can be
reproduced by the transversal springs of the interfaces that simulate the
axial and flexural deformability of the masonry panel. In these nonlinear
springs all théexural properties of the portion of magonhich the

panel represents are lumped and each transversal spring has been
calibrated by assuming mon-symmetric elasfglastic behaviour with

limited deformability.

The diagonadhear failure mode and the consequent formation of
diagonal cracks alotige directions of the principal compression stresses
can be governed by means of the two diagonal nonlinear springs which
have the role to simulate and predict the nonlinear shear response of the
modelled masonry portion. To simulate the shearing belaavelasto

plastic constitutive law with a Turnsek & Cacwelting surface is
considered.
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The slidingshear failure mode is associated to the sliding of the masonry
panel in its own plane and it can be controlled by the longitudinal
nonlinear springs ttie interfaces. This spring is characterised by a rigid
plastic constitutive law with a Md&Pwoulomb yielding surface.

The degrees of freedom of the structural scheme are associated to the in
plane motion of the panels. Each panel exhibits three defirees o
freedom, associated to theplane rigid body motion, plus a further
degree of freedom needed for description of the panel deformability.
Hence the total degrees of freedom Nf@anels structural scheme are

AN corresponding with the four displacementhe rigid edges along
their own directions have been chosen.

2.3.1 Push-over analysis performed on the facades of the case
studies

2.3.1.1 Input data analysis

The puskover analysis was performed on the facade of the case studies.
The geometry of the fagade, singalifand deprived of the architectural
elements, is plotted in Figure 2.10.

Table 2.1 reports songeometrical characteristics of the principal
facade an average value of the pier widh);(the width of the

opening (L); the height of the opening (mg;r&tio R=B./ L; the ratio

S=h/B ., The parameters R angvere defined by Spaman 2009.

The ratio R gives a measure of the ratio solids/voids, while the ratio S
defines the slenderness of the piers. These ratios assume higher values
forthebuldngs i n LOAquila, which in fac
the higher seismic hazard.

It is noted that the buildings were intentionally ordered on the basis of
the R value. The case studies assumes values of R spanning between 1.6
and 3.6; so it can bedsthat the sample of study is quite representative

of a large quantity of masonry walls and, consequently it provides a
certain generality of the results.

Table 21 Geometrical parameters of the four case studies

Building Beq=SBi?/ SB; L h  R=BedL Si=h/B ¢q
Palazzo Scarpa 2.2 14 33 1.6 15
Ex p. S.Francesc 4.0 16 29 25 0.7
Palazzo Centi 4.2 12 24 35 0.6
De Amicis school 4.6 1.3 28 3.6 0.6
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The following values were adoptedhermaterial propertiesquested

by the used codesselfweight g=20kN/m?, Youngos mo d |
E=2000MPa, tangential elasticoodmlus G=800MPa, compressive
strength j=2MPa, shear strength#0.03MPa.

The definition of a mesh is not necessaBMuri, sincean equivalent
frame model is automatically cresgthe codeAs mentioned in the
previous section, 3DMacro permits @mmore refined than the basic
scheme composed by one mademnent for each panel (spandrel, pier
or node). However in this study a bassh was chosén assuréhe
reliability of the compariso®ensitivity analysmointed outa negligible
higher acuracy of the results obtained with more refined mesh.

The walls were considered fixed at the base and horizanuis
proportional to the massesmn applied The displacement of the
control points, indicated in Figure 2.10, was evaluated during the
increasing of the loads.

2.3.1.2 Results

The results obtained for each facade are presented in the Figures from
2.11 to 2.14, where the capacity curves for the facade of each case study
are givenThe capacity curves are defined in terms blsb shear vs
disphcementof the control point, 2) Ba shear divided by the total
weight (namely the load multiplier indicated )ass displacement
divided by the height of the wall (g/H

It can be noted that tlmnsidered simplified modellings gave capacity
curvesgppreciably different. In detail, fBalazzo Scarfpgade, 3Muri
provided a significant decreasing of the wall stiffness, due to an almost
immediate damage of the spandrels. This was not revealed by 3DMacro.
However the two codes gave similar results inoterms of load
multipliers and in terms of displacements. In the casSe pfison S.
Frances@o decreasing of the wall stiffness can be noted in the 3Muri
curve, even if it is less significant than the previous case. On the other
hand, the two codgmovided appreciable differences in terms of load
multipliers and similar values of the displacenteaitszzo Ceigithe

case study procuring the greater variance of results: over the wall
stiffness, the results are not consistent both in terms ahidapliers

and in terms of displacement. Significant variance of load multiplier was
also obtained in the casébaef Amicis school
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Figure 211 Palazzo Scarpa capacity curves provided by simplified modelling
in terms of : a) force vs disphcements; b) load multipliers vs displacements
divided by total height of the wall
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Table2.2 reports for each case study the valle ofind d_/H .

reached by the different codes. The variance between the results was also
computed and it is reported in the Table. The variance between 3Muri
and 3DMacro is in the range28% in terms of , while it is always

lower than 13% in terms of displacementepxof Palazzo Centi,

which revealed variance equal to 62%.

Table 2.2 Load multipliers, displacements and related variansegiven by the
different commercial codes

I max dmax/H tot D Dd
[] % % %
3Muri 0.09 0.36
Palazzo Scarpa 3DMacro 0.08 033 8 7.0
Ex prison S. 3Muri 0.22 0.23 o4 13.0
Francesco 3DMacro 0.17 0.26 )
. 3Muri 0.26 0.23
Palazzo Centi 3DMacro 032 061 17 62
- 3Muri 0.34 0.13
De Amicis school 3DMacro 0.39 011 12 11

However the three codes agree about theefanechanism which led

the collapse of the wall. Figures 2.15 and 2.16 show the damage
observed in the facades at the ultimate state of the analysis. For all the
case studies the figures reveahiea failure of the spandrels, except of

the case of B Amicis School that collapsed for the shear failure in the
wall piers.
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Integro

Plastico per taglio

Rottura per taglio

Plastico per pressoflessior
Rottura per presso flessior
Rottura per compressione
Rottura per trazione
Rottura in fase elastica

EEEEECOC ]

]

“a_ 3Muri)

b_3DMacrd
Figure 215 Comparison of the dimagerevealed by 3Muri and 3Dmacro for a)
Palazzo Scarpab) Ex prison S. Franceso
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Integro

Plastico per taglio

Rottura per taglio

Plastico per pressoflessior
Rottura per presso flessior
Rottura per compressione
Rottura per trazione
Rottura in fase elastica

O O

b_ 3DMacro)
Figure 216 Comparison of the dimagerevealed by 3Muri and 3Dmacro for a)
PalazzoCenti, b) De Amicis schoo/

2.4 FE ANALYSIS

The seismic capacity of the facades was verified by usingtehe fi
element method. The Abaqus 6.1 software was used to perform the
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analyses. Abaqus has been adopted by the research group of the author
for many years, in order to analyze masonry structures. The material
model, employed by the software to describmaisenry behavior, was
extensively illustrated by Giordano (2001), Santaniello (2010) and
Lucibello (2013). Here a brief summary is provided on the basis of the
cited references and the Abaqus Manual (Simulia, 2010).

2.4.1 Abaqus concrete model

To model brittlestructuresAbaqusp r o v i d eoscretesmeared
modeb . It I s -crackmibdelbaseatl onreusimple yield surface
with isotropichardening and associated flow when the state ofistress
predominantly compressive, and uses damaged etastcibunt for

the cracking, the occurrencembiich being defined by acalleddcrack
detection surfaée ( F i .gThis f&ilurd Surface is assumed to be a
simple Coulombdine written in terms of the first and second stress
invariant The concretanodel basally requiresl) the stresstrain
curve incompression to be defined in tabular form as a funation
plastic strain?) the shape of the failure surface viacthdure ratio§
(defined in the following); 8)e posicracking tensileehaviour defirte

by thedtension stiffenimgoption. The tension stiffening implicates that,
as the tensile strength is reacheds theeurve goes to 0 following a
straight or curve line, according to the user choice (Fig.Thi$8ast
feature actually makes no sensemfasonry, but a small amount of
tensile resistance shoubd anyway provided to avoid numerical
instability prot@ms.

“crack detection” surface

biaxial compression

Figure 217Crack detection surfacen biaxial stress state
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stiffening” Ine

udisplagement /S & stains

a)
Figure 218Tension stiffening: a) linear and b) curve options

In detail, he oconcretesmearednodeb uses the classical concepts of

plasticity theory: strain ratecompogion into elastic and inelastic

strain rates, elasticity, flow and harderdmghe definition of the

compression yield, the value of the magnitude ofheaghro principal

stress in biaxial compressiand the stress magnitude inaxial

compressionQZ DZs given on the*Iofailure ratid (indicated as R

data line. In the sam@y the ratio of the uakiial tensile stress at failure

to the uniaxial compressiset r e s s d tD4sfgimen boruthe®2 ( DZ

ofailure ratid ) d&a lineln the cefinition of the flow, the value given

on the 3' ofailure ratié (R;) optionis representative of the ratioegfn

a monotonically loaded biaxial compressiototesin a monotonically

loaded ursixial compression tesh tension, cracking dominatéhe

materi al behavi ourde tTehcet inoondée | p luassetsi cai toyc rsaucrkf
in stress space to determine when cracking takes aplhcéhe

orientation of cracking. Damaged elasticity is then used to describe the
postfailurebehaviour of the materiaitivopen cracks. About the crack
orientation,although some models have been proposed (fixed model

with orthogonal cracks,rotating model, fixed model with

multidirectional cracks), the used modeéllgqus is the first one. The

perpendicular to the firstack that occurs in a pointparallel to the

maximum principal tension stress; the model remembers this direction

so that the following cracks could form only in direction perpendicular

to the firstone.The value of theinagatesofi | e failure str
biaxial stress whentheotheo n zer o pr j,satthpunibxiast r ess DZ
compression ultimate stress statefined by the™ofailure ratié X R
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2.4.2 Sensitivity analysis

As discussed in section 1.1, the FE analysis needs an accurate definit
of the characteristics of the model. A parametrical analysis was
performed to evaluate the sensitivity of the software to the following
characteristics:

Material constitutive law in compression

Compressive strength

Ultimate strain

Tensile strength

Meshsize

The material properties kept constant are listed in Table 2.3. The failure
ratios: B R, R,were established on the basis of the studies carried out
by Giordano (2002 order to correctly calibrate the model parameters
for masonry structure&iordano adopted a curfiting procedureThe

results of various experimental tests on mdkonry panelsvere
compared with the FE results obtained by using Abaqus.

The sensitivity analysis was performed on a simple geometry: the portal
frame plottedn Figure2.19 | wasloaded at first stepwith the self
weight andatthe second stepiith anforces proportional to the masses
incrementallgpplied

Table 2.3 Material parameters kept constant
Material Model Density Y o u n g Poisson R1 R3 R4 Tension

modulus ratio stiffening
[kg/m3]  [MPa] [-] (1 1 [ [m]
Smeared cracki 2000 1833 0.25 1.161.33 0.3 0.003
4
1,2
A?
4
2,8
—12—A

Figure 2.19 Geometry of the masonry portal frame
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2.4.2.1 Material constitutive law

The influence of the material constitutivevieas assesd analyzing the

portal frame by using four different st®tsain curves. These are
presented in Figure 2.20. The first one was provid€dushiket al.

(2007), who developeh analytical moddby regression analysis o
experimental data, to ptbie masonry stressrain curves, which follow

a combination oparabolic and linear variatidrhe second law was
recommended by the Eurocode6 (CEN 1996). The material constitutive
laws 3 and 4 were adopted in previous similar studies by Lucibello (2013)
andBrandonisio (2007), respectively.

The comparison of the results obtained with each constitutive law is
shown in Figures 2.21, where the capacity curves are plotted in terms of
base shear vs displacements and load multipliers vs displacement divided
the héght of the portal frame. As it can be observed, the different stress
strain laws gave similar results, proving that this parameter does not have
a significant influence on the results. In detail the laws 1 and 2 gave
exactly the same capacity curve, wihiiémal differences were found

with the law 3. More appreciable variance was noted when the law 4 was
adopted, especially in terms of displacement at the ultimate state. This is
equal to 5 mm adopting the law four, while it is in the range8énmn

by adpting the other laws.

25 25 - —
- [MPa] =Material constitutive law (1 F* [MPa] -<Material constitutive law
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15 | 15 |
10 | 10 |
05 | 05 |
0.0 # 0.0 4
0123456 7 8 910111213 012 3 456 7 8 910111213
25 25 - —
I [MPa] <Material constitutive law B L [MPa] +~Material constitutive law #
2.0 + 20 |
15 | 151
1.0 f 1.0 ,
05 | 05 |
0.0 ¢ 0.0 4
01234567 8910111213 0123456 7 8 910111213

Figure 230 Parameter 1: material constitutive laws
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Figure 241 Comparison of the curves obtained with different material
constitutive laws in terms of a) force vs displacements, b) load multipliers vs
displacements divided by total height of the wall
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2.4.2.2 Compressive strength

The sensitivityto the compressive strength) (of the material was
evaluated performing the analysis with four different valfesghal

to 2, 3, 4, 5 MPa. Figure 2.22 shows the four considerestshiass
relationship. The constitutive law 2 was adopted. In order to keep
constant the values of yield strain and ultimate strain, different values of
the Youngds mod Mdraower, differene valaes sf thene
second failure ratio {R s/s.) were assigneid keep constant the
tensile strength.

Figure 2.23 shows the resulting capacity curves in terms of base shear vs
displacements, and load multipliers vs displacement divided the height of
the portal frame. As expected higher valuempressive strength
corresponds to higher value of load multipliers, even if the
correspondence is not directly proportional, due to the shape of the
failure surface. Moreover the maximum ultimate displacement was
obtained with the lowest value of the pmssive strength because,
according to the adopted constitutive law, it associated to the smallest

value of the Youngds modul us.
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Figure 252 Parameter 2: compressive strength
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Figure 263 Comparison of the curves obtained with different compressive

strength (f) in terms of: a) force vs displacements, b) load multipliers s/
displacements divided by total height of the wall
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2.4.2.3 Ultimate strain

The influence of the ultimate straf) (vas evaluated by considering

four different values &, equal to: %., 12.9., 25%., 5C%. The material
constitutive law 2, with a compressive strength equal to 2 MPa, was
assigned. Figure 2.24 shows the four adoptedsste@sselationship. A
secondailure ratio Requal to 0.05 was assumed.

Similarly to the previous studied parameters, Figure 2.25 shows the
comparison of the capacity curves obtained considering the different
values of ultimate strain. The capacity curves are identical and then they
appear as one curve in the graphs. Therefore the curves, in leachs of
multipliers vs displacement divided the height of the portal &eame,
individually plotted in Figure 2.26.

It can be deduced that the increasing of the ultimate strain does not
influence the results of the analysis, and in particular does not lead to
increasing of the ultimate displacement. The collapse of the structure
occurred at the same state, for the development of hinges at the base of
the pillars and at the connection betwhe beam and piers.

25 25
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Figure 2.74 Parameter 3: ultimate strain
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Figure 285 Comparison of the curves obtained with different ultimate strain

(ew) in terms of: a) force vs displacements, b) load multipliers vs displacements
divided by total height of the wall
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Figure 296 Capacity curves obtained with different ultimate straing)) in terms
of load multipliers vs displacements divided by total height of the wall

2.4.2.4 Tensile strength

The tensile strength setparameter which mainhfluencethe analysis
results Therefore ten values of the tensile strength were considered
assigning ten differemalues othe second failure ratio,(Rs/s,), in

the range 0.00.1. The compressive strength was assumed equal to 2
MPa, consequently the tensile strength varied in the ran@20MRa.

Figure 2.27 shows the comparison of the capacity curve obtained for the
different value of R Significat variance can be observed among the
capacity curves. Considering a tensile strength equal to 1% of the
compressive strength, 80% lower load multiplier are obtained than the
ones reached considering a tensile strength equal to 10% of the
compressive strgth. The results are significantly different also in terms
of ultimate displacements.
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Figure 210 Comparison of the curves obtained with different failure ratiogR2
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This result weakens the stability of the FE analysis, because it is noted
that the tensile strength for masonry structures is difficidfine, and
different methodology and rules are provided in the literature. Casati and
Galvez (2009) established that tensile strength is not more than 10% of
the compressive strength. Brignola et al. (2008) proposed a methodology
for the evaluation dhe tensile strength from the diagonal compression
test. Zero tensile strength was used without problems of numerical
convergence by Silva et al. (2001) and by Ramos and Lourenco (2002,
2003, 2004, 2005). Ceroni et al. used a tensile strength of 86 of th
compressive strength, in accordance with the recommendation of the
Italian building code (O.P.C.M. 3431, 2005). Although these values,
suggested by the literature, appear similar, the parametrical analysis
proved that also small difference of the tessimgth procures great
difference of the results, both in terms of displacements and in terms of
load multipliers.

2.4.2.5 Mesh size

Finally the influence of the mesh size was evaleatedlifferent mesh

sizes were adopted and they are plotted in fig.2n28.material
constitutive law 2, with compressive strength equal to 2 MPg and R
equal to 0.05 was adopted.

The comparison of the capacity curves obtained from the analysis is
shown in Figure 2.29. It can be noted that the same value of load
multiplier is eached for each considered mesh size. However the
maximum ultimate displacement is given by using the largest mesh,
proving that the numerical progress of the analysis is improved by the
less refined mesh. Similar results were obtained by Santaniglio (2010

Mesh size = 0.05 r Mesh size = 0.1 m Mesh size = 0.2 m Mesh size =0.3 m

Figure 218 Parameter 4: mesh size
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Figure 2128 Comparison of the curves obtained with different esh size in
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by total height of the wall
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2.4.3 Push-over analysis performed on the fagades of the case
studies

The facades of the four historical buildings, were analyzed byfneans
the FE approach. The characteristics of the models were assigned both
considering the sensitivity analysis and in order to permit the comparison
with the results obtained using the simplified modellings. The material
constitutive law 2 with a compressstrength equal to 2 MPa was
adopted. The ultimate deformation was considered equ.. B 5
tensile strength equal to 3% of the compressive strength was used
(R=0.03). This value was chosen because it is the lowest providing
satisfactory numerical pregs of the analysis. For the other material
properties, the values reported in Table 2.3 were used.

The masonry walls have been modelled using quadtitac&rahell

linear elemern(B4R. An average value of the mesh size equal to 0.25 m
was adoptedyhich was a good compromise between accuracy of the
results, computational effort and provided displacement capacity.
Thefacadesre constrained on the base with a fixed support and loaded
at first step with the self weight athe second step with harizontal

body forces incrementadlgplied.

The capacity curves of each facade are plotted in Figu2a82.3% in

the previous analysis the curves are given both in terms of base shear vs
displacements, and in terms of load multipliers vs dispraadimded

the height of the portal frame. The displacements of the control points
indicated in Figure 2.10 were considered. It can be noted that very small
displacements were obtained from the FE analysis. Moreover the
capacity curves did not presemteareasing tract, giving rise to doubt
about the effective ultimate capacity of the kvd#pends on numerical
modelling performed to Abaqus that to a certain level of damauges

many difficulty of convergence, so the software sathart analysis.
Therefore this softwareseems to be not able to evaluate the realistic
maximum displacement of the widlbwever reasonable values of the
load multipliers were reached, comparable with the results found
through the simplified modelling.

Figure 2.34 shawthe damage state at the ultimate state of the FE
analysis. It can be noted that, in agreement with the simplified modelling,
the FE analysis indicates ttita collapse of the facades is due to the
shear failure of the spandyébs the most of the case
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2.5 LIMIT ANALYSIS

The inplane seismic capacity of the fourdagsavas finally evaluated by
means of the limit analysis approach wtocisists in(i) defining the
possible collapse mechanidijsevaluatinghe seismic capacity, thee
value of horizontal force corresponding to the activation of the
mechanisin (ii) comparing the seismic capacity with the seismic
demand

According to the@boveprocedurethe global collapse mechanishthe
generic masonry wall Figure2.35 washypothesizedor the inplane
failure mode of the principal facade of the buildasg studies. It is
characterized by the formatiorhofges at the ends of the gisdend at

the base of the piershd& correspondingnultiplier of the horizontal
actions/, can be evaluatdady means of the followingosed form
expression

n,+1 n, Qg
/=8¢ e M CO )
e »o & tgn® o H "G,
é (a Wp,i + a8, +1- *Ooa Ws,j u P ~ S,
6w T UHSTR TG L t8e5
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Wi | wy | w t “ ,' Wr fr'. LM;"'.' W r. f%. we [
W"I W‘Jv — ’ ' | W-:I . .y '
h . 9
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D JBLL,B,L B
a) b)

Figure 235 Limit analysis: (a) geometrical dimensions of ageneric masonry
wall; (b) considered frame collapsenechanism
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whereB, H andt are the parameters that define the wall geometry
(Figure2.35, n,is the number of bay spands the number of storeys,

W, is the weight of the wall pi& W,;is the weight of the spandi&l j

W, is the total weigh

The EqQ. (1) was deduced by Lucibello (2013) on the basis of the
methodology adopted by Como and Grimaldi (1983). More detailed
information on the expression can be found in Lucibello (2013).

The Eqg. (1) was applied to the principal facades of thendpuibbe
studies. Table 2.4 reports the average values of the geometrical
parameters for each fagade.

Table 2.4 Geometrical parameters of the facades

BUI|dII’]g Bm hm Lm tm H Np Ns
[m] [m] [m] [m] [m] [m] [m]
Palazzo Scarpa 2 2.9 1.3 1 3.9 6 11
Ex p.S.Francescc 3.5 34 1.85 2.15 5.55 5 14
Palazzo Centi 35 2.7 1.65 2.3 5 3 7
De Amicis school 4.4 35 1.3 2.5 6 2 7
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Figure 236 Horizontal collapse multipliers for the principal facades of the
building case studies
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The values of the horizontal lapke multiplier are reported in the

graph of Figure 2.36as a function of th&/H ,, ratio. Ae points,
indicating the limit multipliers, are all allocated very close to the bisector
line ( =B./H ). This is due to fact that the contribution ofgbandrels

to the horizontal capacity is always negligible than the contribution of
the piers, because the facades are characterized by low values of the
AqpanardA o 1atio, variable in the range 10666. When the totateight

np Qg

of the spandrslis negligite: i.e. g W,, /W, @, the Eq. (1)

provides the following approximated expression of the collapse
multiplier: | =B/ (nH)=B/H ,, corresponding to the bisector line
equation.

It can be deduced that, if the contribution of the spandrels is negligible,
the complex Eg. (1) could be simplified by a simple ratio: the average
value of the pier width, divided by thealkoheight of the wall.
Consequently, the following simplified expression (2) is proposed, which
implicitly takes into account the simplified modelling of masonry walls,

shown in Figure 2.37 .

Bo6 _, Htot

Figure 237 Simplified formula and corresponding simplified modelling of a
generic masonry wall
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It can benoted that the rati%— has been udeto evaluate the average

value of the pier width. It, in fact, provides a more aeauesdsure of
the relative importance of the single piers.

2.6 COMPARISON OF THE RESULTS

Figure2.38 and2.38how the comparison between the capacity curves
carried out by usintpe simplified modelling and the FE method. The
horizontal lines corresponding wl@pse multipliers evaluated with the

Eq. (1) and with the simplified .Eg) are also reported on the graphs.

As expected the displacements reached with the FE analysis are much
lower and not comparable with the displacements provided by the
simplifiedmodelling. In terms of load multipliers, the variance between
FE and simplified modelling is on average equal to 20%. However it
should be noted that in the case of Eixeprison S. Francabeo FE
analysis gave a maximum load multiplier 45% lowerrdranri

On the other hand the FE results are in good agreement with limit
analysis. In detail the scatter between the load multipliers is on average
equal to 6% and only in the cas®alfizzo Scatpa scatter assumes a
significant value equal to 19%.

The simplified modelling revealed higher scatter compared with the limit
analysis. In detail the difference between the load multipliers is on
average equal to 18% and 16%, respectively considering 3Muri and
3DMacro codeddowever, as the scatter are alMaysr than 20%, it

can be said thdhe seismic capacities assessed usingushever
analysis are not very different from those measured withmib
analysis.

Moreover he figures2.38 and 2.3%onfirmed that the collapse
multipliers obtained by ogithe Eq. 1 and 2 are very similar. Therefore,
the simplified formula produces a good approximation of the frame
collapse mechanism.
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Finally Figure 2.40 reports on the x axes the%rati/drl ¢ (indicated as

B{H ), and on the y axes the load multipliers obtained through
simplified modellings, FE method, and limit analysis (considering the
Eq. (1)). It can be noted that, with different approximations, all the
appraches provided results allocated very close to the bisector line
(I =B,{H ). It suggests that, if the contribution of the spandrels is not
so significant, the simplified formula could give a preliminary satisfactory
measure of the seismic capacity,gba@oted only the geometrical
characteristics of the wall.
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Figure 240 Non-linear analysis VS. Limit Analysis (L.A.): comparisorof the
horizontal collapse multipliers for the principal facades of the building case
studies.

2.7 SIMPLIFIED ASSESSING OF THE SEISMIC CAPACITY OF
THE WHOLE BUILDING

The seismic capacity of the whole building was estimated for two of the
case studies described in section 2.Extpeison S. FrancasdBalazzo
CentiThe seismic capacity of the whole building, was computed as s
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of the inplane seismic capacity of the single walls. The walls in X
direction (evidenced in Fig. 2.41a and 2.42a) furnished the seismic
capacity of the building in longitudinal direction, while the walls arranged
in Y direction (evidenced in Figurelb.4aand 2.42b) gave the seismic
capacity of the building in transversal direction.

The inplane seismic capacity of each wall was calculated by means of a
commercial user friendly code: CDSMa Win (Computer Design of
Masonry). It performs pusiver analysisf the structures implementing

the equivalent frame modellidgvery easy and quick definition of the
geometry is allowed by tksde The requested material properties are
basically the same requested by the codes 3muri and 3DMacro (see
section 2.3.2 1 However it is noted that CDSMa Win adopts the
stiffness of the cracked elements, equal to 50% of the stiffness assigned
by the user.

The capacity curves of the all the walls in X and Y direction are plotted
in the graphs of Figure 2-2316 , both ineérms of base shear vs
displacements of the control point, and in terms of load multipliers vs
displacement divided the height of the portal frame. The capacity curve
of each single wall in terms of, is also provided in Appendix A.

The simplified formulafd&q. (2) was applied to each wall and the values

of | ,,were found. The graphs of Figure 2.47and 2.48 provide, for each
wall, the correspondence betweenl théreported on the x axes) and

the maximum load multiplier obtained from CDSMa Win (reported on
the y axes). It can be noted that, except of a fess,ctoe points
representative of each wall are located very near the bisector line
(I marBedH o), in line with the results shown in the previous section.

Finally the capacity curves of the walls were summed to obtain the
seismic capacity of the wholelding. The graphs in Figures 2480

show the capacity curves obtained from the sum, performed until the
collapse of a first wall occurred.

The obtained O0sumé capacity curves
displacements by the total height ofw#ls, and the base shear by the
sum of the weight of the walls. The adimensionalized curves are plotted
in Figures 2.5 2.52.0n the graphs also two horizontal lines are
reported: one of them corresponds tol thef the facade; the other one
corresponds to the mean of the valueks . pgfomputed for each wall.

First of all, it can be noted that thgof the facade is similar to the
mean of the values bf, Then it is remarkable that thgis very close
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to thel ., of the whole building capacity curve. Small variance was
found between the two load multipliers at most equal to 16%. It could
be deduced that the simplified formula of Eq. (2) does not give just a
preliminary good estimation of theplane ssmic capacity of a wall,

but it can be also very helpful to provide a first indication of the seismic
capacity of a whole building.
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Figure 241 Ex prison S.Francesco a) longitudinal walls; b) transversal walls
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Figure 243 Ex prison S. Francesco capacity curves in terms of forces vs
displacements of the walls in a) longitudinal direction; b) transversal direction
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Figure 245 Palazzo Centicapacity curves in terms of forces vs displacements of
the walls in a) longitudinal direction; b) transversal direction
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multipliers provided by CDS for each wall in dpngitudinal direction; b)
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2.8 FINAL REM ARKS

The inplane seismic capacity of msitirey and muibay masonry
facades was assesbgdadopting bothpushover analysis and limit
analysis approaciihe puskover analysis was performed by using
different modelling strategies: equivalent framaetemodelling and

FE method. The different modelling gave different results both in terms
of load multipliers and in terms of displacement. In detail small scatters
(on average equal to- 28%) were found in terms of maximum load
multipliers, while morsignificant variance was found in terms of
ultimate displacement. Especially the FE analysis, probably due to
numerical problems of convergence, was not able to predict a plastic
tract of the capacity curve and then a reliable value of the ultimate

displ@ement.
The seismic capacity obtained from the -push analysis was
ocheckeddé by applying the | imit analysis. A

corresponding to a frame mechanism of the wall. The collapse
multipliers found through the limit analysis wergoiod agreement
especially with the FE resultsfollows that the limit analysis can be
used as simple tool for checking the results of more complex analysis,
often less manageable (pushover anatyssgly linked to the different
modellingmplementedby thecomputer codes

A simplified formula for the evaluation of the collapse multiplier was
proposed, for masonry walls having a small percentage of spandrel area.
It was found that the simplified formula gives results in very good
agreement with theosled expression and also with the maximum load
multipliers obtained from the pwsber analysis. It implies that a
satisfactory measure of the seismic capacity of the masonry wall can be
performed using the simplified formula, being noted only the
geometial characteristics of the wall.

The simplified formula was found also very helpful to provide a
preliminary approximate estimation of the seismic capacity of the whole
building. The collapse multiplier of the fagade, as well as the average of
the collaps multipliers of the walls which form the building, computed

by means of the simplified formula, resulted very similar to the
maximum load multipliers of the building, computed through the push
over analysis. Further investigations should be carried adter to
generalize this last result, verifying the reliability of the simplified
formula on a larger sample of study.
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3 MASONRY CHURCHES: DYNAMIC BEHAVIOR
AND APPLICABILITY OF CONVENTIONAL
ANALYSIS METHOD

3.1 INTRODUCTION

The seismic behavior of historicaildings, as it is known, represents a
complex task due to many reasons: the limited knowledge of the
mechanical properties of the materials, the highly non linear behavior of
the masonry and the complexity of the geometrical configuration. In
addition, rgarding the masonry churches, the seismic analysis is further
complicated by dynamic response of the structure. It cannot be
accurately described considering merely the first vibration modes, as it is
suitable for regular buildings. Due to the irregpkr plan layout and

to the absence of connections among the structural elements, the first
modes dondt give a significantly higher cont
response. Therefore the applicability of the conventional analysis
methods, based on the goeninance of the first natural modes, is
guestionable for this kind of monumental buildings.

The research group of prof. De Lukas studied this field for many
years, adopting different analysis method as the finite element method
and the limit analysls. 1999Mele and De Lugaroposed an alternative
approach to the seismigadysis of basilicdurchesNlele & De Luca

1999. It consisted of a twstep procedure: in the step 1 static and
dynamic linear analyses of the whole church was performediep the
nonlinear pusbver analyses of the single m&bements, compared to

the collapse loads derived from limit analysre carried out. Then, the
strength demand on each single structural ralments, resulting

from the 3D linear analyses, wasngared to the macelement
ultimate strength capacity. The comparison demand vs. capacity was
carried out for all transversal and longitudinal redemeents of the
church, allowing a direct assessment of the seismic safety level of the
church. This appach wadirst appliedto the churchof S. Ippolisto

Martire (Mele et al. 2003), a basilica-dgpech located in Atripalda

(AV, ltaly) and theto asample studycludingten churches located in
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Naples (Brandonisio et al. 2008). More recémtilychuches damaged
during the 200 9wele @goqualydecusimgahe samg u a k
procedures (Brandonisio et al. 2003)e dynamic analysis of the
fourteen case studies showed the substantial difference between the
dynamic behavior of the churches, cosgpavith the regular buildings.

Very small contributions in terms of participating mass were provided by
each vibration mode and, as the result, the higher modes were taken into
account. Thereforen thefollowing,this aspect of the seismic behavior

of thesechurchesvill examined in detail

3.2 CASE STUDIES

The sample study includes fourteen masonry churches characterized by
basilicaype plan with three or five naves. The basilica plan is
widespread in Italy and it can be found both in the churches of small
town and in the big cathedral of the cifiésis the fourteen case studies

are quite differenh terms of geometry and sizes and, consequently, they
are representative of a wide range of masonry chdrcbesfore this
selection ensures a certain ggitygof the obtained results.

Except of one case study, the church of S. Ippolisto which is located in
Atripalda (AV, ltaly)the fourteen case studies were selected from two
hi storical cent er s .iFgurel3tlashows theNa p o |
locationof the churches inside of the two historical cemtsr$.can be
observed in figure 2, nine churches are located in Naplésuai

L 6 a qla iddtad, .the churches located in Naples are: S. Giovanni
Maggiore (indicated as SGM), S. Giovanni a MaMR)5 S. Paolo

Maggi or e (SPM), Sant 0 Ay Besnardormo al |
Margherita a Fonseca (SBM),Maria in Montevergine(8MM), S.

Maria Vertecoeli (SMV)SS Gennaro all 6Ol mo e
(SGO), S. Maria in Donnaromita (SMD). The otheurfchurches

|l ocated in Ldaquila are: S. Giusta

Pietro di Coppito (SPC), S. Silvestro (SS).
In the following, a brief description of each church is given.
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3.2.1 Brief description of the churches located in south of Italy

All the churches located in south of li@hg. 3.2)are made of local
materials. In detail yellow and gray tuff were used for the walls and
piperno to define the arches aneldingles.

The S. Giovanni Maggio(8GM) church was built during the sixth
century d.C., but it was significantly transformed over the centuries, in
particular during the baroque epddébwadays it presents a plan 66.1
long and 37.7m large, divided in e¢hnaves plan and with an apse
having width

of 13.4m and length of 10.2fthe maximum height is equal to 26m.
The thickness of the walls varies from 0.7 to 1.5m. The roofing covering
the central navés made ofwooden trusses, while the lateral naves are
covered by masonry domes as well as the transept. Thg abtie

apse consists of a barrel vault.

The S. Giovanni a Ma(8GMR)church was built in the half of twelfth
century and it is one of the most significant example of Roman
architecture in Nage The church has a rectangular plan with three
naves. The overall width of the plan is 19iSrtength is about 38.2 m

and the maximum height is 13m. The walls are on average 0.8m thick
The roofing of the church consists of cross vaults on the navaden
trusses on the transept and barrel vault on the apse.

The San Paolo Maggid&PM)church was built at the end of the VIII
century on the remains of the temple of the Dioscuri, dating back to first
century a.D. . The church shows a Latin giasswith three naves and

a large transept characterized by a polygonaltamserall dimensions

are equal to 6616 (length) x 3.8m (width of the three navesheT
maximum heighaf the church reaches 36.2rhe width ofthe transept

is equal to 51.6 rfthe masonry walisefrom 1 to 2 m thickThe roof
structures consist of steel trusses with the exception of the elliptical
vaults, covering the lateral chapels and the barrel vault covering the apse
zone.

The construction of S. Agostino alla Zecc&Z)$Aurch started in the
second half of thirteenth century ant it was finished at the beginning of
fifteenth century. The basilica plan, 43.8m large and 65.8m long, has
three naves and an apse of 20.7x13.9m. The maximum height of the
church is equal to 37nThe walls have a thickness in the variable
between 1 and 2.3m. A large barrel vault cover the main nave, while
cross vaults cover the lateral naves.
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Figure 31Plans of the case studies located in south of Italy



