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Abstract

Abstract
A significant part of the world cultural heritage is represented by masonry
buildings. Many of them are characterized by a complex architecture like as
religious buildings and need to be preservmath from a historical and
structural point of view.
The recat earthquakes showethe seismic vulnerabilityof existing
buildings stock This is an important issue especidtby buildings located
in high seismic riskzones The seismic action causes damages in the
masonry, hence the reduction of the load capaaiy stiffness. These
aspects yield to changes in the dynamic andlm&ar behaviour.
Furthermorehigh-damage has been relievied heritage building stock, in
particularwhenthere arethrusting elerants like as arches and vaults.
Over thepastyears,severalinnovative materials and technologies have
been developed to limit the effecbf earthquakes on thenasonry
structures. The use of composite materials stttier beeffective formost
structure. In particular, bhe latest earthquakes have ledrtanufacturing
specific and innovative retrofitting strategies. However, seismic retrofitting
measures of historical masonry buildings are not straightforward in terms
of compatibility with existing materialgf efficiency and safety.
In this background,hie numerical analyses and experimental simulations
provide importantinformation about the seismic behaviour of these
structures Furthermore, alsdhe increag of load capacitypy means of
strengtheningystemsanbeestimatedisingthese theoretical and practical
instruments
Unfortunatelythemasonnpuildingsarecharacterized by a wide variability
in responséconstruction techniques, regularity, etc.) which are complex to
simulate and predict in numerical analyggike as micro or macre
modelling FEM-based)
The actual structural responséa masonry buildinghouldtake several
parametersnto account difficult to implementinto a numerical model
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especially wherapplied on heritage buildingsvhere there areaults and
arches)

Furthermore, liese approachesiot compatible withthe common practice,
whereit is useful to have simplified calculation approaches to estimate
seismic capacity ofnasonry structugewith or without strengthening
systens.

Therefore the numerical analyis performedon masonry structugeshows
some drawbacks.

The Ph.D thesis stad from avulnerability studyat regional level. This
analysison atypical historicalcentrelocatedin the Italian regionhas been
performed This is a preliminary study in order to assess the main
parameters which causalnerabilities.The resulremarls theinfluence of
local mechanismsin the existing masonry buildingswhen thee are
thrusting elements

For this reason, a structural assessment of masonry yvawitasing a
detailedmodelling has been performed

Thework focuses on a particular typology of barrel vaults typically used as
roofs in religious buildings. These vaults typically do not include any
backfill and are slender. Thebarrel vaults cannot be analysed throtlgh
classical approaches where-teosile strength is assumed. The tensile
strength must be included assesshe seismic capacity.

Therefore asimplified analytical model, in the frameworklohit analysis,

is proposed which includes the tensile strength. Tensile strength in these
analyses isiot onlyaffected by the strength of basic materials, but also by
the bond at the untb-joint interfeces, which could be rather difficult to
assess reliablyrhe proposed modd useful to have simplified calculatisn

to estimatethe increas in capacity of vaulted masonry due tothe
strengthening interventions

The \alidation of the analytical model waprovided by comparing
predictions of the load capacity and the failure mode with those obtained
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from shaking table test The dynamictest used to validate the analytical
model hadeen performedn a full scale masonry vapfireviouslytested.

In fact, the experimental tests can provide an efficient contribution to the
calibration and interpretation of the numerical modé&lse experimental
analysis and numerical modelling comparison are not the only way to
improve the understanding of the structurdldgour They represent a first
step towards the development of simplified calculation methods to estimate
the capacity of vaulted structures.

Starting from the validation of the proposed analytical model, sensitivity
analyses hae been performedn orderto assess thémpact of some
mechanical and geometrical parametensthe seismic capacityfhese
analyses werperformedusingthe proposed analyticahodel.

Furthermore, e model previously validated, l®|abeen used in order to
designdynamic tests orarother masonry vaultThe proposed method
represents a useful modelling tool to design dynamic tests on masonry
vaults and to assess their vulnerability.

The physical and mechanical characteristicthe arch profile arsimilar

to the vaulpreviouslytestal. Converselyas it will be clarified by follovng
discussionthe global geometry is different

The dynamic response of the specimen has been investigated by using the
shaking tablesystem befae and after application of strengthengygtems.

In particular after suffering damage, the vault was repaired and
strengthenedThen the strengthened specimen vegted again

The strengtheningtechnique are based onTRM system Textile
Reinforced Mortarin addition to traditionadtrengtheningechniquwes(steel

ties and masonry ribs)rhe performance of thetrengtheningrault was
assessed¢omparing the behaviouwf two specimens (unreinforced and
strengtheninggluring theseverakests.In order to support the experimental
studies, severdFEM analyses have been performadditionally to the
simplified modeling.
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The results are intended as a contribution to the understanding of dynamic
behaviour and towards the development of simplified models to estimate
seismic capacity of vaulted structures

The experimental results remark theeetiveness of the TRM system
coupled with traditional interventions (masonry rib and unidirectional steel
tie). In particular, the strengthening system is ipatarly advisable to
safeguard of heritage buildings.

In fact, given the high efficiency and compatibility die strengthening
techniquesexperimentally usedthey have beenmplemented ina real
heritage buildingMonasteryof Santo Spirito, Ocre (Italy)).

KEYWORDS: Simplified modelling, Barrel vaults, Arch, Shaditable
test, Experimental validatigrStrengthening systems, Heritage buildings,
Seismic capacity assessment
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Chapter 1

INTRODUCTION :  OVERVIEW OF MASONRY
STRUCTURES

The Egyptian Pyramids, the Colosseum in Rome, the Great Wall of China,
are only some of the worl ddés most
masonry material. The designers have chosen masonry for its durability,
versatility and sustability.

The knowledge of buildings, starting fraheir history, may provide some
important information. It is an essential tool in order to plan retrofit
strategies and mitigation of seismic risk into the existing urban areas. The
historical assessment is a preliminary strategy less frequeddye
Generally, only for heritage buildings an approach based on advanced
knowledge is performed.

Given the critical conditions which are typical of existing building stock,
planned preventive maintenee and strengthening interventions must be
performed.Therefore, the continuing need for every historical centre to be
preserved cannot ignore timestorical assessment.

Is interesting to note that, in a background where the reinforced concrete
(r.c.) structures are threatened by corrosion effects, both the restoration
and retrofit of masonry buildings appear a key opportunity. For this reason,
an increasing intereswill be allocated tadhe existing masonry structures
However, he recent seismic events showed the vulnerability of masonry
buildings, especiallpf heritage masonry buildings.

This first part focuses on some main issues typical of existing masonry
structures. Some critical aspects were addressed with a broader view.
Finally, starting from an analysis at regional level, the key sources of
vulnerability were assessed for existing masonry structures. For this
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reason, a typical historical centre located in Italian region has been chosen
to estimate the main vulnerabiliparameters.

1.1. Vulnerability of existing buildings

The safeguard of existing buildings, with particular reference to prevention
strategies and mitigation of seismic risk, is currently an issue of great
interest for existinduilding stock The recent seismic events showed the
strong vulnerability oimost of existing structuresespecially for heritage
masonry buildinggfigure 11).

A o
Figure 1.1: Cathedral of Ica, IcdPeru), damages after 20-Earthquake.

Many issues appear to be caused by the strong variability of the physical
and mechanical parametanghich may be detected in thexisting building
stock.

The assessment of the actual susceptibility of existing masonry structures
to be damaged by seismict@ns requires complex procedurds. fact,

these buildings arecharacterized by a strong nrbomogeneity of
construction techniques and byeael of degradatiotypical of masonry
structures.
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Furthermore, thesgtructures have been designed and built in pemotis
no regulations, specific methodologies and calculation tools, favouring a
design approach based more ¢he intuition and experiencée.g.
geometrical rules)

The desigrapproacheswvhich guarantestability and performance for the
buildings less frequentlyvere appliedo theordinary buildings.

In fact, thestructural analysis applietd masonry structures is relatively
recent. However, the use of numerical and/or analytical modeis not
simple given thefragile architectural and structuraebntext

The issue issmphasizeavhen the masonry buildings fall intbe category
of heritagebuildings(like asmonumental or religious buildings)

In these casethe structural modelling can be extremetynplex Reliable
resultscan be very difficult to obtairn fact, he strong no-homogengy

of parametergnakes it difficult to generalize the redts to other case
studies

Thisis acritical issue, especiallyf the ordinary buildings, oftetesigned
by using geometrical rules withoutsaitablestructuralanalysis

1.2. Masonry buildings: a troubled history

The brick isthe oldest manufactured product of the civilization. Tinst
bricks were used in construction of buildings more than §@a@@s ago.
Thefirst masonry constructioriacludediow walls made ofstones or mud
Where stone was unavailable, masonasmade of local clays and silts
The first constructins were made of rubble stoosing overlap between
the several blockwithout a specific bindesis shown in figure 1.2.

21



Chapter- 1

Figure 1.2: Masonry shed madd aubble stones withoudinder, Montalbano Elicona
Sicily (Italy).

Given the lack of mortathestatic capacitgepend ongeometical factors.
In particular, block sizes and contact surfaseof stones contribute to
improve thestructural performancpMilosevic et al 2015, Mueller et al.
2015, Lombillcet al. 2013 & Tran et al. 2014]

The stone was not the only material used fomtlasonry constructiorit
the same timealsoadobewasusedfor civil constructiors. Generally, these
structurswerelocated in thgoor areg, where the high cost ebnstruction
materialshas promoeddissemination ofocal materiat like asmudor clay
(figure 1.3)

Figure 1.3: Example of Adobe masonry, SamaSsirdinia (taly).
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However they are structuresypically foundedin archaeological or
historical areagCaporale et al. 2015 lllampas et al. 2014]Whenthe
buildings showed théirst damage due to seismic eventmany builders
realizal the importance ofegular masonry units orderto increasebond
betweercontactsurface§Caporale et al. 2014]

This was the origin o$quaredbdlocks ensuring a perfect contact between
masonry elements.

At thesame time,lte civilizatiors of Central AmericaSouth America and
Asia, have developethetechniqueof the cut stoneTheartisandearredto
manufacture thetones increasinghe accuracy

The next big stefor brick manufacturingoccurredin about 4000 B.C..
Starting from this periodhe buildersbegin to usebrick elementswith
regular shape@ormalized shape of masonry units)

In order to increase the bond between masaonitg, hesoil representshe
first material usedn mortar jointsto improvethe behaviour ofmasonry.
However, heuse of new other materials with higherfpemancehas been
supportedy the low performance dbcal materials

The use of different materialdepends orthe regioml resourcesMany
materia were usedo build themortar joints

In the Mesopotamian aredahe poomaterialswerereplaced by new local
materials.In particular,starting from thel9" century given the several
oilfields, the mortar joints were made amaterial basedn bitumen

Some discovaes bothin Egyptand Greecshowved that gypsum mortar
were used starting from third millennium B.C..These materialsare
characterizedby an extremely fast maturati@mdshowedgood resistance
to humidity[Banfill et al. 2016]

The RomarCivilization hadintegratedthese construction techniques into
their own.During the Roman period, in tl8authernitaly, especially irthe
CampaniaRegion many limestone cavesriginatedthe development of
lime-based mortafLeone et al. 2016] The Pompe archaeologicakite
(figure 1.4)is avalid proof of theseconstruction techniques
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Figure 1.4: Pompeiiarchaeological site, Pomjie ltaly.

Over time, through the art of turning limestone into lime, the nvad
progressively replacedaly lime-based mortar

The limebased mortarshowedcrackingdue to astrongshrinkage Some

new mixture usingadditional natural additiveseredevelopedo remedy

at the shrinkage effectm particular slaked lime and inert sanddditives
guaranted a reduction of shrinkagéang et al. 2014]

The Romansalready from 8 century B.C.usedtheash inert additive the

A pozz offaem atdal. 201%. This natural additiveimproves the
compatibility propeties with the natural storse[Falchi et al. 2013]
Furthermore, the high performance of fime-basedmortar additivated

with pozzolanagyuaranted good performance at ledst gravity condition.
Then, rew construction systems ammanufacturingtechniques were
simultaneouslyroposed.

When control of Western Civilization passed to Romans, they made the first
large-scale use of masonry arches and roof vaults in their basilicas, baths,
palaces and aqueducts.

The RomanHeritageis the tedimony of a desgn approachbased on a
progressive eolutionin material and construction techniques.
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Then, with the Islamic Civilization, the vaulted masonries webbeoughtto
a higher architecturaland desigrlevel. The Islamicbuilders have built
magnificent palaces, markets and mosques made of brickotied
incorporated glazed clay tiles (figure 1.5).

Figure 15: Mosque of Nasir AMulk, alsonamedRosa Mosque, Shiraz (Iran).

Insteadjn the European areas, the goal focusetbriresses and cathedrals
of stone, culminating in the pointed vaults and flying buttresses of the great
Gothic churches (figure 1.6.).

Figure 1.6: Cathedralof Orvietq Orvieto (ltaly).
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Where the money resourcesid not allow structural rest@tion of
architectural heritagehe existing techniquesereimproved with the few
available resources.

In particular, without natural stones in some contineiies, manufacture
was supportedby the artificial blocks. These firsieaments were made of
poormaterials(clay, mud, terrain, etc.) mixed with several additives.
The first structures made of mfathy were improvedby using artificial
blocks. The masonry units were made of materials bas@dmixture @
clay (adobemasonry).

In order to reduce the crackinthe adobewas mixed with naturalfibres
(e.g.panama These additivefibresrepresenthefirst reinforced technique

usedin masonnfAndr ej kovi |l ovg et al.. 2015 & P

Additionally, otheradditiveswereconsideredo improve the behaviour of
artificial blocks. In particularinert sands is a suitable additive to improve
the performancand durabilityof the mixture.

Over time, theebuilding techniques have been changed by a progressive
refinement e.g. inpoor areagthefipise technique(figure 17).

S SN e S e e e e

Figure 1.7: Qasba 1, Skpur adés Oasis, Morocco.
This materialis a mixturemade of clay andatural stone having small sze
[Rovero et al. 2013]In some cases, natunalixtures were addedo limit
boththe crackingandthe weight
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The structure was built from modular elements. For each element
shutteringsystemsmade of woodn panelswere usedlt represents the
ancestor of the moderainforcedconcreteThe shuttering panelsave been
designedo allow the construction oklements withany shapeHowever,
thematerialaused areerycheapcomparedo thestructuresnade of natural
stone In fact, hefipisé€' technique was relegated to plyobuildings The
disseminatiorwasstopped by théow performancef materials especially

in areasathigh humidityandbr very rainy{Sayin et al. 201& Quagliarini

et al.2015].

The effect of thermal radiatigrirom fire on mud brick walls showed the
advantagesef thefired brick [ e r et dl. 2015] leadingo brick kilnsbirth.

In fact, the thermal irradiations provi@esignificant reductiorof vapour
permeability Furthermore, the firing process causeshemical bond
between the clay particles, improving both the durability and the
mechanical properties.

Along with thenormalizedoricks, thefiredbrick represents aewimportant
step With thelastimproving techniqugt starsa revolutionof the artificial
manufactuing of masonry.

Because ofhe highcost of artificial bricls, disseminatioroccurredonly in
somecontinents The clay brickwide spreathg in theworld is the result of
developmenbf themodern industrieffigure 18).

TheIndustrial Revolution, between the last decades of tHecé8tury and
the first of the 19 centurycharacterize the developmenbf the building
techniques. Following the industrial era, both the building technique and the
design appraches suffered @rsng change.

In particular, he buildingswere notmodelledaselements fully decoupled
but asseveral elements mutually connected.

It was discovered thateveral components can interact if subjedtea
seismic action
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— -
Figure 1.8: University of Londonbuilding made of solid clay brick&ngland

During this period, sophisticated mathemataggbroackswere appliedor

the fird time totheanalysis of curvedhasonryelementslike as arches and
vaults)

Portland cement mortar came into widespread use, enabling the
construction of masonry buildings of greater strength and durability.
Through the centuries, the methods foaenufactuing brick evolved
continuously

As brick manufacturingpecome highly elaborate, the use désign criteria
became mordiffuse

Then, theevolution d designapproachesiasled to concrete blockThe
manufacturing of concrete bloglkevolved over time. This evolution was
prompted by the development of cavity walls. The cavity walls consisted of
two separate brick or stone panels with about an afietr space between
them. The cavity masonkyasdeveloped to reduce thegblems with vater
penetration.

Starting from thisconstructiontechnique, several additional expedients
have beerapplied.In 1850 a special block with air cells was introduced.
Over the years, #se elementshave been modifiedintil the modern
industrydevelopedstandirdized artificial elementstill in use.
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Introducing the new systems of construction as: reinforced concrete (r.c.),
laminated timber, steel, et¢che masonry buildingbegan tabe replaced
Especially in the late 10century, the masonry began to lose its primacy
among the materials of construction. The very tall buildings of the central
cities requiredsteelor reinforced concretblameswhich replace the thick
masonry walls that limited the ights.

The inforced concrete buildings began to replace brick and stone
masonries both for the foundation and elevation. The heavy masonry vaults
were replace by lighter floor and roof structas made of steel and
concrete.

In the 19" centurythe invention of the hollow bdk, made of concrete
revitalizes masonry.In fact, over the 21 century, especially after the
seismic earthquakesn increasing interest for the masonry matdnesd
beenshown

After morethan 6000 yeas, masonry is still used todayherefore, the
masonry constructiaare an important padf theHistory Qvilization that

must be safeguaed

1.3. Seismic behaviour of masonry buildings: iaplane and outof-
plane response

The masonry is a composite material where the mechanical properties are
relatednot only to those of the components (stone, adobe, solid clay bricks,
etc.) and mortar (mud, lime, hydraulic lime, etc.), but also to the sizes and
shape of the constituents, the interlocking in the external leaves and the
transversal connection throughrtical and horizontatlementdAsteris at

al. 2014]

Theseaspects contribute to characterize the structural response of masonry
buildings with newtechniquesconstructiorand design approachierhal

et al. 2016& Landi et al. 2015.
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Masonryconstructions are generally brittle in naturel @mne of the most
vulnerablestructuresunder earthquads The inertial forces induced by
seismic action may cause severglane orout-of-plane effect§ Noor-E-
Khudaet al.2016, Furtado et al. 2016, Schwarz et 2015, Bolhassani et

al. 2016, Bruggi et al. 2015, Basili et al. 2016 & Giresini et al. 2016]

A masonry panel, if pushed horizontally in a direction perpendicular to its
plane (outof-plane) shows a lower capacitjgure 1.9a). The same wall,

if pushed along its length (iplane) may shownuch greater capacity (figure
1.9 b).

Seismic.action

A

Seismic.action

4

Figure 1.9: a) Outof-planebehaviour b) in-planebehaviourof masonry wall

The seismic capacity of masonry buildsrg@n be achieved when a local o
global mechanismccured[Mendes et al. 2014]

The outof-plane behaviour ispromotal by lack of structural details
(metallic ties, concrete ribs, et@hdthe seismic capacity depends tre
local mechanisnfjAkcay et al. 201p This is a typicabehaviourof poor
buildings (ordinary buildings)

In this case, theeismic capacity is unaffected by the mechanical properties
of materialgPortioli 2016 & Dipasquale 2016]In fact, the load capacity
depends on equilibrium conditiofgvalsh et al. 2015 & Furtado et al.
2015]. Only for specific local mechanignthe mechanical properties
provide anon-negligibleimpact[Milani et al. 2015 & Preciado 2015]
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Generally, some masonry structures built on modeliageand capacity
design criteria, shoad a global behavioupValente et al. 206, Milani et

al. 201% & Akhaveissy et al. 20]L.3A global responsdepends on kplane
behaviouof masonry walls improving the seismic performance. The lateral
load capacity of masonry structures is mainly due-aame shear strength

of masonry elemen{§&attesco et al. 2019Vlinaie et al 2014 Mazzotti et

al. 2014. In this case, seismic capacity of a masonry building is very
sensitive to the mechanical properties of its constituaswell asmasonry
units and mortajSerhal et al. 2016]

1.3.1. In-plane behaviour assessment

When some structural detaidge incorporatedn a building, the seismic
capacity is notregulatedby local mechanism¢Darbhanzi et al. 2013,
Foraboschi et al. 2013 & Ural et al. 20]L5For this reason, the seismic
assessment can be performed by means kafiear or nodinear global
analysis (with a static or dynamic approgch

The bending and shear forceslue to seismic action cause
vertical/horizontal and diagonakracks [Tomazevic et al. 2000]
respectively. The first damage is due to flexlrahavioufEsmaeeli et al
2013 & Almeida et al2015]. While the secondhduces the typical shear
damage.

In-plane damagealone often camot be sufficient to lead to struate
collapseRetrofit interventionperformed on exisng structures that lead to
ini plane mechanisgimprovetheseismic capacity.

A global damage is due strong connection among the masonry walls. The
presence of rigid floorsoupledto reinforced concretabsis able to transfer
horizontal forcesrom floorsto parallel walls Therefore, & b obehaviour
of buildingsunder seismic actions expectedfigure 1.10).
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Seismic.action

Figure 1.10: Typical damage occurredue toin-plane behaviour of masonry walls.

Unfortunately, the layout of ordinary buildings is not consistent with this
background. Many of thershow local mechanismsgiven discontinues,
change in time, lack ahaintenance and other deta(fsgure 1.11).

Seismic:action

Figure 1.11: Typical behaviour of masonry buildingsy building withwalls nottied
together b) building with deformable floors and tied walls acybuilding with rigid
floors andwalls not tied together

Observation of seismic damages to masonry structure showed that masonry
piers subjected to iplane loading may have several types of behavio
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[Calderini et al. 2009]anddifferent failure modes are associated: flexural
behaviour and shear behaviour.

The flexural behaviour may involve two different mecharsgrifailure.
When the vertical load is extremely lower than compressive strength, a
horizontal load increase prodscensile flexural cracking at the corners
(figure 1.2 a).

The pier begins to behave as a nearly rigid badtating around toe
(rocking mechanisnfMagenes et al. 1992]

The pier is characterized by a widespread damage pattern when no
significant flexural cracking occuf$lagenes et al. 1997Then,a damage

with subvertical cracks oriented toward the more compmrssaners
(crushing failure). In many cases, the ultimate condition is achieved by
failure at the compressed corners (figure B))2

a)

Figure 1.12 Typical behaviour of masonpjer: a) rockingmechanismb) sliding failure
and c)diagonal cracking

A generic masonry wall under seismic acteamshowa shear behaviour.

In particular, it produce two different failure modes. When the sliding shear
failure occurs, the develamentof flexural cracking at the teasorners
reduces the capacity of the sectidhe failure mode is attained with sliding

on a horizontal joint plane. This plane of failure is generally located at one
of theends of the pier (figure 1.13.b
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Furthermoreif failure mode isobtainedfrom the formation ofa diagonal
crack it generallystars from the centre and then propagates towards the
cornersof the pier (figure 1.12 9.

It is interesting to notéhatthe crack may have occude¢hrough mortar
joints or alsanasonry units. The probabilibf occurrence of first or second
propagation mode depends on the influence of the rAoriEk cohesion in

the joints (figure 1.13).

Figure 1.13: Typical shear behaviour of masonry piénfluence of the mortabrick
adhesion in the joints.

The probabilityof occurrence odlifferentfailure modes depends on several
geometrical and structural parameters:

- Geometry of the structural elements: block aspect ratid
characteristics of cross section;

- Load pattern: verticand horizontal load;

- Boundary conditions;

- Mechanical characteristic of masonry constituents reggrtb:
mortar, blocks and interface.

In the pastseverapseudestatic and dynamic tests have been carried out in
order to analyse the effect of previouarameters on failure mosl®f
masonry walls.

Rocking mechanism occureainly in slender piers andith low valueof
vertical load, while the shear failure occsim verythick piers.
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For moderately slender piers, diagonal cracking tends to prevail over
rocking and bed joint slidingt increasingertical load [Lourenco et al.
2005].

The diagonal crackingropagagsthrough masonry unitsore tharthrough
mortar jointsfor increasingvertical loadsSimilar effects can behownat
increasing ratios between mortar and block strerj@ibsiljkov et al. 2003]

The failure modechangingfrom diagonal cracking through mortar joints

to rocking yields toanincrea® interlocking of blocks.

The same effects may induce a transition from diagonal cracking through
mortar tocracking through masonrynits or to bed joints sliding.

The crashing failure usually occurs for high levels of verticalds
[Vasconcelos et al. 2006However, several gmic assessmentndtiess
showed that normal stresses aseially muchiower than the compressive
strength. For this reason, the crashing failties an extremely low
probability.

1.3.2. Out-of-plane behaviour assessment

Many approaches were developedassess the seismic capacity by local
mechamsm[ D6 Ayal a .et al . 2003]

Since thel7" in Europe, empirical approaches, on the nestion of
vulnerability indexeshave been proposd@enedetti et al. 1984]These
methodologies arenainly devotedo histori@al masonry buildingsOver
time, they were improved to extend atifferent typologies ofbuildings
[Lagomarsino 1998a

The studies based on-&itu surveys after seismic events allowed to create
chartsof the typical damages occurringstructuraltypologies It has leda
consequent systematization of the mechanical models able to describe their
behaviour bymeans okinematic model§Lagomarsino 1998b

Kinematic models provide a coefficiertk=a/g calculated throughhe a
ground accelerationver the g gravity acceleratiomatio [Bernardini et al
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1990]. It represents the seismic masses multiplier characterizing the
ultimateequilibrium conditions for thetructuralelement.

In simplified assessment procedures, the mechanism connected to the
lowest value okk is the weakest one and, consequently, the most probable
to occur The inplane mechanisms arasually characterized by<k
coefficients higher than the eof-plane ones

The mechanissiare related to the loss of equilibrium of structural portions
rather than to states of stress exceeding the materials ultimate capacity
The limit analysis approach depends on few geometrical and mechanical
propertiesThereforgit doesnot require an extremely accurate survey and
time-consuming computatiojagomarsino et al. 20044a]

Once the critical structural configuration is defined, the subsequenisste
the identification of thenost probable collapse mechanisms of each macro
element[Lagomarsino et al. 2003} .

Several works on seismic vulnerabilidggsessmendf masonrybuildings
through limit analysis procedures have been propobBee research was
restrictedto the estimationof the seismic activation multiplier, even if
evaluated for complex mechanisfiygpical of agglomerates of buildings)

This approach of limit analysis applied to existing masonry buildings in
seismic areas is now provided by tleeentltalian seismic coe These
models take into account the high vulnerability of existing masonry
buildings not satisfying assumptions commonly more suitable for new
earthquakeesistanbuildings

In this field, another important document is represented by the Guidelines
published by the Italian Ministry of Cultural Heritage for the evaluation and
mitigation of seismic risk of the architectural heritage

Nevertheless,hie outof-plane behaviour assessment of masonry walls is
one of the most debated topics in the scientific momity. Thisfailure
modemay often limit the seismic capacity of existing masonry buildings.

In ordinary buildings there aren't specific measures and a global analysis is
notalways feasiblgthis means that because of the natural discontinuities of
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ordinary masonry and interactisrwith the neighbouringbuildings, the
local mechanisms assessment besaneritical aspetc

The external walls of buildingsanbe typically subjected to owutf-plane
mechanisms (figure 1.14

— '.- - s ' »‘
— o i = -y o 25

Pt B 53, A
Figure 1.14: Typical ollapse mechanism of masonry wdldisout-of-plane behaviour
[Rondelet et al. 1834]

Direct observation oflamagesletected after the last earthquakes, together
with the scientific literature on the surveys of stone masonry buildings
damage due to seismic events, showed that often the most recurrent failure
modeis the overturning of alls.

However, this failure mod@volves portions of walls and infrequently
involvesthefull wall.

The way in which the local mechanism will activate depends on several
structural details: quality andmechanical propertiesof masonry,
connections between several structural elemenesnialt loadbearing,tie
devices type of floors and rosf etc..

For unreinforcedmasonry it is assumed that the onlyay torestrainthe
overturning mechanism c&d out by other wallsis regulated by the
friction properties on the contact surfaces. seheharacteristics will give
rise to diferent failure modes (figure 115
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Figure 1.15: Influence of the restraints effectiveness on overturning mechafBems
et al. 2004]

If the seismic capacity of buildings has been improved by means of
additional devices likeasties or ring beams, the simple overturning is
prevented. In thigvay, the failuremechanisnis governedy thearch effect
(figure 1.14.

Figure 1.16: Local mechanisbasedonthearch effec{flD6 Ay al a kt al . 2003

The framework becomes extremely critical for very complex buildings. In
these case the local behaviour cabe analysed for aiscretenumber of
structural portios.

For example, in agglomerates of buildings the local behaviour assessment
can be particularly complicatétigure 1.17.
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Figure 1.17: Agglomerate of building$ypical of historical centre [Giuffre, 1993]

When the building becomes very complex, a first step is to recognize
structural units (structural portions). Then, the seismic capacity can be
estimated using a macslement approach

Therefore, a generic structural unit is made of several reements
(walls, floors and roofs).

A critical issue is that the units can be structurally recognizable with an
autonomous behaviour compared to the entire building. In fact, only some
interadions can be modelled to avoidcamplex model.

In particular, he mutual bond between maat@ments can be modelled by
potential damage patterrcontous of poor connectionand statically
equivalent forces

The damage could involve different structural shapes which depethe on
characteristics of the wal(masonry properties, internal constraints, etc.).
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The visual surveys perfored after last earthquakes showed that the failure
modes are very different lve¢endifferentbuilding typologies.

For heritage buildings, asurches, the seismic behavided torecurrent
local damage of several architectonic components (i.e. nave, triumphal
arch, apse, etcgs shown in figure 1.18 hese collapse mechanisotcur
almost independently.

Figure 1.18 Typical camagemechanismof religious buildinggDoglioni et al. 1994 &
Lagomarsino et al. 20G4.

1.3.3. Theordinary and heritage buildings

An extersive typological classification is a hard task because the current
buildings stock refes to a wide variety of constructions.

Into each urban arefwo macroclas®s of buildings can be identified
ordinary buldings andheritage building.

Thetwo typologiesare characterized bipoth different masones (quality,
mechanical properties, et@hd structural systesnregularity, connection,
etc.) These characteristicckhange through historical periods and
geographical areas
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Starting from thdirst constructions, withowtpecific guidelines, thdesign
of buildingswasperformed withempirical approaches

Many of existing masonry structureave beerdesigred exclusivelyby
means of geometricatules These approaches were based on past
experiences rather than on accurate structural anesys

Only, for particular building (heritage buildings), some structudstails
wereimplementedduring the construction phas@herefore many of the
existing buildings, typically identified as ordinary buildings,are
characterized by a logeismic performance

Even so, he recent earthquakes (figure 1)1¢howed the resdtof these
design approaches

Figure 119 L6 Aqui | a (| tRanagna (Italyh dam&gesiatter 2009 and 2012

Earthquake respectively.

Many ordinary buildingsare usually vulnerabléecause specific details
were not adopted to prevesgismicdamageln particular, without specific
detailsas steel tiesputtresses, connection of floors to masonry walls, etc.,
the seismic capacity idimited by local mechanisms (owtf-plane
behaviouy as showrfigure 120.
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Figure 1.20: Local mechanism (owdf-planebehaviou) of an ordinary buildingEmilia
Romagna (ltaly), damages aft2@12 Earthquake.

After the firstdamage observatiogpecific meaures were adopted in order
to withstand the earthquaka.additionto modify the classical construction
systemsthe structurebegan to banalysedn thebass of modellingand
capacity design criteria

The specific details mainly usédheritage buildings imprathedynamic
behaviour For thesestructuresthe seismic capacitig regulated by global
mechanisn{in-planebehaviouy. In fact, structural details promote a global
response of the buildings whipgevening local mechanis(figure 121).

Figure 1.21: Torrione degli Spagoli, Emilia Romagna (Italy), damagesef 2012
Earthquake
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In fact, aghe recent earthquaksbow the use of structural detapsevents

the activation of simple mechanispcharacterized by a lovgeismic
capacity (i.eglobal behaviour shows a highetivationmultiplier).

Previous brief descriptionis not intendedo be afull picture about the
history of masonry but providethe complex backgroundthat each
professional engineering or architect must face.

A typological classification abuildings can beanuseful approach in order

to asess the main parameserhich characterize the seismic response of
masonry buildingsin the next section, a preliminary study based on a
vulnerability assessment at regional level is synthetichdigussed.

1.4. The vulnerability assessment at regional scalen useful tool to
estimate the mainvulnerabilit ies.

A detailedstudyof eachof these existing buildings is very complexito

can be interesting to analyse the vulnerability by means of simplified
approaches.

The safeguard of existing buildingsith particular reference to prevention
strategies and mitigation of seismic risk, is currently an issue of great
interest for existing urban stock (especially for heritage masonry buildings).
For this goal, refined numerical modealannot be adoptehlie b the strong
northomogenous characteristics especially for exidgtmgdingsstock

In fact, he analysis at regional levednnot be perforedin order to assess
the seismic capacity of a single lalimg butit canprovide an estimate of
main parameterghat characterized the seisnhiehaviour

For this reasora vulnerability assessment has been performed by means of
study at regional levellhe goal iso estimate the maiparametersvhich
characterizéhevulnerabilityof existingmasonry buildings.

Furthermore,tiis interesting to iderfy the maincauses of vulnerability
into historical urban arsa

This first study, synthetically discusskdow, is a preparatorywork.
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In particular,the results showetthatthe thrusting elements (as arches and
vaults)can increaséhevulnerabilityfor existing masonrpuildings

The assessment of the actual susceptibility of existing masonry structures
to be damaged by seismic actions (vulnerability) requires complex
procedures. These buildings are, indebdracterized by a strong non
homogeneity of construction techniques and by a level of degradation
typical of masonry structures.

Furthermore, these structures have been designed and built in periods
characterized by no regulations, specific methodologies calculation
tools, favouring a design approach based more on the intuitidn a
experience. For these reasgmasonry buildings are often characterized by

a strong vulnerability.

This study is a first step towards the development of a seismic vulitgrab
evaluation procedure for the sanry buildings on large scale.

For this purpose fragility curves have been elabdratet related to single
structural unit, but to classes of buildings, characterized by similar
behaviour under seismic actions.

In addition, to perform a vulnerability analysis at regional IXx&lluzzi et

al. 2004], the objective is not to identify the behaviour of individual
structures, but to define an "average" behaviour in some homogeneous
building classes. Therefore, to this atire analyses are typically conducted

on entire urban areas, or on a multitude of buildingsgomarsinoet al.
2004] .

The vulnerability assessment at the regional level, starting from a not
detailed quick, in situ data collection, should be able to return a reliable
assessment of the seismic vulnerability degree, without the use of refined
and complex models.

This allows an initial and quiclclassificationof the structural types
depending on some princigakrametershe identification of conditions of
highest seismic risk and to provide preliminary support in post event
operations.
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1.4.1. Case study

The masonry buildings considered to create a database of structural
typologies, for the seismic vulnerabilitysessment at a large scale level,
are located in the historiceéntreof Beneventdfigure 1.23.

Figure 1.22: Historical centre of Benevento

With reference to masonry, three masonry clas8és=rubble stones
masonry, Mu=tuff masonry andMus=solid brick masonry) have been
detected in the examined stock of building based on a visual inspection.
The main physical and mechanical properties of such masonry classes are
reported inable 11.

Table 11: Mechanical properties for masonry classes.

Mu; 1.0 0.02 870 290 19
Mu: 1.4 0.03 1,080 360 16
Mus 2.4 0.06 1,500 500 18
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The ordinary buildings (residential buildings without a particaldistic
value) represent a significant portion of the urban area.

The building stock in Benevento can be attributed mainly to two different
periods: mid1 7" century and earkt9" century.

The differences in construction are partially due to two important seismic
events (1688 and 1702) that wetlee reason of a partial or total
reconstruction of most buildgs.

Nevertheless, frequent characteristics, both structural (materials and
techniquepsand geometrical can be individuated in the masonry buildings
of the historicalcentre Most of the buildings are made of rubble stone
masonry, while a lower percentage of tuff stones or clay bricks.

The onsite surveys represented the starting poimgiaio knowledge of the
examined building stock. The knowledge level and details should be
consistent with a quick on site operation.

In these preliminary studiesspecific survey forms have been developed
which have been used to screen over 220 buildings.

In particularthereare show: compressive strength, shear strengtky,
elastic modulug€s, shear modulu& and specific weightV. These values
has been chosetcording to the typological identifications provided by the
current Italian cod@BC 2009] and adopting the minimum strength values
and the average elastic modulus values of the suggested,raogasling

to a reduced knowledge level

With respect to the first assignment based on the visual inspection, presence
of degraded ornorthomogeneous ortar joints leads to declass the
masonry

Table 1.2 describesthe assignment matrix of the masonry classes to
different masonry types found in Benevento. Where it is not possible to
identify the masonry type, the class with worst mecharmicatacteristics

(i.e. Mw) was assumed
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Table 12: Masonry class identification.

Masonry Type Good state of Degraded Inhomogeneous
conservation mortar texture

Rubble stones Mu, Muy Mu;
Roi?i‘fgnggd‘s Mu, Mus Muy
Tuff stones Mu, Muy Muz
Squared blocks Mus Mu, Mu;
Solid bricks Mus Mu; Mu;
Hollow bricks Mu, Muy Mu;
Clay bricks Mu, Muy Mu;

Furthermore, liree types of floor (wooden, metallic and concrete slabs)
have been identified in addition to the vadiequently present at the first
floor of the buildings. The presence of steel ties and concrete ring beams
has been also detected.

The average interstey height, referring to all ors, varies in two ranges:
2.7m - 3.0m and 3.0m 3.4m. A height of 3.4mwas assumedhenvaults
werefoundat the first floor

The dimensions of the openings, which directly affect slenderness of the
masonry panels, are catalogued in terms of approximate average sizes:
0.8mx1.2m to 1.2mx1.4m for windows and 0.8mx2.0m to 1.2&mZor
doors.

1.4.2. Structural modelling

The vulnerability assessment has been performed onb#se of a
mechanical approach.

For this reasonseveral structuranaly®s were carried outtFurthermore
several mechanical prototype models have been devdlopetker to assess

the effects of main geometrical and mechanical parameters on seismic
capacity.
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The choice of parameters to define typological structural classes was based
on parametric analyses aimed to identify representative mechanical models.
This gaal was obtained by examining the structural behaviour through non
linear static analyses in terms of "capacity curve" (disglacement curve)
varying significant geometrical and mechanical parameters of the buildings.
The results allowed to identify memhically representative models of
different typologies of the building stock. For this purpose(8& chosen
structural prototype models are simple and representative (FiddBe 1

Figure 1.23: Examples of thgeometricalschemes of structural models

On these prototype models the effects on seismic capacity of several
parametersvereassesed Thefigure 1.24shows some of several variables
used into prototype model¥he simplified modelling allowed to identify

the causes of vulnerability.

Figure 1.24: Examples oparameters implemented instructural modelsa) Steel ties,
b) masonnybarrel vaults, c) type of floor.
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The prototypemnodels are the result of the essential simplifications for the
development of the procedure and are described below.

1.4.2.1. Mechanical and geometrical characteristics

The three masonry classes indicatethble 11 have been used.

Regardinghe geometry othe models, the plan is rengular with average

size 8.1m%.1m; the masonry thickness varies depending on physical and
mechanical properties and they have been designed based on static
considerations (wécal load bearing capacity).

The distribution of he openings is intended to guarantee regularity of the
walls in their plane.

The interstorg height is variable from 2.8 to 3.3 meters; in the case of vaults
at the first floor, a higher height (4.0 m) has been considered. The number
of floors ranges fromn2 to 4.

The design of the floors was conducted according to vertical load capacity
and deformability requirements (deflectilomits).

For the design of the vaults, barrel vaults were idemed having the
minimum span.

The steel ties, when present, wpassitioned at all the levels and across all
the walls.

1.4.2.2. Load direction and target node

Non-linear static analyses were carried out for each model inrfa@in
directions (X and zY), neglecting the accidental eccentricity effect and
considering a distrildion of inertia foces proportional to the masses.

The control nodéas beerhosen at the top levéigure 1.25.

49



Chapter- 1

Generic direction of seismic acti@h Controlnodes Pi

Capcity curvewith:

lower ultimate
displacement Displacement Pi

>

Figure 1.25. Chosen of control node

The load direction corresponding to the pasfer curve characterized by
the least dissipation capacity was considered as representative of each
prototype buildingfigure 1.26.
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Push-over curve along four directions X+, X%, Y+ and Y-

Capacity

lower dissipationcapacity

Displacement Pi

Figure 1.26: Chosen of seismic direction
1.4.3. Capacity curves: analysis, comparison and classification

Based on the most conservative capacity curve for each model, different
structural behaviours were compdreThe structural responses were
examined in terms of SDOgquivalent simple oscillator) in the ADSR
plane (ground acceleratiahsplacement).

All the 96 prototype models have been analysed according to this procedure
in order to assign the structural classes.

The current tendency is to perform exclusively typatal classifications

as described by the European Macroseismic Scale (EMS98). This approach
doesnét take into account the actual
typological behaviour and potentially could lead to unreliable damage
assessments.

Onthe basis of the capacity curves reported in Figu2& the prototypes

were assigned to six structural classes as identified by different colours.
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0.40 alg] Structural classes identification
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Figure 1.27: Structural classes individuation: structuraéhaviourin term od SDOF in
the ADSR plane

However, the classification wasefined taking also into account the
typological parameters. The definition of the structural classes was
conducted on the basis of the following criteria and aims:

A to standardize the global structural behaviour of the class; to this aim
each SDOFcapacitycurve was examined in terms of stiffness, strength
threshold, yield displacement and ultimate displacement;

A the capacity curves were examined both with reference do th
behaviour and typological properties;
A to achieve a significant number of structural classes to perform

accurate assignations of the relieved buildings.

In table 1.3 the main parameters that identify each class are reported.
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Class

1

ol

(o)}

Table 13: Structural class identification

Description

Mediumlow strength
threshold and low

Significant parameters
Muy, 2 floors, metal beams floors,
stiff spandrel panels.
Mua, 3 floors and concrete or meta
beams floors, whit ties.

ductility Mus, 2 floors and vaults at the first
level.
Mus, 3 floorsand stiff spandrel
Low strength threshold panels.
and high ductility Mus, 2/3 floorsand vaults at the first
level.

Medium strength
threshold and high
ductility

Mus, 3 floorsand concrete anetal
beams floors, whit vaults at the firs
level.

Partially rigid behaviour]

low strength threshold
and high ductility

Mui/Mugz, 3 floors, metal beams
floors, weak spandrel panels.
Mus, 4 floors, metal beams floors,
whit vaults at the first level.

Rigid behaviour, high
strength threshold and
low ductility

Muz/Mus, 2 floors, concrete or meta
beams floors, whit ties.

Mediumtlow strength
threshold and | medium
low ductility

Mus, 3/4 floors, concrete or metal
beams floors, whit ties.

On the base oprevious classification an identification of classes on the
urban area halseen performed. The figure 1,28hows the several class
(Classl, Class2, é , Classb6) assigned to the historical centre ohBeento.
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Figure 1.1: Clas®sindividuation for the historical centre of Beneveritass 1€iano),
Class 2(black), Class 3(green), Class 4(red), Class 5(blue) and Class 6(magenta)

1.4.4. Damage estimationin-plane behaviour

Startingfrom the analyses of the capacity curveseirms of SDOF it is
possible tadentify the ranges of damage.

These ranges are dependent on the mechanical characteristics of each
model. The relation between capacity and danj@gdvi et al. 2004]is
processed directly on the bilinear curve through the identificaficorme
displacement thresholds.

The typologies of damage taken into account are those covered by the
European Macroseismic Scale EMS98. Then, the damage thresholds are
evaluated as fiction of the yield, d and ultimate, g displacements
(Figure 129).

A certain damage level is attained if the displacement demand exceeds the
displacement threshold associated to that damage under a certain seismic
event.

The distributions of damageunod with this procedure are sitiependent,

since the seismic event is generalsitedependent.
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The calculation of the displacement dewhas executed according to the
N2 method Fajfar et al. 1996 & Fajfar 1999]

Damage thresholdsdentification
D1yn=0,3d, D2,,=0,7d, D3y=1,5d, D4;\=0,5(d*d)), DJun=thy
A

D4 D5

dy
(yelding threshold) (conventional collapse) S

Figure 1.2: Identification of the conventionabdhage thresholds.

The distribution of a fixed damage level within each class for different
seismic intensities is evaluated by computing how many buildings of that
class #tained thdixed damage level.

For each building a fixed damage level is attained when the capacity
demand, evaluated for different seismic intensities, exceeds the
displacement threshold (capacity) corresponding to that damage. The
seismic intensities were expressedterms of PGA assuming an unit
increase of the return period {L year).

This procedure allows obtainirigragility curves that representrauseful

tool to perform damage estimations within a certd@ss of homogeneous
buildings.

It is worth to nogé that in the technical literatuf@®olese et al. 2007{he
concept of ofragility curved has
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associated to several meanings depending on aims and fields of application
of such curves.

The fragility curves presentad this paper providefor a fixed seismic
event, individuated by the PGA value and the return perigdthie
percentage of buildingsk fsmb s« ) that, within each class, have a damage
level greater than or equal to an assigned damage D

Thus, the curves are built for each class and for each damage level. The five
damage levels individuated by EMS98 have been chosen. According to this
approach the probabilityk (srb sk ) is given by:

ni d —Pnmn (1.1)

whereg | i represents the number of buildings with displacement
demandSr, associated to that, Tgreater than the capacity displacement,
Sok, associated to thexllamage. The ternd indicates the total number of
prototype buildings of a structural class.

The results obtained through previous equation provide a discrete point of
the fragility curve.The fragility curvesanberegularizedoy means othe
proceduraliscussed below

In particular, starting from the conventional threshold as previously shown,
the corresponding PGAraluecan becalculated These valuesrepresenthe
acceleration thresholds calculated for each prototype model and for
conventional damagexD

Given that airectly link between displacement and associated acceleration
threshold cannot exist, the process is iterative. In flcking the
displacementm to the acceleratiorthreshold PGAthe spectrum shape is
altered.

Given the distribution of acceleratitimresholds PGA the fragility cuves

were obtainedln Figure 130 the fragility curves for the structurelass 4

are illustrated for the five threshold damages of EMS98.
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Figure 1.3: Fragility curves for the structuradlass 4 for all damage thresholds

In Figurel.31and figure 1.32he different fragility curves obtained for the
damage treshold D3 and DFespectivelyfor the six structural classes are
plotted

plr %] Fragility curves for different classes, damage D3
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Figure 14: Fragility curves comparison for all structural classes and D3 damage.
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Pr [%] Fragility curves for different classes, damage D5
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Figure 1.5: Fragility curves comparison for all structural classes ansldamage.

1.4.5. Vulnerability maps for the case studin-plane behaviour

The fragility curvesobtained according to the procedure explained in the
previous section were used as a tool to provide information on the spatial
distribution of the different damagesk Dn the historical centre of
Benevento.

To thisgoalthe relieved real buildings were assigned to the six typological
classes defined according to the capacity curves of the 96 prot(figpes

1.28.

Starting from fgure 1.33andfigure 1.34 for demonstration purposes, the
maps of distribution of damad#3 and [b ae plotted for the PGA values
related to the return period$=R01 and 475 years,gpectively.
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Figure 1.7: Vulnerability map for the historical centre of Benevento: D5, TR=475 years.

Such damage levels were chosen in order to be significant for the fixed PGA
values: itis, indeed, interestihgevaluae the distribution of dow-medium
damage for seismic events corresponding to serviceability conditions, while
for the higher PGA valusi.e. Tr=475) it is more significant evaluating the
distribution of damage
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In all cases the distribution of each damage was expressedma té
percentage of buildings exceeding the fixed damage threshold, grouping
into four percentage ranges:28%, 2550%, 5075%, 75100%. The
coloured representation means that, referring for example to the buildings
coloured in red, the 7500% of theséuilding is expected to attain the
examined damage.

A more refined vulnerability map should take into account also the actual
distribution of soil type in the examined ar@athe presented mapsoil

was assumedstype B, according to the large parttbe historical centre

of Benevento.

The maps show that for low intensity seismic eventsZ01, figure 1.33)

most of the relieved buildinggid not attain the damage sDwhile as the
seismic intensity growshe percentage of buildings that exceeds higher
damage thresholds (i.es)0s lower (sedigure1.34).

1.45.1. Drawbacls of vulnerability analyss based on an iplane
behaviour

The methodology developed in this paper for evaluating the seismic
vulnerability is not intended to analyse individual buildings, but is a
valuable tool for large scale vulnerability assessments and to develop
vulnerability maps aimed to identify areas of high seismic risk.

The reliability of the method is directly related to the reprgativeness of

the prototype models and how the chosen geometrical and mechanical
parameters influence the models behaviour.

The procedure developed has a general nature and can be easily
implemented. The enrichment of the database is an interestingcadvent

step for the study and for the application of the methoal &ider, even
national scale.
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Continuous development of the databasenstantly updatedgcould
represent an essential support for seismic vulnénahitalysis at national
scale.

Theautomation of the methodology for the structural classification and the
refinement of the procedure of assignment and classification, would
improve those aspects, essential for the complete automation of the
developed methodology.

However, the damage assegent has been performed by using a pusér
analysis. The local behaviour of the structures cannot be take into account.
For buildings where some structural details has heearporated the
previous results provide some useful information about thaevability.

For ordinary buildings, these resulshowed partially the effects of
geometrical and mechanical parameters on the seismic response.
Therefore, rechanicalcapacitive analyses that take into account alse out
of-plane mechanisms are certainbluable and thegnust be performed.

The implementation of the previous analysis with local mechanism is
synthetically discussed below.

1.4.6. Vulnerability maps for the case studyput-of-plane behaviour

A vulnerability assessment on masonry buildings carpretiudethe
possibility thata local behaviouroccurs In fact, often the local seismic
capacity (ouof-plane behaviour) is lower than the global capacity(ane
behaviour).

The failure mechanismamplemented for the vulnerability assessment
accordirg to the Guidelines ReluldPC arethefollowing:

A Overturring of full masonry wall(global overturning)
A Overturning of masonry wallocatedattop level;
A Overturning by brizontal flexure for unconfined masonry walls.
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For masonry buildings with metallites or concreteibs, the followng
failure modesvereimplemented

A Overturning by verticallexure of full masonry walls
A Overturning by horizontal flexure faonfined masonry walls

According tovisual surveyperformed after seismic evensome failure
modesmay be neglectedlhe probability occurrence of an overturning
mechanism depends on the geometrical and mechanical characteristics of
buildings. For this reason, some failure mechargshrave beennot
implemented into the vulnerabilitysgessment

The structural analysis has beparformed by means of a ndinear
kinematic analysis, according to the ItalBnilding Code [BC 2009).

The analysis of local mechanisms provides the collapse acceleration of each
failure mode. Furthermoresing the kinematical modehe return period

Tr has been estimatddr each failure mode and for each prototype model
provide.

For each structural model the mechanism with lower capacity has been
chosen in order to develope the fragility curves.

In particular, for confined masonry walfi.e. model with ties, ribs, etahe

failure mechanismsby horizontal flexureexhibit a higher probability
occurrance Indeed, for unconfined masonry wallse. model without
structural details)he overturning angertical flexure mechanissishow a
higher probabilityoccurrence

For each prototype model the minimum seismic capa@syassessedhe
assessment of the local mechanisms provide return period Tthat
activatesthe first failuremode(i.e. mechanisnwi t h t he | ower
acceleration). Finally, the coupled seismic assessment psovite
minimum return period Trbetween the globabehaviour (in-plane
behaviourjand local behavioujout-of-plane behaviour)
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Starting fromthe minimumvalue Tr the aceleration threshold PGAvas
assesses

This analysihas been performethly for the damage threshold s this

Is theultimate conditiorfor the structures (conventional collapse).
Inacoupled analysis (#plane and oubf-plane behaviour) the first damage
providesthe fragility curvelt is interesting to notiatthe globakin-plane
behaviour)or local(out-of-plane)analysisperformed separately providas
damage thresholelven greater thathe oneprovided by a coupled analysis
In fact, thefirst damagewhich occurswith a coupled analysis providea
probability occurrence lower than an uncoupled analysis

It is interesting to analyse the effect on the seismic capacitihdgéobal
and local behaviour.

The figure 135shows the acceleration threshold R@a the conventional
damage DSestimatedfor different approaches. In particular, figure 1.35
shows the PGA threshololy using the puskover approacton a global
behaviour basgblue column), local analys@local mechanissmbase (red
column)andcoupled analysis approach (green column).

Acceleration threshold PGA; (conventional collapse)
Classes

CL.6

CL5 m First damage occurs

m In-plane behaviour
CLA4
| Out-of-plane behaviour

CL.3

CL.2

CL1

T T T T T ag [g]
005 010 015 020 025 030 035  0.40

Figure 1.8: Acceleration threshold PGAaccording to aconventional collapse (damage
D5).
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An analysis of the previous figure shothstthe local mechanism limited

the seismic capacity of all building classes. This is a critical issue especially
for modek where there are thrusting elemelike asarches owaults.

In Figure 1.36 the fragility curves obtaineftom previous analysigre
plotted for the damage threshold Dfnlimited state) andor the six
structural classes

Fragility curves (conventional collapse D5 implemented
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Figure 1.9: Fragility curves comparison for afitructural classes and D5 damage
implemented with the owtf-plane behaviour.

The effects of the thrusting element are sh@speciallyfor the structural

class 41In particular, vihenthe fragility curve is calculatedsing the global
analysis, theseismic capacity depesdnin-plane response of the walls. In

this case, the class 4 shows a higheacday threshold (figure 1.23).

However, for this clasg the effecof thrusting elemestprovides a strong
reduction of the seismic capacity due to tbeal mechanism. These
deleterious effects can beeseinprevious figurel.35

In particular, when the local mechanism is considered, the class 4 shows a
greater vulnerability
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This preliminary analysis provides important information aboutrtipact

of thrusting elemeston the seismic capacity of existing masonry buildings.
For this reason thihesisfocuses on theehaviourassessment of thrusting
elemens like as arches and vaults.
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Chapter 2

THE BARRELL MASONRY VAULTS

The masonry vaults represent a typical component of most existing
historical buildings. These components influence the global behaviour both
under vertical and horizontal loads. In particular, most damages and
failures were observed after the recent earthquakes espeoialiyasonry
vaults.

Therefore, the Historical and Monumental buildings are often
characterized by high seismic vulnerability. ThHewest seismic
performances are associated with the presence of thrusting elements like as
arches and vaults.

In this background, the numerical analyses provide important information
about the structural behaviour of such elements.

The presenBectionfocuses on a particular typology of vaults generally
used as roofs in religious buildings. These vaults typically do not include
any backfill and are slender.

These typologies of masonry vaults cannot be analysed with classical
approaches where A@nsion is asumed. In fact, the tensile strength must
be included in order to assess the seismic capacity of these masonry
elements.

In next Chaptetthe classical theory in order to assess the behaviour of
masonry vault is discussed.

After such analysis the novelties of the proposed method are introduced
(Chapter 3) as improvements of the classical approaches, in particular
accounting for thempactof tensile strengtbn seismic capacity oafiasonry
vaults

66



Chapter- 2

2.1. Overview on masonry vaults

Masonry structures represent a significant part of international architectural
heritage. Although they are among the oldest structures, their knowledge is
still limited and it is usually difficult to investaje their structural
behaviour.

These difficuties are often due to the heterogeneity of the materials and of
building technigies. Both the desigand building techniquesdm age to

age greatly evolved.

This design approach, in some cases, has led to robust structures. Indeed,
many of these structwehistoric buildings, churches, railway bridges, etc.
were subject to several seisneients without serious damage.

However, this feature is typical of prestigious and strategic structures where
same special struntal measures were implemented.

Instead,the old design approachemspplied on ordinary buildingbave
generatedoften poorly built structures and chamxized by strong
vulnerability.

Only in recent decades designersdnee aware of how to analyse masonry
structures.

These structural elementduring the seismic event, often influence the
behaviour of the entire building by means of the interactions with the
adjacent structural components.

The recenttalian earthquakes L 6 A dltaly),|2@09 and Emilia Romagna
(Italy), 2012 earthquakes) showeddow the vaulted structures are
vulnerable. Figur@.1showsanexampleof the vaulted structur@s roofing,
included in this study.
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Figure 2.1: Buonacomprahurch Emilia Romagna (ltaly), damages after 2012
Earthquake.

Knowledgefor ultimate seismic capacity of these structwgi@mentsand

the collapse mechanism are key aspects both for the structural analysis and
for the design oftte strengthening interventions.

This Ph.D. thesidocuses on masonry vaults with significant slenderness
ratio (span/thickness of the cross section ratigically used as roofs in

the religious buildings.

For these vaulted roofghe use of classical approachesy. Heymari 995

to evaluate the seismicapacitycamot be applicable or wid produce
inaccurate results.

For particular geometrical values of span, rise and cross section, the tensile
strength of the masonry qamt be neglected as it will be clarified in the
following paragraphs

In the nextSectionthe critical issues of the clasal analysis methods are
discussed.
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2.2. Design approach based on geometrical rules

An investigation of thenainanalytical models on masonry vaults has been
conducted, along with design techniques used fanynmasonry arches
previously designed.

A first purpose is to investigate the classical theoretical approaches which
can be used to assess themascapacity of curved masonejfemens and

point out their limitations.

Structural analyses by using numericabdals and prescriptions on
technical codes have been applied to masonry buildings only recently. The
first constructions were designed according to geometrical rules. The
geometrical rules, in few cases (i.e. prestigious buildings), were coupled to
other gructural improvements like as steel ties, regular syalimination

of horizontal thrusts, etc..

Such design rules were mainly based on past experiences, hence changed
significantly during the yeaf&atalin 2014, Oppenheim 1992 & Dimitri et

al. 2011] Generally, for a curved element, given the span and radius of the
arch, its thickness could be easily evaluated

In this Ph.D. thesighe focus is on curved elements made of masonry as
arches and barrel vaults, yet including simple arch elements up t@jbie m
civil works & arch bridges, viaducts, etd.deep awareness of their actual
safety level is still lacking.

Many researchers have studied the impact of old design techniques on
structural capacity of many existing structures. In particutar eimpircal
ruleshave beemnalysed according to modern structurdteria.

Many studiesshowed that, in the majority of real cases designed through
empiric rules, the structural performances are satisfafBvgncich et al.
2007]. In fact, many oéxistingstructures are still in service although there
are both a severe environmental degradeand inadequate maintenance.
Starting from the usual jack arches to the magnificent civil bridges (figure
2.2), in the world there are many samples of masonry arches.
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Figure 2.2: Shaharah arch bridge made of regular natural bricks, Shaharah (Yemen)

Also in Italian region there are many masonry arch bridges still in service
(road and railway network). Many of them have been analysed/arate
studies under different point of views.

In some recent studigBPe Santis et al. 2012{he bridges datg back to

XIX and XX Centuries and diffang both in terms of geographical position
andof geometrical propertiesere chosen.

Surveying thegeometrical characteristics of the historical bridges (referring

to the vault thickness vs. span for deep arches and to pier top width vs. span
and vault thickness for shallow arches), the majority of the existing
scrutinised bridges were designed accaydito the empirical rules
[Brencich et al. 2007]

Many of these design approaches have led to robust structures, especially
for strategic structures (as like, bridges, aqueduct bridges, viaducts, etc.).

It is interesting to note that these geometrical rigeserally provide
elements characterized by a large size. Therefore, these design approaches
are not compatible with ordinary buildings.
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2.3. The classical theory: lasic assumptions

The basic assumptions refer to the material behaviour and tie@sionis

the main assumption usually adopted in the engineeringlems for
masonry structures.

No-tensionmeans that material has no tensile stre(mtlan extremely low
value) hence even if tensile strains arise for strain compatibility,
corresponding tenle stresses are always zero, masonry cracks and the
effective crosssection reduces; this assumption is on safe side and justified
by the low tensile strength of typical masonries.

Different behavioufor materias can be considered, namely linedastic
cracking and plstic.

For each behaviour, it is well known how to evaluate the failure surfaces
[Giamundo et al. 2014, Prota et al. 2006, Borri et al. 2009, Parisi et al.
2011, 2013 &Augenti et al. 20104nd how they change accordingly.

In linearelasttity, the limit surface is defined by a linear expressawiid
green line shown ifigure 23), in paticular by two straight lines.

The axial force value at maximum bending moment is equal to 50% of the
axial plastic force (centred compressivectr

The failure surface is gouged by the most stressed fibndose stress level
canna be greater than the compressive strendhor lower than zero,
considering that the cross section never cracks.

The cracking behaviour takes into account that a portion of the cross section
may not react in tension, while the reacting portion is always in compression
(stress lowethan the compressive strength).

The failure surface is described by means of alim@ar curve folid ciano

line shown infigure 23). The cracking curve ends at a compressive force
equal to 50% of the pure axial strength; afterwards, the cracking condition
cannot exist (cross section is fully compressed).
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Finally, under perfect plasticitagssumption in compression, the plastic
failure surface can be calculated. This failure condition is defined by a
quadratic functiondolid red line shown ifigure 23).

Introducing the normalized variables, axial fopcand flexural momenm,

for a seabn with unit depth:

P P
=— = 2.1
"R s, (2.1)
and
60 6 ND
m=—— =—— 2.2
& D (2.2)

whereP and M are the normal force and bending moment, respectively,
acting on the cross sectiogjs the thickness of barrel vault or better the
height of rectangular cross section &hds the compressive axial capacity
(with a uniformstress equal toompressive strengtiy applied on the cross
section).

The failure surface can be described and plotted in a normalized form
[Lignola et al. 2008, as shown in figur@.3.

;'Z m[] Normalized failure surface (No-tensile strength)
0.8
0.7
0.6
05
0.4
0.3

0.2 Linear-elastic behaviour (ot=0)

Cracking behaviour {ot=0)

0.1

Plastic behaviour (ot=0) p [_]
0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 2.3: Normalized interaction diagrarl-P for rectangular cross section: no
tension assumption.
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The different failure surfaces, shown in fig2e3, according tothe noe
tension assumption, start from the origin of axes. Indeed, a pure traction
condition for he cross sectignis not compatile whit the basic
assumptions.

Finally, all the failure surface functions are symmetric toptlagis (hence

not plotted heren the negativen side).

24, The Heymandés theory

About the totality of engineering applications on masonry are conducted
under netension assumption, accordito best knowledge of author.

The main effects of tensile strength on the performance of the masonry were
studied in the course of time, e[§anning et al. 200120014 .

Most of those studies have been performed by using detailed approaches as
macro or micro-mechanical modellingHowever, both numerical and
analytical models accounting for tensile strength and based on a simplified
approach, like the present one, are sporadic. In particular, for vaulted
masonry struct ur e dgHeymhnel99Hs yamaonfys t he
adopted.

The maximum compressive stressegx are, on average, typically lower
than the compressive strengthdue to the significant dimensions of the
cross sections usually agsated to the geometric rules.

With reduced contact surfaces only (i.e. localized intemadetween brick

and mortar due to cracking effects), the normal stressegould achieve

high values

The analytical model for the design of masonry vaults loaded by a generic
pattern is based on the following assumptions:

A No tensile strength of matials;
A Compressive strength is infinite;
A No sliding failure mode.

73



Chapter- 2

Under these assumptiotige hinge mechanism is the only failure mode.

The first assumption is conservative and comijmassumedo assess the
capacity ofmasonry structures.

Since thecrushing load is usually higher than the load which activates the
hinges especially for unreinforced masonry vaults, the crushing failure is
rare[Buhan et al. 1997 & Foraboschi 2004]

The diding failure mode occurs when the shear stress, at the intdrfaci
surface between mortar and brick, reaches the shear strength. In such
conditions the sliding between two contacting surfaces is activated leading
to the failure of the vaulted structyrierosopoulos et al. 2007

This mechanism could be activated whiea &angle between the thrust line
and the axis of the arch is larger than the friction angle. In each cross section
the thrust line is defined by the envelope of resudtanit the acting
compressive stress distrilut, also in cracked condition.

The thrustline should be inside the arch profile, hence its angle with the
axis of the arch is usually small.

According to the limit analysig-ortunato et al. 2014, Angelillo et @004,

2013 and2014], for a generic load pattern, if the thrust line is contained
entirely within the arch boundaries, all the blocks are able to carry the load
through compressive stresses only (withouit<0).

However, there is not only one thrust line to guarantee stability of the curved
element. Indeed, according to the lower botimglorem, any thrust line
which is located within the arch boundaries, corresponds to an equilibrium
configuration for the curved structuféMoseley 1843 & Milankovitch
1907.

The structure is stable under a generic load if and only if a thrust lindyentire
contained in the boundaries of arch can be found.

Accounting for the ndension assumption in cracked conditions the
maximum eccentricity of the axial load is equalsi@ and reluces at
increasing axial load.
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Therefore, the thrust line must be always entirely contained in the geometry
of the curved element (i.e. eccentricity of axial load contained in the range
is/2 s/2).

The collapse condition of the curved element is rigorously related to the
t hr u s tonfiguration.®he collapse can be activated if the number of
contact points between the thrust line and boundaries of curved element
(thrust line becomes tangent to the arch boundaries) is enough to generate a
hinge mechanism (figur2.4).

Variations of he thrust line configuration can be induced by variations of
the horizontal and/or vertical loads. The thrust line configuration, during the
entire load history, depends both on load pastérertical and horizontal)

and on restraint conditions of the eed element.

1800
Rise [mm] Collapse condition under

1500 no-tension assumption

Seismic actlo?_)

1200

900

600 ® Plastic hinge

emmmees Geometrical axis

300 Boundary vault

AR
\

Tan —— Thrust line Span [mm]

300 0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300
-300

Figure 2.4: ClassicHey mandés t heory applied to a masonr
collapse with fixed gravity load and variable horizontal load).

2.4.1. DrawbacksoHey manés t heory

The validity of the Heymandés met hod
applications. Neverthelessh some cases it could provide inaccurate
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solutions. Masonry vaults whit higlspan/thicknessratios cannot be
anal ysed by nethod. Heymanoés

The reduced thickness of the curved element requires a minimum of tensile
stresses already under a gravitational load. Figufrehows a masonry arch

that, underthe no-tensileassumptioneven under gravity loadsas a load
multiplier lower thanl.

Therefore, already under gravity acceleration the plastic compatibility
conditions cannot be respected. In particular, these effects can be shown by
using a noflinear analysis along the gravity direction (i.e. incremental
analysis).

2000
Collapse at a vertical load lower than gravity

1700 l - i - l
Rise [mm] L - -5th rr-.i,_'jf:_'j:-;.

) Gravity load

1400 " Control node

1100

O Plastic hinge
800
-------- Geometrical axis

Boundary vault

Thrust line
'3‘“ Span [mm] 4“I“
-300100 ¢ 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300
Figure 2.5: Masonry arch where the Amnsion assumption cannot be applied (gravity
load only).

Starting from an unload condition a vertical acceleration ranging @rtom

g (i.e. gravity load with an acceleration value of 9.81 3nfsan be
considered as load pattern to perform an incremental analysis.

The relation between the vertical acceleration and the displacement of a
control node shows that collapse occurs for a vertical acceleration lower
than the gravity load (figure 2.6).
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Figure 2.6: AccelerationDisplacement curvevhere the ndension assumption cannot be
applied (gravity load only).

Given both the geometrical and structural symmetry, the plastic hiliges 1
2" and 3, 4" occursimultaneously

This example shows that, only for a vertical load lower than gravitational,
a thrust line entirely contained into theundary of the arch can exist.

Such an arch is supposedtheoreticalcollapse, even if in reality it stands
up sincemany years and there is no evide of any structural problem.

The failure condition is given when no thrust line is contained in the arch
boundaries.

From a mechanical point of view, in terms of failure domain, if plastic
compatibility conditions cannotebrespected: son-M stress points lie
outside the failure surface (or in other words the eccentricity of compressive
resultantP is higher than limit values given bWima/P ratios on failure
surface).

Therefore, for some structures a minimum tensilensfth is crucial,
especially for masonry vaults without backfffor these structuréise axial

load is very small for gravity loads, hentee eccentricities and their
fluctuations along the ah profile could be very large.

This feature is characteristiof the vaulted roofing adopted in religious
buildings.The pesentPh.D.thesisfocuses on this critical aspect.
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Chapter 3

PROPOSEDANALYTICAL MODEL

The structural behaviour of curved elements carc@m@plex to simulate

and to predict esfusively by numerical analyseSurthermore, he use of
refined numerical FEM modelcamat be always adopted in practical
structural problems.

In this background the development of simplifiezhalytical modelling
approach, manageable and convenient for seismic capacity assessment is
certainly valuable. Particular attention should be paid to some structural
components, typically found in the monumental buildings and churches, like
asarches andraults.

Therefore theapplication of simplified methods is interesting especially for
ordinary engineering applications.

The proposed analytical model will be discussed in the next Section.

3.1. Characteristics of the analytical model

Many structural problems concerning masonryudures are usually
analysed under ntension assumptions. The structural analysis of masonry
vaults through the Heymands model can
cannot be applied on particularly slender vaults, like as roofing typically
used in religbus buildings.

These structures have both a hgglanthicknessratio and backfill is not
present over the vault. In these caseslhssical theorgannot be adopted
because the hinge mechanism can be activated already under gravity loads
and the tensile strength should be included.

A simplified analytical model, which includes the tensile strength, was
proposed.
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The proposed method represents aulsabdelling tool in order to design
dynamic tests on masonry vaults and to assess their vulnerability.

3.2. Tensile strength effects on the failure surface

The tensile strength provides different effects on the failure surface.

As previously shown the r@rsion assumption provides several failure
surfaces according to the behaviotimasonrylinearelastic, cracking and
plastic behavioubased on stress block model).

The low axial force values in such masonry arches at collapse justify the
approximated owtapping of the yielding surface and cracking surface.
Under this assumptios/2is the maximum eccentricity fdahe thrust line
whatever the lovaxial load valus.

The elastic failure surface is compatible with the brittle behaviour of the
masonry material, but is close ateathe ideal plastic behaviour.

In any casethe maximum eccentricity is independent on the axial force
achieved during the load history,andts makes t he Heymanos
implementable in a graphical approach.

Conversely, if the tensile strength is included, a dependency of the
maximum eccentricitg of the thrust lingo the axial force valueR occurs.
Nevertheless, as it will be explaid in the following, the axial force is low

and much lower than its ultimate value. Therefore, the maximum
eccentricity can be assumed almost independent on axial load variations
until the hinge mechanism is activated.

This assumption facilitatesgraphical approach; however it is not essential

in the proposed approach and can be avoided.

The tensile strength effect on the failure surface is generally an expansion
of the boundaries. The maximum thrust line's eccentricity is dependent on
axial forcewhatever the behaviour of materials.

Once the internal axial load is known, the maximum eccentricity value
according to th&-M interaction diagram can be calculatedvi® ratio.
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The model is proposed for the three different behaviours (leleatic,
cracking and plastibased on the stress block model).

The math expressins of the maximum eccentricityaluese are provide in
closed form.

The netensileassumption (i.e. classical approach) can be considered as a
particular case of the general proposethmd where the tensile strengith

is zero.

3.2.1. Linear-elastic behaviour

The failure surface is evaluated in terms RBM interaction domain
assuming @ unitary depth for cross section. Witlh the tensile strength
value and (o the compressive strengtthe relationship between bending
moment and axial force is assessed according to equilibrium and stress
compatibility equation$3.1), in terms of maximum and minimum stresses,
Umaxand Gmin.

smaxq:‘%
Swn? -S

min

(3.1)

In linearelasticassumption the limit condition is obtained by means of the
compressive or tensile strength asieient in the most stressedrébin
particular, the strength can be acl@éwnly on the external fibres.

The figure3.1shows the internal stresses accordmthe elastic limit state
for several points of thB-M interaction domain.

So

Figure 3.1: Generic failure conditions for the cross section with linelastic behaviour.
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The point(e)=(Moal, Pra) identifies the balanced condition for the cross
section, where both the compressive streiigtind the tensile strength
are achieved.

The neutral axis®a, can be calculated usirtbe similarity (equilibrium)
equatiors between compressive and tendilgrams, as follows

S

Xbal S-)&:\I

Using the tafii pbei egoation,(3.t2) scal
S, &

S0 . &9 ( 3). 3

Xoal S-)?JaI

Mani pul ating previ ous$ hneequutarta ko na x(i3s. 3)
Xbal a+1 '

wheresis the thickness of the cross section.

The maximum bending momentMemax (i.e. Meipa), IiNCreases
corresponding to a lower balanced axial fdPgg. The math expressiasf
Pbai and Mpai, can be obtained from an equilibrium equatamthe cross
section.

In particular, assigned a normal force value, the boundary oPikk
interaction domain mustatisf the following equilibrium equation

C-T =P (3).5
wher e:

A Cis the r es wolitoaamtdh icoumpd eisrstio t he
A Tis the resultant tensile force a
A Pis the axi al force externally ap
When the balanced condi3.)horsasatetcCst
wi t hardyeipt h, canf dlel ovws tten as

S, S(bau S CQSZ 9%al) P ( 8.

Usi ng e@ytahperew i 031.s (3dXparne shsei ameiwr iitst er
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As & a. 4 s
S0k 65003;@ & 00

catl c¢a+l = 5

(3.

2 2

Mani putl hper iengpwast 3 ,0hiletc o:me s
1-a) § s

l%f% (3).8

When ptareankitserequal Ryei sz ea pR/altihtes.
Heymands Theory).
Using the math byo g ihtdi hdese IgguBeotvei adne dif & .
rewritten i npgiottr mad i zed form
_(t-a)
Poar = >
The bending mment Mpa>0 (using theNavier equationfor a section with
unitary depthcan be calculateds follows:

(9.

S = Pbal |6 Q/I bal
° s g
-S _R)al 6M bal ( ¢
‘s g

Replacing thé>»a expression into the first equatiofthe @.10), it is:
(1' a) C% +6Ch/|ba|

S, = 3
0 2 s (31
Mani pul ating ppBetipustequmax ioMmuim bendi
can be calcul ated as foll ows:
a 1-a) @ &
MbalzéO%% (32
g -
s. &
M, ==2 1w 3
bal 12( ) (33

Using the math &b8hanmpRd 8aq pPtoivam el 2.
rewr,int @aor mahigg edr:2euint s
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5,8 a6
=——— (14 ~ .

My 12( )gés%go (3y

Si mpl i fpyrienvgi otuhsge 3e qledgdt benr ewr i tten as
_(1+a)

rnJaI_ 2 (3%

Similarly, the relation between bending momatand axial forcé® which
provides the failure surfacéor P O (i.e. pQpva) and P#Poal (i.€. pibal)

can be calculated

According to the compatibility equation (3.1) the failure condition occurs
when th&lmaxor Umin achievethe limit values {io and-C: respectively).

For aP value lower thanPya the failure condition depends dansile
strength valuelk (increasingsolid green line shown in figure 3.2).
Therefore, the maximum bending moment can be calcul&ied section
with unitary depthby the following equatiofi.e. Navierequation):

_P 6dMel,l

'st‘g 2 B.)16

Mani pul ating pBetlhdusi sequati on
_8,_ 5 P &

My:=a @ =@ fopen, (3)17
C Sg—6

It provides the bending momeliie 1 at varying axial force P.
Using the math asshehaih)don 2plRgviedqeadt i
(3Y can be rewrittmgn:in: nesmbhtszed f
a . P & & 6
m.=a@ § T & (381
¢ S Q‘6 ¢So

Manipulating previous equatid3.18) its normalized formme 1(p) can be
obtained asollows:

m,,=a +p for ptp, (3.19
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Instead for a p value higher thampa the failure condition depends on
compressivestrength valuél, (decreaimg solid geeen line shown in figure
3.2).

Therefore, the maximum bending mométd > can be calculated by the
Navier equation wherenost stressed fibreasachievedthe compressive
strength

s =P 60, ,

== = 32

07 o 2 (329

Mani pul ating pBeR0dusi sequati on
a P &

Meo=a80 — @& f om>ny, (2}
C Sg—6

It provides the bending momeMk 2 at varying axial force P.
Using thenmatrdvpoei he 0)(,2.t1Hhe adfdu g t2i. &n
can be rewrittem;dsn fnolrlnlaws:zed f or m

& P @ & 6

M, =a8o & & (3)22
¢ S b g5 &

Manipulating previous equatid.22) it is:

m,,=1-p for p>p, (3.23)

It is interesting to note that the-tenson assumption is simply given by

U=.0

Therefore, this approach shows a geneigbplication falling into the

classical theory when rensile strength is assumed i . e . Heymanod
Theory)

The maximumbending momenMe(P) depends on the axial forée The

axial force values vary from the pure traction condit®rto the pure

compressive statey.

These terms, assuming an unitary depth for thescsection, are expressed

asP= @& andPo= g4, respectively.
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The envelope of each stress pdiftd(P) provides the interaction surface.
According to previous equations (9)Jand (323) the failure surface can be
provided in a normalized form (figu@?2).
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Figure 3.2: P-M interaction surface with lineaelastic behaviour.

The failure surfacshifts to the left (i.e. traction side).

The analysis of thg@-m (or P-M) interaction domain shows that the
maximum value of eccentricitge(P) of the thrust line depends on
normalized axial forc® (figure 3.2.

In particular, the eccentricitg 1(P) can be expressed as follows:

ell

el,1 P
Using the math position provideid the (3.1) and(3.2), the previous
equation(3.24)can be rewritterusing the normalized parametens : and
p, it becomes:

s,
6(p

f orPCR, (3.24)

eeI 1 =

f orptp, (3.25)

Replacing th® &xproe stshieo i rJed2idgtu si £:q u a
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sda
eeu:ggea £ f orptp, (3.26)

Similarly, the maximum eccentricitge,2(P) can be provide throughthe
following equation:

el,2

Qo= f orP>R, (3.27)

Using the math position provideid the (3.1) and(3.2), the previous
equation(3.27)can be rewritterusing the normalized parametens > and
p, as follows:

_sam,,
eel,z_W f orp>py (3.28)
Replacing the expression (3)4Bto the previous equatidB.28) it results
_sal
eel,z—gae— 1 forp>py, (3.29)
ch

It is observed that fdd = (.e. classical equation without tensile strength)
eccentricity ismdependent on axial load value.

ForU >and0 < p < peai the eccentricity of the thrust line is always greater
thans/6 (maximum value with n@ension and lineaglastic assumption).

3.2.2. Cracking behaviour

According to the proposed model the tensile stregthn be achieved but
not exceeded (while in classical assumptitensile stresses are not
accepted).
In a brittle condition, where stresses are virtually higher than tensile
strength, that area is excluded from calculations, hence it is assumed to
crack.Therefore, two different parts can be identified in the cross section:

A first part of the cross section where the tensile strength has been

exceeded causing the cracking of material. The portion which is
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under the fie at(kval ue doesnodt ibptonotoi de a
carrying capacity;
A second portion where the strés$ower than the tensile strength or
in compression (but lower than compressive strength), hence
providing a contribution to capacity.
In cracking assumption the limit condition is obtainedrbgans of the
simultaneous achievement of compressive and tensile strengths on a section
with reduced thickness<0s.
The structural issue can be solved by using an approach similar to the linear
elastic behaviour, but conducted on a reduced cross sewitiorheight
equaltos 6 <s
When the strength value and(; on the outermost fibres of the reduced
section are achieved, the failure condit®triggered. The figur8.3shows
the internal stress state according
tensile strength is included.

So . So So N So

Compressivi
Compressive
Compressiv!

Xer

~— Compressive

—~
)

s
<
=3

_

G

S

X

&

Q
=

Tensile

Tensile

1
M,

- $éTensiIe Tensile

Figure 3.3: Generic failure conditions for the cross section with cracking behaviour.

The linear elastic behaviour is alwdgsind, but in a reduced cross section.

The s &eight value can be obtained as a balanced failure condition of

reduced cross section, henceluding the cracking behaviour.

In particular, using the equilibrium equation (3.5) for the internal stresses

shown in figure 3.3, it is:

508 5@’ %)
2 2

(3)30
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Given the balanced condition achieved into the cross sectienfadthe
linear behaviour of material, the nediaais is expressed revising equation
(3.9):

_ S
X, _m (3)31

Replacing it into the equation (3)3@ is:

o} 1

S 0 . x5 A S @
S, oa@ séa g
- (3.32)
2 2
Manipulating pevious equation (3.32), it results:
SO&(l-a):P (3.33)

Therefore, maipulating the previous equilibrium equation (3.33) the
reduced thickness 6éan be calculated as follows:

S"ﬂ f 0Ota 4 dP¢P
SOQ]_ _@ or a an bal (3)34

Using the matliposition (2.1), the equation @&l can beexpressedysing
the normalized parametpyas follows:

S'=S£ f or0OCa 4 andptp, (3)35

The maximum bending moment vallve:(P) dependsn axial force. The
axial forces can vary from zero #pa value according to the cracking
model.

Indeed, it can be demonstrated thatRe© the balaced failure cannot be
achieved iftk < o &s supposedn fact, a net traction cannot behieved if
tensile strength is lower than compressive gfitenand both must be
reached).

Furthermore, withP<0 even assuming a cracking conditiomithout a
balanced failure (i.e. stress in compression is lower than compressive
strength)the associatedending momentic, is lower thanMVle,1. However,
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it is noted that this is not conforming to the given assumptions on cracking
failure condition.
The relation between bending momedvitr and axial forceP, which
provides the cracking failuresurface, can be expressed thought an
equilibrium equation
In particular, he bending momenkc can be calculated by usinge
expression (3.13) because the reduced section (i.e. thickaisy®ehaves
according to a balanced equilibrium conditidhis term must be added to
bending moment due to the eccentricity of axial forc¢effect of the
thickness reduction)
Therefore, the bending momeévit: can be expressede v itsheeg gt i o n
(3.13):
.o
_5,6 (1

o

as s
) B — 3
) = 5 (35
Using the equation (3.34) the bending momklgt can be rewritten as
follows:

A 20p a a2 B
X 30 = §(10 )a
M, = 1 &) R (3)37
12 ® 2
&
&
¢
Mani pul ating the prhevcioones:equation (

. . , N
M:soc@la?é P o pes (3)38

i} 3 g%onl - OP% océl -
(1+a) & PG P

M., = - . .
736, (0 4 2 s e
. . ) o
Mcr:(+a) 92 ?.’.-P (2()1 @f@ (3)40
B, (0 F 2
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PG P da(a+l)
2 s5,Qa 1)&%( al
(3)41
Then, using the math position provided in the (2.1) and (2.2), the equation
(3.41) can be rewritteim normalizedorm myy, as follows

# for0¢tad and PCR,

ap Gy P& a+1 0&a 6

By S.qa 0 a:l} " 8EOS (3)42

Manlpulatlng previous equation (3.

s 6 A(a+l)
=Y - T ;
56y o e)B( a - (3743
. 6(0*d a %
=3 e 1
m, ©a-1%79 2 forota 4 andptp, (3)44

The envelope of eacMc(P) provides he interaction surfacevith a
cracking behaviourFigure 3.4 shows the failure domain according to a
normalized fornmme(p).

1.0
m [-] Normalized Failure Surface (Tensile Strength)

0.4
03 0 _.“ Linear-elastic behaviour {otzD)
§ Cracking behaviour (otz0)

0.2 > Stress Block{otzD)

4 Linear-elastic behaviour (ot=0)
0.1 f" Cracking behaviour [ot=0}
I / " Plastic behavigur (ot=0) p [_]
0.0

-0.2 -01 00 01 0.2 03 04 0.5 06 07 08 09 1.0

Figure 3.4: P-M interaction surface with cracking behaviour.
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Even if stress distribution is linear, due to cracking, the curve is a quadratic
function of axialforce P and bendingMcr value is dependent on both the
axial force andJparameter.

The maximum eccentricity value:(P) of the thrustihe depends on the
axial forceP.

In particular, the eccentricitg(P) can be expressed as follows:

M
e = P” f or0¢a 4 andPC¢R, (3)45

Using the math position provided the(3.2), the previous equatidB.45)
can be rewritten a@sinction on normalized parametens, andp:

e:sOrgr
Cr 6q)
Repl atchhengex pr s siimtno (t3hed4p(rev4ddaEs eq
equation of etbheec oentecsent ri ci ty

for0Ota 4 andptp, (3)46

&= ¥ foroca 4 andptp, (3)47
2 a-18(a-] |

It is observed that fot) =,&the previous equations fall into the classical
equation where ntension is assumed, and eccentricity/Zexactly in pure
bending (i.ep=0) and approximately at low axial load values.

The figure 3.4 shows the main effects of tensile strength gegmmin
cracking conditions.

Between the linear elastic and cracking failure surfaces, dependingdn the
value, an intersection point can éxis

In particular, if cracking state occurs or not, it dependsUcmd, by
comparing equations (3.%4nd (319), the limit values forU can be
assessed.

For U O01/3 the cracking failure surf
surface, w hthelsarfacé is partidlly abdvé tBe elastic failure
surface (totally above in the caselbk)0
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3.2.3. Plastic behaviour (stresblock model)

A perfect plastic behaviour can be used for the compressive stress under the
no-tensle assumption. But aen the tensd strength is assumed, a perfect
plastic behaviour cannot be adegtor the tensile stress too.

Therefore, a streddock based mod¢Whitney 1937)was adopted in order

to assess the pestastic behaviour of the masonry. The stiglesk model

was adopted both for the cpnessive and tensile behavioting height of

the plastic zones in tension is multiplied by 0.5)

The failure surface is very clego the yielding surface obtained under the
no-tensileassumption. In fact, the tensile strength has an extremely low
value for the masonry material. On average, the temssitength(: is
approximately equal t/10of the compressivstrengthlo.

Interaction between bending moment and normal force depends oraintern
stresses as shown in figure 3.5

-9 s=0 - So
Figure 35: Generic failure conditions for the cross section by using stossk model.

I n particular, tREieheraetbonredamgi ofi
through different equations.
I n nor mal ihzmrdngdsfom dtoiUV (26 . points adod a

r es p e ¢theb\e & la ydpes notr differ from the linear elastic one (i.e.

there is no compression, the behaviour is governed by the tensile strength

In this range thé>-M i nt er a c t iisoprovidddoby éhe previous

equation (3.19).

Whenp O sone ftbres are compressedd accor di Abg otcok t he
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mo dthe height otheplastic zones is the neutral axis, multiplied byy
(usually assumed equal to 0.8), hence ityid>and t he di st an

application point of resaptgastalfloy c
assumequa l to 0. 4).

The neutral axis with plastic behaviour is provided ay equilibrium

equation. FoprangingfromiU/t@t he equi |l i bri um equat
cross section with wuasfollbvesr y dept h can
5,0y X, M P (3)48

Manipulating previous equilibrium equation (3.48), the neutralxxisan
be calculatedt results

aOg (é )$71) P

5,0y ), 5 (3)49
. . albg Halg X
So Oy X ; +2X9'1 P (3)50
205 < ¢
pléoOJ/*Z—Q 29 % (3)51
_2® & $0s

f oOta 4 and? Ry ¢R (3)52
Ong ﬁ E’ y

Using the math position prxgtcadedtein

expressed through pPhe normalized par
y _a2@ a ¢ ,

pl éaemﬁ for0¢a<land-5¢py¢ (3)53

The previous equatio3.53) provides the neutral axis up to the limit
condition when the cross section is

in figure 3.5). This condition is reached when the neutral axis &
The axial force values range from a traction-@f. Poté a compression
value ofy AP
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The bending momentM;,(P) can expressed through the following
equilibrium equation:

. . G as as - 0
C%/@Q%T%M?‘?Mm (3)54

Replacing the resultant compressiand resultant tractiofi acting on the
cross section, the equation (3.54) can be rewritten as follows:

. . &S. 5a0s X0, sdas 0
o0y ), 0 /%, M ae—&’—l OOMp,l (3)55
& FyT R EY
¢ - ¢ ¢

1—1250(52(5a s xQ a6 Y DxX( 08 ) AV, (3)56

Given the neutral axi% 1 provided in the (3.52), previous equation (3.56)
becomes:

) S, AP & gOs it 5
—250§ €] 5432—3—9 % 2 )5'3@0&6 )yg

1 80P 4 Ps G N
%70@/ . pé%z% y@/

Manipulating the previousxpression (3.57)t results

Mm:lsog o (2P & 09(™6 )yo
12

: s;@az2 P o
1 EE(ZCP a 09 0 add y}/OO 0
5 ' sidaz P 0

i . S[(2P & (@6 o2 P 0¥ Ga 0))
Mpf12? N (a+29) ez s,gaz p

(3)57

IOBO:

(3)58

foro0tad and-%E’{) R y ¢R (3)59
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The bending momeM, 1 provided by the equation (3.59) can be rewritten,
in normalized formmy;, using the math position (2.1) and (2.2). In
particular, be relation between bending momem:and axial forcep in
normalized form is:

eaa alerd Opp Ya (28 ) a(2py )

" 2 6(a+t2y) (ar ) 1fa+2y) 1 a2l

f or0ta 4 and-%ctpyt (8D

The previous equatiof8.60)can be applied fgp values up tp = q
The maximum eccentricitgy,1(P) can be calculated as follows:

= pt
€= (81}

Replacingthe equation providkin the (3.59), the previous expression
(3.61) become:

Lo LA, s2P & 03(G6 oa 42P q0§4 Ga 0))
1™ 12@9 (@a 2 /P B6ps0  s,gaz P

for 0¢a 4 and -%Q R y (R (362

Using the math position expressed in the (3.1), the eccengig{y) of the
thrust line can be rewritten in normalized form, it is:

5 sgea_ a(2p+4"  10(gp ¥a +(249 )+a(+2py ) 4
- h&2 6(a+2)) (av)y 1Ja+2)) 4 a2l

f o10ta 4 and-%ctpy& (83

For p O the failure surface falls into the classical region witktersle
assumption.

In fact, starting from a section totally compressed, the eventual tensile
strength does natmpact on the failure surface.
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The maximum bending momeM, > is independent from the neutral axis
(external to the cross section). The axial force values rarme &
compression of]iPo up to a pure compression valueRaf

The relationship between bending momkhi> and axial force® can be
calculated from an equilibrium equation, as follows:

C=P (3.64)
Replacing the resultant compress@nt becomes:
5,0y, P (365)

Manipulating previous equilibrium equation (3.65) the neutral gd€an
be calculated through the following equation

P .
Xp'zzso('jy fory@® R (3)66

Using the math position px2ocvaindebde i n
expressed through pheasnofrontallowse:d par a

o
Xp,z:yLp foy<p d (3)67

The axial force values range from a compressiog @R a maximum
compression strength value Ry

The bending momentMpP) can be expressed through following
equilibrium equation:

M”:Cé@ I- %0 (3)68

Replacing the resultant compressiaccording to the internal stresses, the
equation (3.68) can be rewritten, it is:

. . 8S
M,,=S, ¥ x0Q aeé O /X, (369

O

, =5, Qae& % O/ — (3.70)
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Given the neutral axi%» provided in (3.66), the previous equation (3.70)
becomes:

, =S, Qaegpf(%O/—ae—O (3)71
&Y
Manipulating the previous equatiahresults

foyceP ¢y K (3)72

The bending momem¥, > provided by equation (3.72) can be rewritten, in
normalized form, using the math position (2.1) and (2.Bg felationship
between bending momemt, > and axial force in normalized form is:

air |/
mp‘2:6pa=2—-p; foycCp d (33
¢

The previous equation can be applieddqrvaluehigher tharp = @p to
p=1.

The maximum value of eccentricity »(P) of the thrust line depends on
normalized axial forc®. It can be calculated as follows:

epyz = P

Replaéng the equation providkin (3.72), the previous expressio(B.74)
can be rewritten as follows
. _ds PO
= = 37
p.2 ? So Oy (3.79

Using the math position expressed in (3.1), the eccentegiyP) of the
thrust line can be rewritten in nornmdd form, it results

(3%

el L
0,2 Sgeé Y or ytp a (3.76)

The envelope of eadM,(P) valueis provided by a quadratic function. In
figure 3.6theP-M interaction domaims shown in a normalized formm(p).
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The maximum of the bending momew(P) is obtained at the balanced

axial loadppal.

The failure surface is always -outside
el astic and cracking behaviour.

1.0
m [-] Normalized Failure Surface (Tensile Strength)
0.9

0.8

0.7

Linear-elastic behaviour (otz0)
Cracking behaviour (ot=0)
[eXoXo) ————— Stress Block (otz0)

! Linear-elastic behaviour (ot=0)

I ," Cracking behaviour {ot=0)
0 QC Plastic behaviour (ot=0) P [—]
po—
-0.2 -01 00 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1.0

Figure 3.6: P-M interaction surface with plastic behaviour (strdgdeck model).

The equations3(15, (3.23, (3.44), (3.60 and @.73 provide the stress
compatibility equations that, starting from the gravity load up to collapse
condition, must be satisfied.

If the tensile strength is included, even for low axial force values, the
eccentricity of the thrust line is nobnstant with axial load force.

The plastic behavioumrepresentshe most adequate assumptinrorder to
performa limit analysis

The proposed model showed that, including tensile strength, the maximum
eccentricity of the thrust line can be greater compared to the classical
approach(no-tension assumption).

Indeed, the thrust line can be external to the geometrical boundaries of the
curved element. These maximum eccentricities are provided in closed form
by the equations3(26), (3.29, (3.47), (3.63 and @3.76).
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3.3. Graphical interpretation: fictitious thickness

For a generic load pattern (vertical and/or horizontal load), the masonry arch
Is in safe condition if the hinge mechanism has not beevated (most
likely mechanism).

The collapse condition is activated when the thrust lieacles the
maximum eccentricity in a sufficient number of points. However, the
maxi mum eccentricity depends on the
valueP.

The pevious equations3(15), (3.23, (3.44), (3.60 and B.73 provide the
maximum eccentritieseel 1, €12, €, €p,1 aNd ey 2 Of the thrust line according

to the linear, cracking andgstic behaviour, respectively.

The fictitious thickness, which depends on the axial force value achieved
during the load history, can be assessed using dugsdions.

Fixed a generic load step, the axial force value is krn{éiguare 3.7)and the
maximum eccentricity value can be calculated for any section (fg)8ye

The fictitious geometry of the masonry arch evolves with the axial loads.

1800
Rise [mm] Evolution fictitious thickness

1500

1200

200

Thrust line(n1)
AAAAAAAAA Thrust line(n2)
--------- Thrust line (n3)

Fictitious thickness(n1)
Fictitious thickness(n2) .
Fictitious thickness(n3) Span [mm]\\ {4

-600 -300 O 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300
-300

Figure 3.7: The evolution of the fictitious geometry varying the normal stress values.
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Figure 3.8: The evolution of thenaximum eccentricity e(Rjrying the normal stress
valuesP.

3.3.1. Simplified approach aimed at the graphical method application

For each load step, the thrust line must be contained in boundaries that are
altered during the entire load hisgamtil thecollapse condition.

This aspectdeterminessome limits to the applicability as a graphical
method. However, the fictitious geometry could be assumed as fixed,
assuming a negligibkeariation of the axial forces.

With this additional simplificationanapmoc h  si mi | ar t o Hey ma
can be performed (collapse multiplier and failure mode). However, it is
noted that increasing the axial load, the fictitious thickness reduces. For this
reason, the expected inotens of axial load should be carefully notad
estimated.

On safe side, the maximum expected axial load value in each section could
be considered to evaluate the linked eccentricity. The maximum expected
axial load value could be related to the axial load values under gravity
conditions.

Therefore,the graphical method can be applied on a curved masonry
element where the actual thickness increased to a fictitious value equal
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to twice the eccentricitiege 1, €2, €r, €,1 aNdep 2, point wise evaluated
according to previous equations.

3.4. Solving algorithm for an arch element

In order to apply the proposed analytical model, a solver algorithm is
providedby using a synthetic form.

A masonry arch loaded by a generic load pattern can be analysed by means
of a discrete approach. The verti@ald horizontal load patterns can be
independent and the goal is to assess the maximum load leading to a
collapse mechanism. This load value can be easily linked to a lateral
acceleration.

Usually, the vertical load is assumed constant throughout the w#de
history. The collapse condition can be achiebgdusing an increasing
horizont al | oad pattern. The hori zc
proportional to the masses or to the first natural mode (ascabgeshover
analyses require).

For some curwd elements, the horizontal shaking motion vyields to
additional not negligible vertical acceleratidbe Santis et al. 2014]

In figure 3.9a masonry vault loaded by a generic vertical and horizontal
load pattern is shown.

Starting from the gravitation&bad, a thrust line variation is evaluated due

to horizontal loads. The thrust line can be tangent to the boundary of
fictitious geometry of the masonry arch during the loading history. The
maximum number of tangent points depends on the restraint cosdifioe
collapse condition is achieved by means of the hinge mechanism (i.e.
sufficient number of tangent points or hinge formations).
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Figure 3.9: Discrete model of a masonry arch under a generic load pattern.

The solvingequations are basem a discrete approach.
The curved element can be modelled by means of a finite number of

elements (finite number of beafis and noded),,,).
In a generic control sectiay) according to the assumed material behaviour,

the plastic hinge can be activated if the maxin bending moment is
exceeded.

The restraint devices can be replaced by their reactions. Assuming a fixed
arch, defining wittA andB the two sections at the impogtsr eaclof them

three reactions occursia, Hs and Va, Vs are the horizontal thrusts and
vertical reactions at the impost sections respectively, whéigasd Mg

are the bending moments acting in KeY plane. On eacldiscretized
element there is a discretized external I¥adndH; wherei=1, 2 g4i8 , n
the generic element of the arch.

In a Cartesian systery andz are defined in the barycentre of the generic
archoés el ement .HgVhamdMzca@tact henamBahagsi m
can be written based on tHg, Va andMa counterparts as follows:
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Hy= H, &H, (3Y

N T
Mg= M, W | @Vi (I Xi()) aH ('Vu)
0 0

Whereli s t he axacdgdbdenpiahy the generic e
in the local coordinate system.

Similarly the internal forces within the generic elemerdf the arch,

according to figur&.8, can be expressed as follows:

J
Vi= VN, av
0
j
H=#H, &H, (33
0

. .j- . j.-
Mj: 'MA \7{7\ XjOHA+yj @\/ (')f ?()OaH(Y' i)
0 0

Where thedemtdiefxi es al | the el ements
seciAt onthe cosmmtrol section
The internal axial and shear stres$&sndT;, can be calculated as:

P=H, @)saj V- sir('?qz
T = {Hj siff)aj \/j+cos$)) (3%

whelles the angle of the agwist moremsgded
to the hox(ilzoaxcmtlalt asnxgiesmt at the curve
The bending moment can be calculated by usinghing equation of the

system (3.78

On each elemend horizontal foce is applied, expressedlds o Awhere

the natural numbesis the multiplier of the horizontal load, for a generic

load step. Thefactor can bassumed also as a function (e.g. modal shape)
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of a further parameteincreasng up to the collapse cortbhn (hinge

mechani sm), hence related to the col |
The internal forceM;, P ratio provides the eccentricity of the thrust line at

any load step. Denoting witiMo(P;) the maximum bending moment

according to the behaviour assumed for riesonry material (i.e. linear

elastic, cracking or plastic), at each section the additional compatibility
condition, written as follows, must be satisfied.

M; o Ms(P)
P P

J !

that €¢g,(P) (8P

Whegdos the maxi mum eccacarstsreidci tlyn pmrl d v ic
sectiphakitinges can be activated.

In order to apply an incremental analysis aimed at the collapse activation,
in the generic load step where the hinge is activaltedstructure must be
updated. Ifj @ the cross section where the hinge is activated, it is
M; @ N(P).

Indeed, the compatibility equations for any step after the first hinge
activation must be satisfied. The structure is updated during the loading
history up to the ultimate collapse mechanism.

The incremental analysis provides both the collapse's acceleration and the
evolution of the hinge mechanism.

If the assessment of the collapse acceleration is the goal, the solution is even
easier by using the LimAnalysis Theorems.

According to the framework of the lower bound theorem, each possible
thrust line lying within the fictitious arch boundaries, corresponds to an
equilibrium configuration of the curved element where the tensile strength
is assumed. Theolver algorithm can be implemented schematically
discussed below:

A The structure must be transformed into its equivalent isostatic
structure by the elimation of restraint devices;
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They must be replaced by the related unknown reac¥ength

k =1, 2and&is tke number of staially indeterminate reactions;
The internal force diagrams are evaluated (bending moment and
axial force) on the equivalent isostatic structure due to the external
gravity loadsvi (My; andPy;), the horizontal loadsli= & &Mk; and

Prj) and the statically indeterminate reactiols(andPxy);

The global internal forces include the different effects as shown:

P=R #® ¥ RO
— A 3
Mi_Mvj "MHi k¢ MO (31

«
Finally the cor@Bat8iOhe Imiutspgo sdeqdu;at i o
I n order to deter @i me ntuhmeerdtcatli or
can be conducted that transfor ms

programming problem optimizing th
(3.81).
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Chapter 4

ANALYTICAL MODEL VALIDATION

The computing capacity of tools now available allows the development of
complex numerical models that can be used to evaluate many structural
aspects. The heterogeneity of the masonry often makes these numerical
models very complex and unreliable when sgapto structures different
from those originally used to develop them. For these structures and their
components (individual walls, vaults, etc.) the experimental support is
necessary both to assess the mechanical behaviour and to validate models
by mean®f numerical and experimental comparisons.

In this background, the experimental tests can provide an efficient
contribution to the calibration and interpretation of simplified numerical
and analytical models

A simplified analytical model, which includéise tensile strength, was
proposed(Chapter3). Validation of the analytical model is provided by
comparing predictions of the load capacity and the failure mode with those
obtained from previous shaking table test seriesadull scale masonry
vaults.

The experimental results have been obtained flgmamictests conducted

in the laboratory of Department of Structures for Engineering and
Architecture of the University of Naples, Federico II.

Then, the calibrated numerical model was used to design thendlytess

on arothermore complex real scalmasonry specimen.
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4.1. Analytical model validation by means of experimental dynamic
investigation

The proposed method has been validated by meapasbéxperimental
shaking table tests discusseddetailin Giamundo et al(2015. Several
experimental tests omnefull scale masonry vault were performed at the
Department of Structures for Engineering and Architecture, University of
Naples Federico Il

The goal was to assess the seismic capacity of masonry vaults and the
strengtheningeffects after damage. Indeed, the tests have been carried out
in two parts: in a first part the tests have been performed on the unreinforced
specimens; in a second step thynamic tests have been performed again
on the specimestrengthenindoy means of a&'RM (Textile Reinforced
Mortar) system and repaired by means of mortar joint repointing and grout
injections.

In next section, the proposed model was validated by cosqgpawith the
experimental results shown for the unreinforced specimen only.

4.2. Specimen characteristics

Several experimental tests on shaking table have been conduibted.
masonry specimerwas made of solid facing clay bricksvith size

( 25 A5 . SaAdpdzolangbmsed mortar joints (10 mm thick).

The vaults have been built on a rigid steel beams systlioh is part of

the test setuffigure 4.1).

This system provides a rigid constraint between the shaking table and
v aul t 0 sFuithermares thessteel frame guarantees an adequate level
of safety during the experimental tests.
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Figure 4.1: Specimen tested in order to validate the proposed analytical model.

The geometry of the specimen and #&uctural characteristics are
representative of the vaulted roofs commonly adopted in the historical
religious buildingsyet respecting some lab constraints.

In-plane geomeyr of the curved element is characterized by a segmental
arch profile vhich is kss than a semicircle.

The span, rise and depth values of the vault are 298 cm, 114 cm and 220
cm, respectively. Further details about the geometry of the first specimen
are provided in figurd.2, where the two principal views have been shown.
The backill, usually acting on traditional vaults, provides a beneficial effect
on the structur@Melbourne et al. 1995, Callaway et al. 2012 & Gago et al.
2011]). However, this effect is not present in vaulted roofafighurches.
Therefore, in thisexperimentalwork, in order to siralate such vault
typology, the specimen hasen tested without any backfill.

The specimerwas constrained on the shaking table and such boundary
conditions simulate the action of the ties frequently adopted in the retrofit
of historicd vaulted structures.

In a multiscale approach, perfect fixing of the imposts represents the first
step to focus on the vault itself, while different boundary conditions would
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have added further variables to the system resulting in a more complex
problem nterpretation.

a)

38

b)

114

152

Figure 4.2: Specimen geometry and structural model adopteftoa) view,b) lateral
view, respectively.

Rationale and limits of previous shaking tablegese discussed elsewhere
while the focus of preserihesisis the simplified modelling, hence the
validation by comparison with available expeemtal tests and
configurations.

More complex testhave been done arade foreseen for the future and the
proposed model will be abl® assist in the design of the future tests
accounting for more slender walls or different structural geometries.

The unreinforced specimen dibeen tested by using several signals (i.e.
replicas of natural and artificial accelerograms, with a frequenoienbd
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compatible with the tested specimen) repeated increasing the peak
accelerations, as commonly done in shaking test anogjr

The effect of replicas is expected to yield to strength decay and, to account
for tensile strength uncertainty, parametriclgs@s can be performed on a
range of possible strength values.

At the end of each test, visual surveys on the specimen have been conducted.

4.3. Experimental results

The unreinforced specimen has been tested by means of seven artificial
signals withincreasing intensity.

Until to the fifth test no substantial damages have been detected. After the
last signal, in several locations, crack openings at the interfaces between
morta and brick have been detected.

The crack openings denote the hingetivation and have been observed
both at the intrados and the extrados of the masonry vault. Cracking at the
intrados occurred along almost the entire depth of the jombaut 1/6 of

the span length.

At the extrados the cracking has involved a largenimer of joints. The
formation of all the described cracks occurred at the interfaces only by
means of a mechanism iifrack opening and closing

The cracks occurred at almost symmetrical locations at the inversion of the
shaking direction. In order togtlight such mechanism, in figude3a still

image taken from a video record of the tests shows the crack tips highlighted
by a red circle (lateral ks acting from left to right).

The experimental results confirm the hinge mechanism to be the limiting
failure mode in masonry vaults compared to sliding or crushing failure.

The crack opening remarks the triggering of a hinge mechanism in the vault.
The vault's collapse wasevented by stopping the test.
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Figure 4.3: Lastsignal for the first unreinforced specimen (hinge mechanism activated
without collapse).

However, the specimen went very close to the hinge mechanism (i.e. four
hinges activated). The fourth hinge activated at an acceleration close to
0.48g.

The tests have been carried out in two phases on an unreinforced and
strengthenedpecimen. The analysis focusesumreinforced vault.

4.3.1. Tensile strength estimation

An additional static vertical load test has been performed in order to
estimate the tensl strength ofmasonry vaults(best fitting of tensile
strength to simulate the test, s&&amundo et al.2015. Furthermore
through this test the residual vertical load capacity of the Veadtbeen
estimated also.

The static vertical load test has bgmmformed after the last shaking table
test.

During the test the vault has been monitored by means of a linear variable
displacement transducer (LVDT). The LVDT device has been placed at the
keystone location.
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The masonry specimen was uniformly loaded bgrical distributed load
applied at the keystone zone. In particular, the load was applied on a length
of 40 cm along the whole depth of the vault. It was gatically applied

to the vault at increasing step.

The loaddisplacement curve experimentdtimated has been compared
with the curve obtained numerically by a Aorear numerical FEM model.

This comparison has been performed in order to estimate the tensile strength
of the masonry material.

Through this test a tensile strengklx 0.16 MPahas been estimated. This
value was considered for the validation of the proposed analytical model.

4.4. Analytical modelling and experimental comparison

The specimen experimentally tested has been analysed by using the
proposed simplified model.

The gravitycondition has been modelled by a fixed vertical load during the
entire load history. Therefore, the collapse condition occurs by means of a
monotonically inceasing horizontal acceleratiorthe internal force
variations are due to horizontal load increamdy, by means of a
monotonically increasing horizontal acceleration. The horizontal load
pattern is proportional to the masses of the structurde whitical load is
gravity. The increase of the seismic load was modelled by using a load
pattern proportnal to the masses.

The masonry material (mortar and brick) was modellgduking a
homogeneous material.

The vault was modelled using a discrete approach. In particular, the curved
element habeen discretized in elements

The plastic failure surface haveen chosen for the masonmyaterial
According to this assumption the interactiBfM surface is provided by
equationg3.19) (3.60 and B.73.
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Furthermore, the maximum eccentricity values for the thrust line are
provided by equation.26), (3.63 and 3.76).

In this phase he structural analyse® nottake into accourfull variability

of the mechanical propertidsecause the goal is validate the proposed
analytical model.

Starting from mechanical parameters estimated by experimental tests, a
ressonable range of mechanical characteristics has been prawvided
paragraph 4.5n order to evaluate the collapse accelerations for the
unreinforced specimens.

The expectedacceleration according to the estimated tensile strength is
shown in table4.1. The collapse acceleration has been calculated for the
unreinforced specimen.

As it will be clarified in the next section,he tensile strengthas an
important effect on the seismic capacity andviale must be accurately
estimated

The collapse multipgr / has been calculated by means of the lower bound
theorem. The analytical model takes into account for the axial load
variations. This last aspect produces a continuous update of the fictitious
geometry within which the thrust line must be contained.

With the knowledge of , the PGA values can be assessethatollapse
condition for the specimen. In table St results are shown in terms of
PGA values facollapse condition for thenasonry specimen

Table 4.1:PGA values amechanism activation.

PGA Specimen Collapse acceleration [g]
Experimental threshold 0.48
Numeri cal | y=0€6)t 0.54

The vault wasdiscretisedinto 60 elements and a specific weight b8
kN/m® was assumed for the masonience, in thestructural model there
are 61control sections in whicplastic hingegan be activated.
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The maximum horizontal load multiplier was evaluated having the thrust
line inside the fictitious boundaries of the arch. A sensitivity analysis was
conducted on theumber of elements for the discretization and its impact
IS less significant than the t&fe strength.

The present choice represents a compromise between accuracy and efforts,
where the most relevant parameter in such slender walls withckfilbia
thetensile strength.

In figure 4.4 the thrust lineconfiguration is shown for thispecimen at the
theoretical collapse condition (i.e=0.54g) The internal force$/; andP;

are shown as hollow signs inside the interacReM surface, in solid line

in figure 4.5.

Furthermore, an incremental analysis has been performed in order to
evaluate the progression of the plastic hinges up to theoretical collapse (see
figure 4.4 and figure 4.5).

M; and P; points clearly reach theladic surface in four locations
representing the hinges formati@igure 4.4).

It is interesting to note thathé hingelocationcorresponds to the section
where the internal forcel|; and P; intersect the interaction surface or,
similarly, corresponds tdé tangent point of the thrust line to thdifious
boundaries of the arch (figure 4.5).

It is worth noting that experimental test was stopped at 0.48g to prevent
collapse, however the formation of the fourth hinge almost occurred
experimentallyfigure 4.3).

These numerical results have been shown foestienated tensile strength
and they are in satisfactory agreement with hinge location (a comparison of
experimental resigis in figure4.3and theoretical outcome is in figutel)

and correspondingkperimental load.
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activated).
- Plastic failure surface 30 MIkNm] Plastic failure surface
M [KNm] 25

— Failure surface

——Failure surface

: 10 ®
= P-M points O P-M peints
05 %
oo @
00 © 0 P [kN]
o @
50 850 2 4 2 os 10 12 14 16 18
0.5 ® o @
® o
1.0 © o @
o
15 @ "o o
(] 00 o
o
20 a o, o
25 Hinge 2 Hinge 3

15 3.0

Figure 4.2: P-M points in theplastic failure surface.

The collapse multiplieewas evaluated by using the lower bound theorem.
The numerical result provides&alue equal to 0.54 g. The theoretical PGA
value at collapse is very close to experimental PGA value achieved during
the last signal. It is recalled that the specimen showed no clear collapse due
to a timely ending of the dynamic sequence. For this retmocollapse
multiplier numerically estimateds€0.54) is higher at the experimental
value =0.48).
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For the ultimate step, the stres¥s.Ti andM;, can be calculated for each
control sectiorproviding the internal stresses at collapse

The agreemenh terms of both activation multiplier and failure mode (i.e.
hinge mechanism pattern, comparing experimental locations in #g8re
and theoretical outcomes in figurésgl) is very satisfactory.

4.5. Sensitivity analysis

The tensile strength must lirecluded to assess the seismic capaoity
slender barrel vaultsA simplified analytical model, in the framework of
limit analysis,wasproposed whiclincludes the tensile strength.

Tensile strength in these analyses is affected not only by the stréngth o
basic materials, but also by the bond at the-tgrjobint interfaces, which
could be rathedifficult to assess reliably.

Sensitivity of the predictions to variations of tensile strength is discussed.
Validation of the analytical modehas been discusseby comparing
predictions of load capacity and failure mode with those obtained
previously from shaking table tests on a full scale masonry barrel(saalt
Section4.4).

These analyses show the effects of the tensile strength combined with
different g@metrical and mechanical parameters on #insic response of

the vaults.

Starting from the geometry of the masonry vault experimentally tested
(figure 4.2) a sensitivity analysis has been perforrbgdisingthe validated
model

4.5.1. Parameters of the sensifity analysis

Starting from the geometry shown in figur@,4several analyses have been
performed varying both the geometrical and mechanical parameters.
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With regard to the geometry, each parameter has been normalized to the
spanl of the tested specimehl=8.1 m).

In this way, both the rise of the vafiind the thickness of the cross section
sare functions of the span value.

In particular, the ratios between rise and span of theféreimge fron0.15

to 0.5

Conversely, theatios between thickness of the cross section and span of
the vaults/l range fron0.025 to 0.25

The previous geometrical values, increased by discrete steps, allow
assessing structural cases which are usually found in the engineering
practice.

The mechamal properties were considered variable in terms both of
specifc weight and tensile strength.

In order to assess the structural capacity of mgsommmonly found in
practice, three values of the specific weight have been chosen according to
the typologi@al existing masonry buildings described into the Italian
Building Code (IBC 2009).

In particular, values equad tL1 kN/n¥, 16 kN/nt and 20 kN/m have been

used for a masonry maaé hollow clay brick, tuff stone and solid clay
brick, respectively.

Finally, the influence of the tensile strength on the struthehaviour has

been assessed.

The parametric analyses have been performed by using initially the no
tensile strength assumption (Heymanod
0.3 MPa Starting from a ero value of the tensile strength, five discrete
values 0f0, 0.08, 0.16, 0.24 and 0.3M4 have been used.

The compressive strength has been fixed.a81Pahaving practically no
effect on the strctural behaviour of the vault.

In fact, the normal stresslues are extremely low at collapse condition.
This means that tHe-M points lie on the left side of the failure domain (i.e.
low P).
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The ultimate conditions, on the left side of the failure surface, are mainly
governed by the tensile strengitherefore, as long as the normal stresses
are low, the compressive strength has no impact on the structural capacity
of masonry vault.

In order to perform a sensitivity analysis, thevioas parameters were
combined.

The plastic failure surface has beerha@sen for the masonrgnaterial
(equationg3.19) (3.60 and B.73)

4.5.2. Results of the sensitivity analysis

In the following paragraph some results of the sensitivity analysis are shown
by using several graphs.

The figure4.6 shows the development of tldactor varying thes/l ratio

for different discrete values of tifie. These curves were calculated by using
the proposed model under a-tamsile strength assumption. In order to
assess the effect of the specific weight on ultimate condition, when zero
tensile strength is assumed, the numerical results are showimeféwo
extreme valuesom=11 kN/n? (shades of green) amd=22 kN/n? (shades

of red).

The previous figure shows a negligible influence of the specific weight on
the collapse multiplier undero-tensile strength assumption. This effect is
very evident for slender masonry barrel vaults (with low s/l ratio) and for
round arches with/| tending to0.5value.

It is interesting to note that for several cases tetemsile strength
assumption corresponds a zero value ofatiparameter. This meanbkat

they are in a critical static condition already under gravity load.

This is a crucial aspect for the slenderlteawhere a minimum of tensile
strength should be considered. Increasing the tensile strength, the influence
of the specific weight on the structural capacity is more evident.
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Figure 4.3: Results of the sensitivity analysis devel opment=®f1e val ue
kKkN/mP( shades o fn=28 kNére(shadesafreatl). o

The figure4.7 shows the development of thevalues varying the/l ratio

for different discrete values @f. These curves are provided accounting for

a tensile strength @f.16 MPa.

In the following, the numerical ressalare shown for the two extreme values
of the specific weightom=11 kN/n? (shades of green) arg=22 kN/m?
(shades of red).

When a tensilestrength is assumed, the slope and values of the curves
obviously increase.

Furthermore, several curves suffer an expansion for different values of
specific weight. For love/l ratios (i.e. slender vaults) the estimation of the
tensile strength represert<ritical issue.

Increasing thes/I r ati o (1 . e. thick wvaults),
acceleration is shown.
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It is important to remember that, for thick vaults, the collapse condition can
be achieved due to shear. For this reason, the proposeel madt be
applied in a consistent manner. In particular, when the curved elements are
thick, the simplified model based on hinge mechanism, could provide
unsafe results.

57\[-] Sensitivity analysis { ot=0.16 MPa, y,,=11 and 22 kN/m?3}
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Figure 4 4: Results of the sensitivity analysise vel opment g0.16Paval ue wi't
am=11kN/mP( shades o f28kNéme(shadesafrat). o

However, the model proposed is based on a hinge mechanism. In this case
the specific weight shows an important effect on the structural capacity,
whichis not negligible.

Moreover, it is interesting to analyse figut8 providing the development

of the same collapse multipliees while changing thd/l ratio and for
discrete values o/l ratios.
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Al-] Sensitivity analysis { ot=0 MPa, y,,=11 and 22 kN/m3}
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The numerical results ashown for the extreme values of specific weight
(11 and 22 kN/rfy respedvely) and under ndensike strength assumption.
The previous figurd.8shows again that the specific weight does not affect
the structural capacity when4tenson is assumed.

Similarly, the previougraph is repeated in figure 4.9 for a tensile strength
value of 0.16 MPa. Asiticated above, a moderate value of tensile strength
makes the numerical results highly sensitive.

The present sectiodliscussed the main aspects related to the analysis of
slender masonry vaults (high ratios between span andn#ssk and
without anybackfill.

The structural assessment according to the Heyman's Theory cannot be
performed. In fact, when A@nsile strength is assumed, the collagsdd

be achieved already under gravibads.
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Figure 46: Resultsofthe ensi t i vity anal ysi s =0.16BRacl op ment
a=11kN/mf( shades o fw28kNée(shadesafratl). o

This isonly a resultof the theoretical modellingpecauseaeal structures
show no evidence of any structural problem. Theoretically, for these
structures a tensile strength value should be assumed.

The results of the sensitivity analysis provide the impact of several
parameters both geometrical and mechanicaherstructural capacity.

In particular, under ntéenson assumption, the influence of the typologies

of masonry can be neglected.

Indeed, the model is sensitive to tensile strength of masonry and its impact
on the seismic capacity was estimatedaftarge number of cases.

The results showed that a reliable estimation of the tensile strength is
essential.

The number of elements used for the discretization has a reduced impact on
the capacity assessment.

122



Chapter- 4

Therefore, the proposed method is valuabkstonate the ultimate capacity

of the masonry vaults, by using a simplified approach.

The analytical method can also take into account different assumptions both
geometrical (shape of the curved element and restraints) and mechanical
(non-linear behaviouof the material like as cracking or plastic).

Finally, the proposed method represents a useful modelling tool in order to
design dynamic tests on masonry vaults and to assess their vulnerability.
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Chapter 5

DESIGN AND PLANNING OF A FULL -SCALE SHAKING
TABLE TEST

Many of the masonry buildings are characterized by a complex architecture
like as the religious buildings. Their structural behaviour is crucial,
especially in high seismic risk aredsistorical and monumental buildings
often showedow seismic performance especially if they incorporate
thrusting elements like as arches and vaults. In this field, numerical
analyses and experimental tests provide important information about the
structurd behaviour of thrusting elements.

The structural behaviour can be complex to simulate and to predict
exclusivelyby means of numerical analydmst experimental testswust be
suppotedby numerical modelling

The use of complex numerical models can béessan the preliminary
phase of an experimental program. Especially during the planning and
design phases of the experimental tests the usengfiified models is
valuable.

A masonry vaulin solid facing clay bricksvastested by means of uniaxial
dynanic testson the shaking table. The vaaharacteristics araypical of
churches built in Italyregion The vaults were tested by using several
increasing signals in order to obtain an increasing damage |&ftdr the
damage occurred, the vault was sgérened and tested again.

In order to plan a dynamic test by means of a shaking table system, the
signals and their intensities should be selected by using preliminary
calcuations.

The presenChapterfocuseson the numerical simulatiors to design the
dynamic tests.
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5.1. State of art: experimental test of unreinforced and strengthened
masonry vaults

Several experimental tests investigated the structural behaviour of masonry
curved elements (vaults or arches). In some of them, also the structural
performances ofinnovative building materialssystems on masonry
elements have been investigated.

Experimental tests on seven sesicular brick arches which underwent
strengthening by FRCMFibre Reinforced Cementitious Matjisystem

have been shown ifasienko et al. (2009)rhe experimental results showed
that in all the arches the use of FRCM strengthening significantly increases
the load carrying capacity of the brick arches. The inorganic matrix ensured
a good capacity for distribution of stressegl@masonry substrate.

Girardello et al. (2013)provided a further contribution on the study of
FRCM strengthening applied to masonry arches. In such work the
experimental tests were performed on a masonry curved element subjected
to both monotonic and ciyc vertical asymmetric loads. The load was
applied by means of hydraulic jacksl# d their span. The experimental
results showed that this strengthening system increases the load capacity
and the ductility of the masonry arch. Furthermotke dynamic
identification performed on the specimen showed the decay of the natural
frequencies with achieved damage.

Briccoli Bati et al. (2007) conducted a comparison between the
experimental performances of FifRbre ReinforcedPolymers)strips and
FRCM system pplied on two masonry arches. The specimens were
strengthened by two different technologies. The first specimen has been
strengthened with CFRP (Carbon Fibre Reinforced Polymers). The second
specimen has been strengthened with FRCM system by means of glass
fibres. The experimental results showed that, under cyclic loads, the
specimen strengthened with the FRCM system performed better.
Furthermore, the use of FRCM strengthening does not radically change the
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structural behaviour in collapse condition (théuie mechanism is similar

to the unreinforced specimen).

Calderini et al. (2014)reported an experimental study on the seismic
behaviour of arcipier system strengthened with-tieds. An innovative tie

rod characterized by a stiffness lower than tradsioones has been
developed. The experimental test was performed by adopting the inclined
plane static test on a scaled model. The experimental results showed that
larger tierod deformability yields to larger displacement capacity at
collapse.

In thesepapers the masonry curved elements were usually subjected to
monotonically or cyclic pseudstatic load. Such testing methods,
nowadays widely adopted could not be always able to realistically simulate
the sesmic behaviour of the specimen.

Furthermore, the geudestatic forces are usually applied by means of
hydraulic jacks which often generate a sliding failure at the locations where
the load devices argplied[ Garmendia et al. 2011

While the concentred loads are applied, the loading devices couldrrestra
the strengthening system on the substrate, jeopardizing the results.
Furthermore, the same pointwise load could prematurely damage the
strengthening system. Such critical aspects could lead to an inaccurate
interpretation of the seismic behaviour of te&engthened structure.
Indeed, it is well known that masonry curved elements are usually prone to
the flexural failure by means of the hinge mechanism activation and the
sliding failure is often neglected in the majority of cdd¢syman 199h

In this kackground, shaking table tests are able to simulate realistically the
seismic effects on many structures. These dynamic tests allow an actual
assessment of the seismic performances of different strengthening systems.
Nevertheless, dynamic tests both on eimforced and strengthened
masonry vaults by means of shaking table system are lacking in the
scientific literature.
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Giamundo et al. (2015)onducted a study aimed to the assessment of the
structural performances of inorganic matgrid applied on a mason

vault. Several shaking table tests, before and afterTRB! (Textile
Reinforced Mortar)strengthening systemhave been performed. The
experimental results showed that this strengthening technique greatly
increased the seismic capacity and the ductdit the repaired masonry
vault.

In the presentSection several dynamic tests on masonry vaults with
abutments typical of roofs in religious buildings have b@esigned.

The present study is aimed to the assessment of the structural performances
of TRM (Textile Reinforced Mortarstrengthening combined with other
traditional strengthening systerfreasonry rib and unidirectional steel tie)

The structural assessment of strengthening system has been conducted by
means of comparison between the performanetected on the
unreinforced and strengthened specimens. The experimental results have
been supported by preliminary calculations. Numerical moolaéed on

FEM approaches an@n simplified analytical modelling have been
consideredBertolesi et al. 2016, Portioli et al. 2015, Tabbakhha et al.
2016, Parisi et al2016 &Noor-E-Khuda2016] .

5.1.1. Efficiency and compatibility of innovative building materialen
masonry buildings

Over the years, innovative materials and technologies have been developed
to limit the effect of earthquakes on the structures. The use of composite
materials has shown to le&ective for these structures.

Most of the European cultural heritage buildirge made of masonry.
Furthermore, in almost all heritage buildings there are masonry vaults
which represent a critical structural part in regard to the sisseg of the
seismic behaviourln particular, vaulted structures incorrectly designed
could promote a deleterious bekiour of the entire buildings.
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The increase of stress level provided by the thrusting elements during the
seismic events,auld notbe compatible with the performanaafsmaterial,

in traction in particular.

This is a critical issue espially for masonry vaults without any backfill.
Such load condition is typically present in vaulted roofs adopted in the
historical relgious buildings.

Therefore, improving the knowledge both on masonry vaults and on
strengthening systems, meets the niedafeguard the existing masonry
buildingsagainst the earthquake effects.

In this backgroundthe experimental tests can provide an efficient
contribution to the interpretatioof the strengthening effects.

The use of innovative materials, aimed to steengthening of masonry
elements, has shown to be effici@Walluzzi et al. 2001, 200Roca et al.
2010, DOAmMbr i si et al GianuAdbeBa. 206Angel i |
& Wang et al. 201j

However, some specific innovative materials are often not compatible with
the heterogeneity of the masonry and building techniques. Indeed, the use
of FRP laminates or fabric, has shown some crucial aspects as well as
disadvantageld.ignola et al. 201p.

The key issue of the strengthening system based on organic matrix (i.e.
FRP), is the deficiency of bond and compatibility between organic resin
matrix and masonry substrates. Additionally, the organic matrix has both
low vapour permeability and insufficieperformances at high teragature
(flammable material).

Furthermore, the interventions by FRP systems are quite irreversible and
could be in some cases architecturally invasive.

The previous issues can be overcome by using strengthening systems based
on inorganic matrices also indicated by FRCM acronym. This strengthening
technigue is made by embedding several reinforced fibres (strips or grids)
in an inorganic matrix.
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In this way, comparing to the traditional FRP techniquebearmatrix
replaces thepoxy resin matrix (organic). The advantages which involve
the use of inorganic matrix are well known in the scientific literdtRreta

et al. 2006, Papanicolaou et al. 2007, 20@8gnola et al. 2009Parisi et
al.2011,D06 Ambr i si 2014,Cardzzi et al.RA1& Biamundoet

al. 2019.

The physical and chemical compatibility of the matrix material with the
masonry substrate provides an improvement of the bond between the
strengthening system and masonry substrate. Additionally, the FRCM
systen is simple to install on curved surfaces also and it is fully reversible.
It can be easily removed like as a plaster from the structlegaieats
without causing damage.

Furthermore, the premature debonding failure is prevented by using the
spread grid @ment compared to the traditional unidirectional fibres in
localized strips.

The structural assessment of masonry vaults strengthendabimanic
matrixtechnique is a fundamental topic. The experimental results presented
in this Ph.D.thesisprovide a catribution to the knowledge on innovative
techniques, aimed to the strengthening of the masonry curved elements with
abutments.

5.2. Experimental test of a fulkscale masonry vault

Several dynamic tests with a shaking tables system were performed on a
full scale clay brik masonry vault with abutments.

The experimental program was carried out in two parts in order to assess
the performanes of the strengthening system.

The dynamic tests were performed before on the unreinforced specimen up
to failure aml after on the specimen partially rebuilt and strengthened by
means of the TRM strengthening combined to mortar joint repointing and
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grout injectiors and other additional strengthening interventions. A detailed
description of the specimen is provided ie tbllowingsulsections.

5.2.1. Description of the mreinforced specimen

The entire masonry structure was made of solid facing clay bricks
(25x5.5x12) cri The joints were made of pozzolabased mortar with a
thickness equal to 1 cm.

The geometry of the vault is characterized by a segmental arch profile with
span and rise equal to 298 cm and 114 respectively.

The specimen has a different depth for the base (constraint on the shaking
table setup) and curved elements which are 220whil16cm, respectively.
The segmental arch profile replicates the vault teste@ibynundo et al.
(2015)and is less than a semicircle, but its imposts are located over two
abutments 103 cm in height (figuig1l, maximum allowable height
according tdaboratory constraints).

‘Wooden beam

234

265,5

Unreinforced Specimen

IES

298

Figure 5.1: Unreinforced specimen geometry

According to typical historical buildings, the lateral masonry abutments
have been raised over the imposts up to 234cm, also due to laboratory
constraints.
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In some traditional masonry vaults the backfill is present, and it provides
multiple effects on the seismic performance of the vaults. On one hand it
causes an increase of the horizontal thrust; on the other hand it distributes
the external lads and produces an increase of the normal stresses. The first
aspect can induce a deleterious effect on seismic performance of the vault.
However, this issue can be solved by means of structural measures (i.e. steel
ties). In this way, the negative effeaif using a backfill can be eliminated

and the second beneficial aspect is certainly emphasized. However, the
backfill is not present generally in the roofs of churches (figute

Figure52:San Bi agi o D&®AmMiLtbArgmuoe | @hyrdd ad y), dama
Earthquake.

This work focused on this vault typology. For that reason the specimens
(strengthened and unreinforced vault) have been tested without any backfill.
The material characterization was performed for the mortar and bricks. Both
the compressive and tensile strengths were assessed according to the
technical codegUNI EN 9982, 2010& UNI EN 101511, 2007. The
mechanical characterization was performedvesite masonry sgrimens

with a dimension of (40x4@60) mn?. The specimens were tested at an
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