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Valutazione dei benefici del rinforzo FRP sulle prestazioni
sismiche degli edifici in cemento armato attraversan

framework per le simulazioni a scala regionale

RIASSUNTO

L'ingegneria strutturale e sismica moderna dovreheeel'analisi costibeneficimulticriterio come guida

per valutare I'impatto dei rischi naturali sulle citta e progettare strategie efficaci di mitigazione del rischio.

Nei paesi d elevatorischio sismico, migliorare le prestazioni sismiche del patrimonio edilizio esistente e
fondamentale per ridurre i danni e le perdiiette ed indirettassociat. In questo contesto, i materiali

compositi a matrice polimerica come RP sono ampiamente utilizzgier rinforzare gli elementi

strutturali e non strutturali degli edifici esistenti in cemento armato. Cio € dovuto alla facilita e rapidita di
applicazione, alle elevate prestaziota reperibilita sul mercato dei prodotti da costruzione e alla
disponibilita dilinee guida di progettazione affidabili

Questd avoro di tesi si prefigge di valutare | 6effic:
attraverso uframeworksemplificato per la stima della risposta simica e delle perdite economiche associate.

1 framework precedentemente sviluppato épmtesso | ¢
sviluppato in MATLAB ed é statadattato editilizzato per eseguire I'analisi di 3 casi di studio (edifici di

2, 3 e 4 pianprogettati con moderate azioni sismirhstratti dal databaslell'’Aquila nella configurazione

"as built", riprogettatati per sostenere solo i carichi gravitazianatiforzaticon FRP

Il lavoro é consistito néanalisi non lineare (NLTH), eseguita su 7 seactielerogrammi opportunamente

scal ati a 9 diversi periodi di sia in dirazione X che XTéli6é a z i o n «
analisi sono state utili per ricavangarametri di domanda ingegneristica, ovvero EBpogtamenti di
interpiano,accelerazione taglidi piano). Questi EDRBono stati poutilizzati per I'analisi delle perdite

utilizzando le funzioni di fragilita e le conseguenzka @robabilita di colhsso associatha stima delle

perdite economiche direttee stateguita utilizzandb 6 a p p FEMA B-58 ¢a livello di componente).

La risposta non lineare degli edifici progettati per sisma e gravita viene valutata e confrontata con diverse
soluzioni di rinforzo in FRP per dimostrarne I'efficacia. Viene inoltre presentato un confronto in termini di

costi di collasso e di rinforzo awdirsi periodi di ritorno.

PAROLE CHIAVE : FRP, analisdinamicanon lineare, FEMA 58, perdite economiche



Assessing the benefits of FRP strengthening on the seismic
performance of RC buildings througha framework for

regional scale simulations

ABSTRACT

Modern structural and seismic engineering should use-griiktria costbenefit analysis as a guide to assess

the impact of natural hazards on cities and design effective risk mitigation strategies. In countries with high
seismic risk, improving the seistnperformance of existing buildings is crucial to reducing damage and
associated direct and indirect losses. In this context, polymer matrix composite materials such as FRP are
widely used to strengthen the structural and-sactural elements of exisfi reinforced concrete
buildings. This is due to their ease and speed of application, high performance, market availability of
construction products, and the availability of reliable design guidelines.

This thesis aims to evaluate the effectiveness of local seismic strengthening interventions using FRP using
a simplified framework for estimating seismic response and associated economic losses. The framework
previously developed at the University of Napkederico 1l was developed in MATLAB and adapted and
used to perfornanalysisof three case studies-(3-, and 4story buildings designed with moderate seismic
actions) extracted from the L'Aquila database in théuwl$ configuration, redesigned to guort only

gravity loads, and strengthened with FRP.

The framework consisted of a nonlinear (NLTH) analysis, performed on 7 sets of accelerograms
appropriately scaled to nine different return periods of the site's reference seismic action in both the X and
Y directions. These analyses were useful for degiime engineering demand parameters, i.e., EDPs
(interstory displacements, acceleration, and storey shears). These EDPs were then used for loss analysis
using fragility functions and the associated consequences and probability of collapse. The estimation o
direct economic losses was performed using the FEMNS8 Bpproach (at the component level).

The nonlinear response of buildings designed for earthquake and gravity is evaluated and compared with
different FRP strengthening solutions to demonstrate their effectiveness. A comparison of collapse and

strengthening costs at different return periodsdss presented.

K EYWORDS: FRP, nodinear history analysis, FEMA-BS, EALS.
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Chapter 1 | Introduction

1. INTRODUCTION

Mostof theexisting reinforced concrete (RC) buildings in the Mediterraageasuch as those

in Italy and Turkey, are prone to high seismic actidimey were built using old code provisions
that do not comply with modern standards. This makes highly vulnerabléo seismic
events This ismainly related to lack of reinforcement details @odr material propertigbat
often resultedn undesiredshear failures during earthquakes. Additionally, the presence of stiff
infills made of hollow claybricks leads tohigh shear forces at the top of the columns often
resulting in local or global collapses. Thésl to highdirect and indirectosses after recent

seismic events that cannot be sustained by modern societies.

Several retrofitting techniques have been used as an interventiooréase theseismie
responsef existing buildings. They aim @creasng their ductility, thereby increasing their
stiffness anfbr strength. This includes the use of Fiber Reinforced Polymer (FRP), Fiber
Reinforced Cementitious Matrix (FRCM), steel or concrete jacketing, base isolation, RC walls,
bay infill, and steel bracing. Theelectionof the retrofit solutiondepends on several factprs

like the geometry of the buildinthedamayed part, seismic demarnte costs, the benefigtc.

Among these techniques, FRP solutions prove to be promising when designed and used
properly to increase treeismic performanacef existing RC structures due to their light weight,
ease of applicatignand overall cost effectivene$$]. This solution can be used as local
strengthening when it is used to prevent local shear failures betracolumnjoint (BCJ) or

short colums and overturning of the exterior infill wall{l]. When used as a global
strengthening solution, it involves the overall analysis of the structure to identify the weak
structural and nostructural elementd]. FRP layout can either be in the form of X shape, L
shape, U shape, T shape, FRP strips or bars, multiaxial sheets with uni or quadriaxial fiber
orientations, and full wrap, which directly depends on the dd&igi\ novel solution which
involves he use of quadriaxial carbon fibbeginforced polymer (CFRP) fabrio increase the

shear capacity of the BCJ, with the use of novel pultruded FRP mechanical anchors with one
end splayed dry fibers, which helps to prevent debonding failure of thisgginbposed3].

This minimally invasive local strengthening solution needs tcabeountedn a largescale
portfolio as it i's very easy to install, mi
occupants (since it is applied at the exterior part of the buildarg) has an overall low

intervention cost.
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The |l ower strengthening cbdasntd o2f8 kRt mableh i c h
when compared to other strengthening solutimnmcrease the seismic demand of existing
buildings to a safety indegrescribed by the cod¢$]. In addition, itmakes FRP promising

and can be extended for usea largescale intervention strategy. The direct cost accrued with
FRP takes about 37% of the total strengthening cost when used as local strengthening and about
78% when used as a global strengthening solutiorthis context, ecurate regionascale
prediction of repair and reconstruction costs after earthquakes is ¢ougpigntify the cost and

the benefits of strengthening interventionplanning effective, resilient strategiesnitigate
economic lossed.o this endan effective and computationally efficient tool that quantifies the
direct cost associated with the retrofit intervention used calls for the development ahatool
accounts for the expected annual loss (EAtioshhe direct cosis required This is highly
important atheregional scale intervention as it also estimates the payback time, which gives
an idea of the number of years that is required to recover the initial economic inve&stwerat
lossassessment frameworks, such as FEMB8PDBELA [4], Simcente(5], GEM [7], and
Resiliencebased Earthquake Design Initiative (REDI), have been developed/implemented to
predict earthquake lossas both regional or component level in different regidDBELA,

which is widely used in Turkey, accounts for repair loss at the regional[fgv&imCenter
workflows, which also account for repair loss at the regional level, use thecaity nonlinear

time history analysis methofb]. FEMA P-58, on the other hand, accounts for the repair loss

at a component level, which helps designers identify the most critical components and further

propose befitting strengthening techniq{&s

In this thesis a novel framewovkas implemented and further developed to have a simplified
tool for predicting cost that can be used by practitioners and engineers. This tool aims to assess
the benefitof FRP strengthening on the seismic performance of reidaconcrete (RC)

buildings througlregionalscalesimulatiors.

1.1. Motivation

Modern structural and seismic engineering should consider-anitiéiria costbenefit analysis

as the drivingriterionto assess the impact of natural hazards on cities and design effective risk
mitigation strategies. In earthquageone countries, improving the seismic performance of the
existing building stock is crucial teducingthe associated damage aladses. In this context,

FRP materials are widely used to strengthen structural andtnartural members of existing
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reinforced concrete buildings. This is due to the ease and fast application, high performance,
reliable design guidelingsind availability on the market. However, quantifying the benefits
derived from FRRtrengtheningexisting buildings through prediction analysis is fundamental

for developing a largscale seismic risk mitigation strategy. This is crucial for government
decisionmaking to quantify the amount of funding that needs to be provided to enable the
owners toimprove the seismic performance afildings. In this context, a novel MATLAB
framework to conduct seismic loss assessneérgxisting RC buildingsand quantify the
benefits of strengthening strategies has been developleellitiversity of Napoli Federico I

[7]. To date, the frameworkas beerused to assess the expectianage andbsses of an
existingRC building severely damaged blyeL 6 Aqui | a eart hquake. The
losses at increasing earthquake intensity have been validated with the results of more refined
anal yses and with the actual repair costs mo
At this stage, preditve analyses on existing reinforced concrete buildings with different
characteristics are needed to assess the sensitiiyg dramework to buildingariablesand

extend the results atlarge scaldrom a seismic risk mitigation perspective. Development of a
simplified approach to determine the costs and the benefits of FRP strengtheningsddbrge

will be an added value for the scientific community and practitioners involved in seismic risk
assessnd and retrofitting.

It is crucial to understand that befdhe government camvest in these retrofit solutions, it is
necessaryo convince them that tee solutiongnsurethe safety of the occupangdreduce
economic losses

In addition, ing FRR it is possible to strengthen structural and-stmctural components

with minimally invasive interventions applied from exterior of buildings in order to linat

level of disruption and the invasiveness of intervent[8hs

1.2. Aim and Objectives

This thesisfocuses on the assessmenttltd benefits of FRP strengthening on the seismic
performance ofeinforeed concrete (RC) buildings througd framework forregionatscale

simulations.The other objectivemclude

1 study ofthe architecture of the framework developed in MATLAB (literature review

and analysis of available code and data).
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1 the analysis of an availabtlatabase of existing reinforced concr@®€) buildingsin
L 6 A g and ibdeatifcationof thecharacteristicef a selected number of buildingsed
for the seismic assessment
1 Nonlinear numerical wdelling of existing buildingselongsto theprovided database
in the framework to perform the analysis.
1 assessment of the structural performance of the selected buildings using the proposed
framework through nonlinear time history analysis (NLTEs3essment of probability
of collapse and costs
analysis of the results obtained in termgnfineering demand parameters.
assessment a@bst and benefits of FRP strengtheningaddrge scale
1 Develop a simplified approach to define costs and benefits of FRP strengtheaing at

large scale

1.3. Structure of the Dissertation

Chapter 1: IntroductianThis chapter provides an overview of theed for the tool for
assessment for strengthenittgge motivation and objectives of this thesis

Chapter 2: Literature Reviewlhis chapter provideshe reconstruction procedure for the
L6Aquil a earthqguake in terms of the structur
also highlights theoverview of the database including the methodology and the cost
effectiveness of the FRP

Chapter 3Simplified Loss Assessment Framewofkis part gives the overview of the each

of the architecture of the framework and the characteristics of case building the assessment is
performed on.

Chapter 4Seismic AnalysisThis chapter shows the results of the loss assessment performed
in terms of the engineering demand parameters, loss analysis, probability of collapse, cost
comparison for the asuilt and FRP strengthened configurations.

Chapter 5:Gravity Analysis This chapter also shows the results of the loss assessment
performed in terms of the engineering demand parameters, loss analysis, probability of collapse,
cost comparison for the dmlilt and FRP strengthened configurations.

Chapter 6: Conclusions and further developmeéhts chapter summarizes the key findings of

the research, providing recommendations for practice and suggesting areas for future research.
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2. LITERATURE REVIEW

The benefits offiber reinforcedpolymer (FRP) strengthening on the seismic performance of
reinforced concrete (RC) buildings are a critical concern, particuargional scale where
seismic events are commaddifferent strengthening techniques have been employed during
seismic events to restore the affected builgifgRP techniques have been known for their fast
application for structural elements such as beams, columnseamaicolumn joints, and nen
structural elements as infills and partition§herefore, employing FRP strengthenin
techniquesat regional scale levés fundamentato understandindgnow impactful it would be

in terms ofthereduction ituman threats and economic losses

2.1.Reconstruction Procedure fortheL 6 Aqui | a eart hqguake

TheL6OAqui |l a earthquake is one of thawoccuwede t hal
in Italy's history, resulting in ovel49,000 death . T h e L 6 A q uwhichahappemedt h q u a
in 2009 left nearly 70,000 homelesad impactedstrongly on the productivity of primary
importance for the local and national econoafythe country[8]. Following theL 8 Aqui | a
earthquakg2009), the reconstruction process was followed to account forinfi@mation

about the extent of building damage and the actual repair/retrofit costs of 5775 residential units

of buildings which areoutside the historicalentresof the city[6].

The 5775 buildings areseenas structural unitsvith independent dwellinglD) or common

areas (CA)and relevant CUthat is a condominiunmbuilding which hascommon areas and
residential unitswith other buildings)of ordinary construction,which also includes some
residential buildingandcommercial private unit8].

The level of damageof buildingswas assessedccording to the AeDES fornn which the

conditions of the building were assesf#d The data collected in thferm helps to understand

if the building can be used after the earthquake daymelgiée making sure it satisfies the

seismic safety requiremen{8]. According to the AeDES form, buildings are classified into

A-F categories as shown below

1 A - Usable building (slightly damagebut still capable operforming its allocated

functions)
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1 B - Usable building, but only after shedrm countermeasures (a building with limited

or no structural damage but with severe-sbmctural damage)

1 C - Patrtially usable building (a building with limited or no structural damage but with
severe nosstructural damage located in part of the building)

1 D - Building to be reinspected (due to typical damage specific, but still visual,
investigation is required)

1 E - Unusable building (high structural or nstructural risk, high external or
geotechnical risk)

1 F-Unusable building from external risk alone.

The 5775 buildings observeaetdichdaont agnt hbelLbBAA4qQ
other municipalities anderedivided into B or C (3546 buildings62%) and E (2211 buildings

I 38%) usability ratingsvithout considering th®-and Frated buildingg6]. Furthermore, the

E-rated buildings were further classified inteBEbuildings with high nosstructural risk and

slight structural damage) wheedocal strengthening strategy can solve most of the structural
weakness; and dem (buildings that needs to be demolishdmcause of the structural
weaknesses, significant residual drift, local or global collapse, or insufficient economic value

of requirementseismicretrofit strategy compared to theconstructiorcosts[10].
Each of these buildings is further categorised based on the followingslaighlighted below

i.  Usability ratings (B or C, E)
ii.  Structural type (Reinforced concrete (RC), masonry, steel, etc.)
iii.  Construction agand umber of storeys
iv.  Gross plan area
v. Time-to-approval offunding application
vi.  Repair costs of residential units.
vii.  Structural repair and local strengthening costs interventions (B or GBofukding
class)or sismic capacity enhancement interventions (E funding class)
viii.  Strengthening solutiongsed tancrease seismic capacity

ix.  Demolition and reconstruction costsi{ikfunding class).
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2.1.1. Structural type

The 5775 buildings contairf% RC, 46% masonry, with the remaining 5% being a mixture of
RC and masonry, steel, or other building types, as slowable 2.1. It can be observed that
B or C usability rating are commonly RC buildings, while E ratings are mainly masonry

buildings.

Table 2.1: Number of buildings in each usability rating class and structural8]pe

Building Stock Usability rating  No. of buildings Structural type  No. of buildings

RC 1738
BorC 3564 Masonry 1580

Others 246

5775

RC 1059
E 2211 Masonry 1093

Others 59

2.1.2. Construction agand number of storeys

Buildings damaged by the earthquake were also classified based on the number of storeys and
construction age for each usability rating. Seven perod919,19191945, 19461961, 1962

1971, 19721981, 19821991, and>1991) were used in classifying the construction age, which
are commonly used in census data collection and the AeDES form. Construction age and
number of storeys of 4381 buildings are determined from this détia 2498 being RC
buildings and 1883 being masonry buildings. shown inFigure 2.1, construction age and
numberof storeys are related to the structural typ&S @nd masonry buildinysThe numbers

of RC buildingsare mostly used in periods after 1961, and highQin2 1981 and 19821991
periods of about 795 and 705 buildingsspectivelyas shown oifrigure 2.1a. The number of
storeys associated with the RC buildingsnostly 3 and 4 storeyas shown orfrigure 2.1b.
Consequently e numberof masonry buildingss almost equal for the period before 1961 and
decreases afteAdditionally, the masonry buildings are mostly 2 @istoreybuildings i.e.,

795 and 705respectively8].
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4,381 buildings: 1,883 masonry — - 2,498 RC
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Figure 2.1: Construction age and number of storeys of buildings (RC and masonry bui[8ings

2.1.3. Usability ratings

The buildings are also classified based on the usability ratihgs C, and ftand correlated

with the construction ages, and number of storeys. The RC buildimgdructed beforthe
period of 1946 or witlseveralstoreys more thagix storeysare notconsideredecause they

are smallas shown irFigure 2.1a-b, therefore are not reported iRigure 2.2a-b. The usability
ratings associated with the RC buildings have the E buildings decrease as the conataction
increases. Meanwhile, the B or C usability ratings buildiogsupy more than 50% of the
buildings from the construction age of 19¥Y281. Consequently, the number of storeys
increases with an increase in the number of buildings associated with the E bpeislisiggwn

in Figure 2.2b. Additionally, the B or C buildingarehigher than the E buildings if ttfgestorey
buildings associated with the E buildings (whit¢ake 55 % of the E buildings) are not
considered.

However, the masonry buildings constructed after 1991 or with more than four storeys are not
considered irFigure 2.2c-d. The usability ratings of the masonry buildings are less affected by
the construction ages when compared to the RC buildimigls the B or Cratings being
approximately twice that of E buildings and almost equal for all the construction periods.
Consequently, the masonry buildings with B or C ratimgseaseas thenumberof storeys
decreaseswith 1 or 2 storeys having approximately 70 % and 3 or 4 storeys having 50 %

proportion of the building.

10
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Figure 2.2: Usability rating of RCand masonrpuildings measured against construction @gand
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¢) andnumber of storeyé and d)8].

2.1.4. Timeto-approval of funding application

Before the approval of funding for the reconstruction process, practitioners were required to
submit technical documentatiowhich includeda report of pictures depicting the extent of
damage

In order to speed up the reconstruction process of the damaged building after the earthquake
event, repair designs and drawindise type of strengthening interventignand detailed
calculation of funding applicatiof®]. The Civil Protection Department (DPC) and ReLUIS in
August 2009 published a documeditd Gui del i nes f or Repair and

11
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Structural and No®t r uct ur al to BMppob ¢he idgiheers involvenh the
reconstruction process of the aftermath of
type of damage that can be observed on both the structural arstrnctoral elements of the

RC and masonry buildings. It further highlights the local gfiteening interventions that can

be used for bothwith the description of the installation and design procedures. This local
strengtheningnterventionincludes the use of fibre reinforced polymer (FRP) for retrofitting of
beamcolumn joints, strengtheningf the columns, beamsand slabs; steel jacketing or
prestressed steel on the RC elements; traditional and innovative techniques for strengthening
of the masonry structures.

Full details on theplication for funding[submissions and approvatsan beDi Ludovico et

al.[8] and[10].

2.1.5. Repair and strengthening interventions

1 B-C buildings

A local strengthening and repaitterventionis proposedy OPCM no. 377935] and the
relevant Annex35] whichincludesremoving dangerous conditions and recovering the original
seismic safetyrepairing structural and nestructural damaged elemerasidreducing building
vulnerability by local strengthening interventions.

The repair interventioniacludethe repair of nosstructural parts and finishing works damaged;

local repair of structural elements damaged; demolition and reconstruction of fully damaged or
unsafe nosstructural or secondary structural elements (such as interior or exterior infills, heavy
plasters, fireplaces, eavesc).

Additionally, the local strengthening intervention was used to increase the seismic capacity of
one or more undeslesigned components without inhibiting the structural performance of the
structure. This intervention signifies animmediate coseffective upgrading in seismic
performancewith the local components being assessed according to the Italian seismic code.
The local strengthening adopted targeted at increasing the shear capacity of exterior beam
column joints (unconfined joints) and increasing thectility of elements in case of RC
structuresand for masonry structures, focused on increasing effectivenessof the
connections between the masonry walls and slabs/roof and between orthogonal walls (through
spikes or ties).

The local strengthening methods and their occurrence documented in the design drawings for

applications concerning B or C buildings are individually detailed for reinforced concrete (RC)

12
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and masonry structuresfiigure 2.3a and b, respectively. The data analysis draws from a total

of 1218 RC buildings and 1116 masonry buildings. Specifically, the interventions designed for
restoring usability in RC buildings included repair and local strengthening efforts in 903
projects (74% ofhte RC dataset), whereas only repairs were implemented in 315 projects
(26%).

For masonry buildings, 969 projects (87% of the masonry dataset) incorporated both repair and
local strengthening interventions, with 147 projects (13%) involving solely repairs. The
frequency of primary intervention types is presentedFigure 2.3a-b; since multiple
intervention types were employed for each building, the total percentages exceed 100%. As
displayed inFigure 2.3a, crack repair was the most frequently applied repair method (52% of

projects) for RC structures.
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Figure 2.3: B or C buildings epair and local strengthening interventiofi®RC and masonry
buildings(a andb) [8].

Within the local strengthening category, various techniques were utilized in the design, such as
infill -frame connections, the implementation of FRP grids affixed with ceb@eatd mortar,

or steel profiles to prevent eof-plane failures, as depicted Figure 2.4, (DPC (Civil
Protection Department) and ReLUIS (Laboratories University Network of Seismic
Engineering) 2011)interventions based on FR&s seen oRigure 2.5 were used to enhance

the shear capacity of unconfined joints (external bealumn connections), the shear capacity

of beams at their ends, and the deformation capacity in critical areas (mainly confinement at
column ends)11], [12], [13], [14]

13
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;;;;;;

Figure 2.4: Infill -frame connectionatilizing FRP grids bonded with a cemédrdased mortaj8].

(@)

Figure 2.5: FRR-based interventions to increase the joint shear capacity of unconfined joints

(b)

the deformation capacity in the critical zones of colufanand b)8].

Additional methods comprised the substitution of structural elements; reinforcing members

with RC or steel encasements to enhance their shear or flexural capacity and improve

deformation potential in critical areas; applying steel plates to boost theallesttength of

beams (i.e.beton plaqu§ and utilizing prestressed steel ribbons (CAM) as an alternative to

FRP laminates. Notably, in 621 projects (representing 51% of the reinforced concrete building

dataset), practitioners included various intenagito prevent otdf-plane collapses of both

interior and exterior infill sections.

As illustrated inFigure 2.3b, for masonry structures, repairing cracks emerged as the most

frequently implemented repair measure (61% of projects). The predominant methods used for

this purpose involved injections (with either mortar or epbaged resins) alongside, or

14
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without, the subsequent application of an FRP grid adhered with céased mortar; and the
localized dismantling and rebuilding technique (knowsagctcuci) to restore wall continuity

along cracks (replacing damaged components with new ones -@sthbdishing structural
integrity) and to fix heavily damaged sections of masonry walls. While also utilized for masonry
buildings, interventions concerning infgtructure connections were less common than for
reinforced concrete structures, being addressedly 7% of projects to mitigate cof-plane
collapse of internal partitions.

In the caseof local strengthening measures, the most commonly employed tactics included
inserting ties (i.e., steel, reinforced concrete, or tie rods) to preveot-plane wall failures

(45% of projects) and applying-plane reinforcement to masonry walls throlRG plaster

(33% of projects). In such cases, intervention strategies covering various building sections were
regarded as comprehensive strengthening approaches, necessitating a global structural analysis
and safety index evaluation both befoaed after the intervention. Demolishing and
reconstructing structural components, along with FRP and CAM strengthening techniques, and
closing openings, were also implemented as local strengthening solutions in a limited number

of projects.
1 E-B buildings

Instead of implementing a global retradtrategy OPCMno. 3790/ 36] stated that, focertain
buildings with usability rating E, local strengthening interventions could be implemented to
increase the seismic capacity of undesigned elements. This would allow buildings with high
nonstructural damage but only minor structural damageetquickly reoccupied by owners

[8].

OPCM no. 379(036] and the relevant Annep36] identify the following situations: (1)
structures that have minimal to negligible damage to their structural members (with less than
60% of the structural members sustaining minor damage), and whose initial seismic safety
rating (determined throughghobalanalysis of the structure in its pearthquake state) was no

less than 60% NBS2) structures with considerable damage but confined to a few structural
elements and an original seismic safety rating of at least 60% NBS; (3) structures with minimal
or no damagéo structural element®rovided that the global mass and structural stiffness are
not affected by the local strengthening interventions, there is no need to run a global analysis
after strengtheninfiL1].

The EB buildings also used the same standards adopted by B or C buildinngbe upper
bound of publicfunding increasedo G 2 5 & dsrapposed t6150/n? used for the B or C

15
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buildings. It can be noted from tReyure 2.6 that the type of local strengtheniisgmplemented
for 198 RC buildings and 73 masonry buildingsth one or mordypesthatcan be used in a

building.
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Figure 2.6: E-B buildings epair and local strengthening interventiohfRC and masonrpuildings
(aandb) [10].

FRP systems are the most commamediocal strengthening techniques for RGildings,as
seen inFigure 2.6a, such as FRP grids with steel profiles or cement mortar in-frduthe
connections to avoid owtf-plane collaps§l1]. Also, RC or steel jacketing of the elements
used to increase their shear and flexural capacity; use of prestressed steelAitilven
Confinement of Manufactured materials, CANMnd addition of steel plate to increase the
beamsdé flexural capacity. Most of the crack
In terms of the masonry building, it can be seen fRigare 2.6b, the local strengthening is
done by insertion of ties (such as steel, BQie rods) to avoidut-of-planefailure; use of RC
plaster across the masonry walls fiorplane strengthening. The use of FRP strengthening
techniques is therefore less used compared to the RC bujldinig is the casavith the B or

C buildings.

1 E buildings

As stated byOPCM no. 379(Q36] and the relevant Anng86], E buildings combined repair
and seismic strengthening interventions to achieve nothing less than 60% THBS
strengthening intervention implemented was used to increase the seismic capacity of the
structure with techniques thaeducethe seismic demand ancreasethe strength and

deformation capacity of the structuréhe use of FRP systems, RC jacketing, foundation
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strengthening with micro piles, CAM, steel bracing/jacketing, RC shear walls were used to
increase the strength and deformation capacity of the structure which is the same case for the
B or C buildings except for the usetbe steel bracing, strengthening of foundations, and RC
shear walls

Repairing the structural and nstructural damaged members, demolition and rebuilding of the
destroyed or prone nestructural members (such as interior/exterior infills, heavy plaster,
chimneypots, eaves) were implemented for the repair interventions.

For the E usability rating buildings, a global analysis check is required to evaluate the
effectiveness of the strengthening solution implemented in order to check the attainment of the
required seismic performance level. Base isolation systems or dissiggstems were mainly

used for reducing the seismic demand by increasing either the dampimgperiod of the
structures.

The different global strengthening methods and their prevalence, as identified in the design
drawings for E and &m funding class structures, are detailed separately for 654 reinforced
concrete (RC) buildings and 490 masonry building&igure 2.7a-b. The totalpercentage
shown inFigure 2.7a-b is higherthan 100%since multiple intervention types may be applied

to each structure
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Figure 2.7: E buildings epair and local strengthening interventioh®C and masonrpuildings(a
and b)[10].
In many structures, several strengthening methods were implemented to enhance the seismic
performance; in numerous instances, the approach involved a mix of traditional and modern
strengthening systemid 5]Fiber-reinforced polymer (FRRyasthe most frequently employed

methodused with steel bracing to increase the overall stiffaagsstrength capacity of a pre
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existing structureby strengthening the beaoolumn joints to accommodate the localized
stresses generated by the added bracing systsrseen ifrigure 2.8.

Figure 2.8: Seismic strengthening of RC buildings: steel bracing combined with FRP sy&@&m:

Figure 2.7aindicates that the predominant strengthening measures for RC buildings were based
on FRP systems, foundation reinforcement, and RC jacketing. It is important to clarify that the
category of foundation reinforcement applies exclusively to buildings thanhitiadl capacity
deficiencies in their foundation components and does not include interventions resulting from
other strengthening techniques (such as adding shear walls, steel bracing, or base isolation
systems).

Figure 2.7b illustrates that for masonry structures, the predominant methods utilized to enhance
the seismic safety index and restore usability included: strengthening masonry ypédisen

with reinforced concrete plaster incorporating internal steel grids andttjeim certain
instances, FRP grids and spikes depicteelgare 2.9. Interventions involving FRP and CAM
techniques were observed less frequently in masonry buildings conp&®€dtructures. This

likely stems from a lack of reference materials, particularly guidelines and codes, that provide
straightforward and dependable design formulas specifically crafted for innovative
strengthening methods tailored to masonry frameworks.tisddily, commercially available
software for performing global analysis modeling on masonry buildings tends to be less
effective at simulating innovative systems than it is for reinforced concrete structures. The most
frequently implemented repairtervention in masonry buildings was crack repairs (52% of
projects) through methods such as injections or local dismantling and rebuilding, known as

cuckscuci aimed at restoring and recovering severely damaged components with new

18
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materials These repair costsovert hei r entirety, wi t WPfottlee t hr e
strengthening required to achieve a safety irgkween 0.6 and Q.8xcept ifprivate funding

was also availablg0].

Steel bes HREERS

¢ FRP spike

Figure 2.9: Seismic strengthening of masonry buildingspiane strengthening with RC plaster «
FRP grid and mortgd.0].

2.2Repair costs relatedtaheL 6 Aqui | a eart hquake

2.2.1. Loss assessment methodology

Accurate regionascale prediction of repair and reconstruction costs after earthquakes is crucial
for planning effective, resilient strategies to mitigate economic losses. Sevemésessment
methodologies such as FEMA 58, DBELA, Simcenter, GEM, and Resilierbased
Earthquake Design Initiative (REDI), have been developed/implemented to predict earthquake
losses. DBELA, which is widely used in Turkey, accounts for repair loss at the regional level
[4]. SimCenter workflows, which also account for repair loss at the regional level, usethe city
scale nonlinear time history analysis metifeJd FEMA P-58, on the other hand, accounts for

the repair loss at a component level, which helps designers identify the most critical components
and further propose befitting strengthening technigiles

These methodologies commonly employ repair costs and fragility functions of components that

are typical of the US standamgbkingtheir use difficult for European building stofd&5].

Significant research effortsave made in developing an empirical fragibiyd consequence
functions for structural and nestructural components that are typical of the Mediterranean

areawith focuse orthe costliestcomponent to restoriee. hollow clay brick infill walls[15],
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[16], [17], [18] The proposed consequence functions are significantly different showing the
great variability of repair costs with respect to such componghtsh is mainly due to
uncertainties in estimating tredditional work required to restore a component to its- pre
earthquake condition and the relevant costorder to evaluate the accuracy of theoretical
consequence functions, loss prediction cannot be benchmarked due to the lack of knowledge
regarding actual repair costs (ARCSs) at the building and componels [gve

2.2.2. Definition of the database

Del Vecchio[6] extracteda subset 0120 RCexisting buildingqrepresenting about 5.3% of
the full databaselyom the full database of 2245 RC buildings belonging to the B orE, E
and E classes for which repair costs are availalgelculate the ARCs éihecomponent level
Frequency distribution of the full database matching of ARQsstruction age, and the number
of storieswas doneand the selected buildings were randomly picked.

The frequency distributions of the AR€Can be seeim Figure 2.10for the full database of 2245
buildings and the subset of 120 RC buildimgsch satisfactorily match in terms of the mean
repair costswith some differences observesspecially for the 8B buildings concerninghe
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Figure 2.11 shows thedrequency distributions of the construction age, number of stories, and
number of buildings belonging to each usability class for the full database of 2245 RC buildings
and the subset of 120 RC buildingigure 2.11a-c and df, respectivelywhich satisfactorily

match the distributions of the full database in terms of the construction age and number of
storiesi.e. Figure 2.11a-e.

Sincemost of the buildings were built in the period 186291, as shown offigure 2.11d, they

were however designed withan obsolete seismic desigiode[19]. Figure 2.11e alsoshows

that most of the buildingsre3 to 5 storiedn the subseg¢xtracted
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The percentage of thelEand E class buildings selected is higher than the percentage computed
on the full database.e. Figure 2.11c and f, which is because thsebuildings sustained more
damage than the B orlfliildings whichare important to obtaiadetailedcorrelationbetween
earthquake repair costs and rising damage leSglse the buildings aranalysedor different

usability classes atamage state®g9, thisdoes not affedthe reliability of the results.
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of 120 RC buildings andb(d andf) f u | | L6OAquil a databas
in this study[6].
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2.2.3. Methodology for the analysis at the component lesgional scale

Thefirst method employed is trstudyof the technical documendsibmitted during the funding
application in ordeto classify 20 RC buildingsin terms of the building damage and ARCs at
the building andcomponent levels Information regarding various parameters such as
dimension of the buildings (x and y direction), ins¢orey height of the buildings, length and
height of the infills (in both directions), column dimensions, beam depth, length of the beams,
andconcrete and steel grade. This informatioarigcial for modelling these buildings and for
further seismic loss analysiBhe methodology is as shownHigure 2.12 which Del Vecchio

[6] hasperformed the damage analysis of 120 RC buildings of the dataliaebuitding level

and classified the damafased on the usability ratirg B, C, andE.

Consequently,ne DSs of the buildingvere classified according to section 4 of the AeDES
form, which classifies the seismic damage effect as strudiiuealvertical structures, floors,
stairs, roofspnd nonrstructural components (i,enfills and partitions) A furtherclassifcation

of thedamage severity of the buildingas done wittDO: null; D1: slight damage; DP3:
medium or heavy damage; IDb: very heavy damage or collapsed its extenas <1/3, 1/3

2/3, and>2/3. This information is necessafor the calculation of DSs as proposed in the
literatures of De Matrtinoet al.[20] and Del Gaudiet al.[21].

Visual observatiowf the buildingincludescrack patterns and pictures of the damag#ained

in the technical documentahich were collected during the reconstruction prodesgach
building, giving further details on the damage classifications at the componenfagvel

The analyses of the actual reconstruction cestecarried out using the cost data available in
the quotes developed by practitioners according to the price list of the Abruzzqg tekjiog

into consideration theepair costs of condominium units (CU), common areas (CA), and

independent dwelling (1D)g].
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Figure 2.12: Proposed methodology for the analysis of damage and actualGlosts

The total repair costs (TRCe)ere divided into direct repair costs (DIR@nd costs relatetb

strengthening interventionghichwere incorporated in the estimates with respect to the repair

costs for the BB and E class buildingduringt h e

LOAquUI |

a reclenstruc

functionality of damaged building componeimgshownin Figure 2.13 (1i 7) were restored

using he DRCs TheFEMA-P-58 classificatiorwas to namehie structural and nestructural

component$15].

Thecostsassociated with repairs that pertain specifically to buildmgponerg are classified

under themacrocategory referred to as building repair cost (BR&Qure 2.13 shows the

subdivision of theBRC which is as follows(1) structural componen{$oundations beams,

columns, beartolumn joints, slabs, stairs, rof§2) infills and partitiors; (3) windowsand/or

doors; (4) plumbing and electrical systems; and (5) othesstraitural components, including

the repair costs of floor finishes, roofs and tiles, chimneys, sanitary and other equipment, and

communication and securitffhe BRCs alsoincludes (6) other costgincluding the cost of

safety measures, professional fees and constructionrfihllations related to repair actions

(7) external workgincluding the repair costs related to external boxes, retaining walls, or other

components external to the build)p@nd (8)strengthening interventionglated repair costs

Meanwhile, he other costs (6yvere separated from the BRCsincethey are commonly
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calculatedas a percentage of DRCs, whilés difficult to predictthe external works (7¥sing
available probabilistic frameworks based on building performdié¢es

6) Other costs: professional fees,
safety measures, construction field

| 5) Other non-struct, comp.: floor
finishes, roof and chimneys, sanitary
equip., communic. & security
— :

1) Structural
components

B- 4 AN
8) Repair costs associated with
strengthening interventions

Figure 2.13: Sample of earthquak#amaged building components and categories

repair cost$6].

2.2.4. Repair costs for component categories

The ARCs of the 120 buildingsvere doneby evaluatingthe costs reported in theostings
submitted for funding applicationEhe Abruzzo regional price lisicludes many repair actions
leading todifferent repair options for the samsemponentype Each category of thARCs
was normalized by the overall building gross surface area, (i/e¥?). The subset of 120
buildings categorized based on the three usability classesB(i@. C, EB, and E)of the
reconstruction process and corresponding actual costs with their standard deaatiigu(es

in brackets) is as shown kgure 2.14[6].
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Figure 2.14: Repair costs for the subset of 120 RC buildings at the categoryj6gve
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he
2.15a andFigure 2.15b representing the mean costs expressed in % of BRE.increase in

t

as

Each cost categonigc al cul at ed

TRCsand DRCs associatesith the building components (known as BRCs) commensurate
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with an increase in the damage severgyo( Cto E rating) from2 0 3 . 9 1o 520/824)/ m|
and 152.54 to 347.19 / jmgspectively6].
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Figure 2.15: Repair costs of RC building component categagigeessed(a) inU / land (b)as a
percentage of the building repair costs (%BI&T)

Most of the repaicostsof 57.69% BRC, 52.48% BRC, and 42.63% BHCor C, EB and E
usability ratingsyareassociated with the IPs (brittle component) whachdue to the damage
experienced during the earthqualece IPs are made of hollow clay bricks and cannot sustain
the high lateral force encountered. Thera percentagelecrease imepair costs of IPfr E
ratingsbuildings compared to the-B and B or Cwhere increases faumbing and electrical
systems, windows/dogrand other nosstructural componeniss theseverity ofthe building

increase$o].

2.2.5. Drift and acceleratiorsensitive component categories

According to the FEMA P58, ARCs are grouped in the categories of drift Dacceleration
(A) sensitive componen{22]. Drift-sensitivecomponentsare associated with tretructural
components,infills and partitions Ips), and windows/doorswhile acceleratiorsensitive
componentsare associated witplumbing and electrical systepffor finishing, roofs, tiles,
chimneys, sanitary and other equipment, and communication and security (grouped in other
nonstructural componentsMeanwhile the plumbing and electrical systenjahich include
electrical cables, pipes, lighting, and rdirainage systemsre grouped intaccéderation and

drift-sensitive (A/D)components since it is not easier to determine if they are embedded in the
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infill walls or placed externally to the walls or roofagure 2.16 depicts the mean cost and
standard deviations associated with the 120 subsbtsldings and can also be seenfigure
2.17 with 63% to 70% of the BRC associated witfift-sensitiveand 15% to 21% that are
acceleratiorsensitivecomponent$6].

To design and develagmefficient retrofit, it isimportantto increase the lateral stiffness of the
RCstructurgo reducehe damage causeddaft-sensitivecomponentswhich in turn increase
the floor acceleration demand on the acceleratiensitive componenttherefore increasing
the costg6].

Mean repair cost (standard deviation)

Usability class BorC E-B E

MNo. of buildings 52 32 36

Component category (€/m*)  %BRC (€/m?) %BRC (E/m?) %BRC

Drift-sensitive (D) 10739 70.13 15886 67.83 21435 62.68
(80.70) (56.06) (109.00)

Acceleration-sensitive (A) 21.80 15.50 39.01 16.47 71.27 21.01
(23.73) (25.84) (43.65)

Acceleration- and Drift-sensitive (A/D)  23.35 1437 3843 1570 5598 1628
(23.48) (22.02) (39.24)

Note that these costs can be normalised by the reconstruction costs of the RC buildings divided by 1213.4 €/m’.
BRC: building repair cost

Figure 2.16. Repair costs aofirift and accelerationomponerg of the 120 subset buildin{g].
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Figure 2.17: Repair costs ofirift and accelerationomponerg expresseda)in U / @and (b)as a

percentage of the building repair costs (%BIRG])
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2.2.6. Relationship between repair costs andding damage state

The building damage state is a function of the damage experienced by the IPs and vertical
structural elements atescribed in AeDES formén addition to DSO (null damage), there are
five different DSs which include®S1 (slight damagédentified byfine cracking in the plaster

or the IPs); DS2 (moderate damaigientified bycracking in the structuralementsand IPs);

DS3 (substantial to heavy damagkentified byextensive cracking of structuralementsand

large cracks or the failure of IPs); DS4 (very heavy damiagatified bylarge cracks in
structuralelement} and DS5 (destructiondentified bythe collapse of the ground floor or
otherpartsof astructuré [6].

Figure 2.18 shows the repair costs associatath the damage state level the building and
component levelincluding drift (D), acceleration (A)andacceleration/drif{f A/D) sensitive
component categoriés terms of mean and standard deviation. It can be noted that none of the
buildings experienced DS5 since they include builditigs experience partial or global
collapsethat commonly results in thettemolition and reconstruction {§s), with the mean

actual reconstruction?M®osts equivalent to

30
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Mean repair cost (standard deviation)

Building damage state (DS) 0 | 2 3 4
Mo. of buildings 10 15 39 40 10
Component category €/m? €/m? €/m* €/m* €/m?
(1) Structural components 1.74 410 849 6.63 10.33
(3.10) (614  (2073) (954)  (24.27)
(2) Infills and partitions 3448 91.34 10830 125.44 122.01
(3546) (47.93) (73.40) (61.78) (37.45)
(3) Plumbing and electrical system 6.72 22.46 35.35 45.08 4953
(7.84) (1249) (32.86) (36.11) (33.01)
(4) Windows/doors 442 10.51 23.03 3421 40.16
(607) (1687) (2121) (2443)  (22.68)
(5) Other non-structural components™ 14.25 21.20 39.01 50.85 68.83
(8.82) (17.72) (30.93) (43.14) (27.08)
Building Repair Cost 75.54 149.62 214.17 262.21 290.86
(BRC=(1) + (2) + (3) + (4 + (5° (84.65) (65.50) (134.76) (149.28) (BL02)
(6) Other costs® 28.53 50.58 60.13 63.02 73.87
(28.09) (26.68) (4589) (55.82) (34.22)
(7) External works 241 597 793 4.93 8.20
(5.39) (16.23) (16.66) (10.84) (8.97)
(8) Repair costs for strengthening interventions  2.10 2148 23.73 42.33 107.08
(4.70) (35.84) (38.81) (52.34) (74.10)
Total Repair Cost 94.45 227 65 305.97 37249 480.01
(TRC = BRC + (6) + (7) + (8) (83.31) (10323) (181.91) (218.75) (116.26)
Drift-sensitive (D) 41.13 107.08 142.09 167.47 176.81
(43.86) (53.67) (90.50) (81.69) (40.94)
Acceleration-sensitive (A) 13.76 20.08 36.05 47.81 64.52
(8.39) (17.44) (30.98) (42.40) (22.93)
Acceleration- and drift-sensitive (A/D) 6.72 2246 35.40 44.60 4953

(784) (1249) (32.83) (35.83) (33.01)

Mote that these costs can be normalised by the reconstruction costs of RC buildings divided by 1213.4 £/m”,

BR.C: building repair cost; TRC: total repair cost.

*This includes: stair finishes; floor finishes; roofs and chimneys; sanitary equipment; and communication and security.
®This is the sum of the repair costs of all the building components: (1)}(5).

“This includes: general costs for construction field installation, safety measures, and professional fees related to repair

actions.

Figure 2.18: Repair costs afirift and accelerationomponerg of the 120 subset buildings in tern

of damage statg§].

It can be shown frorfigure 2.19 that there is an increasetime TRC and the BR@ith DS,
which can also be seen in tdgft, accelerationand drift/acceleration sensith@mponents
categoriesFigure 2.19b showsthat the repair costs of all the building components increase with
an increase in DS levéVleanwhile the repair costs related to IPs for®&e almost the same
asthoseof D$4, since according to the classificatiomdoptedfor earthquake damage, the
collapse of IPswhich resultsin the highest repair costhappens in D&
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Figure 2.19: Repair costin terms of the building damage states(@jbuilding leveland (b)
component category levid].

A further analysis of the 120 buildings was carried out since there is high dispersion in the
previous analysjsas shown irFigure 2.20a. This is done by carrying out a detailed analysis of
thereports, drawingsand pictures of the damage available in the funding applications for each
building and definition of the DSs for IPs (known as £)Sas proposed bj23] and [24].
Therefore, a further classification of the 120 buildings is divided intag:1IDEnhown as light
cracking; D2, known as extensive crackingnd D$3, known as partial collapsenerged
with DSp4, known as global collapsesincethere is no marked difference between their
respective repair actions and coatsdemonstrated Figure 2.21. The damage extent, gf the
infill walls (expressed in linear meters) the paneldor each of the 120 subseds buildings
belonging to each D®as calculatedby sunming thetotal length of each of the damaged panels
(i.e., the RC frame clear bay length).
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Figure 2.20: Repair costinfills and partitionsat (a) building damage state levahd (b)

component category levgd].

’ 4
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Figure 2.21: Damage category and measured dansagerityfor infills and partitions acquired

from damage reports submitted for funding applicat{6hs

Consideringhe repair operations at the panel level, the available cost estimates are analyzed to
determine the repair costs necessary to restore the component's functidhaligfore, he

repair costs in relation to repair actions for one part of the papth¢ement of some damaged
brick) andthecost related to the full infill panel (such@ainting or wall finishes) are summed

As a result, the costs associated with repairs that only involag affihe panelfor example,
replacing a few damagl bricks as well as those associated with activities that involve the
entire infill pane) for example, painting or wall finisheare added up. Nexg¢ach panel in the

same DS has its TRC added together and normalized by the overall length of the damaged
panel [6]. Further details can be found|[i8].
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2.3.Cost and Effectiveness of FibeReinforced Polymer(FRP)

Del Vecchio[l] focuses on developing a simptest analysidool that bestanalyzesand
quantifiesthe cost related to the use of FRP matef@iseismic strengthening of existiR{C

structures hat suffered duri ng t hebedadsétheunitiblaoste ar t h
based on the price lists might lead to significant estimates of the actual Taistsool,
thereforecan be used for assessthgcostbenefit for other retrofit interventions after seismic

events.

It was discovered th&RP-strengthening was the technique used the most (34 and 56% of the
buildings were subjected to repairs or global retrofitting, respectively) to conduct effective and
rapid repairs and achieve an improved seismic performance.

Del Vecchio [1] discoveredthat the technique most commonly employed was -FRP
strengthening, with 34% and 56% of the structures undergoing repajtshad retrofitting,
respectively. This method was used to carry out effective and swift repairs while enhancing
seismic performancgl]. The expense of putting these solutions into practice was
approxi matdloy 9%b.chll/smr en ¢forglebalirergfiting.fdese2 8 1 . 1
costs are less than those linked to alternative strengthening meffwelsnethodmost
employedwas enhancing the shear capacity of unconfined lmdomn joints, together with
upgrading the connections between infills and the perimeter structure using FRCM. This is
since FRPs primarily function byincreasingthe displacement capacity of the structural
framework. As a result, further measures are necessary to safeguard the infills and partitions
[1].

It was also discovered thate direct costs incurred for joint shear strengthening typically
average around 2051.5 04/ member (38.4% RC) fo
2939.2 U0/ member (55.0% RC) for those design
differencesn costs arise from variations in the number of members that are strengthened and
the layers used on the joint pandls

However, for regulastructures with adequate lateral stiffness, BRenhgthening solutiorsan

serve as efficient solutions for seismic strengthening. In fact, this research demonstrated an
enhancement of g fromean asesafeevalue ofi0.8 0 approximately[ D} 7

The findings of this study could be highly beneficial for both researchers and practitioners
working to generate initial insights regarding the advantages and associated expenses of
seismierisk mitigation strategies for individual structures or lasgak existing reinforced

concrete buildings.
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2.4. Structural Strengthening Schemes

Studies[3] focusedon enhancing the seismperformanceof reinforced concrete exterior

beamcolumn joints (BCJs) through the use of filveinforced polymer (FRP) materials that

can be installed from outside the structure, thus reducing the impact on occupants and the

overall disruption.The role of FRP wrapping or the use of cagenpliant internal

reinforcement only acts at reducing the probability of collapse by avoiding the local failures of

RC members.

A new innovative strengthening approach, referred to as Minlinv, is introduced, which utilizes

a blend of carbon fiberinforced polymer (CFRP) fabrics and spike anchdise main

outcomes of this research can be summarized as follows:

1 Specimen T_1L 12A was reinforced using a single layer of CFRP fabric and 12

anchors, with 2 placed on each side of the columns and beams. This enhancement
improved its strength by approximately 12% compared to the original specimen.
However, the prematuréebonding at the beam's end restricted the capacity to fully
utilize the CFRP fabric, leading to a joint panel shear failure without the beam's
longitudinal reinforcement reaching yielding.

By employing 16anchors,.e. 4 at the ends of each beam and 2 on each side of the
columns, the bond was notably enhanced, resulting in the CFRP fibers fracturing in the
joint panel. This greater contribution from the FRP system resulted in significant
increases in strength, widmergy dissipation improved by roughly 24% and 17% in the
reference specimen.

The same number of anchors was insufficient to meet the demands imposed by two
layers of CFRP fabric, leading to debonding at the end of the beam in Specimen

T 2L _16A. This occurred after the beambs
limiting the potential to exploit its full ductile capacity. An observed strength increase
ranged from 17% to 25%, alongside a 41% rise in energy dissipation. The existing
capacity models for the shear strength of spike anchors effectively predicted the failure
mode wtnessed (i.e., fiber rupture at the anchor bends). Nonetheless, significant
uncertainties arise regarding the accurate assessment of shear demand on the anchors,

prompting this paper to suggest a preliminary (and conservative) approach.
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1 Since most of the damage occurred at the BCJs and top of the columns, the type of
strengthening that can be employedas shown inFigure 2.22 and Figure 2.23

respectively.

It should therefore be noted that for the purpose of this thesis, steel fiber reinforced polymer
(SFRP), single layer carbon fiber reinforced polymer (SL_CFRP), and double layer carbon
fiber reinforced polymer (DL_CFRP) were employed.

T IL 12A T IL_16A

a7 k= P
M /{\0,0%@ G g s s Position of the holes "\’03@/\ 5 B 5 R Position of the holes

(diameter 15 mm)

(diameter 15 mm)

(3) 12 10 CFRP anchors

Qﬂ»wig D

7; 50

(3) 16 $10 CFRP anchors

' N |E

755\ /

T 2L _16A

70 KON s - Position of the holes

(diameter 15 mm)

120

Figure 2.22: FRP strengtheninggchniques for the BCJlayouts (dimensions in mnj3].
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Figure 2.23: FRP strengthenintgchniques for the column en@g SFRR (b) SL_FRR and(c)
DL_FRP
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3. SIMPLIFIED LOSS ASSESSMENT FRAMEWORK

This section presents the method implemented in the framework for loss assessment at the
regional scale as shown ligure 3.1. This framework has been developed in MATLAB and

was used to perform analysis of 3 case study building (i.e. 2,3-stoded buildings) extracted
from LOAquila database in the as built and
strengthening solutionsonsidered include the use of steel fiber reinforced polymer (SFRP),
single layer fiber reinforced polymer (SL_FRP) and double layer fiber reinforced polymer
(DL_FRP). It should therefore be noted that this analysis is based on seismic andigaavity
desgned building cases (i.e. SLD and GLD).

Firstly, a nonrlinear history analysi¢§NLTHs) was performed in order to account for the
engineering demand parameters which gives an idea on the seismic response of the building. In
order to perform this analysis, inputs such as material propediexréte, steel, FRP
geometrical characteristics (building plan dimension, number of floors, interstorey height,
column section sizes, length of infills, and length and height of beam), mass on each floor
Table 3.1 shows ther set of records with the associated scaling fasttish dependn the9-
returnperiod Trboth in the X and Y directiarin addition to the mass defined, the strength and
stiffness of the hysteretic pivot is aldefined as simplifiedmodelfor the analysis.

Secondly, using the results obtained from the NLTHs in terms of the EDPs, loss analysis
according taFEMA P-58 componerntbased framework was done using the fragility function

and consequence functions which has been developed for both -theltasnd FRP
strengthened configuration to predict the damage state of the struetteadr, interior and
nonconformingbeam column joints (BCJs). In particuléinyee different DSs, namely, light
damage (DS1), moderate damage (DS2), and heavy damageaf $8hsidered and adopted

for the classificatioraccording tg6], [25], [26]. With this, the damage state of-lasilt and
effectiveness of the FRP configuration is evaluated.
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Table 3.1: Accelerogram and return periods used for analysis

Return period

Direction Records 1 2 3 4 5 6 7 8 9
1 048 063 073 083 096 111 139 166 198
2 091 1.18 1.37 157 178 2.09 262 313 374
3 528 6.86 7.97 9.13 10.35 12.14 1491 18.18 21.70
X 4 129 167 194 222 252 295 370 442 528
5 2,72 353 4.10 470 533 625 7.82 936 11.17
6 3.69 478 556 6.37 7.22 847 10.60 12.68 15.14
7 0.20 0.26 031 035 040 047 058 0.70 0.83
1 0.39 051 059 068 0.77 091 113 136 1.62
2 0.89 115 134 153 174 204 255 305 3.64
3 403 523 6.08 696 7.89 925 11.38 13.86 16.54
Y 4 1.18 153 1.78 204 231 271 339 406 4.84
5 194 251 292 335 379 445 557 6.66 7.95
6 271 352 409 469 531 6.23 7.80 933 11.14
7 0.23 030 035 040 045 053 066 0.79 094

In the same vein, the probability of collapse and analysis of cost is assesseanigyng the

costs in ascending form for all the number of realizations (i.e. 500) to understand the evolution
of thetotal mearcosts for each return period should therefore be noted thatyatost value
greater than reconstruction costs assigns the value of the reconstructiaigodging a
collapse. This shows the costs associated with each realization considenniigi¢ginee of the
probability of collapsen these cost®r the asbuilt and FRP configuratian
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Lastly, the cost analysis is done usiREMA P-58 componenbased frameworkvhich
classifies the components into drift and acceleration sensitive based comp®hentsift
components consist of tf@nts (exterior, interior, nornrconforming; exterior infill walls (with

/ without openingandwith French windows (Fw)interior partitions(with/without openings
andstairg. For the acceleratiebased components, it consists of thy tile roof masonry
chimney raised accesBoors, independent lightningcold water piping(A, B, D, E, F), hot

water piping(A, B, B1), sanitary wastandlow voltage This is done for both the dmiilt and

FRP configurations (i.e. SFRP, SL_CFRP and DL_CFRP). Therefore, the repair cost associated
with each component and at each refoenodfor the configurations are generated after this
analysis.

This framework has been entirely implemented in MATLAB to facilitate loss assessment and
reduce the computational demathdt can be used as simplified tdyl the practitioners and
engineers.

As mentioned earlier, some input datas are necessary to be implemented in framework in order
to perform the seismic analysis and account for the loss incurred in-théltasnd FRP
strengthened configurations for both the SLD and GLD cases. This irfpgbd#ains the main
characteristics of the building obtained from the documents obtained from the practitioners
during assessment after the seismic event. The characteristics extracted and used as the input
data are as follows:

A Building plan dimension (x and y directiorthe length in the x direction is associated
with the longer direction, and the y in the shorter direction of the building.

A Massof each floor: the mass of each floor takes into consideration the mass of the beam,
columns, floors, infills, stairs, and balcony. This mass is assumed to be 2%tons/m
each floor.

A Number of floors: this is important to account for the number of degrees of freedom
required for the analysis.

A Inter-storey height: this is taken as the distance between beam centers on each floor. It
is necessary to determine the stiffness of the columns and infill members.

A Numbers, éngth and clear height of infills (x and y directiorthis is necessary to
evaluate the stiffness and the maximum capaetyired.

A Column section (minor/base and major/height)is is required toevaluate their
contribution to the stiffness (the stiffness of the beams is neglected since an infinitely
rigid bending behavior is assumed) and to capacity.

A Effective length and height of the beam (x and y direction)
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A Concrete and steel grade

A Reconstruction costs, which are evaluated as the surface &ea(®m 0241 350/ m
The floor includesbeam, columr(divided into exterior, interior and netonforming joints)
and infillswhich are arranged and extraciadhe direction ofX andY direction as shown in
theFigure 3.2.
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Figure 3.2: Sample of a floor plan

3.1.Non-Linear Time History (NLTH) Analysis

The structural performance of selected buildings was assessed through nonlinear time history
analysis (NLTHs). The building was modelled using a simplified nonlinear numerical model
obtained as simplification of a refined model which was experimentaibyratdd and validated

[7]. The nonlinear response of structural (columns and beams) arstractural elements

(infill) in the refined model is reproduced using a lumped plasticity technique. This technique
idealizes the response of infills with a thhsteut model with the plaist hinges located at the

centre of the element and the extremities of the element for the structural mgvibers
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In order to capture the pinching effects and stiffness degradation made with the infills (hollow
clay blocks), a pivot model is suggested, which is also used to reproduce the hysteresis response
of the elements.

The nonlinear time history analysis is therefore used to calibrate the pivot model to have a
good match with the PsD tests using the same inputs, with the damage also compared. More
details on the PsD tests, refined numerical model, calibration, and dassgssment can be
found in[7].

The simplified refined model developed starting from the refined model, is implemented to
carry out the seismic loss assessment at the regional scale has been developed in MATLAB
(The MathWorks Inc. 2022A 2D multi-degree of freedom (MDOF) model withe number

of degrees of freedoassociateavith the number of building floorand masses lumped at each
storey is used in the framework, as showrFigure 3.1. For each storey, their nonlinear
response is reproduced with a single 4inear spring to reproduce the experimentally
calibrated pivot moddPR7].

3.1.1. Assessment of Engineering Demand Parameters (EDPS)

A nonlinear timehistory analysisising aset of 7 accelerogram (X and Y direction) scaled at 9
return periodss selected and used fanalysis t@valuate the seismic behaviour of the selected
building and further used tgenerate tb engineering demand parameters (EDRP®rderto

perform the loss analysiShe EDPs used are the intory drift ratio (IDRs), floor acceleration
andinterstorey sheaThe EDPs are evaluated for thelaslt configuration only because the

FRP configurations are assuntedave the same EDPs as thdast configuration since there

is no change is the dynamic properties of the structure usingZ8RRFhe EDPs are calculated

for the group of NLTHs in bot h-O%8$PLIETGNGI on s ,
METHOD, is employed to solve the MDOF modi29].

3.2.Vulnerability Analysis

The damage evaluation follows the methodology used in PACT some adopted simplifications
[22]. The fragility curves for key components sensitive to drift and accelerattuaeinfill,
partition walls, beartolumn connections, chimneys, tiles, cold/hot water pipes, raised floors,
lighting, low voltage systems, and plumbing. These curves are provided along with their mean

and CoV values in the PACT library and relevant litergtyparticularly for recent
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advancements concerning inf0] and bearrcolumn connectionf26]. Within the framework

of fragility curves, the consequence curve is characterized by two values for quantity and two
for cost: upper and lower limits, with a linear function applied to determine the quantity
between these bounds.

After the structural analysisasbeen donethe assessment of damage for each component of
the buildings througlossanalysis is carried out in the MATLAB framework. This is carried

out by using the FEMA 8 [22] procedure implemented in the PACT softwdre obtain a
losscurve, a timebased performance assessment that involves different steps as described in
the studieg25], is performed for théwo configurationsi.e., as-built andFRP strengthened

and described belaw

)] Demand simulationThe MATLAB code gives a vector output thedntans the
EDPsfocusing on theeak floor acceleration and peak floor drift ratteeacHloor
in each directiopwhich is furthercompiled.It then generates a matrix that contains
the results of one analysis in the rows (7 for each direction) and the values of a
demanding parameter in the columns (depending on the number of floors).
The matrix entries are assumed to &goint lognormal distribution and are
manipulated to compute a vector of median demands (the median vector derived
from the set of analyses), variances (or dispersion), and a correlation matrix
indicating how each demand parameter vaoeise other demand parameters in the
set

i) Collapse Assessmerithe framework accoustor the probability of the collapse in
the analysis of lossein order toquantify the benefits of FRP strengthening that
mainly increase the performance at ultimate limit statdsch takes into
consideration théoss of the total value of the buildinghen there isstructural
collapse occurs. Tfis based orthe interstorey drift ratio(IDR) and interstasy
shearestimated from th&lLTH analysis carried out using the validated simplified
model.In the framework, the i8esway Global Collapse (SGC) and Gravity Load
Collapse (GLC)are consideredor the assessment in the simplified model as
proposed byDe Risiet al.[31]. It should however be noted that timodel only
considers the infill degradation ardbes not explicitly consider the strength
degradation in RC membernsor SGCto occur, it is assumed that 50% of the RC
componenthavefailedin shearon thesame floorlevel, taking into consideration

the failures under that occurred in both the directasishown irFigure 3.3.
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Figure 3.3: Collapse assessment approach used for Sidesway Global Collapse (SGC)
Gravity Load global Collapse (GL@38].

i) Loss Calculation: The definition of DS allows one to evaluate the loss to realization
using the consequence curve for each performance group uploaded in the script with
the upper and lower bounds for quantity and cost (a hypothetical consequence curve
is shown in Figure 60The valuation of losses, assuming a simplified approach, is
done by identifying the quantity on the curve related to the group of outputs
analyzed and determining the corresponding cost value. The quantities of each
performance group are identified in @ifént ways. For the infill and beatolumn

joint, they are calculated from the design documents, while for the other components
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used in the work, a tool provided by the ATC must be uUsSerda single structure,

the total damage is the sum of the damage sustained by each performance group
evaluated as described above. Loss distributions are developed by repeating the
calculation of damage and loss for a large number of realizations amd) 4be

values in ascending (or descending) order to allow calculation of the probability that
the total loss will be less than a given value for a given intensity of earthquake
(intensitybased asessment). For example, if damage calculations are performed for
1,000 realizations and the realizations are compiled in ascending order, the repair
costs with a 90% probability of exceedance are the repair costs calculated for the
realization with the 10@ largest cost, since 90% of the realizations had higher
calculated costs (ATEApplied Technology Council 2012a)
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(a) (b)
Figure 3.4: Hypothetical consequence curaed bss distributiorj32].

3.2.1. Design of the retrofit alternativeend collapse definition

The analysis of the shear failure of columns and beatamn joint for each direction and at
each floor of buildingsre performed fothe asbuilt and FRPstrengthened configuration

The number of failed RC members is calculated combining forcel@fbasedapproaches
The force-basedapproachinvolves thecompuation ofthe number of columns that failed in
shear by comparing the shear demand with the capacity of thesexdgm. The shear capacity
of asbuilt RC columns is computed according to Biskigtisl. [33], while the fib bulletin 90
[34] is used to calculate the contribution of the FRP strengthening Th@].driftbased
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approach on the other hand is used to assessiltves at bearsolumn jointwhich may occur
athigh digplacement.

From this analysighe number of columns that did rfail in sheaiis estimateé@ndthe number
of joints that have achieved a damage state (DS3) is evaluated according to thasddft
approach ath attached witlspecific probability of occurrence of a DSIhe number of failed
RC components is then computed using fitagility functions proposed by Cardone and
Perrong30] and Yurkadulet al.[26] for asbuilt and FRP strengthened BQa&ing into the
consideratiorthe maximum IDRestimatedrom theNLTHSs analysis

The formular according used for the calculation of the shear capacity for bothiihit asnd
FRP strengthening configuration is presented below:

The asbuilt is verified by comparing theéemand evaluated through NLTMsdth the capacity
of the column that can be evaluated using the formula obtained from EurocoBBl 20043,

which is also known aBquaon3mto@®. f or mul ar, sh

® —o Qo o) (3.1)

where:
w is thetotal shear capacity of the column.
[ istaken a 1.15

@
z & QB M H (3.2)

q]
his the total height of the crosgction.
x is the depth of the neutral axis (height of the compression part of thesexis®m), assumed
to be the concrete cover.
0 is the cuting gap.
N is the axial compressive force evaluated using the area of influence of the column.
"Qis the compressge resistance of concrete.

0 is the ara of the crossection.

Q p TEIFa Qony (3.3
'y — P (34)
where:

‘v = the ratiobetween the plastic part of the chord rotation and the yielding rotation.
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Q is assumed to be equal to 1, i.e., no deterioration in shear, as shéigara3.5 which is

justified by the premature failure due to a lack of seismic details.

V [kN]

'y

Viex

v shear max

TJEhEEI:m_iﬂ N ——.

>0 (-]

Figure 3.5: Shear behaviour for cyclic load.

o} -
"aa b (35)

W
where:
w is the skear provided by transverse reinforcement.
0 isthe ara of stirrups.

sis the distance between two stirrups.

.. 0 —
W TMEIOwBPpTT p TP @Gl Eluﬂf2 "D (3.6)
where:
w is theshear resistanamntributed byconcrete

is thegeometrical percentage of longitudinal steel.

The analysis igperformedon a set of 7 accelerogram (X and Y direction) scaled at 9 return

periods For eaclstory, the faikd columnsn the x and y directions are combined to determine

the total number of columnihat collapsedThe collapse is determined when 50% of the

element in the first return period fails on the flobhe minimum return period between all
floors is the return period of the collapse of the structure.

This sameprocedure is followed for thERP-strengthenedonfigurationsystem, only for the
columns that failed in thasbuilt configuration. Thé&=RPcapacity is evaluated as descrilbed

Fib Bulletin90[34] and the Italian guidelinesvhich are showibelow:
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Wh 02z°Q 20 j (3.7)
where:
0 is the thckness of steel fiber reinforced polymer (SFRP) and carbon fiber reinforced polymer
(CFRP) equal to 0.266 mm and 0.164 mm, respectively.
"Q is the dsign resistance of FRP calculated as below
"0

o vz
[

(3.8)

where:
" is the coefficient equal to 1.
"Q is the resstance of steel fiber reinforced polymer (SFRP) and carbon fiber reinforced
polymer (CFRP) equal to 2580 MPa and 4900 MPa, respectively.
I isequal to 1.1.

0 ; 6zmEA4 (3.9)
where:
0 ;5 IistheFRP maximum usable length.
B is the base or H, which is the height of the column, in case of the other direction.
—is theangle of FRP application assumed to bé 45
After the collapse is evaluated for thelaslt configuration, the FRP strengthened solutions
only considerthe return period that identifies the collapse of the elements, taking into
consideration that if 50% of the elements fail, the next return period is calculated just as it was
done for the abuilt configuration after failure occurred. This is importanbbtain the safety

index of the FRP strengthening techniques.

3.3 Costs Estimation

The cost estimation is calculated for both #isebuiltand strengthened techniques (SFRP and
CFRP) in terms of component level and at different return periods. This gives an idea of the
cost associated with each component type, i.e., drift and acceldrased component as well

as the effects of the FRPetigthening on the costs associated to the beam column joints (BCJs).
The drift elementonsistf thejoints (exterior, interior, non-conforming; exterior infill walls

(with / without openingsand with Frenchwindows (Fw) interior partitions(with/without
openingsand stairg. For the acceleratiebased elements, it consists of ttiay tile roof
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masonry chimneyraised accestoors, independent lightningcold water pipingA, B, D, E,

F), hot water pipindA, B, B1), sanitary wastandlow voltage

The cost for the FRP is evaluated by consi de
cost of 2f8rthe Sr@ngthiening linked to the intervention, which is acquired from the
document owner if feasible; if not, a cost equal to 40% of the total reconstruction expense is
assumed, with the recédnstruction valued at 1

3.4.Case Study Building

Three RC buildingselectedrom the database=alizedafter the reconstruction processtio¢
LOAqui |l a ear t hqacase study dhese buildingsdde 8 and 4 storeys
respectivelyand are assumed regular in plan and in heigbare characterized by poor quality

concrete and lack of transverse reinforcement details.

3.4.1. Four-storeybuilding

Thefour-storeybuildings el ect ed i s one of the heavily da
events.lt is 39.2m x 9.7m in planas shown irFigure 3.7. Meanwhile, since the existing
MATLAB framework is developed to analyse a regular building, the case storey building is
assumed to be regular by aligning the building plan to be rectangulatotéh&eight of the
building is 11.65m with inter-storey heigtgof 2.65m from the ground floor to first floor, and
3.05m for the subsequent floors to the last flasrshown irigure 3.8. This building, therefore

relies on RC moment resisting frames available in the main directions of the builkeling
direction It can be observed thdahe structural system consists etevenframes in the
longitudinal (x) directionthreeframes in the transverse (y) directi@mda staircaseo access

the subsequent floor$he infill lengths are 4.5n and 4.7m in the ydirection andvary from

3.5m to 4.65m in the xdirection. Thebuilding consists of a square colurarosssecton of

0.4m x 0.4m. Thebeams consist of a rectangular section withpdemeter beamBavinga
0.15m width and 045 m height while the internal beamareof 0.15 m height
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Figure 3.6: Case study building aftéhelL oA q‘ i | a a rthqua
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Figure 3.7: Case study buildingirst floor plan (4storey building)
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Figure 3.8: Case study buildingrosssection view(4-storey building).

3.4.2. Threestoreybuilding

Thethreestoreybuildings selectedrethe second case of the heavily damaged buildings after

t he

L 6 A q utiisll1a2 mex©.8 mntplanas shown ifrigure 3.9. As it was stated earlier,

the MATLAB framework is designed to analyse a regular buildingrefore, the case storey

building ignored the part of the building with no frame to have a rectangular plan surrounded
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by columns.The total height of the building &75m with interstorey heights of 85 m from
the ground floor to first floor, and Bm from first to second flogend from second floor to the
roof floor as shown irFigure 3.10. It can be observed thtte structural system consiststlofee
frames in the longitudinal (x) directidgignoring the column not aligned witheothers) three
frames in the transverse (y) directiand?2 staircaseto access the subsequent floors. The infill
lengthis 4.5 m in the ydirection and varies from.8 m and 5.15 mn the xdirection. The
building consists ofectangularcolumrs with crosssectiors of 0.3 m base(minor direction)
and0.5 m and 0.7 m in heiglfinajor direction) The beam'ssection isrectangularwith the

perimeter beams havirgg).5 mheightandthe internal beamsonsistingof 0.2 m height.
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Figure 3.9: Case study building first floor pla3-6torey building).
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Figure3.10: Case study buildingrosssection view(3-storey building).

3.4.3. Two-storeybuilding

The wo-storeybuildings selectedrethethird case of the heavily damaged buildings after the
L6Aqui | hHisz20xmxxlfl.Bmin planasshown inFigure 3.11. As it was stated earlier,

the MATLAB framework is designed to analyse a regular building, therefore, the case storey
building is assumed to be rectangular by focusing on the longer side of the x and y directions.
Thetotal height of the building i6.39m with interstorey heights 08.15m from the ground

floor to first floor, and 24 m from first to the roof floor as shown Fgure 3.12. It can be
observed thathe structural system consists fofe frames in the longitudinal (x) direction
(ignoring the column not aligned with othergjreeframes in the transverse (y) direction and

1 staircase t@ccess thetherfloors. The infill lengthvaries from5.7 m to 6.05 min the y
direction and varies frorB.9 m and 5.15 m in the-girection. The building consists efjuare
andrectangular columns with crosgctions of @ m base (minor direction) and of40n and

0.9 m in height (major direction). The beams cross section is rectangular in shape with the

perimeter beams and the internal be&agng 0.55 m height
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Figure 3.12 Case study buildingrosssection view(2-storey building).
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4. ANALYSIS OF SEISMIC LOAD DESIGNED BUILDINGS

This section shows the resuitterms ofthe result obtained from the analysis perform on the
seismic load designed buildingehe results include the engineering demand parameters (i.e.
interstory drift ratio, peak floor accelerations, amderstorey shearwhich is used in
determining the collapse exhibited by the beam column joints. In addition, the probability of
collapse in relation to the cost of the strengthening was also discussed. Also, the repair cost at
component level which help to understand tioenponent that is most affected dgrithe

seismic event is also analysed and discussed. Lastly, the repair cost at each return period is
determined and analyseor the asbuilt and FRP strengthened configuration of the three case
study buildingsWith this, the effectiveness of FRP for strengthening is evaluatediéoms

of reduction incollapse and cost of treeismic load designdalildings.

4.1.Engineering Demand Parameters (EDPS)

The simplified nonlinear model implemented in the seismic loss assessment framework was
validated by comparing thesults of the case study building$ie seismic performances of the

case study buildings were simulatgiilizing the nonlinear time history analgs TheNLTH
analysess performed on set of 7 accelerogram (X and Y direction) scaled at 9 return periods.
This has been modified to perform the analysis in the two directions with the AQG signal scaled
from 10% to 150%kFor each of the return ped, the EDPs result are obtained in terms of the

in terms ofinter-storeydrift (IDR), accelerationandinterstorey shear which are necessary to

for the loss assessment analyses. The choice of these picked EDPs is because most of the
fragility curves in literatures used this for intensity measures and collapse predictions.

The seismic analysis consists of a nonlinear4mséory analysis performed using as input the
original signal of t(PGA of D.aX0gPrechrded loyuhe AQG seateom t h q u
in the EW direction.

The resultobtained from the analysis performed with the proposed framefootke three
buildings wee compared in terms ofter-storeydrift (IDR), acceleratiomandinterstorey shear

in both directionsand picked for the maximum record which th& B:cordswith its
correspondingeturn period of 475 years (LSL&hd 2475 yearse. 7" and " return period.

These results adescribedas follows

59



Chapter 4 | SeismicAnalysis

4.1.1. Interstorey Drift Ratio (IDR)

The result in terms of IDR obtained from the analysis performed for the selected buildings
modelled using a nonlinear simplified model are showFigmire 4.1 It can be shown that the
maximum mean drift (indicated with a black line on the graph) is concentrated on the first floor
for all the case study buildings (4, 3, and 2 storey buildings) in the X direction, with the
maximum value of about 0.25% IDR achiewedhe 4storey building type. In the Y direction,

the drifts are also concentrated on the first floor except for#teréy building type, which

was concentrated on the second floor with 1.36% drift. This is due thigher stiffness
obseved onthe first floor due to a shorter height the ground floor.

On the other hand, at a higher return period of 2475 years, the drift behaviour was the same as
for 475 years, but with a maximum value increasing by about 68% forstarely building

type in the X direction. Meanwhile, for the Y direction, there wamarease of about 40% for

the maximum drift observed on the second floor of tiséofey building type. This is as shown

in Figure 4.2.
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Figure 4.1: Inter-storey drift ratio (IDR)or seismic design buildings at a 4y8&ar return period in
X and Y directionfa) and(b) 4 storey (c) and(d) 3 storey, ande), and(f) 2 storey.
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Figure 4.2: Inter-storey drift ratio (IDR)or seismic design buildings at a 24y&ar return period ir

X and Y directionfa) and(b) 4 storey (c) and(d) 3 storey, ande), and(f) 2 storey.
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4.1.2. Peak Floor Acceleration (PFA)

The result in terms of PFA obtained from the analysis performed for the selected buildings
modelled using a nonlinear simplified model are showkigure 4.3.

The higher acceleration showsttihe higher numbers @bors result inamplificationat the
last floor. In the Y direction, there washigher acceleration of about 418 on the first floor

in the case of-storeybuilding, which might be due to more amplification experienced in that
direction. For the 3 and-&orey, the last flooexperiencesigher floor accelerations. This can
be seen oFRigure 4.3.

At a higher return periodf 2475 years, the floor acceleration increases tar#sg 5.6 m/s>

and 6m/s’ for the 4, 3and 2 storey buildingypes,respectivelyin the X-direction. In the Y
direction, there waa higher acceleration on the first floor in the case dfstoreybuilding of
about 57 m/s> as it was in the X direction. Meanwhiler the 3 and®-storeybuildings, there
was also aboud 10-25% increasen the floor acceleration on the last flodihis is as shown
onFigure 4.4.
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Figure 4.3: Peak floor acceleration (PFAQr all the case studseismic desighuildingsat 475

years return perioda) and(b) 4 storey (c) and(d) 3 storey, ande), and(f) 2 storey.
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Figure 4.4: Peak floor acceleration (PFAQr all the case studseismic desighuildingsata 2475

yearreturn period(a) and(b) 4 storey (c) and(d) 3 storey, ande), and(f) 2 storey.
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4.1.3. InterstoreyShear Distribution

The results in terms ater-storeyshear distributioare reported iffigure 4.5. It can be shown

that the maximum meamter-storey shear(indicated with black line on the graph) are
concentrated on the first floor for all the case study buildings (4, 3 and 2 storey buildings) in
the X direction with the maximum value of abd®000kNachieved in 4 storey building type
which is almost 5 times higher than the 3 and 2 storey builavhgsh is a function of the size

in plan of the case study buildings the Y direction, thenter-storey shearhas the same
behaviour as the Mirection with the maximum valuen the first fler for all storey building
types,with about 8900kN irthe 4-storey building type It is therefore expected that the first
floor experience shear value is the same for all builtipgs
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Figure 4.5: Interstoreyshearfor all the case studseismic desigbuildingsat 475 years return

period in(a), (b), and(c) X directionand(d), (e), and(f) Y direction
On the othehand, as shown irFigure 4.6, ata higher return periodf 2475 years, thater-
storey sheancreasesy about 8% for the 4torey building type in the X direction. Meanwhile,
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for the Y direction, there was an increase of allg® for the maximum drift observed on the

first floor of the 4storey building type.
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Figure 4.6: Interstorey shedor all the case studseismic desigbuildingsata 2475yearreturn

period in(a), (b), and(c) X directionand(d), (e), and(f) Y direction
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4.2.Vulnerability Analysis

4.2.1. Fragility curves

This section shows the result of tfragility curves for the abuilt andFRP-strengthened RC
exterior, interior and norconformingBCJswith the first two being thenost vulnerable joint

types in a momentesisting frameThe fragility function is based on the mean maximum IDR
obtained from the NLTHs performed for each building type in the previous settioee
different DSs, namely, light damage (DS1), moderate damage (DS2), and heavy damage (DS3),
are considered according to widely recognized damage classificatictsis obtained for the
asbuilt and FRPstrengthened configuration. Moving forwardcé storey building type is
discussed below taking into consideration the IDR in X direction @viych is lower than the

Y direction)in order to have an idea of the fragildyrves at a lower IDR.
1 Four-storey buildings

For the fourstoreybuilding type with the EDP that has been discussed earlier, the probability
of occurrere of joint damage statem X direction is shown for bothasbuilt and FRP
configurations for the 2475 return period which as showFigare 4.7.

For the asbuilt configuration, & the maximum IDR, none of the joints except the -non
conforming joint (i.e. exterior and interior joints) achieved light damage (D&labout 0.6
probability of occurrenceas shown irFigure 4.7a. It can be observed that the exterior jeint
achieved heavglamageij.e., DS3at the return period with a probability of occurrence of about
0.55, while the interior jointachieved medium damage (DS2)adbigher probability at the
maximum drift as shown irFigure 4.7c and e.

With FRP strengthened, there is a reductiothmprobability of occurrence fathe exterior
joint at DS3 to a lower value of about 0,iBerefore making the FRP effective. At DS2, the

probability of occurrence for the interior joint was reduced to about 0.3. Meanwhile, for the

nortconforming jointst he FRP i sndét expected to Thisis ef f ec

as shown inFigure 4.7b, d, and f.
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Figure 4.7: Fragility curves inX directionat 2475 years return period #1storeyseismic design
building: (a), (c) and(e) As-Built and(b), (d) and(f) FRP strengthened.

9 Three-storey buildings

The probability of occurresein X direction is shown for bothsbuilt and FRP configurations

for the 3-storeybuilding type a& 2475 return periots as shown irFigure 4.8.
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For the asbuilt configuration, amaximumIDR, none of the joints except the noonforming

joint (i.e., exterior and interior joints) achieved light damage (D®8Mhjch is the same for the
4-storeybuilding typeat about (B7 probability of occurrencgeas shown irFigure 4.8a. It can

be observed that the exterior joints achieved heavy damag®32at the return period with

a probability of occurrence of aboutl@, while the interior joint achieved medium damage

(DS2) atabout 0.13robability at the maximum drifas shown irFigure 4.8c, and e

With FRP strengthened, there is a reductiothmprobability of occurrence fathe exterior

joint at DS3 to a lower value of abouDQ. therefore making the FRP effective. At DS2, the
probability of occurrence for the interior joint was reduced to ab@® ®eanwhile, for the
nonconforming jointst he FRP i sndét expected t oashtwasef f ect

discussed earlielhis can be observed kigure 4.8b, d, and f.
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Figure 4.8: Fragility curves inX directionat 2475 years return period f@istoreyseismic design
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buildings (a), (c) and(e) As-Built and(b), (d) and(f) FRP strengthened.
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1 Two-storey buildings

Also, for the 2storey building type, the probability of occurrence in X direction is shown for
both asbuilt and FRP configurations at a 2475 return period is as shokigure 4.9.

For the asbuilt configuration, at the maximum IDR, none of the joints achieved DS1, DS2, and
DS3, as shown iRigure 4.9c, and e This is because the building exhibits a lower drift ratio
compared to the other building types.

With FRP strengthened, there is no reduction in the probability of occurrence for all the joints
at different damage states because BRI becomes effective when the RC member cracks at
DS1

73



Chapter 4 | SeismicAnalysis

DS1 for As-Built (X )

o 0.01 0.02 0.03 0.04 0.05

IDR (%)

(@)

DS2 for As-Built (X, )

0 0.01 0.02 0.03 0.04 0.05
IDR (%)

(c)

DS3 for As-Built (X, )

0.9

0.8

0.7

0.6

P ()

0.4 1

0.3

0.2

0.1

0 0.01 0.02 0.03 0.04 0.05
IDR (%)

(e)

DS1 for FRP (X;,)

ExtBCJs
IntBCJs
~———NCBCJs

0.01 0.02 0.03 0.04 0.05
IDR (%)

(b)

DS2 for FRP (X, )

ExtBCJs
Int BCJs
~———NC BCJs

0.01 0.02 0.03 0.04 0.05
IDR (%)

(d)

DS3 for FRP (X, )

= Ext BCJs
IntBCJs
~————NC BCJs

0.01 0.02 0.03 0.04 0.05
IDR (%)

(f)

Figure 4.9: Fragility curves inX directionat 2475 years return period fstoreyseismic design
building: (a), (c) and(e) As-Built and(b), (d) and(f) FRP strengthened.

4.2.2. Probability of Collapse Assessmamid Analysis of Costs

Aswas discussed earlier, the costs wlaokarranged in ascending form for the all the number
of realizations (i.e. 500) were used to understand the evolution tatéhenearcosts for each

return period in which any value greater than reconstruction costs assigns the value of the
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reconstruction cost which signifiacollapse. This section shows the costs associated with each
realization considering thafluence of therobability of collaps®n these coster the asbuilt

and FRP configuratian
1 Four storey buildings

For the 4storey building typethe total number ofcollapsesobserved are 65 to 153 with a
probability of collapse of @3 and 031 respectivelyfrom return period #7to Trg as shown in
Figure 4.10a. In addition to this, higher costs are associated with the return period that exhibits
this collapse (i.e. 475 to 2475 years) for théat configuration as shown iRigure 4.11a.
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Figure 4.10: Probability of collapse for 4torey building:(a) As-built, (b) SFRP (c)
SL_CFRPstrengthened, and) DL_CFRP strengthened.

On the other hand, for the SFRP configuration, there was a slight reduction in the costs, but the
collapse remains from return period7fo Tre (i.e. 475 to 2475 years). This can be observed

in the flatten shape compared to thebagt configuration as shown iRigure 4.11b. This can
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be related to the number of collapses that reduced in the associated return period to 62 and 148

with a probability of collapse of 0.12 and 0.30. This is as showigure 4.10b.
Further strengthening with single layer of CFRP (SL_CFRP) and double layer of CFRP
(DL_CFRP) shows the slight reduction of the costs from t®& Trg but with number of

collapses of 58 to 148 having almost the same probability of collapse as it was for the SFRP

case. This is attributed to their capacity not enough to erase the collapse, rather it reduced the

cost slightly. This can be observed Biyure 4.11c-d andFigure 4.10c-d.
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Figure 4.11: Cost vs realizations for all return periodsstdrey seismic design buildind#)
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1 Three-storey buildings

For the 3storey building type, it can be observed that collapse occurs for all the return periods
Tr1to Tro (i.e., 30 to 2475 years) for the-basilt configuration, as shown irigure 4.13a. The
total number of collapses observed is 74 to 500 with a probability of collapse of 0.15t0 1, i.e.,

total collapse. This is as shownHigure 4.12a.
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Figure 4.12: Probability of collapse for-3torey seismic design buildin¢g) As-built, (b)
SFRR (c) SL_CFRPstrengthened, and) DL_CFRP strengthened.

Using SFRP strengthening, there was a reduction in all costs, leading to no collapseifrom T
to Tre, but the collapse remains from return perigd t® Tro, at a reduced collapse probability.

This is as shown iRigure 4.13b. This can be related to the number of collapses that reduced in
the associated return period to O fesi To Tre and 84 to 353 for the remaining return period,
with probability of collapse of 0.17 and 0.79 for the latter. This is as shomigure 4.12b.

With SL_CFRP and DL_CFRP, there was a shift in collapser¢@id no further collapse,
respectively. This is related to the number of collapses being 65 (0.13 collapse probability) and
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Zero

collapses for each strengthening technique used. This shows a great effectiveness of the

CFRP capacity that was able to erase the collapse of the structure completely, especially with
DL_CFRP. This can be seenHiyure 4.13c-d andFigure 4.12c-d.
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Figure 4.13: Cost vs realizations for all return periodss{8rey seismic design buildingg)
As-Built, (b) SFRR (c) SL_CFRPR and(d) DL_CFRP strengthened.
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1 Two-storey buildings

Lastly, for the 2storey building type, it can be observed that collapse occurs for the return
period Tre to Tro (i.e., 975 and 2475 years) for the-lgilt configuration as shown irFigure

4.15a. The total number of collapses observed3si@d285, with a probability of collapse of
0.15and0.57, as shown irFigure 4.14a.

Using SFRP SL_CFRR and DL_CFRPstrengthening, there was a reduction in all costs,
leading to no collaps®r the Trs that suffered collapse in the-kgilt configuration whichis
shown inFigure 4.15b-d. This can be related to the number of collapses that reduced in the
associated return period to O fibiis Trs, with a probability of zero collapse. This can be
observedn Figure 4.14b-d.
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Figure 4.14: Probability of collapse for-8torey seismic design buildin¢g) As-built, (b)
SFRR (c) SL_CFRPstrengthened, and) DL_CFRP strengthened.
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Figure 4.15: Cost vs realizations for all return periodsstorey seismic design building):
(a) As-Built, (b) SFRR (c) SL_CFRR and(d) DL_CFRP strengthened.

4.3.CostsComparison

The cost comparison for the-bgilt and strengthened techniques (SFRP and CFRP) in terms
of component level and at different return periods is discussed below. Thisgidesa of the
cost associated with each comportgpe,i.e., drift andacceleratiorbasedcomponents well

as the effects of the FRP strengthening on the costs associated to the beam colufBjlsEhts
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4.3.1. Repair costs athecomponent level

Figure 4.16 shows the summary of the building repair cdetsthe three case study building

(i.e. asbuilt and strengthened configuratidresvaluated for the drift (i.e. infills, partitions
stairs, and joints) and acceleration (i.e. tiles, chimney, raised access floor, lighting, cold and hot
water piping, sanitary waste, and low voltage switch gear) sensitive components for return
period Tro (i.e. 2475 years)t should be noted however that these costs are not affected by the
collapse put the actual total cost associated to each compdheah be shown that ttdift-
basedcomponents take the larger percent@o to 90%,)with BCJstaking about 20 to 50%

of the building repair cot Consequently, the acceleratibased components talkelesser
percentage (10% to 30%) of the building repair costs.

However, in the case af 2storeybuilding, the joint cost has a less@stof about 26% of the
building repair costsas shown irFigure 4.16¢. At the Tro, the influence oSFRP strengthening
reduceghe joint costs by 12%, 31% and 28% for the 4, 3, astby buildingsrespectively

as shown irFigure 4.16a-c. This shows the effectiveness of SFRP before colldysanwhile,

the use of SL_CFRReduceghe joint cost by 13%, 21% and 14% for the 4, 3, arstdey
buildings respectively. Lastly, with DL_CFRP, the joint cost was reduced by 11%, 20% and
6% for the 4, 3, and-8torey buildingsrespectively. Considering the 3 strengthening techniques
used, it can be noted that FRP breslfuceghe cost of the joint before collapse.
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4.3.2. Repair costs at different retuperiodsafter collapsgTrs)

This section shows the repair costs for different return periods taking into account the collapse

of the building. The cost extractém the outputind arranged in ascending order is used for

this purpose. In addition, the cost of strengthening techniques at each return period is also
plotted to understand their effe€igure 4.17a-c shows the variation of the total repair costs
associated with eachrdfor the 3 case study buildings. It is worth noting that, in any case the
strengthening doesnodt Rrhthevetore thé €ostdst equaltto tte par

reconstruction cost which implies that it is better for the building to be demolished.

For thed-storeybuilding type there is nodinear increment in the repair cost from thederate
earthquake to severe earthquake where the damage is more destructive. At the last return period,
if the reconstruction cost wasnoO6t reached, t
the costs are more than 50% of the reconstruction cogdetter to demolish the structure.

There is a reduction in the-asilt costs when compared to the reconstruction costs withgut a

of the Trsreaching colpse, therefore it is better to strengthening the structtitee 9" return

period (i.e. 2475 years), there is abo2areduction of theeconstruction coster the asbuilt

costs Upon the use of SFRP, SL_CFRP, and DL_CFRP, there was a reduction of 34% for all
cases when compared with the reconstruction costs. Since the strengthening costs is more than
50% of the reconstruction costs, it is therefore better to demolish the builtisg:an be seen

in Figure 4.17a.

Consequently, for the-8torey building type, there is a gradual increase in the repair costs from
157 4" return period (i.e. 30 to 101 years) without reaching the reconstructionAfietshe

4™ return period, the remaining return period therefore reaches the reconstruction costs,
therefore. With SFRP, there is a reduction of the repair costs for all the return period from about
20% to 92% for the As. At the 9" return periogthere is about 22% reducticompared to the
reconstruction cosOn theother end, using SL_CFRP, the cost reduced significantly for all the
return periods with the'®return period having about 64% reduction when compared with the
reconstruction costs. Meanwhile, with the use of DL_CFRP, the costs were almost the same
with that of the SL_CFRP up to th# Rturn period but reduced slightly for tHér@turn period

having about 74% reduction in cost when compared to the reconstruction costs. This shows that
SL_CFRP and DL_CFRP are more effective when compared to the SFRP strengthening
techniques during the earthquake. This is as showigime 4.17b.

83



Chapter 4 | SeismicAnalysis

L 4 Floors
= 2500000
‘O Reconstruction cost
& 2000000 f-—=--- - o - T T T S T T T T e T T T T T r R T r T
> —— - SEL_AB
- - SEI_SFRP
'Z 1500000 | - -+ - SEISL CFRP -9
T - — - SEI DL CFRP ::’/"
- | o ‘24
= 1000000 . 'X”
= 500000 P 2"
l - === ==== ===
._ - =.= -r . a
O T T T T T T T T
30 50 72 101 140 201 475 975 2475
Return Period J{(Years)
(a)
L 3 Floors
> 700000 _
; 600000 4 - - - ————_ Reconstruction cost Q- ---@--—-Q---Q-—@ -
— - - SEI_AB v
> 500000 | - -+ - SEI_SFRP e P
Z - - - SEI_SL_CFRP ¢ ’
T 400000 | - & - sei pL_cFrp //. //
‘D 300000 - ) 7
2 200000 8- CA
= L0 ,”—"’4:’—’4
t 100000+ @ _*_f_’_*__--t
0 ‘---_t-l--‘--:--‘-_l—-‘--l T T T
30 50 72 101 140 201 475 975 2475
Return Period J(Years)
(b)
L 2 Floors
> 700000 _
26000004 - _______ bl UL S S S
12 500000 1 === SEI_AB
400000 A - -+~ - SEI_SFRP g
I - -a - SEI_SL_CFRP %
2 300000 - - e - SEI_DL_CFRP ’
.o 7/
© 200000 - -.‘/,_:____‘
! 100000 - =R
| @@ A a8

Figure 4.17: Total repair cost at each return pergglsmic design(a) 4-storey building(b) 3-

30 50 72 101 140 201 475 975 2475
Return Period J(Years)

(€)

storey building, andc) 2-storey building.

84



Chapter 4 | SeismicAnalysis

Lastly, for the 2storey building type, there is a nrbnear increase in the repair cogis all the
returnperiod without reaching the reconstruction cegts 9" return period having about 28%
reduction in cost of the repair costs to the reconstruction dbsanwhile, with SFRP,
SL_CFRPand DL_CFRPthe cost are similar from $tto 6" return periods with the'return

period having 67%, 66% and 65% reduction in cost of the repair costs to the reconstruction cost
respectively.This impliesthe 3 strengthening techniques are effective to strengthen the

structure at severe earthqudkeeFigure 4.17c).
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5. GRAVITY LOADSDESIGNED BUILDINGS (GLD)

The same analysis was repeated for libéding designed according to obsolete codes
withstand gravityonly (GLD). This is done by redesigning the casedybuildingsselected

form the databasaccording to the stress limit stgpeescribed inold building code(Law
5/11/1971n. 1086 and Ministerial Decree 30/5/19%4) was analysed usi®@AP2000 v.23.

[39]. The slabweight therefore according to tieede is 500kg/mand 200kg/rAfor the dead

and live load respectivelyhich is as shown omable 5.1. In the same vein, the roof floor is
450kg/nt and 150kg/rafor the dead and live loatespectively and these are applied as an area
load on the slaltonsideredduring the model on SAP2000. The infillalls' weight on the
perimeter of the flooconsideredn the codeis calculatedaccording to th&quation (5.1).

This is then calculated for each of the case buildings and used for the analysis. The maximum
axial load (unfactored) for each level is then extracted from the analysis and used to determine
the column sectiond.o calculate the column sections, this is calculated usindgthmtion

(5.2) and the minimum column sectioare300mm x 300mm is considered.

Table 5.1: Load used for analysis

Dead load (& (kg/m?) Live load (Q) (kg/n?)
Floorslab 500 200
Roof floor 400 150
n 0 z"Q z0 (5.2)

where:
0 is the veight of the infillsequal to800kg/n?
"Q  is the ¢ear height of the infills

0 is the thickmess of the infillequal to 0.2m

. 0

o) (5.2
where:
0 is thearea ofthecolumn section

0 is theaxial load on the column

, is thestress equal to 60kg/ém

87



Chapter 5| Gravity Analysis

The column section determined is then used in the input code on MATaAdBnonlinear
analysis was repeated for the 3 case building types. Thereforestisfor each building type

are extracted and discussed moving forward.

5.1.Engineering Demand Parameters (EDPS)

The seismic analysis is performed as it was done for the in the previous dettbthe SLD
buildings. The results are also in terms of dfienter-storeydrift (IDR), accelerationand
interstorey shean both directionsand picked for the maximum record which th&racords
with its correspondingeturn period of 475 years (LSL&hd 2475 years i.e!"and 9" return

period for the 3 case buildings. This is discussed below.

5.1.1. Interstorey Drift Ratio (IDR)

The results in terms of IDR are shownFigure 5.1. It can be shown that the maximum mean
drift (indicated witha black line on the graph$ concentrated on the first floor for all the case
study buildings (4, 3and 2 storey buildings) in the X directioas it was for the seismic
designed building. ie maximum valuetherefore is about 06% IDR, which is58% greater
than the seismidesignbuilding for thed-storeybuilding type. In the Y direction, the drifts are
also concentrated on the first floor except for thstotey building type which was
concentrated on the second floor watiout 1.8% drift, which is abou®24% higher than the
sdasmic designed typeThis is due to thaigher stiffnesobserved orthe first floor due to a
shorter heighon the ground flogras mentioned earlier
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Figure 5.1: Inter-storey drift ratio (IDR)or gravity design buildings at a 4-%&ar return period in

X and Y directionfa) and(b) 4 storey (c) and(d) 3 storey, ande), and(f) 2 storey.
On the othehand atahigher return periodf 2475 years, the drift behaviour was the same as
for 475 yearsbut with the maximum value increasingy about 8% for the 4storey building
type in the X direction. Meanwhile, for the Y direction, there was an increase of about 40% for
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the maximum drift observed on the second floor of tiséofey building type. This is as shown

onFigure 5.2.
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Figure 5.2: Inter-storey drift ratio (IDR)or gravity design buildings at a 24-§®&ar return period ir

X and Y direction(a) and(b) 4 storey (c) and(d) 3 storey, ande), and(f) 2 storey.
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5.1.2. Peak Floor Acceleration (PFA)

In Figure 5.3, the results in terms of mean peak floor acceleration are replirtad. be shown
that the mean acceleration (indicated watblack line on the graph) increases as the floor
progresses for all the case study buildjnggh a reductioncomparedo the seismic design
buildings. The maximum acceleratighereforgis 4.3m/s’, 42 m/s* and 42 m/s’ for the 4, 3
and2-storeybuilding types,respectivelyln the Y direction, there was higher acceleration on
the first floor in the case of-storeybuilding, which might be due to more amplification
experienced in that direction. For the 3 ansgt@ey, the last flooexperiencesigher floor

accelerations.
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Figure 5.3: Peak floor acceleration (PFAQr all the gravity case study buildings at 475 years re
period:(a) and(b) 4 storey(c) and(d) 3 storey, ande), and(f) 2 storey.
At a higher return periodf 2475 years, théloor acceleratiorincreases t@.5m/s, 5.1 m/s

and 5.2m/s for the 4, 3and 2 storey buildingypes,respectivelyin the X-direction In the Y
direction, there waa higher accelerationn thefirst floor in the case c& 4-storeybuilding of
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about5.2 m/s> astherewas in the X direction. Meanwhiléor the 3 and2-storeybuildings,

there was also aboat10-15% increasean the floor acceleration on the last flodhis is as

shown orFigure 5.4.
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Figure 5.4: Peak floor acceleration (PFAQr all thegravity case studypuildingsata 2475year
return period(a) and(b) 4 storey(c) and(d) 3 storey, ande), and(f) 2 storey.
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5.1.3. Interstorey sheabDistribution

In Figure 5.5 the results in terms of intersjoshear are reportedt. can be shown that the
maximum meainterstorey shedindicated with black line on the graph) are concentrated on
the first floor for all the case study buildings (4, 3 and 2 storey buildings) in the X direction
with the maximum value of abou2300kN (about 17% lesser than the seismic designed
buildings)achieved in 4 storey building type which is alm®<ttimes higher than th2and3
storey buildinggespectively In the Y direction, the drifts have the same behaviour as the X
direction with the maximum value on the first floor for all storey buildigges,with about
700N in the4-storey building typewhich is about 20%essthan the seismic designed type

It is therefore expected that the fifkior experience shear value is the same for all building

types
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(@) (b)
() (d)
(e) )

Figure 5.5: Interstorey shedor all the gravity case study buildings at 475 years return pgadd:
and(b) 4 storey (c) and(d) 3 storey, ande), and(f) 2 storey.

On the othehand at a higher return perioaf 2475 years, thénterstorey sheaincreases

slightly for all building typesin the X directiorandY directionof about 5% maximum. Thé

storey building typenaintained the highestterstorey shearThis is as shown oRigure 5.6.
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