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SYNOPSIS

Enormous resources are being invested in Eurogedier environmental, economic, and
social sustainability; however, such relevant dftorreach ambitious targets may be a missed
chance, unless a deep and systematic interventioth® built environment is undertaken
targeting sustainability, safety and resiliencela same time.

This thesis provide a contribution to the scieatdebate, focusing on holistic renovation
from outside of reinforced concrete building by emsing a life cycle perspective.
Effectiveness of such an approach to the renovatitinrespect to traditional retrofit actions
emerges both in the construction time when addyedke barriers to the renovation such as
the inhabitant relocation and the existing buildgiisruption, and when broadening the time
frame of the analyses, shifting from the constarctime to a life cycle perspective. In this
second case, the potential of the holistic approaebomes clear in reducing costs, impacts
on the inhabitants and impacts on the environmeset the building life cycle. The reults of
this new approach is a retrofit solution based dnfa Cycle Thinking, which not only entails
the use of recyclable/reusable materials, but &soourages interventions carried out from
the outside the buildings, and imply the adoptibneparable, easy maintainable, adaptable
and fully demountable solutions with pre-fabricatmmponents, thus guaranteeing, at the
end-of-life, the selective dismantling and reusereeycle of the components to reduce
construction waste.

The described solutions, which couples structuegdafit in the renovation action, stem as
an enhancement of past pioneering “camouflage”nvgations, such as double-skin solutions
entailing in many benefits such as the protectiomumnan lives, resilience and the lengthening
of the existing buildings service life, the repagricosts and building downtime reduction,
reduction of the environmental impact associatetth seismic risk over the building life cycle
and long-term protection of the investment (Magnhal. 2018).

Within such a new perspective, new technology nptaoe needed to innovatively combine
structural retrofit, architectural restyling and ergy efficiency measures; in this work an
effective retrofit solution is proposed. Among thassible retrofit solutions the diagrid
structures as innovative strenghening techniqumfoatside are investigated.

In the first part of this thesis, the state of #neof diagrid design is reported. New criteria

for the design of retrofit solution are set, anddasign procedure for elastic diagrid is



Vi

proposed. In the third chapter, a parametric evaiom of the retrofitted system through a
simplified 2 DOF system is conducted, and a setesign spectra are defined in order to
simplify the design procedure and derive the optire&ofit parameter for RC buildings.

Finally, a reference case study representativeheftypical RC building is developed in the

fifth chapter of this work to asses and validate pinocedure.
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1.INTRODUCTION AND RESEARCH
MOTIVATION

1.1 Problem Statement

The urgent need to fostewstainability in our society has led to the definition of
international policies to be applied to any ecormoseictor. In Europe, Roadmap 2050 envisions
a society where greenhouse gas (GHG) emissionsuaitey 80-95% compared with the 1990
levels but maintaining the actual levels of welitgeand prosperity (COM 2011). To comply
with such a demanding Roadmap, the constructiotoisebould undertake some significant
corrective actions to reduce its dramatic impacts tbhe environment (Figure 1.1),
corresponding to 36% of G@missions, 40% of energy consumption, and 35%\wimnaterial
depletion (Marini et al. 2014). So far, the newusion sets aimed at reducing the environmental
footprint of new and existing buildings often digaed some major aspects. Indeed, when

considering sustainability in the construction eectwo main issues must be taken into



account: the construction rate of new buildings #remultiple deficiencies of the existing
ones.

Regarding the former, the actual average Europeastiction rate is low (about 1%
according to BPIE 2011); therefore the sole cowsiva of new high-performance buildings
will not enable meeting the ambitious European déergSustainability in the construction
sector can only be pursued by substantially remoydhe existing building stock, which is
obsolete, massively energy consuming, and vulnerebhatural and man-induced hazards
(Passoni et al. 2018; Marini et al. 2018). An iméggd deep renovation of the existing building
stock fostering safety, resilience, and sustaiitgtshould always be preferred (Casprini et al.
2018), overcoming the multiple deficiencies of teeisting building, particularly those
connected to the structural vulnerability that m@gult in additional impacts on the
environment connected to possible damage or evidapse of the building in the case of a
natural disaster. Sustainability must accountHerttazard risks reduction, considering that the
building may be exposed to extreme conditions,that from a structural point of view, 40%
of European buildings have already exhausted ti@minal service life (typically 50 years).
Indeed, these structures were generally designmutiany seismic regulation thus resulting,
in the case of an earthquake, unsafe and resperiblsignificant impact on the environment

in terms of waste production and €émission (Belleri & Marini 2016).

36% 35%

Raw material
depletion

Figure 1.1  Existing building stock impacts on thevieonment (data from BPIE 2011;
Marini et al. 2014a)

Although this scenario could be extended to thelavleaisting building stock, this work
focuses on the Post-World War Il Reinforced Corec(BC) heritage representing about 50%
of the European building stock.

RC buildings, that are generally clustered in dégdasuburbs and characterized by
anonymous architectural features and living disatnfFigure 1.2), are responsible for a
considerable amount of energy consumption throughkatope due to the low efficiency and



the high structural vunerability of this signifidgrortion of the existing building stock, which
makes the EU targets unreachable unless a massigétrintervention is carried out.

They are characterized by severe impacts on thieoemvent, especially regarding energy
consumption and waste production. In 2009, theameeheating consumption, obtained by
energy evaluations of these buildings sorted byatiic area, show that the post-world War li
buildings are particularly energy-demanding withpect to the targets imposed by the current
regulations; more precisely, the average annuaggrm®nsumption of these buildings is higher
than 200 kWh/MQ (Marini et al. 2014).

e % -

<.

Figure 1.2  Typical residential district built after the WWIh iEuropean city peripheries
(from: Feroldi 2014)

Moreover, having been built before the 1970s, nabshese buildings were conceived to
withstand only the static loads thus resultingengmtly vulnerable with respect to seismic
action. They were designed before any seismic atigal code and, therefore, about80%
of the existing RC building does not respect mimmsafety level targets, thus contributing to
a nonresilient and unsustainable society.

In spite of this severe scenario, nowadays, theageecEuropean renovation rate of the
reinforced concrete building stock is only 1.5%dEemidou et al. 2011). To effectively meet
the European targets, it is primarily needed tosbsach a renovation rate by understanding
and removing the barriers that affect the curremattice in the renovation. The European
“Building Performance” Observatory (BPIE) identtdieas major barriers to the renovation of
the existing building, the need to relocate theabitants, the extended downtime required
during the construction works, the high cost of thierventions and the lack of adequate



business models fostering the renovation (Krimgetical. 2004; BPIE 2011; La Greca &
Margani 2018).

1.1.1 Current practice in the renovation

Over the years, the only attempt to improve theltans of buildings requiring renovation
has been pursuit through either demolition and nsizaction interventions, or through
episodic, non-integrated retrofit actions, usualilyed at solving a single problem at a time,
such as the energy efficiency upgrade or the stralatetrofit. Both these approaches are highly
inefficient from many points of view.

The demolition and reconstruction approach, untegsiired from a structural point of
view, has high economic and environmental costs afdtourse, it affects the building
functionality and require the inhabitants’ relooati Moreover, from a sustainable point of
view, when considering rebuilding it is necessaryatcount for some aspects. First, the
construction of new buildings may require the piiohin of new materials, thereby increasing
impacts associated with material depletion anc €@issions, among others. Second, the
disposal of existing construction materials repnésa critical issue nowadays.

On the other hand, the uncoupled approach, desgitg often financially subsidized and
fully compliant with the most updated codes andil&iipns, fails to foster either sustainability
and resilience. The concept of uncoupled renovasamot viable since it is not sustainable
under an economic, social, and environmental pafiniew. In the worst scenario of strong
earthquakes, the sole energy upgrading intervemioan unsafe structure may lead to the
collapse of the building, with a consequent lossh&f investment, a high impact on the
environment, and, most importantly, to human lossas the other hand, the sole seismic
retrofit may lead to very poor aesthetic and fumaai results (Figure 1.3), while leaving the

building still energy intensive.



Figure 1.3  Traditional uncoupled retrofit approac®ole energy retrofit: the collapse of an
industrial warehouse renovated with photovoltaicngls after the Emilia-
Romagna earthquake (2012) (left). Sole structuetiafit: typical seismic
retrofit of an existent building through dissipatibracings (right) (from
http://www.studiomapi.it/)

Moreover, in the current practice, the structurrafit is often carried out only in
emergency situations and it is conceived and dedignainly to avoid human losses. Its
application may result in safe and resilient bth@aunsustainable interventions. For example,
damage control, and reparability after an earthguede not mandatory parts of the retrofit
design thus resulting in severe restoration measunehe building after a seismic event.

Sustainability and resilience cannot be pursuedpeddently and therefore, the sectorial
code approach should give place to an integratpdoaph. Such approach shall be adopted
also considering safety as a cornerstone of thaisable intervention (Marini et al. 2017a).

1.1.2 Need for holistic solutions based on a LCT approach

To overcome the major drawbacks of the uncouplgaageh, the concemf a holistic
and integrated renovation was recently introduced (Feroldi, 2(Ndrini et al., 2014; Passoni,
2016, Vitiello et al. 2016, among others). The tdrotistic renovation refers to an approach
that concurrently tackles all building deficienci@screases the structural service life while
pursuing safety, sustainability, and resilience.ré&tver, such an envisioned renovation
strategy requires a new paradigm to be fully effectsustainability, resilience, and safety can
be achieved only by embracing a Life Cycle PerspedMarini et al. 2017a; Marini et al.




2018). The effectiveness of such an approach cardgartraditional retrofit actions emerges
when broadening the time frame of the analyse#jrglifrom the construction time to a life
cycle perspective. In this case, the potentiahefholistic approach becomes clear in reducing
costs, impacts on the inhabitants and on the emviemt over the whole building life. More
precisely, it entails a substantial shift in thesiga perspective: from a design satisfying
sectorial building code requirements at the corsin time, to a design considering the whole
building performances under a Life Cycle perspectMarini et al. 2017a; Marini et al. 2018).

Considering this new approach, new awareness oadtu@l multifaceted building needs
and new technology options are needed to combrnetstal retrofit, architectural restyling
and energy efficiency measures; thus, a synergiaticcooperative work of researchers, design
professionals, and all the stakeholders in thetcoctson sector is required.

When extending the reference time frame to theeshie cycle of the building, the concept
of building retrofit design should be re-conceivadbracing new principles and standards,
linking the seismic retrofit to the energy and a@eattural retrofit and addressing sustainability
issues. In particular, the concept of Life Cyclenking (LCT) can be addressed and applied
to the entire construction to guarantee safetyli#ase, minimum cost, nearly zero energy
consumption, and nearly zero construction wastduarton.

Focusing on the structural design of the retrafitBon, besides ensuring the performance
targets at the damage, life safety, and collapsi $itates, a LCT approach consists in a careful
selection of technologies and materials aimed atréduction of the environmental footprint
and costs of the retrofit solution. According testapproach, as already mentioned above, the
design of the retrofit should consider its impanter the whole life cycle of the structure;
therefore, it should be conceived to be fully dentable and recyclable, made of sustainable
materials (Thormark 2006), and to be easily rep&rafter an extreme event. In case of
earthquakes, the damage should be preferably lumpefuse” elements to avoid extended
damage on the existing building. This would leadateeduction of the building downtime,
repair costs, and would avoid the inhabitants’catmn: indeed, the damage reduction on the
existing non-structural elements considerably reduthe indirect losses which are
significantly higher than the direct ones.

Finally, to ensure easy assemblage and demoutyatiilihe components, pre-fabrication
and dry techniques should be adopted. These ckasdits make the system adaptable to
possible future and innovative technologies, tourit building needs and to possible



incremental rehabilitation strategteConsidering the end of life of the interventighe
additional structural system may still have goodgrenances, so, if it is conceived as dry
assembled and demountable, it could be disasserabteceused or recycled, with substantial
reduction of demolition waste and need for disp@ekrini et al. 2017a).

To summarize, dry solutions, standardized elemamisconnections, micro-prefabrication
and off-site production of the components may bexdondamental features of possible
innovative strategies. In this context, it is thigrth noting that these features could be easily
adapted for a retrofit solution from outside. Whesddressing building renovation barriers,
working from outside the building may avoid theoegtion of the inhabitants and the damage
on the inside finishing. In this way, we can in@edhe feasibility of the intervention while

reducing indirect costs of the renovation (Figue).1
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Figure 1.4  Life Cycle Design for sustainability aresilience(Marini et al. 2017a)

1 See Appendix 1



1.1.3 Structural renovation strategies under a LC petspelens

The LC perspective and the holistic approach torém@vation would establish the new
gualitative multiple criteria and quantitative mesgrto be addressed to assess the effectiveness
and actual sustainability of existing and new sohg. Common practices may be found as
unsustainable and might require redesign or entmagicts; dismissal of some techniques could
be envisioned in favor of new solution sets. Aeraample, the common seismic retrofit of RC
frames, obtained through either strengthening leictige frame bays, or strengthening of the
frame nodes may pose some problems related tartpaiiment of the finishing, while also
requiring relocation of the inhabitants and longation of the retrofit works, besides being
non-compliant with the reparability and demountfpilequirements. On the other hand, by
introducing fast assemblage and easy disassemlagg avith sustainability, among the
mandatory targets of the retrofit, the developmehtnew off-site light prefabricated
components, could become critical to increase tisé effectiveness, the quality and timing of
the construction project. Dry-assembly on site d@lso reduce waste and improve health and
safety of the construction site. Standardized cotime and modularity would facilitate
selective dismantling and reuse of the retrofit ponments at the end of life; while favoring
substitution/reparability after a seismic eventistheducing downtime and waste.

In the last year, to facilitate reparability, lumgithe damage into sacrificial and easily
replaceable elements was proposed. Some distirggliskamples are: braced frames with
controlled rocking and energy dissipating fusesi€ébein et al. 2011; Gioiella et al. 2017),
hinged walls with dissipative elements at the h@sdleri et al. 2016; Qu et al. 2012), shear
links for eccentrically braced steel frames (Nabial. 2011).

However, to effectively reduce the impacts during bperation phase and overcome two
of the major barriers to the renovation, solutioagied out from outside, that combine energy
and structural upgrade, should be introduced (Telkeat al. 2009; Marini et al. 2017a).
Exoskeleton applied as an energy-structural seskimdin adherence or in close proximity to
the existing building were recently proposed. D#f& technical solutions were proposed for
RC buildings, featuring (a, b) shear walls, ordshell structures (Figure 1.5). In the shear
wall solution, strength and stiffness, as well@smic actions, are lumped into a few elements.
Such elements must be encased in the exoskeleloch wm turn may become quite massive
and resistant, and require new foundations (Fi@js€)). Both traditional steel-braced frames
or RC walls (Riva et al. 2010) and innovative rockipost-tensioned, or hinged walls could
be adapted. With this solution, energy efficien@gnading is guaranteed by the finishing
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curtain walls or by the envelope attached to theskeleton. In this case, the two structure-
energy systems work in parallel.

In the shell solution, the new fagades are expmlditeenforce a box-structural behavior
(Giuriani & Marini 2008; Giuriani et al. 2015), n@ing in a substantial reduction of the size

of each structural component and in a reduced fatima overload (Figure 1.5(c)).

|
—
FaV AN AN 4

energy function

(a) (b)

energy function

(c) (d)

Figure 1.5  Retrofit solutions: (a) non-dissipatioe (b) dissipative shear walls embedded
in the external exoskeleton, (c) non-dissipativédddissipative shell structure
with twofold use of the same encasing componed#gptad from Marini et al.,
2016)

The energy efficiency upgrade and structural safetyd be achieved through a dual-use
of the same elements: for instance, the thermdatiag envelope could be used also as an in-
plane seismic resisting structure. Within this gatg, diagrid structures are investigated (Labo
et al. 2016; Labo et al. 2017; Labo et al. 2018avia et al. 2015).

Diagrids are shell structures in which the shelidwor is ensured by a lattice structure.
The term diagrid derives from the match betweeaddnal” and “grid” (Yadav & Garg 2015)
and refers to a structural system made of horizamiz diagonal elements arranged in order to
gain structural integrity through triangular modu®mposed by 2 diagonal elements of length

Lq and inclinationd, and 1 horizontal element (Figure 1.6). Horizomtadl vertical loads are
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transferred to the foundation system though ackagtructure made of trusses undergoing axial

forces.

TYPICAL
DIAGRID MODULE

STANDARDIZED
CONNECTIONS

DIAGONALS

POSSIBLE INTEGRATION

WITH ENERGY AND HORIZONTAL
ARCHITECTURAL ASPECTS ELEMENT

Figure 1.6  Diagrid structure: definition of diagrignodule, node, and horizontal and

diagonal elements
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1.1.4 Aim and scope and content of the research work

Enormous resources are being invested in Eurogedier environmental, economic, and
social sustainability; however, such relevant dftorreach ambitious targets may be a missed
chance, unless a deep and systematic interventioth@® built environment is undertaken
targeting sustainability, safety and resiliencela same time.

This thesis provide a contribution to the scieatdebate, focusing on holistic renovation
from outside of reinforced concrete building by emsing a life cycle perspective.
Effectiveness of such an approach to the renovatitimrespect to traditional retrofit actions
emerges both in the construction time when addyedke barriers to the renovation such as
the inhabitant relocation and the existing buildgiisruption, and when broadening the time
frame of the analyses, shifting from the constarctime to a life cycle perspective. In this
second case, the potential of the holistic approaebomes clear in reducing costs, impacts
on the inhabitants and impacts on the environme&et the building life cycle. The reults of
this new approach is a retrofit solution based dafa Cycle Thinking, which not only entails
the use of recyclable/reusable materials, but @&soourages interventions carried out from
the outside the buildings, and imply the adoptibneparable, easy maintainable, adaptable
and fully demountable solutions with pre-fabricatmponents, thus guaranteeing, at the
end-of-life, the selective dismantling and reusereeycle of the components to reduce
construction waste.

The described solutions, which couples structuegafit in the renovation action, stem as
an enhancement of past pioneering “camouflage”mations, such as double-skin solutions
entailing in many benefits such as the protectiomumnan lives, resilience and the lengthening
of the existing buildings service life, the repagricosts and building downtime reduction,
reduction of the environmental impact associateith seismic risk over the building life cycle
and long-term protection of the investment (Maanhal. 2018).

Within such a new perspective, new technology nptaoe needed to innovatively combine
structural retrofit, architectural restyling and ergy efficiency measures; in this work an
effective retrofit solution is proposed. Among thassible retrofit solutions the diagrid
structures as innovative strenghening techniquefoatside are investigated.

In the first part of this thesis, the state of #ineof diagrid design is reported. New criteria
for the design of retrofit solution are set, ardkaign procedure for elastic diagrid is proposed.
In the third chapter, a parametric evaluation @f tétrofitted system through a simplified 2
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DOF system is conducted, and a set of design spaatrdefined in order to simplify the design
procedure and derive the optimal retrofit paramiteRC buildings. Finally, a reference case
study representative of the typical RC buildingeéveloped in the fifth chapter of this work to

asses and validate the procedure.
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1.2 State of the art of Diagrid structures

Diagrid structures are not new. Diagrid structurage been widely developed in the last
years as innovative structural system of new tadl @omplex buildings because of their high
architectural potential and adaptability. The idédiagrid as new construction typology lies
at the intersection between the engineering anarttatecture fields; in the following, some
distinguished examples of diagrid structures togiethith some considerations about the

structural design of diagrid structures for higkerbuildings are presented.
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Figure 1.7  SWISS RE TOWER
Location: (London, England)
Architect: Foster & Partners
Engineer: Arup

The Swiss Re Tower was built in London between &0 and 2004 and was designed
by the architects Foster and partners, and bytthetsral and wind engineers Arup and RWDI.
The Swiss Re Tower was the first significative epéarior which the collaborative teamwork
between engineers, architects and steel contrasassieeded. This application of the diagrid
exoskeleton had an important influence on the siiffia of diagrid for new tall buildings in
later years.

The structure is a 40-story building, with typidgader-story height equal to 4.15m, for a
total height of 180 m. The Swiss Re Tower has@utar plan with variable diameter along the
height and it reaches its widest point, with a déenequal to 56 m, at the 20th story.

The height of the triangular module is equal tad@ysheight (8.3m) and is 9 m wide; the
diagonals are circular hollow section members, with cross-section diameter varying

between 508 mnef=40 mm) at the lowest floors and 273 msa1(2.5 mm) at the top.

2 5= thickness
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Figure 1.8 HEARST MAGAZINE TOWER
Location: (New York City, USA)
Architect: Foster & Partners
Engineer: WSP Cantor Seniuk
Year: 206

The Hearst Magazine Tower in New York was desighgd-oster with the structural
engineer firm WSP Cantor Seinuk. The structure e@spleted in 2006 and was the first
skyscraper built in New York City after the 09/Illhe structure was built on an existent
historic 6-story building thus creating a remarlkabbntrast in style, while the diagrid, was
used as structural system from the 10th to the #idioin. The result is a 46-story building, 183
m tall, with rectangular plan of 48x37 m.

The triangular module has 4-story high (16.54 ng 48.25 m wide; the diagonal cross-
sections are | shaped with variable geometry: WI8x8 the maximum size at the base of the

diagrid structure (10th floor), while W14x132 igtminimum size at the top.
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Figure 1.9 GUANGZHOU WEST TOWER
Location: Guangzhou, (CHINA)
Architect: Wilkinson Eyre Architects
Engineer: Arup
Year: 201!

The Guangzhou West Tower in the Central Businessibi of Guangzhou was built in
2010 and designed by Wilkinson Eyre architects lapdhe Arup structural engineer Craig
Gibbons. The structure is a 103-story building, #4all; to date it is the tallest building in
China and one of the 10 tallest in the world. Théding has a triangular plan; in particular,
the floor plate is an equilateral triangle with molucorners, with each side 60m at the base,
increasing to a maximum value of 66m at approxitgeté of the building height, at which
point the side begins to reduce, up to 43.5 nheatap.

The triangular module of the diagrid has 6-storghh(24.8 m); the diagonals are steel
tubular members filled with high strength concretéh variable diameter: 1080 mm=55
mm) at the first floor and 700 mre<(20 mm) at the top).

In this case, however, the diagrid structure islféal to a central triangular concrete core

that fully participate to the lateral resistancetaphe 70th floor.
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1.3 Use of Diagrid exoskeleton in the renovation of
existing buildings

In this thesis, diagrids are innovatively propogadthe retrofit of existing buildings. The
application of diagrid structures, particularlyabnceived in agreement with the life cycle
thinking principles and criteria, could represemeav solution set for a next generation of
retrofit strategy. The adoption of an exoskeleterving as seismic, energy and architectural
retrofit measure does neither require the demalid the finishing nor the inhabitants’
relocation, thus entailing the reduction of costaste, while increasing the feasibility of the
retrofit. Moreover, through an accurate selectibmaterial and technologies, the intervention
can be conceived as to allow maximum adaptabiiggyarability, and demountability in order
to achieve all the life cycle thinking principlesdcatargets.

The effectiveness of diagrid structures as stragrgtig solution could be easily highlighted
through the comparative evaluation of this techaimgspect to the traditional ones under a LC
perspective. Figure 1.11 shows a schematic congrarizetween two different retrofit
techniques and it emphasizes how diagrid exoskedetan represent a quite effective choice
under a life cycle perspective. Diagrids can begiesl to be integrated with energy efficiency
measures, and by adopting sustainable materials. gdssible pre-fabrication of the
componenets enables off-site production of thefietomponents and speeds their assembly,
while reducing the construction time; they can beceived as to enable total demountability
and possible selective dismantling of the retfgtem, thus reducing waste, down-cycling or
landfill disposal, while fostering reuse and reeyility of the retrofit components at the end
of life. Diagrids represent a very promising sajuatifor a deep and sustainable renovation of
the existing building stock. Given the high adapiigband flexibility of diagrids compared
with other solutions, when the initial cost of ttedrofit is too demanding or to minimize the
existing building disruption, these structures dam easily adapted in an incremental
rehabilitation plah Incremental rehabilitation is an innovative ammio to the seismic
renovation of the existing building that integratesordered series of discrete rehabilitation

over an extended period of time.

3 See Appendix A



19

RC walls Steel walls

Construction and Use Phase

5 oo : low
Construction time medmm _ Conetabiicated solitios)
Construction costs medium-low medmm-high
Need of mmhabitants” relocation no (from outside) no (from outside)
Fast assembling and .
disassembling T
Adaprabiliry to building 5
functions dunng its life cycle ¥
Need of maintenance low low

Post earthgualke phase
low
. {damage 15 lumped 1n the
Repa costs diagonals or in sacrificial
elements)
low
Impacts connected to the repair (damage 1s lumped in the
operations diagonals or i sacnificial
elements)
Building downtime low (from outside) low (from outside)
End-of-Life .
Fecyclabilaty yes
Reusability yes
Figure 1.11 Comparison of different techniques uradéfe cycle perspective. Under a LC

perspective, the differences between the traditisnlution (R.C. Walls) and

the Diagrid are immediately apparent
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1.3.1 Challenges when adopting diagrid exoskeletonserrénovation of
the existing building

In order to adopt diagrid exoskeletons in the reion of existing buildings, some critical
issues must be tackled. Working from outside pesese major challenges, which may hinder
its feasibility.

- Stiff infills, partition walls and stairwell

The diagrid design could be affected by the presacstiff elements such as infills or
staircase walls. These elements significantly attee existing building stiffness and response
in the case of a seismic event. The assessmem ofal stiffness of the existing building is an
essential point in order to correctly determine $eictural properties of the retrofitting
structures. Stiff stairwells, for example, caned a significant share of the seismic action on
the existing buildings, and may fail before theiatton of the new retrofit system. In this
context, it is fundamental to point out that, afshe retrofit guarantees the satisfaction of the
life safety displacement demand, the solution cabha@onsidered as acceptable. The stairwell
is the critical safe egress of the inhabitantshm ¢ase of an emergency, and damage on this
fundamental element must be avoided.

In order to overcome to these issues, a recent \@akalli et al. 2017) has thoroughly
analyzed the effect of the infill panels and tharsaise walls on the behavior of reinforced
concrete buildings. The presence of infill paneld ataircase walls significantly affects the
response of the existing building and the propamig of the retrofit solution. In order to
increase the effectiveness of the retrofit soluto preserve the safety of stairwell and the
infill panels, it is essential to increase thefséts of the retrofit solutioke way beyond those
values (k=2k:-3ky in Feroldi (2014)) adopted to guarantee the sdfle Safety Limit State
(LSLS). Some preliminary interventions may as wwdl carried out to reduce the initial
stiffness and thus the seismic action acting oe#iging building. Whit this aim, for example,
the adoption of vertical sliding joints into thefilhpanels can increase the displacement
capacity of the existing infilled frame, thus reshgc the damages and the frame-panels
interaction (Preti et al. 2012).

- Lack of floor diaphragms
Finally, it is worth noting that the feasibility oétrofit solution from outside relies on the
floor diaphragm action. Diaphragms are fundametotéansfer the floor inertia forces to the



21

vertical elements; however, especially in the cdd®C buildings, the capacity of the existing
floors is frequently disregarded. Noteworthy, flantplane failure is rarely observed in the
aftermath of an earthquake, but it may become sureigfter the retrofit, especially with non-
dissipative solutions, since larger seismic actionght be transferred across the floor as a
result of increased stiffness and since the seiagtions must be transferred, in the case of the
diagrid, across the longitudinal length of the @8R building. The need of strengthening the
existing floors to trigger in-plane diaphragm actimay require internal works, thus missing
the target to operate from outside the building mway hinder the whole renovation process.

The results of a recent research (Feroldi 20143edbeon preliminary numerical and
experimental evaluation, showed that, in low to med seismicity zones, the existing
composite brick-RC slabs perform like in-planedigiaphragms by developing an arch-and-
tie system within the thickness of the floor, whiatllects and transfers the seismic action to
the seismic resisting walls. The main failure mecsras governing the in-plane ultimate
response of the beam and block floor systems wealyzed, and the strength of the brick-to-
RC joist interface was acknowledged as the crificaperty determining the floor capacity.

Based on these results, existing floor strengtlgemay only be required at the upper levels
of buildings located in high seismicity zones. WHiror in-plane strengthening is needed,
‘dry solutions’ such as intrados diaphragms madsteél truss work connected to the floor
intrados, concealed at the sight with false cedljimgere proposed (Feroldi et al., 2013). As an
alternative solution, new diaphragms can be assmhbl the floors of the external gallery
bridging the retrofit solutions; this solution mmmizes disruptions to the inhabitants and meets
the target to operate from the outside.

In the latter case, connection of the external ldiagm to the existing frame can be
guaranteed through post-tensioned tendons andatedjprages to transfer tensile actions and
either studs or specific devices to be appositelsighed to transfer shear forces. The same
connections can be adopted to fix the existingdigj to the new seismic retrofit at the floor
level (Marini et al. 2017Db).
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2.DIAGRID STRUCTURE:
NEW PERFORMANCE OBJECTIVES
AND STRUCTURAL DESIGN

2.1 Structural design for high-rise buildings: gendiedi

2.1.1 Optimal module of the diagrid

The structural performances of diagrids are strpagpendent on the geometry and the
characteristic of the modules (Maghareh & Korsa®il4®); the diagonal lengthL{), the
inclination angle ¢), and the module height)(are the parameters to be defined in the diagrid
design.

The optimal module geometry is a trade-off betwenenarchitectural and aesthetic needs
and the envisioned structural performances anebresp While the diagrid architectural layout
can vary as a function of the building features)@aw size and location, as well as the building
final use itself), different researchers workedtba definition of the optimal module that

guarantees the maximum structural performance eodtagrid. The most significant results
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were obtained by Kyoung Sun Moon in Yale UnivergMoon 2008; Moon et al. 2007) who
showed that high inclination angle are optimal@agrsure maximum flexural stiffness (90°
would be the optimal angle, yet considering tridagmodules this angle cannot be applied),
and 35° to provide maximum shear stiffness. As eamnthe shear stiffness, Moon et al. derived
the optimal angle by using a simple braced framdehsubjected to bending momeht)(and

shear V) (Figure 2.1). The axial forcé-§) in the diagonal element is equal to:

\Y; (2.1)

S N \ /’/

Figure 2.1 Braced frame model (Moon et al. 2007)

Assuming an elastic behavior it yields,

Fo = A40q = AgEE o (2.2)
where Aq and Eq are the cross-section and the elastic modulushefdiagonal element,
respectively;&, is the elastic strain related to the elongationhef diagonalé;) due to the

lateral motion:

Apcos{y ) _ Ap cosy )sing )
Dsing) h (2.3)

‘Ed :I:ed—;:

Therefore, by considering the shear deformatiénofily (neglectingAf being the angle

related to the negligible elongation of the coluofrthe braced frame model) Moon et al.

obtained the following approximation for the togébngation strain £ )
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£q = £cosp )sing = £ @4
Combining the Equations (2.3) and (2.4), it yields:
V = (Ay Egsin(@ )cos )f (25)
By defining the shear stiffness & =Y/, it yields:
D, =V = A\E,sin(2y )cosy (26)

Figure 2.3 shows the maximum shear stiffness ametibn of the angle/ . the maximum

shear stiffness is obtained for a diagonal anglektp 35° (Figure 2.2).

0.8

0 10 20 30 | 40 50 60 70 80 90
Y

Figure2.2 Normalized shear stiffness as a funatibtine inclination angley

(Moon et al. 2007)

It is worth noting that in the braced frame in Fg2.1 the bending moment is carried by

the vertical columns; however, since diagrid sues differ from conventional braced frames

because of the absence of vertical columns, theibgmaction must be endured by the diagonal

elements. Considering that the conventional optangle for bending stiffness is 90°, and the

optimal angle for shear stiffness is 35°, it is @xpd that the optimal angle of the diagonal

elements of a diagrid structure will range betwtearse two values and it will depend on the

height and shape of the building. In order to \atkdthis assumption, Moon et al. studied the

behavior of a 60-story building by varying the didgangle as shown in Figure 2.3. The results

reported in Figure 2.4 confirmed the assumptioayshg that the optimal angle of the diagonal

member for the considered 60-story building is athemual to 70°.
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Figure 2.3  60-story diagrid with different diagoreahgle (Moon et al. 2007)
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Figure 2.4  Top displacement of the diagrid as afiom of the diagonal angle
(Moon et al. 2007)

To corroborate the assumption, Moon et al. (200v@stigate the optimal angle through a
parametric analysis by varying the number of thié&ding floors (42- and 20-story buildings).
The results highlighted that the optimal angle daary between 35° and 90°, and it decreases
with decreasing the building height, as the she&ordhation becomes dominant.

In all those configurations, the stresses in tlagalnal elements were checked with respect
to compliance with the current code considering, ttiee design of the diagrid, must account

for the strength limit of the diagonal elementsoAbthis aspect, other papers that investigate
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the behavior of diagrid structures for tall builgenconsidering both stiffness and strength
requirements (Mele et al. 2012; Montuori et al. 20demonstrated that for lower value of
diagonal angles the strength requirement is oftengbverning criteria in the diagrid design.
For this reason, in the design procedure bothtiffaess of the whole system, and the stress

level in the diagonals to avoid the overstreshiesé elements must be attentively considered.
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2.1.2 Diagrid global stiffness

In order to evaluate the global stiffness of thegdid exoskeletons, recent studies (Baker,
2013; Montuori et al., 2014) have demonstrated ttatwvhole system could be modeled as a
cantilever beam, albeit taking into account themite nature of the diagrid. Since a deep beam
is introduced to represent the whole building, hear deformation became significant and,
the Timoshenko theory has to be addressed whil&dter-Bernoulli beam theory would be
inaccurate for such beams. In this work, the procedintroduced by Baker (2013), and
analyzed by Mele et al. (2016) for tall diagridsaddressed and adapted considering the
seismic loads instead of the wind actions and Rintgpinto account both linear and mass

proportional modal shapes (Figure 2.5a, b).
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Figure 2.5  Different configurations of the Timosken beam for the simplified
representation of the retrofitted system (existibgilding-diagrid): a)
distributed triangular load proportional to the §it mode shape, b) nodal point
load with mass proportional distribution; ¢) andtysimplification of the case

a) with a triangular distributed load.

The Timoshenko beam theory is then developed tirdhg equations of the second
derivative of the elastic curve as follows:
1) definition of the bending momen¥i(x)) and the shear forc®(x)) in theN integration
intervals of the Timoshenko beam; considefintne number of nodal forces.
2) from the beam theory one can relate the bending enbrto the beam deflection

M =-El % Defining E andl as the elastic and area inertia moduli, respdgtivte

yields:
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_ 1
¢ = =l M(X)dx+ G 27
@ -1 M n (X)dx+ C

N E] N N

whereC; are the constants of integration.
3) the constants of integration are determined by remfg the following boundary

conditions:

- | (2.8)
o)1)

;N(H):O

4) Assumingk as the Timoshenko shear coefficighthe cross section of the beadithe
shear modulus, and the beam height, from the beam theory it yields

\% :—kAG(—¢ +QJ (2.9)
dx
and, therefore:
Vl
=- — | —¢.(X) dx+
%= =~ [+ Gy 2.10
\Y
Y == iae = [ (dx+ Guy
5) By enforcing the boundary conditions in Eq. (2.18g equations of the Timoshenko
beam can be obtained:
{5
INJ N (2.11)
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Finally, in order to consider the discrete naturéhe diagrid system, according to Montuori
et al. (2015) the cross-section of the Timoshen&anb and the inertia stiffness must be
considered as follow:

A=2[h,A ,cos¢) (2.12)
| =n,A, ;sin@)0?

where,ny is the number of diagonals on the “web” fagadeif(@ef as the parallel facade to the
seismic action)y is the number of diagonals on the “flange” fac@ifined as that orthogonal
to the seismic action directior s andAq,w are the cross-section area of the diagonal element
on the “flange” and “web” facades, respectivelig the plan direction of the building parallel

to the considered horizontal loads direction (Feg2i6).

2.1.3 Internal actions in diagrid structures

In the design of the diagrid exoskeleton also thtef stress of the diagonal elements has
to be carefully considered. When considering edaitigrids, vertical and horizontal loads can
be analyzed separately (Moon et al. 2007; Montetoad. 2013; Mele et al. 2014). In particular,
by representing the gravity loads by vertical feraeeach node of the diagrid, and by assuming
that the bending moment is resisted by the didfiiatige” facades, whilst the shear force is
counteracted by the diagrid “web” facades, the mlamternal forces can be evaluated as
shown in Figure 2.6, whefg k Fm andFykare the forces in thieth module due to vertical
loads, overturning moment and shear force, respgfi and Npk, Nmk and Nvk are the

correspondent internal actions.
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Web modules Flange modules

Web facade

Figure 2.6  Internal actions in the diagrid struceurdue to gravity and later loads.
(After Montuori et al., 2014).

The gravity loads generate compressive Ioa\df‘sp‘(() in the diagonal members and traction

in the horizontal oneh@“p’k). These forces can be calculated as reporteceifotlowing.

= —Fp’k
Pk 2[E0s(90-¢ )

(2.13)

d

Nh

p,k

F
:%" [dan(90-¢ )

The horizontal loads, generate bending moment hadrdorces on the diagrid structure.
Assuming that the bending moment be resisted byldimge and the shear by the web, the

contributionsNmk andNyk can be obtained.

The contribution given by the bending moment is:
F

m, k

mk 2€0s(90-¢ )

(2.14)

d

F
Nt = ?mm@&w)

mk

and, the contribution due to the shear action usktp:
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4 F, (2.15)
vk 20%in(90-¢ )
F
Nh = v, k
v,k 2
where,
M_d (2.16)
Fm,k =t N :
>
i=1
and
F, = i\{s cos@ ), (2.17)
> cos@)
i=1

When the diagrid is subject to gravity and seishoads, the axial force in the diagonal
elements of th&-th module at the m-th floor can be calculated a®ved!

Fox Mudyy 1 Vyoos@) 1 (2.18)

KT oGing ) nzkdf ZEBin(z/)_iCOS@) Z1cosy

N,=N_,+N_,+ N

p.k m k

whered is the distance of theh module from the whole diagrid centroid axis (Fig@r6) and
nk is the total number of the modules in the whobgdd.

It is important to note that this is true when thagrid module spans one floor of the
building, and it is composed by trusses only;the. actions are transferred through the main
nodes and axial forces. In the case of tall bugdjrthe module can be developed over several
floors, and in these cases, the internal actiotfseimliagonals may change (Figure2.7). Isostatic
triangular module made of trusses cannot be futbasidered but a beam system subjected
to bending moment and shear actions have to beesslll; consequently, additional

consideration to (2.18) must be made.
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Figure 2.7  Internal actions in the diagonal elengedte to the gravity loads in the case of

module higher than one floor of the building. (Meteal. 2014).
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2.2 Renovation of the existing building with a diagrid
exoskeleton: design criteria

The structural design of diagrids as a retrofiugoh for existing building is a complex
process, in which different aspects have to bentaki® account particularly when addressing
LCT (Section 1.1.3), such as the structural intiioas between the existing building and the
additional retrofit structure, the use of eco-cotiippa materials and demountable technology,
among others. In this section, a set of desigretagydefined to have an effective retrofit
solution, and a design method for linear elastegdds is proposed considering both the

existing building and the diagrid features.

2.2.1 Existing Reinforced concrete buildings

When designing diagrid structures as a strengtlgeexoskeleton for reinforced concrete
buildings, it is fundamental to correctly considére interaction between the retrofitting
structure and the existing building. With this asrbrief introduction about the behavior and
structural features of typical RC existing buildsng made.

Post-World War Il RC buildings are typically madé ane direction masonry infilled
frames (one-way frames) and are characterized wydlactility structural details. Floors are
usually made of one-way RC beam and brick blockesys, often lacking RC topping. All
these features highly contribute to the seismiaenability of these constructions but, mostly,
seismic vulnerabilities are triggered by in plad &ertical irregularities that often characterize
these buildings.

Plan irregularities mainly consist in irregular pha of the existing buildings (Figure 2.8a),
the asymmetric position of the structural framesarentric position of stiff elements such as
the staircase or the elevator cores. A plan iragylcan lead to a concentration of the seismic
actions into few localized elements that, in theecaf post-world War Il buildings, are not
designed to withstand horizontal loads leadingpardial or global collapse of those elements.

Vertical irregularities are often the results o tlregular distribution of the masonry infill
walls along the existing building height (Shing &Ntabi 2002; E. Klingner & V. Bertero
1978; Fardis & Panagiotakos 1997) (Figure 2.8bjs Type of irregularities is the result of the
static design before the seismic regulation codewhich masonry infills were considered as

non-structural elements and, therefore, only agtiaddl dead loads in the design phase
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without any consideration about the interactionhwttie structural frame under horizontal
loads. Nowadays, however, it is widely acknowledtget, even though they are considered
non-structural elements, they interact with themawhen the structure is subjected to
earthquake loads. Such interaction may or may edbdneficial to the performance of the
structure. An irregular distribution along the dixig building height of the infill panels can
lead to a displacement concentration and the colsegollapse of the structure. For example,
the absence of the infill panels at the groundrftddhe existing building (pilotis), or a partigll
infilled bay or ribbon windows at the basement leathe on-set soft story failure mechanisms
because of the shear failure of the columns.

In the evaluation of the structural behavior, stifments with low ductility such as infills,
or staircase walls must be considered; these elbsnodten characterize RC buildings and
significantly affect their structural response.

¥ TN
; ; ; s
% 79
one-way frame re-entrant corner plan forms eccentric core
a)
) // //
Y, ! ' , T
/ i i 4 K
soft-story squat columns
b)

Figure 2.8  Main seismic vulnerabilities in RC frasn@lan irregularities (a), and vertical

irregularities (b).
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2.2.2 New performance objectives under a LCT perspective

The design of the diagrid as a retrofit measubaged on a new multi-criteria performance-
based design, initially proposed by (Passoni e2@l.8), in which the conventional design
performance objectives are reset, and new desigattare introduced. Accounting for criteria
based on new structural targets, environmental amadiility, and social-economic
sustainability of the retrofit, the new approacsulés in a revisited Performance Based Design

(PBD) for resilient, sustainable, and feasible sohs.

- New criteria for the structural retrofit
The renovation of existing buildings requires aiddial design parameters with respect to new
buildings. The sole control of the total drift of the base shear is indeed insufficient to
guarantee safety and to optimize the performantésecstructure after the seismic upgrade.
Some other important criteria should thus be cared, which are usually disregarded.

Very often, for example, diaphragms and foundatienesnot addressed in the new seismic
resistant system. When the seismic action excéeddoor capacity, the diaphragm should be
retrofitted. Similarly, the capacity of the exiglifoundations should be checked for the
additional forces induced by earthquakes and, wianverified, should be upgraded. The
capacity of the existing floors and foundationsrespnt thus additional targets that should be
controlled in the design of the seismic retroftenventions.

Another important criterion that should be obserue@ performance-based design of a

structural retrofit is the protection of the egrpagh; however, the actions in the staircase walls
are usually never controlled, especially if they mrasonry infill walls. In general, the staircase
wells should always be verified to the seismic ahd protected through the retrofit
intervention.
Finally, a Performance-Based Design (PBD) shoutd &le able to reduce the damage after
natural disasters to both structural and nonstrattelements as to facilitate the rescue
operations in the post-earthquake emergency, reitieceeconstruction costs, and reduce the
waste. It has been observed that about 50-70%edtotal direct losses due to earthquakes is
connected to non-structural elements (Whittaker.&®ong 2003). A fair calibration of the

structural design targets may thus allow contrgliiamages and reduce Life Cycle costs.

- New criteria fostering environmental sustainability
Basing on the necessity to adopt a holist solutised on a LCT approach to the renovation,

all the principles described in the paragraph 1car? be considered as additional criteria for
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the new multi-criteria PBD in order to foster theveeonmental sustainability of the renovation
process. Together with the LCT, the new PBD alltowsontrol additional parameters in order
to minimize the environmental impact of the intertien and of the retrofitted building, the
overall cost of the intervention and the operatingts in terms of C&uring the whole life

cycle.

- New criteria fostering social-economic sustain&pili
In order to foster the social-economic sustaingbdf the seismic retrofit interventions, two
main criteria should be pursuit: adopting holigmutions and avoiding the relocation of
inhabitants by applying the intervention from odésthe building.
The design of those solutions implies the definitid additional structural requirements. For
example, additional diaphragms cannot be realizékdeaextrados of the floors, but a gallery
should be added outside the building and its flomuld be conceived as an external floor
diaphragm. Moreover, new foundations may be reduioe the additional exterior elements,
but this may avoid the retrofit of the existing fmation system, which is usually an expensive
and time-consuming operation.
All these new criteria transform the traditional PEapproach into a new multi-criteria
approach, which also includes the principles ofeLi€ycle Thinking to account for
environmental and social-economic sustainabilitgs@®ni et al. 2018). Besides considering
new structural targets to control the seismic rasp®f retrofitted existing buildings, to protect
the escape route, to reduce the damage to struanganonstructural elements, and to allow
the feasibility of the retrofit intervention fromutside (floor diaphragms and foundation
system), the principles of LCT are considered tmgare different holistic interventions with
similar energy and structural performances (Figu#3.
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Figure 2.9  Conceptual scheme of the new multiHcateperformance-based design

approach (From: Passoni et al. 2018)
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2.3 Elastic, dissipative and responsive diagrid stngctan
overview

Diagrid as strengthening solution can be developsd (1) an over-resistant elastic
exoskeleton, that meet the required targets byngddi stiff and over-resistant external
exoskeleton limiting the displacements of the exgsstructure thus avoiding any possible
damage on the retrofitted building; (2) a dissymatstructure which controls the seismic
response of the existing building by dissipatingreéc energy into new devices, which may
be either facade components or localized dampélse(enysteretic, viscoelastic, or viscous,
etc.); (3) a passive-responsive structure whiclpaiaresponse by changing its static scheme
as a function of the seismic event. Usually, thingllof behavior, known as ‘smart behavior’,
is provided with controllers and actuators activielgucing the envisioned property change
(Morales-Beltran & Teuffel 2013) yet, in this casee system are conceived as ‘passively’
adapting to variable load condition by adoptingalaed sacrificial elements that break as fuse
for the structure and that can be easily replatégesend of the earthquake.

Considering the first 2 solutions, both have adages and drawbacks. By damping the
system, dissipative solutions often allow reducitigg cross-section of the structural
components, thus optimizing the material consumpéind localizing the damage into a few
replaceable elements. On the other hand, the devarebe expensive, the design process may
be quite difficult, and the need for larger defotima capacity of the existing structure may
require additional preliminary interventions trigigey larger ductility in the structural nodes.
Moreover, unless carefully designed, dissipativdutsms may be ineffective since
displacement-activated dampers may not reach wigldnd remain inactive while the infill
walls may reach their ultimate resistance for @dispiments of few millimeters (Uva et al.
2012).

When over-resistant structures are considereflfatddes are added to existing structures,
and the existing building can remain elastic; hosvein case of extraordinary strong seismic
events (such as those reaching beyond the spectihart)igh building stiffness may lead to a
substantial increment of seismic actions, resuitirgremarkable overload of floor diaphragms
and foundations. In this scenario, ‘passive-resp@istructures can be proposed (Labo et al.
2017; Antonini et al. 2017).

Thanks to non-linear responsive elements, thegetates may be designed to act as stiff

systems (elastic) up to the Damage Limit State (DB8d as dissipative systems at the Life
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Safety Limit State (LSLS), therefore avoiding therthge for low-intensity earthquakes but
enabling yielding and thus ductile behavior in casstrong earthquakes thus introducing a
cap on the loads transferred to the floor diaphsagna to the foundations but still guaranteeing
a ductile behavior.

2.3.1 Structural design of diagrid structures

In the design of diagrid structures as strengthgeswoiutions for RC buildings focus must
be made on 1) the geometry of the diagrid itselficlwv must meet architectural and aesthetic
needs and constraints; subsequently, specific nt that depend on the strengthening
solution adopted must be considered.

As far as the elastic diagrid is concerned, thetaaal constraints that must be considered
are: 2) the minimum stiffness of the diagrid, whigharantees the damage control in the
existing building, and 3) the maximum axial forcethe diagrid’s diagonal members as to
avoid their buckling. In the case of passive-respandiagrids, it has to be considered also 4)

the non-linear responsive elements features.

2.3.1.1 Architectural and formal constraint

The optimal diagrid geometry is influenced by sal/@arameters related to the existing
building layout and features and the diagrid penfances. As far as the existing building is
concerned, the retrofitting diagrid has to complithwarchitectural and aesthetic needs
(location of openings, inter-story height, etcag,well as its plan layout has to enable possible
living spaces expansion. The retrofitting diagridilcl be built either, in close proximity or as
an enlargement of the existing building (Figured®)land in the second case, new living spaces

and double facade systems could be developedrbresasing the potential value of the project.
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Figure 2.10 Different possible configurations ok tdiagrid: a) By varying the module
geometry. b) The horizontal projection of the rétted structure in the case of

diagrid in adhesion and as an enlargement of astayg building.

Another parameter that significantly affects thehétectural design but also the structural
performance of the diagrids is the module’s geoyndéMaghareh & Korsavi 2014).
Considering the remarks made in paragraph 2.1lrlthéintegrated retrofit of low-medium
rise buildings, an optimal reference angle of 3&Sutd be considered, while also accounting
for the geometry and the characteristics of theregfce building. However, among the
alternative formal possibilities, the optimal saduats should be derived by combining, in an

integrated way, all these aspects.
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2.3.2 Elastic diagrid

2.3.2.1 Stiffness constraint

The objective of the stiffness constraint is toifi@nd control the displacement of the
existing structure when subjected to the desigthgaake thus avoiding excessive damage,
and, consequently, the long-term disruption of blodding activities, the relocation of its
inhabitants, and minimizing the costs after a seisvent.

In order to set the stiffness constraint, the tangaximum top displacemeniop of the
existing building is identified (in the case of pagrld war 1l RC building, for example, this
target can be derived from the limit inter-storyftddallowed by the infill panels). Through
this constraint, therefore, the cross-section afethe diagonal elements of the diagrid that
satisfy the displacement target is derived.

With this aim, as described in the paragraph 2th€whole system could be modeled as
a Timoshenko beam. It is worth noting that for nety post-world war RC structures, a
triangular distributed loag (Figure 2.5c) can be introduced to considerabhypsify the
analytical procedure and easily generalize the temuaf the Timoshenko beam. This load
distribution does not introduce significant errorghe diagrid design. Concerning an average
stiffness and geometry of existing RC buildings,hés been demonstrated that the top
displacement obtained with the continuous triangldad distribution, only slightly under-
estimate the top displacement obtained with theahpdint loads along the building height.
For a cantilever beam higher than 12.60 m (thatspond to 4 floors for an average height of
3.15 m), the error is less than 15%. Vice versabtoldings shorter than 9 m, the nodal point
load configuration should be preferred.

Introducing this simplification and following théeps reported in paragraph 2.1.2, it follows:

M (X) = —(p_xz —p_)gj

2 6H (2.19)
_ px’
\V/ — -
={ - 22)
therefore, the beam deflection is equal to
¢=_ij_ pX _ pX dx+ G
El 2 6H (2.20)

__1ipe_ pX
$= EI{G 2444}+Cl
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by enforcing the boundary condition at the bastaefTimoshenko beany(H ) =0)

:—pH3
© BEl (2.21)
¢:i px’  pX  pH’

ElI| 6 24H 8

according to Eqg. (2.9), the derivative of the Titme@isko beam can be obtained:

d_yz‘p“p)%H +i{ pX _ pX _ pH’}

dx KAG El 6 24H 8 (2.22)

By integrating and imposing the boundary conditithe base of the Timoshenko beam (
y(H)=0), the equation of the elastic curve of the Timo&ieebeam with a triangular
distributed load is obtained.

Since the aim of this constraint is to control theplacement at the top of the existing

building, the displacement of the Timoshenko beameaqual to0 (Figure 2.5¢), is evaluated:

_@BrE D—|3+1%kAGDH5)Dp

y©) 24(E| [KAGH) (2.23)

wherep is the distributed triangular load on the cantlebeam;E, | andAs are the elastic
modulus, the area moment of inertia and the cressesm area of the diagonal elements,
respectively; k is the Timoshenko shear coefficient, ahtl is the building height.
As reported in Eg. (2.12) the discrete nature efdlagrid has to be considered by assuming:
A =21, Ay, COSE )
{I =n, A ;;Sin@)I?

where,nw and ny are the number of diagonals on the web facadetl@dlange facade,
respectivelyAqwiandAg s are the area of the diagonal elements on the weffiange facade;

| is the plan dimension of the building paralleltie tonsidered seismic direction (Figure 2.6).
By imposing the maximum displacemex{0) equal to the limit top displacemermrér), the

minimum cross-section area& (v andAqg,) that satisfy the stiffness target can be obtained
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2.3.2.2 Strength constraint

In the design of diagrid structures, attentiontiease also paid to the maximum axial force

in the diagonal elements. To avoid buckling, theximam axial compression actior, of
each structural member must be smaller than itsimadrbuckling capacitynt™ (EC8). In
particular, it yields:

AH nyk

N, < NEM = y
o Varo (2.24)

whereAq is the cross-section area of the diagonal elenfignsg, the maximum allowed axial
stress allowedio is the material safety factor, and the coefficperg a function of the profile
slenderness.

The choice of the material, the cross-sectionpbthendary condition of the diagrid modules
and, consequently, the effective length of the alied elements plays a critical role in this step
of the design procedure to reduce diagrid weighd aost. For this reason, different

configurations of diagrid structures must be anadlyfor each case and critically compared.
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2.3.3  Passive-Responsive Diagrid: principles and strattuehavior

In the case of responsive diagrid, the respons¥yatior is attained by changing boundary
conditions at the diagrid’s base supports as atiomof the earthquake intensity, while the
diagrid lattice structure remains elastic.

At the Damage Limit State, the diagrid elementsdas#gned as hinged at the base, whereas
for very high earthquakes, beyond a target basar shimges are conceived to downgrade into
non-linear supports allowing for the controlledisig of the diagrid’s base. Activation of these
supports significantly reduces the stiffness of straicture, thus increasing its fundamental

period; as a result, seismic loads decrease atdirfgudisplacements increase.

Sa

LSLS

DLS
T

Figure 2.11 Responsive structure behavior

The design of these special non-linear supportdeanade through an iterative procedure
in order to calibrate the optimal properties of tlev sliding supports. In particular, the new
support is initially rigid and behaves as an elalststic system beyond a target base shear flow
(that for example could represent the limit bassasio avoid damage in the existing floors, or
the overstress of the existing foundation systein).addition, excessive horizontal
displacement and second-order effects are avoigdichiiing the maximum displacement of
the supports with a bumper at the end of the gap.

It is worth noting that it has been demonstrated tesponsive diagrids require preliminary
interventions at the existing building ground fldoreduce the damage following the onset of
the diagrid sliding (Labo et al. 2017). Such intertions are for instance the disengagement of
the infills from the RC frame at the ground floBréti et al. 2012) and the local increase of the
column ends ductility (Antonopoulos & Triantafilla2003). The mechanism requires large

displacement ductility of the first-floor columngshich can be attained by deliberately
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triggering and controlling (through the diagridgat-story configuration and by increasing the
columns rotational capacity (providing confinemeng using fiber reinforced polymer
wrapping or HPFRC Jacketing). The retrofitted bimddbehaves as an isolated structure with
the isolation concentrated at the ground floontoic extensive damage to the upper floors of
the existing structure. This preliminary intervemtiallows to accommodate the displacements
induced by the sliding system. Moreover, the cdlgdosoft story behavior will dominate the
deformed shape of the building during the earthguakercoming all the uncertainties that
characterized the finite element models of reirgdrconcrete buildings (infill panel behavior
among others). Indeed, the performance evaluafiarretrofit solution is affected by the non-
structural elements modeling. The proposed reteafiteme overcomes all the uncertainties
related to the infill models thanks to the contdllkoft-story behavior that will dominate the
inelastic deformed shape of the structure.

Thanks to the preliminary interventions, the maximallowable inter-story drift at the first
level represents the main design parameter corslderthe retrofit. A sketch of the retrofitted

building and the hysteresis shape of the diagr&lvastraints are shown in Figure 2.11.
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Figure. 2.11 a) Sketch of the retrofitted buildieguipped with special sliding supports; b)
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3.SENSITIVITY ANALYSIS OF THE
STRUCTURAL RESPONSE OF THE
RETROFITTED SYSTEM

The interaction between the diagrid and existingding is here evaluated through
parametric analyses using a simplified 2 Degreés@édom (2DOF) model. In particular, the
objective of this section is to identify the pardems governing the structural response as well
as the optimal retrofit parameters to avoid or aarthe damage to the existing building. It is
worth noting that the results of this sensitivibadyses can be extended for the analysis of the

response of any retrofit solution carried out froutside.
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3.1 Simplified model of the retrofitted structure

The 2DOF model representative of the retrofittexteay is reported in Figure 3.1, in which
the existing building and the diagrid structurapense are described by the degree of freedom

u; anduy, respectively.

v DIAGRID
y,2
th Uy JaL.e;

K ’ K ’ K EXISTING
1 12 2 BUILDING

m, Y m, Foul/

X — —— — ky

} 9., G L o G2 s - C2

5y,2 Jy,l o

Figure 3.1 2 degrees of freedom model. a) Simgli2#®OF system. wuis the relative
displacement of the existing building; is the relative displacement of the
retrofitting exoskeleton; b) Response curve ofréteofitted structure with 2

degrees of freedom (2DOF) working in parallel

The parameters needed to define the structurabnsgpof the existing building both in the
elastic and plastic field are: the fundamental que(il',), the effective masarg), the initial
elastic stiffnesskq), the damping coefficient{(), and the yielding force= 1).

In general, these properties can be derived staiitom the capacity curve of the existing
building and through the usual procedure for theQ¥to SDOF conversion (Decanini et al.,
2001; Feroldi, 2014; Kuramoto & Teshigawara, 20d@hrabi & Shing, 2003).
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my = 451 kN/g my = 800 kN/g my = 1000 kN/g my = 800 kN/g my = 800 kN/g

ki =24 KN/mm ki =24 KN/mm ki =24 KN/mm ki= 14 KN/mm ki= 7.9 KN/mm
T:=0.86s T1=1.15s T1=1.28s T1=15s T1=2.00s

N =4 (floors) N =5 (floors) N= 7 (floors) N= 8 (floors) N= 11 (floors)

Figure 3.2  Reference geometry representative oharg Post World War RC buildings
(Ref. Marini et al. (2014), Feroldi (2014))

In this section, input parameters will be introdiite represent the ordinary post Second
World War reinforced concrete buildings accordimmg Marini et al. (2014). The elastic
properties of the reference cases are summarizEyime 3.2 with reference to typical post
World War 1l (WWII) buildings featuring differentumber of floors. As for the yielding force
of the existing buildingky,1 is defined as a percentage of the associatedostasgmic demand
(m=S(T1)) through the parameter(Eq. 3.2).77 represents the yielding strength of the existing
building, adimensionalized with respect to the n{as¥ multiplied by the ground acceleration
Sa(Th). Different values of7 are considered to represent wegk(@.3), medium =0.5-0.6),
and strong 4=0.85) buildings, respectively.

F

y,1l

7= [m (54 7] (3.2)

4 The relation between the elastic period and thghhef the existing building is introduced accaowlito
Verderame et al. (2007)

T, =0.071H%% (3.1)

whereH is the existing building height.
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Given the elastic stiffnes&i and the yielding forceH| 1), the yielding displacemengy(1)
F
can be derivedd, , :?y'l). Regarding the damping coefficient, a dampingrgf) equal to

0.03 is considered.

For the DOF2, the elastic stiffnedg)(is defined as a function d¢&. Feroldi (2014),
demonstrated that the simplification of the wholstem into a 2DOF is acceptable if the ratio
between the elastic stiffness of the retrofittingskeleton K>) and the stiffness of the existing
building (k1) ranges between 0 and 12. The mass of the retadiition (), is assumed in first
approximation as equal to 1/10+1/20 of the magb@#kxisting buildingrfy) (Passoni 2016).
Also in this case{is considered equal to 0.03.

As shown in Figure 3.1 the two masses are conndatedgh a general link modelling the
connection between the existing structure and tagrid by the elastic stiffneskif), by the
damping coefficientd;»), and in the case of non-linear behavior, by tleéding displacement
of the connectionsd,12). The damping coefficient is supposed constantlewthe other two
parameters are investigated in this work.

As for the ground acceleratioXg), 7 accelerograms compatible with the code spectru
were determined by adopting the software Rexelé2@fervolino et al. 2010). The structural
system is supposed to be located in L’Aquila (kabn a flat surface made of deposit of sand
or medium-dense sand gravel or stiff grave (sdaggary C and T1 topography) (NTC 2008).
A maximum scale factor equal to 2 and upper aneétdalerance equal to 10% and 15%, were
imposed. It is worth noting that for the selectetederograms the lower tolerance limit
imposed by the Eurocode (ECB8) is not met. Howestgah a requirement is not always satisfied
in the case of high seismicity areas; for this o@as lower tolerance limit was obtained by
increasing the Eurocode limit value (10%) by 5%iluat compatible set was identified
(lervolino et al. 2008) (Figure 3.3).

It is worth noting that the results of the sengyianalysis will be normalized in order to
remove the influence on the selected design spebierefore, any values of the maximum
ground acceleration could be adopted being thelatesvalue unnecessary considering the

adimensionalization of the strength parameter
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Combination no. 6 , SF =1.7049

mean

5

001726ya EQ: 561, SF: 1.1136
———000133xa EQ: 63, SF: 2.7554
fl ——— 000600xa EQ: 286, SF: 1.7473

|l —— 000335ya EQ: 158, SF: 2.5038

g ——001726xa EQ: 561, SF: 1.3648
\ 000879ya EQ: 349, SF: 0.94055

hnf —— 000592xa EQ: 286, SF: 1.5092

-1 Target spectrum

----- Lower Tolerance

nemomam Upper Tolerance

— Average spectrum

= === Range of periods

Sa(T) [g]

0.5H

Figure 3.3  Selected combination of compatible asmograms used for the time history
analyses (lervolino et al. 2010). All the 7 accelmams are reported in
Appendix B

The structural response is analyzed with referéa@eset of parameters. The damage on
the existing building is evaluated through the peeter ythat represents the “ductility
demand” to the existing building after the retrofitis defined as the ratio between the
maximum displacementiax) experienced by the DOF 1 during a seismic ev&j)tgnd the
yielding displacementd,1) of the DOF 1 (Figure 3.4b).

Ouax (3.3)
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Figure 3.4  Representation of the parametendy on the response curve of the retrofitted

structure with 2 degrees of freedom (2DOF) workimgarallel

Other fundamental parameters to derive the optiretbfit solution are the stiffness
parameters nametlandAzz A represents the ratio between the elastic stiffoésise retrofit
(ko) and the stiffness of the existing building)((Figure 3.4a),

_k (3.4a)

while, Azzis the ratio between the elastic stiffness of trenection ki) and that of the existing
building (k).
_ (3.4b)
AlZ - &

K

In the case of non-linear connection, the yieldilgplacement rati@ is introduced as the
ratio between the connection yielding displaceniént,) and the yielding displacement of the
existing building @,1).

(3.5)

1 <1

Through the parameters, S, A, Az2 one can determine the optimal properties for the

effective design of the retrofit solution.

Finally, the output parameters will be evaluatedsidering three damage states of the
existing building expressed as a function of tierkstory ratio §: DS1 (6=0.2%+0.4%) no

damage or minor cracking in the non-structural congmts; DS2 §=0.4%-+0.6%) moderate
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cracking in the non-structural components; D834 6%+ 0.8%) severe cracking in the non-

structural components and moderate-severe damafge structural members (Figure3.5).

Damage State 3

Damage State 2

Damage State 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0

Figure 3.5  Damage states of the existing buildDd§1: minor cracking; DS2: moderate
cracking; DS3: Severe cracking

In this section#=0.30%,8=0.50% and?=0.75% are adopted as reference values for the

three damage states.
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3.2 Equations of motion

The free-body model of the 2DOF system is represkintFigure 3.6. By enforcing balance

to horizontal translation to DOF 1 and 2, it yields

KqUy Kyo(Up-Uy) Kou,
«—— m “« m,
4.7 1 4’ ° ’7 2 4’ °

CiU Cyo(Ug-Uy) CoU,

Figure 3.6  Free-body diagrams of the 2DOF system

Zﬁm:o

Mm%+ W+ Kky+ ¢y= k{ y- 9+ ¢y "} (3.6)
ZE%:O

m (%6 + W)+ kut ¢yt kK y- 9+ ¢ 'y "§=0

From which the equations of motion of the 2DOF barderived:
{m('&,ww Ku+ ¢y= k{ u=- 9+ ¢y} (3.7)
m(%+ W)+ ku+ cu+ k{ y= 9+ ¢ 'y "§=0

In matrix form the equations can be re-written as:

E3 O It RO s S 8 5 P

and in a compact form:

M{d+c{id+K{ ¢ ={ A (3.9)

in which,M is the mass matriX the stiffness matrixC the damping matrix, and the vector
{F} ={M} X, represents the seismic action on the simplified system.
When the connections are assumed non-linear, the inelastic behadgscied by the

Bouc-Wen hysteresis law (K. Wen 1976) (Figure 3.7). More prgcite non-linear behavior
of the connections is accounted for by substitutingu, — u) in Eq. (3.7) withP(t) reported

below:
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P() = 0k [y + (1- ) K (8, () (3.10)

where a is the post yielding stiffness ratio, adds an internal variable whose behavior is
described by its derivative:

1
5y,12

(3.11)

dz . : n- , n
0 = G M -y QO™ -v Oy )
n, v, andy are dimensionless quantitiesgoverns the smoothness of the curve in the prayximi
of the yielding pointv andy control the size and the shape of the hysteretip (V|+|y|=1).
Examples of hysteretic plots according with the 8aWen hysteresis law are represented in

Figure 3.7.

Force

Displacement

Figure 3.7  Hysteretic behavior of the connectionosaading to Bouc-Wen law

In this work, the equations of motion Eg. (3.7) soésed with the function Ode45 (Matlab,
2017).0de45 is a versatile ordinary differential equasotver, and it adopts the Runge—Kutta
method with variable time steps. The algorithm megguthe conversion of the second order

differential equations into an equivalent systerfirst order equations.



61

3.3 Elastic retrofit solution: simplification to a SDOF
system and parametric analyses

In order to better understand the behavior of thele elastic system, the in-frequency
response of the two connected masses is investigtasing transfer functions

In general, a transfer function is a mathematigatfion that gives the system outputs for
every possible value of the input; it provides mfi@ation which specifies the behavior of the
component in a system. In the case of MDOF systieentransfer functions can be compacted
into a transfer matrix@ in which each component of the Transfer MatfTXi,()) provides
information about the response of the system aitB@F due to a unit force at the ]-DOF. In
order to evaluate the frequency response of thelDi@&-transfer function of the 2DOF system

represented in Figure 3.1 are developed.

5 The term transfer function is also used in thguency domain analysis of system using method asch
Laplace transform (where it means the amplitudth@Putput as a function of the frequency of tigmai applied
to the input) or, in the case of optical imagingides, the Fourier Transforaf the point spread function (spatial
frequency). Moreover, transfer functions are widedgd to solve vibrational problems such as, fangle, are
used to determine the features of additional massesiuced to minimize the vibration of the maiasa of the

system.
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Starting from the equations of motion Eq. (3.7 thansfer matrixT(cJ)) of the system
described in Figure 3.1, is derived. The solutibthe equations of motion, Eq. (3.7), can be

expressed as:

u= X[E! (3.12)
u=iwt X @&
U=-of X B

By substituting Eq. (3.12) in Eq. (3.9), it yields:
[-&'M +iwC +K] X (8" = FO&" (3.13)

By defining the Impedance Matri¥(w) as:
Z(&) =[~a#M +iwC + K] (3.14)

and, combining Eg. (3.14) and Eq. (3.13), it yields
Z(w)UX=F (3.15)

The transfer matrix is the inverse of the impedanedrix Z(w) ™" = T(w),

{Zzz _le}
—l: ZZl le - t11 t12
det|Z | by 1y
where, (3.16)

det|Z ¥ Z,,Z,,- Z122

The solution can be expressed as:
X2 t21 t22 FZ

X=[Z()]"F =T(a) [F (3.18)

or in the compact form:

whereT (a) is the transfer matrix and represents the beha¥itbre masses per unit input force
as a function of the frequency.

By applying the described procedure to the refexeyystem (Figure 3.1), one can evaluate
the in-frequency response of the system when siggjdo a harmonic load. The equations

T(i,j) of the transfer function that compose the transfatrix T(w) of the 2 DOF system are:
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T)= Ky + kyp + iL{Cy + Cp) Lo — M,k (3.19)
Y ~(~kyp = i [Byp )% + (Ky + Kyp+ iH{Cy+ €1 - me?) [ kst Kyt T C# Chliv— my?)

T@,2)= kip #1061, [0 (3.20)
~(~Kyp = [y, [20)” + (kg + kot i{Cy+ €Y - mg”) [ kgt kgt I{ cF Chlto— M)

T(2.1)= kip #1061, (80 (3.21)
~(~Kyp = [y, [20)” + (kg + kot i{Cy+ €Y - mg”) [ kgt kgt I{ CF Chlto— M)

T(2.2)= K, + kyp + i 0{Cy + Cp) o — my[1? (3.22)

~(=kpp = i [y [0)? + (kg + Kyp# i{Cy+ Cp) - m@®) [ kgt Kyt T C4# Chlw— my?)

In this particular application, among all the trf@ngunctions T(i,j)) of the transfer matrix
T(a), the componenk(1,1)is the most significant to analyze, considerirgg threpresents the
response of the DOF1 due to a unit force in the DOF

Moreover, to better understand the behavior otthgled system, a parametric evaluation
of the transfer functioii(1,1)is made. Figures 3.8 and 3.9 represent the st&atky-vibration
amplitudes for the 2DOF system by varying the nfasy and the stiffnessk{) of the DOF2.
More precisely, considering as reference values:800 kN/g andki=ki.=24 kKN/mm, the
properties of the second mass are varied withifdalf@ving ranges of interestrp,= [1/20, 1/8,
1/4, 1/2, 1im, andk2=[10, 8, 4, 2, 11, where:mx=1/20m; andk.=10k: are reasonable values
of mass and stiffness of the retrofit system (Pas2016), whilemy=m; and ko=k; are
introduced to emphasize the effect of the DOF2henrésponse of the DOFL1. It is important
to note that: (a) the damping coefficients are m&xlias constant, (b) negative amplitudes
corresponding to some masses have been ignorea éxXpected, when the forcing frequency
is close to one of the natural frequencies of flstesn, resonance phenomenon occurs, (d) for
comparable values of mass and stiffness of the F,D@ the point of antiresonance, the
amplitude of the vibration is equal to zero. Thimeept has been widely used in engineering
application to minimize the amplitude of oscill&arhen subjected to particular frequencies.

In Figure 3.8 the stiffnesl® is supposed equal tq; my, instead, decreases from. to
0.05m;.
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In-frequency response of the 2DOF sydterke=k1, for varying the mass (@n

of the retrofit system
In Figure 3.9 is assumed to be equalrta, while the stiffness of the DOF2 increases

from ki to 1.

T(1,1})

Figure 3.9

k,~1.00k
k. =2.00k
k= 4.00k
k,=8.00k
——k,=10.0k

1
!
A=
1
!

m2=m!

15 20
w [rads]

25

30

In-frequency response of the 2DOF systenmy=my, for varying the retrofit

stiffness k

Some relevant conclusions can be drawn from theeséts: in a damped system, in which

ko is significantly higher that;, and the mass ratimp/my is lower than 1/10, the amplitude of

the lowest resonance frequency is generally muehtgr than the higher frequency modes.

For this reason, in these cases, it is often saffido consider only the lowest frequency mode

in the design

calculations.
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Accordingly, in the application of elastic diagmtiuctures to retrofit existing buildings in
which the mass of the diagrid can be consideretigielg, while the stiffness is significantly
higher than that of the existing building, the systcan be idealized as just a Single DOF
system (SDOF). It is worth noting that, to applisteimplification, the hypothesis of equal
displacement of the 2 DOF becomes essential. Carsdy, this simplification is considered
acceptable only when elastic connections are ceresilin the case of non-linear connections,
other considerations have to be made.
The simplified model is reported in Figure 3.10awhich the total massi=m+m:is

considerefl

U

Q

a)

Figure 3.10 a) Simplified SDOF system; b) Simaif8DOF system with equivalent spring
and damping.
In Figure 3.10b, the equivalent stiffness and daugpf the retrofit solution are introduced,

where:
K = k2k12
k2 + k’.l2
and, (3.23)
&= GG
C2 + C12

The system can also be represented as shown ineR3gLl, where, the total stiffness of

the SDOF (2) can be expressed as
K=k+k (3.24)

8 Because of mcan be considered negligible, in many cases nbearonsidered equal toom
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v /N RETROFITTED
SYSTEM

RETROFIT

k EXISTING
BUILDING

yl
ki

Figure 3.11 Response curve of the retrofitted $tmecwith 2 degrees of freedom (2DOF)

working in parallel.

It is worth noting that when considering the eglemasystem in Figure 3.10b, the response

parameterd andA:2(3.4) must be re-defined as follows:
k (3.25)

K,

where A represents the ratio between the equivalent elastinesses of the retrofiizo and

A=

the elastic stiffness of existing buildinig);
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3.3.1  Parametric analyses on the Elastic SDOF system

Sensitivity analyses for the evaluation of thea#tiproperties were conducted. Given a
target maximum displacement for the existing buaidi(DOF1), the procedure for the
determination of the elastic parameters of thefiéis developed in two steps: considering the

system in Figure 3.10b, the minimum equivalenfregs GZ) that satisfy the target is initially
derived; then, the elastic properties of both, ¢banections and the DOF2 are separately
investigated considering the system in Figure 3.10a

The considered parameters and the range in wheghatte varied are summarized in Table

3.1. As far DOF1, the parameters of the refereasesdescribed in Figure 3.2 are considered,
while the equivalent stiffness of the retrokitis varied in the interval 04, in which k=0

represents the As-Is condition (ante retroit0), and k=6ky is a reasonable value of

equivalent retrofit stiffness (Feroldi 2014).

Table.3.1 Inputs used in the parametric evaluatbthe elastic SDOF system
DOF 1 Symbol Range Unit
Elastic Period T1 0.5-2.5 [s]
Effective mass My 451-800-1000 [kN/g]
Elastic stiffness ki 7.5-13-24 [KN/mm]
Adim. yielding force n 0.30-0.50-0.60-0.85 [-]
Retr ofit
Equivalent elastic stiffness | 0-6 k
Target
Inter-story drift target G 0.3-0.5-0.75 [%0]

- Minimum stiffnessk (system in Figure 3.8b):

By varying the adimensionalized yielding force loé DOF1 ), the parametric curves in

Figure 3.12 plot the required ductility)( as a function of the stiffness ratid ¢
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Figure 3.12  Evaluation of the ductility demang &s a function of the retrofit stiffness ratio
(/T) for varying adimensionalized yielding force of thesting building £). R
refers to the reference case in section 4.1.1.8.d¢ted line: constant value of

the ductility demandd)

As expected, the maximum damage on the DOF1 hieemiaximum values of the demand
parameter 4), is obtained in the case of existing buildinghe As-Is condition; for a fixed
value of Ty, the ductility required in the existing structutecreases as the stiffness ratio
increases, and the damage increases for a low vélpeThis is reasonable considering that
for weak building and low stiffness of the retrdfie ductility demand on the existing building

will be higher. Also, the slopes of the curves shbat for a givery, the lower the strength of

the existing building, the higher the requiréd In the following, to generalize the results, the

plots of the parametric analyses for different @esiof the existing buildingrf) are reported.



25
= 7=0.85
T 0% — 1=0.60
2 —— 1050
% —10.30
\\
1.5 T \
b i
\\\_‘ B \‘
0.5 e
0 i i |
0 2 3 4 5 6
5H
25
_ 7=0.85
T =128 ——7=0.60
2 —— 1050
S —10.30
it
L3 (s
o \\
1 e
S |
Eae - === |
0.5
0 | i i |
0 2 3 4 5 6
A
Figure 3.13

o [-1

7=0.85
—1=0.60

——7=0.30

——1=0.50| 1

o F

6

7=0.85
—1=0.60

——7=0.30

——1=0.50| 1

2 3

AH

4

5

6

69

Evaluation of the ductility demand &s a function of the retrofit stiffness ratio

() for varying adimensionalized yielding force of ehésting building §) and

existing building fundamental period1jT

For a fixed value of the ductility demand paramétgy the higher the elastic period of the

existing building T1), the higher the minimum required equivalent s&fs k). These results

can be reasonable considering that, higher valtids correspond to lower values kf that

means, for a set target displacement of the DORfheh values of the minimum required

equivalent stiffnessk). Furthermore, as expected, weaker buildingsiregustiffer retrofit

solution than the stronger ones.
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In Figure 3.14, the ductility/) is expressed as a function of the existing bugdin

fundamental periodT ) for varying the equivalent retrofit stiffnesk X

2.5 ; ; ;
——k=1.0k
7=0.50 k= 15k

2r = 2.0k LA
k= 3.0k
k= 4.0k

0 ‘ |
0.5 1 Tl'fs]

1

\S]

2.5

Figure 3.14 Evaluation of the ductility demaf as a function of the existing building

fundamental periodT, ) for varying the equivalent stiffness of the retroi ).

This plot could be used to derive the minimum eglgmt stiffness of the retrofik() for a
particular value of the ductility demangh)(as a function of the period+) and for a given
value of the adimensionalized yielding foreg ¢f the existing building. Different values gf

are considered in the following.
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Figure 3.15 Evaluation of the ductility demang @s a function of the existing building

period (T) for varying retrofit stiffness ) and adimensionalized yielding

forces ).

For a selected value of the ductility demand patanig), the required equivalent stiffness

(k) decreases for increasing the value of the adifoeatized yielding forcef). Moreover,

for a selected value of fundamental peridg) @nd adimensionalized yielding forcg){( the

ductility demand £) decreases for increasing the equivalent stiffreége retrofit solution

(k).
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- DOF2 and elastic connection properties (systemdarg 3.10a):

Once the equivalent stiffness of the retrofit siohm(IZ) is defined, the elastic properties of

connections and of the DOF2 can be derived.
For a givenlz , considering the Eq. (3.23a), one can derivertheiie pairs of k,; k,) that

satisfy that Equation; a parametric study was cotetl

In Figure 3.16, the infinite pairs ok(;k,) are evaluated by varying the inter-story drift
target @). In this case, among the ordinary RC buildingdess presented in Figure 3.2, the 5-
story reference case withh=800 kN/g,ki1=24 kN/mm and an inter-story height equal to 3.15
[m] is considered.

20 ¢

T =1.155s ——6-030%
27 —§=0.50%
- 6-0.75%

Lh
T

0

12
=N
=)
=

Al-]
Figure 3.16 Evaluation of the series of paits,(— k,) obtained by varying the inter-story
drift target of the existing buildingd.

By decreasingl (i.e. decreasindp), the stiffness ratio of the connectiQto) increases
exponentially and, as expected, by increasingttes-story drift targetd), both stiffness ratios
decrease.

In Figure 3.17, the results are extended to thereete cases (Figure 3.2); however, the
following results cannot be generalized for evewnyjlding characterized by the same

fundamental periodTg), and subjected to every seismic evefy),(being the curves obtained

for specific values ok .
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Figure 3.17 Parametric evaluation of the pairslof — k, for the reference existing buildings

described in Figure 3.2 by varying the inter-stadrift target (6).
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Comparing the results in Figure 3.17, it can beeoled that, by increasing the natural
period of the existing buildingr(), both the stiffness ratio of the connections t&dstiffness
ratio of the retrofit increase.

For acceptable values of the inter-story drift &dr@), there are infinite pairs ofk(,; k,)
that satisfy the imposed target; however, the cgttombination of k,; k,) must be selected

also addressing the technological limits of bothraxtions and diagrid exoskeleton.

It is important to note that the connections pldyradamental role in the definition of the
stiffness of the retrofit solution. Considering ptihe stiffness of the diagrid in the design of
the structure may lead to significant underestiamatf the retrofit stiffness, thus resulting in
excessive and unacceptable damage to the existugwse in case of an earthquake. Only in

the theoretical case df, — « the equivalent stiffness can be considered asl@quihe

stiffness of the exoskeleton.
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3.4 Non-Linear retrofit solution: Sensitivity analyses

In this section a non-linear connectidk,( between the two masses in the 2DOF system
is introduced and parametric analyses are develtpetentify the optimal properties of the
connection. In the case of non-linear connectiotwben DOF1 and the DOF2, the equal
displacement hypothesis between the two degreé®eifom cannot be introduced and the
structural system reported in Figure 3.1 must besiciered.

As far as the existing building (DOF1) is concerntée parameters described in the elastic
analysis are considered.

Regarding the retrofit (DOF2), basied on the resoiltrecent studies focused on the design
of retrofit structures for RC buildings ( Feroldd®4; Passoni 2016), the mass of the diagrid
(DOF2) is varied in the ranger=1/10+1/20m. The elastic stiffness of the diagrid,{,

according to the procedure described in Sectior 3varies within the rangk, = [0+12] k,
in which k,=0 represents the As Is condition, whkg=12k, is an acceptable value for the

stiffness of strengthening exoskeleton for RC bhngdPassoni et al. 2018).

The elastic stiffness of the connectiotks, ), instead, varies within the range, = [0+24]

k, in which k,=0 represents the As Is condition (or no connectioile k ,=24k is
selected based on the consideration drawn in $e&id.2 as well as to account for the
technological limits of the connection. The norelnity of the connections is described by the
Bouc-Wen Model, Eq. (3.9-3.10), considerimgl, v=)=0.5, anda=0.001.

Sensitivity analyses are carried out to identifg tiptimal yielding displacement of the
connection §,,12); &,121s evaluated in the rangg 1= [0+0.1] [m] in whichd,,12=0 represents
the As-Is condition, while},12=0.1 [m] is assumed to represent the elastic behafi the
connectioni. In the sensitivity analysis the optimdlizis derived by evaluating the ductility
demand () as a function of the yielding displacement raffp The considered parameters and

their range of variation are summarized in Tabk 3.

Table.3.2. Input parameters and setting values satbm the sensitivity evaluation of the

non-linear 2 SDOF system.

"1t means that, to have the connection yieldinglative displacement higher than 10 cm betweemlihgrid
and the existing building must occur; this relatiligplacement, for the considered cases, is veey ra



DOF 1 Symbol Range Unit
Elastic Period T1 0.5-2.5 [s]
Effective mass my 451-800-1000 [kN/g]
Elastic stiffness ki 7.5-13-24 [KN/mm]
Adim. yielding force n 0.30-0.50-0.60-0.85 [-]
DOF 2

Elastic stiffness k 0-12 ke
Effective mass 117 1/10-1/20 m
Connections

Elastic stiffness k12 0-24 ke
Yielding displacement d12 0-0.1 [m]
Target

Inter-story drift target 2] 0.3-0.5-0.75 [%0]
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The sensitivity analysis is carried out takingeference the following parameteng=800
[KN/g], ki=24 [kN/mm], &=0.5%. Moreover, to investigate the influence oé thxisting
building features on the system respotise analysis is performed by changing one parameter
of the DOF1 at a time.
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- Case 1. Varying the effective mass (m1) of the DOF1: the optimal yielding
displacement of the connectiad),{2) is investigated by evaluating the ductility demand
(1) as a function of the yielding displacement r§fipfor varying the mass of the DOF1
(my). The influence of the parameter on the system response is then evaluated.
In Figure 3.18 the ductility demangd)(is plotted as a function gffor varying the mass
of the DOF1 {n) and for fixed values dé, 7 andé.

Table.3.3 Inputs of the non-linear 2 SDOF systeetdus the case 1.

DOF1 Symbol Range/Value Unit
Effective mass M 451-800-1000 [kN/g]
Elastic stiffness ki 24 [KN/mm]
Adim. yielding force n 0.85 [-]

Target displacement

Inter-story drift target @ 0.5 [%0]
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Figure 3.18 Ductility demand on the existing building (DOF1) as a functionyalding
displacement ratio of the non-linear connectiofs i( the cases of m451-
800-1000 [kN/g] (k=24 kN/mm, 7=0.85, and &=0.5%) for specific input

accelerogram.
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All curves show a stationary point (minimum). Fgresific values off, the ductility
demand on the existing building (DOF1) can be mipgd; this entail minimum required
dispalcement and minimum seismic action on theiegi®uilding. In Figures 3.18a and 3.18b,
the minimum ductility demand§ can be identified aroun@=0.1 [-] while, in the casen is
set equal to 1000 [kN/g] (Figure 3.18c) the minimduetility demand g) can be identified
around/=0.06 [-]. The design yielding displacement of tomnections should be identified
around these values.

It can be observed that the higiner the smaller the yielding displacement ra® ¢f the
connections. The results of these three analysew #mat the minimumu can be reached
considering an optimal value gfranging within the interval 0.05-0.15. In all tRecases, the
minimum point of all the 7 curves can be visualizedlose proximity of this range.

The curve related to the accelerogram 000592xa doedisplay a minimum point; the
reason of this behavior is the low intensity ofttaismic event that does not allow the
connection to reach its yielding point. In the doling other parameters of the system are

investigated.
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- Case 2. Varying the eastic stiffness (ki) of the DOF1: the optimal yielding
displacement of the connectiad (o) is investigated by evaluating the ductility demand
(1) as a function of the yielding displacement rgf#for varying the stiffness of the
DOF1 ki). The influence of the parametaron the system response is then evaluated.
In Figure 3.19 the ductility demang)(is plotted as a function ¢ffor varying the
stiffness of the DOF1k{) and for fixed values aiv, /7 andé.

Table.3.4 Input of the non-linear 2 SDOF systenduisehe case 2.

DOF1 Symbol Range/Value Unit
Effective mass M 800 [kN/g]
Elastic stiffness ki 7.9-14-24 [KN/mm]
Adim. yielding force n 0.85 [-]

Target displacement

Inter-story drift target @ 0.5 [%0]
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Figure 3.19 Ductility demand on the existing building (DOF1) as a functionyalding
displacement ratio of the non-linear connectiofisif the cases ofik7.9-14-
24 [kN/mm] (m=800 kN/g, 7=0.85, and &6=0.5%) for specific input

accelerogram.
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By varying the stiffness of the DOFHWy), it can be observed that the smakgithe smaller
the yielding displacement rati@)(of the connections; however, the stationary murmpoint
can be visualized in the same optimal range oC&se 1 6=0.05-0.15).

Considering that the curves of the 7 accelerogfaatsire the same shape, in the following,
the average curves are used to represent the dlebaliors of the systems.

To evaluate how much this assumption can affectdbponse of the systems in the Cases
1 and 2, in Figure 3.20 the displacements of th&Dabtained solving the equations of motion
with the optimalg for each accelerogram, are compared with the atigphent of the DOF1
obtained introducing in the equations of motionyaile optimal value of the average curve.
The comparison is made by means the parametith this aim are introducediayg on the
x-axis, that represeptobtained from the equations of motion considetiregoptimalg of the
average curve, while in the y-axis is plottag: obtained with the optimal value for each
accelerograms. Resulting an average error smalerl0%, the simplification introduced can

be considered acceptable.
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Figure 3.20 Comparison, in terms of ductility demgn), between theywbtained with the
optimal value of each accelerogram andobtained with the optimal value of

the average curve.



83

- Case3.Varyingtheinter-story drift target (6): the optimal yielding displacement of
the connectiond,12) is investigated by evaluating the ductility demguajas a function
of the yielding displacement ratigd)(for varying the inter-story drift ratiod. To
evaluate the influence of the paramelen the system response, all the previous values
of mass ) and stiffnessk}) of the DOF1 are varied within the range of ins¢rdhe
adimensonalized yielding displacemen} (s assumed equal to 0.85.
In Figure 3.21+3.23 the ductility demand) (s plotted as a function g#for varying
the inter-story drift ratio#), and the stiffness{() and the mass) of the DOF1.

Table.3.4 Inputs of the non-linear 2 SDOF systeetdus the case 1.

DOF1 Symbol Range/Value Unit
Effective mass my 451-800-1000 [kN/g]
Elastic stiffness ki 7.9-14-24 [KN/mm]
Adim. yielding force n 0.85 [-]

Target displacement
Inter-story drift target 2] 0.30-0.50-0.75 [%0]
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Figure 3.21 Ductility demand on the existing building (DOF1) as a functionyalding
displacement of the non-linear connectiorf§ (n the case o0f6=0.30%
considering the average response of 7 accelerograhesresponse is evaluated
increasing m (left), and increasingik(right).
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Figure 3.22 Ductility demand on the existing building (DOF1) as a functionyalding
displacement of the non-linear connectiorf§ (n the case o0f6=0.50%
considering the average response of 7 accelerograimesresponse is evaluated
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Figure 3.23 Ductility demand on the existing building (DOF1) as a functionyalding
displacement of the non-linear connectiof§ (n the case ofé=0.75%
considering the average response of 7 accelerograimesresponse is evaluated

increasing m (left), and increasingik(right).
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From the results in Figures 3.21-3.23 it can beepkexl that, as already highlighted in the
previous cases, by increasing the mass of theirxistiilding ¢m) the optimal range slightly
shift to the left, while increasing the stiffnedstioe existing building K1) the optimal range
shift to the right. Therefore, for higher fundanameriod of the existing buildingr{(), the
connection must yield earlier than for lowier However, while the masex) and the stiffness
(k1) do not affect significantly the response, theilirgtory drift target is proved to affect quite
significantly the optimal value @. From the previous plots in Figures 3.21-3.23carederive
that for 7 equal to 0.85 and equal to 0.30%, the optimAlranges between 0.01+0.10 while,
as concern the optimal values #equal to 0.50% and 0.75%, the optinfadan be localized
in the ranges 0.05+0.15, and 0.10+0.25, respegytivel

Considering an arbitrary value gfincluded in these optimal ranges, the ductilitynded
(1) does not significantly differ from the ductilifemand obtained considering the optimal
value of S for each single case. In Figure 3.24, the topldtgment obtained solving the
eqguations of motion with the optimal valueffor each accelerogram (minimum point of each
accelerogram), is compared with the top displace¢migtained by introducing in the equations
of motion a reference value gffor each inter-story driftd); the comparison is developed in
terms of the ductility demandi) of the DOFL1.

Defining trefas the ductility demand obtained from the equatmirmotion considering a
reference value of3, in Figure 3.24 Rret (X-axis) is compared withiopt (y-axis) which
represents the ductility demang pbtained introducing in the equations of motioa dptimal

value for each accelerograms.
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Figure 3.24 Comparison between the aobtained with the optimal value of each

accelerogram andobtained with the most frequent valugGof

The results show that:



88

(a) Lareq is slightly different with respect tpop;; however, this result can be considered
acceptable for preliminary consideration aboutréteofit structure;

(b) As expected, fof=0.75% the results are more scattered tha40r3-0.5% since for
an inter-story drift targetdj equal to 0.75% the optimal range was larger fbatower values
of inter-story drifts @).

To summarize: it has been demonstrated that, biingothe ductility demandy) by
varying the yielding displacement rati@) (of the connection, a stationary minimum point in
the curves can be identified. Parametric analysse warried out to investigate the influence
of several parameters, and it was observed thdéwie mass and the stiffness of the existing
building do not affect significantly the resultsetinter-story drift plays a more significant role.
Accordingly, optimal ranges ¢f (useful for preliminary considerations and projmoing the
retrofit structure) were identified as a functioh the inter-story drift target and for an
adimensionalized yielding forcej) equal to 0.85; in particular, were defined thikofwing
optimal ranges and reference values:

= (£=0.01-0.10 fo¥= 0.30%
= [=0.05-0.15 fo¥= 0.50%
= [=0.10-0.25 for¥= 0.75%

The same analyses were carried out by varyingdhmeemsionalized yielding forcey). In
Figure 3.24 the optimal ranges of the paramgtaire plotted for every value @f and inter-
story drift target @ thus highlighting how these two parameters affieetglobal response of
the system. In particular, for each valuerpénd 8, a bubble chart is used to represent the
distribution of the optimal values @F (x-axis); the frequency of the optimal values is
represented by the size of the bubbles. Considéhiaily as shown in Figures 3.18-3.19, the
mass ) and the stiffnesk() of the existing building do not significantly afft the response

of the system, the results do not consider howethee parameters affect the response.
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Figure 3.25 Distribution of the optimal values®by varying the inter-story drift target)

and the adimensionalized yielding foreg.(

From the results one can observe that, as expectedasing the inter-story drift targe)

the optimal range gf values increase; moreover, it can be observeditttagasing the value

of 7, the optimal range significantly shift to the left
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Provided that the response is mainly affected leyinler-story drift ratio § and by the
adimensionalized vyielding forcey), in Figure 3.26, design spectra for varying perad the
existing building Ty) are introduced to consider both these parametéhe design procedure

of the diagrid connections.
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Figure 3.26 Design spectra for the determinationtloé optimal yielding ration of the

connection ) as a function of the adimensionalized yielding éofg) and of

the inter-story drift targeté).
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3.5 From SDOF system to MDOF system

The equivalent stiffness obtained by the 2D&E) (nust be translated for a MDOF system
(ki).
According to Ciampi et al. (1995) the stiffnesdistributed considering a linear deformed
shape with constant drift. Figure 3.27 shows thisterg building (solid black line) and the
retrofit structure (solid red line) and the linglstribution of the relative displacement between
the two structures. In particulat represents the relative top displacemprihe angle obtained

from the arctan of the ratio betwedrandH, ki the connection stiffness at the i-th floor, and

Ai the connection displacement at the i-th floor.

KA

ki —
H
k|A| *1\ p=Arctan(A/H)
ke -

hi
1

Figure 3.27 Simplified deformed shape of the fiilstational mode.



Accordingly, the total force in the connectioRs2) can be defined as:

Fo=2 k8 =2 kpH=kp) h=koh), N= ilsoi“NT+1

whereN is the number of the floors. Considering:

F
k., =12
12 A
the stiffness ¥ can be obtained:
N+1
kl _ klph 2 _ K n+1
*  phN 2

For each floor in the MDOF system the stiffness is:

ki =k,

2
N+1
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(3.27)

(3.28)

(3.29)

(3.30)

It is worth noting that, considering = % the stiffness of the i-th link would be under-

estimated by 39%. Such under-estimation of the ections, would lead to an equivalent

retrofit stiffness k) lower than the required to meet the target digsteent imposed thus

resulting in damage on the existing building durgngeismic event.
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4.APPLICATION OF THE DIAGRID
FOR THE STRENGHTENING OF A
REFERENCE BUILDING

4.1 General overview

The reference structure is a post-World War |l ficmiced concrete building located in
Chiesanuova district in Brescia (Italy) and owngdALER (regional enterprise for social
housing). The main structure was built in 1975 agicg to the regulation codes and the
construction techniques of the time. The structidentified with the letter H in Figure 4.1,
was built in a residential district composed byRO buildings. Main features and structural
details were derived by the original structural anchitectural construction documéhug the
whole complex and by recent researches carrieti@sttucture (Antonini et al. 2017; Zanchi
et al. 2016).

8 See Appendix C
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Figure 4.1. Location of the reference building (W)thin Chiesanuova social housing
district (IDES 2008)

Figure 4.2.  Views of the reference building. Soedist facade (left), ground floor (right)
(IDES 2008)

4.1.1 Architectural and structural features ofriference building

The reference building is composed by two consuastthat are separated by a thermal
joint. Since the aim of this Section is to appldiagrid structure for the strengthening of a
reference building representing ordinary WWII Rdldings, supposing that each building
structurally behaves independently, only the Eastig considered (Figures 4.3).

The reference structure is an 8-story building waittround plan of 27.10x13.45 [m], thus
covering an area of about 265out each floor (Figures 4.4). The garages anetit@nce are

located at the ground-floor, while in the uppepof®large residential apartments can be found.
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Figure 4.4  Plan of the East building (IDES 2008)

As concern the structural aspects, in 2007, acegridi O.P.C.M 3274/2003 and to S.M.1.,
a technical inspection and the structural assessofi¢ime seismic safety level were conducted
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by IDES (engineering company specialized in diagodsvestigations), and the structural
details and the materials of the bearing struciweee investigatet

The bearing structure features three one-way lodgial frames and two infilled lateral
frames. The inter-story heighti) is 2.50 [m] at the ground floor and 3.15 [m] la¢ tupper
floors for a total heightH) of 24.75 [m]; the span dimensions are varialdaegitudinal frame
beams have spans ranging between 2.5 [m] and 3.@/h@reas floor spans range between
4.15 [m] and 5.12 [m]. Beams and columns were desigor vertical loads only; the steel
rebars in these elements were investigated thrandinect tests. Based on the results of
magneto metric tests on 54 columns and 2 beamsdt@racy of the original construction
documents was verified.

Floors are made of a composite RC beam and clak Isigstem featuring a 2.5 [cm] RC
overlay for a total thickness of 24 [cm].

The staircase core is a reinforced concrete C-shapell; however, since the structural
detailing were not designed to ensure a global\aehamong the three walls, they should be
considered as three independent walls. The thiskaethe stairwell walls varies between 20
[cm] and 25 [cm].

The structure laid on direct piled foundations auidlitional reinforced concrete shear
walls introduced during a retrofit intervention thie foundation system carried by the engineer
Pietro Gelfi in the 1983s. Contemporarily, also tt@umns at the ground floor were
consolidated because of the inability of those elets to withstand the static loads (Figure
4.5).

As far the non-structural components, infills arada of one layer of hollow bricks and

two lateral layers plaster (IDES 2008).

91n Appendix C are reported the original structwt@atuments of the reference case and detailecdhiafibon
about the bearing structure.
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Figure 4.5  Pictures of the intervention on the oohs and on the foundation system
The material features derived by means compres$ssis on the concrete and tensile tests
of the steel rebars conducted by IDES (2008), gpented in Tables 4.1 and 4.2.

Table.4.1. Measured concrete properties: test oplgéents

Concrete

Floor Rek.eft [M Pa]
Ground 13.6
15 24.5
2ne 22.1

3 421

4t 59.8
Average 324

Rek.eff IS the measured concrete cube compressive strength

Table.4.2. Steel measured properties: test on iBahes

Steel

Floor fy [MPa] fu [MPa]
Ground 442.7 639.5
2nd 477.8 715.0
3rd 468.3 680.7

fy and f, are the yielding force and the ultimate strengtlpectively.
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4.1.2 Qualitative preliminary structural considerations

The analysis of the technical documentation higitéd how the reference building was
designed to withstand only the vertical loads; eguoently, in the context of the structural
safety of the structures, some structural defigeshcan be identified.

1. Vertical irregularities: the inter-story height thfe ground floor is lower that the inter-
story height of the upper floors. This aspectddiion to the absence of the infill panels
at the ground floor, may results in a severe danaagk stress concentration in the
columns of this floor leading to a possible softrgtmechanism. Sudden discontinuity
in the lateral strength and stiffness along thgleof the building can results in severe
damage concentration.

2. In-plan irregularities: when the reference buildisgsubjected to lateral loads, floors
translate or rotate around their shear centehdrcase of high eccentricity of the shear
center from the center of gravity, a significantatenal contribution may occur thus
increasing the displacements in a localized pathefstructure. In the reference case,
the staircase core plays a fundamental role idéfiaition of the shear center; therefore,
given the asymmetry of the stairwell, some torsiomade shapes are expected from the
modal analysis.

3. Different behaviors in the transversal and in thegitudinal directions: the presence of
the infill panels only in thg-direction (transversal direction), leads to diffier behavior
in the two directions of the existing building iase of horizontal loads. The existing
building acts as a RC frame aloxgvhile as an infilled frame along

4. Floor diaphragm: event if they are not designethgdane diaphragms, on the basis of
previous studies, it has been assumed that fl@orsvithstand horizontal loads (i.e. they
behave like floor diaphragms) by developing anlamp tied-arch resistant mechanism
up to their ultimate capacity (Feroldi, 2014). Hawe since they were not designed to
withstand the horizontal loads, specific evaluati@re mandatory. If the previous
assumption would not be verified, a strengthenirth®existing floors, such as external

diaphragms, may be required.
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4.2 Numerical analysis of the structural response
Finite Element Model of the referencéding

Figure 4.6

The building was modelled as a tridimensional $tmec with the software MidasGEN

v.2018 (MidasGEN 2018) (Figure 4.6). The frame conmgnts were modelled as beam

elements and the inelastic behavior was accouatedyf means of lumped plastic hinges in

which the flexural and shear resistance of the ér@alements were modelled with the degrading

Takeda constitutive law (Otani 1974) shown in Fegdr7.
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(a) Unloading before yiclding to uncracked (b) Unloading before yiclding to uncracked
region (small deformation) region (large deformation)

(c) Unloading after yielding to uncracked (d) Inner loop by repeated load reversal
region

Figure 4.7  Takeda type hysteresis model implementéide program MidasGEN (from:
MidasGEN 2018)

The flexural plastic hinge is a trilinear curveléoted by a degrading branch (Figure 4.8a),
while the shear plastic hinge has a linear behapdo the ultimate capacity; beyond that limit
the curve decays very quickly thus exhibiting adardbrittle failure (Figure 4.8b). It is worth
noting that from the initial models it was obserikdt the shear failure of the beam elements
did not happen. Subsequently, to reduce the compuigh costs of the analyses, in the beams,

only the flexural plastic hinge was considered.
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Figure 4.8  a) Flexural behavior; b) shear behavior

The ultimate shear resistancewy, Emax), and the characteristic points of the flexuraleu
(cracking (M, ¢cr), yielding (M, ¢y), ultimate (M, ¢u), and residual (Ms ¢@reg)) Were
calculated based on the formulations suggested fharitalian (NTC 2008) and European
(ECB8) codes. The characteristic values of the fralements are reported in Appendix D.

As far the building floors is concerned, on theida$ previous studies, it was assumed that
they can withstand horizontal loads (i.e. they lehie floor diaphragms) by developing an
in-plane tied-arch resistant mechanism up to thkimate capacity (Feroldi 2014; Passoni
2016); therefore, they were modelled as rigid diagins. However, specific and targeted
considerations on the finite element model reshéige to be made. For example, the inter-
story shear has to be compared with the limit sttvgar allowed by the existing floor.

The infill panels were modelled by means of two poession-only diagonal struts
(Decanini et al. 1993) converging in the beam-calyoints. The non-linear behavior of the
infills panels was accounted for by means lumpedtu hinges. The axial plastic hinge of the
infills is a trilinear curve described by a cradki(Fc, &r) and a peakHp, &) points. The
cracking forcecr) and the peak forcé&¢) were evaluated according to Decanini et al. (3993
while the cracking drift &) and peak drift &), were introduced in accordance to the
traditional values of 0.3% drift for minor crackim the infill panels, and 0.5% drift for the
infill failure (Mehrabi et al., 19969. Figure 4.8 describes the trilinear curve ofdkial plastic

hinge plotting the normalized forcE/Ep) as a function of the inter-story driff)(

10 The reason of this assumption is due to the v@mnalues of cracking and peak displacements obdain

with the Decanini’s law that do not represent wiedl real behavior of ordinary European infills pane
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Figure 4.9  Axial plastic hinge of the compressiayadiagonal struts

As far the input used in the Decanini’'s model, diaga reported in Table 4.3 were considered.

Table.4.3 Properties of masonry for the considenéd typology (Hak et al. 2013), where
fwnh and fw represent the values of compression strengthhiemhbrizontal and
vertical direction, respectivelywf stands for the sliding shear resistance of the
mortar joints, §sfor the shear resistance under diagonal compresdta, and
Ew represent the secant modulus of elasticity forizwortal and vertical

direction, G is the shear modulus, and W is the weight of the infills.

fwh
[MPa]

fWV

[MPa]

fWU

[M Pa]

fws

[M Pa]

Ewh
[MPa]

Ewv
[MPa]

G
[MPa]

W
[kN/m?]

1.11

1.50

0.25

0.31

991

1873

1084

)

~

6.8]

Since the staircase walls were not designed tosteittd the horizontal loads, in the Finite

Element Model, the non-linear behavior of staircasdls was modeled following the same

consideration introduced for the infill panels.
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4.2.1 Non-linear static Pushover analyses and seismitevability
assessment of the reference building

Pushover analyses were performed considering hetlohgitudinal X) and the transversal
(y) directions of the Finite Element Model (Figur&)4.The capacity curves are reported in
Figures 4.1G6p) and 4.11op) highlighting the significant points of each cunkeor each
point, the evolution of the story displacement ahdhe inter-story drift are plotted (Figures
4.1Qbottom)and 4.11{bottom) over the building height.
Capacity Curvey-direction
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B [nfill Cracking
2000 : :
A Infill Failure
= 1500 ® Stair core limit
= strenght
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ground floor columns
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~
0
0 50 100 150 200 250 300 350 400 450
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Story displacement Inter-story Drift
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_15
E
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5 -
0 1
0 0.1 0.2 0. 2 3 4 5

[m] [%0]
Figure 4.10 Capacity curve in y-direction (top)o&stion of story-displacement (left) and

inter-story drift (right) for significant points dhe capacity curve
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Capacity Curve X-direction
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Figure 4.11 Capacity curve in x-direction (top)o&ution of story-displacement (left) and

inter-story drift (right) for significant points dhe capacity curve

The two capacity curves feature two different betvavat collapse; in thg-direction, a
soft-story mechanism at the ground floor charazgésra brittle collapse of the existing building
while, in thex-direction, the structure exhibit a more ductildé@eaor. In they-direction, as
expected, the existing building behaves mostly éikanfilled frame, while in th&-direction

it behaves like a RC bare frame.
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Considering the reference building located in Bieesan a flat surface made of deposit of
sand or medium-dense sand gravel or stiff gravié ¢ategory C and T1 topography) (NTC
2008), according to the N2 method (Fajfar 2000; NAWDS), vulnerability analyses of the
existing building were conducted. The capacity esref the existing building were normalized
through the participation factor j (NTC 2008, EC8) of the first mode in order to gerthe
equivalent SDOF capacity curve. The SDOF capadcityas were then bi-linearized following
the principle of the equal energy, and the disptear® demands of the SDOF system were
derived by means of the considered elastic respgpesgrum following the equal displacement
principle. The results were reconverted into a MDsyBtem. The main parameters of the N2

method are reported in Tables 4.4 and 4.5 foythedx direction, respectively.

Table.4.4 N2 method: Main parameters for the y-ation

Parameter Symbol |  Values
Participation factor r 1.36 [-]
Yielding force of the bi-linear curve Fy1 1434.2 | [kN]
Yielding displacement of the bi-linear curve g, 0.031 | [m]
Fundamental period of the equivalent SODF T, 1.15 [S]
system

Mass of the equivalent SODF system My 1567.9 | [kN/g]
Stiffness of the equivalent SDOF system Ky 45450 | [KN/m]
Displacement Demand for the SODF system S-St 0.07 | [m]

at the Life Safety Limit State (LSLS)

Displacement Demand for the SODF system S¢-° 0.09 | [m]

at the Collapse Limit State (CLS)
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Table.4.5 N2 method: Main parameters for the x-ation

Parameter Symbol |  Values
Participation factor r 1.3 [-]
Yielding force of the bi-linear curve Fy1 1529.98 | [kN]
Yielding displacement of the bi-linear curve g, 0.044 | [m]
Fundamental period of the equivalent SODF T1 1.51 [S]
system

Mass of the equivalent SODF system My 1666.13| [kN/g]

Stiffness of the equivalent SDOF system k1 34330 | [KN/m]
Displacement Demand for the SODF systemS;-S- 0.08 | [m]

at the Life Safety Limit State (LSLS)
Displacement Demand for the SODF system S 0.10 | [m]
at the Collapse Limit State (CLS)

The bi-linearized capacity curves, the Acceleratitisplacement Response Spectrums
(ADRS) at the Life Safety Limit State (LSLS) and I@pse Limit State (CLS), and the
displacement demand at the LSISS¢-9 and CLS &*S are plotted in Figures 4.12 and 4.13.

It is worth noting that, from the Figures 4.12 &3, the adimensionalized yielding force
(n) can also be derived being)(the ratio between the yielding force of the exgtuilding
(Fy1) and the associated elastic seismic demamtiSa(Ty)). From the ADRS (Figures 4.12
and 4.13) it can be observed that in the referbndding, 77 is equal to 0.50 and 0.55 for the

y-direction andk-direction, respectively.
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Figure 4.12 y-direction: ADRS and displacement deasaat LSLS and CLS (left), story-
displacement (middle) and inter-story drift (riglat)the considered Limit States
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Figure 4.13 x-direction: ADRS and displacement deasaat LSLS and CLS (left), story-
displacement (middle) and inter-story drift (riglat)the considered Limit States
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From Figure 4.12 one can see that in yhdirection the existing building theoretically
satisfy the displacement demand at the LSLS. Howéweritically evaluate the results, some
consideration must be drakn (a) from the results in the ADR Spectra, the kdispment
demand at the LSLS lies in close proximity to thparity curve failure point, meaning that a
sudden failure of the existing building may ocownrr & seismic event slightly higher than that
expected in the design spectra; (b) the Finite El@nModel is characterized by several
uncertainties that may affect the response of figtieg building. Some uncertainties on the
building characteristics may lead to erroneousyamimodels with structural responses very
far from the expected targets. Ignoring these ns@nes may result in erroneous expectation
of the building capacity. Many uncertainties ar@rwected to the existing materials and the
structural detailing (such as the structural nodes)many cases, it is difficult to find the
original construction drawings, furthermore, vadas to the plans were frequently decided on
the construction site without updating the progeEtumentation. Moreover, other uncertainties
are connected to the element building modellindisagcthe plastic hinges of the infill panels
and of the staircase core, (Passoni 2016). Mangiestuwere developed over the years;
however, the literature review has highlighted trdsspite the great efforts spent in this
research topic, fully satisfactory models are still available (Passoni 2016); (c) an inter-story
drift equal to 1.0% at the LSLS, means the faihirthe infills panels and severe and extended
damages on the existing building, thus requiringhhrepairing costs and the building
downtime in case of earthquake; (d) also the sHdirgore, that represents the agrees path of
the building, results, in the As-Is condition, sehg damaged at the LSLS demand. For these
reasons and considering that the existing builddags not satisfy the Collapse LS
displacement demands (NTC 2008), the renovatigheoéxisting building is required.

With this aim a diagrid structure as strengthersalytion was introduced. The structural
aspects of the retrofitting diagrid were designedsidering the weakest direction of the

existing building y-direction).

11 Similar consideration can be drawn for #direction.
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4.3 Diagrid structure design

4.3.1 Structural design of the retrofit solution

In order to achieve the new performance object{$estion 2.2.2), specific design targets
were set. A maximum inter-story drif¢)(equal to 0.3% (to avoid excessive damage of the
non-structural components) and a maximum base flogaequal to 200 kN/m (guaranteeing
feasibility of the foundation systems) were consde Moreover, considering that the seismic
actions must be transferred across the diaphragtheogxisting building, and that, in the
retrofitted configuration, the span of the resigtarch is increased from the frame single bay
span (in the As-Is condition) to the span betwdentivo webs of the diagrid (Figure 2.6), a
target maximum inter-story shear action was intoeduto avoid retrofit of the existing floors
(beyond this limit, either the retrofit of the etngy floors or the adoption of external
diaphragms are needed). Being this value evallmteeld on the in-plane capacity of the floors
and on the span of the resisting arch, it can beuleded after the diagrid geometry (in

particular the longitudinal dimension) has beeh?set

43.1.1 Architectural aspects

The diagrid was conceived to be in close proxinigythe existing building in theg-
direction, while as an enlargement in thdirection. This enable the addition of new living
spaces in the longitudinal direction thereby insneg the potential economic value of the
retrofitted building. The result is a rectangulagtid structure of 27.70x15.90 m, with about
120 nt additional living space along the north facadel, aimout 40 rhalong the south facatfe
(Figure 4.14).

Considering the optimal reference angle for shaddings equal to 35° (Moon et al. 2007;
Moon 2008) while, also accounting for the geometng the characteristics of the reference
building, an inclination angle of the diagonal etats () equal to 38.9° and a diagrid module
height f) equal to the inter-story height of the existinglding (h)) and were set.

The diagrid structure was assumed to be made 0% 8itular profiles and the profile
dimension was considered equal in both directidrikeexoskeleton.

12 For the reference case a maximum inter-story sbie@28 kN was calculated (Feroldi 2014).
B with the diagrid, the surface of each floor incesmby 80% respect to the existing one.
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Figure 4.14 Architectural and formal aspects of th&ofit solution
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4.3.1.2 Preliminary proportioning of the exoskeleton: stiffness
constraint and equivalent minimum stiffness

Supposing that the system behaves like a Timosheelm subjected to a distributed
triangular load [§), the maximum top displacement of the retrofittéicture was calculated
as indicated in Eq. (2.23) considering the discneiteire of the diagrid structure (Eq. 2.12). It
yields:

8pH? +11pH4
24A.Gk 120EI

y(0) =

A =2n, Ay cosy )
I =ng A sin@ )’

where, for the reference structure:

p=2LV/H

H =24.75m]
Y =38.9

n, =4

n, =8

| =15.90m]
Aw = Ay

in which (V) is the total base shear of the retrofitted buotdand was expressed as:

V=m0S& Mg

where (ny) is the existing building ma¥s (/&) is the participation factor of the retrofitted
building, and &P) is the design spectrum acceleration derivedfasaiion of the target design
spectrum displacemer&) (Figure 4.15). More precisely, defining the tardisplacement of
the existing buildingdror) as the product between the inter-story target(id the existing
building height H), the design spectrum displacemeRP) can be obtained dividindror by
the participation factor of the retrofitted buildirf/=in); consequently, the design spectrum

acceleration%P) can be derived.

¥ The mass of the diagrid was considered negligible
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Figure 4.15 Representation on the ADR Spectrurheal 5LS the design parameters

By combining Eq. (2.23) and Eq. (2.12), and by erifgg y(0) equal to the target

displacementdrop),

4 = 8pH’ .\ 11pH*
OF " 24(2n, A cosg Bk 12E (4 A sig § )

the cross-section area of the diagonal elemégjsvas calculated.
By imposing a tubular thickness;{ of 10 mm, the equivalent element diameter of the
diagonal element®:) was determined. Therefore, the enforcement oftiffmess constraint

results in:

@, =107.0 mm
§ =10.0 mm

which leads to an equivalent stiffness of the fatsdructure equal to 60.63 [KN/mm].
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Representing the retrofitted building as a Timo&ledmeam, the connections between the
diagrid and the existing building are not consider@onsequently, the result of the stiffness
constraint can be compared to the minimum equivalgfiness k) obtained by equivalent
SDOF system in Section 3.3.

By enforcing the maximum displacement experiencedhle DOF1 in case of a seismic
event Puax), as equal to the target displacement of the iegistuilding @ror) divided by the
participation factor of the retrofitted builditiy(/=in), the target ductility demand for the

reference casgf) can be calculated (Eq. 4.1).

,LIR - 5MA>< - dTOP B 1 =15 (4'1)
a_y,l I_FIN a_y,l

From the Figure 3.12 in correspondence of a dtycfilictor () equal to 1.5 &), the ratio
(1), between the equivalent stiffness of retrofitisture ) and the stiffness of the existing
building k), results to be equal to 1.3 and agrees with élsalt of the stiffness constraint.
More precisely, the ratio between the equivalaffhsss of the retrofit structure obtained from
the stiffness constraint (equal to 60.63 [KN/mmidahe elastic stiffness of the existing
building k1=45.45 [KN/mm]) leads to the same valueiaderived in Figure 3.12.

The result is confirmed also in the second grapfufe 3.14) in which for an existing
building period T1) equal to 1.15 [s] the same ductility demapf) (is given by a retrofit
stiffness ) equal to about 1.3 times the stiffness of theteg building ki).

15 MDOF to SDOF system conversion
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4.3.1.3 Strength constraint

To avoid buckling of the diagonal elements and &etthe strength limit constraint, the
second minimum profile featureg, $) were determined by combining the maximum axial
force of the diagonald\) and the maximum capacity of the commercial pesfiNi-"™).

The axial forces in each diagonal element of tlaguiil were calculated according to the
Eq. (2.18). In the reference case, the dead logldted to the diagrid weight were neglected
because their magnitude was negligib(&q. (4.2)).

Ny = Ny i+ Ny = M dk E$|n(z//) Vmcos@)kEpos(ll (4.2)
’ ’ 2
Zdz Zcosm
=1

The maximum capacity of the commercial profilestéad, depends on their cross-section
area, on the boundary conditions of the diagorehehts, and on the diagrid material (Figure
4.16).
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Figure 4.16 Evaluation of the commercial profilgoeaity as a function of the technological
aspects related to the diagrid structure and thposed target. a) by varying
the boundary condition of the diagonal elementsl #re material properties;

b) by changing the drift target setting the boundeondition

16 1t would entail a +1% axial force
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Figure 4.17 The maximum axial force of the elemamis the maximum capacity of the
commercial profiles in the reference case. Indigititan of the minimum profile

that satisfies the strength constraint

In the reference case, considering a diagrid straanade of S275 steel with diagonal

elements fixed at each ench£0.7Lg), the required minimum profile is (Figure 4.17):

®, =193.7 mm
S, =16.0 mm

which leads to a retrofit stiffness equal to 179R4/mm)]. The results of the stiffness and

strength constraints are reported in Table 4.6.

Table.4.6 Results of thé& and 29 constraints

1st constraint | 2nd constraint
Diameter (@) 107.0 193.7 [mm]
Thickness (9) 10.0 16.0 [mm]
Stiffness (k) 60.6 179.2 [KN/mm]

The design profile diamete@tin, ssin) was derived as the maximum betwdanandd2.
®PEin =193.7 mm
Sgin =16.0 mm
In the reference case, the strength constraintrgevite design procedure of the diagrid

exoskeleton defining the diagrid exoskeleton fesgu@», s, ko), while, from the stiffness
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constraint the equivalent stiffness of the retrebtution (diagrid and connections))(was

obtained.

4.3.1.4 Evaluation of the connection properties

Once the equivalent stiffness of the retrofit solut(k) and the stiffness of the diagrid
exoskeletonky) were defined, the properties of connectidas ki, 41) were derived.

The elastic stiffness of the connection (2DOF sysdewas derived by means the Eqg.
(3.27):

k
T,k

that leads to a connection stiffnekg) equal to 91.63 [KN/mm].

According to the Eg. (3.30), the stiffness of thamection ki) at each floor of the reference

building was derived as follow:

K=k N2+1
Considering the number of floor of the referencéldmg (N) equal to 8, the resulting
connection stiffness at each flo&r) (was equal to 20.36 [kN/mm].

In the case of non-linear connections between thistieg building and the diagrid
exoskeleton, the non-linear parameters were defdzsegtd on the design spectra shown in
Figure 3.26. Considering an inter-story drift tar¢@ equal to 0.3%, for an adimensionalized
yielding force ) of 0.5, the resulting optimal yielding ratio d¢fet connectionf) is 0.1. By
multiplying g for the yielding displacement of the referencelding (1), the yielding

displacement of the connectiody{?) was derived.
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4.3.2 Non-linear analyses and result discussion

The results of the structural design (Section 4,1lwiere validated though non-linear

analyses on the FE Model.

43.2.1 Non-linear static Pushover analysis of the retrofitted building

The capacity curve of the retrofitted building Istped in Figure 4.18 (Blue)'he crosses
and the rhombus indicate the bucking and the ygldif the diagonal elements, respectively.
The numbers indicate the significant points of ¢éxesting building capacity curve (brown).
More precisely: (1) Infill Cracking (Mid-point), §anfill Failure, (3) Stair core limit strength,
(4) Plastic hinges in the lateral columns, (5) #tdsnges at the base of all columns. The black
dotted line represents the displacement demanthe dtife Safety Limit State (LSLS). The
Story displacement and inter-story drift at the SSdisplacement demand are reported.
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Figure 4.18 Capacity curve of the retrofitted structure. Capggpaurve of the whole system
(black), and of the existing building (brown) (Tpftory displacement and
Inter-story drift ratio at the LSLS (Bottom)

The Life Safety Limit State target is satisfiedddhe buckling of the diagonal elements is
avoided. The deformed shape of the retrofitteddmg at the LSLS displacement demand
could be considered as linear and the inter-stafysatisfies the imposed limit target (Figure
14bottom). In correspondence with the displacerdentand (LSLS) the existing building is

still in the elastic range with a few minor crade/eloping in the infills.
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4.3.2.2 Non-linear Time History analyses

Non-linear Time History analyses were carried oomstdering (a) the elastic retrofit
solution (ES) in which the inelastic behavior oé thole existing building is considered, and
(b) the retrofit with dissipative connections (NLS)

Seven accelerograms compatible with the code speadf Brescia (soil category C and
topography T1) (NTC 2008) were determined by achgptihe software Rexel 2.2béta
(lervolino et al. 2010). A maximum scale factor agto 2 and upper and lower tolerances

equal to 10%, were imposed (Figure 4.19).

Combination ne. 1, SF ___ =1.1392
osh : 001726ya EQ: 561, SF: 0.63998 (|
1 — 000333xa EQ: 157, SF: 0.7499
07l : — 000133ya EQ: 63, SF: 1.815
' : — 000133xa EQ: 63, SF: 1.5836
o6l ! —— 000600ya EQ: 286, SF: 1.6262
2T 000335ya EQ: 158, SF: 1.439
| —— 000879ya EQ: 349, SF: 0.54054
= 051 Target spectrum I
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o o AR RAS | T Upper Tolerance 1
4B m— Average spectrum
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0.2 gt
01r -
U 1
0 0.5 1 1.5 2 25 3 35 4
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Figure 4.19 Selected combination of compatible EBrograms used for the time history

analyses (lervolino et al. 2010)

17 All the 7 accelerograms are reported in Appendix E
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(a) Time History analyses considering the elastic feetsolution (ES). Comparison with
the analytical method.
Time History results of the elastic retrofit sotuti(ES), expressed in terms of maximum total
base sheaMuax), base shear at the base of the diagrighdx), maximum base shear on the
existing building ¥” max), maximum axial force on the diagonal elememtzmax), top
displacement of the existing buildindrér), and total drift of the existing buildingor), are
reported in Table 4.7.

Table.4.7 Time history analyses results. Elastimofé solution (ES)

Accelerograms Vmax[KN] | V' max[KN] | V" max[KN] | Nkmax[KN] | dror[m] | Grop[%]
000133 _xa 4506.3 2450.3 1251.9 1961.5 0.060 0.24
000133 _ya 4762.1 3509.7 1275.0 2283.3 0.07p 0.29
000333 _xa 3995.3 2661.7 1319.7 1820.6 0.063 0.25
000335_ya 4428.9 2739.4 1757.3 1855.0 0.06H 0.26
000600 _ya 5079.5 3628.5 1546.0 2706.5 0.084 0.38
000879 _ya 5965.6 4378.8 1594.2 3135.5 0.098 0.39
001726_ya 4800.8 3156.7 1410.5 2178.5 0.063 0.25
Average 4791.2 3217.8 1450.7 2277.2 0.073 0.29

M ax +24% +36% +21% +18% +34% +34%

Results show that both the limit top displacemanget of 0.074 (m) and the maximum
inter-story drift target are met (Table 4.7 anduf&g4.20). The average maximum force in the
diagonal elements, satisfies the commercial prdifitet (Nx,um was equal to 2456 kN at the
ground floor and 2052 kN at the upper floors)s iMorth noting that, also if the average values
satisfy the imposed target, the absolute maximwult® do not satisfy the limit imposed.
These results can be justified considering thatvilaes of the pseudo-acceleration of the
respective accelerograms (000879 _ya) in correspmedef the retrofitted building period
(0.40 s) are significantly higher than the targetcdrum (until 1.30 times).

In table 4.8, the analytic predictions evaluategaacordance with the design procedure
described in section 4.1.1, are compared with terage Finite Element Model results
demonstrating the accuracy of the design method.

Table.4.8 Comparison between the analytic methaltlae FEM results.

Vmax[KN] | V' max[KN] | V" max[KN] | Nkmax[KN] | drop[m] | Gror[%]
Avg. FEM (ES) | 4791.2 3217.8 1450.7 2277.2 0.073 0.2
Analytic Method| 5311.6 3976.3 1335.3 2226.3 0.070 0.2
Percentage errof +10% +20% -8% -3% -3% -3%

©

[0e]
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The total base shear of the diaghd)(of 4791.2 kN corresponds to a base shear flow of
150 kN/m thus resulting acceptable for the impdgad value. As concerns the inter-story
shear, the adopted limit value of 628 kN (Antorehial. 2017) is exceeded in the floors 6, 7,
and 8 and, therefore external diaphragms, bridtiegspan between the exoskeleton and the

i

existing building, should be introduced in thosmofk, as shown in Figure 4.20a.
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Figure 4.20 a) Floor shear along the building’s Hlet for different accelerograms, b) inter-
story drift and story displacement
In Figure 4.21 through a floor by floor evaluatiohthe maximum forces in the diagonal
elements, a comparison between the forces obtamn#t numerical FEM analyses and the
analytical method shows that the results obtaineth whe simplified method slightly
overestimate the axial forces in the diagonal elgsjeand that the average stress rate of the

diagonal elements is always smaller than the bagKimit particularly at the upper floors.
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Figure 4.21 a) Comparison between the forces obthwith the hand calculation method
and the finite element model, b) Stress rate ofntost solicited diagonal
elements at each floor expressed agmAN Nk Limv
Based on these results, a possible way to optitheeslastic diagrid design could be by
reducing the cross-section area of the diagonai@hs as a function of the relative stress rate
and the floor. Interestingly, the optimized diagedds to a weight reduction of the structural

components equal to 21% increasing the sustaibhabflthe solution.
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(b) Time History analyses considering non-linear cotinas (NLS)

The non-linear connections were modeled by introdudiysteretic links between the
existing building and the diagrid exoskeleton athefioor. In Figure 4.22 the general link and
the parameters introduced to describe the non+linefaavior are shown. In the reference case,

the same parameters used in in the Bouc-Wen htistaredel (Section 3.4) were considered.

4 k  =21650

R —— .
F_ o ‘ o o —Ls Fy.12 [KN]
a = 68.30 [kN]
n =0.001
F n—@ . =1
y =0.5
=0.5

Figure 4.22 General link introduced in the FEM tmahel the non-linear behavior of the
connections
Time History results of the non-linear retrofit sibn (NLS), expressed in terms of
maximum total base sheaf\ax), base shear at the base of the diadfigidx), maximum base
shear on the existing building’( max), maximum axial force on the diagonal elemeNig/xx),
top displacement of the existing buildirdy4r), and total drift of the existing building¥or),

are reported in Table 4.9.

Table.4.9 Time history analyses results. Non-Lime&ofit solution (NLS)

Accelerograms Vmax[KN] | V' max[KN] | V" max[KN] | Nkmax[KN] | drop[m] | Gror[%]
000133 _xa 2774.3 1437.4 1308.1 989.9 0.058 0.28
000133_ya 2645.8 1411.8 1229.9 984.1 0.058 0.238
000333 _xa 23554 1353.9 1153.2 958.0 0.060 0.24
000335_ya 2994.9 1492.7 1589.5 981.5 0.056 0.28
000600_ya 2522.9 1274.4 1129.5 952.0 0.057 0.28
000878_ya 3413.4 1645.4 1468.5 1132.1 0.074 0.29
001726_ya 2483.6 1359.8 1125.4 961.8 0.046 0.18
Average 27415 1425.1 1286.4 994.2 0.059 0.24

M ax +24% +15% +14% +14% +21% +21%
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Here again, the target displacemehbf) and inter-story drift §), the target shear flow at
the base, and the target axial force in the didggament Nk max) are met. The spread between
the average and the maximum values on the nonklneg¢afit (NLS) is more controlled that
with the elastic retrofit solution (ES). Resultfgure 4.23, show that, by introducing non-
linear connection between the diagrid and the iexjdiuilding, the inter-story shear target is
satisfied. The adopted limit value (628 kN) is eeteeded and, therefore, external diaphragms

are not needed, as shown in Figure 4.23a.
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Figure 4.23 a) Floor shear along the building’s gkt for different accelerograms, b) inter-

story drift and story displacement

The results obtained considering non-linear conoest (NLS) between the existing

building and the diagrid are here compared withrésellts of the elastic retrofit solution (ES).

Table.4.10  Comparison between the analytic presiicind the numerical FEM results

Vmax[KN] | V'max[KN] | V" max[KN] | Nk max[KN] | drop[m] | Gror[%]
FEM (ES) 4791.2 3217.8 1450.7 2277.2 0.073 0.29
FEM (NLS) 2741.5 1425.1 1286.4 994.2 0.059 0.24
Percentage -43% -56% 11% -56% 18%  -18%
Variation

The results in Table 4.10, show a top displacerfigst) reduction of 19% and a significant
reduction of the seismic action on the retrofitbedlding when non-linear connection between
the existing building and the diagrid (NLS) wer&aduced. More precisely, a 43% reduction
of total base sheaWfax), and 56% reduction of diagrid base shaéwmfx) were obtained.
Consequently, the forces in the diagonal elemehisvdx) (-56% axial force) were
substantially reduced. Reducing the axial strefisarmdiagonal elements, the cross-section area

of the diagonals can be re-evaluated. Considerimgagimum axial force in the diagonal
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element Nkmax) equal to 994.2 kN, the resulting required profilethe case of non-linear

retrofit solution would be:

CDNLS =168.3 mm
SNLS =12.5 mm

That lead to a stiffness of the diagrid)(equal to 122.75 kN/mm. Consequently, the stiffnes
of the connectionkg2) was 119.80 kN/mm; that lead to a stiffness ofdbenection at each
floor (ki) equal to 26.62 KN/mm. It is worth noting that thenimum equivalent stiffness)
of the retrofit solution did not change; therefdtes global response of the retrofitted building
was the same of the previous profile.

The reduction of the diagonal cross-section leads weight reduction of the structural
components equal to 31.5 % (with respect to thesteo profile configuration) further
increasing the sustainability of the solution.



127

4.3.3 Adaptive-Responsive Diagrid

A comparison between the proposed solutions angdhlsive-responsive diagrid are here
conducted. Responsive structures, in the referease are designed to act as stiff systems for
the Damage Limit State, and as dissipative sysfemthe Life Safety Limit State, therefore
avoiding the damage for low-intensity earthquakes @educing the loads transferred to the
floor diaphragms and to the foundations in cas&troing earthquakes. The diagonal elements
are designed as hinged at the base; for high ityezerthquakes, beyond a target base shear,
the base restraint will downgrade into special hoear supports allowing for the controlled
sliding of the diagrid. Activation of these supposignificantly reduces the stiffness of the
structure, thus increasing its fundamental peridsl.a result, seismic loads decrease and
building displacements increase. An excessive bota displacement and possible second
order effects are avoided by limiting the maximuspthcement of the supports with a bumper
at the end of the gap which introduces'430.

The new supports are designed as to be initiatijd rikz' 11) and to behave as an
elastoplastic system beyond a base shear W¥gyof 45 [kN/m]. In addition, an elastic bumper
is provided to limit the diagrid displacementsta ground level; the bumper is activated for
base displacements greater than 15 [mm]. The legseshape of the diagrid base restraints is

shown in Figure 4.24.
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Figure 4.24 Hysteretic cycle of the sliding support as sum wofedasto-plastic support

(dashed line) and a gap system (dotted line)

As a preliminary intervention, the stiff elements disengaged from the existing RC frame

at the ground floor to avoid interference with taeeral displacements. In particular, vertical
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sliding joints are inserted in the masonry infdlsd in the RC walls of the staircase wells with
a technique similar to what proposed by Preti e(28112). Moreover, to ensure the required
ductility, the shear capacity and the end rotatimpacity of the columns are increased by means
of fiber reinforced polymer wrapping. A maximumdat inter-story drift of the ground floor
equal to 1.0% is here considered. Also in this caselinear Time History were carried out
by adopting 7 spectrum-compatible accelerograms.

In Figure 4.25, the Time History results of the gpas-responsive diagrid (SLIDING),
expressed in terms of maximum total base shéatx|, base shear at the base of the diagrid
(V’max), maximum base shear on the existing buildiiguMax), maximum axial force on the
diagonal elementd\g max) and top displacement of the existing buildidgof), are compared

with the elastic diagrid (ES) and non-linear diddiLS) results.
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Figure 4.25 Time history analyses results. Comperisetween the results obtained with the
elastic diagrid (ES), the non-linear diagrid (NL&nd the passive-responsive
diagrid (SLIDING)

Finally, the floor drift and floor shear obtainedthvthe sliding diagrid are reported in
Figure 4.26. The drift distribution shows how thalthng shifts to a controlled soft story
mechanism in the adaptive sliding solution at tHie Bafety Limit State (LSLS).

Although the floor loads are reduced with the sliddiagrid solution with respect to a

traditional stiff solution, the retrofit of the esting floor diaphragms is still required.
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Figure 4.26 a) Floor shear along the building’s glei for different accelerograms, b) inter-
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5.CONCLUDING REMARKS

The transition toward a low carbon society can drdypursuit by reducing the substantial
impact associated with the built environment areldbnstruction sector, through systematic
renovation of the existing buildings. To date, desthis urgent need for the renovation of the
existing building heritage, the renovation ratettie construction sector is equal to 1.5%
because of the major barrisand drawback8 of the current renovation strategies.

To overcome the major barriers and drawbacks toréhnevation, a holistic approach
tackling all the deficiencies of the existing builgs with an intervention carried out from
outside (was introduced to avoid the inhabitardaalion). A new Life Cycle Perspective was
addressed for the conceptual design of the rermvatition (Passoni et al. 2018; Marini et al.
2018). A LC perspective emphasizes the need ta ghién integrated holistic renovation
approach, addressing the multifaceted needs obtiiding, conjugating structural retrofit,

architectural restyling and energy efficiency measu Introducing a LC Perspective will

18 inhabitant’ relocation, building disruption, higbsts

19 structural retrofit carried out according to madeodes, that result in retrofitted buildings thet safe and
resilient but rather unsustainable and still enénggnsive; while energy efficiency measures cdrdat
disregarding structural vulnerability that resualtunsafe building, thus resulting both unsustamaiold non-
resilient
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trigger a paradigm shift in how we deal with exigtibuilding performances and needs, with
relevant consequences in terms of operative choinasvative solution sets, and societal
challenges and demands. It will lead to a new tioleggpproach to renovation that will look at
the building as a system of interacting subsyst@mactural, energy, functional) that evolve
with time and need to be maintained and improvexktend its life. That in turn requires strong
multidisciplinary competences and the synergisticknof researchers from different area and
a new LCT-based design framework, conjugating tiecgples of sustainability, safety and
resilience to replace the sectorial codes andtioadil design methods should be replaced by
a new LCT-based design framework, conjugating ttecyples of sustainability, safety and
resilience.

In this work, the new multi-criteria PerformancesBd Design recently proposed by
Passoni et al. (2018) and Marini et al. (2018) wassidered. The approach combines the
traditional PBD with the principles of the Life QgcThinking (LCT) to maximize the
structural and energy performances of the buildulmge minimizing, at the same time, the
environmental impact of the intervention, the ollecmst of the intervention, and the
operational costs.

The adoption of life cycle thinking principles wdutompletely change the conception of
building renovation, redefining qualitative and gtieative performance objectives, design
targets and principles, thereby re-directing redear the construction sector and boosting the
design of new integrated retrofitting techniquessifles the use of eco-compatible materials,
and renewable resources, additional criteria wdefihe the retrofit design. Reparability, ease
of maintenance, adaptability, selective dismantlagmountability, recyclability and reuse at
the end of life would become mandatory featurehefretrofit solution. This new perspective
would also affect the decision-making process. Munin environmental footprint and cost
over the life cycle, minimum building downtime, need for the relocation of the inhabitants,
reduction of the duration of the works and dematitwwaste management would serve as
guiding criteria when selecting the most approprgtengthening solution.

Following the principles and the guidelines of thesv approach to the renovation diagrid
exoskeletons were introduced as innovative stremitly solution of Reinforced Concrete
building. Diagrid structures can be carried outrfroutside and can be complemented with
energy efficiency and architectural improvement soees; they comply with the LCT
principles and given the high adaptability and itbdky of diagrids compared with other
solutions, these structures can be easily adaptad incremental rehabilitation plan when the

initial cost of the retrofit is too demanding orrtenimize the existing building disruption.
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A proportioning method for elastic diagrid was ded. This method is based on the
optimization of the structural performances of the retrofitted building and on the adoption of Life
Cycle Thinking principles. The main parameter for the preliminary design of the diagrid are: 1)
the geometry of the diagrid module, which depends on the layout of the existing building and on
the optimization of the diagonals’ inclination angle; 2) the optimization of the diagrid stiffness,
which must entail the reduction of the total and inter-story drift of the existing building, as to
reduce the possible damage induced by an earthquake; 3) the optimization of the diagonal
element cross section as to avoid the buckling of the elements. Diagrid structures were also
conceived to be dissipative and passive -respoiiable to adapt they properties as a function
of the seismic event).

Moreover, to evaluate how different diagrid feasuedfect the global response of the
retrofitted system and to derive the design diagaihmeters, a sensitivity analysis was carried
out considering a simplified 2DOF system repredamaf ordinary post World War 1l RC
building (DOF1) and the strengthening exoskeletarried out from outside (DOF2); the
2DOF were connected by a general link. In the sertgianalyses the connection between the
20DF were considered both as elastic (ES) and adimear (NLS). As far the non-linear
retrofit is concerned, a hysteretic connection wassidered; it represents those sacrificial
elements that enable localizing damage in the ocdsa earthquake, thereby reducing the
repairing costs and construction time after thersa event.

From the sensitivity analyses, design spectra were&ved. These spectra provide any
insight on the parameters that govern the reteafistiructure response, and their optimal setting
values (minimum required elastic stiffneks), and optimal yielding displacement of the non-
linear connectiond),1)).

The proportioning method for elastic diagrid anel tiesign spectra results were applied to
a reference building representative of ordinary &St World War 1l European buildings.
Through non-linear analyses the effectiveness efdigsign method and the accuracy of the

design spectra were proved.
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APPENDIX A

When the retrofit intervention is too demandingniran economical point of view,
incremental rehabilitation strategies can be adegebsonsistently with a LC approach.

Incremental rehabilitation is an innovative apptodo the seismic renovation of the
existing building that integrates an ordered sefaliscrete rehabilitation actions into ongoing
facility maintenance and capital improvement atitgi over an extended period of time. The
process involves a series of projects that arengldraround regularity scheduled building
maintenance, repairs, or renovations, and are titnedoincide with periods of reduced
occupancy or use thus reducing the impact on tiidibg activities and reducing the initial
costs of the project.

This innovative approach has already been develapdtie United States through a
cooperation between researchers and the FederalgEnoy Management Agency (FEMA)
and in this context a guideline for the applicatmmnincremental strategies to the existing
building stock have been made. The main documentsis context is the FEMA P-420 that
has introduced the incremental rehabilitation asféactive alternative to the ordinary options
for the renovation of the existing buildings thed:a

1. Do nothing: No capital investment is made in impngvstructural or non-structural
performance. This option can include the purchdssadhquake insurance or plan to
self-insure for capital losses.

2. Replace: Demolition and reconstruction is carried im accordance with current
building codes. This alternative is generally asgsted with the greatest cost and lowest
overall risk. Financial constraint, historic prasgion concerns, and zoning restriction
can make replacement difficult or infeasible. M@ this solution has a great impact
on the environment and, even more, on the buildrtyities. Very often, the need of
relocating all building activities may be the stgest barrier to its renovation.

3. Rehabilitate: Also referred to as “retrofit” of fehgthening”, rehabilitation involves
capital investment to improve the structural perfance, non-structural performance,
or both. A rehabilitation project could be realizeda single stage (as usual) or by
adopting incremental strategies.

a. Single stage rehabilitation: Pursues all seismidop@mance objectives in a
single step, by incurring all costs and disruptibimccupancy and use at once.
b. Incremental rehabilitation: At the end meets aliisgc performance objectives

by implementing an ordered series of actions oneexdended period of time.
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These actions could be integrated into ongoindifaonaintenance and capital

improvement operations.

\ .R: FEMAP-420 =—
DO NOTHING

DO NOTHING Low cost-High risk

REPLACE High cost-Low risk

3
SINGLE STAGE REHABILITATE
A) Single stage:
Loss of Use-High cost
B) Incremental:

Continuous Use-Low cost
REHABILITATE INCREMENTAL

REPLACE

Figure A.1  Alternative strategies for the renovatiof the existing building proposed by
FEMA P-420 (Adapted from. FEMA P-420)

Focusing on the two alternatives of the rehabititgt FEMA P-420 reported how the
benefits of incremental and single stage seisnhab#itation compared. In Figure A.2 the
incremental rehabilitation strategy is comparedatsingle-stage rehabilitation project by
developing a life-cycle cost/benefit analysis t@npares in which, benefits, are expressed as

a percentage of the benefits achieved by a fudhsiei rehabilitation conducted in year zero.
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Delayed Delayed
Single-Stage Single-Stage Single-Stage
Seismic Rehab. Seismic Rehab. Seismic Rehab. I.R: FEMA P-420 ==
Maximum cost Maximum cost and Maximum cost and
and disruption disruption disruption
100%
Incremental
Seismic Rehab.
Optimal risk reduction with minimal cost
- and disruption
0% g - |

Oyears 10years 20years 30years 40 years

Figure A.2  Life-cycle cost/benefit analysis of aoremental rehabilitation project and of
single-stage retrofit solutions over an extendedagakeof time. Benefits of the
same single-stage rehabilitation project occurratglifferent years (dark grey).
Incremental rehabilitation plan benefits (yellow)

The results in Figure A.2 shows that a seriesighsie rehabilitation increments conducted
over a defined period of time can produce nearlynasy benefits as a single-stage
rehabilitation project conducted in year zero.slworth noting that the relative benefits of
single-stage rehabilitation project occurring ia thter years are only a fraction of the benefits
of the rehabilitation project at the year zero. rEfigre, incremental rehabilitation allows
spreading the investment over time, while disrupi®less invasive because associated with
planned maintenance works. In this way, but anyaelyieving, in some steps, the same
benefits of a single stage rehabilitation project.

Since rehabilitation work will be staged over anteexled period of time, some
rehabilitation measures will be implemented soaret others later: this is the “worst first”
approach. Rehabilitation measures can be prioditoessed on (FEMAP-420):

» Structural priority: is influenced by relative imgan overall seismic performance.

Deficiencies that will result in damage with a higtnsequence of casualties,
property loss, or loss of use should be mitigabest. fSimilarly, rehabilitation
measures with a large impact on reducing potedéialage (and consequences

resulting from that damage) should be implemenitst f
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» Use priority: is influenced by the importance ofremt building use and occupancy.
Considering an inventory of buildings, building whigher occupant loads, critical
functions, high-value equipment or property shdwgdehabilitated first. Instead,
considering a single building, important portiol&tructure such as assembly areas
and elements of the egress system (e.g., corrighaiss, lobbies), should be

rehabilitated before other less critical areas (PERA420).

» Integration priority: implies to do first rehabdiion measures associated into ongoing
building maintenance or capital improvement adgeit This reduces the cost of the
seismic rehabilitation activities by taking advaygaf construction mobilization,
access to the area of work, and disruption of oacop and use that would have

occurred anyway.

INTERIOR WORK EXTERIOR WALL WORK ROOF WORK

Figure A.3  Example of integration priority (From FA P-420). Since the retrofit
solutions proposed are carried out from outside, ititerior works are not

considered

In resent researches (Labo et al. 2018), strucpui@lity earns higher relevance following
the principle that first retrofit actions should these that have a high impact on the safety of
inhabitants and prevent from heavy losses. A nencept to be combined with incremental

rehabilitation is thus introduced, that is, theiniibn of minimum intervention. In fact, the

order of retrofit actions should be planned accuaydp the definition of some level of safety

and performance to be guaranteed, especially &ofirtst step of the process (Figure 1).
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The minimum intervention can be defined as sucaruantion that completely removes
the main critical aspects and so the heavy poleragualties, as building collapse and risks
for inhabitants. To define a minimum interventidnis necessary to investigate the seismic
vulnerabilities of the building and identify thosepair actions that solve the main ones. Those
actions cannot be defined a priori for any buildibgt they would depend on the kind of

structure and on its level of safety.

Single-Stage

Seismic Rehab. LR: FEMA P-420 =
€EE
Incremental
100% Seismic Rehabilitation
| €
€
SAFETY
BENEFITS iy s s e ———
€ MINIMUM INTERVENTION
0% > TIME

Oyears 10years 20years 30years 40 years

Figure A.4  Life-cycle cost/benefit analysis of aoremental rehabilitation project and of
single-stage retrofit solutions over an extendedqoeof time introducing the

innovative concept of minimum intervention (redetbiine).
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Building typology for the seismic incremental rehabilitation

Given these premises on the incremental rehalmiitatadopting an incremental
rehabilitation strategy is particularly suited &wery situation in which one-step rehabilitation
project can result difficult to sustain in terms adsts and execution time. Moreover, the
adoption of an incremental rehabilitation stratggies the possibility to exploit the inactivity
or low-use periods of the existing building thugnsiicantly reducing the impact in the building
activities. Basing on these premises FEMA outliserges of building type particularly adapted
for the adoption of an incremental rehabilitatibrategy. These are:

* Hotels and tourist establishment, where interventian be planned during low season

periods;

* Hospitals: for which is not possible consider peasiovith reduced use, but each

incremental step can be localized in some spemiéa, to reduce consumer disruption.

» Office buildings: inactivity summer periods can é@eloited to plan the incremental

steps;

* Industrial buildings: few specific minimal actiocan be planned to reduce seismic risk,

safeguarding workers lives;

» Schools: which undoubtedly offer the opportunitatimpt an incremental rehabilitation

strategy by exploiting the inactivity summer anahigr that are quite long and regular
in time. FEMA 395 provides guidelines for the desigf seismic incremental

rehabilitation strategies on school buildings.

It is worth noting that FEMA does not introduce thsidential sector as a suitable case for
the adoption of an incremental rehabilitation &gt however, incremental rehabilitation
strategy is a good option also for residentialdiogs to reduce the initial costs of the retrofit
solution and significantly increase the feasibibfythe renovation. As already said, one of the

major barriers to the renovation is the high cdshe retrofit solution.
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APPENDIX B

Seven accelerograms compatible with the code spaairere determined by adopting the
software Rexel 2.2beta (lervolino et al. 2010). Téeord are real earthquakes (Figure B.2)
scaled to fit L’Aquila Response Spectrum at the ISkfety Limit State (LSLS) considering a
flat surface made of deposit of sand or medium-elsasd gravel or stiff grave (soil category
C and T1 topography) (NTC 2008). A maximum scat#daequal to 2 and upper and lower

tolerance equal to 10% and 15%, were imposed (EiBLL).

Combination no. 6 , SF =1.7049

mean

15

561, SF: 1.1136
63, SF: 2.7554
286, SF: 1.7473
158, SF: 2.5038
561, SF: 1.3648
000879ya EQ: 349, SF: 0.94055 H
i —— 000592xa EQ: 286, SF: 1.5092
\ Target spectrum
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——000133xa EQ:
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(" 000335ya EQ:
"R —001726xa EQ:
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~
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Figure B.1  Selected combination of compatible asogjrams used for the time history

analyses (lervolino et al. 2010).
Table B.1 Real earthquake considered. From the a0 strong motion database
Earthquake Fault Epicentral PGA_X|PGA_Y [PGV_X PGV_Y
Name Date Mw |M echanism |Distance [m/s" 2] |[m/s™ 2] [[m/s] [m/s]
Adana 27/06/1998| 6.3p strike slip| 30.00 216 2.64 0.28 0.20
Friuli (aftershock)| 15/09/1976( 6.0p  thrust 9.00 1.07 0.98 0.11 0.11
Umbria Marche | 26/09/1997] 6.0  normal 22.00 169 1op 0.14 0.12
Akion 25/02/1981] 6.30  normal 25.00 1.14 118 0.11 0.15
Adana 27/06/1998 6.3D strike slip 30.00 2.16 2.64 0.28 0.20
Dinar 01/10/1995 6.40 normal 8.00 2.67 3.18 0.29 0.41
Umbria Marche | 26/09/1997] 6.0p  normal 5.00 1.9%5  2.1B 0.17 0.14
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Figure B.2  Seven accelerograms considered (lereadinal. 2010).
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APPENDIX C

The original structural documents are here repofed each component of the reference
building, the load analysis is reported.

Three stratigraphy for three typology of inter-gtéioor were considered: 1) for the floors
from 1 to 7; 2) for the attic floor; 3) for the nod he thickness of the inter-story is variable. In

the Load analysis the thicker inter-story floor wassidered for each typology.
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Figure C.1  Inter-story floor steel rebars. (IDESQB)
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Figure C.2  Section of the inter-story floof(tlypology) (IDES 2008)



Table.C.1 Load analysis: three typology of inteyrgtfloor

1) Floorsfrom1to7 L oad [kN/m?]
Self-weight (20+4 cm) 2.50
Floor finishing 0.34
Mortar slab (4 cm) 0.76
Plaster 0.30
Internal partitions 0.80
Dead and live loads 4.70
Variable load 2.0C

Total 6.70

2) Attic Floor
Self-weight (20+2 cm) 2.30
Plaster 0.30
Dead and live loads 2.60
Variable load 0.5C

Total 3.30

3) Roof
Self-weight (20 cm) 2.30
Waterproof case and tiles 0.95
Dead and live loads 3.25
Variable loads 0.50+1.50

Total 5.25

Another stratigraphy was considered for the bakesFigure C.3).

=

........

Figure C.3  Balcony (IDES 2008)
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Table.C.2 Load analysis: balcony of the refererasec

Balconies

Self-weight (20+2 cm) 2.5

Finishing 0.61

Mortar slab (4 cm) 0.44

Dead and live loads 3.90

Variable loads 4.00
Total 7.90

As far the internal partitions 0.80 kNfrare considered while the external infills are made
of Hollow bricks (35cm). The staircase is made @hforced walls of thickness included
between 20 and 25 [cm] (Figure C.4), and the losdyais is reported Table C.3.

Figure C.4  Staircase and elevator cores (IDES 2008)



Table.C.3 Load analysis:External infills and staise core

External infills L oad [kN/m?]
Hollow bricks (35cm) + double layer plaster 13.40
Staircase core L oad [kN/m?]
Wall 20+4
Plaster 0.30
RC Wall (20 cm) 0.50
Plaster 0.30
Total 5.60
Wall 25+4
Plaster 0.30
RC Wall (25 cm) 6.25
Plaster 0.30
Total 6.85
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As far the bearing frame of the reference buildthg,main features of columns and beams
are reported in Figures C.6+C.13 (IDES 2008). Tblu@n number is reported in Figure C.5,

while the beams are indicated by means the nunabéine two supports (columns).

34

35 38 40 43
| L

Figure C.5 Plan of the East building with indicatd® number of the columns

(IDES 2008)
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533 36 39 41{ 4ﬂ , AL
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Ground Floor

Column Lx [cm] Ly [cm] Steel rebars Stirrup
31 30 40 40142012 ®6/20
32 30 60 6B16 D6/20
33 30 50 6m14 D6/20
34 45 30 6014 ®6/20
35 30 60 6d16 D6/20
36 30 60 6D16 D6/20
38 30 50 6014 D6/20
39 30 50 6B 14 D6/20
40 30 50 6w14 D6/20
41 30 60 6m16 D6/20
43 30 50 6m14 ®6/20
44 30 50 6014 D6/20
45 30 50 6014 ®6/20
46 30 60 6m16 D6/20
47 45 30 6m14 D6/20
48 45 30 6m14 D6/20
49 30 60 6016 D6/20
50 45 30 6D 14 D6/20
51 45 30 6w 14 D6/20
52 30 60 6016 D6/20
53 30 50 6M14 06/20
54 30 35 401442010 ®6/20
55 30 35 401442010 D6/20

Figure C.6  Ground floor column structural detaillDES 2008)

First Floor
Column Lx [cm] Ly [cm] Steel rebars Stirrup
31 30 35 401442010 D6/20
32 30 50 6014 D6/20
33 30 40 401442012 D6/20
34 40 30 401442012 D6/20
35 30 50 6014 D6/20
36 30 50 6014 D6/20
38 30 40 4014+2D12 D6/20
39 30 40 401442012 D6/20
40 30 40 401442012 D6/20
a1 30 50 6014 D6/20
43 30 40 401442012 D6/20
44 30 40 40142012 D6/20
45 30 40 401442012 D6/20
46 30 50 6m14 D6/20
47 40 30 40142012 ®6/20
48 40 30 401442012 D6/20
49 30 50 6014 D6/20
50 40 30 401442012 ®6/20
51 40 30 401442012 D6/20
52 30 50 6014 D6/20
53 30 40 401442D12 D6/20
54 30 30 4014 D6/20
55 30 30 4014 D6/20

Figure C.7  First floor column structural detail<QES 2008)
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Second Floor

Column Lx [cm] Ly [cm] Steel rebars Stirrup
31 30 30 414 ®6/20
32 30 40 41442012 ®6/20
33 30 35 4D14+2010 D6/20
34 35 30 41442010 D6/20
35 30 40 40142012 ®6/20
36 30 40 4P14+2012 ®6/20
38 30 35 4D14+2010 D6/20
39 30 35 41442010 ®6/20
40 30 35 4D1442010 D6/20
41 30 40 401442012 D6/20
43 30 35 4D14+2010 ®6/20
44 30 35 4142010 ®6/20
45 30 35 41442010 D6/20
46 30 40 4D14+2012 D6/20
47 35 30 401442010 D6/20
48 35 30 40142010 D6/20
49 30 40 401442012 D6/20
50 35 30 41442010 D6/20
51 35 30 41442010 D6/20
52 30 40 401442012 D6/20
53 30 35 4014+2D10 D6/20
54 30 30 414 ®6/20
55 30 30 4d14 ®6/20

Figure C.8  Second floor column structural detalBES 2008)

Third Floor
Column Lx [cm] Ly [cm] Steel rebars Stirrup
31 30 30 4D14 ®6/20
32 30 35 4P14+2010 D6/20
33 30 30 4014 D6/20
34 30 30 4014 ®6/20
35 30 35 4142010 ®6/20
36 30 35 4142010 D6/20
38 30 30 4d14 D6/20
39 30 30 4014 D6/20
40 30 30 4014 D6/20
41 30 35 4D14+2D10 D6/20
43 30 30 4d14 D6/20
44 30 30 4d14 ®6/20
45 30 30 4014 D6/20
46 30 35 4D14+2010 D6/20
47 30 30 4b14 D6/20
48 30 30 4014 D6/20
49 30 35 4P 14+2D10 D6/20
50 30 30 4d14 D6/20
51 30 30 4014 D6/20
52 30 35 401442010 D6/20
53 30 30 4014 ®6/20
54 30 30 4d14 D6/20
55 30 30 4D14 D6/20

Figure C.9  Third floor column structural detaildDES 2008)
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Fourth-Fifth-Sixth Floor

Column Lx [cm] Ly [cm] Steel rebars Stirrup
31 30 30 4014 D6/20
32 30 30 4014 D6/20
33 30 30 4d14 D6/20
34 30 30 4014 D6/20
35 30 30 4014 ®6/20
36 30 30 4P14 D6/20
38 30 30 4014 D6/20
39 30 30 4d14 D6/20
40 30 30 4014 D6/20
41 30 30 4014 D6/20
43 30 30 4014 ®6/20
44 30 30 4d14 ®6/20
45 30 30 4d14 D6/20
46 30 30 4014 D6/20
47 30 30 4014 D6/20
48 30 30 4014 D6/20
49 30 30 4d14 D6/20
50 30 30 4d14 D6/20
51 30 30 4014 D6/20
52 30 30 4014 D6/20
53 30 30 4014 D6/20
54 30 30 4014 ®6/20
55 30 30 4d14 ®6/20

Figure C.10 Fourth-Fifth-Sixth floor column strucali details (IDES 2008)

Seventh-Eighth Floor

Column Lx [cm] Ly [cm] Steel rebars Stirrup
31 30 30 4014 ®6/20
32 30 30 4014 D6/20
33 30 30 4014 D6/20
34 30 30 4014 D6/20
35 30 30 4014 D6/20
36 30 30 4014 ®6/20
38 30 30 4014 D6/20
39 30 30 4014 ®6/20
40 30 30 4014 ®6/20
41 30 30 4d14 D6/20
43 30 30 4014 D6/20
44 30 30 4014 ®6/20
45 30 30 4014 ®6/20
46 30 30 4014 D6/20
47 30 30 4d14 D6/20
48 30 30 4d14 D6/20
49 30 30 4014 ®6/20
50 30 30 4014 D6/20
51 30 30 4014 ®6/20
52 30 30 4014 ®6/20
53 30 30 4d14 D6/20

Figure C.11 Seventh-Eighfloor column structural details (IDES 2008)
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Floors from1to 7 Middle Support

Columns  [cm] [cr;1] Srirrup Steelrebars (Top)  (Bottom) (Top) Steel rebars (Bottom)
53-50 30 42 ®6/20 4012 2010 012 2010+2p12
54-51 30 42 ®6/20 4012 2010 2012 2010+2p12
45-48 30 42 D6/20 2010+2b12 2010 012 4010
50-47 30 42 D6/20 2b10+2b12 2010 012 4010
51-48 30 42 D6/20 2010+2b12 2010 012 4010
47-44 30 42 ®6/20 2012+2014 2010 2012 2p10+2b14
44-41 30 42 ®6/20 3p12 2010 012 2010+1012
41-39 30 42 ®6/20 014 2014 2014 2014
52-53 30 42 ®6/20 4010 2010 2010 4010
52-55 30 42 ®6/20 4012 2010 012 2010+2D12
54-55 30 42 ®6/20 2010+2p12 2010 2010 2010+2p12

45-Walll 30 42 ®6/20 412 2010 ap12 2010+2D12

Wall-34 30 42 ®6/20 4p12 2010 2012 2010+2p12
34-31 30 42 D6/20 2b12+2p14 2010 ap12 2010+2D14
31-32 30 42 ®6/20 2010+2p12 2010 2010 2010+2p12
32-33 30 42 ®6/20 4p10 2010 2010 4010
35-38 70 22 ®8/20 12 3010 3012 4012+3D10
46-43 70 22 ®8/20 12 3010 3012 4012+3D10
38-40 70 22 ®8/20 412 3010 3012 3010+1D12
43-40 70 22 ®8/20 4012 3010 3012 3010+1D12
52-49 80 22 8/20 2p10+6D12+2014 4010 2p10+4b12 4p10+2p12+2D14
49-46 80 22 8/20 8D12+2010 4010 4010+2p12 4010+4D12
35-35 90 22 8/20 4Dp12+4D14 4010 4010+4D14 412
39-36 90 22 8/20 8012 4010 4010+4D12 4012
36-33 90 22 8/20 4Dp12+4D14 4010 4012 4p10+4014

Figure C.12 Beam structural details (floors frontol7) (IDES 2008)
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Attic floor Middle Support

Columns  [cm] [cr;1] Srirrup Steel rebars (Top) (Bottom) (Top) Steel rebars (Bottom)
31-34 30 42 | ®6/20 2012 ap12 012 012

34-Wall 30 42 | ®6/20 2012 012 012 012
48-51 30 42 D6/20 2012 2012 2012 2012
53-50 30 42 | ®6/20 2012 012 012 012
41-44 30 42 D6/20 2012 2012 2012 2012
31-32 30 42 | ®6/20 2012 012 012 012
32-33 30 42 D6/20 2p12 2012 2012 2012
51-52 30 42 | ®6/20 2012 012 012 012
52-53 30 42 D6/20 2p12 2012 2012 2012
47-50 30 42 | ®6/20 2012+2014 012 012 2012+2p14
44-47 30 42 D®6/20 2p12+2p14 2012 2012 2p12+2p14
49-52 50 22 | ©6/15 3012+2p14 3010 3012 3010+2p14
46-49 50 22 D6/15 3p12+2p14 3010 3b12 3010+2p14
43-46 50 22 | ©6/15 3p12+2p14 3010 3012 3010+2p14
40-43 50 22 D»6/15 3b12 3010 3D12 3010
38-40 50 22 D6/15 2012+ 14 3010 2012+1014 3010
32-35 50 22 D»6/15 2p12+3b14 3010 2012+1014 3p10+2014
35-38 50 22 D6/15 4p12+1014 3010 2012+1014 3010+2p12

Wall-45 30 30 D6/20 2010 2010 2010 2010
45-48 30 30 | ®6/20 2010 2010 2010 2010
33-36 40 22 D»6/15 ap12+2p14 2012 2012 2p12+2p14
36-39 40 22 ®6/15 4p12 012 012 4012
39-41 40 22 D6/15 2012 2012 2012 2012

Figure C.13 Beam structural details (attic flooHPES 2008)
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Roof Middle Support
Base Height Steelrebars Steel rebars

Columns [cm] [cm] = Srirrup Steel rebars (Top) (Bottom) (Top) Steel rebars (Bottom)
32-35 30 | 35-40| ®8/20 4p12 3010 12 3010+2p12
35-38 30 | 35-40| ®8/20 2010+2p12 3010 12 5p10
38-40 30 | 35-40| ®8/20 2012 2010 12 2010
40-43 30 | 35-40| ®8/20 2012 2010 12 2p10
43-46 30 | 35-40| ®8/20 4010 308 2010 308+2010
46-49 30 | 35-40| ®8/20 4010 308 2010 308+2010
49-52 30 | 35-40| ®8/20 2010+2p8 308 2010 508
33-36 30 | 40-51| ®8/20 2010+2p12 2010 2010 2010+2p12
36-39 30 | 40-51| ®8/20 4010 2010 2010 4010
39-41 30 | 40-51| ®8/20 2010 2010 2010 2010
41-44 30 | 40-51| ®8/20 2010+2p14 2010 12 2010+2b14
31-34 30 | 30-41| ®8/20 2012+2p14 2010 12 2010+2p14
34-Wall 30 | 30-41| ®8/20 4p12 2010 12 2010+2p12
48-51 30 | 30-41| ®8/20 4p12 2010 012 2010+2p12

Wall-45 40 20 | ®8/20 2012+2p14 012 12 2012+2p14
45-48 40 20 | ®8/20 2012+2p14 2012 12 2p12+2b14
31-32 30 20 | ©6/25 2010 308 2010 308
32-33 30 20 | ©6/25 2010 308 2010 308
51-52 30 20 | ©6/25 2010 308 2010 308
52-53 20 50 | ®6/20 2010+2p14 2010 14 4010
46-47 20 50 | ®6/20 2010+2p14 2010 014 4010
49-50 20 50 | ®6/20 2010+2p14 2010 14 4010
43-44 20 50 | ®6/20 2010+2p14 2010 2014 4010

Figure C.14 Beam structural details (Roof) (IDEQ2D
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APPENDIX D

The characteristic values (Figure 4.8) of the ptaBinges evaluated by addressing the
formulation of the Italian (NTC 2008) and the Eusap codes (EC8)are here reported
(Zanchi et al. 2016). For each column are indic#teccharacteristic points of the curve (Figure
4.8) (cracking (M, ¢cr), Yielding (M, o¢y), ultimate (M, ¢u), and residual (Ms ¢re9) in
addition to the neutral axis position)(and the area moment of inerti)(

Three typologies of columns (Figure D.1) were cdestd® (PA, PB, PC) for each floor
(from 0 to 7).

THITERI T

1]

G%; P~ @ P m—ﬁui\)
20 5T o

PA

O PB
PC

Figure D.1  Individuation of the three column typgikes on the plan of the East building

20 As a function of the axial load



PBO Cracking

Xy Ji Mg Per Ucr
[mm] [mm*] [kNm] [rad/mm] [rad]
234.30 1350000000 57.14 0.00000134 0.001053
PBO Yielding
Xir Jir My (ab}r 193,-
[mm] [mm®] [kNm] [rad/mm] [rad]
86.27 262450727 137.45 0.0000159 0.0124
PBO Ultimate
Xy My Pu Jy
[mm] [kNm] [rad/mm] [rad]
63.55 139.43 0.00005508 0.0242
PBO Residual
M?"ES 19?"95
[kNm] [rad]
27.49 0.0279
PCO Crackin
X Jr Mcg Per Uer
[mm] [mm®*] [kNm] [rad/mm] [rad]
205.10 1350000000 39.56 0.00000093 0.000729
PCO Yielding
Xu Ju M, by 9,
[mm] [mm*] [kNm] [rad/mm] [rad]
70.24 233239229 99.03 0.0000135 0.0106
PCO Ultimate
Xy My, ¢y Oy
[mm] [lkNm] [rad/mm] [rad]
41.24 101.51 0.00008487 0.0320
PCO Residual
M?"ES 19?"95
[kNm] [rad]
19.81 0.0368
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PA1 Cracking
X Ir Mg Pcr Ocr
[mm] [mm*] [kNm] [rad/mm] [rad]
230.70 1125000000 44.86 0.00000127 0.001351
PA1 Yielding
Xir M, Ju ¢y Oy
[mm] [kNm] [mm*] [rad/mm] [rad]
83.17 104.98 200032118 0.0000159 0.0169
PA1 Ultimate
Xy My Py Vy
[mm] [kNm] [rad/mm] [rad]
58.96 106.81 0.00005936 0.029989
PA1 Residual
M?"ES 19?"95
[kNm] [rad]
21.00 0.0345
PB1 Cracking
X Ir Mcg Per Ocr
[mm] [mm®*] [kNm] [rad/mm] [rad]
236.31 1125000000 48.81 0.00000138 0.001470
PB1 Yielding
x” My 1".” (p}' 193’1
[mm] [kNm] [mm*] [rad/mm] [rad]
86.99 113.43 220753708 0.0000163 0.0174
PB1 Ultimate
Xy My Pu Iy
[mm] [kNm] [rad/mm] [rad]
65.85 114.80 0.00005315 0.028461
PB1 Residual
M?"ES res
[kNm] [rad]
22.69 0.0327
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PC1 Crackin
X Ii Mcg Pcr Ocr
[mm] [mm®] [kNm] [rad/mm] [rad]
230.53 1125000000 44.75 0.00000126 0.001348
PC1 Yielding
Xrr My Ji (Jb}' 19}"
[mm] [kNm] [mm*] [rad/mm] [rad]
83.06 104.74 209643121 0.0000159 0.0169
PC1 Ultimate
Xy My Pu 9y
[mm] [kNm] [rad/mm] [rad]
58.77 106.58 0.00005955 0.030035
PC1 Residual
M?"ES‘ 1'9?"95
[kNm] [rad]
2095 0.0345
PA2 Crackin
X Ii Mcg Pcr Ocr
[mm] [mm*] [kNm] [rad/mm] [rad]
204.41 1125000000 32.52 0.00000092 0.000980
PAZ2 Yielding
X My Ju (ab}' 19}'
[mm] [kNm] [mm*] [rad/mm] [rad]
68.92 77.72 181340216 0.0000136 0.0145
PA2 Ultimate
Xu My ol 9y
[mm] [kNm] [rad/mm] [rad]
40.21 79.75 0.00008704 0.036550
PA2 Residual
M?"ES‘ 1'9?"95
[kNm] [rad]
15.54 0.0420
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PB2 Cracking
X I Mg Per Oer
[mm] [mm*] [kNm] [rad/mm] [rad]
210.09 1125000000 34.58 0.00000098 0.001042
PB2 Yielding
Xpr My Ju ¢J-' "9}‘
[mm] [kNm] [mm®] [rad/mm] [rad]
71.60 82.36 185380085 0.0000141 0.0151
PB2 Ultimate
Xy My ¢y Iy
[mm] [kNm] [rad/mm] [rad]
42.99 84.44 0.00008141 0.035244
PB2 Residual
M?"?S‘ 1'9?"95
[kNm] [rad]
16.47 0.0405
PC2 Cracking
Xy I Mcr bcr Jcr
[mm] [mm*] [kNm] [rad/mm] [rad]
224.76 1125000000 41.32 0.00000117 0.001245
PC2 Yielding
Xt M}- j.” ¢}' 193"
[mm] [kNm] [mm®] [rad/mm] [rad]
79.48 97.29 200799229 0.0000154 0.0164
PC2 Ultimate
Xy My v Iy
[mm] [kNm] [rad/mm] [rad]
53.11 99.34 0.00006591 0.031573
PC2 Residual
M?"ES‘ 1‘9?’95
[kNm] [rad]
19.46 0.0405
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PA3 Crackin
X1 Ji Mcg Per Uer
[mm] [mm*] [kNm] [rad/mm] [rad]
217.80 1125000000 37.82 0.00000107 0.001139
PA3 Yielding
X1 M, Jur ¢y 0y
[mm] [kNm] [mm*] [rad/mm] [rad]
75.55 89.59 192424456 0.0000148 0.0158
PA3 Ultimate
Xy My Pu dy
[mm] [kNm] [rad/mm)] [rad]
47.67 91.70 0.00007341 0.033365
PA3 Residual
M?"ES 1'9?"95
[kNm] [rad]
17.92 0.0384
PB3 Cracking
X1 Ji Mcg Per Uer
[mm] [mm®] [kNm] [rad/mm] [rad]
223.65 1125000000 40.72 0.00000115 0.001227
PB3 Yielding
X My Ju . ¢y y
[mm] [kNm] [mm®] [rad/mm] [rad]
78.83 95.98 199312335 0.0000153 0.0163
PB3 Ultimate
Xy My ¢y By
[mm] [kNm] [rad/mm] [rad]
52.15 98.04 0.00006712 0.031864
PB3 Residual
M?"ES 19?"95
[kNm] [rad]
19.20 0.0366
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PC3 Cracking

X1 Ii Mcr bcr Ocr
[mm] [mm®] [kNm] [rad/mm] [rad]
215.30 1125000000 36.71 0.00000104 0.001106

PC3 Yielding

X M, i by By
[mm] [kNm] [mm?] [rad/'mm] [rad]
74.23 87.12 189920375 0.0000146 0.0155

PC3 Ultimate
Xy My Py Iy
[mm] [kNm] [rad/mm] [rad]
46.03 §9.23 0.00007604 0.033986
PC3 Residual
M?"ES 19?"95
[kNm] [rad]
17.42 0.0391
PA4 Cracking :

Xg I Mg Pcr Ocr
[mm] [mm®] [kNm] [rad/mm] [rad]
190.83 1125000000 28.48 0.00000080 0.000858

PA4 Yielding

X M, Ju ¢y 0y
[1mm] [kNm] [mm*] [rad/mm] [rad]
63.13 68.46 174599077 0.0000125 0.0133

PA4 Ultimate
Xy My Py Iy
[mm] [kNm] [rad/mm] [rad]
35.19 70.39 0.00000945 0.039385
PA4 Residual
M?"ES t?i’"ES
[kNm] [rad]
13.69 0.0453
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PB4 Cracking

X1 I Mcr bcr Ucr
[mm] [mm*] [kNm] [rad/mm)] [rad]
198.09 1125000000 30.51 0.00000086 0.000919

PB4 Yielding

Xy My Jir (ab}' 1‘9}‘
[mm] [kNm] [mm?] [rad/mm] [rad]
66.13 73.13 177762153 0.0000131 0.0139

PB4 Ultimate
Ay My Py dy
[mm] [kNm] [rad/mm] [rad]
37.64 75.11 0.00009299 0.037918
PB4 Residual
M?"ES' 19?"95
[kNm] [rad]
14.63 0.0436
PC4 Cracking

X Ii Mg bcr Ocr
[mm] [mm®] [kNm] [rad/mm] [rad]
209.52 1125000000 34.36 0.00000097 0.001035

PC4 Yielding

X1 M, Ju @, dy
[mm] [kNm] [mm*] [rad/mm] [rad]
71.32 81.87 184935769 0.0000141 0.0150

PC4 Ultimate
Xy My du Jy
[mm] [kNm] [rad/mm] [rad]
42.69 83.94 0.00008198 0.035378
PC4 Residual
M?"ES‘ 19?"95
[kNm] [rad]
16.37 0.0407




PA5 Cracking

Xr Ji Mcg $cr Fcr
[mm] [mm®*] [kNm] [rad/mm] [rad]
199.48 1125000000 3093 0.00000087 0.000932

PAS5 Yielding

Xu M, Jir o J,,
[mm] [kNm] [mm?] [rad/mm] [rad]
66.72 74.09 178473350 0.0000132 0.0141

PA5 Ultimate
Xy My Py Oy
[mm] [kNm] [rad/mm] [rad]
38.16 76.08 0.00009172 0.037626
PAS5 Residual
M?"ES 1'9?"95
[kNm] [rad]
14.82 0.0433
PB5 Cracking

X Ii Mg bcr Ucr
[mm] [mm®] [kNm] [rad/mm] [rad]
204.98 1125000000 32.72 0.00000092 0.000986

PB5 Yielding

X M, Ju ¢y 9y
[mm] [kNm] [mm®*] [rad/mm] [rad]
69.18 78.17 181710820 0.0000137 0.0146

PB5 Ultimate
Xy My Py Oy
[mm] [kNm] [rad/mm] [rad]
40.47 80.20 0.00008648 0.036421
PB5 Residual
M?"ES 19?"95
[kNm] [rad]
15.63 0.0419
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PC5 Cracking

Xy Jr Mcr Pcr Jcr
[mm] [mm®] [kNm] [rad/mm] [rad]
182.36 1125000000 26.43 0.00000075 0.000796

PC5 Yielding

X M, Ju by Oy
[mm] [kNm] [mm*] [rad/mm] [rad]
59.89 63.69 171933620 0.0000118 0.0126

PC5 Ultimate
Xy My ¢y Iy
[mm] [kNm] [rad/mm] [rad]
32.88 65.58 0.00010644 0.040955
PC5 Residual
M?"ES‘ 19?"95
[kNm] [rad]
12.74 0.0471
PAG6 Cracking

X Ji Mcg Pcr Ocr
[mm] [mm*] [kNm] [rad/mm] [rad]
186.99 1125000000 27.51 0.00000078 0.000829

PAG Yielding

x” M}- Jr.” (I)}' 193‘
[mm] [kNm] [mm*] [rad/mm] [rad]
61.63 66.21 173268413 0.0000121 0.0129

PAG Ultimate
Xy My by Iy
[mm] [kNm] [rad/mm] [rad]
34.08 68.12 0.00010269 0.040115
PAG6 Residual
M?"ES‘ 1‘9?’95
[kNm] [rad]
13.24 0.0461
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PB6 Cracking

X1 Ii Mcr Pcr Ucr
[mm] [mm*] [kNm] [rad/mm] [rad]
191.85 1125000000 28.75 0.00000081 0.000866

PB6Yielding

Xy M, Ju Py Oy
[mm] [kNm] [mm®] [rad/mm] [rad]
63.54 69.08 174990536 0.0000125 0.0134

PB6Ultimate
Xy My ol Iy
[mm] [kNm] [rad/mm] [rad]
35.51 71.01 0.00009857 0.039186
PB6Residual
M?"ES 1'9?'95
[kNm] [rad]
13.82 0.0451
PC6 Cracking

X1 Ii Mg Per Uer
[mm] [mm*] [kNm] [rad/mm] [rad]
172.25 1125000000 24.33 0.00000069 0.000733

PC6 Yielding

x” M}‘ Jr.” (*b}' 193"
[mm] [kNm] [mm*] [rad/mm] [rad]
56.32 58.76 169869478 0.0000110 0.0117

PC6 Ultimate
Xy M, ol By
[mm] [kNm] [rad/mm] [rad]
30.69 60.65 0.00011406 0.042643
PC6 Residual
M?"ES 1'9?"@5
[kNm] [rad]
11.75 0.0490
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PA7 Cracking

Xr Jr Mcr $cr Ucr
[mm] [mm®*] [kNm] [rad/mm] [rad]
171.10 1125000000 24.12 0.00000068 0.000726

PA7 Yielding

X M, Ju Py Oy
[mm] [kNm] [mm*] [rad/mm] [rad]
55.93 58.25 169698236 0.0000109 0.0116

PA7 Ultimate
Xy My, Py By
[mm] [kNm] [rad/mm] [rad]
30.47 60.13 0.00011488 0.042823
PA7 Residual
M?"ES‘ 1'9?"95
[kNm] [rad]
11.65 0.0492
PB7 Cracking

X1 Ji Mcg Pcr Ocr
[mm] [mm*] [kNm] [rad/mm] [rad]
174.67 1125000000 24.81 0.00000070 0.000747

PB7 Yielding

x” M} Jr!'f (*b}' 193’
[mm] [kNm] [mm*] [rad/mm] [rad]
57.15 59.88 170269975 0.0000112 0.0119

PB7 Ultimate
Xy My Py Oy
[mm] [kNm] [rad/mm] [rad]
31.17 61.76 0.00011230 0.042255
PB7 Residual
M?"ES‘ 1'9?"95
[kNm] [rad]
11.98 0.0486
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PC7 Cracking

X7 I Mcg bcr Ocr
[mm] [mm*] [kNm] [rad/mm] [rad]
159.41 1125000000 22.11 0.00000062 0.000666

PC7 Yielding

Xn M, Ju b, I,
[mm] [kNm] [mm?] [rad/mm] [rad]
52.16 5346 168564165 0.0000101 0.0107

PC7 Ultimate
Xy My by Dy
[mm] [kNm] [rad/mm] [rad]
28.53 55.38 0.00012267 0.044527
PC7 Residual
M?"ES 1‘9?"95
[kNm] [rad]
10.69 0.0512
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APPENDIX E

Seven accelerograms compatible with the code spaairere determined by adopting the
software Rexel 2.2beta (lervolino et al. 2010). Téeord are real earthquakes (Figure E.2)
scaled to fit Brescia (Italy) Response Spectrunthat Life Safety Limit State (LSLS)
considering a flat surface made of deposit of samtiedium-dense sand gravel or stiff grave
(soil category C and T1 topography) (NTC 2008). Aximmum scale factor equal to 2 and

upper and lower tolerance equal to 10%, was imp{Sigdire E.1).

Combination no. 1. 5F __ =1.1992
T T T T T
08k : 001726ya EQ: 561, SF: 0.63998 ||
1 — 000333xa EQ: 157, SF: 0.7499
07l : — 000133ya EQ: 63, 8F: 1.815
: —— 000133xa EQ: 63, SF: 1.5836
1 —— 000600ya EQ: 286, SF: 1.6262
06r 000335ya EQ: 158, SF: 1.439
| — 000879ya EQ: 349, SF: 0.54054
= 057 I Target spectrum I
é ol "'-.,-I- i Lower Tolerance I
o T A R | T Upper Tolerance
Hall s Average spectrum
0.3 14 = === Range of periods

02

01F

Figure E.1  Selected combination of compatible asrogjrams used for the time history

analyses (lervolino et al. 2010).

Table E.1 Real earthquake considered. From the a0 strong motion database

Earthquake Fault Epicentral PGA_X|PGA_Y |PGV_X|PGV_Y
Name Date Mw |M echanism |Distance [km] |[nVs*2] [[m/s"2] [[mVs]  [[mVs]

Adana 27/06/1998 6.30 strike slip 30.00 2.16 2.64 028 00
Alkion 24/02/1981 6.60  normal 20.00 2.26 3.04 0.22 0.
Friuli (aftershock) | 15/09/1976 6.00 thrust 9.00 1.07 0.930.11 | 0.11
Friuli (aftershock) | 15/09/1976 6.00 thrust 9.00 1.97 0.930.11 0.11
Umbria Marche | 26/09/1997 6.00  norma 22.00 1.69 1.p4 0j14.12 0
Alkion 25/02/1981 6.30  normal 25.00 1.14 1.18 0.11 0.

Dinar 01/10/199% 6.40 normal 8.00 2.6} 3.13 0.29 0.
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Seven accelerograms considered (lereadinal. 2010).
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APPENDIX F

Analysis of the expected annual loss emphasizeadd#ional benefit of increasing the
structural stiffness. Through a simplified procezgjuhe expected annual losses (PAM) of the
reference case in the As-Is condition and aftersthrengthening intervention were evaluated
(NTC 2008) and a risk classes of both the configoma were derived. The expected annual
loss (PAM) is based on the economic losses retatsttuctural and non-structural components
and is expressed as a percentage of the re-cat@trgost (CR) of the existing building. The
risk class, instead, is derived as a function e@tonomic parameter PAM and the safety index
(IS-V). The safety index (IS-V) of the structuredisfined as the ratio between the pick ground
acceleration (PG4 at the Life Safety Limit State (LSLS) and thekpground acceleration of
the reference site (PGA

Plotting the direct loss as a function of the agerannual frequency of exceedante(the
inverse of the earthquake return perieg, the PAM can be evaluated as the area enclosed by
this curve (Figure F.1). With reference to Figuré:point (1) represents the condition of no
damage on the non-structural components (SLIDptd@) the Operativity Limit State (SLO),
point (3) the Damage Limit State (SLD), point (¢ tLife Safety Limit State (LSLS), point
(5) the Collapse Limit State (CLS), and point (b tsituation in which the demolition and
reconstruction of the existing building became naoy (SLR).

In Figure F.1 the curves obtained by considerirggAs-Is condition and by considering
the retrofitted building are reported. The smailtethe enclosed area, the lower is the annual
expected losses. From Figure F.1 the reductionhefexpected annual loss obtained by
introducing a diagrid retrofit exoskeleton is siggant and the benefit of increasing the

structural stiffness of the reference buildingighghted.
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Figure F.1  PAM curve considering the reference dasfere the retrofit solution (left), and

after the retrofit solution (right).

The risk class is identified as the worst classvbet the PAM Class and the IS-V Class (NTC
2008). In the case study, the As-Is condition wassified as a D Risk Class (the worst class

being G), while, after the strengthening solutithg retrofitted building was classified as an
A+ Risk Class.
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APPENDIX G

The LCA methodology is implemented in the referecese to compare the environmental
impact of materials and processes related to atifi@rent retrofit option. With a cradle-to-
gate system boundary the analysis allows a paasskessment that takes into account
environmental impacts from the resource extradimotie installation phase (Di Bari 2018).

® Manufacturing

End of Life

0 — M Total - Life
Cycle

GWP (100 years) [kgCO2
eq. / sqm]

Ref Building Diagrid Shear Wall

Investment: real costs [€/
sqm]
[559
u
o
l

Ref Building Diagrid Shear Wall

The Diagrid solution has a lower impact on the erwinent in terms of waste and natural
resources during the whole life cycle.
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