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Stefano Cademartori

Abstract

The renovation of the building stock has become a priority in
recent decades. The deep renovation has been acknowledged as
a successful and necessary strategy to foster a sustainable
environment in response to emerging challenges and social
needs. In ltaly, approximately 80% of the existing building
stock was constructed prior to 1980 and has exhausted its design
service life, necessitating urgent seismic retrofitting, energy
refurbishment, and architectural renovation.

The current building conditions and the need to achieve carbon
neutrality in Europe by 2050 have increased attention on the
construction industry, resulting in the development of novel
sustainable retrofit solutions. The achievement of the ambitious
goals established at the EU level will heavily rely on the
implementation of holistic, high-performance interventions, to
address the numerous and multifaceted emerging needs.

In response to these needs, this study examines the potential
benefits and the limitations of adopting innovative exoskeleton
solutions, conceived by applying the leading principles of
structural life cycle engineering and designed using a multi-
criteria performance-based approach. The solutions investigated
in this work consist of prefabricated, dry-assembled, modular,
and flexible timber shell exoskeleton, entirely assembled
outside the building without any disruption of the building use,
providing high performances in the operational phase, and
ensuring demountability of the system at the end of its life, as
well as the reuse and recycle of its components. Through the
application of additional engineering layers, the analyzed
structural exoskeletons can be easily integrated into holistic
retrofit actions, that contextually target energy efficiency and
functional and architectural restyling.



Inspired by the dissipative and adaptive systems recently
developed for new buildings, this study examines the potential
offered by extending these principles to the design of retrofit of
an existing constructions, particularly to the design of
innovative exoskeletons that modify their structural behaviour
depending on the magnitude of the seismic event and that
concentrate the induced damage within energy dissipative
devices, developed and tested during the research activity, while
preserving the structural integrity of other elements. The
execution of two pilot interventions on real buildings, entailing
their holistic and integrated renovation through the application
of engineered exoskeletons, enabled investigating the
feasibility, as well as the major drawbacks of the proposed
solutions, resulting in their partial re-engineering with a view to
simplify their implementation and foster their applicability.
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l. Foreword

The poor energy performance of the larger portion of the
European building stock and the associated high environmental
and economic impacts have been widely acknowledged in
recent years, and major European roadmaps are attempting to
reckon with the problem by enforcing ambitious sustainable
development goals to be achieved in the next decade.
Furthermore, more than half of the Italian building stock has
exhausted its structural service life and is structurally deficient.
Recent Italian seismic events have drawn attention toward the
structural obsolescence of our construction heritage, which may
have severe economic, environmental, and social consequences.

In response to this emergency, a systematic holistic renovation
of the existing building stock is urgently required. Regardless of
such a scenario, however, the traditional approach to renovation
is to address the deficiencies of each building individually, often
from an energy and architectural standpoint only, resulting in
interventions that are ineffective and unsustainable when
applied to buildings that are vulnerable to any type of natural
hazard. In seismic-prone zones, thus in Mediterranean European
regions and numerous other nations, the selection of energy-
only or architectural interventions on structurally vulnerable
buildings results in high-risk economic investments and an
unsafe environment in terms of people's safety. Alternatively,
only structural retrofit actions are undertaken, disregarding
sustainability issues or even worsening the environmental
impact of the building.

Demolition and reconstruction practices should be only carried
out when mandatory and should not be extensively practised
given their substantial environmental impacts associated with
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waste production and raw material depletion. Moreover, from a
social perspective, this option would necessitate the relocation
of the inhabitants, as well as the downtime of the building use,
for the duration of the operation, resulting in large economic and
social costs.

More recently, isolated, and episodic efforts have been made to
solve the problem of renovating the building stock holistically,
acknowledging the integrated deep renovation as the only viable
solution toward a truly sustainable built environment, in which
ecoefficiency, as well as safety and resilience, are
simultaneously pursuit, extending the traditional concept of
sustainability. As far as environmental sustainability is
concerned, retrofit solutions may be conceived by addressing
the principles of Life Cycle Thinking (LCT), which are aimed
at minimizing the impacts and costs of the intervention and of
the retrofitted building along its whole life cycle. In this
perspective, the optimal solutions would consist of
prefabricated, dry-assembled, modular, entirely assembled
outside the building without any disruption of the building use,
providing high performances in the operational phase, and
ensuring demountability of the system at the end of its life, as
well as the reuse and recycle of its components.

In such a scenario, this study investigates the potential benefits
and applicability issues of exoskeleton retrofit solutions that are
designed to be easily integrated into broader, holistic
interventions that address energy, functional and architectural
renovation needs contextually. To sustainably achieve the goals
and facilitate their diffusion, these solutions must be designed
according to the most advanced and stringent design standards
and methodologies and according with LCT principles.

11



In this thesis, divided into ten chapters, starting with the
identification of building needs and deficiencies, exoskeleton
solutions are analysed in detail from both theoretical and
applicative perspectives. The following is a synopsis of each
chapter's content.

In the second chapter, the research significance is discussed.
The urgent need to increase the built environment's
sustainability necessitates coordinated research and action with
the common goal of defining the multiple performances to be
pursued and the design principles to be adopted to ensure the
achievement of a broader sustainability concept, that combines
eco-efficiency, safety, and life-cycle resilience. The widespread
adoption of effective retrofit solutions necessitates the
application of new conceptual and design frameworks that
emphasise the use of long-term sustainable intervention
techniques. The identification of holistic solutions suitable for
the building under consideration requires first the evaluation of
the potentials and limitations of each retrofit action in
accordance with the predefined principles and objectives,
followed by a thorough analysis of their implementation
criticalities and a study of their potential re-engineering. This
work aims to contribute to the exoskeleton shell technique, a
retrofit solution that can be effectively integrated into a holistic
intervention.

In the third chapter, a brief overview of the consistency of the
European building stock considering their age, location, type
and construction technology is presented. In the same chapter,
the principal seismic vulnerabilities of the most common
structural typology in the Italian scenario are discussed.

The first section of the fourth chapter provides a brief overview
of traditional seismic retrofits for the strengthening of different
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structural typologies, differentiating between local and global
solutions, whilst in the second section new seismic retrofit
trends are described and selected examples of integrated and
holistic interventions are presented, focusing on their major
potential and limitations.

The fifth chapter outlines the structural performance objectives
for new and retrofitted structural systems. Focusing on retrofit
design, the first section of this chapter analyses the potential
associated with adopting a performance-based multi-criteria
design approach capable of achieving high structural
performance, while the second section introduces several
innovative frameworks for the selection and design of a retrofit
solution capable of accomplishing the desired performances.

The sixth chapter focuses on the study of exoskeleton solutions.
In the first section of this chapter, the main advantages and
drawbacks of both dissipative and elastic high-strength shear-
wall and shell exoskeletons are examined. In the central section,
novel adaptive exoskeletons are presented, that modify their
structural behaviour in response to seismic intensity, dissipating
a portion of the introduced seismic energy re-centring after an
earthquake. Adaptive exoskeleton conceptual design and
proportioning are also presented. The concluding section
presents the results of a numerical study investigating the
influence of several parameters and design choices on the
dynamic response of adaptive exoskeletons and their ability to
reduce residual displacement.

In the seventh chapter, a survey of passive displacement-
dependent energy dissipation devices (PEDDs) is presented.
PEDD:s are the primary structural components of both adaptive
exoskeletons. The first section of the chapter provides a brief
overview of these devices, focusing on the definition of their
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optimal characteristics from the life cycle structural engineering
perspective, while the second section describes the
characteristics of the ADESA fuses, the PEDDs developed during
the research programme and applied to two real case studies.

In the final chapters of the thesis (VIII and 1X), two real
integrated retrofit interventions are illustrated, in which
dissipative and adaptive exoskeletons were conceived (eighth
and ninth chapters, respectively). The design of the retrofit was
carried out with reference to the LCT-based framework
developed by the research group, by considering the LCT-based
performance objectives and related design targets and by
addressing the design approach and procedures illustrated in this
thesis. PEEDs and construction detailing as those developed in
Chapter VII were implemented. The ex-post critical analysis of
all the design stages, as well as of the construction site
management and process, enabled identifying some critical
issues that resulted in the partial re-engineering of some retrofit
components, and in the identification of major research needs
with a view to increasing applicability and feasibility of the
proposed retrofit solution.

In particular, in the eighth chapter, the integrated renovation of
an existing precast gym hall, entirely carried out outside the
building, is presented. A dissipative hybrid CLT-steel shell
exoskeleton, with horizontal arrangement of the CLT panels and
passive displacement-dependent energy dissipation devices, is
conceived for seismic strengthening, whilst further coating
layers are applied to increase energy efficiency and fire
protection and for the architectural finishes. The author, who is
a member of the research team responsible for the project's
design, has contributed in various areas. These include the
conception of the structural system, the development of its
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nonlinear numerical model, the experimental tests on novel
dissipative components, and provision for assistance during the
execution phase.

In Chapter IX the integrated renovation of an existing masonry
residential building carried out from outside is presented. An
adaptive CLT shell exoskeleton, with a vertical arrangement of
the CLT panels and passive displacement-dependent energy
dissipation devices, is conceived for the seismic strengthening,
whilst further coating layers are applied to increase energy
efficiency, and for the finishes. For this case study, the author
collaborated on the analysis of the numerical model of the
structural system while simultaneously exploring alternative
schemes.

contains illustrative schemes of the contents of each chapter.
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Il1. Introduction and Research
Significance

2.1. Problem framing and Research Motivation

Recently, the London-based Institution of Structural Engineers
and other built-environment organizations and professional
bodies declared a climate and biodiversity emergency [1].

The construction sector is of critical importance to the European
Union since it generates over 9% of the EU's gross domestic
product and 18 million direct employments [2]. However, it is
also one of the most environmentally damaging industries,
accounting for around 50% of the depletion of raw materials,
35% of waste production, 35% of energy consumption, and 36%
of greenhouse (GHG) emissions [3].

In the last several decades, many attempts to reduce the
construction industry's environmental impacts have focused on
reducing energy consumption and CO. emissions during
building usage; according to a BPIE analysis [4], to achieve the
aim of a climate-neutral Europe by 2050, building emissions
must be reduced by 60% by 2030. This goal can only be met if
the average rate of deep renovation (i.e., a renovation that cuts
GHG emissions by 60%) increases from 1% to 4.4% in the
decade between 2020 and 2030. Moreover, even if this
ambitious goal were to be achieved, it would address just one of
the major effects of the construction industry, since buildings
would continue to create unsustainable impacts at all other
phases of their life cycle, from material extraction to their end
of life. New energy-efficient buildings have a larger embodied
energy associated with their manufacturing and end-of-life
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stages, which may impede the use-phase advantages [5].
Moreover, when just the energy restoration of a facility is
performed without addressing its structural vulnerabilities,
losses may occur in the event of natural disasters such as
earthquakes, floods, etc., resulting in substantial environmental,
economic, and social repercussions [6]. Many structures in
Europe and especially in Italy are old and, in addition to being
energy inefficient, vulnerable to seismic hazards. More than
40% of the Italian 11 million buildings are in an extremely poor
state of preservation, according to a report on the country's
building preservation [7]. In addition, more than 6 million
structures, and 24 million people, are in regions with a high
seismic risk where 70% of buildings were constructed prior to
the implementation of seismic standards and 55% have already
surpassed their 40-year service life.

Figure 11.1 - Typical residential district built after WWII in Italian city peripheries. From [8].
Their seismic vulnerability, besides making them unsafe,

implies a significant impact on the environment in terms of
waste production and CO; emissions [6].

17



Although this condition is typical of the entire existing building
stock, this study concentrates on buildings erected after World
War 1l, a substantial portion of the overall building stock.
Reinforced concrete buildings are the most representative of this
period, they are generally clustered in degraded suburbs and
characterised by anonymous architectural elements and living
discomfort. They have substantial environmental implications,
particularly in terms of energy use and waste production. In
2009, the average heating consumption reported by the energy
assessments of these buildings indicates that are particularly
energy-inefficient in comparison to the current regulations;
more specifically, the average annual energy consumption of
these buildings exceeds 200 kWh/m? [3]. Over the years, the
only attempts to address the situations of this building stock
have consisted of demolition and reconstruction or occasional
non-integrated retrofits (Figure 11.2), largely aimed at improving
energy efficiency only. Both methods are highly inefficient
from multiple perspectives. Unless required, the demolition and
reconstruction process has a substantial influence on the
environment and, even more so, on the functionality of the
building. The concept of decoupled renovation, on the other
hand, is not practicable because it is not sustainable from an
economic, social, and environmental aspect. Additionally, in the
worst-case scenario of strong earthquakes, the sole energy
upgrading intervention on an unsafe structure may lead to the
collapse of the building, with a resultant loss of investment, a
significant impact on the environment, and, most importantly,
the risk of loss of human life.

18
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Figure 11.2 - Traditional uncoupled refurbishment approach: the collapse of the solely-energy
retrofit of an industrial warehouse renovated with photovoltaic panels after the Emilia-Romagna
earthquake (2012) (left); solely structural retrofit: a typical seismic retrofit of an existent building

through dissipative bracings (right). From [9].

In this situation, the reduction of the environmental impacts of
the building, over its entire life cycle, must be pursued together
with the reduction of its seismic risk; only in this way, true
carbon neutrality can be achieved. According to the most recent
European roadmaps [10] and directives, this goal could only be
realized by contextually adopting three strategies:

e Increasing the renovation rate of the existing building
stock.

e Applying integrated retrofit interventions to solve more
building deficiencies, thereby fostering an enhanced
concept of sustainability that includes eco-efficiency,
safety, and resilience [11].

e Adopting a Life Cycle Thinking (LCT) and circular
economy approaches.

To renovate in a truly sustainable way, a new definition of
sustainable renovation of buildings was recently introduced.
The SAFESUST commission has developed the framework for
a "Roadmap for the improvement of earthquake resistance and

19



ecoefficiency of existing buildings and cities.” [11], coining the
neologism “SAFESUST” (safety + sustainability), widening the
notion of sustainable renovation to include safety and resilience
[12], [13]. With this new definition, the role of structural
engineering has been emphasized, which should enable the
design of retrofit solutions, conceived with a “Life Cycle”
perspective, able to reduce all possible life-cycle costs and
environmental impacts. According to the UNEP/SETAC
definition, "Life Cycle Thinking" is the consideration of the
environmental, social, and economic impacts of a product
throughout its entire life cycle and value chain, from “cradle to
grave” [14]. Regarding the circular economy, it is recommended
by EN15978 [12] that four main stages be considered: the
product stage, the construction stage, the use stage, as well as
the end-of-life stage, plus the potential life of the building
components and material beyond the building’s life cycle, in the
case of reuse, recovery, and recycling (Figure 11.3).

USE STAGE
Operational energy/
Water use

USE STAGE

Maintenance
Rapair

Replacement

CONSTRUCTION STAGE
Transport BUI::ITENG USE STAGE
Construction CYCLE - HAZARDS
installation process o
Rapair
Replacement
PRODUCT STAGE @
Raw material supply
Transport downcycling
Manufacturing
L END OF LIFE STAGE & BEYOND

demolition Deconstruction/demolition
Reuse, Recovery Transport

Recycling Waste processing Disposal

Figure 11.3 - Building life cycle stages, according to EN15978 (2011). From [15].
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This research aims to investigate the applicability of new
seismic reinforcement solutions for the holistic and sustainable
renovation of existing buildings, achieved using dry
prefabricated retrofit techniques conceived according to the
LCT principles and consisting of an externally engineered shell
exoskeleton. The study focuses on their applicability to the
Italian building stock, characterized by a wide variety of
building types and uses. These solutions, when feasible, allow
the combined achievement of global seismic reinforcement,
energy refurbishment and architectural renovation [15].

2.2. Current practice in the renovation of the
existing building

The first step in the renovation design process is identifying the
building's performance and weaknesses. In the past, buildings
were designed to meet safety standards only for the construction
phase, ignoring critical operational phase characteristics and
never considering the end-of-life scenario (a) (Figure 11.4). As
analysed before, a building stock that consumes a lot of energy,
emits a lot of CO,, and is prone to man-induced and natural
disasters, like earthquakes, is the result of this approach. Today,
the available solutions for building renovation can be roughly
categorized into three main groups [16]:

1. Demolition and reconstruction, which has additional
sustainability issues.

2. Uncoupled or partly coupled interventions, in which
critical needs related to seismic resistance, resilience,
energy refurbishment, indoor comfort and architectural
renovation are resolved separately.

3. Holistic and Sustainable renovation, which is a
relatively new concept that reckons with and tackles the

21



complex, multifaceted needs of an existing structure
and considers the whole life cycle of the retrofitted
building.

Figure 11.4 - Different approaches for the design. (a) Design approach at the time of construction
considering the sole construction phase. Current uncoupled design practice considering
construction and operation phases: (b1) eco-efficient design of the energy retrofit; (b2) structural
retrofit disregarding eco-efficiency; (c) next-generation LC-based design approach for the
renovation, considering construction, operation, and end-of-life. From [16].

The adoption of the first approach, which contemplates the
systematic demolition and reconstruction of the building stock,
would be unsustainable in several aspects. This solution would
create additional environmental impacts due to waste
production and disposal, and in addition, users would have to be
relocated during demolition, with potentially high social costs.
This strategy should only be applied when it is mandatory [17]
i.e. when seismic damage is so impairing and extended that the
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structures cannot be repaired. Sustainability can only be
achieved by significantly renovating the existing building stock.

Nowadays, the most common type of intervention is the
uncoupled retrofit practice. Typically, the uncoupled
interventions are solely energy (bl) (Figure 11.4) or solely
structural renovation (b2) (Figure 11.4). Focusing on the
construction and operating phases, solely-energy interventions
partially consider the problems and critical issues that emerge
throughout the life cycle of the building. When a building is
upgraded based solely on its energy deficiencies (Figure 11.5), it
may still be vulnerable to hazards that could result in damage
and collapse, posing additional risks to human life [18]. In the
event of a building collapse, the environmental costs of these
buildings are greater than those of non-renovated buildings due
to the disposal of the energy upgrading system's components. In
addition to failing in extending the building's structural service
life, it is important to note that also near-zero energy buildings
may be unsafe in the event of low-intensity earthquakes,
resulting in unsustainable and non-resilient solutions. In this
context, the goal of sustainability is partially achieved as it is
mainly pursued through the choice of eco-friendly building
materials and the reduction of energy consumption during
operation.

Similarly, the solely structural intervention (Figure 11.5), which
is typically performed only in emergency situations, is designed
considering only the operational phase, ensuring the safety of
the structure in the event of severe seismic events. Usually,
damage control, repairability after an earthquake, and end-of-
life management are not considered during their design phase;
as a result, the building may require extensive repairs after a
seismic event, especially for non-structural components. Their
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application can result in interventions that are safe and resilient,
but not sustainable.

ASSESSMENT DESIGN OF THE INTERVENTION CHOICE
PERFORMANCE ~ QUANTITATIVE  DESIGN OF THE
5 W involucre and plants OBJECTIVES TARGETS INTERVENTION
0] g properties
T = impacts, B g rnearyZen  eg maxenergy  eg. Phoiovoltaic
1 EnegyBuilding  consumption .., panels, window
o % coula: max thermal and plant

conductivity A=.. substitution,

PERFORMANCE ~ QUANTITATIVE ~ DESIGN OF THE
INTERVENTION

o
<
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S @ | 3 ssiicand sekmic . e ",:- e d=. S
4 vulnerabilties medium-intensity  max forces atthe  reinforcement of
’[77 earthquakes base V= the nodes, .

Figure 11.5 - Example of the current approach to the design of the sectorial renovation and
decision-making practice. From [12].

Recently, the concept of holistic integrated renovation has been
established to solve the major shortcomings of uncoupled
techniques. Holistic renovation (c) (Figure 11.4) simultaneously
addresses all structural defects or vulnerabilities and energy
inefficiency, extending the service life of the structure while
achieving safety, sustainability, and resilience. Such a
renovation plan necessitates a novel and so far absent technique
that ensures the effectiveness of the renovation measures, while
also accounting for potential functional and mechanical
interactions/interferences resulting from various retrofit
operations. Such an extensive intervention can only be
developed using a “Life Cycle” approach, where deep
renovation actions are conceived considering the entire life
cycle of the retrofitted building, including construction,
operation, and decommissioning stages (c) (Figure 11.4). The
conceptual design of such interventions should address new
principles, analysed in the following paragraph, and should
assume the complete building life cycle as the reference time
frame [12].
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This research focuses on the study of the structural aspects of
innovative holistic solutions adopted for the renovation of the
Italian building stock, characterised by the presence of different
building types with peculiar structural features and weaknesses.

2.3. Holistic and Sustainable approaches for the
renovation of the existing buildings

Commonly, the sustainable renovation of existing structures is
defined as the implementation of green technology and eco-
friendly materials. Recently, the concept has been broadened to
include all the pillars of sustainability: environmental,
economic, and social aspects; however, it rarely incorporates
structural safety, so buildings renovated to be "more
sustainable™ may remain structurally unsafe and maybe even
collapse during a low-intensity seismic event. The importance
of integrating structural aspects into the design of the retrofit
interventions also has direct repercussions on the environment;
the possibility of damage or collapse caused by natural disasters
is a major cause of extra impacts connected with waste disposal,
and repair/reconstruction efforts [18], in addition to causing the
potential loss of property. The preservation of human life
through natural hazard risk reduction, including seismic
reinforcement, should be among the social priority when
considering sustainability in the building sector [19].

Interestingly, the requirement to "make cities and human
settlements inclusive, safe, resilient, and sustainable" was
included among the 17 objectives of the 2030 Agenda for
Sustainable Development of the United Nations [20]. Recently,
the EU Commission and Member States have granted funds and
financial incentives for the renovation of existing buildings,
emphasizing either energy efficiency or seismic resistance or
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both, some examples are the Italian: "Ecobonus"”, "Sismabonus"
and “Superbonus”. However, this approach also exhibited
significant shortcomings in two key aspects. First, in the
renovation practice, important issues connected with structural
safety, energy efficiency, comfort, and architecture are still
handled in a sectoral and independent manner; Such a practice
is the result of a quite sectorial technical culture that has been
established and supported by sectorial standards, codes, and
scientific literature, which has led, to date, to a renovation that
largely disregards the building's needs and potential
interferences between different types of interventions. After
structural retrofits, safe buildings may be unsustainable or have
worse environmental impacts; whereas a high-energy
performing building may collapse during a low-intensity
earthquake, demonstrating that significant public investments in
energy improvements are lost when applied to structurally
deficient buildings. The same is true for the design of acoustic
upgrading interventions, architectural renovations, etc.
Therefore, the uncoupled method is unsuccessful in promoting
the sustainable transformation of existing structures. Second,
by considering the existing low renovation rate, retrofit
initiatives and legislation will hardly reduce CO, emissions
unless they address the key renovation barriers. Some authors
investigated the major technical, economic, and cultural/social
barriers to the renovation, demonstrating that the major issues
to be resolved are related to [21] [22]:

e The need for inhabitants to relocate and the downtime
of the building during the intervention.

e High initial construction costs.

e Lengthy renovation works.

o Disruptive construction sites.

26



Stefano Cademartori

In this context, the scientific community has adopted different
approaches to contribute to the sustainable building renovation.

Some authors developed an approach focused on the conceptual
design of new sustainable solution sets and techniques for the
improvement of the performance of existing buildings, while
others focused on the development of optimization tools for the
selection of the most sustainable solutions based on the
assessment of the economic, environmental, and/or social
sustainability. Both approaches can be further divided into four
categories [19]:

a.

b.
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Methods combining environmental and economic
sustainability.

Methods combining safety and economic sustainability.
Methods combining safety and environmental
sustainability.

Methods combining safety, environmental and
economic sustainability.
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Figure 11.6 - Environmental, economic, and social (here defined as safety or preservation of human
life) are the three pillars of sustainability. Represented for each field are the tools used for the
design and selection of the best solution. From [19].

As shown in the representation in Figure 11.6 [19], few of the
tools and frameworks analysed are conceived by adopting
methods that consider all three pillars of sustainability including
safety. Consequently, the adoption of these tools potentially
leads to wvulnerable, “sectorial” or uncoupled solution;
moreover, many of these partially addressed the LCT criteria,
without overcoming the main barriers to renewal. To address
these research gaps, a novel concept of Sustainable Building
Renovation (SBR) and an innovative LCT-based framework for
the holistic design of sustainable retrofit treatments were
developed [19].
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Figure 11.7 - The new Sustainable Building Renovation (SBR) approach: environmental, economic,
and social needs throughout the building's life cycle, and sustainable techniques to be incorporated
into the design of retrofit interventions. From [19].

In this framework (Figure 11.7), since the very beginning of the
design process, LCT principles are considered to select and
develop retrofits that minimize impacts across the building's
whole life cycle.

These solutions are also imagined to overcome the key barriers
to the renovation. To achieve this objective, sustainable
solutions should encompass a few characteristics, such as:

e Holistic renovation interventions, able to solve
contextually more than one building deficiency,
maximizing the co-benefits.
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Retrofit from the outside, implemented adopting
techniques installed/implemented/assembled
exclusively from outside.

Retrofit strategies inspired by incremental seismic
rehabilitation [23], performed by initially carrying out
the “minimal intervention” [24] and then by
implementing an orderly series of discrete
rehabilitation actions over an extended period of time
(Figure 11.8).
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Figure 11.8 - Concept of incremental seismic rehabilitation and minimum intervention. From [24].

And relevant criteria such as:

Demountability of the renovation solution.
Recyclability of the structural and non-structural
components.
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o Reparability of the retrofit, guaranteed by introducing
sacrificial devices, concentrating the damage caused by
seismic events.

e Prefabrication and standardization of the main
components using dry techniques, to facilitate their
dismantling and reuse at the end of life.

This new approach requires a multidisciplinary perspective, in
which experts with different competencies should collaborate
by adopting a common “Life Cycle Thinking” (LCT) approach
(Figure 11.9).
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Figure 11.9 - Application of the LCT principles to the preliminary evaluation of two retrofit options:
strengthening the frame joints (left) and a comprehensive structural and energy exoskeleton (right)
(right). From [12] [16].

When adopting a life cycle perspective for the design of the
renovation solution, all possible scenarios experienced by the
building over its life cycle should be considered. Such scenarios
differ based on the structure's typology, final use, and site; when
assessing hazards and risks related to the building's location, all
possible natural hazards must be carefully evaluated, both
locally and regionally. Sustainability is a global goal, but efforts
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to achieve it must be site-specific. In the case of buildings in
Italy, for instance, the need to reduce/avoid environmental,
economic, and social impacts associated with the possibility of
earthquakes and floods cannot be ignored; to reduce losses due
to hazards, new principles should be included in the retrofit's
initial design phase.

The new technique for holistic and sustainable renovation of the
existing building stock consisting of external shell exoskeletons,
analysed in this research, overcomes the barriers to the
renovation and contributes increasing the actual renovation rate.
These external exoskeletons provide the global seismic
reinforcement of the structure by triggering a global box-
resisting mechanism. The target structural performance is
achieved using prefabricated walls anchored to the existing
building able to limit structural damage and concentrate it in
replaceable and recyclable sacrificial devices. The
demountability of the solution is guaranteed by the adoption of
standardized precast elements, dry-assembled and made of
recyclable and eco-friendly materials, which can be reused or
easily recycled at the end of their useful life. In accordance with
the principles of the SBR approach, this research will analyse
solutions consisting of external wooden panels, coupled with
sacrificial steel elements, applied to real buildings.

2.4. State of the art on the shell exoskeleton
solutions

The innovative holistic and sustainable approach to building
renovation requires new technologies and techniques or a new
use/partial re-engineering of existing ones. In this perspective,
the common approach for the seismic upgrading of residential
buildings erected after the Second World War, typically made
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of RC frames with masonry infills, based on local reinforcement
of structural elements is not acceptable (Figure 11.10). These
techniques, focused on the reinforcement of frame portions and
structural nodes, present several environmental, economic, and
social problems. Damage to the finishing, which is necessary to
reach the underlying elements, generates a great deal of waste;
furthermore, interventions of this type often prove to be
economically onerous, energy inefficient, and difficult to
realize, also requiring the relocation of users during the
operations (Figure 11.10).

Figure 11.10 - Partial finishing and non-structural elements demolition for an intervention of local
strengthening of the columns. From [9].

The adoption of global reinforcement solutions overcomes the
limitations of the traditional approach. The introduction of new
external structural elements, linked to the pre-existing structure,
enables the activation of global resistant mechanisms that meet
the target structural performance, with lower environmental and
social impacts. A preliminary classification of these structural
solutions is proposed below, distinguishing between shear walls
(a,b) and shell structures (c,d) (Figure 11.11).
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(a) (b)

(c) (d)

Figure 11.11 - Retrofit solutions: (a) non-dissipative or (b) dissipative shear walls embedded in the
external exoskeleton, (c) non-dissipative, or (d) dissipative shell structure with twofold use of the
same encasing components. From [12].

As for the structural point of view, in the shear wall solutions,
structural strength and stiffness, as well as seismic actions, are
lumped into a few structural elements, while in the shell they are
distributed in the structural elements along the fagades,
triggering the box structural behaviour. Exploit the extension of
the new facade, shell structures allow reducing the cross-section
area of each structural component and force a box structural
behaviour [25] [26], resulting in reduced foundation overload
and thinner exoskeleton components compared to shear walls
solution.

Both solutions can be designed to be either over-resistant with
respect to design actions or dissipative of part of the energy
introduced by the earthquakes. Recently, to improve
repairability and limit the damage, lumping of the energy
dissipation into sacrificial elements was proposed, that could be
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demounted and replaced, leading to the development of
innovative dissipative systems (b), (d) (Figure 11.11). From this
perspective, a further subdivision of the external global retrofits
is proposed by some authors [27], by classifying retrofit options
according to the location of the dissipative devices in the
structural system (Figure 11.12).
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Figure 11.12 — Preliminary classification of the global external seismic retrofit. From [27].

The dissipation devices can be an integral part of the structural
retrofit system or serve as structural connections between the
building and the retrofit, or between the retrofit and the
foundations; when integrated into the retrofit structure, these
devices can be lumped at the base or arranged in various
combinations.

Both solutions can be connected to the existing structure using
stiff or dissipative connections.

As for the energy efficiency, in shear wall systems is improved
by the finishing curtain walls, the thermal insulation layer, or
the ventilated facade technology that integrates the new walls,
working in parallel. In this scenario, different technologies were
proposed, from standard RC to steel shear walls, and solutions,
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ranging from typical monolithic elements to innovative self-
centring systems and hinged walls.

In the shell solution, the facade can be engineered to improve
energy upgrading and structural strengthening by using the
same elements. Due to the decreased stress level, the insulating
panels can be engineered as seismic resistant elements, making
the new skin a thermal insulating shell and an in-plane seismic
resisting structure. As for the shear-walls solution, the
dissipative devices can be installed in different layouts: they can
be an integral part of the engineered fagade, arranged in various
configurations, or serve as structural connections.

Over the past decade, some authors and enterprises have focused
on the development of various external solutions. The
construction technologies proposed range from typical 'cast-in-
place' solutions involving RC elements to more advanced
'precast’ solutions involving the use of wooden or steel elements.
Despite the continuous strive for achieving higher structural
performance, few of the proposed solutions comply with the
Life Cycle Thinking principles and succeed in clearing the
barriers to renovation.

2.4.1. Examples of cast-in-place external retrofits

This type of integrated renovation solution generally involves
the execution of cast-in-place external reinforced concrete
elements and slabs, which do not offer the possibility of being
dismantled and repaired or replaced in the event of seismic
events-induced damage.

2.4.1.1.Geniale Cappotto Sismico by Ecosism s.r.l.

Geniale Cappotto Sismico (Figure 11.13) is a proprietary
solution of Ecosism s.r.l. consisting of a new RC skin able to
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combine the seismic retrofit with the energy refurbishment and
architectural renovation of RC and Masonry buildings [28].

BT e

Figure 11.13 - Representation of the different layers. From [28].

This solution can be classified as an over-resistant exoskeleton
extended over the entire existing facade of the buildings. The
cast-in-place RC structural layer, strengthened with galvanized
steel reinforcement to ensure structural durability, is combined
with two insulation panels to create the structural layer, which
behaves as a shell and ensures the system's box behaviour. The
connection between the RC exoskeleton and the existing
structure is made possible by over-resistant steel dowels, which
transfer seismic loads.

This holistic solution does not comply with the principles of
Life-Cycle  Thinking, provided that demountability,
recyclability, and reparability of the RC shell are not
guaranteed.
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2.4.1.2. SismaCoat

SismaCaoat is another property solution consisting of an RC shell
installed from the outside that can combine seismic retrofit with
energy renovation of existing structures (Figure 11.14). This
solution uses ‘wet’ technologies for the implementation of new
over-strength skin, extended over the entire facades of the
buildings, serving as a global strengthening for the structure.
SismaCoat combines an insulation layer and a cast-in-place RC
structural layer, situated between the building's fagade and the
insulation layer which serves as formwork [29].
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e rete minerale antiritiro pietra naturale faccia a vista

03. 04.
Cappotto con finitura in lastre A richiesta, possibilita di aggiungere
di alluminio preverniciato barriera ai campi elettromagnetici

05.

Materiali accessori, sulla base delle
specifiche tecniche SismaCoat

~

-

Figure 11.14 - Representation of the different solutions. From [29].

The structural connection between the new skin and the existing
building is made possible by over-strength steel dowels that are
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bound to the building's facade. Earthquake-damaged structural
components can't be easily repaired, demounted, or recycled.

2.4.2. Examples of prefabricated external retrofits

For the execution of the external exoskeleton, a variety of
construction technologies and materials can be used.
‘Prefabricated” solutions are characterized by the adoption of
prefabricated structural elements dry-assembled in situ to meet
the requirements of the optimum holistic renovation
intervention. The solutions analysed are distinguished using
structural components that are recyclable and completely or
partially demountable, such as environmentally friendly cross-
laminated wood panels and steel frames.

2.4.2.1. Resisto 5.9 il cappotto antisimico by Progetto
Sisma

A Progetto Sisma property solution called Resisto 5.9. il
Cappotto AntiSismico (Figure 11.15) is a steel exoskeleton that
is installed from the outside and that can combine seismic
retrofit with energy renovation of Masonry buildings [30].

Figure 11.15 - Resisto 5.9 applied to a masonry structure. From [30].
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This pre-assembled retrofit system, composed of over-strength
steel frames and insulation panels, induces the system's box
behaviour and prevent or limit the out-of-plane failure
mechanisms of the walls. Over-strength injected bolts ensure the
connection between the steel frame and masonry walls, the
retrofit system only needs to be anchored to pre-existing
masonry without the need for new foundations (Figure 11.16).

e

LR

Figure 11.16 - Steel frames combined with insulation panels. From [30].

The solution implements prefabricated steel components that
are put together using dry methods cutting costs and execution
time and avoiding disturbing the occupants. After severe
seismic events, its repairability is not guaranteed and, in
addition, the correct application of the system requires heavy
demolition of the finishes.

2.4.2.2.Rhinoceros-Wall by Wood Beton s.p.a.

Rhinoceros-Wall, a proprietary product of Wood Beton s.p.a., is
a holistic solution consisting of a new over-strength exoskeleton
installed from the outside, that enables seismic retrofitting,
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energy refurbishment, and domestic system renovation of
existing buildings without relocating occupants or interfering
with daily operations. This global retrofitting system is
composed of engineered walls extended over the entire existing
facades of the buildings. This prefabricated double skin is
available in two typologies, both of which use dry-fitted
technologies: Rhinoceros-Wood (Figure 11.17) and Rhinoceros-
Steel (Figure 11.18), each of them distinguished by the use of a
different structural material.

The Rhinoceros-Wood Walls system, suitable for residential
buildings up to three-storey, is made of precast shear walls
composed of thermal insulation panels and environmentally
friendly cross-laminated timber panels [31].

LEGENDA

Figure 11.17 - Rhinoceros-wood walls system. From [31].

Rhinoceros-Steel system extends the applicability of these
exoskeletons to residential buildings up to 8 stories. This
solution is made of recyclable steel frames combined with
insulation and concrete panels [31].
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Figure 11.18 - Rhinoceros-steel walls system. From [31].

In both solutions, the new pipes of domestic systems are placed
in shafts located between shear walls. Retrofit components are
supposed to be categorized as uncoupled shear walls, vertically
arranged, and rigidly connected to their new RC foundation,
preventing the possibility of structural repairs following seismic
events. Over-strength dowels enable the connection between the
exoskeleton and the existing structure. The retrofitting system is
installed from the outside using prefabricated parts that are dry-
fitted together, which speeds up installation and lowers costs
without relocating the occupants.

Rhinoceros-walls contemplates the holistic renovation of the
building by providing both seismic retrofitting, energy
refurbishment, and domestic system renovation from a life-
cycle perspective but without allowing it to be repairable.
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2.4.2.3. Cross Laminated timber exoskeleton conceived
by the University of Catania

The cross-laminated timber (CLT) exoskeleton proposed by the
University of Catania is a retrofitting system based on the
concept of cladding existing RC framed buildings with a hew
engineered skin comprised of pre-assembled and customizable
wood panels, horizontally arranged and connected on each floor
with an adjacent panel [32]. Assembled from the outside, this
‘precast’ technology system consists of adding CLT structural
panels to the existing outer walls by connecting them to the RC
beams using replaceable dissipative devices (Figure 11.19).
These devices are able to add stiffness to the system and
dissipate seismic energy, thereby reducing the structural drift
and earthquake-induced damage of the existing building. The
CLT structural panels are combined with non-structural pre-
assembled panels for insulation purposes, which are comprised
of lightweight wooden frames coupled with bio-based materials.

RC frame

Figure 11.19 - (a) Components of the proposed retrofitting system; (b) External installation of
prefabricated panels. From [32].
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The retrofit is completed by covering the RC beams with pre-
assembled string courses to protect frictional dissipative devices
(Figure 11.20) and over-strength structural connections,
chemically anchored to the pre-existence.

RC bnm-/

bottom profile / |

Figure 11.20 - Proposed seismic energy dissipation devices. From [32].

The reinforcing elements of each level are able to slide
horizontally over the same as the adjacent levels and dissipate
part of the seismic energy introduced by severe earthquakes;
new foundation system is required to resist the seismic loads
collected by the reinforcement.

This holistic solution complies with the main LCT principles
being demountable, recyclable, partially repairable and
prefabricate but its applicability to the wide panorama of
building types and technologies must be investigated.

2.4.2.4. AdESA system conceived by the University of
Bergamo

The AdJESA system is an innovative exoskeleton designed by
the University of Bergamo [15]. This holistic solution,
conceived in accordance with LCT principles, is realized using
prefabricated and demountable elements dry-fitted. This system

44



Stefano Cademartori

is able to combine seismic upgrading with energy refurbishment
and architectural restyling of existing buildings, without the
need to relocate users and disrupt activities thanks to its limited
construction time and the assembly from outside the building
[15].

Existing layer

‘\W : ~ ) Structural layer

Energy layer

Architecture layer

Figure 11.21 - Different layers of the ADESA system. From [15].

The design of this system starts with the assessment of the
vulnerabilities of the existing building and the identification of
the expected structural performance, defining the minimum
structural retrofit open to further incremental rehabilitation. The
achievement of the defined performance targets is possible
thanks to the design and application of an engineered multi-
layer exoskeleton (Figure 11.21), consisting of cross-laminated
timber panels covered with insulation and finishing layers. The
innovation of the system also consists of the adoption of the Life
Cycle Thinking approach. Starting from the assessment of the
building's vulnerabilities and energy requirements during its
remaining 'service life', the adoption of this approach leads to
the design of renovation systems made from environmentally
friendly and recyclable materials.

45



SOLUTION A: C.T PANELS ARRANGED VERTICALLY

1 s | I =
1| I o] \ 1
L 7 ‘ i
I -
T 1
" I
! T ke curb
! -
Micropiles
SOLUTION B: CLT PANCLS ARRANGED HORIZONTALLY
T /
[ =
; =] . !
™ ——— | !
| . o \
f e

Figure 11.22 - Different structural layer concepts of the AJESA system. From [15].

AJESA exoskeleton can be arranged in adherence to the
existing facades or offset to create new user spaces, facilitating
the architectural renovation. The seismic-resistant layer of the
system can be arranged horizontally between two adjacent
floors or vertically from the ground to the roof, ensuring the
system's box-like behaviour, with both structural and
energetical purposes (Figure 11.22). Tangible long-term energy
savings guaranteed by the coupling of the different layers can
partially compensate the cost of the structural retrofit. The
structural connections between the exoskeleton and the existing
building are made of over-strength steel dowels while the
energy dissipation is lumped in demountable and recyclable
devices, allowing the reparability of the system after a severe
seismic event. New RC foundations need to be realized to
support the new self-supporting shell.
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This retrofit solution will be analysed in detail in the following
chapters by investigating its potential, applicability, and
development possibilities.

47



1. Assessment of existing buildings
3.1. Introduction

It is critical increasing awareness of the state of preservation, the
weaknesses, the relevant impacts, and the multifaceted needs of
the existing building stock to fully understand the necessity for
a holistic and sustainable renovation of European buildings. The
location of the building, its age, and the construction techniques
are key features, which are distinctive to characterize the stock
being considered and can provide relevant preliminary
information on its state of preservation, energy efficiency, and
structural performance. Consequently, the first section
(Section 3.2) of this chapter examines statistical data on the state
of preservation of the European and Italian building stock [21]
[33]. The second section (Section 3.3) introduces the primary
seismic vulnerabilities of our buildings, whose recognition is
essential for the concept and design of efficient renovation
strategies.

As mentioned in the previous chapter, the focus is on Italian
post-WWII buildings, mostly consisting of infilled reinforced
concrete structures and masonry buildings in the case of
residential buildings, and prefabricated RC industrial buildings.
These buildings, which are commonly designed for gravity
loads only and thus un-engineered against horizontal actions,
have several structural deficiencies that affect their ability to
withstand seismic actions:

e The main structural criticalities for reinforced concrete
buildings are related to structural irregularities both in
plan and elevation, poor detailing of the elements and

48



Stefano Cademartori

the joints, as well as the interaction between the main
structural elements and the infills.

e The poor performance of masonry buildings is
frequently correlated with poor quality of the masonry,
the onset of local mechanisms, particularly out-of-plane
overturning of the perimeter walls, as well as with the
low resistance and deformation capacity of the walls,
jeopardized by irregular distribution of the opening in
elevation.

e Most precast reinforced concrete  building
vulnerabilities are due to the presence of a simple
isostatic scheme, not designed against seismic actions
and therefore lacking connections between structural
components. These structures are commonly conceived
to withstand sole vertical actions; their little resistance
to lateral loads is usually offered by friction between
structural elements.

o Regardless of the type of construction, the limited
strength or even the lack of floor and roof diaphragms
are one of the main seismic vulnerabilities. Assessing
diaphragm capacity is fundamental for the vulnerability
assessment and seismic retrofit conceptual design.

In Europe, most of our daily social and economic activities take
place within buildings. Besides the fact that we spend a
significant part of our income and live most of our lifetimes
within them, they also consume a substantial portion of natural
resources for their construction and operation. To meet the
needs of the future a holistic, extensive, and sustainable
renovation is required.
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3.2. European buildings

The function, typology, and principal architectural and
technological characteristics of European buildings differ
considerably. Consequently, the renovation requirements of
existing buildings can vary greatly based on their age, location,
structural type, and material characteristics. Most of the
statistical information presented in the first part of this chapter,
essential for the identification of their main characteristics, was
collected by Eurostat and analysed by BPIE (Building
Performance Institute Europe) [21] and JRC (Joint Research
Centre) [3].

3.2.1. Location & seismic vulnerability of the
European building stock

According to estimates provided by BPIE [21], the EU-27,
including Switzerland and Norway, had approximately 25
billion m? of usable land in 2011. Europe's North and West
regions contain 50% of the estimated total area, while the South,
including Italy, and Central regions contain 36% and 14%,
respectively (Figure 111.1).

AT, BE, CH, DE, DK, FI, FR, IE, LU,NL, | Population: 281 million
NO, SE, UK
Central &East | BG, CZ, EE,HU, LT, LV, PL, RO, 51, 5K | Population: 102 million

| south | cv, R, Es, I, MT, PT Population: 129 million

Floor space distribution
Source: BPIE survey

Central &
East 14%

South
36%

Figure 111.1 - Subdivision of Europe into northern, central, and southern regions. From [21].
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At the time of the census, annual growth rates of the residential
sector are approximately 1%, while many countries have
experienced a gradual decline in the rate of new construction in
recent years. Consequently, most of the heritage was
constructed in an earlier era.

Seismic activity threatens the European continent, particularly
the southern parts of the Mediterranean region, where millions
of people live. This activity can be classified as tectonic or non-
tectonic, caused by human activities, particularly with gas
extraction, and affects many European nations to varying
degrees. As reported in the lower representation (Figure 111.2),
in terms of tectonic activity, Iceland and the southeastern
regions of the continent have the highest probability of
earthquakes. Specifically, the countries exposed to the highest
risk are Italy, Greece, Turkey, Romania, and the Balkan region,
whereas Spain, Portugal, France, Germany, and Belgium are
European countries with lower hazards (Figure 111.2) [34].

Figure 111.2 - The ground motion that is estimated to be attained or exceeded with a 10%
probability in 50 years is shown on the European Seismic Hazard Map. Yellow to orange colours
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denote moderate hazards, yellow to blue colours denote relatively low hazards, and red colours
denote high hazards. From [21].

The non-tectonic seismicity is another factor to be considered.
The entire European Union is interested in this phenomenon
even though the magnitude of the generated accelerations is
lower than that caused by tectonic activity. The distribution of
non-tectonic events reported in the Euro-Med Bulletin [35] is
shown in Figure I11.3. Non-tectonic activity is seen in spots,
with concentrations in Finland, Netherlands, and Spain.

em
msc

T TS——

Number of events per cell

Figure 111.3 - Distribution of non-tectonic activity. From [35].

Assessing the existing building stock's seismic vulnerabilities
and considering seismic retrofitting should be prioritized to
protect human life throughout the entire European continent.

To assess the vulnerability of existing European buildings, it is
essential to identify specific building characteristics that may
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affect their seismic behaviour. The fundamental and most
important information concerns the building's structural type
and construction period.

3.2.2. Age

The age of Europe's architectural heritage varies greatly and
spans many centuries (Figure I11.4). Such an indicator is critical
for the structural assessment of the building stock because
different construction technologies are associated with each
construction time interval, and from this information first data
on the expected main structural, seismic, and energy
performances of buildings can be deduced.

South North & West Central & East
14% 19% 17%
M rre 1960
1961-1990
49% 39% 48%
1991-2010

Figure 111.4 - Age distribution of residential buildings in EU regions. From [21].

Furthermore, assuming a nominal design service life of 50
years, it is critical to assess the percentage of the building stock
that has reached the end of its design service life and now
requires structural assessment.
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Figure 111.5 - Estimated age distribution of the housing stock. From [36].

As shown in the representation above (Figure I11.5),
Luxembourg, Denmark, Belgium, France, and the United
Kingdom have the highest number of historic buildings (erected
before 1919) in the northern European region. The countries
with the highest percentage of buildings constructed after World
War |1, built in the period from 1946 to 1970, are Germany,
Romania, Sweden, Slovakia, and Italy, with a rate of
approximately 40%. During this period of intensive
construction, Italian standards did not account for the
guantification of seismic actions nationwide (the seismic
zonation was published in later years) and the structural
concepts were compliant with capacity design principles.

The major distinction between buildings constructed during
different time periods consists of the available technologies and
the regional art of construction. In particular, the progressive
switch from masonry construction to RC frames during the first
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half of the 20th century is a significant turning point in the
history of construction. The structural type is intrinsically linked
to the potential challenges and vulnerability; therefore, its
identification is crucial for the effective design of the
intervention.

3.2.3. Building types and construction
technologies

To gain a better understanding of the structural, seismic, and
energy performance of Europe's building stock, it is essential to
examine the distribution of building and structural types, the
characteristics of materials, and the macro-types of secondary
elements and components, such as walls, finishes, and
installations. One of the primary significant classifications of
the European building stock is into residential and non-
residential sectors, with each sector consisting of numerous
types. Below are the results of a survey [21], which analysed the
distribution of residential and non-residential useable floor areas
for each country (Figure 111.6).
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The residential building stock comprises 75% of the total
building stock in the EU. Particularly in the southern region of
the continent, a preponderant proportion of land is occupied by
residential buildings (Figure 111.7).

East Central & North South
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25
. 8 13 9
Residential Non Residential Non Residential Non
Residential Residential Residential

Figure 111.7 - Surface area per capita in the three European regions in m?. From [33].

There are various types of dwellings within the residential
sector, which can be primarily divided into single-family
housing and apartment buildings. The proportion allocated to
each of these categories varies significantly throughout Europe.
The underlying representation (Figure 111.8) of these data

56



Stefano Cademartori

illustrates the prevalence of single-family homes in the middle-
to high-income countries, including Italy, where the proportion
of single-family homes exceeds 70%.
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Figure 111.8 - Single-family houses and apartment buildings in Europe. From [33].

To better comprehend the structural, seismic, and energy
performance of the European building stock, it is also necessary
to examine their structural type, material characteristics, and
secondary element and component types at a deeper level.
Recently, numerous European research initiatives, mostly
focused on analysing the energy performance of buildings,
examine a set of reference buildings to predict and estimate their
energy use and include this type of information. In the
TABULA Webtool project [37] the building stocks of 15
European nations were analysed, its 'Matrix of building types'
provides an overview of building types for this project. The
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columns of the matrix represent four building size classes,
classified as: detached houses, terraced houses, multi-family
houses, and apartment buildings, while the rows represent a
series of building year classes. Individual cells of the matrix
represent the "building types" of a European nation, each of
them is represented by a photo, a description of typical
construction materials used for the wall, floor, and roof sections,
and information on the thermal envelope of a model building.
This building is assumed to be representative of the particular
building type, meaning that its characteristics are typically
found in homes of the same age and size category (Figure 111.9,
Figure 111.10).
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Figure 111.9 - Example of Building Type Matrix - classification of the Italian residential building
stock erected before 1960. From [37].
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Figure 111.10 - Example of Building Type Matrix: classification of the Italian residential building
stock erected after 1960. From [37].

The 2001 national census [38] revealed that 61.5% of the
6,903,982 Italy’s residential buildings are load-bearing masonry
structures, 24.7% (2,768,205) are reinforced concrete structures,
and 13.8% (1,554,402) are other structures such as wood, steel
or other. The proximity to other buildings and the number of
storeys are two important factors that influence the seismic
performance of existing structures. The data from the census
indicate that 53.0% of the buildings are detached, while the
remaining 47.0 % are adjacent to other buildings on one or more
sides. More buildings have a first floor than a ground floor only
(52.9 % versus 22.6 %, respectively), 17.3% of buildings have
a second floor, and only 7.2% have a third floor or higher.
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3.3. Introduction to the main seismic
vulnerabilities

Numerous building features must be recognized to analyse the
seismic behaviour of structures and define their vulnerabilities.
The sections that follow provide a brief overview of the most
common seismic vulnerabilities of reinforced concrete infilled
buildings, masonry buildings, and precast reinforced concrete
structures, which are frequently used to build industrial
buildings.

3.3.1. Reinforced concrete infilled buildings

When assessing the seismic vulnerability of reinforced concrete
structures, their structural performance is highly variable,
making it difficult to propose general and exhaustive guidelines
for predicting their seismic behaviour. Most of Europe's
reinforced concrete building stock was designed and built
without seismic safety standards or reference to a good seismic-
resistant structural concept, resulting in extremely vulnerable
structures.

From the end of World War Il until the late 1980s, typical Italian
RC structures consisted of reinforced concrete frames with
masonry infill walls (Figure 111.11).
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Figure 111.11 - Example of Building Data for the Italian apartment blocks built between 1961 and
1975. From [37].

The interaction between the frame and masonry infills may
severely impact the seismic vulnerability of existing reinforced
concrete buildings. Infills increase structural stiffness and
modify the intensity and distribution of the seismic action on the
frame during a seismic event. The frame-infills interaction can
have positive effects in the case of a regular distribution of
infills for buildings in low seismicity areas; in these cases, the
infill provides the seismic resistance needed to counteract the
modest seismic actions. In highly seismic areas, the collapse of
the infills often causes early RC frame collapse. A non-uniform
distribution of masonry infills can introduce the plan and
vertical irregularities into the structure, generating torsion or
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stress concentration in some RC elements, and putting the
building's safety at risk. Infills can trigger both global and local
collapses, caused by local column damage or shear failure
(Figure 111.12) [39].

Figure 111.12 - On the left side: Schematic representation of forces induced in RC columns by
compressed diagonal struts of masonry infills. From [39]. On the right side: Example of Local
column damage caused by infill corner crushing after the Molise earthquake, in 2002. From [40].

Recent earthquakes around the world have shown many
examples of infilled frames damaged and collapsed. Focusing
on the Italian territory and building stock, reference can be made
to the recent reports redacted after the earthquake which
targeted L'Aquila (2009) [41] [42], and Emilia (2012) [43] [44].

At the basement level of RC buildings, particularly in apartment
blocks, a 'pilotis' floor for garages is commonly observed,
resulting in significant vertical irregularity. This vulnerability is
frequently caused by an uneven distribution of strengths,
stiffnesses, and masses due to masonry infill configuration,
which causes deformations to be concentrated at this level
(Figure 111.13). Consequently, stresses are concentrated at the
ends of the columns located at this level, overloading the
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structural joints, and resulting in permanent drift or collapse

[45].
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Figure 111.13 - Vertical irregularities and soft storey vulnerability: a scheme of the main
configurations that lead to a soft storey mechanism. From [45].

Figure 111.14 - Example of soft storey mechanism at the first storey. From [33].

Another relevant example of a common vertical irregularity at
the first level is the presence of short/squat columns. This type
of irregularity is frequently caused by partial basement infills or
strip windows. Such a configuration can result in the premature
brittle shear failure of short RC columns, which may also lead
to the global collapse of the building (Figure 111.14). Figure
I11.15 illustrates a typical example of the short/squat column
failure, in which an X-shaped shear failure occurred in the short
columns between two adjacent basement ribbon windows.
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Figure 111.15 - Following the L'Aquila earthquake, a partial infill of the frame caused a typical
brittle shear failure of squat columns. From [46].

In the aftermath of past earthquakes, many examples of these
types of damage were observed in RC-infilled frames [47] [48]
[49].

Plan irregularity is another relevant source of structural
vulnerability, which consists primarily of the irregular shape of
the building and the asymmetry of the structural frames, the
eccentric positioning of the stair and lift cores, and the
unbalanced arrangement of load-bearing structures along the
perimeter. All these characteristics may result in a concentration
of seismic actions in a few localized structural elements that
were not designed to resist horizontal loads and may induce
torsion forces in the building (Figure 111.16). These effects may
compromise the structural integrity of the building and result in
an unexpected partial or total collapse.
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Figure 111.16 - On the left side: Plan irregularity due to re-entering corners. On the right side:
Effects of irregularity in the plan detected after the Alaska Earthquake in 1964 at West Anchorage
High School. From [45].

Existing reinforced concrete structures in Italy, only designed
for gravity loads, frequently feature unidirectional frames with
inadequate seismic detailing (Figure 111.17). The modest
resistance provided by these structures in the secondary
direction and the ineffective design of the structural elements
and of the beam-column joints results in very low local and
global ductility, and consequently, in low energy dissipation
capacity [33].

Figure 111.17 - Typical anchorage details and collapse mechanisms for beam-column joints
designed for gravity loads only. From [50]
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The existing reinforced concrete walls, designed for vertical
loads only and typically positioned along stairways and lift
shafts, must always be considered when assessing the seismic
response of a building. Due to the lack of reinforcement and
properly designed structural detailing, their behaviour is
comparable to that of masonry infill walls, as they contribute
significantly to the overall system's stiffness. Due to their high
stiffness, the seismic action transmitted to these elements is
significant and can cause them to sustain severe damage prior to
the activation of the reinforced concrete frame and the damage
of secondary elements (Figure 111.18).

Figure 111.18 - Damage at the base of the staircase wall of an RC building caused by the 2012
Emilia, Italy, earthquake. From [44].

3.3.2. Masonry buildings

Ancient masonry structures, which were commonly composed
of bricks or stones held together with lime-based mortar of low
quality, were typically erected to resist only vertical loads. The
seismic resistance of these structures depends on their three-
dimensional structural layout. In these buildings, the existing
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floors are usually not assimilable to the seismic-resistant floor
and roof diaphragms, which are necessary to ensure the overall
box-like behaviour and prevent out-of-plane overturning
mechanisms (Figure 111.19). Additionally, old wooden
perimeter ties with steel anchors are frequently ineffective in
restraining out-of-plane mechanisms due to the natural decay of
the wood or the failure of the anchor-to-tie connection.
Moreover, the irregularities in plan and elevation reduce the
overall capacity of the building. These conditions frequently
trigger local collapse mechanisms affecting portions of the
structure.

Figure 111.19 - Kinematic out-of-plane failure mechanisms of unreinforced masonry buildings.
From [51].

Unreinforced masonry structures comprised of bricks or
concrete blocks are also extremely common in Italy [38]. These
buildings typically have poor horizontal strength, which is
primarily caused by the lack of an efficient connection between
horizontal existing floors (not engineered to trigger a diaphragm
action) and perimeter walls, allowing out-of-plane collapse
mechanisms to occur; the number, size, and location of the
openings heavily influence their vulnerability. Large openings,
small columns, and long masonry walls without cross retaining
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walls or stiffening elements contribute to further increasing the
seismic vulnerability of these structures.

Most of the buildings built or renovated in Italy after WWII
have reinforced concrete floors lightened by hollow clay blocks,
as analysed in the following paragraph (Figure 111.23). The level
of constraint between horizontal floor and masonry must
primarily be verified in the vulnerability assessment stage. As
long as the floor can trigger adequate diaphragm action [52],
adequate constraint between the vertical structural masonry
piers and the floor can reduce these structures' seismic
vulnerability to the sole activation of in-plane collapse
mechanisms [53] [54], typically triggered by earthquakes of
greater magnitude.

3.3.3. Prefabricated RC industrial buildings

In ltaly, prefabricated structures are widely employed,
particularly in the industrial sector. This is due to the numerous
advantages associated with their execution in comparison to
conventional  cast-in-place  structures. By utilizing
prefabrication, it is possible to provide faster construction times
at a lower cost. Moreover, by standardizing the production
process in the factory, greater quality control, safety, and
sustainability can be achieved in production. Even though these
characteristics are the greatest strength of this type of
construction, the frequent poor engineering of the connections
between the elements introduces severe weakness in terms of
seismic action resistance (Figure 111.20). Assembling the
structure’s components does not allow for monolithic
connections like a continuous RC casting [55], so the main
vulnerabilities of this type of construction are the poor detailing
of the connecting elements.
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Figure 111.20 - Examples of damage and collapse of the reinforced concrete precast joint having the
task of providing stability to the roof beam. From [56].

In fact, if cost reduction and production control allow having
elements with great mechanical performance, the connections
must be made by site operations, where control is more difficult.
These prefabricated structures, which are typically designed to
resist only vertical actions, exhibit little resistance to lateral
loads, which is often attributable to the lack of connections
engineered for this purpose and the reliance on frictional
resistance between adjacent structural elements (Figure 111.21).

Figure 111.21 - Collapse of the horizontal closing panel and its structural connection. Form [56].
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The type of connecting elements has a direct impact on both the
static scheme and the seismic vulnerability. RC columns
connected to roof beams typically resist horizontal loads, in
some cases, these connections are made with pinned
connections or by building braces to hold the beam in place [57]
[58] [59]. In other cases, these elements are absent and
horizontal forces are transmitted by friction alone, which may
be particularly critical when the structure is hit by a near-fault
earthquake, such as those typical in Italy, characterized by high
vertical accelerations. The result of such assemblages is a
structure with moderate lateral stiffness. The decreased stiffness
causes the structure's natural period to increase, resulting in
decreased loads with large displacements demand. Due to the
typical earthquake response of these structures, and the
inadequacy of structural detailing, this type of construction is
among the most vulnerable during an earthquake (Figure 111.22).

Figure 111.22 - The effects of the Emilia-Romagna earthquake on some prefabricated industrial
buildings. From [60].

In conclusion, the primary vulnerabilities associated with
precast reinforced concrete buildings result from the lack of
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connections and structural details designed for seismic actions.
The modest resistance of these structures to lateral loads is
typically provided by the friction between the primary and
secondary structural and non-structural elements that contribute
to the building's overall resistance.

Over the years, the scientific community has focused on this
peculiar type of structure, looking deeper into the role of both
primary and secondary structural elements as well as their
connections [61] [62] [63] [64].

3.3.4. Lack of horizontal diaphragms

Regardless of their relevance in the LFRS, the issue of the in-
plane diaphragm and the in-plane capacity of existing floors has
not been extensively investigated, with the exception of wooden
floors in masonry buildings, for which some studies are
available in the literature [65]. Diaphragms are always
necessary to transfer the floor inertia forces to the lateral force-
resisting system for all building types, regardless their structural

typology.

In RC buildings, the seismic capacity of existing slabs is not the
primary weakness associated with limiting the overall capacity
of existing structures, which are frequently sensitive to greater
vulnerabilities, but it can become so when an additional seismic
resistance system is added.

In historic buildings with original wooden floors, loosely
connected to the perimeter walls and lacking any in-plane
stiffness and resistance, it is frequently necessary to place new
seismic-resistant systems able to compensate for the lack of
horizontal diaphragms.
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In most buildings constructed in Europe after World War 11,
both in the case of RC frames and masonry buildings, the floors
were made of horizontal reinforced concrete slabs. In some
European countries, such as Italy, the concept of using hollow
clay blocks to lighten diaphragms became popular at the turn of
the twentieth century. At the time, the blocks had no structural
function, but from the 1930s to the early 1970s [65], in areas
with no recognized seismic hazard, special reinforced hollow
bricks were introduced to contribute to the static strength of the
floor alongside the cast-in-place RC elements (Figure 111.23).
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Figure 111.23 - Beam and hollow-clay-block floor systems with (a) and without (b) concrete
topping; beam and hollow-clay-block floor systems with blocks composed of different hollow-clay
elements with (c) and without (d) concrete topping. From [66].

Recent studies indicate that only some beam and block floor
systems have a reliable in-plane capacity, thanks to the
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activation of a tied-arch resisting scheme, while others cannot
act as diaphragm floors, particularly the Varese typology. When
the action of diaphragms can be relied upon, they frequently
exhibit stiff behaviour to the point of brittle failure [66].

In precast reinforced concrete structures and buildings, the
roofing components have been identified as one of the major
weaknesses. In the past, it was common practice to install roofs
with no mechanical connections for horizontal force transfer.
Friction alone ensured horizontal stress transmission, but its
contribution was not quantified in depth. This method of
assembling roofs, from a structural point of view, results in a
high degree of roof flexibility, which is increased if the roof
includes openings. Therefore, all concepts relating to the rigid
deck and the distribution of seismic forces among the diverse
seismic-resistant elements do not apply to these constructions.
The inadequate connection between the elements carries the risk
of excessive differential displacements between the various
elements, which may lead to instability (Figure 111.24).

Figure 111.24 - Example of the collapse of the roof due to loss of support of its elements. From [56].
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Estimating the diaphragm capacity is essential for both the
vulnerability assessment of an existing building and the
conceptual design of the seismic retrofit intervention.

3.4.Concluding remarks

Analyses of the European building stock in terms of its primary
characteristics, state of conservation, and potential
vulnerabilities reveal the need to adopt a holistic and sustainable
approach to renovation.

The survey in this chapter revealed that most European
buildings, either residential or industrial, are old,
technologically obsolete, and seismically vulnerable.

About 60% of the buildings in Italy were constructed prior to
1970; consequently, they have reached the end of their 50-year
design service life, and the possibility of their continued use
should be determined based on the results of a detailed structural
assessment analysis. Moreover, their energy consumption is
frequently quite high, their technological solutions are obsolete,
and their building envelopes are consisting of outdated, low-
performance materials.

In this scenario, in order to reduce waste and pollution, it is
preferable, whenever possible, to renovate existing buildings by
safely extending their useful life rather than demolishing and
rebuilding. Promoting the achievement of the European
objectives for material reuse and waste reduction.

The following chapter offers a brief review of the current state
of knowledge on traditional and most common structural retrofit
strategies and solutions, analysing their benefits and drawbacks,
along with some innovative approaches, technologies, and
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solutions that have the potential to promote the spread of
holistic, integrated, and sustainable renovation solutions.
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IV. Structural retrofit strategies and
solutions

4.1. Introduction

This chapter provides a brief overview of the current state of
structural retrofit strategies and the most common technical
solutions, analysing their advantages and limitations, along with
some innovative approaches, technologies, and solution sets for
implementing integrated and holistic retrofit strategies.

The first section (Section 4.2) of this chapter provides a brief
description of traditional retrofit solutions and a few selected
key examples of best practices currently used to improve the
seismic performance of various structural types, examining their
principal limitations and potential.

In the subsequent section (Section 4.3), new trends in structural
retrofitting and the integration of circular economy principles in
the design of holistic solutions are examined. Adopting this new
paradigm in the construction industry necessitates the
application of integrated solutions that are both effective and
sustainable to extend the useful life of existing structures,
materials, and systems.

The final section (Section 4.4) presents significant examples of
integrated rehabilitation projects that have been implemented to
date, overcoming the limitations of traditional solutions, and
providing insights into the effective integration of LCT and
circular economy principles.

The pursuit of the EU's targets will soon require substantial
effort. The unique characteristics, constraints, and renovation
goals of each building determine the optimal solutions, which
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should incorporate life cycle thinking and circular economy
principles to achieve the set objectives. Exploring the challenges
presented by renovations based on these innovative approaches
may soon no longer be an option but a necessity.

4.2. A brief overview of traditional seismic
retrofitting interventions

Various techniques and solutions can be implemented for the
structural retrofit of existing buildings; the following are a few
significant examples of the most common solutions currently
available.

The Italian panorama is characterised by a wide variety of
structural and building types with specific requirements and
vulnerabilities that deserve investigation to determine the
optimal solutions. In the following sections, local and global
retrofit solutions are categorised and analysed according to the
structural type of the existing building, dividing them into
solutions applicable to reinforced concrete, masonry, and
industrial structures.

Although traditional solutions vary in technologies, materials,
and concepts, they are characterized by the lack of an integrated
and holistic design approach and the exclusion of the innovative
principles of life cycle thinking and circular economy.

4.2.1. Examples of solutions for reinforced
concrete buildings

For the seismic retrofitting of existing RC buildings, two
primary approaches have been employed traditionally:

e the “Local approach”, which consists of strengthening
the main structural elements through local retrofit of
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both joints and members of frames and walls (Figure
IV.1).

Figure IV.1 - Example of Local strengthening of existing RC frame joints. From [67].

o the "Global approach”, in which the building is
integrated with a new lateral force-resisting structure
(LFRS), made of new structural elements or devices,
designed to withstand the horizontal loads, or in which
existing structural elements are strengthened to
withstand the seismic action (Figure 1V.2).

Figure 1V.2 - Examples of Global interventions: On the left, new construction of a seismically
resistant structure. On the right, the reinforcement of existing RC walls. From [67].

Occasionally, mixed solutions are also suggested [67], in which
both global and local interventions are carried out contextually.
This is the case, for example, of those retrofit solutions
exploiting energy dissipation, which may require preliminary
interventions to the increase the ductility of the existing
building. In such cases, additional local interventions may be
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required, either on a portion of the existing structure or on some
components, to locally increase their deformation capacity or to
modify their failure mechanism.

4.2.1.1. Local interventions

These interventions usually involve reinforcing the main
structural RC elements such as beams, columns, and structural
nodes using a variety of approaches [68] [69].

Figure 1V.3 - Intervention of local strengthening of the columns requiring partial completion and
demolition of non-structural elements and finishes. From [70].

Common methods of local reinforcement for frames include

wrapping the elements and structural joints with a new

reinforced concrete [71], steel (Figure 1V.3) [72], FRP [73], or

high-performance concrete [74] [75] jacket (Figure 1V.4).
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Figure 1V.4 - On the left side: beam reinforced with a new RC layer. In the centre: RC column
reinforced using CFRP jacketing. On the right side: column reinforced by introducing a steel sheet.
From [76].

Reinforcement using steel jacketing has the advantage of
strengthening the structural elements but also increases their
volume, due to the external stratigraphy required for corrosion
and fire protection, the building's mass, and the stiffness of the
structure. Frames can also benefit from the external bonding of
fibre-reinforced composite (FRP) materials, this solution offers
a high strength-to-weight ratio, good corrosion resistance, speed
of execution, and relative ease of application, but it is inadequate
when it is necessary to significantly increase the axial resistance
of the columns, and their exposure can cause fire resistance
issues. High-performance fibre-reinforced concrete (HPFRC)
thin layers are a great alternative for reinforcing the axial
strength of columns, especially when the structure is made of
low-resistance concrete [77].

Since local interventions frequently require the partial
demolition of non-structural elements and building finishes,
resulting in high renovation costs that can represent a significant
portion of the total cost of the intervention, may not be the most
effective for retrofitting. In addition, the efficacy of these local
reinforcements is in some cases uncertain, and their benefits
may be compromised further by operational challenges
experienced during the construction phases. They also present
the disadvantage of limiting the building's use to a variable
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period and may not be effective for unidirectional frames
because they cannot generate three-dimensional seismic-
resistant systems [78].

4.2.1.2. Global interventions

Several techniques aimed at integrating existing buildings with
completely new earthquake-resistant systems (Lateral Force
Resisting System, LFRS) are addressed in the case of global
retrofit interventions. The basic interventions that can be carried
out when implementing a conventional global strategy are the
addition of new exterior shear walls or bracing systems, as well
as the reinforcement of existing walls, such as elevator cores or
perimeter walls, that were originally designed to resist only
gravity loads.

The most common approach for reinforcing and stiffening
structures includes creating new shear walls within the existing
reinforced concrete frame or outside the building volume. As
the new shear walls stiffen the structure, the existing frame's
beams and columns experience less relative displacement and
damage during ground motion and can therefore continue to
support the competent gravity loads following the earthquake.
The additional shear walls can also prevent the occurrence of
low-ductile global mechanisms, such as soft storey while
protecting displacement-sensitive components due to their high
stiffness; typically, these solutions perform best for low-rise
structures.

Multiple options and configurations are available for the
introduction of the proposed walls, such as the addition of new
steel bracing [79], cladding the existing concrete walls and cores
with high-performance materials [80], and implementing new
earthquake-resistant shear walls in individual bays of the frame

81



by removing the infill walls and casting a new RC panel, or
filling the space between two adjacent columns (Figure V.5,
left).

Alternatively, the new walls can be cast outside of the volume
of the building, though they would still need to be accurately
connected to the existing frame (Figure 1V.5, right).

e

Figure 1V.5 - On the left side: construction of new earthquake-resistant shear walls between frame
bays. From [81]. On the right side: construction of new external RC shear walls, adjacent to the
pre-existence. From [79].

The addition of steel cross bracing is an efficient alternative to
cast-in-place solutions, potentially feasible for all buildings not
subject to restrictive architectural limitations (Figure 1V.6). This
type of bracing enables faster assembly and connection to the
existing structures, hence potentially decreasing disruption and
building downtime, which is typically less than what is required
for cast-in-place systems.
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Figure 1V.6 - External steel bracing for seismic retrofitting of a hospital building. From [82]

In some cases, the introduction of these retrofit solutions may
require local interventions on secondary- and non-structural
elements, resulting in mixed solutions. These additional
interventions consist mainly of increasing the strength or
deformation capacity of the infills, commonly made of masonry
brickwork in Italian buildings, with different techniques.
Among the solutions reported in the literature, the main retrofit
strategies encompass the reinforcement of infills, transforming
them into shear-resistant walls, and the modification of the
infills-RC frame interaction [83] [84]. Inspired by the
vernacular architecture of earthquake-prone regions (Figure
IV.7) [85], some downgrading solutions use sliding joints to
increase the infill deformation capacity, while limiting damage
and reducing infills-to-frame interaction (Figure 1V.8). These
additional interventions frequently necessitate the removal and
refurbishment of finishes, as well as long downtime of the
building.
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Figure 1V.8 - Examples of masonry infills with horizontal & vertical sliding joints. From [86].

The primary structural limitation of the global traditional
solutions just examined is the concentration of seismic actions
on a small number of structural elements, such as new shear
walls and additional bracing. Therefore, the foundations of these
additional elements must be sufficiently stiff and resistant to
withstand the forces transmitted to their bases, particularly in
soils with poor mechanical properties.

Installing passive and active energy dissipation systems and
implementing isolation systems [87] are interesting examples of
novel global retrofitting, that partially overcome the obstacles
and limitations of the solutions analysed above. Existing
structures can benefit greatly from the implementation of
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additional damping technologies because they permit a portion
of the energy introduced by the earthquake to be dissipated,
thereby limiting structural and non-structural deformations and
damage. The first step in classifying these systems is to divide
them into passive, active, hybrid, and semi-active categories
[88].

Active, hybrid and semi-active control systems differ in the
integration of force delivery devices with real-time sensors and
the requirement to be powered by an external energy source.

Figure 1V.9 - Illustration of an active mass damper. From [89].

Their incorporation not only reduces the destructive effects of
seismic excitation but can also potentially increase reliability
and safety against wind and vibrations [88] through the
intervention of externally powered actuators capable of
applying additional beneficial forces to the structure [90]. The
installation of these devices requires a careful evaluation of the
structural capacity of the existing structural elements,
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specifically the diaphragms and beams, to which they will be
anchored.

Unlike their predecessors, passive dissipation systems [38] do
not require additional energy sources to function. These energy
dissipation systems can be divided into two main categories
based on whether the dissipation depends on the relative
displacement and deformation induced or on their deformation
velocity [91].

Figure 1V.10 - On the left side: picture of ADAS hysteretic devices, one in which the energy
dissipation depends on the deformation induced. From [92]. On the right side: example of fluid
viscous damper, in which energy dissipation is also dependent on deformation velocity. From [93].

The various dissipation devices can be incorporated into a new
lateral force-resisting structure in various configurations. They
may be a part of the new system or serve as structural
connections between the LFRS and the pre-existence [94] [95]
[96]. In other cases, dissipators can be installed directly into an
existing structure by designing dissipative bracing systems
between two adjacent levels of the building's frame [97],
although these applications may present significant
disadvantages and limitations (Figure 1V.11).
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Figure 1V.11 - example of retrofitted viscoelastic dampers in bracing configuration. From [93].

In the design of dissipative bracing systems, the deformation
capacity of the existing building, the new load configuration
after their installation, and the need to reinforce or build new
foundations [98] must be assessed. New buildings appositely
designed for the installation of these elements have sufficient
ductility and deformation capacity to ensure their optimal
functioning, and the main structural elements are designed to
withstand the generated forces, whereas in existing structures
these actions may cause severe structural damage, and the
deformation demand on the pre-existing structure may
significantly exceed its deformation capacity. Their
implementation could also result in a substantial decrease in
architectural value. To reduce the visual impact of these
solutions, new bracing integrated with displacement-dependent
dissipation devices, consisting of yielding steel or aluminium
plates, can be added in a variety of configurations (Figure 1V.12)
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that restrict their installation within the spans of existing RC
frames [99] [100] [101]. These dissipators are designed to serve
as a controlled vyielding fuse dissipating incoming seismic
energy while protecting other components.

s
(C)partial bay type (d)pillar type

Figure 1V.12 - Conventional configurations of steel displacement dependent devices in RC Frames.
From [99].

4.2.2. Examples of solutions for masonry
buildings

The seismic vulnerability of masonry structures varies greatly
based on a variety of endogenous factors. Recent medium- and
high-intensity Italian earthquakes have primarily damaged
historic structures due to the poor quality of the masonry and the
lack of a lateral force-resisting system able to engage a global
box behaviour for the building, resulting in the widespread onset
of local out-of-plane failure mechanisms.

The priority seismic retrofit interventions for these buildings
usually involve improving the walls' masonry quality to restore
monolithicity and reduce their susceptibility to out-of-plane
collapse mechanisms. Following the limitation of the most
vulnerable mechanisms, a global retrofit of the building is
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needed to activate a box-global-resistant mechanism. To ensure
the activation of the global behaviour, the diaphragms' in-plane
capacity and constraint with vertical resistant elements must be
carefully assessed. In numerous historic structures, floor and
roof diaphragms do not meet the requirements, requiring an
intervention.

Depending on the building's structural vulnerability,
requirements, and possible restrictions, various retrofitting
techniques can be implemented. The different solutions,
especially for historic structures, should be subject to a set of
requirements or criteria to determine their effectiveness and
compliance with recognised preservation principles. Whenever
possible, reversible, replaceable, non-intrusive interventions
involving minimal impairment and impact on the original
structure should be favoured.

4.2.2.1. Improving the quality of the masonry

When needed, the improvement of the masonry quality of the
walls to restore their monolithicity (unitarian behaviour) can be
regarded as the preliminary mandatory intervention for both the
static and seismic retrofit of the buildings [102] [103].
Traditional methods and tools, as well as compatible materials,
can be employed in several techniques for consolidating and
improving the capacity of masonry elements with multiple
poorly bonded leaves. Through-ties improving the interlocking
of the wall leaves and providing confinement (Figure 1V.13)
[104], local dismantling and reconstruction of deteriorated
masonry wall portions (Figure 1V.14) [104] and the mortar
injection [105] [106] fall into this category.
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Figure 1V.13 - Intramural tying scheme. From [104].
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Figure 1V.14 - On the left side: Masonry wall section with intramural steel ties. On the right side:
Local dismantling and reconstruction example. From [104].

Several techniques that can be used for local reinforcement,
however, necessitate the use of modern equipment and materials
that, in some cases, can pose significant compatibility and
reversibility issues. These solutions can involve the external
jacketing of the masonry wall with a cast-in-place, high-
performance structural plaster or the injection of incompatible
mortars. Such an intervention can be applied to either one or
both sides of the wall depending on accessibility. Typically, the
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structural plaster consists of a thin layer of mortar (lime-based
mortar for historic construction, cement based for modern
masonry walls) strengthened with high-strength fabrics [107] or
fibres [108] [109], whose adherence to the support is improved
with thin through ties. When applied on both sides of the wall,
these additional layers, together with thin through ties, introduce
continuous confinement for the masonry wall, preventing it
from disintegrating and increasing the wall's strength and
stiffness. These solutions can also improve resistance to out-of-
plane seismic actions by delaying the activation of the out-of-
plane bending mechanisms.

4.2.2.2. Inhibition of local mechanisms

The occurrence of local collapse mechanisms, frequently
associated with the out-of-plane overturning of perimeter
masonry panels or a significant portion of them (Figure 1V.15,
Figure 1V.16), is typically caused by either the lack of an
effective seismic-resistant system (often due to the lack of
diaphragms) or the inadequacy of the restraint between the
structural portion affected by the mechanism and the seismic-
resistant systems [110] [111] [112] [113], consisting of the
bearing walls oriented in the direction of the seismic action and
seismic-resistant diaphragms. These collapse mechanisms
commonly represent the primary vulnerability of the building,
as they are triggered by seismic events with a lower intensity
than those required to trigger global ones and may cause severe
damage also to other elements supported by walls subject to
overturning.

In many buildings, especially in historic buildings with original
wooden floors, no diaphragm action can be relied upon,
provided that the existing wooden planks cannot transfer in-
plane shear forces, and the effectiveness of the restraint between
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walls and the existing floor is frequently uncertain and
determined by the friction between them, unable at inhibiting
these mechanisms.

o]

b

\

12

i
I
,.!
]
I
J

Figure 1V.16 - Out-of-plane bending mechanisms of perimeter walls. From [110]

Steel ties, if their effectiveness has been preliminarily
ascertained, or floor and roof diaphragms are often adopted to
effectively inhibit these mechanisms.
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The utilization of a timber strong-back systems [114] [115]
[116] stems as a novel approach to preventing the activation of
out-of-plane mechanisms, and to potentially enhance the
performance of the corresponding elements for in-plane actions.
These timber systems, which can be installed within buildings
without architectural restrictions, permit the coupling of
structural  reinforcement with energy efficiency and
architectural renovation measures.

Vol
B

(a) (b) (©)

e

Figure 1V.17 - Installation diagram of a strong-back Timber-based hybrid solution: (a) timber
panels mounted to the wall and strong-backs applied to the panel surface; (b) strong-backs fixed to
the wall and timber panels mounted to the strong-backs; and (c) timber panels linked to the wall
and strong-backs and additional panels mounted to the first layer of panels. From [114].

4.2.2.3. Box-Structural behaviour

Despite the high quality of the materials and the monolithic
behaviour of the masonry walls, the lack of a structural system
that provides the building with a global box-like behaviour can
result in severe seismic damage and collapse.

The installation of perimeter and/or vertical steel ties [117]
[118] that activate a tied-arch mechanism [119] is one of the
primary solutions that can be implemented to induce the
activation of the global resisting mechanism and inhibit the
activation of local mechanisms (Figure 1V.18); the effectiveness
of these mechanisms is however compromised by the presence
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of slender walls, large wall openings, and chimney pipes within
the thickness of the wall.

Figure 1V.18 - On the top: Scheme of perimetral tying of masonry buildings without roof and/or
floor diaphragms. In the bottom: In-plane masonry arch-resistant mechanisms. Representation
adapted. From [119].
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Figure 1V.19 - Scheme of the retrofit of the bell tower of the Church of S. Giorgio in Trignano with
SMA vertical wires in series with vertical prestressed steel ties. From [117].
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Numerous existing floors and roofs are not designed to serve as
seismic-resistant diaphragms and are ineffective in preventing
out-of-plane wall detachment and overturning of the perimeter
walls, especially in historic buildings with wooden floors. To
compensate for the deficiencies, various techniques can also be
adopted for their retrofit and connection to earthquake-resistant
elements, using both dry and cast-in-place techniques (Figure
IV.20) [25], [120] [113] [121].
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Figure 1V.20 - Schematic illustration of wooden floe in-plane shear reinforcement via overlaying a)
ordinary thin RC slab; b) thin steel plate; c) nailed plywood panels; and d) stud-connected wooden
planks. From [25].

In buildings without horizontal floors, such as churches and
theatres, reinforced roof diaphragms connected to the perimeter
walls with steel dowels [25] [122] [123] [124] collect and
transfer the actions gathered by the diaphragm to the vertical
seismic-resistant elements, thereby preventing out-of-plane
mechanisms of the transversally loaded walls (Figure 1V.21).
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Figure 1V.21 - Examples of masonry strengthening and introduction of metal dowels for the
connection between masonry and roof diaphragm. From [122]

4.2.3. Examples of solutions for precast RC
Buildings

In Italy, the majority of low-rise industrial structures built in the
past sixty years are prefabricated constructions. Typically, these
structures are characterised using primary prefabricated
reinforced  concrete  structural elements and infill
elements/cladding panels with no structural function.

Recent earthquakes in northern Italy have revealed the
vulnerability and deficiency of these buildings, which were
frequently designed and erected during eras in which seismic
design recommendations were not part of the standards.

The absence of connections between vertical and horizontal
structural elements, as well as the presence of external cladding
elements that are inadequately anchored to the main structures,
are the primary and most relevant seismic vulnerabilities
exhibited by these buildings. Interventions for seismic
retrofitting can be generally divided into two types of strategies:
local retrofit interventions of individual structural elements and
improvement of the structural connections, or global
reinforcements with the introduction of new lateral force-
resisting structures (LFRS).
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In the following, a few representative examples of the numerous
solutions that can be adopted for retrofitting precast RC
structures are proposed. The interventions are those reported in
the recently published retrofitting guidelines [125], which can
be referred to for further information.

4.2.3.1. Improving the connection between elements

In many cases, the ability of a prefabricated building to
withstand seismic loads is jeopardized by the potential loss of
support of structural elements, such as beams and roof elements,
because of excessive relative displacements.

Several local interventions can be implemented to improve
beam-column structural connections. Some include extending
the base of the beam'’s support on the column while retaining the
original sliding supports so as not to alter the original structural
design. While others involve the addition of new mechanical
connection devices between the two elements, consisting of
steel bolted plates or connecting ropes that mutually constrain
the elements (Figure 1V.22), or energy dissipation devices
designed to concentrate the damage while maintaining the
column and beam's structural integrity (Figure 1V.23).

VISTA IN PIANTA

VISTA IN PROSPETTO [

- Piastre in acciaio

- Barra di collegamento

i & 7 _~ Piatto in acciaio
Possibile foro preesistente £
bullonata

~ Barra di collegamento

— = 2 | Distanziai
_— Rondella e bullone /
[ ~ — ks N
X _ ] >
NN il Profil g supporto alls __— Bamma di collegamento
forcella del pilastro i
U Y ; |~ Boccola per consentirc s
+ 4\ Pemo in acciaio bullonato ( HY| 1 rotazione delle piastre in accisio
% ¥\ Profilo di supporto alla \ =] — Rondclla
\|_forcella del pilastro \ //— Builoge
® Barre di ancoraggio R

Figure 1V.22 - On the left-side: representation of a beam-to-column connection improved by
introducing a steel bolted plate. From [125].
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Figure 1V.23 - On the left-side: representation of a beam-to-column connection reinforced by
introducing a steel connecting rope. On the left-side: conceptual representation of the same
structural joint reinforced by introducing an energy dissipation device coupled with a re-centring
element able to limit residual displacement. From [125].

The same connection types used to improve the column-beam
connection can also be used to enhance the beam-roof element
connection. The introduction of new mechanical connection
devices between these two elements, either rigid or dissipative,
enables the limitation or elimination of their relative
displacements. Introducing dissipative devices also reduces the
building's displacement demand by dissipating a portion of the
introduced seismic energy.

Another important vulnerability is frequently related to the
failure of the structural connections between the external
cladding panels and the RC structure resulting in the out-of-
plane overturning of these elements, not designed to withstand
seismic actions. Several intervention strategies and solutions
can be adopted for the mitigation of this vulnerability. They can
be divided into those solutions that only prevent out-of-plane
overturning through the introduction of new structural
connections resistant to seismic actions, designed not to alter the
original static scheme of the structure, and those that, in addition
to preventing overturning, take advantage of the resistance
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resources offered by these elements due to the proper
connection with the RC structure, thereby modifying the
structure's original static design [15].

4.2.3.2. Global intervention - introduction of the new
LFRS

For the implementation of global retrofit interventions (Lateral
Force Resisting System, LFRS) consisting of new earthquake-
resistant systems, several techniques and solutions are available.

The same solutions involving the wuse of steel
bracing/strengthening systems [79] [97] [101] that were
analysed in the previous section on the global retrofitting of RC
buildings, Paragraph 4.2.1.2, can be adapted for the
reinforcement of precast structures. Recently, several authors
[15] have proposed a novel approach, examined in detail in the
following chapters, for the development of external resisting
systems involving the use of exoskeletons in close proximity to
and constrained to the building's facades, integrated into a
solution able to simultaneously pursuit energy and architectural
renovation (Figure 1V.24).
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Figure 1V.24 - Conceptual representation of the new system for the global retrofitting of precast
RC building developed by some authors [15], which includes the introduction of a new external
exoskeleton (in red) and a new covering diaphragm (in yellow).

As with the previously analysed building types, the seismic
resistance of existing unengineered floors, which are frequently
present only at the roof level, must be carefully evaluated, by
paying special attention to the design of the connection systems
with the existing building, which is necessary to transfer the
seismic actions to the new LFRS. Frequently, this diaphragm is
composed of isolated precast RC elements in simple contact or
connected with steel dowels to the beams below, which restricts
its seismic load-resistant capacity.

For the reinforcement of these crucial structural components,
different techniques are available, including cast-in-place and
dry solutions. The dry solutions include those analysed above
for the reinforcement of existing floors in masonry buildings
[25], which can be implemented using various technologies and
structural materials, entailing the construction of an additional
roof diaphragm above the existing one appropriately connected
to both the existing one and to the new LFRS [15].
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4.3. New trends in seismic retrofit and introduction
to integrated interventions

In recent years, new challenges have been posed to structural
engineers; the emerging deficiencies in our buildings and
societal requirements necessitate an intensive design effort to
create new high-performance retrofit systems that protect our
heritage, also integrable into solutions able to pursue
simultaneously the energy and architectural renovation.

Promoting holistic building stock renovation is crucial to
achieving a climate-neutral European Union by 2050 [10]. To
attain the targets of energy efficiency, structural safety, and
architectural renovation for European buildings, life cycle
thinking, and circular economy principles must be incorporated
from the initial phase of the interventions.

The potential impacts of applying ten strategic actions proposed
by the European Environment Agency [126] for an efficient
renovation of the built environment are presented in Figure 20.
Efficient renovation is pursued by incorporating circular
economy principles directly into the design of retrofit systems.
Below, a baseline scenario assumes the continuation of current
renovation rates and activities, separated into energy and non-
energy renovations, until 2050, based on the available literature.
A second policy-compliant scenario accelerates the rate of
renovation in accordance with the EU ambitions. In a third,
more ambitious scenario, renovations are accelerated so that the
entire stock of buildings is renovated by 2050. The main
limitations of the modelling proposed by the European agency
stem from the sectorial nature of the analysis, which focuses
solely on the technical aspects of the proposed solutions without
considering the socioeconomic aspects of large-scale actions,
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such as funding and incentive needs, required skills, people's
priorities, or economic costs.

The first actions proposed in the documents are those that
increase the service life of the building. In the following
illustration, potential material and greenhouse gas savings are
shown by favouring renovation measures (Figure 1V.25).

L (D)
Increasing life spans

Recrofitting
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Figure 1V.25 - Effects of building life span extension in terms of materials used and GHG
emissions, estimated from now until 2050. From [126].

Extending the service life of the buildings reduces the demand
for brand-new, resource- and climate-intensive construction,
whereas investing in long-lasting materials presents challenges
that must be carefully considered. The baseline scenario
indicates a high net material consumption and cost in terms of
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greenhouse gas emissions. This is because the production of the
most durable materials results in a greater amount of greenhouse
gases being released into the atmosphere. Nevertheless, this
practice will aid in the preservation of natural resources because
fewer replacements will be required in the future.

The selection of recycled products and the concept of solutions
that comply with the design for disassembly principles should
be encouraged during the conceptual design phase (Figure
1V.26).

Total savings
346

Renovation rate scenarios:
Baseline Policy compliant Il Ambitious

Figure 1V.26 - Effects of the reduction of material consumption materials usage and GHG
emissions, estimated from now until 2050. Adapted from [126].

The future reuse of the components, refitted in further
interventions, will significantly reduce the demand for raw
materials. In this perspective, different strategies should be
adopted to optimise the reuse of systems, for example by
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enabling easy selective removal and replacement of damaged or
obsolete parts, while preserving the integrity and re-usability of
other components.

In addition, according to a European study, the use of
prefabricated facades in renovations, including finishing and
insulation, results in average material savings of about 25%
compared to non-prefabricated alternatives. In accordance with
these actions, bio-based materials and products should be
favoured whenever possible (Figure 1V.27).
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Figure 1V.27 - effects of the employment of new generation materials on material consumption and
greenhouse gas emissions, estimated from now until 2050. Adapted from [126].

Buildings play a crucial role in the climate and circular economy
strategies of the European Union. Climate neutrality requires
not only the reduction of the energy consumption of buildings
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and the decarbonization of the used energy source but also the
reduction of emissions from a life-cycle perspective.

Limiting the adoption of circular economy principles to the
design of new buildings would not produce immediate benefits,
but these would be realised over decades. To observe them in
the short term, we also need to focus on increasing the lifespan
of our building stock by renovating it in a holistic, efficient, and
sustainable way.

4.4. Examples of integrated and holistic retrofit
interventions

There have been numerous examples of urban and building
renovations in Europe over the years, but few of them targeted
the reduction of static or seismic structural vulnerabilities, and
a restricted minority tried to tackle the multifaceted need of the
buildings. The first exceptions to the widespread uncoupled
solutions were those interventions coupling architectural and
energy upgrading. Among such interventions, only a minority
was conceived with a circular economy and life cycle approach.
To demonstrate the effectiveness of holistic interventions from
an urban, architectural, structural, and energy efficiency
perspective, a selection of significant European examples of
integrated solutions is provided below.

4.4.1. Integrated energy and architectural solutions

The first European examples of external interventions with an
integrated approach to energy and architectural refurbishment
can be divided into camouflage and remodelage interventions.
The former encompasses those interventions that aim at
preserving the volumetric and internal layout and entail the
application of a new technological layer; while the latter are
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those that also propose a renewal of the volumetric and
architectural composition.

Camouflage interventions usually involved applying external
layered envelopes to the facades to improve energy efficiency
and architectural value. This initiative typically entails the
minimal intervention needed to bring existing buildings up to
new energy standards, as recently incentivized by public
funding. In contrast, the remodelage intervention is more
intrusive because it involves reshaping part or all of the building
to improve its performance, diversify housing types, and
redesign common areas [127] These interventions are often part
of larger urban redevelopment projects for neighbourhoods,
with the building intervention as a subset [128].

Medium-rise multifamily dwellings are the focus of the case
studies examined. These buildings were typically constructed in
the decades after World War Il in the suburbs and were
frequently in a poor state of preservation when renovation
projects were initiated. The primary objective of all these
initiatives was to upgrade the performance of the buildings by
modernising the technological systems and providing the
occupants with new, environmentally friendly living spaces.

Several European countries initiated sustainable social housing
redevelopment projects in the 1980s [129] [130] [131] [132]
[133].

These early prototypical interventions were frequently
incorporated into community-based renovations that included
the creation of new shared spaces and green pathways,
combining energy rehabilitation with urban and architectural
restyling through double-skin solutions [8] or selective
demolitions and additions.
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Stefan Forster's 1996-1999 renovation of Germany's
Leinefelde-Thiringen neighbourhood (Figure 1V.28). offers
interesting architectural lessons [134] and suggestions.

Figure 1V.28 - On the left side: principal facade of the pre-existing buildings in the Leinefelde-
Thiiringen neighbourhood before renovation. On the right side: Render of the same facade after
the intervention designed by Stefan Forster. From [134].

In this project, the residential units were combined to create
garden-facing, energy-efficient duplexes. The existing loggias
were converted into solar greenhouses, and the living spaces
were expanded with the addition of new balconies along the
facades. These new elements are supported by a new steel
exoskeleton placed on its own foundation in close proximity to
the facade; this additional structure was conceived to withstand
the static loads only; but later enhancement of the solution
proved the possibility to conceive such structures to seismically
upgrade a variety of buildings in earthquake-prone areas [12].

The 2005 winner of the Paris Habitat Office for Public Housing
renovation competition for a high-rise building was another
intriguing example of the integration of different energy and
architectural renovation solutions. The initial intention of the
public administration was to demolish the large residential Bois-
Le-Prétre tower and replace it with a new one. However, the
winning team led by Frédéric Druot and Lacaton & Vassal
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Architects proposed an alternative solution in response to the
emerging economic situation [135].

The existing 16-story building was designed in 1959 and
renovated in 1990 with the adoption of an additional insulation
layer on the facade to meet new technical requirements, but this
reduced the size of the windows, thereby deteriorating the living
conditions (Figure 1V.29).
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Figure 1V.29 - On the left side: photo of the main facade at the end of construction, taken by the
designer Raymond Lopez in 1959. On the left side: photo of the same facade after the first energy-
efficient renovation, taken in 1990. From [135].

The architects demolished and rebuilt the facades introducing
large glass panels so that residents could enjoy the Parisian
urban landscape and enhance their living conditions. The project
also renovated the apartments and added a three-meter-wide
steel structure to the perimeter without relocating the residents.
The addition produced a two-meter winter garden and a one-
meter outdoor balcony (Figure 1V.30). Despite far from the
designers’ intention, the additional steel exoskeleton could have
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also served as a reinforcement system for this building and
structural type.
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Figure 1V.30 - Render of the main facade after the renovation designed by Frédéric Druot and
Lacaton & Vassal Architects. From [135].

This solution demonstrates the viability of effectively
integrating  structural reinforcement with  architectural
renovation and energy efficiency in high-rise buildings.

Following these precedents, other authors started to use external
structural systems in integrated renovation solutions.

The project proposed in the research project SURE-FIT:
Sustainable Roof Extension Retrofit for High-Rise Social
Housing in Europe, developed from 2006 to 2008 under the 6th
Framework Programme [136] is another fascinating case study
of energy refurbishment and architectural renovation, that offers
interesting insights for the potential integration of the structural
retrofitting system into renovation solutions (Figure 1V.31). The
proposed project entails the energy upgrading of a 4-storey
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residential building from 1983, the removal of existing
architectural barriers, and the addition of a few storeys to be
placed on top of a self-supporting steel and timber exoskeleton
supported by its own foundations (Figure 1V.32). The expansion
of interior spaces and the creation of new apartments, which can
be accomplished by utilising the potential offered by
exoskeletons, can be an interesting economic driver for these
projects.

Figure 1V.31 - On the top: main fagade of the pre-existing buildings before renovation. In the
bottom: the same facade after the intervention. From [136].
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Figure 1V.32 - Three-dimensional representation of the intervention concept: 1) existing building;
2) new staircase; 3) new slab above the existing building; 4) structural steel frames; 5) new timber
apartments; 6) new common spaces and services; 7) "Small boxes" of volume extension in the
facade. From [136].

4.4.2. Integrated structural, energy, and
architectural solutions

According to the author's knowledge, few research activities
have focused on the study of external solutions capable of
pursuing the seismic, energy, and architectural upgrading of
existing buildings holistically.

One of the first interventions using this approach was carried out
on an existing building in Japan (Figure 1V.33). The
intervention is acknowledged as a pioneering project for its time
[137]. The 2009 intervention designed by Takeuchi, Yasuda,
and Iwata was intended as the first example of holistic
renovation in eastern Asia. The intervention entails the
renovation of a 40-year-old building from seismic, energy, and
architectural perspectives. The solution conceived by the
designers for the building's structural retrofit encompassed the
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installation of passive devices to dissipate seismic energy,
namely Buckling Restrained Braces (BRBs), constrained to the
perimeter ring beams of the building. This system has been
incorporated into an integrated facade capable of
simultaneously enhancing the building's energy efficiency and
renovating its exterior.

Figure 1V.33 - Midorigaoka 1% Building, Tokyo Institute of Technology: retrofitted building
fagade. From [137].

A new technological layer was incorporated directly between
the elements of the structural reinforcement to increase its
energy efficiency, consisting of glass panels installed at each
floor's base and louvres installed at the top. In conceiving this
intervention, the designers took the needs of the users into
account by opting for a solution that could be implemented
entirely from the outside, but without fully integrating the
principles of life cycle thinking and the circular economy.
During the nine-month-long renovation work, occupancy
dropped to approximately 60%.
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Other researchers have recently taken an interest in these topics.
In past years, the AJESA system, a global solution for the
integrated and holistic renovation of existing buildings, was
proposed. This innovative system was developed by a joint
consortium of industrial SMEs and research institutions, and
first applied for the holistic retrofit of a precast gym hall built in
the 80s [15] and more recently for the renovation of a masonry
residential building erected in the 50s (Figure 1V.34).

L e T

Figure 1V.34 - on the left side: picture of the building's secondary fagade before the start of the
construction site, shot by the author. On the left side: render of the same facade after the
renovation. From [138].

The AdESA system, whose application to the two case study
buildings will be examined in detail in Chapters VIII and 1X,
demonstrates the potential of these double skin exoskletons.
This Innovative layered shell is composed of a structural layer
made of cross laminated timber panels (Figure 1V.35), thermal
insulation layer for the energy efficiency improvement, and
cladding finishing layer for the architectural restyling, all of
which are implemented in a dry, modular, and flexible
exoskeleton.
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Figure 1V.35 - picture of the installation of the structural layer in cross laminated timber panels,
shot by the author.

Prioritizing eco-efficiency, safety, and resiliency, these
solutions are founded on the Life Cycle Thinking principles that
aim to reduce the environmental impact of the building from the
moment of its conception until its dismissal. Using macro-
prefabricated dry-assembled components and standardised
connections, they are designed to be easily assembled and
disassembled and to permit components to be reused or recycled
at the end of their service lives. By introducing sacrificial,
replaceable elements lumping and minimizing damage, it is
possible to limit the amount of damage caused by a seismic
event.
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4.5. Research Needs

The approach and practices of the construction industry should
evolve in response to ecological and social needs and
challenges. Accelerating the transition to a circular economy
should be a main priority, and this should be accomplished by
extending the lifespan of existing structures, materials, and
building systems. In this scenario, holistic renovation initiatives
offer the greatest potential by overcoming certain renovation
limitations and barriers inherent to traditional solutions that are
still widely used. The application of circular economy principles
and the adoption of Life Cycle Thinking throughout the entire
process can significantly reduce their environmental impact and
facilitate their implementation, but the effective application of
these solutions requires raising structural standards, defining
new design targets and adopting retrofit optimisation strategies
that minimise structural damage resulting from seismic events
and ensuring the demountability and reusability of its
components.
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V. Novel structural performances
and design approaches

5.1. Introduction

As mentioned in the previous chapters, the currents global
climate emergency and the ambitious European targets
necessitate new strategies and approaches for both the structural
design of new buildings and the retrofit solutions. These novel
strategies must prioritise the safe extension of the building's
service life, the reduction of the environmental impacts and the
conscious management of the carbon embedded in building
materials. In this scenario, structural engineers have the pivotal
role of conceiving solutions that foster the transition to a
sustainable built environment, combining safety and resilience
with eco-efficiency and cost-effectiveness.

Achieving these objectives will largely rely on the systematic
renovation of the existing building stock, which should be
accomplished by fostering holistic, high-performance
interventions that address the construction multifaceted needs.
The accomplishment of these aims requires the expansion of the
concept of life cycle Structural Engineering, attained by
integrating the Life Cycle Thinking and circular economy
principles and adopting the multi-criteria performance-based
structural design. In this perspective, it is necessary to redefine
structural standards and performance requirements that
solutions should meet for the duration of their life cycle.

The combined application of all these novel approaches
necessitates the development of new tools and frameworks for
managing the resulting complexity and identifying the optimal
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solution that ensures the target performance while minimising
costs and environmental impacts.

5.2. Extension of the Life Cycle Structural
Engineering concept

Researchers have recently focused on incorporating the Life
Cycle Thinking (LCT) approach and the concept of holistic
solutions into structural engineering practices to define novel
performance targets and design approaches that meet emerging
needs.

The Safesust Roadmap [11] first expanded the concept of
sustainable renovation to contextually include eco-efficiency,
safety, and resilience, and recently the European Commission
proposed the Level(s) framework [139] to promote the design
and construction of sustainable buildings by taking the life cycle
thinking and circular approach into account, but without
focusing on the crucial aspect of structural safety. Both
frameworks acknowledge the importance of structural
engineering, but they lack a common methodology and tools for
effectively translating their leading principles into the structural
design. To overcome these limitations, traditional methods and
approaches of structural engineering need to be revised and
expanded.

In 2011, Cost Action C25 [140] introduced the concept of Life-
time Structural Engineering, adding some novel performance
targets for the design of new buildings and retrofits. This new
concept supports the design of buildings that include eco-
efficiency, durability, ease of maintenance and deconstruction,
but does not provide tools or indicators for implementing LCT
and fails to consider interactions between various maintenance
interventions. Recent research [12] [19] has expanded and
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redefined the concept of Life Cycle Structural engineering to
present a broader perspective on the topic that attempts to
effectively combine eco-efficiency and cost-effectiveness with
structural safety and resilience in retrofits, thus overcoming the
main obstacles. These studies once again highlighted the
significance of renovating the existing building stock by
adopting an integrated approach and provided guidelines that
promote the adoption of incremental rehabilitation, to be
pursued by working exclusively from the outside, and
introduced additional new design principles and objectives,
including:

e  “Design for eco-efficiency”, which fosters the adoption
of low environmental-impacting materials, possibly
from the circular economy, as to reduce raw resources
depletion, waste, and pollution;

e “Reparability” for the retrofit components, to
effectively reduce damage, losses and the resulting
environmental impacts generated by frequent seismic
events and to ensure structural safety during extreme
ones, pursued by introducing repairable/replaceable
systems capable of concentrating structural damage;

e “Ease of maintenance and adaptivity to future needs” to
contain costs/impacts and obsolescence rate in the use
phase;

e “Design for dismantling” and for easy recycling and
reusing of the different systems that compose the
solution favouring the selection of dry techniques using
standard and prefabricated connections and
components, resulting in a reduction of waste generated
by construction and demolition.

118



Stefano Cademartori

e “Durability” that enables effective sustainability of a
solution throughout its entire life cycle by preventing
deterioration.

Consequently, the extension and integration of Life Cycle
Structural Engineering influence structural design at all stages,
from the conceptual design phase, leading to new structural
configurations, to design development and construction
document phases, fostering the adoption of new design
paradigms and tools, as well as novel solution sets and detailing
are necessary.

5.3. Multi-Criteria Performance-Based Approach and
novel structural targets

Recent earthquakes in Italy have highlighted the necessity for
innovative strategies and higher more demanding structural
standards to improve the performances of both new construction
systems and retrofit solutions. To achieve the design objectives
and incorporate the principles of the extended life cycle
structural engineering, it is necessary to raise the bar from the
concept of minimum structural performance standards required
by current regulations [141], by shifting the targeted goals from
the commonly accepted Life-Safety level to the more demanding
damage-control level [142].

In this perspective, recent research [6] has highlighted the need
to promote the structural retrofitting of the building stock by
showing the significant environmental and social-economic
impacts associated with seismic risk and the potential need for
extensive repair and reconstruction following earthquakes
(Figure V.1). Projected at neighbourhood and urban scale, the
findings of these studies become more alarming since structural
vulnerabilities or inadequate structural retrofitting of entire
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communities might compromise the efficacy of energy-saving
measures with high economic costs.
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Figure V.1 - On the left is the seismicity of the Italian site with a comparison of the expected
annual equivalent CO2 emissions of unretrofitted versus retrofitted buildings at each site seismicity.
From [6].

To reduce the costs and impacts of retrofitted systems over their
extended service life, it is also essential to develop structural
solutions mitigating the effects of both severe and frequent
seismic events (Figure V.2), minimizing the damage to the pre-
existing structure and concentrating the structural damage on

easily repairable or replaceable (fuse-like) elements.
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Figure V.2 - Impact of energy consumption, operating costs, and carbon emissions during the
building life cycle for integrated energy and seismic retrofits. From [6].

To meet the new requirements, several concepts of
Performance-Based Earthquake Engineering must be refined.
According to some authors [142], the matrix of seismic
performance design objectives established by SEAOC Vision
2000 [143] should be reconfigured (Figure V.3) to better match
the requirements, with the basic-objective curve shifted toward
a damage-control approach.
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Figure V.3 - Rearrangement of the Seismic Performance Design Objective Matrix defined by the
SEAOQC Vision 2000 PBSE guidelines to match building tagging, and modification of the basic
objective curve towards a damage-control approach (blue line). From [142].

Adopting a multi-criteria performance-based approach [144]
from the early stages of the conceptual phase through the end-
of-life phase enables the effective minimisation of losses,
providing control and damage limitation of primary and
secondary structural elements, non-structural elements,
foundation systems, and equipment (Figure V.4). This novel
approach requires the adoption of new performance objectives
and targets, such as:

e Limiting the maximum interstorey drift for
displacement-sensitive components to avoid damage to
structural and non-structural elements, infills, thermal
panels, windows, installations, etc.

e Limiting the maximum floor acceleration to ensure the
integrity of acceleration-sensitive components, thereby
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avoiding damage to floor diaphragms, equipment, and
various sensitive non-structural components. Limiting
the maximum stress in the stairwell to ensure the safe
exit of occupants.

e Introducing fuse and energy dissipative elements and
components lumping the damage generated by severe
seismic events.

e Minimizing the residual displacements, which are key
in determining the post-earthquake repairability of the
structures and therefore affect the economic losses from
earthquakes.

e Ensure the activation of a ductile resistant mechanism
for both the existing building and the retrofit system
during exceptional and unforeseeable seismic events.
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Figure V.4 - Schematic representation of the new multi-criteria performance-based design strategy.
From [144].
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Even though numerous approaches and strategies have been
examined and developed in the last decades, the correlation
between the direct and indirect costs generated by seismic
events throughout a building's life cycle and measurable and
tangible structural design parameters is not well defined [145].
To meet the novel structural requirements, the solutions
developed and analysed in this study incorporate the principles
of extended Life Cycle Structural Engineering adopting
challenging structural objectives and targets, described above
and qualitatively represented below in the rearranged SEAOC
Vision 2000 matrix of seismic performance design objectives
(Figure V.5). Adopting this stringent standard prevent damage
for more frequent seismic events by guaranteeing high-
performance levels and full building operability up to rare
seismic events, while life-safety in ensured for even more rare
events with longer return times by activating ductile and
dissipative resistant mechanisms for both existing building and
retrofit system.
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Figure V.5 - Revision of the matrix of Seismic Performance Design Objective established by the
SEAOQC Vision 2000 PBSE guidelines to meet the requirements of multi-criteria performance-
based design.

5.4. Introduction to novel design frameworks for
sustainable retrofits

Early approaches to integrating sustainability principles into the
concept of retrofits were limited to assessing their compliance
with the principles of sustainability and circular economy, with
ex post life cycle tools and assessment typically used to calculate
only costs and carbon emissions, often considering a cradle-to-
gate timeframe.

In the last decade, an increasing number of studies have focused
on methods and operational tools to improve the sustainability
of buildings and retrofits, by contextually enforcing eco-
efficiency, safety, and resilience. In this context, some
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researchers have proposed novel conceptual design approaches
for the design of new sustainable solutions and techniques,
while others have developed decision-making tools to select the
most sustainable solutions [19] based on their compliance with
the three pillars of sustainability: economic, environmental, and
social. However, few of these tools were designed with the LCT
principles and all three pillars of sustainability, also accounting
for safety and resilience, thus potentially resulting in sectoral, or
decoupled solutions. To demonstrate the complexity of
retrofitting when energy and structural issues are considered
together, some authors [146] examined the literature on
available tools, international sustainability protocols, and ad-
hoc methods for the combined assessment of seismic safety and
energy efficiency of buildings, highlighting their limitations and
the need for additional research.

More recently, some authors [19] [147] proposed a novel LCT-
based framework that can be addressed for the design of
integrated sustainable deep renovation interventions (SBR).
Such works proposed an inversion of the traditional workflow
by introducing the principles of LCT at the beginning of the
design process. This four-stage framework (Figure V.6) is
intended to serve as both a pre-design assessment tool and a
post-design comparative evaluation tool, based on the current
Multi-Criteria Performance-Based design method.
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Figure V.6 - Framework for Sustainable Building Renovation Design. From [19].

The first step in the process entails evaluating the building's
current situation and deficiencies in all relevant areas, including
structural, energy, and architectural issues. This allows for the
identification of the primary needs of the building from a
holistic and multidisciplinary perspective, leading to the
selection of the minimum performance objectives to be pursued
in the renovation process.

After the assessment of the building in the as-is condition, the
framework provides the pre-screening of potential eligible
alternative solutions. According to the SBR approach, the
suitability of potential structural, energy-related, or integrated
solutions is determined by analysing their specific
characteristics in relation to a set of requirements and
constraints derived from the building's multiple needs, Life
Cycle Thinking principles, and potential renovation obstacles.
To accomplish this, a qualitative multi-criteria decision-making
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can be adopted, in which the relevance of each criterion is
determined based on the priorities indicated by owners and
stakeholders, minimum performance targets, and national or
international regulations. By comparing different solutions
based on qualitative estimates rather than quantitative analyses,
designers and decision-makers can quickly select the best set of
alternatives and discard the unsuitable ones (Figure V.7).
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Figure V.7 - Workflow of the pre-screening pr[(iie;c]iure used to determine the best strategies. From
In the third step, the design of iso-performance solutions derived
from those identified in the previous phase follows the
principles and guidelines outlined by performance-based multi-
criteria design from a multidisciplinary and holistic perspective.
Contrary to conventional processes, this framework requires the
incorporation of LCT principles from the outset, compliance
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with stringent pre-defined structural standards, and the analysis
of potential interferences and limitations imposed by the
integration of the structural retrofit with other interventions
required to tackle the multifaceted needs of the building
(particularly interferences with architectural restyling and
energy amelioration measures). To accurately compare
alternatives, the solutions defined at the conclusion of this phase
must ensure that the retrofitted building achieves the same
performance levels.

In the final step, the optimal retrofit option is chosen based on a
multi-criteria comparative evaluation of solutions throughout
the building's life cycle. To assess the environmental, economic,
and social impacts associated with each solution at each stage
of the building's life cycle, probabilistic Life Cycle Assessment
and expanded Life Cycle Cost procedures should be adopted,
considering losses caused by natural hazards, such as
earthquakes, and the expanded Expected Annual Loss analyses
should be conducted, taking into account damages to non-
structural elements and indirect losses. To facilitate evaluation
by various actors, the impacts and performance of each solution
should be converted into synthetic indicators, with a weight
assigned to each parameter, and the best solution should be
determined by ranking the selected suitable alternatives (Figure
V.8).

129



DECISION MAKING PROCESS (Step 4)

& 2 | 7 @1 & O

LIFE CYCLE EMBODIED ENERGY SEISMIC WASTE WATER CIRCULARITY
COSTS CARBON CONSUMPTION LOSSES PRODUCTION  CONSUMPTION RATE
QUANTIFICATION OF ECONOMIC, ENVIRONMENTAL, SOCIAL METRICS
input B
MULTI-CRITERIA AfTs
ASSESSMENT TOOLS 2 =7
output
;=] RANKING OF
i=] SOLUTIONS

Figure V.8 - Flowchart of the decision-making procedure for selecting the optimal retrofitting
option. From [147].

5.5. Qualitative evaluation and pre-screening of the
main structural retrofitting strategies

Numerous structural retrofit strategies have been conceived and
implemented for the different structural systems and building
types characterizing the Italian construction heritage. This
section provides a qualitative analysis from a structural
perspective of their potential and limitations in relation to the
stringent performance standards and objectives imposed by the
adoption of the previously defined extended multi-criteria
performance-based design approach.

Understanding and analysing the structural behaviour and
effects of implementing different strategies are relevant
prerequisites for evaluating alternative solutions. The following
Figure V.9 is an effective conceptual representation of the
structural behaviour of RC buildings retrofitted by
implementing the main strategies proposed in the literature,
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represented within an Acceleration-Displacement Response
Spectrum domain [148].
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Figure V.9 - Acceleration-Displacement Response Spectrum diagrams illustrating various retrofit
strategies, from left to right: a) strengthening; b) conventional damping; c) base isolation plus
damping; d) partial selective weakening only[;li)gifelective weakening plus strengthening. From

One of the most widely employed strategies is the conventional
global reinforcement, implementable using a variety of
techniques and technologies including those described in
Chapter V. This approach entails a major increase of the
stiffness of the retrofitted building and thus involves increasing
the accelerations experienced by the reinforced system while
decreasing the displacements, and thus the drifts, caused by
seismic events of any magnitude, without introducing additional
damping. The limitation of displacements and drifts for frequent
seismic events effectively reduces damage and associated
environmental and economic costs over their extended life
cycle. For very rare seismic events, the increase in accelerations
experienced by the existing structure may result in a significant
increment of dynamic loads in acceleration-sensitive elements,
such as floor diaphragms, stairwells, and installations, which
might require significant local interventions. The overstrength
of the new lateral force-resisting system conceived by applying
this strategy may necessitate the design of elements with high
resistance and stiffness and solid foundations.
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The implementation of various active and passive dissipative
devices [88] makes it possible to simultaneously reduce and
limit the displacement and accelerations experienced by the
reinforced system during earthquakes by introducing additional
damping. The effectiveness of these devices depends on the
characteristics and limitations of the existing structure. The
installation of passive devices, either with deformation- or
velocity-dependent energy dissipation [91], in an existing
structure designed for gravitational loads requires the existing
elements to endure quite challenging deformation and to resist
the actions generated by these additional elements, with possible
damage to structural and non-structural elements, resulting in
significant environmental and repair costs even in the case of
frequent seismic events. To enable optimal energy dissipation,
preliminary local interventions may be required to increase the
strength and deformation capacity of the existing elements.

Base isolation can reduce the accelerations experienced by the
existing building, concentrating the displacement demand on
the new additional systems; displacements can be effectively
reduced through the integration of a dissipative system.
Frequently, the application of these systems concentrates the
intervention on an existing building, which consists of the
installation of the selected insulation devices and the operation
required for their installation, in structural elements and non-
structural elements located in the lower structural portions of the
building, thereby limiting the invasiveness on the other
components and levels. The application of these systems
permits the significant reduction of damage caused by seismic
events and the resulting impacts over the building's extended life
span. However, the implementation of these systems
necessitates a detailed analysis of their compatibility with
architectural and plant system components.
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Selective weakening is a retrofit strategy that was originally
conceived to improve the deformation capacity and ductility of
RC frames to accommodate the displacements required by
seismic events, while simultaneously reducing the experienced
accelerations. This strategy involves the selective weakening of
either the primary structural elements [148] to achieve a ductile
failure mechanism and reduce the building's stiffness, or the
secondary elements through local interventions [86], such as
limiting or modifying the interaction between the RC frame and
the secondary elements. The reduction of the displacement
demand and the limitation of the resulting damage caused by
seismic events can be accomplished by introducing an
additional conventional strengthening system that allows the
preservation of the deformation capacity, obtained upon
completion of the selective weakening, at the expense of higher
accelerations. The adoption of this strategy may necessitate the
implementation of quite invasive interventions, requiring partial
demolition of the finishes, which may require building
downtime and generate significant economic and environmental
impacts.

Each of the evaluated retrofit strategies has distinct benefits and
drawbacks that should be evaluated during the qualitative pre-
screening phase. For an accurate assessment of their suitability
and effectiveness, a comprehensive preliminary evaluation of
the building's potential structural limitations and vulnerabilities
is required.

133



5.6. Research Needs

The pursuit of the European goals necessitates the adoption of
new and innovative approaches, strategies, and tools for both the
design of new buildings and, most importantly, for the
implementation of efficient, sustainable, and high-performance
retrofit solutions.

For their proper design, it is necessary to introduce and develop
new design spectra and measurable and tangible design tools to
control and limit damage to structural and non-structural
components and to reduce direct and indirect losses and impacts
resulting from earthquakes of varying magnitudes.

Meeting the stringent structural performance objectives and
design targets introduced by the adoption of the extended multi-
criteria performance design approach requires the development
of innovative structural solution sets that, beginning with the re-
engineering of conventional systems, integrate their strengths
and overcome their limitations.
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V1. Adaptive exoskeletons
6.1. Brief overview of exoskeleton

Among possible retrofit measures, a growing attention has been
paid to the adoption of exoskeletons lately, as a possible strategy
to minimize disruption of the inhabitants and avoid or reduce
building downtime. Exoskeleton are assembled exclusively
outside the building and, depending on their structural scheme,
they may extend over a limited or substantial portion of the
building's surface. Often these retrofit structures are supported
by an independent foundation system [149].

Through the introduction of different engineered layers, these
retrofitting systems can be effectively adopted for the design of
an integrated solution contextually improving the seismic
resistance, the energy efficiency, the architectural upgrading of
buildings, as well as the comfort of the inhabitants [12] [15].

When architectural and urban planning constraints are not an
issue, depending on the building's needs and the choices made
by the stakeholders, the different layers of the new external
retrofitting involucre, each having specialised functions [150],
can be installed on the structural exoskeleton in a variety of
configurations:

o Exoskeleton installed in close proximity to the existing
building. In this configuration, the engineered layers are
installed in close proximity to the existing facade's,
creating a structural-energetic-architectural double
skin.

o Exoskeleton placed at distance to achieve volumetric
expansion, introducing of new living spaces [15].
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Regarding the architectural layout, the system enables
varying degrees of morphological transformation,
determined by the choice of the exoskeleton shape,
extension and the distance from the facades of the
existing buildings.

Regardless the global layout, the exoskeleton can be designed
by addressing different seismic-resistant schemes, each with
distinct features and structural behaviours [149] [12]. The
appropriate scheme is determined not only by structural factors,
but also by the morphological and distributive characteristics of
the existing building and the amount of usable space along the
building's perimeter. The first classification of exoskeletons was
introduced by [149], and is based on the structural scheme and
the type of resistant components:

Bi-dimensional elements, consisting of Shear-walls
(Figure VI.1), in which the stiffness and seismic
resistance of the new lateral force-resisting system
(LFRS) is lumped into a series of discrete structural
elements incorporated into the exoskeleton. This
structural configuration is preferred when the full size
of the facades cannot be exploited, because of
regulatory constraints or architectural features, such as
large and numerous openings in the facade, thereby
limiting the dimensional extension of the structural
retrofit.

Shear-walls can be arranged parallel or perpendicular to
the existing facade [151]. Due to the concentration of
seismic actions and the size of these systems, deep
foundations are typically necessary to absorb the
bending moment and shear at the base of the walls.
The other type consists of systems that are parallel to
the facades. These systems may take advantage of the
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dimensions of the existing building surface extension to
reduce stresses in the structural elements and the load
on the foundations.

/
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Figure V1.1 - Schematic representations of the resistance mechanisms triggered for the two
different shear-walls schemes. On the left side: solutions with shear-walls arranged perpendicularly
to the building facades. On the right side: solutions with shear-walls arranged parallel to the
building facades.

e Tri-dimensional structures, consisting of Shell-
exoskeletons (Figure VI.2), in which the new seismic
resistant elements extend over the entire facades to
activate a 3D box-like structural behaviour [25] [26].
Regardless of their orientation, these systems are
capable of absorbing base shear in all directions due to
their shell configuration [149]. These structural retrofits
exploit the dimensions of existing building facades to
reduce the size of structural components of the new
lateral force-resisting system and to limit the foundation
overload. The reduction of the stress level in the
structural elements ensured by these scheme enables the
pursuit of energy efficiency and the achievement of
structural safety through the dual use of the same

137



elements: for instance, the thermal-insulating envelope
could also serve as an in-plane seismic resistance
structure.

Several structural solutions including diagrids [96]
[152] [153], grid shells, and traditional curtain walls
[46] can be engineered as shell structures.
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Figure V1.2 - Schematic representations of the resistance mechanisms triggered for shell-
exoskeletons.

Both options require horizontal resisting diaphragms to collect
and transfer the seismic loads from the existing building to the
new structural exoskeleton. Fulfilling this requirement may be
challenging if the existing floors and roof slabs are not designed
to resist these actions, particularly for solutions in which the
additional elements are arranged parallel to the facades. Due to
the greater distance between the vertical elements of the new
LFRS in solutions in which the additional elements are arranged
parallel to the facades, the existing diaphragms must bridge a
larger span and must ensure a higher capacity than in solutions
with shear walls arranged perpendicular to the facades [66].
Consequently, when designing these solutions, especially the
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shell systems, the preliminary assessment of the in-plane
capacity of the existing floors and roof slabs is mandatory [66].

The exoskeletons also implement three distinct types of
structural connections to ensure proper operation and to transfer
the collected seismic loads, namely:

e Connections between the components of the
exoskeletons.

e Connections between the exoskeleton and the existing
structure.

e Connections between the exoskeleton and the
foundation system.

Different devices can be selected, including either rigid or
dissipative connections [154], with direct and significant effects
on the structural behaviour of the retrofitted system.

Exoskeletons can be designed to exhibit qualitatively different
structural behaviours during a seismic event, depending on the
characteristics of the new lateral force-resisting system, the
features of the existing building, and the type of structural
connections. The main solutions described in the scientific
literature fall within two main categories [27] (Figure 11.12).

o Dissipative exoskeletons
e High-strength elastic exoskeletons

Comparing the structural behaviour of retrofitted systems
employing these retrofit solutions through the lens of the LCT,
reveals that both have peculiar benefits and drawbacks. In the
following, a brief qualitative analysis of their characteristics and
compliance to the stringent structural standards outlined in the
previous chapter are presented.
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6.1.1. Dissipative systems

Dissipative exoskeletons control the seismic response by
dissipating a portion of the seismic energy in energy dissipation
devices that may also be conceived as sacrificial fuse elements.
For earthquakes of any magnitudes, these systems reduce the
accelerations experienced by the retrofitted structure, thereby
reducing both the inertia forces, and the displacements demand
on the retrofitted system by increasing the damping ratio while
maintaining the same displacement capacity of the existing
building [87] (Figure V1.3).

Sa A Conventional
Dampening
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Figure V1.3 - Acceleration-Displacement Response Spectrum diagram conceptually illustrating the
structural behaviour of dissipative exoskeletons. From [148].

By dampening the structural response, dissipative solutions
allow to optimize the size of the exoskeleton's structural
components, thereby reducing new material depletion. In
addition, by concentrating the energy dissipation into a limited
number of damping components, which are designed to avoid
damage or to be easily disassembled and replaced after a high-
intensity seismic event, the principles of reparability and
adaptability are satisfied.

In the following, a preliminary classification of dissipative
exoskeletons is made, which is based on the different types and
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configurations of the damping system, the new lateral force-
resisting system [155], and the structural connections:

141

Dissipative exoskeletons featuring high-strength elastic
structural connections to the existing structure.

In these solutions the dissipative elements, consisting of
both passive or active devices and sacrificial fuse
elements, may be configured as bracings or couplers
between structural components and serve as primary
structural elements of the new LFRS [27]. The
incorporation of the energy dissipation devices into the
exoskeleton, designed to function as the weakest link in
the chain, and the introduction of high-strength elastic
connections with the existing structure facilitate device
repair, replacement, and maintenance operations.
Depending on the characteristics of the existing
building, these systems can be designed for the
retrofitted structure to either exhibit a linear lateral
deformation profile, activating a global resistant
mechanism for the existing building, or to concentrate
deformations at one or more levels, activating a soft-
storey mechanisms.

Elastic over-resistant exoskeletons with dissipative
connections either to the existing structure or to the
exoskeleton new foundations.

When dissipative structural connections between the
new lateral force-resisting system and its foundation
[96] are adopted, a sort of isolated structure is obtained:
the displacement demand is lumped at the exoskeleton
base and the action transferred to the foundation is
limited. In this case, preliminary interventions for



increasing the ductility of the vertical structures of
existing building ground floor may be necessary.
Dissipative devices can as well be adopted as structural
connections  between the high-strength elastic
exoskeleton and the existing structure. In such a case
they limit the seismic action transferred to the
exoskeleton at each floor. During the design phase,
particular attention must be given to ensure the
reparability and replacement of these elements.

The selection of dissipative devices and fuse elements directly
affects the structural behaviour of both types of dissipative
exoskeleton. Dampers, particularly passive ones, typically
require a significant displacement or adequate relative velocity
between their fixed ends to perform properly and dissipate a
significant amount of energy, potentially entailing challenging
deformation and large global ductility demand for existing
structure, which may necessitate preliminary interventions to
ensure adequate performances [27]. Moreover, in the aftermath
of a seismic event, residual displacements, and deformations of
both the energy dissipation devices and the existing structure
may be significant due to the absence of a self-centring
behaviour of the new lateral force-resisting system.

6.1.2. High-strength elastic systems

The elastic exoskeletons accomplish the required performance
objectives by introducing stiff and resistant structural elements
that limit the displacements and the drift of the existing building.
These retrofit components (exoskeleton and connections)
provide sufficient strength to withstand the seismic actions
while remaining essentially elastic until collapse. The
permanence of the retrofitted building within the elastic range
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for design actions makes it possible to minimise and potentially
avoid any further intervention on existing structure.

However, such a peculiar structural behaviour increases the
accelerations and inertia forces experienced by the reinforced
system during earthquakes of any magnitude, necessitating
careful assessment of the capacity of the acceleration-sensitive
components (Figure V1.4).

Conventional
Strengthening
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Original State Retrofitted State — Capacity Spectrum = Demand Spectrum 7777 Retrofitted Spectrum

Figure V1.4 - Acceleration-Displacement Response Spectrum diagram conceptually illustrating the
structural behaviour of High-strength elastic exoskeletons. [148].

Adopting these systems for the strengthening of RC buildings
may result in the proportioning of exoskeletons with one-to-six
times the initial RC structure stiffness, resulting in large and
resistant LFRS, which may require the introduction of massive
new foundations [27]. Many useful criteria for estimating their
stiffness and resistance are reported in literature [96] [156]
[157].
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6.2.Adaptive exoskeletons

Recently some authors have introduced the concept of
responsive retrofit (Figure VI.5), a new type of solution
designed to enhance the structural performances, contain the
retrofit dimensions, increase its effectiveness, and boost the
adaptability and repairability even further [12]. Like responsive
facade systems and bio-inspired kinetic structures [158], which
adapt their behaviour as climatic conditions change, shear walls-
and shell-solutions can be re-engineered to adapt their structural
behaviour based on the magnitude of the earthquake. For the
frequent low-intensity earthquakes these systems can be
designed to avoid potential damage, while for rare stronger
seismic loads the evolution of their static scheme may enable
the onset of a ductile failure mechanism with controlled,
possibly lumped, damage. Passive responsive structure can be
designed by incorporating sacrificial fuse elements or passive
energy dissipation devices acting as structural connections and
couplers between the main structural elements; these elements
can also be replaced by active devices resulting in active
responsive structures. In both solutions, these important devices
are designed to be the weakest link in the chain while preserving
the integrity of the other elements, components, and
connections. Nevertheless, despite their high structural
performance, these systems are deficient in controlling and
limiting residual deformations and drifts after a high-intensity
seismic event.
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Figure V1.5 - Schematic illustration of responsive structures comprising dual-wall solutions with
specially designed coupled elements. From [12].

An innovative and interesting design approach for the
construction of new timber buildings with high structural
performance, defined as Pres-Lam system [159], has recently
been proposed. Adaptive exoskeletons enhance the responsive
wall concept accounting also for the residual drift and
displacement control by exploiting the rocking mechanisms of
CLT shear-walls [160] [161] (Figure V1.6).

Figure V1.6 - Image of the two-story CLT prototype structure being tested on a shaking table at the
USDC during the summer of 2017. From [160].
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As the responsive walls, these innovative controlled rocking
system adapts their structural behaviour based on the
earthquake's magnitude. During frequent low-intensity
earthquakes, the rocking mechanism is prevented, whereas for
high seismicity events, the rocking mechanism is activated thus
allowing for a localized and controlled damage.

Thanks to such an innovation, compared to responsive systems,
adaptive exoskeleton enables the realisation of damage-
controlled retrofits; they may also allow for dissipation energy
thanks to the yielding of couplers located between rocking walls
and other sacrificial components located at their base, while
preserving the structural integrity of the remaining elements.

In the following sections, the adaptive exoskeletons are
described and analysed.

6.2.1. Evolving structural behaviour

The innovative concept behind these exoskeletons consists in
their capacity to adapt, evolve, and restore their structural
behaviour and static scheme depending on the magnitude of the
seismic events. When a predefined dynamic load level is
reached (i.e.ig ;m;c), these exoskeletons meet the established
performance objectives by altering their resisting mechanisms
(Figure VL.7).
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Figure V1.7 - Conceptual representation of the adaptive behaviour of an exoskeleton fagade in
response to the magnitude of the ground acceleration. For seismic events with peak ground
acceleration (P.G.A.) below the design threshold (i g, i;msc), the exoskeleton facade exhibits linear
elastic behaviour with limited deformations, whereas when the threshold is exceeded, the resistant
mechanism evolves in the nonlinear field and then restores its initial configuration aafter the
earthquake.

The control of total drift, inter-storey drift and residual
displacement and the restoration of the initial structural scheme
obtained through specific devices enabling a self-centring

behaviour. In the following, the conceptual structural behaviour
of the solutions investigated in this study is briefly described:
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High-stiffness elastic behaviour, manifested for
frequent seismic events with a return period of up set at
475 vyears, this intensity threshold defines the peak
ground acceleration (P.G.A.) above which the resistant
mechanism evolves (iig ;im;) (Figure V1.7, left).

For low-intensity seismic events, the stiff exoskeleton
limits structural damage to displacement-sensitive
components and enforces a linear profile to the lateral
deformation of the retrofitted system, at the expense of
increased  accelerations and  inertial  forces.
Conceptually the solution behaves like conventional
high strength retrofit solutions.

Nonlinear behaviour and energy dissipation are
triggered for very rare seismic events with a return
period exceeding the set 475 years (Figure VI.7,
central).

Upon overcoming such intensity levels, the
exoskeleton's structural behaviour changes qualitatively
in response to high-intensity seismic events. The
evolution of the static scheme allows to reduce the
retrofit stiffness, thus limiting the increase in
accelerations and inertia forces experienced by the
retrofitted system, at the expense of potentially greater
displacements and drift.

The introduction of an energy dissipation systems
within the exoskeleton, designed to act as the retrofit's
weakest link while preserving the integrity of the other
structural elements and connections, limits damage and
maximum drift preventing the collapse of the existing
building. The introduction of self-centring systems and
devices ensures the control of drift and residual
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displacement, thereby enhancing the performance of the
exoskeleton.
Performance Level

SLS OLS ULS NC
Fully Operationa Life Near

Operational Safety Collapse

Earthquake Design Level

Figure V1.8 - Matrix of the seismic performance design objectives for adaptive exoskeletons,
indicating conceptual structural behaviour for each earthquake design level.

Enforcing an elastic behaviour for frequent up to rare seismic
events entails the limitation and possible avoidance of damage
on the existing building, thereby reducing/avoiding direct costs
and economic, environmental, and social impacts associated
with possible repair works as well as indirect losses. On the
other hand, the damage-control for very rare seismic loads and
the possibility of re-centring the new lateral force-resisting
system entail possible reparability after the seismic event. Such
a performance objective (Figure V1.8) requires the introduction
and design of an adequate dissipation system, containing
displacements below predefined thresholds, that must be
defined according to the building's characteristics, and the
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implementation of structural details capable of limiting residual
drifts after the seismic event.

6.2.2. Response curve of the retrofitted system

In the following, the optimal response-curve of an adaptive
structure is described from a conceptual and qualitative
perspective to highlight both the potential and the challenges of
applying adaptive solutions.

e iy Retrofitted system

Adaptive retrofit

Energy Dissipation;

Existing building

‘Sy,l 5y,2 614,1 5u,2 6

Figure V1.9 - Qualitative representation of the optimal system response curve with the bilinear
elastic-plastic curve of the existing building in blue, that of the adaptive retrofit in red and the
retrofitted system in green. The area covered by the hysteretic cycle of passive dissipative devices
is highlighted in red.
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The following assumptions underlie the definition of the
response-curve (Figure VI.9) :
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The exoskeleton and the existing building are
modelled as single-degree-of-freedom  (SDOF)
systems.

The existing building is represented by an equivalent
bilinear elastic-plastic response-curve.

The elastic response branch, defined by the elastic
stiffness K; and limited at the attainment of the yielding
force F, ;, ideally represents the displacement range
where no damage occurs.

Beyond the yield displacement &, ;, the extension of the
plastic range is dependent on the characteristics of the
analysed structure and on its global ductility,
determining the ultimate displacement &,, ;.

The adaptive exoskeleton (responsive exoskeleton with
re-centering behaviour) is also represented by an
equivalent elastic-nonlinear dissipative curve.

Its elastic stiffness K, and yielding force F,, , should be
defined according to the performance objectives and
related design targets established for the existing
building subjected to seismic events with 475 years
return period. Several useful simplified models are
available in the literature for estimating these quantities
[96] [156].

The integration of energy dissipation devices into the
exoskeleton ensures that the displacements of the
retrofitted system are contained within the plastic field
of the existing building (<&, 1). The requirement of
limiting accelerations and inertia forces suggests the
selection of devices with low post-yield stiffness and



adequate dissipative and deformation capacity, capable
of dissipating a substantial portion of the energy
introduced at target displacements.

This investigation focuses solely on the applicability
and potential of passive dissipative systems that operate
without an external energy source; in this section, the
analysis is restricted to a qualitative definition of their
constitutive model, whereas in the subsequent sections
of the thesis, their mechanical properties are defined
and thoroughly analysed.

e The connections between the exoskeleton and the

existing structure and between the exoskeleton and the
new foundation are conceptually represented by
indefinitely elastic and rigid links.
The actual stiffness of these elements, designed to
remain in the elastic field for the design loads, would
also play a role in the system's global response;
however, in this paragraph, their elastic stiffness is
assumed to be infinite, and focus is made on the
influence of the other parameters can be better
underlined.

In the following section, the dynamic behaviour of new
dissipative structural systems is analysed qualitatively and their
potential integration into adaptive exoskeletons is explored.

6.2.3. Qualitative dynamic behaviour

A Dbrief literature survey is presented, with a few selected
references on the design and analysis of the dynamic behaviour
of new self-centring structural systems that base their resistant
mechanism on dissipative controlled rocking behaviour. Such
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structural systems partly inspired the development of adaptive
exoskeletons.

The low-damage self-centring seismic resisting systems were
initially introduced at the end of the last century, in the 1990s,
for the development of innovative precast reinforced concrete
structures as part of the US PRESSS program [162] [163]. Their
novel lateral-force resisting mechanism, based on controlled
rocking behaviour, is similar to an internal isolation system,
resulting in limited- or negligible-damage to the structural
elements [164].

Figure V1.10 - On the left-side: Tested five-story structure in PRESSS program. On the right-side:
Types of seismic frame connections. From [163].

Numerous studies and researches, including significant
contributions from New Zealand [165] [166] [167] and the
United States [168] [160] [161], have substantially contributed
to the development of these innovative low-damage technology,
significantly enhancing their structural performance and
extending their applicability to timber [159] [169] [170] [171],
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referred to as the Pres-Lam system, and steel structures [172]
[173].

The original concept of these innovative systems is based on the
use of ductile structural joints, to which structural elements are
connected through different types of unbonded post-tensioned
tendons or bars that generate moment-resistant structural
connections, relying on the simple rocking behaviour to
withstand the seismic actions. Subsequently, numerous
researchers proposed diverse implementations of the original
configuration by adding different devices and energy dissipation
systems.

Initial studies and applications of these energy dissipation
devices entailed their introduction within rocking elements,
using for instance mild-steel reinforcement bars [174], which
could make their repair or replacement challenging; later,
damping devices were installed externally in many different
configurations [165] [166], overcoming some of the limitations
of the earliest versions.

In the following, some of the configurations in which coupled-
and single-dissipative rocking walls can be realised are
schematically illustrated, showing the various locations of the
energy dissipative or sacrificial fuses elements. These elements
may be installed at the base of the walls, coupled with the re-
centring elements, or serve as coupling elements between
adjacent walls [175] [173].
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Figure VI.11 - Conceptual and schematic illustrations of some of the configurations and schemes in
which dissipative coupled and single steel rocking walls can be designed. From [173].

The high structural performance provided by the most advanced
version of these systems, designed using the most recent design
guidelines [176], enables achieving the previously defined
multicriteria performance targets. Compliance with the most
recent PBEE recommendations [177] can be also guaranteed,
including the control and limitation of deformations and
residual displacements.

The adaptability of controlled rocking systems has been a focus
of research since their conceptual design. These systems, which
employ a multi-level performance approach, are suitable for
both design and retrofit purposes. They can maintain the point
of decompression, which refers to the full non-cracked section,
up to an earthquake service level. Following this, the controlled
rocking starts, allowing for high performance tuning at various
intensity levels.
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The dynamic behaviour of the advanced rocking systems and
their response curves are directly affected by the configuration
and typology of the energy dissipation devices. Numerous
studies [176] [178] have highlighted the distinctions and
peculiarities in the adoption of different passive device types,
preliminary classified as velocity-dependent and displacement-
dependent [154] energy dissipators. Regardless the typology of
the self-centring system, conceptually represented by a bilinear-
elastic curve, the dissipative self-centring structural systems can
be classified based on the type and arrangement of their passive
energy dissipation devices, with different structural features
[176], qualitatively analysed in the following:

o Flag-Shape (FS) systems incorporate displacement-

dependent devices, typically combined in parallel with
the self-centring systems (Figure V1.12).
The constitutive model and the mechanical properties
of these energy dissipation elements depend directly on
their typology and specific features. Preliminary, they
can be modelled with an elastic-plastic skeleton curve
with variable stiffnesses, yield strength, and ductility.

Lo KULL
ay +
Un-bonded post- Energy dissipation Self-centering
tensioning tendons devices - yielding Flag-shape Hysteresis
mild steel
(a) (b) (©

Figure V1.12 - Representation of the response curve of an ideal flag-shape system in which: (a)
represents the re-centring system consisting of un-bonded post-tensioning tendons (b) represents
the dissipative system consisting of yielding mild-steel (c) represents the hysteresis of the FS
system. From [176]
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Potentially, these solutions well conform to the
previously defined structural characteristics and ideal
response curve of adaptive exoskeletons. To limit
accelerations and residual deformations, it is required to
select displacement-dependent energy dissipators with
reduced post-yielding stiffness and calibrated yield
strength.

BiLinear Elastic Velocity-dependent energy dissipation
(BLEV) systems incorporate velocity-dependent energy
dissipation devices, combined in parallel with the self-
centring systems (Figure V1.13).

The characteristics of the dissipators largely affect the
behaviour of the system; the adoption of certain types
of dampers, such as linear viscous damping systems, in
which the resistance offered is directly proportional to
the excitation velocity, could present obstacles that
could limit their applicability in adaptive exoskeletons.
Several studies demonstrated that the energy dissipation
of these systems may be limited for high-cycle
excitations with low velocity, which are typical of far-
field earthquakes, whereas the damping forces and
accelerations experienced by the adapted system may
be excessively large for low-cycle seismic events with
high velocity [176], which are typical of near-fault
earthquakes [179].
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Figure V1.13 - Representation of the response curve of an ideal BLEV system in which: (a)
represents the re-centring system consisting of un-bonded post-tensioning tendons (b) represents
the dissipative system consisting of linear viscous dampers (c) represents the hysteresis of the
BLEV system. From [176]

Moreover, even for frequent low-intensity seismic
events, their functioning may necessitate challenging
relative displacements for the existing building, as
previously mentioned for dissipative exoskeletons [27].

e The Advanced Flag-Shape (AFS) systems combine
different energy dissipation mechanisms in parallel
and/or in series with the self-centring devices.

These systems partially address the limitations posed by
the BLEV solutions; the displacement-dependent
damping can potentially provide adequate energy
dissipation and resistance for low-velocity excitations,
while the inherent benefits of velocity-dependent
damping can reduce displacement demand for high-
velocity earthquakes.

The reduction of maximum displacements for near-fault
seismic events can be accomplished by combining
different types of dissipators in parallel (Figure V1.14)
experiencing a potential increase in accelerations for
rare high-velocity earthquakes.
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(a) (b) (c)

Figure V.14 - Representation of the response curve of an ideal AFS system with dissipators
combined in parallel, in which: (a) represents the response curve of FS systems (b) represents the
dissipative system consisting of linear viscous dampers (c) represents the hysteresis of the analysed
BLEV system. From [176]

Combining these devices in series (Figure V1.15) allows for the
limitation of the maximum force expressed by linear viscous
velocity-dependent devices.
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Figure V1.15: Representation of the response curve of an ideal AFS system with dissipators
combined in series, in which: (a) represents the response curve of FS systems (b) represents the
dissipative system consisting of dampers (c) represents the hysteresis of the analysed BLEV
system. From [176]

As for BLEV systems, the introduction of several types of
velocity-dependent devices could limit their applicability due to
the requirement for significant relative displacements even for
frequent low-intensity seismic events, when adaptive
exoskeletons should ideally exhibit high-stiffness elastic
behaviour.

The different innovative solutions analysed offer specific
benefits and limitations, in addition to numerous insights for
their integration into exoskeletons. The preliminary qualitative
analyses conducted suggest the development of adaptive
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exoskeletons with nonlinear dissipative behaviour comparable
to that of Flag-Shape systems, in which passive displacement-
dependent energy dissipation devices are combined in parallel
with self-centring systems. These conceptual solutions well
conform to the optimal structural features and ideal response
curve previously defined (see Section 6.2.2), partially
overcoming the limitations associated with the introduction of
some types of velocity-dependent energy dissipation devices.
Several numerical studies [176] [180] [181] have also observed
the good structural and dissipative behaviour of the flag-shape
systems when subjected to far-field seismic events, as well as
the satisfactory behaviour when subjected to near-fault seismic
events, albeit with lower-than-expected energy dissipation,
especially for tall and flexible buildings.

It is important to note that the conceptual solutions analysed
above, were primarily conceived for the design of new
buildings, which have significantly different characteristics than
those of structural retrofit systems for existing buildings. The
incorporation of these novel concepts into the structural retrofit
solutions necessitates their revision and integration, as well as
the adoption of new structural design procedures that enable
their efficient application to different buildings having different
needs, peculiarities, and structural features.

6.3.Conceptual design for adaptive exoskeletons

This section investigates the structural properties and
applicability of adaptive exoskeletons composed of either
coupled shear-walls arranged in parallel to existing facades, or
tri-dimensional  shell-structures.  The main  structural
components of these exoskeletons, whether shear walls- or
shell-solutions, can be arranged in two distinct configurations
[15] that are distinguished by the different orientation of the
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structural panels and dissipators/couplers. The two
configurations investigated in this study are characterized by the
presence of:

e Structural panels and passive energy dissipation
devices (PEDDs), also functioning as couplers between
adjacent panels, arranged vertically and spanning from
ground to roof level (Figure V1.16, Figure VI1.17). The
retrofit energy dissipation capacity is primarily
concentrated in the devices that couple the rocking
walls, while the system's re-centring is ensured by the
introduction of unbonded elastic steel bars resisting
tensile stress only, placed within the structural panels
constrained at their top and at the foundation level.

iHj I = Couplers / PEEDs

New Foundation
System

Figure V1.16 - Conceptual representation of the vertical structural arrangement of adaptive
exoskeletons.
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Figure V1.17 - Conceptual representation of the vertically arranged adaptive exoskeleton in
response to the magnitude of ground acceleration. For seismic events with peak ground
acceleration (P.G.A.) less than the design threshold (it jimi), the exoskeleton exhibits linear
elastic behaviour with limited deformations, whereas when the threshold is exceeded, the resistant
mechanism evolves to dissipative coupled rocking and then restores the initial configuration at the

*

end of the earthquake.

Structural panels and passive energy dissipation
devices (PEDDs) also serving as couplers between
panels, arranged horizontally and spanning between
two adjacent floors (Figure VI.18). In this
configuration, the couplers are placed along a horizontal
strip between the ground floor and first floor panels,
lumping the displacement demand in the nonlinear field
at this level. This results in the activation of a soft-
storey mechanism at the ground floor of the existing
building for those seismic events with peak ground
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acceleration exceeding the threshold set for the yielding
of the couplers (Figure VI1.19). The inability of the
horizontal configuration to actively reduce residual drift
following a severe seismic event is one of the key
differences between this exoskeleton configuration and

the one described previously.

Structural Panels <

~  Couplers / PEEDs

New Foundation
System

Figure V1.18 - Conceptual representation of the horizontal structural arrangement of adaptive

exoskeletons.
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Figure VI1.19 - Conceptual representation of the horizontally arranged adaptive exoskeleton in
response to the magnitude of ground acceleration. For seismic events with peak ground
acceleration (P.G.A.) less than the design threshold (iig,i;m:c), the exoskeleton exhibits linear
elastic behaviour with limited deformations, whereas when the threshold is exceeded, the couplers
yield resulting in the activation of a soft-storey mechanism. At the end of the seismic event, the
retrofit is unable to reduce the residual drifts induced.

The arrangement of the main structural components is a design
choice that directly affects the dynamic behaviour of the
retrofitted system and its capacity to limit damage by
minimising the residual drift after a seismic event. Several
factors, including the structural characteristics of the existing
building, the architectural and regulatory constraints, the
stakeholder preferences, and the potential construction
complexities determine its selection.

These systems can be designed using different construction
materials, including precast reinforced concrete, steel and
engineered timber or CLT panels, and various types of
displacement-dependent energy dissipation devices. The case

164



Stefano Cademartori

studies and the models described and analysed in this study
focus on the use of prefabricated, dry-assembled CLT panels
with standardised devices and connections that guarantee a high
level of adaptability and fast assembly.

The distinctive structural features of the different exoskeleton
solutions analysed in this chapter, having either vertical or
horizontal arrangements of the panels, are summarised in the
following sections (Sec. 6.4.1, and 6.4.2), whereas the
characteristics shared by all analysed models are listed below:

e The primary structural elements are assembled using
cross-laminated timber (CLT) panels. From a life cycle
thinking perspective, the selection of eco-friendly
timber panels increases the potential reuse rate at end-
of- life (85% -90%), as the large elements are readily
adaptable to further processing and reuse [15],
Furthermore, the adoption of renewable materials such
as CLT panels increases eco-efficiency of the solution.

e The adoption of displacement-dependent passive
energy dissipation devices (PEDDs) that do not require
external energy sources for operation and that are easily
removable and replaceable after a severe seismic event.

e The adoption of high-stiffness elastic structural
connections between the exoskeleton and the existing
building and between the exoskeleton and the new
foundations, designed to behave elastically even for
severe seismic event.

The implementation of R.C. foundations under the
exoskeletons, which at this stage of the research are envisioned
as infinitely resistant and rigid elements to maintain the focus
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on the exoskeleton's characteristics. It is acknowledged that the
design of the exoskeleton should account for the relevant soil-
structure interaction issue. Such a topic, which is outside the
scope of this thesis, is currently being investigated in a parallel
research project.

6.4. Structural design procedure

The design of these retrofit systems represents for structural
engineers a fascinating challenge that is quite different from
those posed by the design of new buildings.

The design procedure for adaptive exoskeletons proposed in
this study is composed of two main steps: the first one involves
the preliminary definition of their principal structural
characteristics in the elastic range, while the second focuses on
the nonlinear dissipative response of the solution by
conceptually defining its dissipative behaviour and by assessing
its compliance with the structural performance objectives and
related design targets.

In the first step, the optimal stiffness and strength required to
guarantee the expected structural performance during frequent
low-intensity up to rare earthquakes are determined by adopting
design spectra conceived for external elastic retrofits [156]
[157].

In the second step, conformity with established design standards
is evaluated by adapting and integrating the procedures
proposed for the direct design of both new high-performance
timber seismic resisting systems [170] [182] and post-tensioned
retrofit systems [50] [183] based on the Displacement-Based
Design Retrofit methodology. It is worth noting that the second
step focuses only on the design of adaptive exoskeletons
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characterised by the vertical arrangement of structural panels
and couplers.

6.4.1. Elastic behaviour

The elastic behaviour of the retrofit for frequent low-intensity
up to rare events could reduce displacements and damage to the
existing building, thereby reducing damages and related costs
and environmental and social impacts.

For earthquakes with peak ground accelerations exceeding the
design threshold, the resistant mechanism of the exoskeleton
evolves to protect the main structural elements from damage.
The adaptation of the resisting mechanism to seismic intensity
is ensured by the yielding of the couplers, which are designed to
serve as the weakest elements, thereby limiting the increase in
seismic loads and stresses in other structural elements. In the
following, a schematic representation of the ideal system
response curve and the acceptable displacement interval for
earthquakes with a return period up to 475 years are presented
(Figure VI1.20).
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Figure V1.20 - The range of acceptable displacements 845 in the linear elastic range is
highlighted in green on the schematic representation of the system's ideal response curve. The red
triangle along the retrofit response curve represents the coupler yielding point.

The design of the optimal characteristics of the retrofits in their
elastic range up to yielding (K, F, ; in Figure VI1.22) both
structural arrangements, can be made with reference to the
design spectra presented in [156] [157]. Such spectra are derived
from the results of a series of non-linear time history parametric
analyses performed on simplified numerical models
representing the retrofitted system, in which the interaction
between the elasto-plastic retrofit system and the existing
building is modelled. The existing building and the retrofit
system are represented by a simplified two-degree-of-freedom
(2DOF) model in which the responses of the systems are
respectively described by degrees of freedom u; (DOF1) and u,
(DOF2).
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Figure V1.21 - Schematic representation of the simplified 2DOF model, showing a) the simplified
2DOF system; and b) the response curve of the retrofitted building with 2 degrees of freedom
(2DOF) operating in parallel. Adapted from [156].

In general, the applicability of this simplification is acceptable
if the elastic stiffness of the retrofit is significantly higher than
the stiffness of the existing building or if the ratio of the
exoskeleton's mass (m,) and the mass of the existing building
(m,) ranges between 1/20 and 1/10 (which is reasonable for the
considered cases) [46]. In certain instances, in relation to the set
performance objective, a retrofit stiffness that is comparable or
potentially lower in magnitude might be adequate.

The fundamental parameters used to describe the simplified
model are the ones presented in the following:

e The structural response of the existing building
(element 1) is described by its fundamental period (T;),
effective mass (m,), initial elastic stiffness (k;),
constant damping coefficient (c;) and yielding force

(Fy,1)-

e The structural response of the adaptive exoskeleton
(element 2) is described by the initial elastic stiffness
(k,), defined as a function of the existing building’s
elastic stiffness (k;), the yielding force (F, ;), and the
constant damping coefficient (c,).
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e The rigid structural connection between the existing
structure and the exoskeleton system is represented by
a general link connecting the two masses m, and m,,
described by its stiffness (k;, — o). Based on this
assumption k = k,

e The target -elastic damage parameter pUgiqs.,
representative of the ductility demand for the existing
building in the retrofitted conditions. This design
parameter is defined as the ratio of the target elastic
displacement 8 45¢. €Xperienced by DOF1, during a
seismic event with threshold intensity (Tz= 475years)
with respect to its yielding displacement §,, ;:

_ S4,Elast.
HElas. = 5 <1
1

By adopting the design spectrum of the construction site,
defined for earthquakes with a return period of 475 years, which
determines the seismic intensity threshold for triggering the
nonlinear dissipative behaviour of the retrofit, the suggested
procedure determines the following design parameters:

e The strength parameter n, representative of the yielding
force of the existing structure (F, ;) adimensionalized
in terms of the existing building effective mass (m,)
multiplied by the site spectral acceleration Sa(T;) with
return period set at 475 years:

n=
[my Sa(Ty) ]
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Following the process [156], it is possible to derive the design
spectra for the analysed building and define the retrofit a-
dimensional parameters:

e The stiffness ratio 1, representative of the ratio of the
equivalent elastic stiffnesses of the retrofit (k) to the
elastic stiffness of existing building (k).

5k kiz—® g,

Tk Ky

wl-/

(=]

(=]
[
e b
¥

0 1 )
A-]
Figure V1.22 - conceptual illustration of three different design spectra for the same building

obtained by varying only the strength parameter i from 0.85 (yellow line) to 0.50 (blue line) to
0.30 (orange line).

The equivalent elastic stiffness and strength of the adaptive
exoskeleton in each of the building's principal directions can be
preliminary defined as follows:

e The Minimum equivalent elastic stiffness of the retrofit
(k) is defined by multiplying the response parameter
A with initial elastic stiffness of the existing building

(ky):
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ky=1 ky

e The Minimum required base shear for the retrofit
(Vgamin) is defined by multiplying the effective mass
of the existing building (m,), increased by 10% to
account for the mass of the exoskeleton, with the site
spectral acceleration of the retrofitted system
Sa(T4 retrofittea) @Nd subtracting the resistance offered

by the existing structure (k; 64 giqst.):

VRdmin. = 11my Sa(Tl,retrofitted) - kl 8d,Elast.

The minimum required global resistant moment (Mgzg min.) Can
be calculated multiplying the required base shear by 2/3 of the
total building height (Hpyiaing):

2
Mgamin. = Vramin. 3 Hpuitding

By enforcing stringent limits to the maximum displacements of
the existing building (64 giqs¢), and consequently to the drift,
results in the design of adaptive exoskeletons with a high elastic
stiffness, capable of linearizing the lateral deformation of the
retrofitted system.

6.4.2. Nonlinear dissipative behaviour

Nonlinear dissipative behaviour potentially limits damage and
maximum drifts during major earthquakes, preserving the load-
bearing capacity of the existing structure and preventing its
collapse. During rare high-intensity earthquakes, in which the
peak ground acceleration exceeds the predetermined design
threshold, the induced displacements are expected to be
contained by the energy dissipation partly provided by the
yielding of the couplers. Below is a schematic representation of
the conceptual system response curve and acceptable
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displacement range &yoniin. TOr seismic events with a return
period greater than 475 years (Figure V1.23).

hquake
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Figure V1.23 - The range of acceptable nonlinear displacements & yon1in. N the dissipative range is
highlighted in yellow in the schematic representation of the system's ideal response curve. The red
triangle represents the coupler yielding point, while the red cross represents the adaptive
exoskeleton's maximum deformation capacity.

This second step of the procedure is focused on the design of
adaptive exoskeletons with a vertical structural arrangement
that exploit controlled and dissipative rocking to guarantee the
envisioned structural performances, including the reduction of
the residual drift after the seismic event.

Recently, several authors have proposed adopting
Displacement-based design approaches [184] for the direct
design of external retrofit systems (DBDR) exploiting the
controlled rocking of R.C. [50] and timber [183] walls for the
seismic reinforcement of existing reinforced concrete frame
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buildings. Starting from the minimum required performance in
terms of stiffness (k) and strength (VRdmin. 5 Mgamin) defined
in the previous design step, in this second step the DBD
approach is extended and integrated.

The following steps are suggested:

o Definition of the target displacement of the existing
building in the nonlinear range &4 yoniin. fOr the set
seismic intensity level.

Sy,l < Sd,Nonlin. < 6u,1

This target displacement depends on both the
characteristics of the existing building and the
predefined performance objectives.

e Definition of the nonlinear ductility demand uyoniin.
for existing building (Figure V1.24), defined as the ratio
between the target displacement for the existing
building in the nonlinear range 84 yoniin. and its
yielding displacement &, ;.

— 8d,Nonlin. >1

HNonlin. = 5
y,1
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Figure V1.24 - Conceptual representation of potential nonlinear ductility demand for existing
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building

Characterization of the optimal energy dissipative
capability of the adaptive exoskeleton.

In flag-shape systems employing controlled and
dissipative rocking, the total resisting moment provided
by the system (M, g) can be considered as the sum of
two contributions, the contribution of the individual
walls (M,,q;;;) and the contribution provided by the
coupling effect (M) [170] [182].

Mtot,R = Zi Mwall,i + MS

The contribution guaranteed by the individual wall is
the sum of the contribution provided by the post-
tensioning (Mpy) plus eccentricity of the axial force
(My). In adaptive exoskeletons, in order to guarantee



elastic behaviour in the first stage, up to the defined
threshold (i.e. earthquakes having a return period of 475
years - red triangle in Fig. 25), the total resisting
moment must equal the minimum required resisting
moment defined at the conclusion of the first step of the
procedure (Mg min.):

Mo g =Yi(Mpr + My); + Mg = Mpgmin,

The relative weight of each contribution can be defined
preliminarily by requiring the exoskeleton to recentre at
the end of the seismic event. To this end the coupling
contribution must be limited [182]:

Bcg =

Mg
Mot r

<05

Definition of the equivalent viscous damping ratio for
the retrofitted system &getrofittea-

By applying DBDR principles, the damping of the
retrofitted system is evaluated based on a weighting in
proportion to the base shear provided by the existing
building and the exoskeleton [50], calculated using the
simplified and conservative approach as follows:

f . - VRdmin. E +
Retrofitted Viamin+ F1y Esosk.
Fl,y
fExist.Build.

VRd,min. + Fl,y

The equivalent viscous damping of the existing building
(gxist.Buita.) Must be evaluated based on the building's
specific structural features, whereas the equivalent
viscous damping of the adaptive exoskeleton (¢gsosk.)
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can be evaluated preliminary using the following
formulation [182]:

2 Bep (UNontin—1)
T UNontin. (1+7( UNontin.—1))

fEsosk. = Eel + Ehys; Ehys =

The rate of equivalent elastic damping (&,;) can be
assumed conservatively to be 2% and the coefficient r
to be 0.06 [182].

After defining the dissipative characteristics of the exoskeleton
and determining the potential equivalent viscous damping, it is
possible to determine whether the defined characteristics meet
the requirements imposed in the nonlinear field by calculating
the minimum base shear required by applying the Displacement
Based Design Retrofit approach (V ggmin.pBDR):

1.1 mq

— 42
VRamin,ppR =4 T 1 8a,Nontin. - F1y

eff,Retrofitted
The effective period of the retrofitted system (T ¢ff retrofitted)
is calculated using the design displacement spectra of the site

[184], damped by introducing the previously calculated
equivalent viscous damping ratio (Sgetrofitted)-

The adaptive exoskeleton meets the requirements and the design
procedure ends if the minimum required base shear defined at
the end of the first step (Vramin,design-spectra) 1S greater than-
or equal to- the minimum required base shear calculated using
the DBDR methodology (V g min.pepR):

VRd,min. > 1

VRdmin,.DBDR
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If this condition is not met, the design process becomes iterative
by gradually increasing the structural standards in the
exoskeleton's elastic range.

The containment of residual drift for the existing structure also
requires that the contribution provided by the walls, sum of the
contribution provided by the post-tensioning (Mpr) plus
eccentricity of the axial force (M), exceed the resistance
offered by the existing building.

2
2i(Mpr + My);>F,; H
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6.5. Numerical analysis of the dynamic behaviour

In this chapter, the procedure previously described is applied to
the design of alternative configurations of adaptive exoskeleton
walls for the seismic retrofitting of a reinforced concrete
reference building, representative of a residential building
typology widespread in Italy.

After defining the elastic and dissipative structural properties of
the alternative solutions, some representative configurations,
both with vertical and horizontal arrangement of the primary
structural elements, are designed and analysed.

The final section presents and discusses the results obtained
from the nonlinear time history analyses of the finite element
models of the analysed configurations.

6.5.1. Reference building

The reference building selected for the design of the adaptive
exoskeletons is representative of a residential building typology
that was widespread in northern Italy in the 1980s, whose
structure consists of one-way reinforced concrete frames partly
infilled with masonry (Figure V1.25).
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Figure V1.25 — Typical post WWII RC building: a) Pictures of a reference building; b) plane
geometry

Based on findings of a research carried out by the university of
Bergamo, which had the aim of classifing from a structural point
of view hundreds RC social housing buildings [185], and
according to [96]*, the input parameters were introduced to
represent the ordinary post Second World War RC structures

1 Reference geometry of post WWII RC building are summarized in

in Appendix B.
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(Table 1). Further information can be found in the technical
report [186].

Table 1 — Equivalent SDOF system parameters.

Equivalent SDOF
my 1118 [KN/g]
k1 73.81 [KN/mm]
Fy1 1219 [kN]
T, 0.77 [s]

6.5.2. Structural design of the double-skin
adaptive exoskeletons

The following characteristics must be possessed by the
adaptive exoskeleton in order to meet the performance
requirements, assuming the building location in Brescia, a
province in northern Italy in medium-high seismic zone (ag=

0.233g [141]). For further details on the retrofit design steps,
refer to the .

1
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Figure V1.26 - Elastic design spectrum of the site at life-safety limit state (LSLS). From [141].
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Following the design procedure in Sections 6.4.1 and 6.4.2, the
minimum required base shear (Vgqmin.) for the retrofit to able
to limit the building drift under 0.5% at the Life-Safety Limit
State (Figure V1.26) is equal to:

VRramin. =1.1My Se(Tl,retrofitted) - Fy1=3417kN

while the minimum equivalent elastic stiffness of the
exoskeleton (k,) to limit displacements and damage to
displacement-sensitive components is:

ky = 46.5 <L
mm

By applying the previously described nonlinear design
parameters in the nonlinear range and adopting a coefficient 8.5
equal to 0.45, it is possible to limit the building drift at NCLS
under 0.8%. For the reference case study building, the minimum
base shear required at near-collapse limit state (V rq min.pBDR):
defined by applying the Displacement Based Design Retrofit
approach, is lower than the minimum required base shear for
the retrofit (V g min.) Previously defined to satisfy the structural
requirements in the elastic range.

— 2 11my —
VRamin,pBDR = 4 T* 7—————— Gg Nontin. - F1,, = 978KN
eff,Retrofitted

< VRdmin, =3417KN

6.5.3. Proportioning of the adaptive exoskeleton
components for varying alternative
configurations

Starting from the design parameters introduced in the previous
section (Section 6.5.1), this section describes the geometrical
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and technological features of the components of the adaptive
exoskeleton, namely: the CLT panels, the couplers, and the re-
centring systems.

Differentiating between vertical and horizontal structural
arrangements, the alternative layout options are described in the
two sections that follow. For the sake of simplicity, the
numerical analyses focus on single coupled rocking systems
extracted from the adaptive exoskeleton are analysed.

6.5.3.1. Vertical arrangement of the panels

The design of adaptive exoskeletons with the vertical
arrangement of the primary structural elements, composed by
dissipative coupled rocking systems, requires the definition of
specific performance points (Figure V1.27), namely: Couplers
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yielding, full plasticization of the CLT compressed toe, Re-
centring system yielding.

Vi
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Figure V1.27 - Conceptual representation of the response curve of the adaptive exoskeleton with
design performance points displayed: 1,2,3.

1. Couplers yielding

The couplers are assumed to vyield when the

conventional yielding displacement of the existing

building (8,,1) is reached; this way damage to CLT

panels is avoided and elastic steel bars is guaranteed

(Flgure V1.28). The underlying design assumptions are:
Linear distribution of compressions at the base of
the CLT panels, ensured by limiting the axial load
to less than half the maximum load, and the
achievement of elastic compression limit (f.q) for
the most stressed timber fibre.
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- Theaxial load in the re-centring steel bars, given by
the sum of the pre-tension load (Npy) and its
increase due to the elastic deformation of the
retrofit (Tpr), is smaller than yielding load (N,4).
To ensure the proper operation of the re-centring
system and to prevent its premature yielding, the
maximum load in each steel bar (Npy + Tpr) has
been limited to approximately two-thirds of the
yielding load, therefore.

2
Npr + Tpr =3 Nyq < Nyq

- At this performance point the action in the retrofit
is defined as Fy, 5.

_____________ I e« -
" @
i g :
poebemmcboo—oodooodo. | Npr + Tpr S Npr + Ter
1 l 1
1 ! .
A A A 1T e R
Npg 2+ Tpy Nm’2+ Tpr
ng =3 Nyg =3 Nyg

Figure V1.28 - Conceptual representation of the distribution of compressions at the base of CLT
panels of coupled-rocking walls systems at couplers yielding.

2. Full plasticization of the CLT compressed toe
Further increase in displacement induces the
progressive plasticisation of the compressed base
section and the progressive decrease of the retrofit
stiffness until complete sectional plasticisation is
attained (Figure V1.29), which is associated with the
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conventional exoskeleton yield strength (F, ;) and
displacement (6, ). The elastic behaviour of the re-
centring elements beyond the activation threshold of the
dissipators guarantees the self-centring response of the

system.
S S ERE TR TLE SEEEr B : Npr + T.vjr Npr + Ter
: ! I i
:___ 4Lt A L ! T ful T fcd
- Npa Nga
ug < Nyd < Nyg

Figure V1.29 - Conceptual representation of the distribution of compressions at the base of CLT of
coupled-rocking walls systems when reaching full sectional plasticization.
3. Re-centring system yielding:
The ultimate capacity of the exoskeleton (F,, , ; 6,5 ) is
associated with the yielding of the re-centring bars
(Figure V1.30).
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Figure V1.30 - Conceptual representation of the distribution of compressions at the base of CLT of
coupled-rocking walls systems when reaching re-centring yielding.

The seismic action in the nonlinear range is capped by
limiting the ratio between the base shear at the first
performance point (F; ») and the ultimate force (F,, ,),
with the aim of limiting the total accelerations
experienced by structural and non-structural sensitive
elements:

F,
2 < 1.3
Fel,z

The configurations described below were conceived by
assembling commercial-sized CLT panels [187] [188] and
Dywidag Gewi S670/800-Plus continuous threaded steel bars
[189]. The technological properties and details are described
below. Refer to for an in-depth description of the design
process.

The geometry of the various configurations was determined by
assuming compliance with the architectural limitations imposed
by the arrangement of windows and doors in existing reference
residential buildings (Section 6.5.1). To facilitate transport, the
base width of the CLT panels comprising the systems was
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restricted to about 2.5 metres, and to simplify the construction
process, it was decided to concentrate the couplers in the centre
of the horizontal timber strips, so that they are only subject to
shear loads, whilst bending moment is resisted by the timber
spandrel panel.

The two principal configurations, from which all others are
derived, are described in the following:

A) CLT coupled rocking walls with post-tensioned steel

bars, referred to as “configuration A” (Figure VI1.31) in
the following.
This configuration is distinguished by the presence of
two unbonded post-tensioned steel bars for each vertical
CLT panel; these re-centring systems are constrained at
the top of the panels by an anchorage system that
transfers compressive loads to the timber section and is
conceptually hinged in the underlying foundation.
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Vyq = 216.2kN
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Figure V1.31 - Conceptual representation and synthetic description of the configuration A.

The solution features:

- Bars diameter: ®30mm

- 5-Layers CLT Panels: t = 100mm

- Post-tensioning load for each steel bar: Npy = 120kN

- Shear yielding force for each of the 3 verticals stripes of
couplers: Vyq; = 72kN

- Elastic base shear resistance: F,; , = 295.7kN

- Ultimate base shear resistance: F,, ; = 380kN

B) CLT coupled rocking walls with passive steel bars,
referred to as “configuration B” (Figure V1.32) in the
following.

Unlike configuration A, in configuration B no initial
post-tensioning is applied to the steel bars.
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3.25m 3.25m
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Figure V1.32 - Conceptual representation and synthetic description of the configuration B.

The solution features:

Bars diameter: ®30mm

5-Layers CLT Panels: t = 100mm

Post-tensioning load for each steel bar: Npyr = OKN
Shear yielding force for each of the 3 verticals stripes of
couplers: Vyq; = 72kN

Ultimate base shear resistance: F,, ; = 380kN

Recently, some authors have proposed several structural
solutions that further raise the level of reparability of the rocking
solutions thanks to the introduction of replaceable sacrificial and
energy dissipative elements at the base of the walls [161]. These
innovative elements, consisting of timber (LVL) crushing
blocks (Figure V1.33) designed to serve as the weakest link in
the wall, make it possible to limit the damage to the CLT panel
sections at the base, thereby reducing the need for repairs by
concentrating the damage primarily in them, while increasing
the system's energy dissipation capacity.
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Figure V1.33 - On the left-side: Coupled rocking-wall dimensions, detailing, and design
arrangement. On the right side: photo of the screw-Reinforced LVL crushing toe block. From [161]

Taking inspiration from these solutions, two additional
configurations (C and D in the following) are conceived by
integrating replaceable sacrificial fuse elements into the two
principal solutions (configurations A and B), which are
represented conceptually by compression-only, displacement-
dependent, energy dissipation elements.

C) CLT coupled rocking walls with post-tensioned steel
bars (like Configuration A) with additional sacrificial
fuse elements at the wall toe (Figure V1.34), referred to
as configuration C in the following.

At this stage of the research, these dissipative devices
are conceptually represented by a rigid-plastic
constitutive model.
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Figure V1.34 - Conceptual representation and synthetic description of the configuration C.
The solution features:

- Bar diameter: ®30mm

- b-Layers CLT Panels: t = 100mm

- Post-tensioning load for each steel bar: Npy = 120kN

- Shear yielding force for each of the 3 verticals stripes of
couplers: Vyq; = 72kN

- Elastic base shear resistance: Fo; 5 = 295.7kN

- Ultimate base shear resistance: F,, ; = 380kN

D) CLT coupled rocking walls with passive steel bars (like
Configuration B), with additional sacrificial fuse
elements at the wall toes (Figure VI.35), referred as
configuration D in the following.
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Figure V1.35 - Conceptual representation and synthetic description of the configuration D.
The solution features:

- Bar diameter: ®30mm

- 5-Layers CLT Panels: t = 100mm

- Post-tensioning load for each steel bar: Npy = OKN

- Shear yielding force for each of the 3 verticals stripes of
couplers: Vyq; = 72kN

- Elastic base shear resistance: F,;, = 295.7kN

- Ultimate base shear resistance: F,, , = 380kN

Due to the geometry of the facades and the arrangement of the
openings, the existing building's architectural constraints
frequently necessitate the installation of hybrid systems
consisting of coupled rocking walls combined with metal end-
profiles. The addition of these end elements, which are coupled
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to the structural panels via couplers and dissipators that
repropose the resistant scheme of composite structural systems
with incomplete interaction [190], increases the resisting
moment guaranteed by the coupling effect.

The PreWEC systems, an acronym for Precast Wall with End-
Columns, are an additional hybrid system for enhancing the
dissipation capacity and resistance of coupled rocking walls
[168]. Several comparable systems that employ the coupling
between Pres-Lam panels and steel end-columns (CWC
systems), incorporating UFP-type couplers and dissipators
[191], have been documented in literature and executed in recent
constructions in New Zealand [192].

In these solutions, the shear-walls are connected to steel end
columns anchored to the foundation through a vertical stripe of
hysteretic dissipators, thereby increasing both the system's
energy dissipation capacity and its total resistant overturning
moment. Such structural solution, originally conceived for
hybrid systems with prefabricated RC rocking walls and steel
columns, have recently been implemented using only timber
materials, such as CLT panels for the walls and glulam for the
columns [193].

Two additional configurations were conceived to test the
effectiveness of hybrid, PreWEC-like, solutions. To this end,
the two primaries’ configurations (A and B) were equipped with
end-steel-columns, made of structural steel S235, connected to
the CLT walls by means of displacement-dependent passive
energy dissipation devices, like those introduced as couplers for
the CLT panels. Configurations E and F were obtained.
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E) CLT coupled rocking walls with post-tensioned steel

bars and Steel end-columns (Figure V1.36), referred as
configuration E in the following.

In addition to configuration A, two S235 steel end-
columns connected to CLT walls were introduced,
using  displacement-dependent  passive  energy
dissipation devices conceptually represented by a rigid-
plastic constitutive model, and hinged to RC
foundation.

3.25m 3.25m

Figure V1.36 - Conceptual representation and synthetic description of the configuration E.

The solution features:

195

Bar diameter: ®@30mm

5-Layers CLT Panels: t = 100mm

Post-tensioning load for each steel bar: Npyr = 120kN
Shear yielding force for each vertical stripe of couplers:
Vyqi=41.5kN

Elastic base shear resistance: F;, = 295.7kN

Ultimate base shear resistance: F,, ; = 380kN



F) Coupled rocking walls with passive steel bars and Steel

end-columns (Figure VI1.37), referred as configuration
F in the following.

In addition to configuration B, two S235 steel end-
columns connected to CLT walls were introduced,
using  displacement-dependent  passive  energy
dissipation devices conceptually represented by a rigid-
plastic constitutive model, and hinged to RC
foundation.

3.25m 3.25m

Figure V1.37 - Conceptual representation and synthetic description of the configuration F.

The solution features:

Bar diameter: ®30mm

5-Layers CLT Panels: t = 100mm

Post-tensioning load for each steel bar: Npy = OKN
Shear yielding force for each vertical stripe of couplers:
Vyai = 41.5kN

Ultimate base shear resistance: F,, ; = 380kN
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6.5.3.2. Horizontal structural arrangement

In this study, the analysis is limited to only two configurations
characterized by a horizontal structural arrangement in order to
highlight the major structural differences between the two
macro-typologies (those featuring vertical and horizontal
arrangements, respectively). Both the structural configurations
evaluated in this section localise energy dissipation in
displacement-proportional PEDDs placed between the
structural panels at the first floor level. For this typology, the
response curve and performance points are qualitatively
different (Figure V1.38).

V

Fel,z = Fy,2: Fu,Z A /

Oy,1 <Sy,2 Su1 ‘Su,z 6
Figure V1.38 - Conceptual representation of the response curve of the adaptive exoskeleton with
design performance points displayed: 1,3
1. Couplersyielding

The couplers are assumed to vyield when the
conventional yielding displacement of the existing
building (&,,,) is reached; limiting the stress acting on
CLT panels preventing damage.
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2. Couplers failure

The second performance point is reached (F, ;; ,,,)
when the couplers reach their maximum deformation.
In these systems, by introducing only displacement-
proportional passive dissipators with a rigid-plastic
constitutive model, it is possible to limit seismic actions
while keeping all other elements in the elastic range. For
these retrofits, the elastic limit resistance (Fy; ),
yielding strength (F, ;) and ultimate resistance (F,, )
coincide.

In the displacement interval between the first and
second performance points, the displacement demand is
primarily concentrated in the couplers, the residual
drifts are not actively limited by the exoskeleton due to
the absence of re-centring devices. Further research
should prioritize the development of specific re-
centring mechanisms adapted to the horizontal panel
arrangement.

The analysed configurations are briefly described in the
following:

G) CLT shear-walls with post-tensioned steel bars and

horizontal couplers located between the structural
panels of the ground and first floors (Figure VI.39),
referred to as configuration G in the following.
This configuration is characterized by the presence of
two unbonded steel post-tensioned bars for each vertical
timber shear-wall at the ground floor; unlike
configurations A-F, the structural panels and the steel
bars are designed to prevent rocking behaviour.
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9.75m 7 b
425m: 1.5m i 2.5m [ 4,
¥
= [l.Sm 0t
220 2.2m ‘2 25m

Figure V1.39 - Conceptual representation and synthetic description of the configuration G.

Both solutions are designed to attain the same base shear
resistance as that of the solutions with vertical structural
arrangement.

The solution features:

H)
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Bars diameter: ®30mm

5-Layers CLT Panels: t = 100mm

Post-tensioning load for each steel bar: Npr = 120kN
Total design shear yielding force of the horizontal
couplers: Vyq; = 295.7kN

Shear yielding force for each of the 2 horizontal rows of
couplers: Vy4; = 147.8kN

Base shear resistance: Fepp = Fyiy2 = Fy2 295.7kN

CLT shear-walls with passive steel bars and horizontal
couplers located between the structural panels at the
first floor level (Figure V1.40), referred to as
configuration H in the following.



The only difference between this configuration and the
previous one (configuration G) is the presence of
passive steel bars with no initial post-tensioning.

3.25m 3.25m

1.5m
b
1.5m
Y
I
1.5m 15295 7KN
A 4
9.75m %= A Vyai = 147.8kN
42:5m 1.5m i 2.5m g am
x [l.S'n
3 > i 0
2.2m 2.2m ‘2_25”1

Figure V1.40 - Conceptual representation and synthetic description of the configuration H.

The solution features:

Bars diameter: ®30mm

5-Layers CLT Panels: t = 100mm

Post-tensioning load for each steel bar: Npy = OKN
Total design shear yielding force of horizontal couplers:
Vyai = 295.7kN

Shear yielding force for each of the 2 horizontal rows of
couplers: Vy4; = 147.8kN

Base shear resistance: Foyp = Fyy 2 = Fy 2 295.7kN

For the strengthening of the reference building, the number of
retrofits represented by the analysed coupled-walls to be placed
along each of the longitudinal facades is defined by dividing the
required global shear strength defined at the end of structural
design procedure (Vgagionar) by the elastic base shear
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resistance of each retrofitting system (F,; »). The number of the
analyzed coupled walls to be placed along each longitudinal
facade is equal to:

Rd,global _ 3417kN
2Fe2 2 295.7kN

n° retrofits = =58-6

It is worth noting that single coupled-shear walls can be further
coupled to obtain larger shear walls, as it will be discussed in
the case study presented Chapter IX.

Post-tensioned bar solutions also effectively contain the residual
drift of the existing structure when the sum of the post-
tensioning contribution (Mpr) and the eccentricity of the axial
force (My), calculated relative to the first performance point,
exceeds the building's resistance. The sum of these
contributions, as reported in the , is equal to:

Mpr+ My = (Npr +Tpr) Zg
— Mpy + My= 305.5kN 1.73m = 528.5kNm

Therefore, the minimum number of retrofits to be placed along
each longitudinal facades, is approximately equivalent to:

2 2
Fyq §H _ 1219kN 59.75m
2 (MPT + MN) 2 528.5kNm

IR

n° retrofit = 6
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6.5.4. Numerical models

This section briefly describes the features of the finite element
models that are representative of the reference coupled shear
walls described in the previous section [194].

The analysed configurations are represented numerically by
simplified 2D multi-axial springs models (Figure V1.41) [159]
employing the same types of one-dimensional finite elements.

Figure V1.41 - Screenshot of the graphical representation of the numerical model of configurations
E and F, created using the software [194].

A schematic representation of the numerical model containing
the largest number of elements, which represents configurations
E and F illustrated in Figure V1.42,
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W OEET

Figure V1.42 - Schematic representation of the numerical model of the configurations E and F,
containing the greatest number of elements, in which each colour represents a different one-
dimensional finite element.

With reference to the model described in Section 6.5.3, the main
characteristics of the finite elements modelling configuration A
to H are listed in the following:

e 5-Layers CLT structural panels are represented using
beam elements. The elasticity modules of these
elements are described in and summarised in the table
below taken from the software (Figure V1.43).
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General

Material ID 1 Name Legno
Elasticity Data
User Defined
Type of Design User Defined v el
Standard  None o
DB
Product
Concrete
Standard
Type of Material i
O Isotropic (® Orthotropic
DB
User Defined
Local-x Local-y Local-z
Modulus of Elasticity : 4.4000e+03 | 6.6000e+03|  8.0000e+03 | y/mmn2
Thermal Coefficient 0.0000e+00 | 0.0000e+00|  0.0000e+00 | /1
Local-xy Local-xz Local-yz
Shear Modulus . 4.7500e+02 ‘ 4.7500e+02 4.7500e+02 | \/mma2

Poisson's Ratio 0 ‘ 0 0

Figure V1.43 - Screenshot of the mechanical properties attributed to the beam representing CLT
panels, taken from the software interface.

o Nonlinear properties of CLT panels of the
configurations with vertical structural arrangement,
from A to F, are represented using compression-only
general links with a rigid-plastic constitutive model
(Figure V1.44), denoted by the blue springs at the base
of the timber walls, in order to concentrate the elastic
timber deformations in the beam elements described
above

Figure V1.44 - Schematic representation of the rigid-plastic constitutive model of the compression-
only general links modelling nonlinear CLT properties of the configurations from A to F.
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Consequently, solely the axial properties were modelled:

Elastic stiffness: K — oo
Post-yielding stiffness = 0
Compressive resistance Ng,:

Npa = ig-tink tcrr feacLr
Npgaq =200mm 1000mm 8.69MPa = 173.8kN

The nonlinear properties of timber structural panels of
the configurations with  horizontal structural
arrangement, G and H, are represented using rigid-
plastic with simple bilinear constitutive model (Figure
V1.45), denoted by the light blue springs at the base of
the timber walls.

N r 3
Npa

NR(!

Figure V1.45 - Schematic representation of the rigid-plastic simple bilinear constitutive model

representing nonlinear CLT properties of the configurations G and H.

In order to model the ideal contact area between the timber
and the underlying foundations, three vertical nonlinear
general links located at each bottom end of the vertical
panels, with a 20 cm spacing (i;_;ink), are introduced.
These elements, located at the centre of the contract area,
are compression only elements. Accordingly, only the axial
properties modelled:
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- Elastic stiffness: K - oo
- Post-yielding stiffness = 0
- Compressive resistance Ng4:

Npa = ig-tink tcrr fedacLr
Ngq =200mm 1000mm 8.69MPa = 173.8kN

¢ Rigid elements without masses are used to connect the
different finite elements (green barycentric lines of the
sections). These elements have the same sectional
geometric properties as the vertical CLT panels and
were introduced to properly represent the models
designed.

o \Vertical steel bars made of Dywidag gewi S670/800
plus, introduced as re-centring devices. These
components are modelled with truss elements, having
an elastic-plastic tension-only response (Figure V1.46).
They possess the same sectional mechanical properties
and post-tensioning load as the bars described in the
previous section.

N 4

N Rd

Figure V1.46 - Schematic representation of the elastic-plastic constitutive model of the tension-only
truss modelling Dywidag Gewi steel bars.

The properties of these elements are as follows:
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- Elastic modulus: Eq= 210000MPa
- Sectional area: Ag= 707mm?
- Design yielding strength: f,,4 = 645MPa
- Tensile resistance:
Nga = fya As = 645MPa 707mm? = 456kN

e Rigid horizontal elastic springs are introduced to
transfer the ground motion to the resisting systems.

¢ Rigid plastic general links (Figure VI1.47), transferring
shear forces only are introduced to model the couplers
between adjoining elements (displacement-
proportional passive energy dissipation devices, yellow

springs).

‘ Vra

Figure V1.47 - Schematic representation of the rigid-plastic constitutive model of the vertical
couplers.

The following mechanical properties are adopted:

- Elastic stiffness: K - oo

- Post-yielding stiffness = 0

- Shear resistance Vg, Vvaries according to the
configuration considered as described in the previous
section.

207



e Steel end-columns are modelled as beam elements
(continuous grey barycentric lines). S235 structural
steel and the geometric and sectional characteristics
described in the previous section were adopted.

Configurations C and D are characterized by the presence of
sacrificial fuse systems. These devices are conceptually
modelled as compression-only elements and exhibit a
compressive strength lower than that of the CLT section they
are connected to, thereby preserving the timber integrity and
concentrating damage. These elements enable decreasing the
resistance of the four end-general links at the base of the CLT
panels (grey vertical elements at the base, in Figure V1.48).

3 | 3w éé] 2
Figure V1.48 - Schematic representation of vertical general links at the base of CLT panels for
configurations C and D. The end elements representing the sacrificial fuse toes are highlighted in

grey.
To prevent damage in the CLT element without affecting the
overall resistance of the system, the axial resistance of the fuse-
elements is smaller than that of the equivalent CLT section:

Npgq = 170KkN < 173.8kN

Configurations G and H, characterised by the horizontal
arrangement of both panels and couplers, were modelled with
identical one-dimensional finite elements (Figure V1.48, Figure
V1.49).
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Figure V1.49 - Screenshot of the graphical representation of the numerical model of configurations
G and H, created using the software [194]

Unlike the vertical arrangement configurations, the horizontal
configurations feature two general links above the base panels,
that simulate the rows of horizontal couplers (Figure V1.50).

W O

Figure V1.50 - Schematic representation of the numerical model of the configurations G and H, in
which each colour represents a different one-dimensional finite element.
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These elements are modelled by introducing rigid-plastic
general links representing the horizontal rows of couplers with
the shear resistance defined in the previous chapter:

Vga = 147.8kN

In all conceived models, the potential kinematic incompatibility
between adjacent structural panels subjected to horizontal
actions is inhibited as it is ideally avoided by the presence of
horizontal diaphragms.

The existing building was modelled by introducing inertial
masses at the floor level and constrained to the nodes of the
coupled shear wall. The pertaining mass for each coupling shear
wall (m,:—rgm) Was calculated by dividing the building's total
Mass (Mot —puitding) PY the minimum number of coupling shear
walls to be arranged along each longitudinal direction to ensure
minimum base shear resistance, as previously defined
(Section 6.5.3):

1118kN

Myot—building ) g kN
Myor— = = =102.5—
tot—FEM 12 12 g

To represent the spatial distribution of the building's masses,
each coupling shear wall pertaining mass (M¢pt—peym) Was
divided into lumped masses (m;) introduced in the numerical
models as shown in Figure VI.51.

_ Miot—rEm _ 102.5kN/g
m; = 3 =

~ 171N
g
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Figure V1.51 - Schematic representation of the numerical models modelling the vertically arranged
solutions on the left and horizontally arranged ones on the right. The inertial masses located at the
level of each existing slab are represented by the blue dots.

The damping ration introduced in the numerical models is
mainly representative of the energy dissipated by the system in
the elastic range, set equal to 2%.

6.5.5. Ground motion

The dynamic effects and severe damage caused by major near-
fault earthquakes on different structural typologies, ranging
from traditional seismic-resisting systems [180], to innovative
high-performance [195] [196] [197] [198], and self-centring
systems [176] [199], have received increasing attention and
have been widely studied by many researchers [200] [201] [202]
[203] [181] [204]. These studies highlight the peculiar
characteristics and structural impacts of such ground motions.
This class of earthquakes is characterized by the presence of
fling-step and forward-direction inputs [181] [205] [206], as
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well as by low-cycles and high ground velocity [176], generating
large deformation demands for a wide range of structures.

In the past, several authors have summarised the main
characteristics of these events by proposing few simple
mathematical models [179] for representing their peculiar
principal characteristics, such as few wavelets or various
harmonic waves [181], series of pulses [207] and double
impulse [204] [208] [209].

In this preliminary study of the qualitative structural and
dynamic behaviour of adaptive exoskeletons, a symmetrical
double impulse ground motion was selected for the nonlinear
time history analyses. One of the primary goals of these analyses
is to examine the energy dissipation capacity of the adaptive
systems exposed to very rare, high-intensity earthquakes
triggering the nonlinear behaviour. The selected ground motion
enables a simple and direct investigation of the behaviour of the
conceived systems subject to cyclic actions, the behaviour of
these systems undergoing ground motion records of major near-
fault earthquakes will be analysed in future research
development. The characteristics of the selected ground input
are described in the following:

e The double impulse period is 0.4 seconds, which falls
within the typical period-range characterizing the
Italian earthquakes, which varies between 0.3s for rigid
soils, and 0.6s for more deformable soils [210].

e The peak-ground acceleration (P.G.A.), reached at the
positive and negative peaks, is equal to 0.3g. The
selected P.G.A. is significantly greater than the
expected ground acceleration at the reference site for
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seismic events with a return period of 475 years, which
is estimated to be 0.222g, as well as that expected for
much rarer and more intense earthquakes with a return
period of 970 years, which is estimated to be 0.2769
(Figure VI1.52), to observe relevant nonlinear
displacements and significant couplers deformations.
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Figure V1.52 - Representation of the reference design spectrum for the site calculated for a return
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time of 970 years. Defined using [211].

The time extension of the ground motion is
approximately 0.4 seconds, the residual deformations
are considered as those deformations recorded after 20
seconds past the double impulse (Figure V1.53, Figure
V1.54).



Ground acceleration [g]

Ground acceleration [g]

Time (S)

Figure V1.53 - representation of the total extension of the ground motion.

000 005 010 015 0. 025 030 035 @40 045 050 0.55 060 065 070 075 080 085 090 095 1.00

Time (S)

Figure V1.54 - Representation of the characteristic principal part of the ground motion showing

the path and characteristics of the symmetrical double impulse.
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6.5.6. Analysis of results

To allow for an easier discussion of the results, the analysed

cases described in Section 6.5.3 are summarized in Table 2. To

evaluate the influence of the amount of the post-tension, case A
was evaluated by varying the post-tension amount by +25%.

Table 2 — Overview of the analysed cases in the parametric analyses.

Configuration Description

With post-tension and vertical couplers

A A (-25%) post-tension is reduced by 25%
A (+25%) post-tension increased by 25%

B Without post-tension and vertical couplers

C With post-tension, vertical couplers and fuse at
the base

D Without post-tension, vertical couplers and fuse
at the base

E With post-tension, vertical couplers and steel
profile (Hybrid walls)

F Without post-tension, vertical couplers and steel
profile (Hybrid walls)

G With post-tension and horizontal couplers

H Without post-tension and horizontal couplers

The top displacements experienced by the walls in the non-
linear time history analyses are plotted in Figure V1.55, and their
maximum and residual displacements are reported in Figure
VI1.56 (), respectively.
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Figure V1.55 — Top displacement as a function of the analysis time for each of the analysed

cases.
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Considering configuration A as the reference case (which
experienced a maximum top displacement equal to 8 cm - about
0.9% drift), it can be seen that the top displacement reduces by
12% when a hybrid system (configurations E, F) or horizontal
couplers are considered (configurations G, H), while it does
not significantly vary for the other cases. In configuration B the
top displacement does not significantly vary due to a) the low
influence of the post-tension when high diameter bars are
implemented, b) the elastic target displacement imposed (0.5%).
In particular, if a lower target displacement would be imposed
(e.g., 0.25%), the post-tension would be more influencing (see
Chapter 1X). As for configuration C and D, the top
displacement does not vary due to stiffness and strength were
designed to be the same of configuration A and B, respectively.
The reduction in the case of the hybrid system may be associated
with the high capacity and stiffness of the walls when steel
profiles are added while for the configurations G and H the
reduction may be associated with the simple bilinear behaviour
of the general links at the base (instead of the compression only
behaviour introduced for all the other cases). The hybrid
systems allow also for a residual drift reduction (-83% for
configuration E and -33% for configuration F). Conversely,
as expected, when horizontal couplers are introduced, the
residual displacement always increases, provided that no re-
centring capability is implemented in these models;
furthermore, the residual displacement doubles when the post-
tension is applied (configuration G) and increases by 2.6 times
in the case without post-tension (configuration H).

As for configuration A the maximum displacement is not
affected by the amount of the applied post-tension, while the
residual displacement decreases by increasing the post-tension.
Such a trend cannot be extended for configuration B in which
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passive bars were introduced. The reason may be associated
with a lower non-linear deformation at the wall toe experienced
in configuration B in the absence of initial post-tension (Figure
VI1.57), resulting in a lower residual displacement. The
maximum non-linear compression displacements of the general
links at the base of each wall are plotted in Figure VI1.57; in
particular, the displacements of the six general links (three to
the left and three to the right of the vertical centroid axis) of each
of the coupled wall (left-L and right-R) are plotted. The
maximum non-linear deformation increases for increasing the
post-tension; it increased by 1cm in the case without post-
tension (configuration B), and by 1.4 cm in configuration A
(+25%0). The non-linear deformation at the wall base decreases
when a hybrid solution is adopted (configurations E, F) while
it increases when horizontal couplers are implemented
(configurations G, H). The steel profiles of the hybrid system
slightly unload the panels which experienced a lower
deformation. The increase in the configurations G and H may
be associated with the simple bilinear behaviour introduced to
allow for the couplers activation. From Figure VI1.57 it can also
be observed that in the cases with vertical couplers
(configurations from A to F), the walls behave coupled (the
two walls exhibit a global coupled behaviour), walls while such
behaviour cannot be observed when horizontal couplers are
introduced (configurations G, H). Configurations C and D are
plotted with configurations A and B since no variations were
observed for the same reason provided for the top displacement.
This is reasonable since the fuses were designed to localize
damages without changing the behaviour of the walls;
consequently, the maximum fuse capacity was set very close
(slightly lower) than that of the panels.
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Figure V1.56 — Top displacement (blue) and residual displacement (green) experienced by the wall
in the non-linear time history analyses. The reference case A is plotted with a green edge.

In Figure VI1.56 (b) the maximum base shear is plotted. The
post-tension does not significantly affect the base shear which
increases by 12 % and 13 % when a hybrid solution with and
without post-tension are adopted, respectively; the result agrees
with those observed previously. When horizontal couplers are
introduced in post-tensioned and non-post-tensioned walls, the
base shear reduces by 13 % and 10 %, respectively. The results
may be associated to a high global dissipated energy provided
in these cases (Figure V1.58).
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Figure V1.57 — Non-linear deformation of the general links at the base of the coupled walls. Six
general links were placed at the base of each walls (three to the left and three to the right of the

vertical barycentric axis). L and R refer to the left and right wall, respectively.
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In Figure VI.58 the total dissipated energy normalized with
respect to configuration A is plotted for each case (see the blue
line histogram referring to the subtended area of the base shear-
top displacement curve), while the share of the dissipated energy
in the base general links and vertical and horizontal couplers are
plotted in red and blue, respectively. Note that the percentages
plotted for the general links at the base (red) and couplers (blue)
refer to the single case considered.

Dissipated energy

00 400 o o
A(25%) A A(#25%) B c D E F G H

ECouplers BGL atthe base  OTop displ./Base shear subtended area

Figure VV1.58 — Dissipated energy observed for each case is plotted; in particular, with a blue edge
is plotted the subtended area of the base shear-top displacement graph while in red and blue are
plotted the base general links, and vertical and horizontal couplers dissipated energy, respectively.

From Figure V1.58 it emerges that the subtended area of the base
shear-top displacement curve increases by more than 30% when
hybrid solutions are adopted and by about 7% to 8% when
horizontal couplers are introduced. The dissipated energy of the
couplers doesn’t significantly vary in all cases; the reduction
observed in configurations G and H may be associated with a
lower number of couplers adopted (two instead of three). The
base general links dissipated energy increases while increasing
the post-tension; such a result agrees with the non-linear
deformation trend observed in Figure VI1.57. According to the
results, the influence of post-tension in the examined models is
limited; additional analyses and research will be conducted by
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varying the characteristics of the case studies in order to analyse
its influence in greater depth.

6.6. Concluding remarks

In this chapter, the potential benefits offered by adaptive
exoskeletons for the retrofit of existing buildings and their
limitations were analyzed, and a design procedure was proposed
to enable design professionals to easily calibrate performance
objectives and related design targets. Simplified static models
were also proposed allowing for a hand calculation and thus a
hand control of the system response, and to preliminarly assess
the relative influence of the involved parameters.

From a structural point of view, adaptive exoskeletons may be
designed to guarantee quite challenging performance objectives,
according to a Life Cycle Thinking (LCT) approach. For
example, for frequent to rare events, they can be designed to
guarantee full usability and no damage; this can be obtained by
forcing an elastic behavior of the retrofitted building. On the
other hand, for very rare events, they can be designed to ensure
easy reparability of the building, limited damage and no residual
displacements, by introducing energy dissipation systems and
by guaranteeing the recentering behavior of the structure.
Reparability may also be guaranteed by lumping the damage
into few sacrificial and replaceable dissipative devices, ensuring
the possible replacements of the damaged components through
mindful design of the construction detailing, with particular
reference to their connections to the structural system and their
accessibility. Such LCT-based performance objectives allow the
minimization of costs and impacts (both direct and indirect)
associated with earthquakes and with the possible retrofit works.
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The limits of applicability of the adaptive exoskeletons as a
seismic retrofit technique are related to the structural system and
the seismic response of the existing building in the as-is
condition. According to the studies carried out in the present
chapter, the adaptive exoskeletons are effective for the
enhancement of the seismic behaviour of those existing
buildings characterized by an elastic-plastic response curve; in
this case, the proportioning of the retrofit components and the
dissipative behavior of the retrofitting system are calibrated
according to the actual ductility of the existing building with the
aim of controlling the maximum displacement capacity. On the
other hand, this type of retrofit is unsuitable for brittle
constructions and with unreliable ductility, such as those
discussed in Chapter 1X, featuring poor quality masonry. In the
cases of buildings featuring an elasto-fragile behaviour,
adaptive systems could only be implemented upon completion
of preliminary corrective interventions aimed at increasing
ductility of some portions of the existing structure, and thus at
controlling the collapse mechanism.

A few main lessons were also learnt from the numerical
analyses; however, it should be considered that such remarks are
strictly contextualized to the hypotheses adopted in this
preliminary study investigation and that much research is
required to further investigate the structural solution and to
extend the validity of the obtained results. Limited to the
hypotheses range, it has been noted that the post-tension does
not significantly affect the results when high diameter bars are
adopted and/or when high drift targets are imposed. It is
expected that post-tension would be more influencing for low
diameter bars and low drift target (see Chapter 1X). High post-
tension levels may lead to high nonlinear deformation at the wall
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toes and to the yielding of the post-tensioning bars which results
in high residual displacements.

In addition, considering the analyzed case study, it is worth
noting that it would be realistically better to couple the six
adaptive walls thus exploiting the whole fagade dimension, thus
significantly increasing stiffness and strength and allowing for
a foundation stress reduction. However, the parametric analyses
had the objective to made preliminary considerations about the
influence of the main adaptive system components on the
structural behavior. It is worth noting that in the case of coupling
a series of adaptive walls (as in the case discussed in Chapter
VIl and IX), the same design procedure can be adopted.
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V1Il. Development of the ADESA fuse

7.1. Introduction

Preliminary investigation of adaptive exoskeletons reported in
the previous chapter highlighted the potential of integrating
displacement-proportional passive energy dissipation devices
(PEDDs) both as couplers between the primary structural
elements, and as dissipative elements. This chapter extends the
analysis by examining these key elements from a technological
perspective.

The first section of this chapter provides a brief overview of the
energy dissipation devices, as well as a description of some
selected examples reported in the vast scientific literature. Then,
the optimal structural performances of these devices are defined
in compliance with the Life Cycle Structural Engineering
perspective, which integrates life cycle thinking and circular
economy principles and extends their assessment from
structural to environmental and economic perspectives.

In the second section, the characteristics of the ADESA fuse [15],
a displacement-proportional PEED that not requires special
manlabor for production nor installation, specifically conceived
considering construction site issues related to procurement and
installation, as well as to reduce costs while guaranteeing
performance, are described; experimental results, obtained from
laboratory tests on different configurations are commented.
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7.2. Brief overview on Displacement-proportional
Passive Energy Dissipation Devices

Numerous authors from all around the world have proposed and
developed various dampers and couplers that exploit the
inelastic deformation of ductile metal sections to dissipate a
portion of the input seismic energy.

A pioneering example of these devices is represented by the
UFP couplers (Figure VII.1) [191], which were initially
developed in New Zealand in the 1970s and subsequently
further analysed and reengineered by many researchers. These
devices consist of a curved steel plate coupling the structural
elements to which it is connected and dissipating a portion of
the input seismic energy by flexural yielding.

Yield ]
.Poinls i A
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where, b=plate width
t=plate thickness
R=radius of bend

Figure VII.1 - Representation of UFP dampers. From [212].

Produced by hot-bending metal plates to form a U-shaped
element (UFP), they can be designed for a wide range of
displacements and forces, with variable plate thickness, depth,
and radius of curvature.

Over the last few decades, other hysteretic metal dampers were
proposed, that take advantage of the energy dissipation provided
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by the yielding of the elements subjected to torsional and
flexural actions [213] [214].

The X-shaped dampers known as Additive Dampers And
Stiffness (ADAS) [215] [216] [217] [218] [219] are one of the
distinguished example of the many hysteretic devices designed
for both new structures, as well as for the retrofit of existing
buildings. These devices are made of a series of steel plates with
a distinctive X-shape (Figure VII.2) that allows for the
development of a diffuse sectional yielding along the entire
height of the plates when loaded out of plane by the earthquake-
induced shear loads, resulting in a stable dissipative behaviour
(Figure VI1.3) [216].

Figure VI11.2 - Images of ADAS devices before (left) and during the laboratory test (right). From
[214].

Displacemen t (iach)

Figure VI11.3 - Representation of the experimental curve obtained from laboratory tests. From
[216].
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The ADAS devices are also highly adaptable, as their strength
and stiffness can be calibrated by varying the size, thickness,
and number of the steel plates. One interesting alternative layout
entails the replacement of the vertical X-shaped plates with
triangular steel plates and the substitution of inferior end-fixed
support with a pin (Figure VI1.4), ideally downgrading it to a
hinge support (T-ADAS) [214] [220].

st @

FORCE (KN)

Figure VI11.4 - On the left-side: imagine of T-ADAS devices before laboratory tests. From [214].
On the right-side: results of the cyclic experimental tests. From [220].

A further example of a recently developed dissipator exploits
the resistance mechanism of ADAS by basing energy
dissipation on the activation of localised plastic hinges, which
is ensured by the peculiar shape of the dissipative plates [13].
This prefabricated and standardised device is designed to
accommodate various design specifications. Its replaceable
dissipative elements, which consist of the pre-shaped steel
plates, are inserted into the pre-cut slots in the connecting plates
and subsequently welded to these elements (Figure VIL.5). It is
possible to calibrate its global resistance and stiffness by
varying the number of steel plates or by modifying their
sectional properties. However, its repairability is limited by
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residual deformations in the dissipative plates, which inhibit
their replacement.

Ly
to hnatp el pt p1 p1 e

| (o e eI e e

e Ly zad

7H

toz

LT

p

Aoy Y9

Figure VIL.5 - On the left-side: 2D representation of the devices. On the right-side: 3D
representation of the same devices. From [221].

Other researchers have proposed a variety of interesting
hysteretic devices made of commercial steel beams. An
intriguing example is the device developed in the 1990s to serve
as a coupler and energy dissipator consisting of a square steel
tubular section with two sides appositely shaped to reduce the
cross-section (Figure V11.6), thereby localizing the plastic hinge
[222].
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Figure VI11.6 - On the left-side: representation of the devices. On the right-side: results of the cyclic
experimental tests. From [222].

The use of a commercial tubular profile eliminates the need for
welding and bolting between the weaker slitted plates and the
other elements, preventing the formation of heat-altered zones
that could jeopardize the dissipating capacity, or the reduction
of the flexural stiffness due to bolt loosening. The strength and
stiffness of these devices can be calibrated by modifying the
sectional properties of the slitted plates.

Other authors have conceived hysteretic devices from
commercial steel beams, such as the Steel Slit Damper (SSD)
[223] [224]. This damper, made from a commercial profile and
characterized by the slits in the web, manufactured with rounded
edges to reduce stress concentration at the corners (Figure
VI1.7), eliminates welding and all uncertainties and alterations
associated with such a process.
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Figure VI11.7 - Schematic representation of the Steel Slit Damper. From [224].

When the device is subjected to severe earthquake-induced
shear loads acting in the main direction of the original steel
beam, the flexural yielding of the web resisting elements
dissipates portion of the seismic energy; the results of the
experimental test demonstrated their large dissipative capacity
(Figure VII.8, Figure VIIL.9) [223]. The disassembly and
reassembly of the device is facilitated by the presence of four
holes drilled in the flanges, which allow the device to be bolted
to the structure.

(a) SL4.

Figure VI1.8 - Images of specimens at the end of the experimental cyclic tests. From [223].
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Figure VI11.9 - Results of the cyclic experimental tests. From [223].

The same authors later proposed the TSSD [223], which stem as
an optimization of the Steel Slit Damper (Figure VI1.10). TSSD
exhibits an increased dissipation capacity, that is obtained by
changing the shape of the web slits, while limiting the increase
in strength associated with steel hardening.

force (kN)

displacesent | (mm)

10 1

Figure VI11.10 - On the left-side: representation of the TSSD. On the right-side: results of the cyclic
experimental tests. From [223].

The same structural resisting mechanism and configuration
were adopted by other researchers to create dissipative couplers
to be used in timber rocking walls in light-weight structures.
Such devices were realized by appositely cutting thin steel
plates (Figure VI11.11) [161].

232



Stefano Cademartori

610mm
| O7mm TYP l

y
‘ % B e 8w e e

N

L

20mm ' 10mm
g e

Figure VII1.11 - On the left-side: representation of the devices. On the right-side: imagine of the

specimen. From [161].

Another interesting typology of displacement-proportional
dissipators exploits inelastic axial deformation to dissipate
energy. Early examples of these devices include the buckling
restrained brace (BRB) (Figure VI1.12), developed in the 1980s

Encasing Monar/\@

[225] [226].

Yielding Steel Core

Steel Core and Mortar

Figure V11.12 - Schematic representation of the BRB devices. From [225].
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These dampers are made of a steel brace with circular or
cruciform cross-section, inserted into a stiff steel tube; the gap
between the two profiles is filled with a concrete-like material
[225]. Because of the confinement provided by the concrete-
filled tube, the brace can withstand compressive loads without
buckling; BRB behaves essentially in the same way when
subjected to either tension or compression. These devices can
be used either as the main component of a dissipative frame
system, or as couplers between steel-truss rocking walls by
constraining them to their structural joints [227].

In recent decades, considerable effort has been devoted to the
development of external, easily replaceable, cost-effective, and
compact energy dissipators. The Plug&Play fuse devices
(Figure VI1.13) [165] [166] [228], which incorporate the
functional principles of BRB, are an intriguing example. When
these innovative devices are integrated within the rocking
systems, they enable the design of a dissipative and repairable
resisting system with replaceable sacrificial fuses connections,
designed to serve as the weakest link in the chain according to
capacity design principles [164].
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Figure VI11.13 - On the top-left: production process of Plug & Play devices. On the top-Right:
results of the experimental tests. In the bottom: schematic representation of geometry and element
composition. From [164].

Another example of external, compact, and cost-effective
device is the high force/volume lead-extrusion damper (HF2V)
(Figure VII1.14), an easily replaceable devices that can be
installed to dissipate a significant amount of energy [229] [230].
The dissipative mechanism employed by these devices is based
on exploiting the resistive forces provided by the plastic
extrusion of the lead they contain through an annular restriction.
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Figure V11.14 - Cross-Sectional views of different lead-extrusion damper configurations. From
[230].
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Figure VI11.15 - Experimental results of the devices subjected to 10 fully reversed, near full-stroke
displacement cycles. From [231].

Experimental tests demonstrated their robustness and reliability
and highlighted the weak relationship between their response
and the input velocity [231]. As shown in Figure VII.15, the
hysteretic cycles obtained from the tests are stable also for high-
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velocity input, and are characterised by a high initial stiffness.
These devices are suitable with coupled rocking systems
comprised of steel trusses that can effectively counteract the
large, concentrated transferred loads [231].

Unlike the hysteretic metal dampers, friction dampers exploit
friction developed between two solid bodies in contact that slide
towards one another to dissipate energy, preventing any
structural damage. During the seismic excitation, these devices
slide for overcoming a design load and provide the desired
energy dissipation by transforming part of the seismic input into
heat, potentially exhibiting the stable hysteretic behaviour of the
metallic devices [225].

In recent years, significant advancements have also been made
in the further development of this type of friction devices.
Limited Slip Bolted (LSB) joints (Figure VIL16) [232]
developed in the 1980s, were one of the first dissipative
connections designed to exploit friction.
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Figure V11.16 - Schematic representation of geometry and element composition. From [225].
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Improved versions of these devices were obtained by enhancing
stability and dissipative capacity under cyclical loads [233]. The
frictional energy dissipation was later integrated into the bracing
of frame structures [234] and for the construction of interesting
dissipative structural elements, including Sumitomo friction
damper (Figure VI11.17) and the Energy Dissipating Restraint
(EDR) [235].

Longitudinal Section
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Figure VI11.17 - Cross-Sectional views of the Sumitomo friction damper. From [236]

Frequently, these devices feature a constitutive model
characterised by a high initial stiffness up to the activation of
the dissipative mechanism. In the plastic range the response
curve shows very limited stiffness, particularly for seismic
inputs with moderate velocities [225]. However, several factors
limit their application in the adaptive retrofits analysed in this
study, including the need to monitor and maintain constant both
the contact pressure between sliding surfaces, and their friction
coefficient, directly affecting the structural behaviour of the
retrofitted system. Maintaining their performance over time
requires the design of special construction details preventing
aging effects, such as the onset of corrosion and the change in
the surface roughness. Detailed scheduling of maintenance
interventions is thus required.
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7.3. Analysis of PEEDs characteristics from the Life
Cycle Structural Engineering perspective

After focusing on the qualitive evaluation of the potential and
limitations of some selected examples of displacement-
proportional passive energy dissipation devices (PEDDs)
reported in literature, this section defines their optimal features
by analysing these elements compliance with both the life cycle
thinking and circular economy principles.

Achieving the desired high structural performance for the
retrofit requires the adoption and extension of the innovative
Life Cycle Structural engineering principles (Chapter V), for the
design of dissipative devices and couplers to be integrated into
adaptive exoskeletons. Some key features that PEEDs must
possess to ensure high structural performance while minimising
environmental and economic impacts can be obtained by
enforcing:

e  “Design for damage limitation”. These devices should
be designed to serve as the system's weakest link;
lumping damage through their yielding thereby
preserving the integrity of other structural and non-
structural components.

o “Design for ease of disassembly and assembly” to
facilitate their replacement after severe seismic events.
The mindful design of the connections of the PEEDs to
the structure, as well as their size and weight, may be
critical as to enable replacement.

e “Design for reusability”. To this end, these elements
should be standardized and pre-assembled preferring
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the adoption of commercial elements and components
to reduce costs and facilitate their supply.

"Design for eco-efficiency," as for other retrofit
components, the adoption of recyclable materials with
a low environmental impact, preferably from circular
economy, should be preferred. As opposed to active
devices, the adoption of passive devices reduces the
environmental impacts of the retrofit related to the
production and storage of energy required for their
operation.

"Design for durability”. Such a principle fosters
effective sustainability of the retrofit system by
preventing its deterioration. Therefore, ensuring
durability also entails guaranteeing consistency in
structural performance avoiding the influence of aging,
and limiting extraordinary maintenance interventions.

“Design for economic sustainability”, the diffusion of
the dissipative retrofit systems can be facilitated by the
containment of the PEEDs production costs. To this
end, their possible standardization, the use of
commercial profiles, and the simplification of the
manufacturing  process should be attentively
considered.

7.4. ADESA fuse

This section defines the characteristics of PEDDs developed
within and industrial research project AdJESA (Energy
efficiency amelioration, seismic retrofit, and architectural
restyling of existing building), carried out by the University of
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Bergamo and Brescia and by a consortium of SMEs [15]. The
fuse was specifically conceived to mitigate major construction
site issues related to special material procurement and
installation, as well as to minimize costs along the life cycle,
while guaranteeing the envisioned performance.

This innovative displacement-dependent passive energy
dissipation device exploits the energy dissipation provided by
the activation of localised plastic hinges within ductile steel
elements, dissipating part of the input seismic energy in the
retrofit by accumulating damage. Starting with the definition of
the ideal characteristics for this typology of devices, the AAESA
fuse was designed to be potentially compatible with all
structural retrofit types and to meet quite high-performance
objectives.

Similar to ADAS elements, this coupler and dissipation device
consists of a series of vertical steel plates connected to the
retrofit. Unlike those devices described in the literature, the
AdESA fuse does not exhibit a diffuse sectional yield when the
peak ground acceleration (P.G.A.) exceeds the defined limit
acceleration threshold (iig ;im;), but rather it envisions the
activation of two plastic hinges located at the end of each steel
plate (red dots and lines in the Figure VI11.18). Such a design
choice entails a reduction of the dissipation capacity but
simplifies the design procedure, the key performance control
and the production.

241



| |¢ 7 ;%_% %’/
I v

P.G.A.<ily imu P.G.A>il

g.Limit

Figure V11.18 - Schematic representation of the functioning of AJESA devices. On the left-side:
qualitative representation of the device for seismic events with P.G.A. below the limititg pm;, With
maximum stresses below the elastic limit and no activation of the plastic hinges. On the right-side:

qualitative representation of the device for seismic events with P.G.A. above the limit it ;i »

where activation of plastic hinges at the ends of the vertical plates is observed.

In the previous chapter, the principal structural characteristics
of couplers were conceptually analysed by considering and
modelling these devices with an ideal rigid-plastic constitutive
model. In this chapter the structural characteristics of the AAESA
fuse are defined from a technological standpoint with reference
to a more appropriate elastic-linear strain hardening constitutive
model [225].

The conceptual response curve of the AJESA fuse (Figure
VI11.19) is defined by three performance points characterized by
progressive deformation and activation of the plastic hinges.
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Figure V11.19 - Conceptual representation of the hysterical cycle of the AAESA fuses.

The performance points are qualitatively defined as follows:

1. Attainment of yield strain.
The first performance point corresponds to the
attainment of the yielding strain and stress (fy; &) in
the most stressed fibre at the end-sections of the vertical
dissipative elements (V;, ; n,,). A linear distribution of
the normal stress is assumed.

2. Attainment of complete sectional yielding.
The second performance point corresponds to the
complete sectional yielding (fy; &, < &, <&, ) with
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the activation of two plastic hinges at the ends of each
resisting elements (V, ; 1,,).

3. Attainment of the ultimate deformation of plastic hinges
The third performance point occurs when the ultimate
deformation (g,) of the plastic hinges is reached
(Vi ; my)- At this point, it is assumed that the steel has
reached its maximum tensile strength (f;).

Several authors observed the effect of the couplers stiffnesses
on the global response of the coupled rocking systems,
suggesting the adoption of devices with high elastic stiffness
(Kg;) to enhance the coupling effect between shear-walls [237].
On the other hand, the limitation of seismic actions following
the yielding of couplers suggests the introduction of devices
with  limited post-yielding stiffness (K,), to enable
accommodating the nonlinear deformations required by severe
seismic events.

The AdESA device elastic stiffness (Kg;) and strength (V,,4) can
be easily calibrate to achieve quite different performances,
satisfying the structural requirements set. The initial elastic
stiffness of the vertical plates can be preliminary defined by
assuming that their end sections are fixed (Figure VI11.20, left),
while their resistance can be modulated by locally reducing the
resistant section, as illustrated in the following.
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Figure VI11.20 - On the left-side: schematic representation of the static scheme that can be adopted
to define the elastic stiffness of steel plates. On the right-side: calculation formula.

7.4.1. Description of the different configurations

This section defines the geometrical characteristics and main
structural properties of the steel prototypes representative of the
various configurations designed for this device. For the sake of
clarity, the characteristics of a single structural component of
the AdESA device (Figure VII.21) are described in the

following.
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Figure VI11.21 - Schematic representation of a single resisting and dissipative steel plate component
of the AJESA device.

The first configuration of the AdESA device, referred to as
configuration | (Figure VI11.22), involves vertical dissipative
plates made of S275 and S355 steel welded to other transverse
plates. However, their simple and easily reproducible
manufacturing process generates heat-altered zones close to the
sections where the plastic hinges are located, which
compromises their structural performances.
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Figure VI11.22: On the left-side: sectional view of the configuration I, in which the steel sections are

coloured in grey and the welds in black. On the right-side: side view of the same device.
In order to avoid these issues, the configuration Il (Figure
VIL.23) was derived from the first (configuration 1) by
introducing slits in the vertical plates, that localize the activation
of plastic hinges at a distant from the weld lines and the heat-
altered zones. Two variants have been designed for this
configuration, one employing S275 steel with sharp-edges slits
(Figure V11.24, left) and another using S355 steel with rounded-
edges (Figure VII.24, right) to reduce local stresses in the
proximity of sharp corners [223].
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Figure VI11.23 - Sectional view of the configuration 11, in which the steel sections are coloured in
grey and the welds in black.
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Figure V11.24 - Side views of the same device with rounded-edges (left) and sharp-edges (right).

In the final configuration 11, the device is composed by a series
of commercial HEB100 profile segments, welded together as
shown in Figure VI1.25, made of S355 structural steel. This way,
the potential alterations and the imperfections associated with
the welding process are overcome. In Steel Slit Damper (SSD)
and the TSSD devices [223] [224] the steel H-beams with slitted
webs are loaded in the main direction of the H-beam resulting
in the yielding of the web resisting elements between two
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adjacent slits. In the AJESA fuse proposed in this study, an
effort is made to simplify the manufacturing process by
reducing costs and facilitating the device supply and its
applicability. Unlike SSD and TSSD, no CNC machine but
rather simple circular saw blades are required for the fuse
production. The resistance is provided by the H-beam sections
(Figure V11.26) subjected to shear loads applied in the transverse
direction of the steel H-beam and the energy dissipation is
triggered by out-of-plane bending of its web with the onset of
two localised plastic hinges at its ends.

FETZ

P.G.A<itgipmy P.GA =g imi

Figure VI11.25 - Qualitative representation of the adaptive structural behaviour of the device,
obtained by slicing a HEB100 beam, subjected to earthquakes of varying intensities.
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Figure V11.26 - On the left-side: sectional view of the fifth configuration obtained by slicing a
HEB100 beam. On the right-side: side view of the same device.
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The main geometrical and mechanical properties of the
conceived prototypes, related to the 3 performance points, are
shown in the Table 3; refer to for further information.

Table 3 - Summary of the main features of the three conceived configurations.

Configurations

Geometry & Dimensions

Steel (Elements)

Distinctive features

First Performance Point

- Yielding resisting Moment

(M,) & Shear (V)

i

Second Performance Point

- Plastic resisting

Moment (M) & Shear (V,
1

! gy<e<ey f,

Third Performance Point
- Ultimate resisting

)

Moment (M) & Shear (V)
1

i
! f:

5275 -S355
(Plates)

Welded plates
— Heat-Altered
zones

M, = 0.293kNm (5275)
- 0.378kNm (5355)
V,=8.4kN (5275)
-10.8kN (5355)

M,,=0.44kNm (5275)
- 0.568kNm (5355)
V,=15.2kN (5275)

- 19.58kN (5355)

M,,= 0.688kNm (S275)
- 0.816kNm (5355)

V.= 23.7kN (5275)
- 28.1kN (5355)

5275 (Sharp-Edges)
$355 (Rounded-Edges)

Slitted plates

— Plastic-Hinges
Localization

M, =0.176kNm (5275)
-0.189kNm (S355)
V,=7.3kN (5275)

- 7.6kN (5355)

M,,= 0.264kNm (S5275)
-0.284kNm (5355)
V= 13.2kN (5275)

- 11.4kN (5355)

M,,= 0.41kNm (5275)
- 0.408kNm (5355)

V.= 20.6kN (5275)
- 16.3kN (5355)

m

el TS,

[
B

—— |

I, .

$355 (HEB100)

H-Beams
— High performances
& Cost Effectiveness

M, =0.234kNm

V= 8.4kN

M, = 0.35kNm

V= 14.95kN

M,,= 0.495kNm

V.= 21kN
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7.4.2. Experimental test and results

Several experimental cyclic tests were performed on portions of
the AdJESA fuse in several configurations to assess their
structural and dissipative behaviour.

For configurations | to I, the specimens were assembled with
six dissipative steel plates, having the geometric and mechanical
properties described above, arranged in parallel and welded to a
rigid, over-resistant steel frame designed to concentrate yielding
and energy dissipation in the six central elements (Figure
VI11.27, Figure VI11.28).
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Figure VI11.27 - Shared geometric dimensions of the metal samples.
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1000

Figure V11.28 - On the left-side: three-dimensional view of the specimen representing the
configuration I. On the right-side: view of the same specimen in the test machine.
The specimen representative of the configuration 111, featuring
the HEB100 H-beam profiles, are illustrated in (Figure V11.29).
The same testing machine and testing bench were used in the
test.
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Figure VI11.29 - On the left-side: geometric dimensions of the metal samples. On the right-side:
view of the same specimen in the test machine.

Dissipative capacities and structural behaviour of the alternative
configurations were investigated by conducting a series of
cyclic tests under displacement-control in the BRT universal
testing machine, installed at the laboratories of the Department
of Engineering and Applied Science of the University of
Bergamo.

The applied displacement history was characterised by cycles of
increasing amplitude (Figure VI11.30). The displacement was
applied at a 0.2mm/s rate.
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Figure VI11.30 - History of relative displacement imposed to the specimen with the Schematic
representation of the specimen during the test.

e

—
—
06 0 5 190 150 200 4

-1 n&
-1.4

-1.8 II
-2.2

Time [s]

[ [

Figure V11.31 - First 200 seconds of the loading history.

The shear resistance (V) of the single plate was determined by
dividing the total load by the number of dissipative elements.

In the experimental response curves the second performance
point, corresponding to the full section yielding and the
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activation of the plastic hinges (V}, ; 1), is marked with a green
square, while the third performance point, corresponding to the
specimen's failure for overcoming the maximum deformation
capacity (V,, ; n,,) is represented by a red cross.

The initial elastic stiffness of the specimen (Kg) Iis
approximated by correlating the plastic shear strength of each
resisting element (I, )with the relative displacement measured
(np) during the test:

K = ':1—'; [kN /mm]

Similarly, the specimen'’s post-yielding stiffness (K,,) is defined:

_Vu-Vp
K, = . [KN /mm]
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e Configuration I: welded steel plates

Experimental tests conducted on specimens representing the
characteristics of the first AJESA fuse configuration, which
differ only by the type of structural steel used, demonstrate a
good correlation between the analytically estimated plastic and
ultimate shear resistances and the experimental results.

The shear-displacement curve obtained from testing the first
specimen representing configuration | is shown in Figure
VI11.32.

V, (5275) = 15.2kN

-20 -18 -16 -14 -12 -

Shear resistance [kN]

Relative displacement [mm]

Figure VI11.32 — Shear-displacement curve for the AdESA-Config. I: the dashed blue curve
represents the specimen made of S355, while the continuous blue curve represents the S275 steel
specimen. The green square represents the attainment of the first performance point while the red

cross the attainment of the third point. The dotted horizontal lines indicate the theoretical resistance
predictions reported in .

Both specimens exhibited similar behaviour and comparable
stiffnesses, defined in the following by considering the S275
steel specimen.
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Kg = ':1—" = 1;;’:: = 8.7KN/mm ;
14

In this refence case the elastic stiffness is about six times greater
than the post-yielding stiffness (Kp).

_Vy—V, _ 283 kN—17.4kN
P - 9mm - 2mm

= 1.56kN/mm

The specimen failure occurred in the heat-altered zone in the
proximity of the weld lines.

Figure VI11.33 — Pictures of the test specimen of configuration | within the testing machine when
failure is accomplished.

e Configurations Il: welded steel plates with reduced
sections

Tests conducted on specimens with slitted plates that locally
reduce their cross-section, representing configuration I,
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demonstrated their ability to concentrate inelastic deformations
and localise the activation of plastic hinges distant from the
heat-altered zones. The comparison between experimental
curves obtained from the different specimens characterised by
slits with rounded- and sharp-edges are shown in Figure V11.34.

V, (5275) = 20.6kN 25 - 12.0; 16.6

=

=

Q

(%)

i

¥-20-18-16-14-12 A0 - L 8710 12 14 16 18 20
- / 4 /
©

[T}

L

wv

Relative displacement [mm]

Figure V11.34 - The dashed orange curve represents the shear-displacement relationship obtained
from the specimen of configuration Il with rounded-edges, while the continuous orange curve
represents the relationship obtained from the sharp-edges specimen. The green square represents
the attainment of the first performance point while del red cross the attainment of the third point.
The dotted horizontal lines indicate the theoretical resistance predictions reported in

Also in this configuration, both specimens exhibited similar
behaviour, stiffnesses, and deformation capacity. Laboratory
tests reveal a moderate decrease in both elastic stiffness and
post-yielding stiffness compared to configuration Il.

Kg = Yp _ LIV _ g 93kN/mm ;

p 1.emm
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= Vu—Vyp = 16.6 kN— 11.1kN = 0.53kN/mm

p Nu—1p 12mm — 1.emm

As observed by visual inspection, the failure of the sharp-edged
slits specimen was caused by the onset and propagation of
several cracks that originated in the corners of the slits and then
extended along the reduced section of the plates with a
deflection towards the weld lines (Figure V11.35).

Figure VI11.35 - On the left-side: Image of crack propagation from the corners of the slits. On the
right-side: Image of the fracture of the reduced section at the end of the test.

e Configuration Il11: device consisting of H-beam
sections made of S355 structural steel

Experimental and theoretical results well conform also in the
case of Configuration 111, which exhibited a significantly higher
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deformation capacity than all other configurations (Figure
VI1.36).

18;23.1

Shear resistance [kN]

-30

Relative displacement [mm]

Figure V11.36 - Shear-displacement curve obtained from the sample of configuration V, consisting

of I-beam sections made of S355 structural steel. The green square represents the attainment of the

first performance point while del red cross the attainment of the third point. The dotted horizontal
lines indicate the theoretical resistance predictions reported in

This specimen corresponds well in terms of elastic stiffness to
the previously analysed configuration characterised by the
presence of reduced cross-sections, whereas its post-yielding
stiffness is the lowest of all the devices examined.

Kg = Yo _ LN _ 7kN/mm ;

Mp 2mm

_Vy—V, _ 18kN— 14kN
P nu-mp 18mm-2mm

= 0.25kN/mm

The specimen fails for overcoming the maximum rotation
capacity of the plastic hinges for large inelastic deformations,
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for a relative displacement of 18mm equal to 50% more than
configuration II.

Figure VI11.37 - Pictures of the test specimen of configuration 111 within the testing machine when
failure is accomplished.
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7.5. Concluding Remarks & Further Development

Experimental tests conducted on specimens of the various
configurations of the AdESA fuses demonstrated their
satisfactory dissipation and coupling capacities, these devices
exhibit a good capacity to withstand large plastic deformation
relative to their dimensions and to effectively limit the
maximum shear transfer. Besides structural performances, the
need for simplifying the production of the dissipative elements,
as well as the need to speed up the construction process,
emerged as quite relevant features to take into account in the
design of these elements. In such a scenario, Configuration Ill,
obtained by assembling steel H-beam portions, exhibited the
most interesting characteristics among the tested configurations,
making it suitable for adoption into the case studies analysed in
Chapter VIIl and IX.

In the future step of the research focus will be made on the
further development of the AJESA fuses and on the experimental
testing of the sacrificial fuse toe for achieving effective damage-
control in adaptive exoskeletons, as well as on the
standardization of the connection to the existing building.
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VI1IIl. Retrofit of an existing precast
RC building with a hybrid-CLT
exoskeleton

8.1. Introduction

This chapter describes the structural retrofitting of a real case
study building with the ADESA system, the innovative technique
for the holistic and sustainable renovation of the building stock
described in Section 8.4, that was developed by a consortium of
SMEs and universities within an industrial research project [15]
[238]. This case study implements the LCT design principles
introduced in Section 5.3, the proportioning procedures
illustrated in Section 6.4, and the AJESA fuses described in
Chapter VII. In this first application, the structural CLT panels
and the energy dissipators were arranged horizontally due to the
architectural constraints, better described in the following.

A hybrid version of the ADESA system, was first applied for the
retrofit of a 1980s prefabricated RC gymnasium in Brescia. The
retrofit solution consists in a dry assembled, modular, and
flexible exoskeleton that is applied to the existing building and
is composed by multiple layers with distinct structural, energy,
and architectural functions. This global structural-energy-
architectural intervention increases the sustainability of the
system by simultaneously fostering eco-efficiency, safety, and
resilience. In addition to coupling structural and energy
measures to reduce operating costs, this solution is designed in
compliance with the principles of Life Cycle Thinking and
Circular Economy to reduce impacts over the extended life of
the retrofitted building. Using CLT structural panels, macro-
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prefabricated components, and standardised structural
connections, this adaptive retrofit is conceived to be easily
assembled and disassembled from outside without disruption in
the building use, allowing its components to be reused and
recycled at the end of their service life. The achievement of the
structural performance objectives imposed by the adoption of
life cycle structural engineering principles is ensured by the
enforcement of quite severe design targets for the proportioning
of the hybrid shell exoskeleton. The introduction of AJESA fuses
(Section 7.4), concentrating structural damage induced by
severe seismic events and limiting the actions in the
exoskeleton, as well as the exploitation of the controlled rocking
of the cladding panels, protect the integrity of other structural
and non-structural components of retrofit and existing building,
limiting the extension of structural intervention.

As anticipated, the author, who was a member of the research
team in charge of the design of the retrofit intervention,
collaborated to the conceptualization of the structural system,
and was responsible of the creation of its non-linear numerical
model, the execution of experimental tests on the novel
dissipative components, and the implementation of site control
measures.

8.2. Building description

The reference building selected for the first application of the
AdESA system is a precast RC gymnasium (Figure VIII.1)
owned by the Municipality of Brescia, a city in northern ltaly
classified as moderate-high seismic zone (ag= 0.168g [141], and

climate zone E, HDD=2410 [15]).
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Figure VI11.1 - Images of the case study building before renovation. From [239].

This building, erected between 1980 and 1981 using only
prefabricated elements, features a rectangular plan (25.34x13.34
m?) and a height of 7.5m. The gymnasium hall hosts a full-
height sports area at the ground floor and a loft area with an
intermediate floor for the changing rooms, a storage area, and a
technical room, which are connected by an internal staircase that
is part of the RC prefabricated system.

The principal structure is composed of perimeter 38x38cm? RC
columns with a 6m spacing. Mid-height corbels support the
intermediate edge RC beams, which are responsible for
supporting the cladding panels through structural bayonet
connections to prevent in-plane and out-of-plane displacement
of the external panels. The roof is composed of precast RC
double tees beams with 12m span, a total height of 47cm, 3.5cm
thickness of the upper flange, and lacking the RC topping. The
roofing elements are supported by edge beams with an inverted
T section that rest on the head of the RC columns and serve as
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retainers for the cladding panels with the same connection
devices as the intermediate beams.

The loft area has a 5.7 x 12.9m? floor plan and is divided into
two 6m wide main bays (Figure VI11.2). The intermediate floor
slab (Figure VIIL.3) is composed by precast RC double tee
beams with a gross height of 50cm and an upper RC flange
thickness of 3.5cm, supported by inverted T-beams that rest on
the intermediate corbels of the perimetral RC columns. The slab
stratigraphy is completed with a cast in situ 7cm thick RC
overlay (gross height of 50cm), and additional reinforcement at
the beam-column joint. This intermediate level is partly
supported by a central RC column, shorter than the perimeter
ones.

Figure VI1I1.2 - Ground floor plan. From [239].
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Figure VI111.3 - Intermediate floor plan. From [239].

Foundations are made of RC pockets connected by a 20cm-thick
cast-in-place RC grade slab and by a perimeter inverted beam.

750m

Figure V111.4 - As-Is condition: Laser-scanner-generated 3D model (left) and interior view of the
southern portion of the building with the intermediate floor (right). From [15].

The perimeter facades are composed of 22cm-thick
prefabricated sandwich cladding panels, with two outer RC
layers of 6 and 12cm and an inner 4cm insulation layer.
Cladding panels are connected to the primary structure at two
levels. Along the longitudinal facades, these panels (2.4x8.1m?)
are arranged vertically, with no openings (Figure VI1I1.5). Along
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the transverse facades, given the presence of ribbon windows,
cladding panels are arranged horizontally (Figure VI11.6).

Sl ¥ e

Figure VI1IL.6. - As-1s condition: On the left-side: representation of the short southern fagade. On
the rigth-side: representation of the short northern facade. From [239].

The earthquake-resistant system of the building in the as-is
conditions consists primarily of the precast RC frame, fixed at
the base, with the edge beams hinged to the columns.

Neither the roof, made of double tees beams connected only to
the perimeter beams with metal dowels, nor the partial
intermediate floor are engineered to behave like floor
diaphragms. Furthermore, the limited extension and eccentric
position of the intermediate floor is expected to potentially
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influence the overall seismic response of the building by
generating torsion effects.

In the longitudinal direction the presence of the cladding RC
panels, which were designed as infill elements, is expected to
play a crucial role in the response of the building. The cladding
panel’s high masses, stiffness, and the limited capacity of the
mechanical fasteners to the frame can significantly impact the
building's overall seismic response.

Additional information on the structural system of the existing
building in the as-is condition is available in [15] [238] and [3].

8.3. Main deficiencies of the building in the as-is
condition

The structural static and seismic vulnerabilities of the building
were evaluated by performing nonlinear static analyses of two
3D numerical models of the structure, having different level of
refinement, implemented in a finite element software [194]. The
elastic design spectrum of the site at life-safety limit state
(LSLS) is reported in Figure VIL.7 .
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Figure VI1I1.7 - Elastic design spectrum of the site at life-safety limit state (LSLS). From [141].

These models, representing the building in the as-is condition,
were developed by considering the geometric features surveyed
through laser scanner, and derived from the construction
documents, as well as the mechanical properties of the structural
elements and connections derived from the available
documentation and checked by sample. In the basic numerical
model, mesh A (Figure VIIL.8), only the primary structural
components of the building were modelled, consisting of the
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reinforced concrete frame, while secondary elements were only
modelled as masses.

Figure V111.8 - 3-D representation of the basic model called mesh A, extracted from the software,
in which the RC frame is represented by the grey vertical elements and the roof elements are
represented by the blue horizontal elements. From [15].

In mesh A, the perimeter columns were modelled using one-
dimensional beam elements with lumped plasticity fixed to the
ground, their moment curvature relationship as well as the
moment axial force domains were automatically calculated
considering the P-M interaction.

The intermediate and upper edge beams were modelled as
single-bay elastic elements pinned to the columns. The roof
elements were modelled as truss elements connected to the
upper edge beams, whereas the intermediate RC slab was
modelled with elastic plate elements to simulate its in-plane
stiffness granted by the cast-in-place structural section. The
potential interaction between the precast reinforced concrete
staircase and the perimeter columns at mid-storey height was
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modelled by imposing an absolute constraint on the horizontal
translation at that point.

In the second model, referred to as Mesh B (Figure V111.9), the
basic model (Mesh A) was complemented with the prefabricated
cladding panels. The external panels were modelled with one-
dimensional beam elements pinned to the ground and connected
to the frame by general-link characterized by an elastic-plastic
behaviour. To calibrate the general link, the position, stiffness,
and resistance of the structural connections were considered.

Figure VI11.9 - 3-D representation of the second model called mesh B, extracted from the software,
in which the RC cladding panels are represented by the vertical red elements. From [15].

These connections play a critical role in the seismic response of
the building. They consist of horizontally arranged anchoring
devices linking the edge beams and RC pillar corbels with the
external panels (Figure VI11.10). More about the evaluation of
their mechanical features can be found in the and in [240].
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Figure V111.10 - On the left-side: detail of the structural connection between intermediate edge
beams and cladding panels. On the right-side: detail of the structural connection between roof-level
edge beams and cladding panels. From [3].

As expected, the comparative analysis of the capacity curves
obtained from the nonlinear static analyses emphasizes the
influence of the cladding panel on the global structural response
of the building. The capacity curves obtained for the two models
differ quite substantially in terms of stiffness, deformability, and
failure mode, thus the seismic vulnerability change remarkably
based on the modelling assumptions. The potential for out-of-
plane overturning of panels due to the failure of structural
connections between panels and frame is a limit condition for
the entire structure, regardless of the state of the other elements.
The central role of cladding panels becomes evident when
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comparing the capacity of the building to the seismic demand in
the longitudinal direction, as shown in Figure VII1.11.

Transverse direction
800

Roof displacement [m]
@  Column flexural yelding
@  Column flexural failure

QO  Cladding panels failure

Figure VI11.11 - Capacity curve of the building in the transverse direction. The continuous grey
line represents the mesh A capacity curve, WfEillg]the blue line is the curve of the mesh B. From
In mesh A, a diffuse yielding at the base of the RC columns is
observed for roof displacements of 2.5 cm, which corresponds
to a total drift of approximately 0.33%, until the ultimate
flexural deformation (ultimate building drift of 2.5%) of the
columns near the north fagade is reached (Figure VI11.12). Such
columns are more stressed due to the in-plan and in-elevation
irregularity of the building, with particular emphasis on the
torsional effect caused by presence of the intermediate partial
slab. In this configuration, considering only the RC frame
elements characterized by a high deformation capacity, the
building satisfies the LSLS displacement capacity requirement.
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Figure V111.12 - Performance of the structure, represented by mesh A, upon reaching ultimate
deformation. From [15].

The capacity curve of mesh B, on the other side, demonstrates
that the high deformability of the RC columns is incompatible
with the capacity of the connections constraining the cladding
panels. The presence of cladding panels with rigid structural
connections results in the early failure of the connections on the
north side for a very limited roof displacement of about 12mm,
corresponding to a 0.16% drift, followed by the out-of-plane
overturning of the panels. After this point, the building's
capacity curve continues (dashed line in Figure VIII1.11) until
the ultimate flexural capacity of the first floor RC columns on
the south side is reached.

Figure V1I1.13 - performance of the structure, represented by mesh B, upon reaching ultimate
deformation. From [15].
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It is worth noting that the dashed portion of the response curve
is conventional, and significant from a numerical point of view
only, provided that the building's capacity is limited by the
failure of the structural connections and by the overturning of
the cladding panels. In mesh B, the LSLS displacement demand
is not met, and the building safety index before the intervention
is equal to 0.14.

The main energy deficiencies of the building were identified by
analysing the envelope, plants, and building management in
terms of heating/cooling and air ventilation. Regarding the
envelope, highly dispersive surfaces were identified both in the
facade, which consists of RC sandwich panels insulated with 4
cm of rockwool, and in the roof, which is insulated with 5 cm of
expanded cork. Concerning the thermal demand for winter
heating and summer cooling, accurate dynamic analyses of a
numerical model realized with Trnsys® software were
performed to evaluate the building's behavior for each hour of
the year under specific use conditions [15]. The analyses
estimated a peak thermal load of 50 kW and an annual thermal
load of approximately 63000 kWh for winter heating, and
during the summer period a peak thermal load of 29 kW and an
annual thermal load of approximately 21000 kWh related to
cooling (Figure VII11.14).
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Figure V1I11.14 - Energy performances of the building in the pre-intervention condition.
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The building was also in a precarious state of architectural
deterioration and required both aesthetic and functional
renovations.

8.4.Brief overview of the holistic intervention

The building was renovated by designing and implementing the
AdESA system, a new solution for the structural, energy, and
architectural retrofitting of existing suburban building stock.
This system employs innovative technologies and virtual BIM
design systems and is based on the application to an existing
building of a layered envelope consisting of an internal
structural layer, consisting of a shell exoskeleton made of CLT
panels covered with a fireproof layer; an intermediate energy
layer consisting of a thermal insulating coating; and an external
architectural layer, which encloses the previous layers (Figure
VI1I1.15).

- AdESA Structure " AdESAEnergy
Figure V111.15 - Concept of the AJESA intervention. From [3].

The energy upgrading (Table 4) was carried out by applying,
over the structural shell, an insulation layer for improving
thermal efficiency (8cm of EPS), as well as a finishing plaster
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for the architectural renovation. The fire protection of the
construction is guaranteed by the application of a protection
layer underneath the insulation layer over the timber panels
(12.5mm of acquapanels) and of intumescent paints on the steel
frame. The installation of new photovoltaic panels on the roof
increased the building's sustainability by increasing its use of
renewable energy sources. The results of the energy intervention
(Figure vin.16), as estimated by dynamic simulations, are depicted
in the figure below for monthly heating and cooling demand and
in Figure VI11.16 for thermal transmittance; with respect to the
as-is condition, a annual heating energy saving of 50.51% are
obtained in the post retrofit condition [15].

Monthly heating request Monthly cooling request
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Figure V111.16 - Energy performance prior to and subsequent to the energy intervention. From [15].

Table 4 - Results of the energy intervention's dynamic analyses. From [15].

Transmittance Max Transmittance
Insulation system
[W/m?K] [W/m?K]

Transversal short

walls CLT 10 cm + EPS 8 cm 0.24 0.28
(Noth and South)
Longitudinal long

walls EPS 10 cm 0.25 0.28

(East and West)
Roof Plywood 3 cm + PIR 10 cm 0.23 0.24
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The gymnasium was painted white on the north and west sides
and red on the south and east sides. As longitudinal elements
located at the top and bottom of the facades and defining two
horizontal red lines, the new window and door frames were also
painted red (Figure VI11.17).

o

Figure VI111.17 - Views of the gymnasium at the end of the renovation process. From [15].

8.5. Conceptual design of the retrofitting exoskeleton

The AdESA system, conceived for the retrofit of RC and
masonry structures, has been adapted to the specific
characteristics of this building, to reckon with its morphological
and architectural constraints.

The case study building, characterized by full-height RC
cladding panels in the longitudinal facades, the ribbon windows
along the short sides, and an internal intermediate partial floor,
requires the adaptation of the shell exoskeleton in order to meet
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the architectural features. The resulting structural shell consists
of:

- anew plywood seismic roof diaphragm,

- hybrid shear walls with a horizontal arrangement of the
structural panels along the short sides of the building, made of
CLT panels and steel frames where the ribbon windows are
located, supplemented with the AJESA fuses (type I, Section
7.4.1);

- re-engineered RC cladding panels on the long sides,
structurally behaving either as extended wall or like coupled
rocking shear walls for the design or exceptional seismic events,
respectively.

The structural concept of AJESA system as an external shell
connected to the existing structure was maintained despite the
partial re-engineering. In compliance with the principles of life
cycle structural engineering (Section 5.2), design for damage
control was performed. Earthquake-induced damage to the
existing structural component and to the retrofitting system is
limited by adopting quite demanding performance objectives:
full functionality of the building at the Life-safety Limit State
(LSLS), with limited deformation of the dissipators along the
short sides and controlled rocking along the longitudinal
direction; and a ductile failure mechanism for exceptional
seismic events.

The performance objectives at LSLS were enforced by limiting
the maximum inter-storey drift for the RC frame to 0.5%, by
limiting the maximum shear load in the shell facades to 600kN,
and by triggering the rocking behavior of the re-engineered
cladding panels system. The concentration of damage caused by
severe earthquakes and the limitation of seismic-induced loads
is ensured by the introduction of passive energy dissipation
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devices, the fuses illustrated in Section 7.4.1 (type 1), within the
exoskeleton. The horizontal arrangement of the energy
dissipators and of the structural panels, combined with the lack
of re-centering devices and systems, precludes the active
reduction of the residual drift.

8.6. Description of the structural intervention

The introduction of new seismic-resistant elements composing
the shell along the perimeter of the building enable a box-like
behaviour, significantly limiting the seismic actions on the
existing structure and controlling its deformability, solving
those vulnerabilities identified in the pre-intervention condition.
The structural components of the exoskeleton, which are
described in detail below, were dimensioned using simplified
design models and linear static analyses with reference to the
LSLS. The hybrid resisting system in the transverse direction
was proportioned based on the simplified models with
horizontal structural arrangement analyzed in Section 6.3, while
the re-engineering of the cladding panels is based on the models
for the vertical arrangement, in which no recentering devices are
introduced. Additional details are provided in .

- Timber roof diaphragm

The new roof diaphragm was assembled on top of the existing
RC roofing elements, considering the technology and specifics
described in literature [25]. This structural element was
dimensioned considering the analogy with bi-dimensional
cords-and-panel structures, decoupling the structural functions
between the components with the perimetral steel chords
resisting the bending moment, and the timber web panel
resisting to shear stresses (Figure V111.18).
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Figure V111.18 - Roof plan following structural intervention. From [3].

Diaphragm shear panels are composed of 3cm thick plywood
panels, connected with nailed steel flanges (nhails ®4x2/5 cm;
flange: s=2 mm) transferring the shear stress between panels
and to the perimetral seismic resistant walls by means of steel
studs (®22/45cm); steel tie rods prevent out-of-plane
overturning of the cladding panels. Additional L-shaped
(150x100x10mm) steel perimetral profiles were introduced as
diaphragm chords (Figure V111.19). The introduction of tie rods
in the corners of each plywood panel, connected to the existing
roof elements, prevented the thin timber web from buckling.
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Figure VI111.19 - On the left-side: concept of the roof diaphragm. On the right-side: realization prior
the introduction of the L-shaped perimetral elements. From [15].
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- Hybrid walls along the short facades

Along the building's short side, new earthquake-resistant hybrid
walls were installed in adherence to the existing facades.
Architectural constraints related to the presence of ribbon
windows and the stakeholder choices imposed the installation of
timber structural panels and AJESA fuses arranged in the
horizontal direction, coupled with seismic-resistant steel frames
installed around the windows (Figure VI11.21), precluding the
possibility of actively reducing residual drift.

Using simplified design models (Figure VI11.20) that account
for the shear stiffness of the timber panels, the bending stiffness
of the steel frames and the axial stiffness of the end-columns,
the dimensions of the additional walls were determined.
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Figure V111.20 - Conceptual representation of the simplified dimensioning model. From [15].

The hybrid walls are composed of horizontally arranged 5-
layers CLT panels with a thickness of 100mm, connected with
nailed steel flanges (nails ®4x2/5cm; flange: s=2 mm),
alternated with steel frames with rectangular tube profiles,
consisting of 220x120x10mm horizontal elements and
180x120x10mm vertical elements (Figure V111.21).
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Figure V111.21 - Pictures of frame installation, taken by the author.

The adoption of the steel frames, resulted in a hybrid version of
the AdESA structural exoskeleton, which was originally
envisioned as consisting of CLT panels only. The presence of
horizontally arranged AdESA fuses, designed to offer a shear
resistance of 15kN for each dissipative element, allows for the
limitation of shear loads transmitted to the lower structural
portion, thereby limiting seismic actions, and concentrating the
nonlinear deformations at this level. This intervention
introduces the second layout of the fuses analysed in Chapter
VI, which is characterised by the presence of slits with rounded
edges in the vertical steel plates.

The elevation of the south facade before and after structural
intervention is depicted in Figure VI1I1.22. This representation
includes the CLT panels in orange, the steel frames in dark gray,
the structural connection to the roof and intermediate
diaphragms consisting of rectangular plates, the dissipative
AdESA fuses located between the steel frame on the ground floor
and the intermediate timber panels (Figure V111.23), and the new
foundation system consisting of the RC curb and drilled piles.
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Figure V111.22 - Representation of the structural intervention along the short facades of the
building, showing some structural details: a) steel dowels summit connectors between exoskeleton
and pre-existence; 2) steel dowels intermediate diaphragm connectors; 3) detail of AAESA fuses; 4)

structural connections of the new foundation. From [15].
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Figure V111.23 - On the left-side: picture of the AJESA fuses installed along the southern fagade.
From [15]. On the right-side: detail of the dissipative connection. Picture shot by the author.
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New RC foundation curbs were cast beneath the additional
transverse walls to transfer the horizontal seismic loads
collected by the shell exoskeleton facades and transfer them to
the existing RC slab through steel dowels. It is worth noting that,
as opposed to traditional shear-wall solutions, in which a
relevant number of micropiles is required to resist the seismic
bending moment, in the shell solution, by exploiting the
extension of the shell exoskeleton facades, the lever arm of the
axial forces balancing the seismic bending moment at
foundation level increases remarkably, thus the number of the
micropiles can be substantially reduced. In this application only
2 piles placed at the ends of the foundation curb in the transverse
direction were adopted (4 micropiles total).

- Longitudinal facades strengthening

Along the building's longitudinal facades, the lateral force
resisting system (LFRS) was created by re-engineering the
existing cladding panels, thereby avoiding the introduction of a
a new structural layer (Figure V1I1.24). To increase the in-plane
stiffness and resistance of the building longitudinal facades,
mechanical couplers, consisting of 20mm X-shaped S355 steel
plates and (8+8) ®20mm steel studs (Figure VIII1.25, Figure
VI11.26), were introduced between adjacent RC cladding panels
to enforce panel coupling, exploiting the resistant resources
offered by the extended structural fagade, and relying on rocking
activation for severe seismic events.
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Figure V111.24 - Conceptual representation of the simplified dimensioning model. From [15].

Figure V111.25 - Representation of the structural intervention along the longitudinal facades of the
building. From [15].
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Figure V111.26 - pictures if the mechanical coupling elements installed between the adjacent RC
cladding panels. From [15].

To transfer the shear loads generated by the seismic actions to
the existing foundation, 3 over-resistant ®22 S355 steel studs
were installed at the base of each panel and a couple of ®©20 steel
dowels were also used to connect the roof diaphragm to the new
LFRS at the top level. In addition, steel anchors were installed
to secure the structural facade to the roof diaphragm and to
prevent out-of-plane overturning.

- Intermediate slab strengthening

The only interventions to be performed inside the building are
the installation of three steel tie-rods at the intrados of the
intermediate slab (Figure VI111.27), in the direction parallel to the
TT tiles, for the re-engineering of the existing floor as a seismic
diaphragm; and the realization of a horizontal seismic
separation joint at the base of the internal precast staircase to
avoid detrimental interactions during a seismic event.
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Figure VI111.27 - Plan of the intermediate floor after the structural intervention, viewed from the
bottom up, with the tie rods highlighted in red. From [3].

8.7. Structural performance of the retrofitted system

The structural performance of the retrofitted building was
investigated by performing nonlinear dynamic analyses. Mesh
C, was created by implementing the exoskeleton components in
Mesh B (Figure VI11.28). For the sake of clarity, only the main
characteristics of the model are presented in this chapter, while
details of the numerical model (geometry of each component,
and mechanical properties) are presented in .

The strengthening elements installed along the longitudinal
facades were modelled by adding general-links to simulate the
new mechanical coupling connections between adjacent
cladding panels, whereas the AJESA hybrid walls installed in
adherence to the short facades were modelled with elastic plane-
stress elements for the CLT panels, one-dimensional beam
elements for the steel frames, and elasto-plastic general links for
the structural connections between the new walls and the
existing structure. At the roof level, to reduce the computational
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effort associated with the large number of model nodes, a rigid
diaphragm was implemented to account for the contribution of
the seismic wooden diaphragm. The structural validations of the
diaphragm were conducted using the total accelerations
determined by the time history analyses.

Figure VI111.28 - 3D representation of the numerical model of the retrofitted building, mesh C,
extracted from the software. From [15].

The main properties of mesh C components are presented in
Table 5 (adapted from [1]), further details can be found in .

Table 5 - Principal characteristics of the retrofitted building model, Mesh C. From [15]. Detailed
descriptions of each component, including the adopted geometric and mechanical properties, are

reported in .
North & South Finite Element
Element Typology Notes
Hybrid walls Modeling

Hollow square
profiles & plates in

structural steel
1-dimension
S355:
Steel Frames Elastic Beam
220x120x10mm
elements
(horizontal elem.)

and 180x120x10mm

(vertical elem.)
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5-layers 100mm Design compression strength:

CLT structural feq,cr = 8.69MPa

2-dimensions
panels: Design shear strength:

CLT pands Elastic plane-

13x2.5m fya,cLr = 1.9MPa
stress elements

commercial Out-of-plane design bending resistance:
elements Mgy =24kNm / m

Cladding panels - Intermediate RC beams:

. K = 1676.8kN/mm, Vq= 7.3kN
‘Over-resistant’

Steel dowels Elastic general Cladding panels - Roof-level RC beams
Structural
®20/22 in S355 steel links K = 5.81kN/mm, Vg,= 7.3kN
connections
Cladding panels — Intermediate column corbels
K = 9.23kN/mm, Vg,= 7.3kN
Steel dissipative
AdESA f uses Elasto-plastic Maximum shear resistance for each
plates in structrual
beam elements dissipative plate :V=15kN.
steel 5275
East & West Finite Element
Element Typology Description
longitudinal facades Modeling
Mechanical 10mm plates in Equivalent elastic stiffness
coupling elements mild steel 355 and  Elasto-plastic Keonn=123.4kN/mm,
between RC (8+8)®20 steel general links ~ Shear resistance referred to a row of 8 dowels
cladding panels dowels Veonn=130kN
Cladding panels - Roof diaphragm
K =444kN/mm
‘Over-resistant’ Elastic general Cladding panels - Existing foundation
. Steel studs in S355
connections links K =548kN/mm
Cladding panels — Intermediate slab
K=72kN/mm
New roof Finite Element
Element Typology Description
diaphragm Modeling
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30mm thick
Timber shear

structural plywood

panels & L-shaped Rigid Rigid

panels & L-shape

steel longitudinal diaphragm diaphragm

steel profile in mild
profiles
steel S355

Nonlinear time history analyses were carried out by considering
seven lItalian seismic events, compatible with the site's LSLS
elastic spectrum [141], selected from the earthquakes with the
highest peak ground velocity (P.G.V.). The selection constraint
based on the P.G.V was introduced with the intention of
studying the relationship between this peak parameter and the
induced damage and selecting the most severe seismic events
for dissipative and re-centering structural systems. Rexel
software was adopted (Figure VI111.29) [241].

Combination no. 1
T

IT0080xa EQ: 23
IT0014xa EQ: 4
IT0021xa EQ: 3 [
IT0181xa EQ: 47
IT0166xa EQ: 47
IT0386xa EQ: 100 H
IT0790xa EQ: 178
IT0080ya EQ: 23
mo014ya EQ: 4 [
IT0021ya EQ: 9
IT0181ya EQ: 47
IT0166ya EQ: 47 H
IT0386ya EQ: 100
IT0790ya EQ: 178
Target spectrum |
Lower Tolerance
Upper Tolerance
Average spectrum
0 05 1 15 2 4 = === Range of periods
TIs]
Figure VI111.29 - Set of 7 spectrum-compatible Italian seismic events obtained from Rexel software.

Sa(T) [g]

i

The results obtained from these analyses are respectful of the
design target selected in the preliminary design phase.
Widespread yielding of the AdESA fuses installed in the
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transversal hybrid walls for the majority of the introduced
seismic events can be observed, whereas the seismic-resistant
steel frames and CLT panels remain in the elastic range. In the
longitudinal direction, rocking activation of the precast RC
panels is observed in all the performed analyses.

Specifically, in the transverse direction, the average maximum
drifts achieved by the steel frames at the ribbon window level at
the first floor of the south wall are roughly 0.52% (Figure vii1.30),
as enforced during the design stage; other frames experience
significantly lower drifts.
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1 2 3 4 5 6 7

Seismic events

Figure VI111.30 - Maximum drifts achieved in the steel frame installed at the ribbon window level
on the first floor of the south wall for the selected seismic events.

The average maximum drifts of the hybrid retrofitting walls is
0.36% for the south facade (Figure VI111.31) and 0.28% for the
northern one (Figure VI111.32), resulting in a building maximum
drift below the 0.5% threshold.
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Figure V111.31 - Maximum drifts achieved by hybrid walls placed along the south facade.

0.80
0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Maximum drift [%]

1 2 3 4 5 6 7
Seismic events

Figure V111.32 - Maximum drifts achieved by hybrid walls placed along the north facade.
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The AdESA fuses present large inelastic deformation for most
seismic events, ensuring the limitation of the seismic loads
below 600kN. The maximum drifts for these dissipative
elements, (measured as maximum displacement over the height
of the vertical steel plates), are 17% for the fuses placed along
the north facade, corresponding to a relative displacement of
approximately 1.2cm (Figure VI11.33), and 13% for the other;
their residual drift at the end of the seismic event varies
depending on the ground motion characteristics (with an
average value of approximately 0.6cm).
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Figure VI111.33 - Maximum displacement over the height of the vertical steel plates achieve by the
AdESA fuses placed along the north facade.

The lateral coupling elements between the longitudinal cladding
panels enable the onset of controlled rocking behaviour, thanks
to the yielding of the installed steel dowels, while maintaining
the integrity of the X-shaped steel plates. The average maximum
drift achieved by the cladding panels is approximately 0.12%
(Figure VI111.34), with a residual drift close to zero.
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Figure V111.34 - Maximum drifts achieved by the cladding panels.

The activation of the plastic hinges in the AJESA fuses and the
controlled rocking of the cladding panels also allow for the
limitation of seismic-induced loads in both principal directions,
effectively limiting the maximum acceleration experienced by
the roof diaphragm to 0.62 g (Figure VI111.35).
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Figure V111.35 - Maximum acceleration achieved by the centre of roof diaphragm.

0.80

0.47

0.28

2 3 4 5 6
Seismic events

0.82

296



Stefano Cademartori

The existing precast concrete frame shows widespread
activation of plastic hinges in the columns without reaching
ultimate deformation in any seismic event, the average
maximum inter-storey drift achieved by the existing RC frame
is around 0.5% (Figure VI111.36).

Maximum inter-storey drift [%]

1 2 3 4 5 6 7
Seismic events

Figure VI111.36 - Maximum inter-storey drift achieved by the RC frame.
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8.8. Lesson learned & partial re-engineering of the
retrofit

The assembly of the entire ADESA system took 4-5 months,
excluding the delay caused by the covid pandemic, while the
installation of the hybrid transverse walls and the connection of
the timber panels to the existing building took about 2 days with
a team of 4 people and a light crane. The renovation cost,
including the energy and structural shell, architectural finishes,
construction site costs, preliminary works, contingencies, VAT
and excluding technical costs, was approximately 390 €/m? of
shell surface area (total shell surface of about 918m?). The cost
breaks down in Figure VII1.37 shows: 30% of the total cost
associated with the structural retrofit, about 30% with energy
amelioration measures and finishes, and 40% with other
construction expenses. The pre-installation off-site of the
thermal insulation layer and of part of the finishes on the
structural panels can further reduce the installation process.

CONSTRUCTION SITE COSTS
9%

OTHER
EXPENSES
25%

PRELIMINARY WORKS
7%

FINISHES
4%

Figure V111.37 - Synthetic construction cost breakdown. Other expenses includes construction site
costs, preliminary works, contingencies, VAT and excluding technical costs.
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The installation of the hybrid walls in the transverse direction (Y
direction) represents the most expensive retrofitting work,
accounting for approximately 58% of the total structural retrofit
cost, while the longitudinal strengthening (X direction) account
for only 12% of the total cost. The construction of the new roof
diaphragm required 16% of the available resources for
retrofitting, while the structural connections required the use of
the remaining 14% of the resources (Figure VI11.38).

ROOF
16%

Figure V111.38 - Percentage on structural retrofit cost (the intervention in the Y direction
encompasses the hybrid steel-CLT walls and their sub structures; the intervention in the X direction
includes costs for the mechanical couplers of the cladding panels)

The reduced number of micropiles considerably simplified the
construction process and confirmed the suitability of the
exoskeleton shell or extended/coupled shear walls.
Furthermore, to the sake of the sustainability of the solution, the
reduction of drilled piles results in a lower environmental
impact and a reduction in construction time and cost compared
to a traditional shear wall solution.

Beyond the theoretical conceptual design, the application of the
proposed system to a real building allowed to address several
construction issues, which resulted in a partial re-engineering of
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the retrofit system. The need to account for the tolerances of the
connecting system (by far the most relevant issue to be solved
during construction), and the need to simplify the manufacturing
and installation of the retrofit led to the development of an
updated version of the AdESA system, which is being
developed in a companion research, and which is based on the
partial re-engineering of the connections of the exoskeleton to
the building and to the foundations [242] [243].

Figure V111.39 -Pictures of the prefabricated structural retrofit under erection. From [15].

The horizontal arrangement of the AdESA fuse strips may
interfere with the possible disassembly and replacement of these
elements following a severe seismic event, requiring the cutting
of yielded components and the welding of new elements on site.
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IX. Application of an adaptive
exoskeleton to a post-World War
Il masonry building

9.1. Introduction

The second case study presented is the retrofitting of a
residential building from the late 1950s, built in northern Italy
in a medium-high seismicity area, erected using a structural
typology that is common to many small to medium-sized
residential buildings, characterised by the presence of a load-
bearing masonry structure made of hollow clay bricks with
horizontal holes bonded with cement based mortar [244] [245]
[246]. Recent seismic events in northern Italy have highlighted
the great seismic vulnerability of this widespread structural
type, which is associated with the early collapse of the masonry
walls and the brittle crushing of the hollow bricks caused by the
concentration of earthquake-induced stresses and its inability to
redistribute seismic loads once the ultimate capacity has been
reached [246].

The initial section of the chapter describes the wooden
exoskeleton as part of an integrated structural, energetic, and
architectural renovation intervention carried out within the
research project “SCC-Innovation hub and living lab network”
financed by Regione Lombardia [247]. In the second section,
the exoskeleton is redesigned by applying the design principles
and processes described in Chapter VI, leading to the conception
of an adaptive retrofit capable of further performance
enhancement. In the final section of the chapter, several options
for reengineering the connections at the base of the wooden
panels are presented.
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As stated in the introductory section of the research, the author's
involvement in this case study is limited to the study of
alternative numerical models for investigating the structural
behaviour of coupled walls, also considering different structural
schemes to those implemented.

9.2. Building description

The analysed construction (Figure 1X.1) is a small-medium size
residential building, housing 4 apartments, representative of
typical post-World War 1l social housing never renovated.

Figure 1X.1 - View of the main facade before the intervention. Form [247]
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The following is a summary of the building's condition prior to
the renovation. Additional details are available in [247] and
[248].

L MR - A ;
1 h | ; I
I H A :
{
|

.1 1.

Figure 1X.2 - On the left-side: plan of the buiIEiZing.] On the right-side: building section A-A. From
48].

This social housing building, owned by the social housing
owner ALER (Azienda Lombarda per I’Edilizia Residenziale),
is in Prevalle in the province of Brescia in a moderate-high
seismic zone (ag= 0.158g [141], and climate zone E,
HDD=2335). Built between 1958 and 1960 and designed solely
for gravitational loads, it presents two floors above-ground, each
housing a two-room flat and a three-room flat (Figure 1X.2,
right), plus an attic used for storage and cellars. The building is
regular in plan and elevation, with a gross floor area per floor of
approximately 131m? The main facade is regular with an
extension of 13.6 m while the rear one has an extension of 12.4
m; the side facades, with an extension of 10 m, feature a recess
of approximately 0.60 m (Figure 1X.2, left).

The structural system is composed of load-bearing masonry
structure consisting of clay hollow bricks (each unit is
245x245x120mm) arranged with horizontal holes and bonded
with cement-based mortar; at the corners between orthogonal
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walls and at the end-segments of each masonry pier, the
masonry is composed of solid bricks (Figure IX.3, Figure 1X.4).

Figure 1X.3 - Elevation schemes of the main facades, in which the hollow block masonry is
depicted in green, the solid brick masonry in orange, and the horizontal walls with reduced
thickness in blue. From [248].

The central reinforced concrete stairwell is supported by
masonry walls erected using the same technique as the perimeter

walls.

Figure 1X.4 - Schematic building plan, in which hollow brickwork is outlined in green and solid
brick in orange. From [248].

The existing slabs, made of clay block system, designed to
support only gravity loads, are 0.20m thick bridging spans of
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4.20m and 5.00m, with RC perimeter curbs placed above the
masonry walls and RC main beam of approximately 0.43m
bridging spans of 4.00 m. The two-roof pitches are mis-aligned
and are composed of reinforced brick joists and hollow-core
without extrados screed.

9.3. Assessment of the building in the as-is condition

Before the renovation, the building presented several
vulnerabilities associated with poor structural performances,
poor energy efficiency, as well as poor architectural finishes and
poor state of preservation. The construction materials are of
poor quality and the structural elements are designed for basic
performances against static loads only; the domestic plant
system as well as the envelope are obsolete and unable to meet
the users’ needs, both in terms of functionality and in terms of
energy efficiency and comfort.

From the structural point of view, the primary seismic
vulnerability is related to the onset of local collapse mechanisms
involving the out-of-plane overturning of the masonry walls,
ineffectively constrained to the RC perimeter curbs. The elastic
design spectrum of the site at life-safety limit state (LSLS) used
for the analyses is reported in Figure IX.5.
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Figure IX.5 - Elastic design spectrum of the site at life-safety limit state (LSLS). From [141].

The vulnerability is associated to the overturning of the wall at
the attic level (Figure 1X.6), caused by the lack of a rigid roof
diaphragm. The seismic safety index at LSLS equal to 0.12.

Figure 1X.6 - Cross-section highlighting in red the most vulnerable masonry walls arranged in the
longitudinal direction of the building. From [248].

The global seismic wvulnerability of the building was
investigated performing nonlinear static analyses of a 3D
numerical model of the building (Figure 1X.7, left),
implemented in Midas Gen [194], assuming that the activation
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of local collapse mechanisms was inhibited. This model was
created by considering the geometric and sectional properties as
well as the mechanical properties of the structural elements
measured on-site.

The ultimate drift of the slender clay hollow brick masonry piers
was limited to 0.4%, following the results of a companion
research focused on the characterization of hollow clay masonry
walls arranged with horizontal holes [246]. It is worth noting
that such a value is quite lower than the maximum drift allowed
by the Italian standard for slender walls [141] and accounts for
the extremely low ductility and the brittle failure mechanism
observed in the experimental campaign [245]. Furthermore, the
experimental results showed the inability of the walls to
withstand gravitational loads after the extensive damage to the
pier base induced by the rocking motion, thereby highlighting
the severe vulnerability of this masonry typology. The influence
of the modelling assumption related to the ultimate drift
amplitude on the building global behaviour was partly analysed
in this research, whose results have been submitted for possible
publication [246].
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Figure IX.7 — On the left side: 3-D representation of the numeric model, extracted from the
software. On the right side: capacity curves of the building in the as-is condition. In which the
curve in the longitudinal direction X is represented by the continuous blue line, and that obtained in
the transverse direction Y by the green continuous line. From [248].

Nonlinear static analyses showed the greatest vulnerability of
the building in the longitudinal direction X (Figure 7, right).
Upon inhibiting the local mechanisms, the global seismic
vulnerability is associated with the activation of a soft-storey
mechanism at the second level, caused by the widespread failure
of the longitudinally arranged masonry piers subjected to
flexural and shear stresses (Figure 1X.8).
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Figure 1X.8 - Representation of the achievement of the ultimate drift for masonry piers at second
level, highlighted by orange circles, extracted from the software. From [248].

These masonry elements exhibit a nearly fragile response to any
potential failure mechanism compared to conventional solid
bricks elements, with the additional risk of being unable to
withstand gravitational loads following extensive damage at the
pier base sections. Based on the described modelling
assumptions, the building is also vulnerable with respect to
global mechanisms, with a seismic safety index at LSLS equal
to 0.62 (Figure 7, left).

Concerning energy efficiency, the building exhibits major
deficiencies typical of 1960s social housing constructions. The
poor energy performance is due to the envelope obsolescence,
all the external surfaces lack thermal insulation with quite
relevant un-resolved thermal bridges. In addition, the central
stairwell of the main facade is open toward the courtyard,
substantially increasing the dispersing surfaces. The
combination of these factors results in high energy
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consumption, thus in a significant impact on the environment,
besides being the source of users’ discomfort. The energy
performance of the building was evaluated using a detailed
transient analysis conducted with a Trnsys® numerical
simulation [247]. Starting with a 3D geometric model, the
analysis considers the behaviour of the building, including the
physical properties of the walls and the internal gains. The
energy efficiency class before the intervention is B [249], the
thermal transmittance of the masonry walls is 0.964W/(m?K),
and the thermal transmittance of the windows is A =
5.7W/(m?K). The total annual thermal load of the building is
54kWh.

From an architectural standpoint, the building was in a
precarious state of deterioration, and it required both aesthetic
and functional renovations.

9.4. Brief overview of the holistic intervention

The renovation of the building was accomplished by designing
and implementing a shell layered exoskeleton simultaneously
addressing the multiple structural, energy, and architectural
deficiencies (Figure 1X.9).

Figure 1X.9 - Schematic representation of the components of the holistic intervention, in which the
structural layer is coloured in purple and the energy layer in green. From [247].
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The designed solution consists of an internal structural layer of
CLT panels that improves the seismic behaviour of the building,
an intermediate energy-efficient thermal insulation layer, an
external finishing layer that improves the building's aesthetics,
and a new plant distribution system consisting in the Fluxus-
Ring system [247], installed without replacing the boiler and
radiators and anchored to the structural envelope facilitating
inspection from the outside.

As for the energy efficiency amelioration measures, an
additional insulation coating layer (12cm of Rockwool) was
fixed to the structural shell to reduce the thermal transmittance
of the envelope to 0.178W/(m?K) and limit thermal bridges. The
installation of low-energy windows (A = 2.6W/(m?K))
completes the upgrades. These interventions resulted in a
sensible reduction of total annual thermal load to 15kWh with
an energy savings of 72% (Figure 1X.10). The energy rating
shifted from Class F to Class B [249].
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Figure 1X.10 - Comparison of the energy performance of the building in the as-is and retrofitted
states. From [247].

8

The introduction of the structural solution, described in the
following paragraph, enables shifting from the seismic Class
from F to A+ [250].
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From the architectural standpoint, the fagade was finished with
a new coloured plaster while the windows were replaced and the
staircase core was closed, increasing the comfort of the
inhabitants, and reducing the need for thermal energy.

Detailed information on the integrated intervention is provided
in [247], whilst in the following, focus is made on the sole
structural retrofit.

9.5. Structural intervention

The primary structural components of the LRFS (Figure 1X.11)
encompass:

- the superstructure made of the wooden shell exoskeleton
composed of CLT panels, the new plywood roof diaphragm the
existing floors activating a diaphragm action and their mutual
connections, including vertical dissipative couplers between
adjacent panels;

- the new RC foundations;

- the exoskeleton-to-existing building as well as the
exoskeleton-to-foundation connections.

Figure 1X.11 - Schematic representation of the components of the wooden exoskeleton. From
[247].
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During the design phase, the performance objectives of the
retrofit were defined: elastic behaviour during moderate events
and at LSLS and dissipative and re-centring behaviour for
exceptional events. For severe earthquakes the activation of a
global ductile mechanism for the existing building is expected
with the preservation of its load-bearing capacity. To guarantee
these performances, the following design targets were applied:
limitation of the maximum inter-storey drift to 0.4% for seismic
events at LSLS and vyielding of the couplers between the
vertically arranged structural panels for severe ones. The
dissipation of seismic energy provided by the couplers limits the
seismic loads and protects the integrity of the other elements and
connections.
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Figure 1X.12 - Representations of the timber exoskeletons arranged along the main fagades, in
which the wooden elements are shaded in yellow and the Dywidag bars in purple. From [248]
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The new foundation consists of a perimeter RC curb placed in
adherence to the existing foundation to support the structural
panels and transfer their actions to small-diameter, drilled RC
piles driven 15m deep into the ground to support the tensile and
compressive actions induced by the global seismic bending
action acting on the retrofit.

The 10cm thick structural panels, consisting of 5 timber layers,
conform to the shape of the existing openings (Figure 1X.12)
and are coupled by means of AJESA fuses (type Ill, Section
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7.4.1) to ensure the ductility to retrofit and dissipation capacity
(Figure 1X.13).

Figure 1X.13 - Images of AdESA fuses installed between CLT panels. From [247].

The shell is linked to the building floor slabs using ®20/30cm
stell dowels and two @12 tie-rods per panel, fixed to the RC
curbs. Each vertical panel is constrained to the new foundation
by means of two g ®18 Gewi Dywidag steel bars, pre-installed
off-site in 1m-deep holes drilled in the CLT panel, which
transfer the bending moment of the retrofit to the foundation;
the reduced length of the bars is due to technological limitations
in panel processing. These re-centring elements, designed to
remain in the elastic range, allow the containment of residual
drift.

The shear resistance of the panels is guaranteed by the presence
of two shear keys inserted at the base of the panel (Figure
1X.14), consisting of ®50 tubular studs 3 mm thick welded to
the plate nailed to the panel, inserted in special pockets made in
the foundation and then filled with concrete.
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Figure 1X.14 - Images of the Structural connections between CLT panels and the foundation at
their base. From [247].

The effectiveness of the intervention was assessed by
performing nonlinear static analyses of a finite element model
of the retrofitted building (Figure 1X.15, left).
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Figure 1X.15 — On the left-side: 3-D finite element model of the retrofitted building featuring the
shell exoskeleton. From [247]. On the right-side: Pushover curve of the retrofitted building. In
which the curve in the longitudinal direction X is represented by the blue continuous line and that
obtained in the transverse direction Y by the green continuous line. From [248].

The results demonstrate that the structure gains adequate
stiffness and strength to limit displacement demand at LSLS
below capacity. For this level of seismic intensity, yielding of
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several dissipative fuses is observed, while the structural
connections between the panels and the foundation and the CLT
panels remain in the elastic range. Existing walls have a
maximum inter-story drift of 0.12%, which is less than the
experimentally determined and imposed maximum limit of
0.4%. Upon completion of the intervention, the seismic safety
index is equal to 2.12 (Figure 1X.15, right), corresponding to the
seismic class A+.

9.6. Critical analysis of the structural intervention

Several scenarios and design hypotheses were analysed to
evaluate the effectiveness of the design approach and of the
adaptive exoskeletons as retrofit solutions for existing
buildings. The models developed in Section 6.5 were adapted to
reckon with the architectural constraint of the case study. Three
configurations (Mesh A, B, and C) were first proportioned with
hand calculation and with reference to the simplified models
presented in Chapter VI (Section 6.5.3). Then, nonlinear time-
history numerical analyses were carried out.

Based on the results of the hand calculation and on the observed
drawbacks, a few corrective measures were considered, and the
following cases were analysed:

- Mesh A: in this case, two isolated coupled walls as those
presented in Sect. 6.5, are placed along the X1 alignment
(Figure 1X.16, a). Each wall is composed of two vertical
CLT panels, with horizontal spandrel panels, with central
vertical couplers. Hand calculation highlighted high
foundation stresses due to the total resisting moment, and
high stress in the panel-foundation connection.

- Mesh B: to reduce the stress due to the overturning moment,
the two coupled walls were coupled (Figure 1X.16, b).
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- Mesh C - Short bars (SB): in this layout, Mesh B is
supplemented with 1-meter Gewi bars rather than full-
height bars (Figure 1X.16, ¢). The contractor, also serving
as the manufacturer of the CLT panels, declared the
technical non-feasibility of full-height holes in the CLT
panels at its production and processing plant.

Hl B [HHH EHE

a) Mesh A b) Mesh B c) MeshC-
Short bars
(SB)

Figure 1X.16 - Sketch of the layout analysed.

As per the performance objectives, the walls were required to
behave elastically up to the design limit state (Life Safety Limit
State - LSLS); the couplers would be activated beyond that
limit.

Mesh A, B, C were subjected to a design ground motion (GM)
(LSLS, whose associated accelerations correspond to the design
one), an extraordinary GM (LSLS+, whose associated
accelerations slightly exceed the design one), and a Collapse
Limit State GM. (Figure 1X.17) shows the design spectra for the
selected site.

Due to the existing construction typology, with masonry blocks
arranged with horizontal holes, the maximum design
displacement was enforced as equal to 0.25% [246].
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Figure 1X.17 — Design spectra for the reference site: a) Life Safety Limit State, and b) Collapse

Limit State. The elastic period of cases A and B are plotted with full and dashed black lines,
respectively.
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The main results are summarized in Table 6. The critical
analysis of the results aims to open the discussion about the
influence of technological aspects on the adaptive wall
behaviour. An extension of the parametric analyses has to be
made to further generalize and consolidate the discussion.

Table 6 - Overview of the analysed cases in the parametric analyses and summary of the main

results.

@ bars drop OTop dv OMAX bar
Case | Mesh (mm) GM (mm) (%) (mm) /Ty
C18-LSLS| C 18 LSLS | 13.50 0.19 1.76 0.65
C18-
LSLS+| C 18 LSLS+ | 18.05 0.26 2.35 0.87
C18-CLS| C 18 CLS 21.82 0.31 2.77 1.02
C30-LSLS| C 30 LSLS | 17.26 0.25 1.81 0.51
C30-
LSLS+| C 30 LSLS+ | 19.98 0.29 2.29 0.58
C30-CLS| C 30 CLS 23.06 0.33 2.36 0.65
A18-LSLS A 18 LSLS 12.20 0.18 2.99 0.16
Al8-
LSLS+ A 18 LSLS+ | 18.83 0.27 454 0.25
A18-CLS| A 18 CLS 21.37 0.31 5.16 0.28
A30-LSLS| A 30 LSLS | 14.92 0.21 3.06 0.15
A30-
LSLS+| A 30 LSLS+ | 23.39 0.34 4.69 0.24
A30-CLS| A 30 CLS 26.29 0.38 5.21 0.26
B18-LSLS| B 18 LSLS | 1221 0.18 2.99 0.16
B18-
LSLS+ B 18 LSLS+ | 18.61 0.27 4.48 0.24
B18-CLS B 18 CLS 21.41 0.31 5.16 0.28
B30-LSLS 30 LSLS | 14.93 0.21 3.07 0.15
B30-
LSLS+ 30 LSLS+ | 23.28 0.33 4.64 0.23
B30-CLS 30 CLS 26.05 0.37 5.14 0.26

320



Stefano Cademartori

Where: d+op is the maximum top displacement; 6 top is the maximum drift; dy is the
vertical component of the retrofit displacement at the existing building floor level;
omax barl fy the stress rate in the steel bars.

The structure top drifts obtained in the non-linear time history
analyses are plotted in Figure 1X.18. The drift design target
(0.25%) and the collapse limit target (0.40%) are satisfied at the
design (LSLS) and collapse limit state (CLS) earthquakes,
respectively. As for the LSLS (in which the walls behave
elastically), a similar trend can be observed for both the cases
with 18mm and 30mm bars. In these cases, Mesh C showed a
higher displacement with respect to meshes B and A: the result
may be associated to a higher acceleration associated to the
mesh C (elastic period equal to about 0.37 s) which is stiffer
than the meshes A and B (elastic period equal to about 0.40 s).
When the non-linear range is reached (i.e., in the cases LSLS+
and CLS), Mesh C exhibits a lower maximum displacement; this
may be associated with a higher energy dissipation enabled by
the coupler’s activation (Figure 1X.21).
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Figure 1X.18 — Top drift over time for each analysed cases.
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In Case A30-LSLS, set as the reference case, a maximum top
displacement of 14.92 mm was recorded, corresponding to a
0.21% drift (lower than the drift target equal to 0.25%); the top
displacement increases by 57% in case of an extraordinary
seismic event (A-LSLS+), and by 77% in case of A-CLS ground
motion, however, remaining quite low. In the analyses
performed on Mesh B, a similar trend can be observed. The
maximum displacement slightly reduces with respect to Mesh A
as a result of the higher stiffness of Mesh B: despite the mass of
Mesh B being double that of Mesh A, by coupling the two
coupled walls, the overall stiffness more than doubles. In Mesh
C, in the case of shorter bars (C-LSLS), the maximum top
displacement increases by about 21% for the reasons previously
discussed.

No residual displacement is recorded past the seismic event for
Meshes A and B while Mesh C shows residual displacement
equal to about 0.2 mm at the CLS which can be considered
negligible for the reference case. Such a result is respectful of
the “design for reparability” LCT principle and proves the
recentring capacity of all systems, also in the case of shorter
bars.

Further parametric analyses are being made to better evaluate
the amount of residual displacement for different ground
motions, wall layouts, and design targets.
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Figure 1X.19 — Stress ratio of the vertical bars (fy=640 MPa).

To evaluate the compliance with the performance objectives for
each considered scenario, the possible yielding of the bars was
controlled. The maximum stress rate (maximum stress over the
yielding stress fy equal to 640 MPa) recorded in the bars is
plotted in Figure 1X.19. As can be observed the higher values
are plotted in the cases of short bars (Mesh C); the result may be
associated to a higher axial stiffness of such bars. Only in Mesh
C at the CLS an external bar reaches the yielding value (stress
rate equal to 1).

In Figure 1X.20 the maximum vertical displacements recorded
at the wall edges for each GM are plotted. Results show quite
relevant vertical displacements. The vertical displacement is
lower when short bars are adopted; the higher stiffness of short
bars allow for lower vertical displacement of the walls. It is
worth noting that the higher top displacement (i.e., higher drift)
recorded at the LSLS for the cases C18 and C30 may be
associated to a higher non-linear deformation at the wood panel
base. In such cases the non-linear compression is about 1.5 times
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that recorded in Meshes A and B. Based on these results, vertical
tolerances should be added in the retrofit-to-existing building
connections at the floor level, or the connections should be
better located at the intersection of the floor level and the retrofit
centroid axis.
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Figure 1X.20 — Maximum vertical displacement recorded at the wall edges for each GM. Solid,
ANSI31 and ANSI37 hatches indicate Meshes C, A, and B, respectively.

The force-displacement curves of the general links modelling
the couplers are reported in Figure 1X.21 (a) for Mesh A and in
and in Figure 1X.21 (b) for Mesh B and C. As expected, in Mesh
A, all couplers remain elastic up to the design limit state (A -
LSLS), while the third-floor coupler exhibit nonlinear
behaviour when the ground motion slightly exceeds the design
actions. All the couplers behave nonlinearly at the Collapse
Limit State and dissipate energy. A similar trend can be
observed for Mesh B when long bars are introduced. When short
bars are considered in Mesh C (C — LSLS+), couplers behave
nonlinearly also at the design limit state. In all cases, larger
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deformations accumulate in the couplers at the upper floor, as a
result of the vibration mode of the coupled walls.

At foundation level, the shear loads can be transferred by means
of shear keys, while the total resisting moment can be balanced
through a couple of axial forces, where tensile actions are
resisted by micropiles. In this case, it should be noted that
coupled walls (Meshes B, and C) can benefit from a much
greater lever arm than in the case of Mesh A, allowing a
significant force reduction.

Based on the results it can be observed that a mindful evaluation
of the structural details and technological aspects may play a
fundamental role in the retrofit design.
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Figure 1X.21 — Non-linear deformation of the couplers at different floors (row) for different limit
state (columns): a) for Mesh A, and b) for Mesh B and C.

Additional details are reported in .
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9.7. Lessons learned and research needs

The completion of the intervention took approximately 6
months; the installation of the coupled shear walls and the
connection of the timber panels to the existing building took
about 150 days with a team of 3 people and a light crane. The
renovation construction cost, including the energy amelioration
measures (thermal coating and new distributive plant system)
and the structural shell, architectural finishes, construction site
costs, preliminary works, contingencies, VAT and excluding
technical costs, was approximately 490 €/m? of shell surface
area (total shell surface of about 600 m?). The cost breaks
shows: 42% of the total cost associated with the structural
retrofit, about 22% with energy amelioration measures and
finishes, and 36% with other construction expenses.

FINISHES 3%

OTHER EXPENSES
10%

CONSTRUCTION
SITE COSTS 11%

Figure 1X.22 — Syntetic construction cost brack down. Other expenses includes construcion site
costs, preliminarily works, contingencies, VAT and excluding technical costs.

The application of the analysed retrofit systems to a real
building highlighted their major advantages, unveiled various
construction and implementation limitations, as well as
highlighted major research needs.
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As mentioned in Chapter VIII, the partial re-engineering of the
connections of the CLT panels to the foundations was needed to
simplify installation, as well as to enhance structural
performances. Several experimental tests [242] [243]
demonstrated the criticalities associated with the connection of
the steel base plate to the CLT panel using nails. The potential
presence of hole-nail gaps, and the lack of contact between the
panel and the base plate were shown to affect the behaviour of
the retrofit system by reducing its stiffness. Connections of the
exoskeleton to the existing building were also shown to require
further engineering in order to better adapt to possible tolerances
during constructions. For the extensive applications of these
structural system more research on the connections is thus
required.

In the construction stage, major advantages of the adoption of
CLT based retrofit solution with respect to other construction
technologies were observed. The exoskeleton was entirely
prefabricated and partly assembled off-site, substantially
reducing the assembly process and the construction time, with
minimum disruption of the building functions. Through mindful
proportioning of the components, particularly regarding the
dimension for the panels, a light crane was sufficient to move
the elements within the construction site, with major advantages
in terms of construction time and costs. The wooden panels were
easily adapted with simple construction site operations, such as
manual carving sawing or drilling, to adapt to unforeseen
peculiarities (such as unexpected small construction tolerances,
or plant interferences).

The CLT exoskeleton was easily coupled on-site with the
energy amelioration measures, such as the thermal insulation
coating layers and the new external plant system. The great
advantages of the CLT solutions, as opposed for example to
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steel braced shear walls, are that they do not introduces thermal
bridges, thanks to the remarkable insulation properties of the
wooden panels, and they do offer a clean and even surface onto
which insulation panels can be easily fixed. The pre-installation
of thermal insulating elements on the CLT panels may reduce
construction time even further.

With respect to adaptivity to future use of the building, wooden
exoskeleton, particularly in the case of the shell exoskeletons
extending over the building fagades, can be -easily
complemented with plug-in modules attached to the structures,
hosting new small living spaces or technical rooms. As for the
end-of-life stage, relevant reduction of the demolition waste can
be easily obtained by adopting connections that enable selective
dismantling and by partial reuse-recycle of the components.

Concerning the structural retrofit scheme, the design procedure
illustrated in Chapter VI was tested for the preliminary
proportioning of the solution, as well as to further investigate
the structural response for varying some design choices. The
procedure was adapted to the particular geometry of the case
study. The results of the numerical investigation showed the
ability of the structural system to meet the severe performance
objectives, appositely selected to account for the particularly
brittle behavior associated with the peculiar masonry typology
of the existing building, featuring bricks with horizontal holes.
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X. Concluding remarks

The ambitious UN and European targets in terms of sustainable
development cannot be reached without reducing the substantial
impacts associated with the built environment and the
construction sector, through systematic renovation of the
existing building stock. Despite this urgent need, to date, the
renovation rate in the construction sector is very low (1.5%) due
to the barriers and drawbacks of traditionally retrofitting
strategies.

To overcome the major barriers and effectively renovate the
existing building stock, a Life Cycle Thinking (LCT) approach
must be addressed for the conceptual design of the renovation
action. The LCT perspective emphasizes the need to shift to an
integrated holistic renovation approach, addressing the
multifaceted needs of the building and conjugating structural
retrofit, architectural restyling, and energy efficiency measures.

Structural retrofit solutions must be conceived according to the
enlarged concept of Life Cycle Structural Engineering (LCSE),
thus considering LCT principles in all design phases together
with a multi-criteria performance-based approach. Such an
approach triggers a paradigm shift in how engineers would deal
with existing building performances and needs, with relevant
consequences in terms of operative choices, innovative solution
sets, and societal challenges and demands.

In this context, in the last years, innovative retrofit solutions
have been developed and studied. Among these, many studies
proposed exoskeletons for an integrated renovation of existing
buildings. Following the principles and guidelines of the LCT
approach, this thesis investigates the potential benefits and
limitations presented by the application of exoskeletons,
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focusing on solutions that are effectively integrable with energy
efficiency and architectural improvement measures. In this
study, the performance of adaptive exoskeletons, a novel
structural type able to adapt its behaviour as a function of
seismic intensity, was specifically investigated, and a design
method was proposed. In particular, the retrofitted building
behaves elastically up to the design limit state (Life Safety Limit
State - LSLS), while it exhibits a nonlinear behaviour beyond
that limit thanks to specific and localized couplers located in the
additional exoskeleton.

By localizing damage into few specific elements (couplers), the
proposed system allows for reparability; while, by adopting a
recentering system (post-tensioned bars), it avoids residual
displacements. An example of couplers is the AJESA fuse was
proposed in Chapter VI . These sacrificial elements, which can
be easily integrated into the strengthening exoskeletons, may be
conceived to behave as elastic couplers up to the design limit
state and to exhibit a nonlinear behaviour beyond that limit. This
allows for an energy dissipation and a ductile behaviour in case
of an extra-ordinary earthquake. Experimental test results
revealed the high reliability of these fuses, and the application
on the real case study showed their ability to be manufactured
and installed without the use of special manlabour.

Considering the limits of application of the solution, the
adaptive exoskeleton perfectly suits those existing building
characterized by ductile behaviour after the yielding point,
while it may require particular attention in the definition of the
design targets for those building with limited ductility (such as
those discussed in Chapter 1X featuring poor quality masonry).
On the other hand the solution may be unsuitable for those
existing buildings charachterized by a brittle behavior; in such
cases, adaptive system could only be implemented upon
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completion of preliminary corrective interventions aimed at
increasing ductility of some portions of the existing structure,
and thus at controlling the collapse mechanism.

A design procedure was proposed to enable design professionals
to proportion the retrofitting adaptive exoskeleton components
based on established performance objectives and related design
targets with reference to a simple static models. Parametric
numerical analyses were performed to assess the effectiveness
of the proportioning procedure, as well as to investigate the
relevance of the design parameters, with a view to evaluate the
potential benefit offered by adaptive exoskeleton for the retrofit
of existing buildings. The parametric numerical analyses also
allowed assessing the effectiveness of other exoskeleton
configurations, thereby further investigating the relative
influence of the adaptive shear wall components and of the
design parameters. These preliminary parametric analyses
showed that, according to the hypothesis adopted, the post-
tension does not significantly affect the results when high
diameter bars and/or high drift targets are imposed, and that high
post-tension levels may lead to high nonlinear deformation at
the wall toes and to the yielding of the post-tensioning bars,
resulting in higher residual displacements. It is worth noting that
more research is required to further investigate the structural
solution and to extend the validity of the obtained results.

In the last two chapters, a critical analysis of two real integrated
retrofit interventions was made. The analysis took into account
the whole design process, which was carried out also addressing
the design procedure presented in this thesis, as well as the
construction site management and process, and it allowed to
identify some critical issues. Such analysis led to the proposal
of a partial re-engineering of some retrofit components, and to
the identification of major research needs, especially aimed at
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increasing applicability and feasibility of the proposed retrofit
solution.

Among other, the critical analysis highlighted the need to
deepen the study of the connection system. The first issue was
connected to the tolerances of the connecting system, by far the
most relevant problem to be solved during construction. In
addition, the need to satisfy the LCT principles of easy
assemblage, reparability or disassembly and replacement after a
severe seismic event, and demountability at the end of life, led
to a partial re-engineering of the CLT panel-foundation
connections to simplify installation and deconstruction.
Furhtermore, experimental tests highlighted the criticalities
associated with the nailed connection of the steel plate to the
CLT panel base. The potential presence of hole-nail gaps and
the lack of contact between the panel base and the steel plate
were shown to affect the behaviour of the retrofit system by
reducing its stiffness. The connections at the panels’ base were
also modified to take into account this important issue.

As for the case study building presented in Chapter IX,
numerical alayses were also carried out, showing that the post-
tension bar diameter and the displacement target significantly
affect the structural behaviour of the system. In particular, for
low dispalcement targets, post-tension and bar diameters of the
system became more relevant in the global behavior evaluation.
In this case, indeed, the post-tension allows for a higher control
of the maximum drift; however, high stress levels of the post-
tension may leed to high nonlinear deformation at the wall toes,
which results in high residual displacements.
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This appendix contains some graphic representations of the
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Appendix B

- Reference geometry of post WWII RC building

Table 7 - Reference features of the post WWII RC buildings. From [96].

m; =451 kN/g my= 800 kN/g my= 1000 kN/g m; =800 kN/g m;= 800 kN/g
k=24 kN/mm k)=24 kN/mm k; =24 kN/mm ky =14 kN/mm k;=7.9 kN/mm
T)=086s Ti1=115s T)=128s Ni=1357% 7,=2.00s
N =4 (floors) N =5 (floors) N=17 (floars) N= 8 (floors) N= 11 (floors)

- Structural design of the adaptive exoskeletons

In accordance with the design procedure outlined in the
Section 6.4, starting with the definition of the SDOF response
curve of the building in the as-is condition, the following
steps are carried out.
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y,l - = H Existing building

Ky

/

63/.1 6u,1 6

Figure 0.1 — Response curve of the existing building.

The yielding displacement &, ; corresponds to the achievement
a drift associated to limited damage to structural and non-
structural elements, whereas the ultimate displacement &, ;
correspond to a 1% building drift [251] [252]. For this case
study, characterised by a limited yielding displacement, the
target elastic displacement &g 45, COrrespond to a 0.5%
building drift ().
Fy1 _ 1219kN

8y1= K, 7381kN/mm 16.5mm

84 Elast. = 0.5% H = 0.5% 9.5m = 47.5mm

Consequentially, the target elastic damage parameter pg;qs. IS
equal to.

Sd,Elast. _47.5mm
HElas. = -

=2.88

Sy1 16.5mm
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Assuming the location of the building in a medium-high
seismicity zone, ag= 0.233g [141], the elastic design spectrum

at life-safety limit state (LSLS) adopted is as follows ().

1
0.9
0.8
07
o806
3 os
0.4
03
0.2
0.1
0

0 1 2 3 4 5

Time [s]

Figure 0.2 - Elastic design spectrum of the site at life-safety limit state (LSLS). From [141].
The site spectral acceleration Se(T;) obtained is approximately.
Se(T,) = 0.31g

Accordingly, the strength parameter n:

Fy _ 1219kN

= [m, Se(T))] [11180"?”0.3191 =0.35

The stiffness ratio A obtained by the design spectra in relation to
target elastic damage parameter pg;,s. 1S approximately 0.63 ().
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Reference case study

m*=1118kN/g K*=73806kN/m »=0.35

M-.”

W
T

(=]

Al
Figure 0.3 - Design spectra of the reference case study building obtained for a strength parameter

1 equal to 2.88.

Minimum equivalent elastic stiffness of the retrofit (k,) is
calculated by multiplying the stiffness ratio 2 by the initial
elastic stiffness of the existing structure (k,):

k,=2 k;=0.63 73.81 KN _ 4.5 KN
mm mm

The minimum required total stiffness (K¢osmin) for the
retrofitted system:

— — kKN _ k_N
kiotmin = k1 + ko =(73.81 + 46.5) p—— 120.3 ——
As a result, the fundamental Period Retrofitted System

( Tl,retrofitted ):

Ti retrofittea =
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The Minimum required base shear for the retrofit (V zqmin)
defined according to the site elastic spectrum:

Veamin = 1.1 Wi Se(Tyretrofittea) - Fya

=11 11180 k?N 0.377g — 1219kN = 3417kN

Consequentially, the minimum required global resistant
moment (Mg min.):

Mgamin. = Vrdmin. 5 H = 3417kN 2 9.5m = 21641kNm

After defining the characteristics of the exoskeleton in the
elastic range, the target displacement of the existing building in
the nonlinear range 84 yoniin. 1S determined with reference to
the Near-Collapse Limit State (NCLS):

64 Nontin. = 0.8% H =0.8% 9.5m = 76mm

The Nonlinear ductility demand gy oniin. fOr existing building is
accordingly:

_ 8aNontin. _ 76mm  _

HNonlin. = 84 Flast. T 475mm

The existing building's equivalent viscous damping
(gxist.Buita) 1S conservatively defined as 40% of the 5%
conventional elastic damping:

Eexist.Build. = 40% &g = 0.4 5% = 2%

The equivalent viscous damping of the shell exoskeleton
(€exosk.) 1s defined assuming a coefficient S5 equal to 0.45:

2 Bep (MNontin—1)
7T UNontin. (1+7( UNontin.—1))

$exosk. = €1 + ‘fhys =2%+
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2 045 (1.6—1)

= 20,
2% + 1.6 (1+0.06( 1.6—1))

=12.37%

It follows that the equivalent viscous damping ratio for the
retrofitted system (&reerofittea) 1S:

VRd,min. F 1y

. = — 4+ —_ . .
ERetrofltted Vrdmin+ F1y fEsosk. Vramin+ F1y ‘EEstt.Bulld.
3417kN 1219kN
= 2%+t —————— 12.37% = 11.38%
3417KN + 1219kN 3417KN + 1219kN

The effective period of the retrofitted system (T off retrofitted)

is calculated utilising the design displacement spectra of the site
at NCLS () [54], dampened by introducing the equivalent
viscous damping ratio (§gesrofittea) Previously calculated.

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

Target Displacement @NCLS [m]

0.00
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5

Period (s)

Figure 0.4 - Dampened displacement design spectrum of the site at near-collapse limit state
(NCLS). From [141].

Teff,Retrofitted =1.31s
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The minimum base shear required (V gg min. pppr). defined by
applying the Displacement Based Design Retrofit approach:

1.1 mq

=4 72
Vrdmin,pppR =4 T = 8d,Nonlin. - F1,y

eff,Retrofitted

1.1 11180 kN

76mm — 1219kN = 978kN

=4t =
T .
eff,Retrofitted

< VRd,min. :3417kN

The adaptive exoskeleton designed meets the structural
requirements, compliance  with  elastic  performance
requirements determines the resistance and elastic stiffness of
the retrofit.

- Design of the case studies

This section of the appendix contains the description of the
process for the technological design of the configurations in the
Section 6.5, divided between representative models of the
vertical and horizontal structural arrangement of adaptive
exoskeletons, erected using commercial-sized CLT panels for
the structural panels and Dywidag GEWI steel bars for the re-
centring bars.

The material mechanical properties are to the same for all
solutions and are listed below:

e Structural Panels: Five-layers cross-laminated timber
(CLT) panels with a total thickness of 100mm, C24
class.

Assuming that the base cross section of the panels
consists of 3 layers of 20mm fibres oriented in the main
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fcd,CLT =feox

direction and 2 layers oriented in the orthogonal
direction, the mechanical properties defined in the
scientific literature [187] and reduced by the Standard’s
safety factors and multiplied by the corrective
coefficient accounting for the service conditions [141]
are as follows.

The design compression resistance (fcq cL1):

Kimoa 60mm 1

1.1 60mm 1
—=21MPa — —
Ymo 100mm ypq4 1.45 100mm 1.1

feq,cur = 8.69MPa

where:

Kmod IS the correction coefficient that considers the
effect on resistance parameters of both load duration
and moisture of the timber, equal to 1.1.

Ymo 1S the partial safety factor relative to the material;
equal to 1.45.

Yra 1S the overstrength factor, equal to 1.1.

The design shear strength (fyqcpr) of these CLT panels under
in-plane loads is defined according to formulations available in
the literature regarding resistance to torsion failure [188]:

fyqcur = 2.5MPa Kmed — 2.5MPa% = 1.9MPa

Ymo

Orthotropy of the CLT material is assumed. Accordingly, axial
and tangential moduli of elasticity are introduced.

381



General
Material ID 1 Name Legno
Elasticity Data
User Defined
Standard  None

Type of Design  User Defined

DB

ochnes Product X
Concrete
Standard
Type of Material
Code
O Isotropic (®) Orthotropic 9.75m z
DB Y
User Defined
Local-x Localy Local-z
Modulus of Elasticity : 4.4000e+03|  6.6000e+03 | 8.0000e+03 | py/mma2
Tharmsl Cosiciank * 0.0000e+00 | 0.0000e+00|  0.0000e+00 | 1/}
Local-xy Local-xz Local-yz < 2.5m >
Shear Made 4.7500e+02|  4.7500e+02|  4.7500e+02 | y/mmn2
A 4
Poisson's Ratio | a 0 Ay

e Dywidag Gewi Plus S670/800 steel bars [189]. The
mechanical properties of the material are as follows:
Conventional yield strength (fo 2) :

fo 2 = 670MPa
Design yield strength (fyq):
fyq = 645MPa
Ultimate tensile strength (fi):
f,. = 800MPa
Elasticity modulus of the steel (Es):
E; =210000MPa
Diameter of the bars (®):
® =30mm

Resistant area of bars (Ay):
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Ag = 707mm?

This diameter was chosen as to limit the maximum
compression in the CLT section and to enable the
application of the post-tensioning action without using
heavy tools.

The design procedure main steps are described in Section 6.4, i
the design principles defined in Section 5.3 for the different
structural performance points.

- Vertical structural arrangement

A) Configuration A: CLT coupled rocking walls with
post-tensioned steel bars ().

3.25m 3.25m

I 1.5m

1.5m

Couplers
4.
L ITTI

9.75
" 125mi 15m {25mE17 5

1.5m

2.2m 2.2m 2.25m

Figure 0.5 - Conceptual representation and synthetic description of the configuration A.

The re-centring system, consisting of steel bars placed inside the
panels, constrained at the top of the vertical panels and hinged
to the foundation, only withstands tensile actions. The design
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length of the bars (L;) is assumed to be equal to the height of
the wall:

Ld =9.75m

Listed below are the sequential steps for dimensioning the
solution based on the various performance points specified in
Paragraph 6.4.

1. First performance point - Couplers yielding

....................................

The first step is the definition of axial load at the base section of
each CLT panels provided by the post-tensioning (Npr) and
elastic deformation of bars (4N), and gravity loads (Ng). In
order to ensure proper behaviour of the re-centring system, i it
was decided to limit the maximum action in each steel bar
(Np_r + AN) below the yielding action (N,,). In particular:

2
NPT + AN EgNyd
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Npr + AN =2 fq Ag == 645MPa 707mm? = 305.5kN

Since the wall drift at this point is a design choice (= 0.5%), the
increase in axial load in the bars due to elastic deformation of
the retrofit (AN), which depends on their axial deformation (&),

reads as follow:
/ (0.5% Lg)? + L2
~——  =0.00125%

Eg = La

— AN = E; A, &5 = 210000MPa 707mm? 0.00125%
=~ 185.5kN

Accordingly, the design post-tensioning load for each steel bar
is:
— Npr = 305.5kN — 185.5kN = 120kN

The gravity load carried by the panel is exclusively associated
with its own weight, approximately equal to:

Ng=Ho terr Berr Yeur
N, =9.75m 0.1m 2.5m 4.2°% = 10.2kN
m

The resistant moment provided by the post-tensioning of the
steel bars and their elastic deformation (Mpy) and by gravity
loads (M) can be calculated as follows:

- Definition of the extension of the compressed portion of
the CLT base section (X,;):

1 o
> fea terr Xer =n° barre (Np_p +AN) + N,
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n°barre (Np_r + AN)+Ng _ 2 (305.5kN)+ 10.2kN

- Xel = 1 1
5 fed tewr 2 8.69MPa 100mm

=1.4m

- Simplified definition of the resistant moment ensured
by each panel:

Zel :, Zel :,
L —p
Xeli Xeli
—— S
l T fCd l T rcd
Npr + AN Npr + AN
2
—gNyd ngyd

Mpr + My = (Npr +AN) Z,
— Mpy + My=305.5kN 1.73m = 528.5kNm

where Z,; is the lever arm between the centroid axis of the bar
(in red) and the centre of pressure in the timber section.

- The resistant moment provided by coupling effect (M)
is defined assuming the yielding of the couplers:

Mg =Bcg Miorr = Bcp [n° panels(Mpy + My) + M)

- Mg = _bBes o panels(Mpr + My)
(1-BcB)

0.45
(1-0.45)

- Mg = 2 528.5kNm = 864.8KNm

As a design choice, the coupling effect resisting
contribution was limited to 0.45 the total resisting moment
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to potentially guarantee the re-centring behaviour.
Consequently, the coefficient A that represents:

_n°panels (Mpr + My) _ 2 528.5kNm _

A =122
Mg 864.8kNm

- Definition of the shear yielding force (V4 ) of the
vertical couplers:

3.25m 3.25m

9.75m| | _ |
J25m | 15m i2.5m i

The coupling moment (M) can be assumed to be equal to the
product of the shear yielding force (V,4) and the distance
between the centroid of the vertical panels (B):

MS = Vyd B
_ Mg _ 864.8kNm _
Vyd I 216.2kN

Each of the three verticals stripes of couplers has a shear
yielding force (V,,4,) equal to:
_Vya _2162kN

Vyai =25 = 22255 = 72kN
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- The total resistant moment of the adaptive coupled
shear walls is equal to:

Moe g = N° panels (Mpr + My ) + Mg
5 Moz = 2 528.5KNm + 864.8kNm = 1921.8KNm

- The elastic base shear resistance of the coupled shear
walls is equal to:

_ Myoep _ 1921.8kNm

Fop = S Ty = 295.7kN

The ratio between the average compression in the most stressed
panel (o,;) and the compressive strength of the CLT (f.q):

et _ Ng+2 (Np_r +AN)+Vya 1

fea Beor teut fea

_, Ou _ (102+2(120+1855)+2162)kN 1
feq 2.5m 0.1m 8.69MPa

=0.38<05

3.Third performance point — Re-centring system yielding
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____________________________________

|- e anes b e ke Npr + &N Npr + AN
: : i '
Lt Lo AR - i l T ful l T ful
- Nga Nga
Ug < Nyq <Ny

Also at this performance point, calculating the ultimate
overturning resistant moment offered by the system requires the
specification of various contributions:

M, =n°panels (M,q + My ) + Mg
where:

- n° panels = number of vertical structural panels = 2
- M, = Ultimate overturning resistant moment
M, = Resistant moment provided by the yielding of
post-tensioning steel bars (N,,q)

Definition of the extension of the base's compressed section
(Xa):

feq terr Xu = (Npr +4AN) + Nyy + N

_ (Npr +AN) + Nyg + Ny _ 305.5kN + 456kN+10.2kN
fed terr 8.69MPa 100mm
= 0.89m

—>Xu
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At this point, the steel bar in the compressed zone only
contributes by increasing the axial load at the wall’s
base (Npr + AN), while the other bar yields(N,,4).

- Simplified definition of the resistant moment ensured
by each panel:

Z, | Z, i
AR |
T fcd T fcd
Nya Nya
My +My=Nyy Z,

— Myq + My=456kN 1.76m = 802.5 kNm

where Z,, is the distance between the centroid axis of the
stretched bar (in red) and the centre of compressions in the
timber section.

- The ultimate overturning resistant moment of the
coupled rocking walls is equal to:

M, ; =n°panels (M,q + My ) + Mg
— My, 5 =2 802.5kNm + 864.8KNm = 2470kNm

- The ultimate base shear resistance of the coupled
rocking walls is equal to:
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Bz - 270KNT ~ 380kN

Fu,Z:

WIN|

The ratio between the base shear defined at the first performance
point (F; ») and the ultimate shear (F, ,):

Fy2 _ 380kN
Ferp  295.7kN

=1.285 <13

The ratio between the maximum mean compression in the most
stressed panel (g,) and the compressive strength of the CLT

(fcd):

Ou _Nya+Ng+ Npr +AN+Vya 1

fea BeLt tewt fea

_, Ou _ (456+102+120+1855+2162)kN 1

=045<05
fea 2.5m 0.1m 8.69MPa

The maximum tangential stress (T, gp) in Timber panels is
less than the resistance provided by CLT panels (fyq,cLt):

Fuz 1 — 308kN 1
n° panels tcir Berr ' 2 100mm 2500mm

TmaxEd = 15 = 0.93MPa < 1.9MPa

= Tinax < fvd,CLT

B) Configuration B: CLT coupled rocking walls with non-
post-tensioned steel bars ().
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3.25m 3.25m
Unbonded steel bars PN - -
Non-post-tensioned I 1.5m
Re-centring elements
1.5m )
Couplers
1-5m PEEDs
9.75m Displacement-proportional
25m: 1.5m i 2.5m 1.5m
Structural Panels
] 1.5m
5-Layers CLT ; t = 100mm s | |
= —efE=s
2.2m 2.2m 2.25m
/

Figure 0.6 - Conceptual representation and synthetic description of the configuration B.

This solution has the same geometry and properties as
configuration A, with the exception that the vertical steel bars

lack post-tensioning.

C) Configuration C: CLT coupled rocking walls with
post-tensioned steel bars and sacrificial fuse toes ().
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3.25m 3.25m

1.5m

1.5m

Figure 0.7 - Conceptual representation and synthetic description of the configuration C.

The only difference between this configuration and
configuration A is the presence of sacrificial fuse elements at
the base corners. This section analyses these replaceable devices
from a theoretical and non-technical perspective.

These devices are conceptually designed to react only when
compressed and exhibit a lower compressive strength than the
CLT section to which they are in contact, thereby preserving
their integrity and concentrating damage. At this stage of the
research, also these dissipative devices are also conceptually
represented by a rigid-plastic constitutive model:
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Nga [kN]

Nra < Npa,cLr e

N

»
|

Deform. [mm]

D) Configuration D: CLT coupled rocking walls with non-
post-tensioned steel bars and sacrificial fuse toes ().

3.25m 3.25m

nded steel bars

1.5m

1.5m

4
Lo

9.75m Displacement-proportional
2.5mi 1.5mi2.5m {11 5m

Figure 0.8 - Conceptual representation and synthetic description of the configuration D.

This configuration was created to evaluate the effect of
post-tensioning load on system response. This solution has
the same geometry and properties as configuration C, with
the exception that the passive vertical steel bars are
adopted.
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E) Configuration E: CLT coupled rocking walls with
post-tensioned steel bars and Steel end-columns ().

6.9m

3.25m 3.25m

-

Figure 0.9 - Conceptual representation and synthetic description of the configuration E.

The mechanical properties of the S235 steel are as follows:
- Characteristic yield strength (fy 1)

f

vk = 235MPa

- Design yield strength (fyq):

_ By _
fya = 225 = 223.8MPa

- Elasticity modulus of the steel (Es):
E; =210000MPa

1. First performance point - Couplers yielding
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Definition of the design shear yielding force (V,,4 ) of the
vertical couplers.

3.25m 3.25m
Lt 2.5m 5"9“ 2.5m
\\7 e —
B
2.2m 2.2m

The coupling moment (M) can be assumed to be equal to the
product of the design shear yielding force (V,4) and the

distance between the centroid of the steel end-columns (B):
Mg =V, B=8648kNm ;B =6.9m

_Ms _8648kNm _
Vya=—5 =—5— = 125kN
The total resistance offered by the inner couplers between CLT
panels is identical to that of the more external couplers. The
Design shear yielding force for each of the 3 vertical rows of
couplers between CLT panels and steel end-columns:

_Vya _ 125kN _
Vyai =25 =255 = 41.5kN

F) Configuration F: CLT coupled rocking walls with non-
post-tensioned steel bars and Steel end-columns ().
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6.9m

3.25m 3.25m
> >

Figure 0.10 - Conceptual representation and synthetic description of the configuration F.

As for the previous cases, this configuration was created
solely to evaluate the effect of post-tensioning load on
system response. This solution has the same geometry and
properties as configuration E, with the exception that the
vertical steel bars are devoid of post-tensioning.

- Horizontal structural arrangement
G) Configuration G: CLT shear-walls with post-tensioned

steel bars and horizontal couplers located between the
structural panels of the ground and first floors ().
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3.25m 3.25m
1.5m
1.5m

1.5m PEED

9.75m

ﬂm.ﬁ’l* 15m

1.5m Unbonded steel bars

2.2m 2.2m 2.25m & 30mr

Figure 0.11 - Conceptual representation and synthetic description of the configuration G.

1. First performance point - Couplers yielding

When the first performance point is reached, yielding of the
horizontal couplers occurs, thereby limiting the shear forces
transferred from the overlaying structural portion . For the sake
of simplicity, it is assumed that the base shear of the system is
equal to the resisting shear offered by the PEEDs. In order to
compare the dynamic behaviour of the alternative
configurations, the same maximum elastic resistance is imposed
to all of them:

Fel,Z = Fy'z = Fu,Z =295.7kN

The resulting moment at the base of the timber panels is equal
to:

Mgy = Fo 5 H=2957kN 3m = 887.1kNm
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Assuming the sectional characteristics and post-tensioning load
to be the same as defined for configuration A, the total resisting
moment provided by the steel bars (Mpy) and gravity loads
(My) is equal to:

MPT + MN = 1057kNm > MEd =887.1kNm

Such a moment is sufficiently large as to inhibit rocking
activation.

H) Configuration H: CLT shear-walls with non-post-
tensioned steel bars and horizontal couplers located
between the structural panels of the ground and first

floors ().
3.25m 3.25m
1.5m
1.5m
9.75m 425mi 1.5m i 2.5m "1 5,
1.5m
S 22m! |2.25m o
~ V4 /

Figure 0.12 - Conceptual representation and synthetic description of the configuration H.

As for the previous cases, this configuration was created
solely to evaluate the effect of post-tensioning load on
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system response. This solution has the same geometry and
properties as configuration G, with the exception that the
vertical steel bars are devoid of post-tensioning.

Appendix C

This appendix contains a description of the design process for
the prototypes of Section 7.4.1 which were manufactured using
structural steel [141].

l. First specimen: welded steel plates in S275

The moment and shear resistance offered by the individual steel
plate is calculated assuming that the plastic hinges are activated
at its ends, close to the weld lines, and that the vertical extension
of the elements is approximately 1.5 times their thickness, equal
to 12mm ().

o

10

‘15 10

Q
el

100 100

Figure 0.1 - Sectional view of the device, in which the steel sections are coloured in grey, the welds
lines in black, and the plastic hinges in red.

100
100
70

10 15|

It follows that the distance between the centres of the plastic
hinges is about:

Lp = 58mm
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The plate sections are bending class 1, so it can be assumed that
they achieve complete yielding ().

: For

Figure 0.2 - Conceptual representation of the complete sectional yielding.

The following mechanical properties are considered for
structural steel S275 elements less than 40 mm thick:

fyx =275MPa ; fy = 430MPa ; Eg =210000MPa

The yielding moment (M,) provided by plastic hinges is
computed using the steel's characteristic yield stress (fyy):
My = fyk Wel

tsn1 2
wel:(Ls E)E 5t—(100mm

- M, = 275MPa 1066 mm?* = 0.293kNm

8mm

8 L 2 8mm = 1066mm?
2 2 3

The resulting yield shear resistance (V) associated:

2M
v, = Ty 1 =70mm
N Vy — 2 0.293kNm ~ 84kN
70mm

The plastic moment (M,) provided by plastic hinges is
computed using the steel's characteristic yield stress (fyy):

M, = fy Wy
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W, = Lg (2?2 = 100mm (*27)2= 1600 mm?

— M, = 275MPa 1600 mm? = 0.44kNm

The resulting plastic shear resistance (13,) associated:

2M
Vy= Lpp ; L, = 58mm
>V, = 2 044kNM - 15 okN
58mm

The ultimate moment (M,) provided by plastic hinges is
computed using the steel's characteristic ultimate tensile stress

(fu):
M,, = fyc W, = 430MPa 1600 mm? = 0.688kNm

The resulting plastic shear resistance (V,,) associated:

Vu=2M“ ; L, = 58mm
-V, = 20008~ 3. 7kN
58mm
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1. Second specimen: welded steel plates in S355

This second configuration, referred to for simplicity as
configuration I, present the same geometric properties as the
previous configuration (configuration 1) () except for the
structural steel used, which is S355.

o ‘ ‘ o

0
el
=1 o
— -

100 100

Figure 0.3 - Sectional view of the device, in which the steel sections are coloured in grey, the welds
lines in black, and the plastic hinges in red.

115 10

100
100
i

10 15|

The following mechanical properties are considered for
structural steel S355 elements less than 40 mm thick:

fyi = 355MPa ; fy =510MPa ; Eg = 210000MPa

The yielding moment (M,) provided by plastic hinges is
computed using the steel's characteristic yield stress (fyy):
My= yk Wel

ten1 2, _
wel:(Ls E)E Et—(lOOmm

— M,, = 355MPa 1066 mm? = 0.378kKNm

8amm

gmmy 2 2 8mm = 1066mm?
2 2 3
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The resulting yield shear resistance (1) associated:

Vy=22 1= 70mm
>V, =222 ~ 10.8kN
70mm

The plastic moment (M,) provided by plastic hinges is
computed using the steel's characteristic yield stress (fyy):

Mp = fyk Wp
W, = Lg ()2 = 100mm (*57)2= 1600 mm?
— M, =355MPa 1600 mm? = 0.568kNm

The resulting plastic shear resistance (17,) associated:

2M
Vp=?” ; L, = 58mm
>V, = 2 O058kNM . 19 58KkN
58mm

The ultimate moment (M,,) provided by plastic hinges is
computed using the steel's characteristic ultimate tensile stress

(fex):
M,, = fy W, = 510MPa 1600 mm? = 0.816kNm

The resulting plastic shear resistance (V,,) associated:

_2My

Vu—T X Lp =58mm
>V, =22 = 28.1kN
58mm

The maximum stresses perpendicular to the weld line axis results in:
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_ 28.1kN 1 ~

2 100mm 15mm — 9.4MPa
1

= 68MPa

L
L7 2 Lg Hy —

_M, 1 _ 0.816kNm
100mm 15mm

8mm

M= L Hy
Vyn? + t2 =v/9.42MPa + 682MPa = 69MPa < 0.7 f 4

In,| +|t,|=9.4+68=77.4MPa<0.85 fy

Third specimen: welded steel plates in S275 with
reduced sections showing sharp edges

.
The moment and shear resistance offered by the individual steel
plate is calculated assuming that the plastic hinges are activated

in correspondence of the section reduced by the slits ().

o

100

\'m

Figure 0.4 - Sectional view of the device, in which the steel sections are coloured in grey, the welds
lines in black, and the plastic hinges in red.

It follows that the distance between the centres of the plastic

hinges is about:
L, =40mm

The plate sections are bending class 1, so it can be assumed that
they achieve complete yielding. The following mechanical
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properties are considered for structural steel S275 elements less
than 40 mm thick:

fy =275MPa ; fy = 430MPa ; Eg =210000MPa

The yielding moment (M,) provided by plastic hinges is
computed using the steel's characteristic yield stress (fyy):

My = vk wel
tsn1 2, _ 8 12 ~
We1= ( LS E)E Et_ ( 60mm %) > §8mm = 640mm2
— M, = 275MPa 640mm? = 0.176kNm

The resulting yield shear resistance () associated:

2M
v, = ly :1 = 48mm
— v, =227 &~ 7 3kN
48mm

The plastic moment (M,) provided by plastic hinges is
computed using the steel's characteristic yield stress (fyy):

Mp = fyk Wp

W, = Lg ()2 = 60mm (57)2= 960 mm?
— M, = 275MPa 960 mm? = 0.264kNm

The resulting plastic shear resistance (1},) associated:

—_ 2 MP . —
Vp— L ,Lp =40mm
> v, = 2 O20UNT 13 kN
40mm
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The ultimate moment (M,) provided by plastic hinges is
computed using the steel's characteristic ultimate tensile stress

(fex):
M, = fyc W, = 430MPa 960 mm? = 0.41kNm

The resulting plastic shear resistance (1;,) associated:

2M
V,=—=;L, =40mm
u Ly p
SV, = 2 041kNM - 504 6KN
40mm

The maximum stresses perpendicular to the weld line axis
results in:

_Vu, 1 _206kN 1

t, = = 6.9MPa
17 2 Ly Hy 2  100mm 15mm

My 1 _04lkNm 1 -
N = L Hy ~ omm 100mm ismm = SoMPa

Vyn? + t2 =v6.92MPa + 35?MPa = 36MPa < 0.7 f 4

| +[t,|=6.9+35=42MPa<0.85fy
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V. Fourth specimen: welded steel plates in S355
with reduced sections showing rounded edges

The fourth configuration was derived from the second
(configuration 1) by introducing slits with rounded edges () that
reduce the resistant sections by localising the activation of
plastic hinges.

o

10\’ 15 L

100
100
50

15 [10
25

10‘

100

Figure 0.5 - On the left-side: sectional view of the device, in which the steel sections are coloured
in grey and the welds in black. On the right-side: side view of the device.

It follows that the distance between the centres of the plastic
hinges is about:

Lp =50mm

The plate sections are bending class 1, so it can be assumed that
they achieve complete yielding. The following mechanical
properties are considered for structural steel S275 elements less
than 40 mm thick:

fyx = 355MPa ; fy = 510MPa ; Eg =210000MPa

The yielding moment (M,) provided by plastic hinges is
computed using the steel's characteristic yield stress (fyy):
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My = fyk Wei

8mm
=)

tsn 1 2, _ 12 ~
Wel:(Ls E)E gt—(SOmm > §8mm:533mm2
— M, = 355MPa 533mm? = 0.189kNm

The resulting yield shear resistance (1;,) associated:

_2zMm,

v, T 1=50mm
5 Vy _2 0.189kNm ~ 7.6kN
50mm

The plastic moment (M,) provided by plastic hinges is
computed using the steel's characteristic yield stress (fyy):

My, =ty W
W, = L ()2 = 50mm (27)2= 800 mm?

— M, = 355MPa 800 mm? = 0.284kNm

The resulting plastic shear resistance (V;,) associated:

2M
Vp:ﬁ’Lp = 50mm
>V, = 2025~ 11.4kN
50mm

The ultimate moment (M,) provided by plastic hinges is
computed using the steel's characteristic ultimate tensile stress

(fu):
M, = fyc W, = 510MPa 800 mm? = 0.408kNm

The resulting plastic shear resistance (V) associated:
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_2My

|4
u L,

yLp = 50mm

_ 2 0.408kNm
50mm

= 16.3kN

—>Vu

The maximum stresses perpendicular to the weld line axis
results in:

V, 1 16.3kN 1
t, =— = = 5.5MPa
L7 2 Ly Hy 2  100mm 15mm

M, 1 _ 0.408kN 1 -
== Ls Hy = 8mm 100mm 15mm 34MPa

Jyn? + t2 =V5.52MPa + 342MPa = 35MPa < 0.7 f,4

In,|+[t,|=55+34=39.5MPa<0.85fy
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V. Fifth specimen: device consisting of H-beam
sections made of S355 structural steel

The moment and shear resistance offered by the individual steel
web is calculated assuming that the plastic hinges are activated
at its ends, close to the root radius sections, and that the vertical
extension of the elements is approximately 1.5 times their
thickness, equal to 9mm ().

| | 2

|12

{

47
38
80
100
47
100

] o

_/

100 100

Figure 0.6 - Sectional view of the device, in which the steel sections are coloured in grey, the welds
lines in black, and the plastic hinges in red.

12 )9 )

o

It follows that the distance between the centres of the plastic
hinges is about:

Lp =47mm

The plate sections are bending class 1, so it can be assumed that
they achieve complete yielding.

In contrast to other configurations that refer to normative
requirements for the definition of resistant stresses, it was
decided for this one to use the mechanical properties defined by
the direct tensile test of a dog-bone shaped specimen from the
web of the HEB100 beam with which the prototype specimen
tested in the laboratory was made ().
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H ?

Figure 0.7 — Position of the dog-bone shaped specimen from the web of the HEB100.

The following mechanical properties obtained from the
experimental test are considered for this configuration:

fy, =390.5MPa ; f = 550MPa ; Eg =210000MPa

The yielding moment (M,) provided by plastic hinges is
computed using the experimental steel's yield stress (fy):

My = fy Wel

We = (L )5 t=(100mm 227) 2 26mm = 600 mm?
— M, =390.5MPa 600mm? = 0.234kNm

The resulting yield shear resistance (1},) associated:

_2M,

Vy . ;l=56mm
-V, =222 ~ g 4kN
56mm

The plastic moment (M,) provided by plastic hinges is
computed using the real steel's yield stress (fy):

M, =f, W,
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W, = Lg (2?2 = 100mm (*57)2= 900 mm?

— M, = 390.5MPa 900 mm? = 0.35kNm

The resulting plastic shear resistance (1,) associated:

2M
Vy,= Lp" ;Lp =47mm
>V, = 2 O35kNm - 14 95KkN
47mm

The ultimate moment (M,) provided by plastic hinges is
computed using the real steel's ultimate tensile stress (f;):

M, = f, W, = 550MPa 900 mm? = 0.495kNm

The resulting plastic shear resistance (V) associated:

2M
V,=—"%2L:L, =47mm
u L, p

_ 2 0.495kNm
47mm

= 21kN

—>Vu
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Appendix D

- Structural connection between RC cladding panels
and frame

The cladding panels were conceived as non-structural elements,
but they can significantly affect the seismic response of the
structure, both in terms of resistance and displacement capacity.
Furthermore, the failure of the structural connections between
these elements and the resulting collapse or out-of-plane
overturning represents a vulnerability for the building that
cannot be ignored. For this reason, the connections between
these elements at their various levels were investigated. These
connections were studied based on the available construction
documents, as well as on the findings of the on-site inspections
and the scientific literature related to the connections for
prefabricated infill panels [240].

Each vertical panel is supported by four connections, two at the
intermediate level and two at the roof level; these connections
consist of an anchor steel channel profile arranged horizontally
on the beams or on the corbels of the columns, another steel
channel profile arranged vertically on the internal side of the
infill panel, a bayonet arranged horizontally with the head
inserted into the panel's channel profile and the opposite end
fixed by a bolt to the other steel profile (Figure VI111.10).

Although all the connections are of the same type, it has been
observed that their length and stiffness vary depending on the
structural element to which they are linked; therefore, three
types of connections have been distinguished, and their stiffness
and strength have been calculated ().
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Table 8 - Rc-frame-to-cladding panel connection resistance (V) and elastic rotational stiffnesses

(K), calculated according to [240].

Connection Length Ko1 Koz Ke Vu=(M1+My)/L VRrd
Type [cm] [kNm] [kNm] [KN/mm] [kN] [kN]
1 - Cladding
panels -
Intermediate 2 1800.75 41.14 1676.8 20.9 7.3
RC beams
2 - Cladding
panels - Roof- 14 | 25725 | 17.65 581 30 7.3
evel RC
beams
3- Cladding
panels —
Intermediate 12 300.13 20.60 9.23 35 7.3
column
corbels

In the numerical models, these connections are represented as
nonlinear general-links. For each connection type, the elastic
stiffness of the link in the horizontal direction parallel to the
plane of the panels was computed, as well as the shear resistance
offered by the connection, i.e. the force that causes the channel

profile failure and the bayonet to fall out.

For type 1 connection, it has been observed that the resistant
shear Vg4 is less than the ultimate shear that can be activated by
a flexural mechanism V, = (M;+M,) / L; consequently, an
elasto-fragile () type connection with ultimate resistance equal
to Vzq4 is implemented.

415




VR d

»
>

Bconn

Figure 0.1 - Elasto-fragile model for type 1 connections.

For type 2 and 3 connections, however, Vg, is greater than 1,
so an elasto-plastic model (), associated with the bayonets, is
implemented with ultimate resistance equal to 1,.

.
Vra

»
>

D(Ui!u

Figure 0.2 - Elasto-plastic model for type 2 and 3 connections
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Numerical model of the retrofitted building

Below is a description of the additional elements introduced into
the numerical model, mesh C (), of the retrofitted building.

Structural elements of the existing building:

Figure 0.3 - 3D representation of the numerical model of the pre-existing building, mesh C,
extracted from the software, in which the RC frame is shown in grey and the vertical cladding

417

panels in green. From [15].

Intermediate RC slab: this element was modelled with
elastic plate elements to simulate its in-plane stiffness,
which is provided by the cast-in-place structural
section. Its own weight and the loads bearing on it were
evenly distributed across the beams present.

Precast RC cladding panels: modelled as one-
dimension beam-elements and connected to the
building through rigid links to avoid their out-of-plane
overturning, and non-linear general-link to simulate the
influence of the existing connections between panels
and beams/columns as well as the new dowel
connections. These panels are only supported on the
12cm thick layer above the existing RC foundation



curbs; their rocking behaviour and shear-sliding
kinematics are simulated by the series of rigid-plastic
vertical general-links placed at their base () at intervals
of 4cm with an axial resistance of 48kN each, adopting
the same modelling principles applied in the Chapter
VI.

LI .

Figure 0.4 - FEM modelling to simulate the rocking and sliding shear behaviour at the base of
precast panels using general-links.

- RC foundation pockets are modelled as interlocks at the
base of the pillars, placed 3m below the ground level to
simplify the representation of their deformability.

Structural elements of the AAESA shell exoskeleton:

Figure 0.5 - On the left-side: view of the hybrid retrofitting wall of the northern facade. On the
right-side: view of the hybrid retrofitting wall of the southern fagade. In which the steel frames are
shown in blue and the CLT panels in brown. From [15].

- S355 steel frames: these elements were modelled as
elastic 1-dimension beam-elements in order to record
the resistance demand and elastic deformations induced
by seismic events.
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1338

2 128

150

11

750
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11
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(i

Figure 0.6 - On the top: Representation of the hybrid north wall. On the bottom: Representation of
the hybrid south wall. In which steel frames are shown in blue, purple for the base steel plate, and
CLT panels in yellow. From [15].
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- CLT panels: modelled as elastic 2-dimensions plate-
elements with the dimensions and stiffnesses of the
timber panels. These horizontally arranged panels
present commercial dimensions of approximately 13m
in length and variable width, up to a maximum of 2.5m.
These panels present the same mechanical properties of
the structural CLT panels used to dimensioning the case
study models examined in the Paragraph 6.5.3, reported
in . The main mechanical characteristics are listed
below.

Design compression resistance (feq cor):
Kipoa 60mm 1 1.1 60mm 1

—=21MPa — —
Ymo 100mm ypq 1.45 100mm 1.1

fea,cLr = 8.69MPa

feacur = feok

Design shear strength (fyg cLt):

fyqcur = 2.5MPa Kmod = 2.5|\/|Pa111715 = 1.9MPa

Ymo
Out-of-plane bending resistance (Mggq cL):

f d tCLT 18.2MPa 100mm
M = e = =24 KNm/m
RACLT 7y "2 T 66 107 mm* 2 /

where:

- fiaq s the design bending strength of the CLT
panels.

fmd = fimi ~22% = 24MPa - = 18.2MPa

Ymo

- Jess IS the rotational inertia of the effective section
considering 1m-wide panel.
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421

Jest = 6.6 107 mm*

- tcur / 2 corresponds to half the thickness of the
panel.

tCLT _ 100mm

5 > - 50mm

AdESA fuses: modelled as S275 steel plates with a
bilinear elasto-plastic hysteretic model ().

VR d

>
'rlfusm:

Figure 0.7 - Elasto-plastic model for AAESA fuses.

The elastic stiffness of the 100x100x10mm steel plates
is self-calculated by the software based on the end
constraints and the mechanical and sectional
characteristics of the elements, while that of the second
section is close to zero; the flexural resistance Mg, is
0.42 kNm and a shear resistance V4 of about 15kN.

New RC curbs: modelled using elastic beam elements
with the sectional and mechanical characteristics of the
reinforced concrete element (C25/30), 30x80cm. The
end drilled piles were modelled as fixed restraints in the
vertical direction, while the metal dowels ©22/80cm
connecting the new foundations with the existing



foundations were modelled as elastic-links with a
stiffness of 72.7kN/mm.

Steel connections between hybrid wall-roof diaphragm,
between cladding hybrid wall-intermediate slab and
between hybrid wall-RC foundation: structural
connections made of steel dowels, represented by
elastic links with calibrated stiffness based on the
number of connections, in order to define the resistance
demand induced by the earthquake, subsequently
compared with their shear-resistance and elastic
stiffness were defined according to the formulation
reported in the scientific literature [124]. The
connections between hybrid walls-roof diaphragm are
comprised of dowels ®22/38cm made of S355 steel,
with a design shear resistance of 21.3kN and a stiffness
of 12.7kN/mm, while the connections with the existing
foundation, ®22/85cm made of S355 steel, with a
resistance of 48.1kN. The S355 steel dowels connecting
the additional retrofit wall with the intermediate slab,
®22/50cm, exhibit a shear-resistance of 21.2kN and a
stiffness of 17kN/mm.

Mechanical coupling elements: These elements placed
along the longitudinal facades, made of S355 steel, were
modelled by introducing general links between adjacent
cladding panels and the (8+8) ®20 dowels made of
S355 steel (). The strength and stiffness of the dowels
are designed to serve as the weakest link in the
mechanical connection. When their maximum resistant
shear is reached, for seismic events with an intensity
greater than the predetermined threshold, these ductile
elements yield, permitting the relative sliding of the

422



Stefano Cademartori
adjacent panels and the activation of the rocking
behavior, while maintaining the remaining components

in the elastic range.
480.0
40.0 400 ,i ’_m_og
P oy
o 200.0
8
c-ri- 77777
10
800 v =] } °
””” =0
|
HESSRE ¥
[ i 200

200 1

Figure 0.8 - representation of the mechanical coupling elements. From [15].

These structural connections, defined in terms of

strength and stiffness using a bilinear elasto-plastic

hysteretic model (), were calibrated according to the
properties of the steel dowels and the connected layers.

{
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Figure 0.9 - bilinear elasto-plastic hysteretic model of the general-links introduced to
and the steel dowels.

simulate the new mechanical coupling connections between adjacent cladding panels
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The design shear resistance (V.,,n) Of each row of
dowels were defined equal to 130kN, while the elastic
stiffness (K onn) €qual to 123.4kN/mm.

Steel connections between vertical cladding panels-roof
diaphragm, between cladding panels-foundation and
between vertical panels-intermediate slab: these
connections, made of steel dowels, are represented by
elastic links with calibrated stiffness based on the
number of the adopted connections, in order to define
the resistance demand induced by the earthquake. Their
shear-resistance and elastic stiffness were defined
according to the formulation reported in the scientific
literature [124].

> B e

’/Ea

Figure 0.10 - Detail of longitudinal elevations. From [15].

The connections between cladding panels-roof
diaphragm are made of 2 dowels ®20 made of S355
steel, with a design shear resistance of 39.7kN and a
stiffness of 444kN/mm, while the connections with the
existing foundation, 3 dowels ®22 made of S355 steel,
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425

with a resistance of 48.1kN and a stiffness of
548kN/mm. The 26 steel dowels connecting the
external panels with the intermediate slab, made of
S355 steel ®20 bars, exhibit a shear-resistance of
24.5kN and a stiffness of 72kN/mm.



Appendix E

Example of some significant cases. Relevant parameters of the
analysed cases at the step in which the maximum top
displacement was experienced. The step of the analysis is
marked with a red dot. At the top, on the left, the seismic input
and on the right the top displacement over time are presented,;
the residual displacement is indicated. On the left the force-
displacement curves of the general links introduced to model the
couplers are reported. On the right the top displacement and the
forces in the bars are plotted; in the blue bars, the values refer to
the considered step, while in the grey bars, the maximum value
is plotted.
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\ Mesh B - LSLS (Extra-ordinary) - 1 wall \
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Mesh B - CLS - 1 wall
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| Mesh C- LSLS+ - Reduced bars |
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