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Abstract

In recent years, rehabilitation of the built heritage has increased, while construction of new buildings has decreased. A powerful
impulse toward the combined structural upgrading and energy demand reduction has been given to the construction sector by means
public investments associated with a fiscal incentives. Design exercises and real execution of interventions highlighted the role of
the building envelope not only in the case of energy demand reduction, but also in the case of increase of structural and seismic
performance of the buildings. This paper moves from an interdisciplinary research on the role and opportunities offered by
multifunctional exoskeletons in the regeneration of buildings in urban areas. Herein the attention is focused on the relation between
structural solutions for seismic upgrading, the technical standards related to the structural design and the regulatory framework
concerning existing buildings and their relations with the urban environment. Some reflections on clashes generated by innovative
and effective structural solutions for performance upgrading of existing buildings are also reported with the aim of defining some
needs of integration and coordination of some crucial aspects of current regulatory provisions in the field of architecture and
building engineering.
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1. Introduction

During the last decades, increasing awareness has been raised about retrofit interventions on the built heritage
through actions aimed at improving seismic and energy performance [De Vita et Al, 2018]. Over the last few years,
this theme, primarily focused on the centers of historical cities, has extended to urban suburbs, where an important
share of the population lives in buildings built more than 40 years ago. This building stock often shows huge
architectural, structural and environmental deficiencies detectable in significant degradation of materials and
components, as well as in the obsolescence of plant elements [Faqih et Al, 2020].

Recent legislative measures have been promulgated with the aim of funding and supporting the redevelopment of
individual buildings or structural and architectural components [Calise et Al, 2022]; in order to significantly increase
the overall quality of the built area involved, it is however necessary to provide for solutions acting at different
intervention scales, up to including entire neighborhoods: these interventions are more effective but more complex to
plan, design and apply [De Vita et Al, 2022].

In order to operate in accordance with the current legislation, designers must identify seismic retrofit interventions
that are clearly classifiable according to the definitions laid down by the Regulatory instrument in force, often giving
up more performing solutions which go beyond the structural aspect and involve energy requalification, environmental
sustainability and urban and territorial regeneration [Menna et Al, 2022];

Some retrofit solutions, such as multifunctional exoskeletons, are suitable for a global improvement in performance,
with a multi-scale impact that extends from the building to the city. These solutions involve both structural and
functional aspects and can often involve changes to the building outline. In the design practice, the adoption of these
retrofit solutions has applicability limits, namely in compliance with the regulatory instrument; this paper analyses the
ambiguity of the standard assuming an update of the standards to facilitate multifunctional retrofit interventions with
optimized performance.

2. Regeneration of buildings: effective retrofit solutions

In recent years, the increased availability of accelerometric recordings on the ground during strong earthquakes
has made it possible to reliably assess the actions transmitted by seismic motion to the structures. Consequently, a
design philosophy that considers the possibility of structural elements being in a plastic field has become established:
in this way the extent of the design actions are reduced as the quantity of energy dissipated in the hysteretic cycles and
the reduction of stiffness lead to a decrease in the inertia forces on the structure. The structures designed in accordance
with this approach must be able to guarantee a certain deformability in the plastic field, i.e. guarantee a good ductility.

The structures that belong to the built heritage up to the end of the last century do not have the strength and ductility
owned by more newly built structures; moreover, outdated buildings often show a significant degradation of materials,
components and systems. [Rosti et al, 2021]. For this reason, in recent decades numerous seismic protection techniques
have been developed with the aim of decreasing the vulnerability of existing buildings by increasing resistance and /
or ductility, or by reducing the amount of forces acting on the original structure.

Structural vibration control systems can be classified according to application methods as active, semi-active,
passive and hybrid systems. The passive control systems do not require a power source to operate, and the control
forces are obtained based on the structural response. The active control systems include actuators and require a large
power source [Martinez et al, 2013]. Active control systems include mechanisms and actuators and require a power
source. Semi-active control systems offer the flexibility of active control systems and the reliability of passive control
systems [Alquado et al, 2017]. Hybrid control systems involves dampers and isolators together [Hiramoto, 2014].

Retrofit techniques such as seismic isolation and exoskeletons limit the work on the existing structure - that must
have sufficient strength to withstand at least vertical loads [Sabino et al, 2020] - also containing the impact on the
building functioning. Especially when the retrofit involves several buildings or entire neighborhoods, the possibility
of keeping the construction in use during the retrofit works is very important both to reduce the overall intervention
costs and to control the social impact in the intervention context.

For this purpose, exoskeletons - structures placed side by side with the existing ones with the aim of reducing the
stresses transmitted by seismic actions - can easily be coupled with plants and constructive technologies upgrading by
means the exploitation of new volumes resulting from the structure growth. Therefore, this intervention has multiscalar
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and multifunctional aims, dealing with structural, energy, plant, architectural and social aspects, from the scale of the
building component to the urban one [De Vita et Al, 2022]. Thus, exoskeletons have multifaceted characteristics
involving structural, management, energy, plant engineering, architectural, health, ecological, and social aspects. Each
of the conditions described can exist on its own or in combination with others, so the extensive use of exoskeletons
represents an opportunity to consistently develop the entire urban context, enabling redevelopment of both the built
heritage and the surrounding environment.

Transformation of 530 Homes — Grand Parc Bordeaux by Lacaton & Vassal architectes, Frédéric Druot Architecture
and Christophe Hutin Architecture gained the 2019 European Union Prize for Contemporary Architecture — Mies van
der Rohe Award. Three large blocks of social housing in Bordeaux were deeply refurbished and the project was praised
for “radically improving the space and quality of life of its occupants” and for optimizing their economic and
environmental cost of living. The transformation of the structures through a one-side of buildings RC exoskeleton
gives all dwellings new qualities of space and living: large winter gardens and balconies have been added to allow
each apartment to enjoy more space, natural light, and mobility. The existing windows are replaced by large glassed
sliding doors, which connect every room to the winter garden (as shown in Fig. 1) and the insulation on the North
fagade improve the global performance of the building envelope. [Walsh, 2019].

Fig. 1. Transformation of 530 Homes — Grand Parc Bordeaux, Lacaton & Vassal architectes, Frédéric Druot Architecture and Christophe Hutin
Architecture. Exoskeleton view from the outside (left) and from the inside (right).

While the exoskeleton has a significant impact from an architectural point of view, completely modifying the
architectural facades of the existing building, seismic isolation is an underground earthquake protection strategy that
aims to uncouple the motion of a structure from earthquake-induced ground motions in that way reduce structural
forces [Makris, 2019]. This technique consists in inserting a discontinuity between the substructure anchored to the
ground and the superstructure. The structural discontinuity is obtained by means of seismic isolation devices with high
stiffness for vertical loads and limited stiffness for horizontal loads. During seismic events, isolators allow the motion
of the superstructure to be decoupled from that of the substructure. In recent years, seismic isolation has been applied
also to existing buildings with the aim of reduce interventions on the superstructure, leaving the architecture unchanged
and working only in the foundation level.

A profound transformation of the built environment through retrofit interventions on structures, must however be
supported by an appropriate regulatory framework to be applied without bureaucratic impediments. On the other hand,
in Italy the current legislation presents critical aspects that do not facilitate these interventions and a buildings
renovation that can redevelop cities in a substantial and sustainable way.
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3. Seismic Design requirements and perspective for building upgrading

In 2009, pursuant to Ministerial Decree 14-01-2008 a new version of the Technical Standards for Construction
(Norme Tecniche per le Costruzioni — NTC 2008) came into force in Italy, profoundly different from the previous
versions. Subsequently, a new update (Ministerial Decree of 17-01-2018, NTC 2018) was published, which did not
substantially change the system of the previous version, but introduced noteworthy innovations.

Among other changes introduced in 2008 and confirmed in the 2018 version, the classification of structural
interventions on existing buildings in three categories is introduced in § 8.4:

e Local interventions: local repairs or interventions affecting individual structural elements and which, in any case,
do not reduce the pre-existing safety conditions

e Adaptation to current seismic code provisions: interventions aimed at achieving the safety levels required by the
regulations for new construction structures

e Improvement interventions: solutions aimed at increasing the existing structural safety, even without necessarily
reaching the levels required for newly built structures.

The definition of specific interventions on the existing building structure and the inclusion of retrofit in this
predetermined classification has no significance from a purely structural point of view. However, it is rather useful for
better meeting the bureaucratic requirements in relation to the intervention complexity, such as, for instance, the
situation that developed in Abruzzo during the reconstruction process following the 2009 earthquake. In those cases,
the intervention type in private buildings was related to the damage level: e.g., for buildings with minor damage -
classified with outcome B or C in a damage classification (Baggio et. Al, 2007) from A - no damage - to E - huge
damage - the contribution fee for reconstruction after the Abruzzo earthquake in 2009 is suitable to carry out local
interventions.

From the point of view of the National Buildings Code, the discipline of structural interventions in seismic areas is
defined in art. 94 bis of the Consolidated Construction Law (Testo Unico dell 'Edilizia) modified several times — which
is contained in the Decree of the President of the Republic of 6 June 2001 and previously introduced by Decree Law
32/2019. In the current version, the standard/rule classifies the structural interventions in seismic areas in three further
categories:

e "Relevant" interventions with regard to public safety
e Interventions of "minor relevance" with regard to public safety
e Interventions "of no relevance" for public safety.

At the bureaucratic level, the most important difference between the interventions falling within one of the
categories listed above consists in the need to understand whether or not to obtain a specific official permission before
starting the seismic construction work: it is the so-called "seismic authorization", in place of what is generally defined
as "seismic file" (Deposito Sismico), or rather the filing of the structural project to the Regional or Provincial Civil
Engineers Institution. The methods for obtaining these permissions are regulated by specific Regional laws, which
also imply very different requirements between one location and another: in any case, obtaining the seismic
authorization, as well as involving a more cumbersome procedure than the filing, involves significantly longer times
for the permission to be granted. Furthermore, the definition attributed to the three categories stated in the standard
are misleading, as the reference to the intervention type, which is declared in the description, is often not uniquely
related to public safety.
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In the current Italian Technical Standards for Constructions, the distinction between what are defined as local
repairs or local interventions and the other two types described is quite clear; on the other hand, the distinction between
seismic improvement and seismic adaptation interventions is more nuanced.

In particular,-the standard clarifies that the local interventions “...concern single parts and / or elements of the
structure. They must not significantly change the overall behavior of the construction...”; while, for the adaptation"...
the project must refer to the entire construction ...” and in the improvement intervention "...the safety assessment and
the intervention project must be extended to all parts of the structure potentially affected by changes in behavior, as
well as to the structure as a whole".

In the standard, the safety level of the building is also defined through the ratio (g between the maximum seismic
action that can be borne by the structure and the maximum seismic action that would be used in the design of a new
construction. In seismic improvement interventions "the value of (r may be less than unity", with the only exception
of interventions that provide for isolation systems: in this case "for the verification of the insulation system, at least
CE=1.0"

The Standards also provide for restrictions on the safety level achieved with seismic improvement interventions:
"for school use class Il buildings and class IV, the value of (i, following the improvement interventions, must in any
case be no less than 0.6, while for the remaining class III and class II buildings the value of (k, again following the
improvement interventions, must be increased by a value not less than 0.1".

The 2018 NTC requires a construction adjustment intervention to be carried out in the cases described in Table 1.

Table 1. List of conditions requiring compliance with current design standards for new buildings.

Case  Condition G min
a) raise the construction 1.0
b) expand the construction by means of works structurally connected to it and such as to significantly alter its response 1.0
c) modify the intended use in a way leading to increases in global vertical loads in the foundation of more than 10% (only 0.8

gravitational loads)

d) carry out structural interventions aimed at transforming the construction through a systematic set of works leading to a 1.0
structural system different from the previous one. In case of buildings, carry out structural work that transforms the
structural system through the use of new load-bearing vertical elements that carry at least 50% of the total gravitational
loads

e) modify the class of use in a way leading to class I1I constructions for school use or class IV constructions 0.8

The approach of the legislator to the interventions on existing buildings, as summarized above, has several
implications in the choice of feasible interventions for reducing the seismic vulnerability of existing buildings; this
will be discussed and analyzed in the following clauses in relation to some application cases, given as examples.

4. Some reflections on some questions raising from the real world

Exoskeletons can be defined as superstructures applied to the outside of existing buildings and connected thanks
to suitable joints able to improve some specific characteristics of the structure.

From a structural point of view, the greatest advantage in the application of exoskeletons is achieved by intervening
on buildings with high seismic vulnerability, which require very little or no works to solve the structural deficiencies.
On the contrary, when massive interventions on the existing components and structures are needed, the exoskeletons
combined with other retrofit works could generate an unjustified rise in retrofit costs that, besides, is not offset by the
advantage of being able to keep the original structure in operation during the restructuring operations.

However, the use of structural exoskeletons is suitable for multifunctional interventions: in fact, in addition to
providing a structural improvement, the new structure can easily be adapted to accommodate new uses and to house
new systems. Without considering the case of residential uses regarding the new/added volume, that are only
occasional, it would be interesting to evaluate the impact of the positioning of emergency stairways inside the bodies
added to the old structure on the evaluation of the intervention type according to the current legislation. The latter
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solution was applied in the structural retrofit of the High School B. Croce in Avezzano (AQ) using dissipative towers,
as shown in Fig. 2.

EMERGENCY
STAIRWAY

EMERGENCY
STAIRWAY

e

l‘—L_ ‘ G;(;l';'D.FLDO:II\'[L
Fig. 2. Ground floor level of the High School B. Croce in Avezzano (AQ): dissipative towers are highlighted in red squares.

A further reference should be made to the interventions with seismic isolators in the foundations: the works can
involve deep excavations and allow the creation of new underground habitable rooms, with a consequent increase in
volume and usable surface following the seismic retrofit.

This is the case of the structural improvement works carried out at the headquarters of the Abruzzo Regional
Council during the reconstruction process after the 2009 earthquake in L’ Aquila: the positioning of seismic isolators

made it possible to create an underground conference room (see Figure 3 and 4).

Fig. 4. Seismic retrofit works at the Abruzzo Regional Council: construction of the underground conference room.
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5. Improvement or adaption: what to choose?

In the cases indicated by letters c¢) and e) of Table 1, the building is considered adequate when (g > 0,80; in other
cases it must be (g > 1,00. In some cases, a change in the height of the building does not entail an adaptation: "A
change in the height of the building due to the construction of top curbs or to variations in the roof that do not lead to
increases in the living area, is not considered expansion, pursuant to condition a)." There might be a typo in the
sentence above: the word "expansion" is used in place of the word “raising”.

In the part of the standard summarized in Table 1, many peculiar terms are used, with specific meanings, which
should be clearly encoded, both form a semantic and a quantitative level point of view. Unfortunately, this is not the
case: the only term clearly defined in the NTC 2018 is the "class of use" referred to point e), the meaning of which is
explained in the definitions included in paragraph 2.4.2.

The term “raise” (superelevation), used in point a) of Table 1) and the term “expand” (expansion), used in point b)
of Table 1, are not uniquely codified at national level. The definitions of these terms are contained, with little clarity
and often with significant differences, only in the local urban planning instruments and in some jurisprudence rulings
(e.g. the sentence of the Italian Criminal Supreme Court No. 41256/2018, Cass., Section 3, No. 26/10/2007). In
general, it is still possible to summarize the current trend considering the elevation or expansion of an existing building
when its volume is increased. For the purposes of this study, it is not relevant to define the cases in which the increase
in volume determines a superelevation rather than an expansion, so from now on, for the sake of simplicity, reference
will always be made to the case of volume increase. The framework just described is further complicated when
reference is made only to the structural elements rather than to the entire building system. As a matter of fact, in the
framework of the standard definitions referred to in Annex A of the [Agreement 4 May 2017], the definition of
“Volume” refers to the total area of the building and the gross height, including floors and roofs.

The ambiguity inherent in the definition referred to in letter b) of Table 1 affects the implementation of significant
retrofit works, such as structural exoskeletons and the adoption of base isolation systems described in the previous
paragraph.

The analysis of Fig. 1 shows that the application of an exoskeleton can easily fall within the definitions a) and b)
of Table 1. The previous paragraph mentioned the ambiguity of the definition of volumetric increase in case structural
elements are installed outside the building, as the mere presence of the structural elements does not determine an
increase in volume.

Hence the paradox: if an exoskeleton consisting exclusively of structural elements is installed outside a building,
it does not cause volume changes, which means it does not cause an expansion of the building and therefore it can be
installed by bringing about an improvement. However, if the same exoskeleton is also to have a non-structural
function, the intervention necessarily becomes an adaptation.

The same considerations can be made in the case of base isolation systems of a building, as in the example in Figure
2. The construction of basement rooms involves an increase in the volume of the building: it seems clear that the safety
coefficient that the isolated building must achieve cannot depend on the intended use of the basement room that has
been built.

6. Final remarks

The article shows some of the inconsistencies of the Italian construction regulatory system, likely due to the
overlapping of different codes.

The bureaucratic distinction between different types of intervention should not affect the technology adopted in
seismic retrofit interventions.

In many cases, in terms of resistance, it may be more important to strongly limit the relative interstorey drift of the
building under intervention, rather than adapting it to the current regulations. Therefore, a simplification of § 8.4 of
the Technical Standards for Construction is desiderable. In this standard should find a place only the limits at the
safety level. Any definitions of the types of interventions, especially the distinction between seismic improvement and
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adaptation to current seismic code provisions should find a place only in National Buildings Code. In any case, the
choice of the type of retrofit intervention should not be conditioned by the definitions in the standards.
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