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Abstract

School facilities play a key role in civil society. They are first and foremost
the place where everybody learns, grows and shapes the future, and where
students spend a significant part of the day. Besides, schools provide strategic
functions for local communities. Therefore, ensuring their safety should be a
paramount concern, even if, in Italy, school buildings are too frequently
neglected. However, the numerous collapses occurred in schools, have widely
proven that this attitude represents a serious risk to the safety of students.
Structural deficiencies are closely related to the ageing of Italy's school building
stock, which in turn depends on the fact that the trend of new school constructions
has always been closely linked to demographic trends. As a result, about 60% of
Italian schools were built before 1975, i.e., according to codes rules that did not
consider the current safety and structural standards. In addition, energy
performance is also generally fairly low, resulting in a waste of money, and in a

high environmental impact as well.

The relationship between the historical evolution of pedagogical models on
the design approach of school buildings is evaluated herein by analysing both the
worldwide context and the Italian case. In particular, the role of the standard
module (classroom) and the organisation of teaching and connection spaces on the
structural layout is investigated, also considering the technological evolution of
structural materials and of construction techniques. The advancement of Italian
structural and school building regulations, as well as the improvements and

shortcomings progressively introduced, are also reviewed.
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A survey on concrete and steel reinforcement extracted from reinforced
concrete (RC) existing schools located in the Provincia di Torino is then carried
out, comparing the results with a database of tests performed at Politecnico di
Torino. The results reveal that the compressive strength of the extracted concrete
is significantly lower than expected, especially in schools built between 1970 and
1990. Afterwards, the most frequent degradation factors and structural
deficiencies in school buildings, alongside the relevant repair and retrofitting
techniques, are illustrated. For each techniques, the pros and cons are discussed,

focusing on the troubles in their implementation in schools.

A new and more affordable technique for reinforcing existing beams against
bending moment using precast UHP-FRCC panels is also proposed. According to
the results of the tests, this method proved to be promising also from a

sustainability point of view.

Concerning environmental impact, a comparison of the equivalent CO2 (CO: -
eq.) emissions assessed with the LCA methodology of a new timber school and of
a refurbished existing RC school is proposed. The aim is to define a solution that
ensures the lowest greenhouse emissions over the life of the buildings. Despite the
lower volume of new materials required for the refurbishment of the existing
school, resulting in lower embodied CO2, the long-term impact of this building is
higher than that of the new school. However, the energy retrofitting enables
offsetting the CO; - eq. emissions of the new materials within 14 years, while

saving on the energy demand costs.

Finally, best practices are proposed on design approaches, retrofitting
methods for structural and non-structural elements, along with recommendations
on data collection and sharing between authorities, school building owners and

Universities.
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Chapter 1

Introduction

The school building is a complex system. In contrast to other building types such
as residences or offices, a multitude of functions and services are intertwined
within them. In fact, besides the learning spaces for students, a school needs
offices, meeting rooms, conference and sports halls, laboratories and, sometimes,
healthcare facilities (infirmary). Furthermore, the characteristics required for such
spaces have changed over the time, as like teaching techniques, construction and
equipment technology, and local school population trends. In other words, the
requirements of safety, accessibility, and hygiene rules have evolved, therefore
school construction cannot be framed within a well-defined and unchanging
building type.

Safety in school buildings is addressed herein as well. Nevertheless, safety is
another complex topic to deal with, covering a wide range of fields (e.g. safety
against natural disasters, fire safety, workplace safety, structural safety and safety
against external factors and actions). Moreover, safety is an abstract concept.
Indeed, human activity is broken down into objectives to be achieved by pursuing
a series of actions. When the desired result (e.g. the construction of a building or
the holding of an event) and the relevant deadline are well defined and
measurable, planning the activities is relatively straightforward. Achieving the
goal is perceived as a “reward” for the work done and thereby a stirring for
reaching further goals. Maintaining safety runs in the opposite direction: in fact, it
consists of a series of actions aimed at ensuring that something (perceived as
negative) does not happen, such as injury or loss of human life during a natural
disaster, or due to a collapse, or external factors. It can be said that ensuring the
integrity and health of people day-by-day is the “reward” to strive for. In other
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words, all efforts should be pursued to avoid further causalities due to design
mistakes, poor maintenance and, in general, by low safety levels. As the “zero
risk” goal is impossible to achieve, the structural designer must strike a dauting
balance between an adequate level of safety and the feasibility of implementing
measures to obtain it.

In this work, the heterogeneous and complex Italian school building stock is
analysed, investigating critical issues and flaws that lead to safety deficiencies.
Safety is addressed mainly from a structural standpoint, analysing the
shortcomings of past and current construction techniques and rules for structural
and non-structural elements. The retrofitting methods are reviewed, yet innovative
approaches were proposed as well. Finally, sustainability is also considered.
Indeed, building a new school, or retrofitting an existing one, represents a twofold
opportunity. On the one hand, it allows innovative materials and techniques (with
a low carbon footprint) to be applied and tested. On the other hand, energy-saving
measures can be implemented to reduce both greenhouse gas emissions and the
operating costs of school buildings.

1.1 Aims

This PhD thesis is intended to be a dissemination document, thus also aimed at a
non-engineer audience. The topics are addressed with a simple approach, avoiding
numerical models and complex mathematical expressions, which can be further
investigated by referring to the extensive relevant technical literature. Indeed,
safety is a matter that involves everyone, as the effects of low safety have an
impact on the whole community. Moreover, the school is an iconic place, because
all of us have frequented it, and many will still have to deal with it, like workers,
parents and pupils. School users are particularly sensitive and vulnerable, as it
hosts children and teenagers (i.e., the future generation), therefore, the culture of
safety awareness becomes even more crucial in these buildings

The novelty introduced to this work, compared to the existing literature,
consists of addressing each topic through its implementation in the specific case
of school buildings. For instance, for each type of structural vulnerability, the
frequency and degree of the related risk in a school building are both specified.
Similarly, a structural retrofitting technique is discussed by analysing potential
conflicts with the use of pedagogical spaces. More details are only illustrated in
the sections presenting the studies and investigations carried out during the PhD
programme.
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1.2 Methods

This PhD thesis consists of three parts:

1.

To understand the critical issues affecting the Italian school buildings, an
overview of the school building stock is provided. Specifically, an
analysis of the historical evolution of construction techniques and
functional models is discussed, starting from the international context and
then focusing on the Italian case. Indeed, such factors guide the decision-
making processes concerning the distribution of space and, thus, the
structural parts of the buildings. The state-of-the-art of school construction
is assessed both using the general information included in the open data
published by the Ministry of Education, University and Research (MIUR),
and by analysis a specific dataset of school structures collected during the
PhD programme. As considering all the types of school buildings is not
feasible, the typical issues of reinforced concrete buildings are
investigated herein. The updating process of Italian structural and school
building standards is analysed as well, to understand the reasons for the
structural defects.

In the second part of the thesis, the most critical issues related to structural
and non-structural elements that could lead to safety problems for students
and school staff are discussed. In particular, research is devoted to non-
structural elements, both because they are prone to significant
vulnerability and because the current literature is poor on this argument.
In fact, they were often roughly designed, constructed, inspected and
maintained, because there was a lack of dedicated standards until a decade
ago. Methods of strengthening structural elements and retrofitting
strategies for enhancing the structural response are illustrated, pointing out
their advantages and drawbacks in school buildings. Accordingly, a new
method of strengthening existing reinforced concrete beams with precast
Ultra High Performances — Fiber Reinforced Cementitious Composites
(UHP-FRCCs) is proposed. The experimental activity carried out in the
Life Cycle Engineering Laboratory (LCEL) at Tohoku University in
Sendai, (Japan) to test the effectiveness is illustrated and analyses.
Concerning the non-structural elements, the current Italian rules are
analysed, identifying their limitations and proposing improvements. A
review of established and innovative methods for retrofitting existing non-
structural elements is also presented. Finally, recommendations are
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proposed on inspection procedure for school buildings and data
management methods.

3. The last part of this thesis is dedicated to the environmental impact of
school buildings, albeit the sustainability is taken into account throughout
the work. Specifically, a new timber school and an existing refurbished
school are compared, assessing both the environmental impact related to
the carbon footprint of building materials, and the greenhouse gas
emissions due to energy consumptions. In other words, the Life Cycle
Assessment (LCA) methodology extended to the entire lifespan of two
schools was used to assess the short-term and long-term environmental
impacts.

1.3 Limits

As already argued, safety covers several aspects, hence it was necessary to narrow
down the analysis. Specifically, the safety of the construction components of the
school building was mainly addressed, by investigating the structural and non-
structural vulnerability, and studying the relevant mitigation methods.
Nevertheless, accurate analysis of the vulnerability of the heterogeneous school
building stock was not feasible. Therefore, the research only focused on
reinforced concrete buildings because they are the most common structures in
Italian schools built after the Second World War.

Although this study was initially aimed at gathering data on existing school
buildings and retrofitting interventions of whole Italy, due to the considerable
bureaucratic barriers, the research was restricted to the Turin Province.
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Chapter 2

School building heritage: an
historical background

Schools have always played a crucial role in the cultural growth of a nation, often
being considered as an element of national identity. It is not surprising that
wherever there was a change of mass education, schools gained prominence in
political debate as a means of conveying new ideas and raising future generations,
regardless of judgement ascribed to the intentions of the governments throughout
history [1]. Although educational models, and school buildings as well, have been
affected by local cultural influences and historical events, some common stages in
their evolution can be identified, especially in Western countries. England was the
first nation experienced the industrial revolution and, thus, made its way towards
modern education. The English case was taken as a benchmark, referring to the
detailed English Heritage report [2]. In the analysis of the evolution of
pedagogical models, the case of the United States was also analysed later [3],
because many educational theories on design approaches for educational spaces,
still used today, originated in USA and then exported to other countries. Finally, a
brief examination of the current European situation, is also presented.

Within this context, a historical survey of the Italian case is also studied,
focusing on the design of learning environments.

2.1. A worldwide overview

In Western countries, until the mid-19" Century, elementary education for poor
children was provided in modest school built and supported either by religious
foundations, or by philanthropic entrepreneurs and benefactors. Classrooms were
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often inadequate, as well as the teaching staff, which often consisted of the oldest
students. There were no official and uniform guidelines or rules for the
construction of school buildings, therefore the layout of teaching spaces arbitrarily
defined by the institutions and foundations that funded them.

In the case of England, between the 1600s and 1700s, education was provided
in large classrooms within buildings, often including almshouses, hospitals, and
workplaces for self-financing [2]. At the beginning of the 19" Century,
Industrialization and the expansion of provincial cities led to the Factory Act of
1802, namely the first to be required to mill owners in order to provide elementary
education for their working children. Although the Factory Act was initially
scarcely used due to lack of inspections, its gradual tightening, along with
increased child survival, led to a growing demand for education. To address the
challenge of providing education to large masses of pupils cheaply, Joseph
Lancaster published instructions on the layout of classrooms (Fig. 1), which
advocated for fixed desks facing the teacher, whereas the sides of the room were
clear for group work [4].

Fig. 1: classroom layout of the monitorial education model proposed by Lancaster [5]

This approach was exported in the USA in 1818 by the British and Foreign
School Society. Lancaster's work was also followed by the 1815 report of the
National Society for Promoting the Education of the Poor in the Principle of the
Established Church which proposed, by contrast, movable desks arranged along
the edges of classrooms to allow for most flexible small-group teach in the center.
These approaches, still based on the so-called monitorial system, in which a single
teacher controlled about 300 students (the older students delivered set lessons to
the smaller ones), were challenged by the "simultaneous method". The letter,
being more suitable especially for infants, encouraged a direct teaching between
the mister/mistress and the student, to be carried out in the main classroom, to
which a smaller classroom was added for the group teaching. Some specialists
proposed classrooms with "galleries", featuring stepped seating, for handling large
groups of students [6]. In 1840, the government of Education Committee
(appointed in 1839) published 16 standard plans designed for the "mixed method"
by merging monitored and simultaneous instruction. However, these classrooms
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did not take off because the monitoring method was preferred. As a matter of fact,
until the 1880s, teaching was carried out in large rooms with a set of desks in the
center, separated by curtains and, wherever possible, steps with seats. In the
second half of the 1800s, government funding grew, but while day schools were
built in large cities, boarding schools were mostly developed in rural areas. In the
United States, until the first half of the 19" Century, schools were badly
conceived and not properly located in the urban buildings because there were no
design standards. Nevertheless, as cities grew, more debates was devoted to
schools, seen as a springboard for the renewal of society. The first proposal for a
standard model came from Horace Mann, who designed the classroom shown in
Fig. 2 for about sixty students, with rows of desks, a teacher's desk on a platform

and windows on two sides.
G g

Fig. 2: one-room schoolhouse plan recommended by Horace Mann [7]

=
2 =

In 1870, the Education Act was applied by the British government, which led
to the gradual raising of the compulsory school age. The so-called school boards,
1.e. elementary schools managed by a school board composed of ratepayers, were
introduced and gradually took over from church schools. Most board schools were
arranged in separate classrooms (for infants, girls, boys) which could host up to
80 children each (Fig. 3), and a gallery, both made by brick or stone, having a
simple shape and large windows. The school projects had to comply with the
requirements imposed by the Educational Department, which approved them.
Later, a central hall was also introduced, and soon became a standard for all board
schools. Schools were often composed by a single-story, but could reach three
stories when built in small-size sites. Also starting in the 1870s, the first high
schools were built in large British cities to cope with the increasing need for
teachers and office employees. These schools, being lower in number but having
to serve large urban areas, were usually centrally located. Moreover, they
consisted of large buildings as they contained many classrooms, albeit smaller in
size, to provide for several specialization courses. In the United States, the
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Kalamazoo Decision', the broadening of child labour laws, the end of the Civil
War and the nation's growing momentum in the industrial revolution, played a key
role in spreading education to the older age ranges. Yet, the resulting increase in
demand for enrolment at the turn of the Century was tackled hastily by building
'factory-like' schools, featured by learning spaces designed to house as many
students as possible, with little care of hygienic and pedagogical issues.

C = Classroom

Fig. 3: the T Roger Smith’s plan adopted for Jonson Street School, Stepney, by the
London Board, which was the first to experiment with separate classrooms with a central
schoolroom

In 1907, the British Board of Health introduced mandatory medical
inspections in schools, which was a turning point because, for the first time,
authorities put the needs of pupils and teachers first. As a result, the approach to
school planning shifted substantially, having to be based on the students' and
teachers' standpoints, ensuring their wellness. The architect George Widdows to
develop an earlier idea of John Hutchings, built several and innovative schools
featuring a row of classrooms, with usually south-facing windows, accessed by a
covered verandah. The central classrooms were smaller, whereas those set at the
ends accommodated about 60 students. Natural light and cross-ventilation was
provided by dormer windows, although electric lighting was also provided. This
type of layout quickly spread across the country, marking the end of central halls.
Lagging behind Germany and the United States, the British government also
increased its efforts in building secondary schools over the same period. However,
such schools usually remained based on the old principles and emphasized social
status, rather than the needs of students. Indeed, unlike elementary school, the

! The Kalamazoo Decision, or Kalamazoo Case, a landmark ruling in an 1874 case involving
Kalamazoo Union High School in Michigan and local property owners filed, was a milestone in
US public education, which until then had been reserved for common schools. It established that
funding high schools with local property tax revenues was legal, effectively boosting the
construction of new high schools [175].
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students mainly came from wealthy families. Widdows was an exceptions, who
extended the same principles previously introduced in elementary school to
secondary schools. At the beginning of the 20" Century, the first US rules on
daylighting in classrooms were also published. They required that windows had to
be set up on the long-side wall. The total window size had to be calculated in
relation to both the floor area and the area of the of the wall, avoiding dark spots,
resulting in large rows close-up windows. Some standards on artificial lighting
were also introduced, although the letter was barely used until 1930 when
fluorescent lights began to be used. The letter replaced the more energy intensive
and problematic incandescent lights introduced at the beginning of the Century.
Artificial ventilation also took its first steps at this time, especially in schools
located in large cities.

The inter-war period between 1914 and 1940 saw a new generation of school
reformers emerge, led by scholars such as John Dewey in the United States and
Maria Montessori in Italy. These pioneers of modern teaching proposed a child-
centred view, fostering active teaching instead of the traditional 'sitting-at-a-desk’
method. On the other hand, budget cuts for public buildings due to the American
Depression and European downturn, along with studies on school lighting, pushed
the use of steel and timber frames. This context become an opportunity for
progressive architects, such as Alvar Aalto and Walter Gropius, who supported
the new ideas on schools. The schools they designed gave rise to open air school
movement, so called because of the emphasis on airy spaces, light, easy
circulation through spaces and outdoor teaching. Among the solutions developed
in the UK, which were sometimes inspired by Frank Lloyd Wright’s projects, the
"finger plan" is an example of a school layout commonly used, which was also
taken up in the US in 1940. It consisted of long rows of single-story classrooms,
connected by lower corridors, which formed fingers spread out across the plan of
the school. It is also worth mentioning the large use of prefabrication in school
buildings by C. G. Stillman in 1936, who introduced a steel module system
derived from the structure of caravans, which could be assembled together. In this
period, two tiers of education were gradually defined: elementary schools, up to
11 years old, and high schools, with grammar, technical or scientific courses. In
science laboratories modern architecture was largely applied, by using light,
highly glazed buildings with a reinforced concrete structure and white painted
bricks.
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Fig. 4: the Crow Island School of Perkins & Will Architects: an early example of a
Finger plan School [8]

In the post-war period a steep rise in school enrolment and, consequently, a
boom in school construction occurred in the United States, driven by massive
public funding. As a result, a new era of innovation in school architecture, with a
mushrooming of standardised schools both in plan and architectural style, began.
Classical masonry schools were finally replaced by modern schools, with steel or
reinforced concrete structural system approach, full-height ribbon windows and a
flat roof. In particular, the finger plan, which spread all over the world, was
capable of providing great floor plan flexibility and excellent classroom lighting
[9]. In addition, while modern schools offered a number of advantages, such as
fulfilling the new rigorous construction standards, as well as being more
functional, cheaper and easier to build, they had a shorter life expectancy. This
lifespan reduction was justified by the fact that schools had to be rebuilt
periodically [10]. In Europe, the large number of destroyed or damaged schools,
and the significant rise in birth rates, dramatically increased the demand for
schools in the post-war period, which had to cope with the war-damaged
economy. To face this challenge, the British Ministry of Education recommended
in 1943 the use of standardized prefabrication, usually made with lightweight steel
frame systems. The first systems used for small one-story buildings; however, the
system was later upgraded using aluminium and concrete, extending its use to
multi-storey buildings. The implementation of prefabrication in the US schools
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was promoted by the School Construction Systems Development Program
(SCDS), a joint effort by university researchers. This programme, which aimed at
developing more economical building technologies by importing industrial
standardization and techniques, played a key role in building experimentation in
the 60s [11, 12].

Fig. 5: Essendon Primary School, Hertfordshire: an early example of prefabrication
in school buildings, made of light steel-framed system [13]

The RA Bulter's Act of 1944 saw the adoption in UK of the three-tier system
of schools grammar, technical grammar, and secondary modern®. The three
school levels were often grouped into a single site (to save money and space),
paving the way for the so-called Comprehensive Schools. However, a problem
arose concerning the size of these school facilities, which had to accommodate up
to 2,000 students. Where lands were limited, school blocks often had only
workshops areas and halls set out separately. As a result, the need for more
flexible and centralized plans became increasingly clear. Instead of traditional
classrooms, wide open teaching areas around libraries or service centres were
preferred, while crafts and science labs were held in proper open plan units,
marking the beginning of open planning schools. Open planning were particularly
successful in primary schools located in rural areas where classrooms usually
accommodated few students of different ages. In 1967 the Department of
Education and Science (DES) developed two model plans, either circular or
pavilion in shape, which were shared with the other authorities [14]. The presence
of open schools were widely debated in the United States from the 60s, when the
reduction of school populations, the problem of desegregation and new studies on
the influence of the size and design of the physical environment on student
learning, forced to rethink about existing school spaces. The FEducational

2 The three tier system was widely adopted by British educational authorities, albeit not
everywhere, from 1945. Children were allocated according to their intelligence test scores at the
age of 11. The best students were admitted to grammar schools, whereas secondary modern
schools provided training for trades. The system was criticised in the 60s because considered
iniquitous by progressive authorities, then abandoned in the 70s when it gave way to
comprehensive schools.
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Facilities Laboratory (EFL), namely the main research organization in the field of
theory and practice of school design, argued that large classrooms with a little
definition of space inside stimulated creativity, interaction and interest among
pupils (Fig. 6). The work of the EFL influenced open plan schools in other
countries, such as Australia [15, 16, 17], Canada [18] and Israel [19].
Nevertheless, this system was short-lived. In fact, in the 70s the work of the EFL
was considered as uneconomical and restrictive, as well as receiving very
conflicting feedback from researchers regarding its impact on teaching. Besides,
this innovative teaching method was not supported by an appropriate training of
the teaching staff, who tended to retain traditional educational methods and to
advocate a physical and clear division of space [20]. Consequently, from the 80s
onwards there was a step backwards in the design of school spaces, thus returning
to the cheaper traditional “cells and bells” factory model, with classrooms
arranged around shared activity spaces and circulation areas. Secondary schools
were particularly affected by the lack of care taken in the design of learning
spaces, being conceived as a set of spaces resulting in lower and longer buildings,
gathered around a central atrium or courtyard. In the United States, the revival of
the conservative movement, and the downward trend in confidence in the
experimental models developed during the 60s and 70s, were fostered by the
drastic drop in enrolment and by the decrement of public funds for building new
school facilities and renovating existing ones. As a result, some reports depicted a
school building stock in the 90s consisting of energy-intensive buildings, often
dilapidated or failing to provide adequate indoor environmental quality [21, 22].
Since the end of the last Century, the design of schools has therefore been
strongly influenced by the need for renovation of school buildings and the
growing awareness of the climate change issue. The worldwide efforts of scholars
and designers have been mainly focused on the design of new energy-efficient and
low-impact schools and on the energy upgrading of existing facilities [23, 24].
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Fig. 6 Rokeby Primary School, Tasmania: an example of open planning school [17]
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2.2 The Italian situation

The school building conceived as a facility and intended exclusively for the
education of students is a relatively recent concept in Italy. In fact, for a long time
education was reserved for the clergy and the nobility, hence teaching was carried
out in convents and private residences. As already illustrated for UK and the US,
the industrial revolution imposed the teaching of a trade on a large number of
children, thereby requiring the design and construction of buildings exclusively
for schools. Early examples of schools often consisted of single, overcrowded
classrooms, designed with the purpose of educating large masses of students in a
very a short time and with little regard for hygiene and functional aspects.

The first Italian law on schools were issued when the country was unified.
The Casati Law (1859) entrusted municipalities with the construction of schools,
whereas the first regulations was devoted to solving hygiene issues and ensuring
the healthiness of the environment, rather than applying of pedagogical activities
[25]. Nevertheless, the small economic resources of municipalities led to an
extremely slow development of school buildings, especially in southern Italy. As
a result, education was often conducted in convents and private schools, where
functional and hygienic requirements were usually not ensured. The first
guidelines on the urban, typological and constructive characteristics of school
buildings were issued in 1888. In particular, it established that buildings had to be
arranged in classrooms containing at most 50 students, whose ceilings had to be at
least 4.5 m high. Hallways were preferably to face north and acted as a connective
space between classrooms, running along the wings of the building. Therefore, the
most common building type was the so called “German-matrix barrack scheme”,
which was either in a line or L-shaped or C-shaped according to the shape of the
constricting site (Fig. 7). To avoid rising moisture from the ground, mezzanines
floors were built, sometimes above a basement floor. In urban areas, schools were
multi-story buildings with no more than three stories and a distinctive
architectural typology. Whereas in rural areas, schools reflected local building
typologies. Such a building layout, called "block layout" and derived from a
frontal instruction concept, identified the classroom as a functional unit, according
to which spaces and structure were arranged. Despite many pedagogists at the
beginning of the twentieth Century wished for an active teaching, assuming a
different distribution of space and shape of classrooms, the school layout was
almost unchanged throughout the following decades.
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Fig. 7: “Scuola del Lazzaretto” built in 1890 in Milan (Italy) [26]

Upon the establishment of Fascism, school construction was being facing a
shortage of classrooms and inadequate teaching environments, especially in
southern Italy [27]. To address these deficiencies, the newly formed fascist regime
enacted the Standards for the design and construction of school buildings (of May
4) and the Royal Decree of July 7, 1925, which provided less strict requirements
for both new school buildings and for the adaptation of old schools [28].
However, over the years, the school was identified by the regime as a powerful
tool for propaganda and training of the new fascist generation, thereby assuming a
increasingly key role [29]. In this regard, the Royal Decree No. 875 of May 27,
1939, entitled "Standards for the design of kindergartens and elementary schools"
was issued. It introduced a multi-purpose building, which included, in addition to
the classrooms, the library, the teachers' room and, in particular, large spaces
(such as sport hall and screening rooms as shown in Fig. 8). However, if on the
one hand innovative construction techniques were experimented to cover the long
spans that characterized these large spaces, on the other hand the barracks scheme
was maintained in all schools of that period. Indeed, frontal instruction was
perfectly consistent with the fascist educational model.
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Fig. 8: Primary school of Alseno Piacenza, (Italy), as an example of fascist
architecture in schools [30]. The key role of physical activity can was gathered from the
size of the sport hall (compared to the whole school).

After the war, the economic recovery and the increasing demands for schools,
especially in Northern Italy, led to an intensive school construction. Traditional
school building was again suitable for such a context, because it was cost-
effective and easily applicable on a large scale. As a matter of fact, the
architectural design textbooks still conceived the school as a series of rectangular
classrooms [31]. A first attempt to break with traditional models occurred when
the Ministry of Education announced a public call for the design of a school
building in 1949, which encouraged the disregard of current rules. Ciro
Cicconcelli won the competition by submitting a project that conveyed a new idea
of school, no longer based on the classroom as a functional unit, but rather as a set
of equally valuable spaces, including classrooms [32]. The heated debate that
ensued, although it led to a conspicuous collaboration between architects and
educators, did not lead to a significant renewal of the regulatory framework for
school construction, which continued to aim at satisfying more quantitative than
qualitative criteria. The new standard issued in 1975 finally introduced the
concept of flexibility [33]. The functional unit of the classroom was definitively
abandoned and replaced by the parameter of student space. In other words, the
classroom could no longer be a basic element to be repeated along a corridor, but
had to be tailored to the students' needs and activities, and had to be effectively
integrated and connected with other spaces. The use of long hallways was also
reduced, and replaced with spaces that were not only for distribution, but also for
meetings and other activities. As a result, the parameters that defined the shape
and layout of the interior spaces of schools depended on the education stage of the
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students, and therefore varied as the study cycle changes [34]. The standards
issued between the 60s and the 1975s provided the basic principles still used
today for the design of school buildings. The need for flexible areas, as required
by these standards, along with the increasing demand for school buildings due to
the strong demographic growth, led to the massive use of precast structures
between the 60s and 90s (Fig. 9). In fact, precast school buildings were affordable,
easy to build and enabled spaces to be adapted to the current requirements, as well
as to those imposed by the ongoing updates in standards and new pedagogical
theories, such as the Montessori method [35, 36, 37].
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Fig. 9: Precast school in Piazza Mancini, Rome (1975). The interior consists of
different spaces to ensure maximum flexibility, according to the pedagogical models of
the time [38].

However, the precast technique was not pursued in the following decades,
because of the unsolved debate concerning the relationship between
industrialization of building and architectural design [39]. Therefore, reinforced
concrete frame systems were used once again, and today they are the most
common buildings in Italy. Besides, in the beginning the fervour and confidence
in new materials, construction techniques and pedagogical models of 80s, in
addition to the economy slowed and birth rates reduction, making the need for
new schools less urgent. Similarly to other countries, in Italy innovation in
pedagogical sciences was not supported by adequate training of designers and
teaching staff. For these reasons, the design of large spaces for group teaching and
creative activities is still limited to preschools, and partly in the primary schools,
whereas teaching in secondary schools is almost exclusively face-to-face even
today. Thus, the design of spaces is currently traditional. Nowadays, the Italian
school building heritage ranges from historical masonry buildings (dating back to
before the 20" Century) to experimental buildings (both in terms of space design
and construction techniques) of the 60s, 70s and 80s, up to the most recent
buildings conceived to meet safety and energy saving criteria.
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Fig. 10: “Alberto Manzi” Comprehensive school built in Grosseto in 1981 (by kind
permission of Comune di Grosseto). A return to the "finger plan" model can be observed,
with the classroom as the basic space unit.

2.3 Comparing the Italian school buildings with those of
Europe and Japan

Currently in Europe educational facilities represent 17% of non-residential
buildings, more than 30% of which were built before 1960 [40]. Although the
evolution of school buildings has moved through some common stages in many
western countries, the different historical vicissitudes, the uneven economic and
social conditions, the very varied climate and the different types and degrees of
natural risks throughout the wide territory of the old continent, make the school
building landscape very diversified. For instance, some northern European
countries have been focusing for several decades on energy saving, and on the
quality of the indoor environment, in terms of thermo-hygrometric comfort,
materials and finishes [41]. On the other hand, countries like Italy and Greece are
lagging behind on these issues. The seismic-prone territories have led them to
focus the efforts mainly on earthquake-resistant design, starting from the most
seismic areas and then throughout the country [42]. Furthermore, Eastern
European countries have only been introduced to Western educational models in
the last 30 years, thus the legacy of the Soviet educational model is still present in
their school structures [43]. Nevertheless, the lack of unified policies concerning
school curricula, interventions, funding and legislation on schools suggests that a
settlement to these differences is still a long way off [44].

Outside Europe, the case of Japan is very significant, compared to Italy. In
fact, Japan has faced similar challenges since the post-war period, albeit often
with a different approach. Based on the work of Kawano et al. [45], the main
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historical stages of Japanese school constructions can be described and compared
to the Italian case. As known, the country was heavily damaged during the World
War II, hence it had to cope with rebuilding issue similar to Italy. Furthermore,
economy and population rapidly growth from the 50s onwards, imposing the
massive construction of public buildings, including schools. To provide rules for
new buildings, including schools, the Fundamental Law of Education (1947), the
Building Standard Act (1950) and the Standard design of reinforced concrete
school buildings (1950) were issued. The latter, increased fire resistance
requirements for schools and led to the switch from timber to reinforced concrete
as construction material for new schools. This is similar to the Italian case, where
the transition from masonry to reinforced concrete occurred in the same period,
although Japanese timber schools were demolished or abandoned, whereas Italian
masonry schools were kept on and widely used. The second baby boom at the end
of the 70s and the sharp expansion of large towns, due to the concentration of the
population in urban areas, required the construction of large school facilities
designed to enable future building additions. As well as in Italy, a large number of
schools currently in use were built between the 70s and 80s. In 1981, the revision
of the Building Standard Act led to the adoption of seismic-resistant design
standards, followed (in 1995) by the Act for Promoting of Renovation for
Earthquake Resistant Structure, which made the adoption of earthquake-resistant
measures mandatory for schools. To support the implementation of these
measures, the Japanese government began two subsidy plans: in 1994 for the
seismic reinforcement of schools, in 2002 for safety control facility development
works, which included school building structures. This major and audacious
economic and regulatory effort enabled Japan to achieve the 99.2% of public
elementary and lower secondary school earthquake-proofed in 2018. This
valuable result has not been achieved yet in Italy, and in the rest of Europe as
well, because the Italian standard does not require a mandatory seismic
retrofitting of schools, but merely recommends to local public authorities to
provide seismic strengthening of schools, especially in high seismic areas.

However, the Great East Japan Earthquake of 2011 highlighted two
fundamental points. On the one hand, it showed the key role played by schools as
shelters for the population, further emphasising the need to make them safe. On
the other hand, it revealed a vulnerability towards the tsunami according to their
structural materials, number of floors, distance from the coast and local
topographical characteristics [46]. For instance, the two primary schools of
Okawa and Kodowaki in the Miyagi Prefecture, were barely damaged by 2011
tsunami disaster. At the Okawa Elementary School, there were 84 causalities [47].
The low-rise two-storey school building, while suffering limited direct damage
due to the earthquake, turned out to be very vulnerable to the tsunami. The level
of water reached 8.6 m due to the school's unfavourable location in relation to the
orography of the surrounding area. Conversely, in the Kodowaki elementary
school students and staff escaped in time and survived. However, the school,
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which did not suffer any major direct damage from the earthquake, was hit hard
by the tsunami and a fire that broke out from debris dragged into the building by
the ocean. The heavy legacy of the disastrous events of 2011 is a key lesson that
shows how not all the risks can be tackled by acting on a simple building level.
Indeed, the fundamental safety measures (e.g. against earthquakes or fire) must be
combined with effective Disaster Risk Reduction (DDR) strategies, which include
prevention and information for pupils and teachers [48]. The two school buildings
have been decommissioned, but the Japanese authorities want to preserve them as
a reminder of what happened for future generations. (Fig. 11 and Fig. 12).

Fig. 12: Kodowaki Elementary school after being damaged by tsunami (November
2019)

Japan and Italy also share a significant ageing population that has been going
on for more than 30 years. Japan has been experiencing declining birth rates since
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the 80s, leading to a progressive surplus of classrooms. As a result, the theory of
school design followed by the authorities, which before 2000 advocated the
construction of new school facilities, has changed in recent years towards the
refurbishment and intended use change of existing school buildings. Even in other
countries with declining populations such as South Korea, Greece and Spain,
many schools are facing under-use or even disuse. Therefore, in the last few years
the problems are those of renovating existing schools and designing the school
spaces to be easily tailored to users [49].
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Chapter 3

State of art

3.1 Design approaches and structural system

According to Chapter 2, advances in building materials and technologies, as well
as the new pedagogical models and functions within schools, significantly
changed the way spaces were conceived and organised. Materials, arrangement
and type of structural system mainly depend on the following factors:

period of construction;

design approaches, (Fig. 13);

size and layout of the school plan;

Intended use of spaces (e.g., classroom, laboratory, circulation and
socialising space, sport and conference hall).

The following paragraphs list the most common structural types of the Italian
schools, with comments on their main characteristics, strengths and weaknesses.
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Fig. 13: School building design types and spaces arrangement [50]

3.1.1 Masonry structures

Masonry structures were the most commonly used for schools the end of World
War II (and until the 60s in rural areas), when they were superseded by reinforced
concrete schools. Masonry structure could be made of brick or stone, thus the
structural strength was strongly affected by the material (e.g. type and shape of
the stones and mortar) and the masonry texture, which in turn depended mainly on
local building customs [51]. Slabs are usually in masonry vaults or in brick with
steel joists, therefore limited spans was covered. Partitions separating main
spaces, such as classrooms and corridors, often also correspond to structural
elements (Fig. 14a).
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Strengths:

e in the case of good quality masonry, bi-directional load-bearing walls
provide box behaviour of the building, with good performance against
horizontal actions;

e fairly high durability;

¢ buildings are usually of good aesthetic quality;

Drawbacks:

e Low plan flexibility, which makes impossible modifying the plan
layout;

e space lighting is poor because window sizes are generally small;

e seismic retrofitting is invasive and expensive, especially in presence of
low masonry performances.

3.1.2 Reinforced Concrete (RC) structures

Schools with reinforced concrete frames are the most common in Italy. They first
appeared in the industrial cities in the early of 20" Century, sometimes combined
with masonry. Nevertheless, the massive implementation of this structural system
began after the Second World War alongside the Italian economic boom. The
structural design quality and performances of RC school buildings depend on the
standards at the time of construction, as well as on the quality and type of
structural materials, e.g. the mix design of the concrete and the type of reinforcing
(smooth or deformed). Furthermore, aggressive environments and lack of
maintenance can reduce the structural performances, as RC is vulnerable to
degradation.

Strengths:

e Columns provided moderate plan flexibility, along with the
capability of being modified over time, as the brick or
plasterboard internal partitions can be moved or demolished (Fig.
14b);

e the frame structure allowed for larger openings and windows than
masonry, thus ensuring good space lighting;

e complex building shapes were designed.

Drawbacks:

e a weak capacity against seismic load because, until the early of
21" Century, schools were designed without considering any
horizontal actions. Indeed, bracing elements are often missing,
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frames have only one direction and frequently weak column —
strong beam are present;

e In contrast to masonry, whose mechanical performance can be
reliably predicted, in RC buildings expensive destructive tests is
often necessary as the type and quality of the structural material
depends on many parameters, as described in Section 3.4.

3.1.3 Precast structures

Schools with precast concrete panels were widely used for a relatively short
period, roughly between the 60s and the 80s, when a great confidence was placed
in the industrialisation of the building sector. They usually consist of one or two-
storey buildings, with fiber-cement panels, embedding thermal insulation in case
of external walls (sandwich panels), sometimes combined with columns and
beams made of steel profiles or precast reinforced concrete elements (Fig. 14c¢).

Strengths:

e faster to build and less expensive than cast-in-situ structures;

e certified initial mechanical performance due to industrial-type
prefabrication system,;

e flexibility in the design of the rooms, whose sizes are usually
multiples of the precast panels' module size;

e small footprint of structures and walls;

e Thermal insulation provided by the embedded insulation inside the
panels (excluding thermal bridges at the joints);

Drawbacks:

e often were made of asbestos cement;

e panel-to-panel and panel-to-frame joints were usually designed to
support vertical loads only, thus structures have low strength against
horizontal actions [52].

e a low durability of the structures was often reported, being prone to
degradation mainly due to water leakage between the joints [39];

e the aesthetics of this type of building have always been debated, as
they are often considered unattractive.

3.1.4 Structures made of precast RC columns and beams

These structures are still used today, because they are suitable for large spans such
as sport and conference halls and auditoriums. They consist of columns up to ten
metres high supporting “T” or rectangular beams, covering spans of up to 30 m or
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more, when accommodating large conference halls or sports grounds with
spectator stands.

Strengths:

e capable of covering large spans with a high degree of plan flexibility;

e fast to build;

e certified initial mechanical performance due to industrial-type
prefabrication system;

e fairly constant retaining over time of mechanical performances.

Drawbacks:

e until Italy was declared entirely seismic, structures were designed to
cope with dead loads only, with friction-based connections among
structural elements (e.g. simply supported beam-to-joist and beam-to-
column connections). Therefore, failures have been observed after
several seismic events, mainly due to the loss of support of beam
elements and relative movements of elements [53, 54, 55];
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Fig. 14: Typical structural layouts of: (a) masonry school; (b) RC frame school; (¢)
school made of precast concrete panels; (d) precast RC columns and beams.
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3.2 Regulatory framework

The regulatory framework includes both general standards for all constructions
and public facilities, and specific laws for school buildings. The main laws that
have been introduced in the last 50 years in Italy, regarding both school building
and structural design, are listed and briefly described on below.

3.2.1 Specific standards for school buildings

Circular no. 425/1967 “Residential Standards” of the Ministry of
Public Works, which prescribes location, size, characteristics and
equipment that schools must have according to the type of school and
the number of inhabitants in the surrounding urban context [56];

Ministerial Decree of December 18, 1975 "Updated technical
standards relating to school buildings" which updates the general
requirements relating to the location and size of schools, and the
school site as well. Furthermore, it contains specific instructions on
the technical requirements for acoustics, lighting, air quality and
thermo-hygrometric comfort of individual pedagogical units, as well
as laboratories, physical education spaces, classrooms and services,
and the school as a whole. The constant advancement in pedagogical
methods was strongly taken into account, as reflected in the flexibility
requirements with which spaces must be designed [57];

Ministerial Decree of August 26, 1992 “Fire prevention standards for
school buildings” provides specific instructions for school facilities,
such as prescriptions on the accessibility of sites to emergency
vehicles, the compartmentalisation of buildings, the fire resistance of
materials, systems and fire safety signs [58];

Law no. 23/1996 "Standards for school building", mainly aimed at
satisfying the need for classrooms, upgrading and adapting the
existing heritage to the standards of use, safety and hygiene. This is a
key law because: 1) it assigns competence for school building to the
territorial authorities, defining their tasks (i.e. assigning the
management of nursery, primary and secondary schools to the
municipalities, whereas managing of high schools is attributed to the
provinces); ii) it sets rules on planning, procedures and funding
modalities of interventions; iii) it creates the Observatory for school
building; 1v) it creates the school building registry, i.e. an information
system that gathers and keeps up-to-date data on the situation and
consistency of the school building heritage [59]. The registry collected
data, such as general information on the school, its spaces, building
structures and components, safety, surroundings, transport and
connection systems, through the ARES forms. The ARES forms are
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filled by the technical staff that carries out surveys in the school
facilities assisted by the head of the Prevention and Protection Service
of the specific school administration. The form format was updated
over the years by adding new sections;

Inter-ministerial Decree of April 11, 2013 "School building
guidelines". It gathers the most recent pedagogical models, redefining
learning spaces, introducing new concepts such as "group space" and
"individual space", and provides guidelines for the design of
classrooms (which lose their centrality as they should no longer be
conceived as the only space where teaching), laboratories, halls,
central spaces (agora), sports facilities, services and administration
offices [60];

Law no. 107/2015 “Good School Law”. The decree, alongside
significant changes to school curricula, provided for the allocation of 4
billion euros to improve the safety some of 36,000 Italian schools
[61];

Ministerial Decree of October 11, 2017 “Minimum environmental
criteria (CAM) for the assignment of design services and works for the
new construction, renovation and maintenance of public buildings”. It
defines the typology, characteristics and minimum criteria from an
environmental sustainability and circular economy standpoint that the
materials, energy performance and energy supply sources of new
public buildings must provide for [62].

3.2.2 Standards on structural design

Law no. 1086/1971 and Ministerial Decree of May 30,1972, which
provided the technical standards for normal and prestressed RC
buildings and steel structures [63];

Law no. 64/1974, which provided specific requirements for buildings
within seismic zones [64];

Ministerial Decrees of January 9 and 16, 1996, which provided
technical standards for the assessment, construction and inspection of
RC and steel structures, including specific standards for buildings in
seismic areas, and general criteria for the safety assessment of
constructions and loads and overloads [65, 66];

OPCM of March, 2003 n. 3274 “General criteria for the seismic
classification of the national territory and technical standards for
constructions within seismic zones.”: the key point is the introduction
for public authorities of compulsory structural checks on strategic
buildings, thus including schools. Nevertheless, retrofitting the
structure which do not fulfil the seismic standards is not mandatory:
such evaluation is carried out by public authorities according to the
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risk level. Moreover, it provides a new seismic hazard map of Italy,
whereby the entire national territory is classified as seismic and
divided into 4 hazard zones [67].

e Ministerial Decrees of January 14, 2008 “Technical Standards for
Construction (NTC 2008)” and Circular no. 617/2009 was the first
code rule which gathers all the standards (especially the Eurocodes)
for all types of new and existing ordinary structures. In particular, it
imposed structural strengthening when buildings did not comply with
static analysis, whereas seismic retrofitting was not mandatory.
However, in the seismic retrofitting of an existing building, the same
safety level for a new building was required [68, 69].

e Ministerial Decrees of January 17, 2018 “Technical Standards for
Construction (NTC 2018)” and Circular no. 7/2019 (namely, the
standards currently used for structural design) updates NTC 2008 by
introducing novelty and improvements aimed at solving the issues
raised over the 10 years of NTC 2008 use. In particular, it defines the
Ce coefficient, i.e. the ratio between the maximum seismic action that
an existing structure supports and the minimum seismic action that a
new structure must withstand according to the seismic hazard level of
a specific zone. In particular, in contrast to the previous NTC 2008,
achieving the same level of safety as a new building is no longer
required when renovating a school. It is sufficient to provide e = 0,6.
Indeed, a lower but still fairly high safety level against seismic action
means enabling public authorities to deal with a higher number of
schools strengthening because the cost of each intervention is lower
[70, 71].

e Eurocodes series: namely, a set of 10 standard volumes issued by the
European Commission that provide instructions for the safety of
several construction types, which largely provide the framework of
Italian standards [72].

3.3 An overview on the Italian school building stock

As stated in section 3.2.1, Law no. 23/1996 established the Observatory for school
building and the school building registry which collect records for the Ministry of
Education (MIUR). The aim is to monitor the school building stock. The dataset is
published on a dedicated institutional web page and can be downloaded as raw
data [73]. These data provide an overview of the current situation of Italian school
buildings, without focusing in detailed technical information. In section 3.3.1 the
most relevant data provided by MIUR, alongside the results of a survey carried
out by Fondazione Angelli about age and structural safety of school building, are
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briefly commented on, also taking into account some tragic events that have
occurred in recent decades. In section 3.3.2 data about energy performances
aspects provided by both MIUR and ENEA (National Agency for New
Technologies, Energy and Sustainable Economic Development) are evaluated.

3.3.1 Age and safety of the Italian school building stock

According to data provided by MIUR, there are more than 50000 school buildings
in Italy, mainly located in the most populous regions of northern Italy (Fig. 15).
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Fig. 15: Geographic distribution of schools throughout Italy [74]

As mentioned before, the period of construction of schools covers more than
two centuries, but the construction trend is not homogeneous over the time.
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Approximately 60% of the schools are more than 45 years old. In other words
they were built in periods when no seismic standards existed, except in very
restricted areas recognised as highly seismic. It is also worth noting that although
the last period 1975 - 2019 has the highest percentage of schools built (40%), the
most prolific period for school construction was 1960-1975 with more than a
thousand schools built every year. As a result, even though 46% of schools are
located in medium or high seismic zones (Fig. 17a), only 25% and 20% of schools
were seismic-resistant designed in high and medium seismic zones, respectively
(Fig. 17b). Beyond seismic risk, more than half of schools have a certificate of
static sustainability (Fig. 17c), whereas about 55% of schools do not have a
certificate of use and occupancy (Fig. 17d). On the other hand, a survey carried out
by the Agnelli Foundation in 2019 reported that almost 10% of schools revealed
structural problems, with an estimated cost of around € 200 billion to renovate and
reinforce the entire Italian school building stock. [75].
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Fig. 17: Key indicators concerning the safety of school buildings based on data
provided by MIUR [74]: (a) school distribution throughout the 4 seismic-prone zones; (b)
share of schools with seismic-resistant structural systems in high and medium seismic
areas; (c¢) share of schools with a certificate of static sustainability; (d) share of schools
with a certificate of use and occupancy.

Regrettably, the fragility of school buildings leads to tragic events, such as the
collapse of a entire Primary School in San Giuliano di Puglia on October 31, 2002
(Fig. 18a), where 27 children and one teacher died, and the collapse of the ceiling
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at the 'Darwin' High School in Rivoli on November 22, 2008, which caused Vito
Scafidi's death and one student was seriously injured (Fig. 18b). In particular,
these two cases show the tragic effects of two different aspects of the safety
deficiency. On the one hand, the collapse of the school in Molise, after an
earthquake of magnitude 6 Richter, was caused by the lack of anti-seismic
measures in the design of the school, which was not addressed despite being
aware that the school was in an seismic-prone area. On the other hand, the
collapse of the brick ceiling in the Darwin High School is not caused by a
triggering factor, but rather by both a lack of knowledge about the type and
mechanical performance of the ceiling and by the heavy debris rested upon it.
These tragic events show that the safety of schools depends not only on design
and safety aspects, but also on a thorough knowledge of school buildings, which
includes construction techniques, as well as all the events and interventions that
occurred during their lifetime, along with their constant monitoring. These
disastrous events have prompted the authorities to increase their efforts on the
school safety issue in recent years, with funding lines being created for seismic
retrofitting and, in general, for increasing the safety of schools. However,
according to the report of “Cittadinanza Attiva”, during 2020/2021 academic year
there were 35 collapses in schools, showing that the road ahead is still long [76].

(b)Y

Fig. 18: Some school collapses in Italy: (a) “Francesco lovine” Primary School in
San Giuliano di Puglia [77]; (b) “Darwin” High School in Rivoli [78].

3.3.2 Sustainability and environmental costs of the Italian school
building stock

To assess the school building energy demand, MIUR evaluated the adoption of a
list of energy saving measures, including double glazed windows, insulation of
roofs and walls and the implementation of solar and photovoltaic systems. The
situation revealed by this survey is rather negative. Indeed, less than 60% of the
schools have at least one of these measures (Fig. 19a). Around 70% of schools
have double-glazed windows and only slightly more than 40% have an insulated
roof. The percentage drops to 15% when insulation of the walls is considered.
Finally, both solar panel systems for Domestic Hot Water (DHW) and
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photovoltaic panel systems are absent in almost all the schools (Fig. 19b). Only in
around 300 schools, i.e. less than 1% of the total building stock, all the five
measures considered are implemented. (Fig. 19a).
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Fig. 19: Energy saving measures; (a) number of schools with one or more measures;
(b) types of measures and their implementation in schools

As a result, the cost of energy consumption in the school buildings is very
high. According to an ENEA report based on the last study carried out in 2007,
87% of the thermal energy consumption in public buildings is due to school
buildings, with a total consumption of 12.5 million MWh per year. ENEA also
estimates that by targeting 35% of the oldest buildings, almost 20% in heating
energy can be saved easily [79]. The high energy waste, due to both the high heat
loss of the building envelope and the energy-intensive aging heating systems
which furthermore still largely use fossil fuels, obviously imply a high
environmental impact. The environmental footprint of the old school building
stock in Italy is further raised when considering building materials in a broader
circular economy perspective. The use of recyclable, renewable or reusable
materials is fairly recent, whereas concepts such as design-for-disassembly are
still struggling to catch on. Even more concerning, is the fact that 4,3% schools
built between the 50s and the 90s still have building components containing
asbestos [80]. Therefore, demolishing an existing school in order to build a more
eco-friendly one often implies a high environmental cost, as many of the materials
cannot be recycled or reused, creating a waste stream to landfills.
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3.4 A survey on the performance of RC schools in Turin

The data provided by MIUR, despite being useful for outlining a general
overview, does not provide technical details to analyse the state of the art of
structural material and school structures. To collect valuable data for large-scale
structural evaluations, a survey based on the results of destructive tests on
structural material drilled from Italian schools was carried out. However,
performing a study covering the whole of Italy was not feasible due to the
difficulties involved in collecting and managing a huge amount of data, as well as
for privacy issues. Therefore- the analysis was focused on schools in the province
of Turin. Furthermore, only reinforced concrete (RC) structures have been taken
into account, as they represent the most common Italian schools.

3.4.1 Research significance

The case of schools in Turin is particularly significative. Similar to other cities in
northern Italy, Turin experienced massive immigration from southern Italy during
the economic boom years (from 50s to 70s). The resulting increment of
population, combined with a fairly high birth rate, led to an upsurge in the
construction of schools, which were built almost exclusively with cast-in-situ
concrete or with precast RC panels and frame.

When dealing with existing building, the assessment is carried out by starting with
mechanical characteristics of the materials stated in the original project. When
they are not available, the requirements in force when the structure was built are
used. However, in this way the values of mechanical performance could be
overestimated [81]. Indeed, concrete carbonation and steel rebars corrosion are
examples of degradation phenomena that structures built in the second half of the
20" Century are particularly prone to suffer throughout their lifespan [82, 83].
Also, wrong practices, frequently performed on the construction site, cause the
poor quality of the structural material. This is the case of water addition to the
concrete mixture to avoid reducing the workability when begins setting. This
common practice led to a reduction in mechanical strength, and durability as well
[84, 85]. As a result, a high share of buildings need structural checks to evaluate
the material properties, and the capability of the structure to withstand the static
and dynamic actions required by the current standards. Therefore, in severe cases,
structural retrofitting interventions are needed [86]. This is particularly relevant in
school buildings, where the utmost safety for students must be ensured. However,
during the early stages of a project and in feasibility studies, the often low budget
allows only cursory inspections to be carried out, which do not allow sufficiently
reliable parameters to be gathered for an accurate evaluation of the intervention
cost.
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The survey reported in this thesis was carried out in cooperation with
Direzione Regionale Opere Pubbliche of Turin, which provided structural reports
of static and seismic strengthening interventions performed on 45 existing schools
in the Province of Turin between 2014 and 2020. Destructive test results were
taken into consideration from the structural reports. The aims was providing an
estimation of the concrete compressive strength and the rebars tensile strength as a
function of the time of construction of the building. Indeed, these parameters can
be entered as the input data in the structural analysis, when detailed investigations
on the mechanical characteristics of the reinforced concrete are missing. Although
the preliminary results need to be integrated with further structural investigations,
it should allow more reliable technical and economic evaluations even during the
early stages of a retrofitting project. Moreover, the outcomes of these structural
analyses can be useful when performing large-scale seismic vulnerability
assessment, as structural survey campaigns covering many buildings are not
feasible. Finally, the results of static analyses were also obtained from the
structural reports to study a potential relationship with the average performance of
the concrete and the behaviour of the structures against dead loads of a certain
period.

3.4.2 Historical Reinforced Concrete

As is well known, many parameters affect the compressive strength of concrete
and the tensile strength of steel rebars. With respect to concrete, its compressive
strength can be tailored at the concrete plant by setting the mix design, the type
and size of aggregates and the type of cement. As advances in production
techniques and research have occurred since the introduction of concrete, it is
possible to state that its physical and chemical properties also depend on the
period of production. On the other hand, the control over the phases of casting and
curing, as well as throughout the lifespan of the building (i.e., the conditions of
the surrounding environment which trigger degradation phenomena) is important.
These aspects imply that the results of compression tests carried out to control
specimens before casting, made for assessing the strength of the concrete, often
differ significantly from those obtained by cores extracted from the actual
structure [87].

Actually, the relationship between the time of construction of the building and
the strength of the concrete has already been observed in a previous study carried
out on concrete cores collected from public buildings located in a moderate
seismic zone in Tuscany [88]. Furthermore, these results were compared with the
strength-for-age curves obtained using an huge internal database stored at the
Politecnico di Torino, which concerns compression tests on cubic control
specimens covering almost the entire 20th Century (Fig. 20). An increasing trend
in the average concrete strength over the years are observed in both the curves
obtained from both the database of the Politecnico and the concrete extracted from
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the buildings. However, a deviation, fairly constant over time, was found between
the two sets of data, as the strength of the cores is between the 5" and 25
percentile curves of the database.
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Fig. 20: Strength-for-age curves of concrete obtained from the database of the
Politecnico di Torino.

The database stored in the Politecnico di Torino was also compared with the
results of compression tests on concrete cores extracted from two bridges built in
1914 and 1975, respectively. The most relevant result was that the average
compressive strength of the oldest bridge was close to 95™ percentile curve plotted
with the database, whereas the strength of the 70s bridge was slightly above the
25™ percentile curve. This is due to the finer grinding of the cement and the
reduction in the amount of C,S to the detriment of C3;S which occurred as
production techniques progressed, as a result of a lower increase in the long-term
strength of concrete [89].

As well as for concrete, predictive strength-for-age curves were obtained both
for tensile and yield strength of rebars by using the database of the Politecnico di
Torino, also covering the whole last Century (Fig. 21). A comparison with the
tensile strength of rebars extracted from two bridges of different ages (the first
built in 1935, whereas the other is the same 1975 bridge mentioned above) was
carried out to test the soundness of the predictive laws. The values relating to the
rebars extracted from the actual structures were generally close to the average
values calculated with the predictive curves. An exception is the ultimate strength
of the rebars from the oldest bridge, whose values are affected by a greater
dispersion, as well as resulting in a lower average strength than that calculated
with the predictive curves. As a matter of fact, a larger number of specimens to
correctly estimate the tensile strength is necessary for bridges built before World
War 1II [90]. As steel is an industrial product, uncertainty about its mechanical
properties is low. Indeed, they depend on the rebar type and the steel grade,
usually stated in the structural report or inferable from the time of construction.
The level of corrosion is usually the only unknown, because it depends on the age
of structure, the conditions of the surrounding environment and the correct sizing
of the concrete cover.
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Fig. 21: Predictive strength-for-age curves of steel reinforcement obtained from the
database of the Politecnico di Torino in the case of: (a) Yield strength; (b) Tensile
strength.

3.4.3 Existing school buildings in the Province of Torino and data
processing methods

When performing structural interventions, code building requires experimental
tests on the existing structure according to the level of knowledge to be achieved
[91]. Hence, a report concerning the experimental tests, indicating the test type,
the results and the time of construction where the test is carried out, must be
considered as a part of the project. Therefore, the experimental results provided by
the structural reports of 45 structural retrofitting and seismic strengthening
interventions carried out on RC schools built between 1950 and 2000 have been
collected. Namely, 40 schools with cast-in-situ structural elements and 5 schools
with prefabricated elements were investigated. Within this study, only destructive
tests on concrete cores and rebar segments, extracted from actual structures, have
been taken into account. To account for factors affecting the experimental test
results (e.g., length-to-diameter ratio, moisture condition, effect of damage
sustained during drilling), the rules provided by the ACI 214.4R-03 standard has
been used to evaluate the equivalent in-situ strength fcore from the strength of each
core f.. [92]. The values were then grouped by decade, according to the year of
construction of the school, and the average equivalent strength was calculated for
each decade. Concerning the rebar segments, both yield strength £, and ultimate
strength f, are taken from the experimental tests. As in the case of concrete, the
average values f,» and f.» for each decade have been calculated for steel rebars.

The structural material performances affect the behaviour of the structure. If
the quality of the concrete is significantly lower than that stated in the original
structural report, structural weaknesses even against static loads are expected.
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Depending on the type and the target of the intervention, the structural report may
include the result of the static analysis. With the aim of correlating the average
strength of the structural material and the potential static shortcomings, the result
of the static analysis has been extrapolated for each school (when available).
Table 1 summarises the details of each structural intervention.

Table 1: Results of destructive tests and static analyses performed on each
school(f, f, f u, represent the average concrete compressive strength, the average
rebars yield and tensile strength, respectively, of the samples extracted from each

building or building block).

Date of Conc. 7 Steel 7 7
o y
g. [ Struct. Type of building core ¢ rebar “ Static
1 type intervention analysis
Year n. MPa n. MPa MPa
RC Seismic Not
#1 frame strengthening 1980 3 17.3 0 [-] [-] performed
RC Local .
#2 frame strengthening 1970 5 18.1 0 [-] [-] Verified
RC Seismic Not
" fame strengthening 1960 3 135 0 [-] L1 Verified
#4 ?C Seismic 1982 6 122 2 4495 596.5 Verified
rame strengthening
RC Seismic Not
# fame strengthening 1981 1 98 0 [-] L1 Verified
1971 2 14.8 1 438.0 598.0
46 RC Seismic Not
frame strengthening Verified
1976 2 152 1 475.0 678.0
1979 3 23.1 1 4729 7275
#7 ?C Extraordinary 1991 3 38.8 4 4387 6143 Verified
rame repair
1999 3 19.9 1 528.5 608.4
4 RC Seismic 1960 3 15.7 1 287.0 386.0 Verified

frame retrofit
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Date of Conc. 7 Steel 7 7
g. | Struct. Type of building core ¢ rebar g “ Static
1 type intervention analysis
Year n. MPa n. MPa MPa
1967 8 8.5 5 431.0 5769
# RC Extraordinary 1970 9 135 7 4508 6064 Verified
frame repair
1971 11 114 3 364.7 536.2
Mixed Seismic Not
#10 RC and 1986 2 14.6 1 531.6 784.7
retrofit performed
masonry
Mixed
#11 RC and 0% 1950 2 17.5 2 3278 5055 Mot
strengthening performed
masonry
Mixed
RC, .
#12  wood  Demolition 1984 2 20.8 0 ] [ Not
and and rebuilding performed
masonry
RC Renovation
#13 and Building 1969 4 214 1 369.5 539.0 Verified
frame .
extension
w4 RC Extraordinary 965 5 283 12 4719 6792 Not
frame repair Verified
#15 RC Renovation 1980 4 15.0 1 488.0 748.0 NOt.
frame Verified
me RC Building 1999 2 348 1 5269 6204 ot
frame extension performed
m7 RC Structural 1982 5 20.7 2 3922 608.0 Verified
frame rehabilitation
1969 3 20.9 1 328.0 468.0
418 RC Seismic Not
frame strengthening performed
1972 3 24.6 1 403.0 565.0
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Date of Conc. f Steel f f
g. | Struct. Type of building core ¢ rebar g “ Static
1 type intervention analysis
Year n. MPa n. MPa MPa
RC Seismic Not
#19 frame retrofit 1979 6 11.7 5 410.6  573.6 Verified
RC Structural Not
#20 frame strengthening 1985 2 14.9 1 300.4 399.5 Verified
a1 Steel  Extraordinary 45, 3 20.1 1 5683 8075 o
frame repair performed
o 1968 6 19.8 1 393.7 560.4
#22 RC Seismic Verified
frame retrofit
1975 4 15.1 2 352.5 493.1
RC Seismic .
#23 frame strengthening 1984 8 18.5 0 [-] [-] Verified
w4 RC Local 1976 3 17.3 1 4914 6355 Verified
frame strengthening
1973 4 8.7 1 613.1 7?)9'
RC Seismic .
#25 frame retrofit Verified
1984 5 15.7 0 [-] [-]
Not
1961 4 20.7 8 4352 6074 Verified
Mixed Seismic
#26 RC and . othening 1961 12 20.6 5 4503  645.5
masonry
Verified
1967 12 16.8 4 37477 5713
RC Seismic .
2 strengthening 1978 4 18.8 0 [] [[]  Verified
RC Structural Not
#28 frame rehabilitation 1965 6 22.9 2 364.9 5285 Verified
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Date of Conc. f Steel f f
g. | Struct. Type of building core ¢ rebar g “ Static
1 type intervention analysis
Year n. MPa n. MPa MPa
RC . .
#29 Renovation 1961 15 19.8 6 390.2 519.8 Verified
frame
RC . .
#30 Renovation 1955 3 10.6 1 369.5 504.7 Verified
frame
Mixed
RC, ..
#31  wood  Seismic 1976 7 16.5 2 5015 680.0 Mot
retrofit Verified
and
steel
1963 7 15.1 2 366.5 505.5
Mixed Seismic Not
#32 RC and T 1974 2 10.9 2 368.0 5215
retrofit performed
masonry
1982 2 17.8 0 [-] [-]
Seismic
433 RC reofit e 959 3 13.1 3 4264 6367 Verified
frame Building
extension
w34 RC Seismic 1964 48 16.6 11 4016 5735 N
frame retrofit performed
RC Seismic Not
#35 frame retrofit 1971 2 26.3 0 ] ] Verified
RC Seismic Not
#36 frame strengthening 1974 3 236 0 [-] [-] performed
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Date of Conc. - Steel

e f f f
g. | Struct. Type of building core ¢ rebar g “ Static
1 type intervention analysis
Year n. MPa n. MPa MPa
1974 2 18.9 2 3472  502.6
. Structural
Mixed e .
#37 RC and 'chabilitation 1975 2 18.9 0 -] [ Not
and building performed
masonry .
extension
1979 3 12.1 2 469.9 678.2
#38  Cast-in-
situ and - Seismic 1978 3 244 3 464.0 7219 Verified
precast strengthening
RC
#39  Cast-in-
situ and Seismic Not
precast retrofit 1979 4 24.4 6 490.8 722.3 Verified
RC
#a0 RC Seismic 1982 10 24.6 6 4430 6435 N
frame retrofit performed
#P1  Precast Seismic .
RC retrofit 1997 2 28.8 0 [-] [-] Verified
#P2  Precast Seismic Not
RC strengthening 1985 3 379 3 1137599 Verified
#P3  Precast  Seismic 1984 2 24.1 3 489.0 7507 Verified
RC strengthening
#P4  Precast Seismic .
RC retrofit 1981 6 26.6 6 498.3 600.5 Verified
#P5  Precast Seismic Not
RC retrofit 1979 3 29.9 0 (-] (-] Verified
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3.4.4 Results of the survey on the school buildings

The trend in the mechanical properties of structural materials over time was
assessed by calculating the average values per decade of the compressive strength
(fem) of concrete cores, as well as the yield (f,,) and tensile strength (f.») of rebar
segments. Table 2 groups the results and also reports the outcomes of the static
analysis. In Fig. 22 the comparison of the percentiles obtained using the database
of the Politecnico di Torino and the average compressive strength of the cores are
plotted.

In Fig. 22a the results for schools with cast-in-situ structures are depicted
separately from those for schools with precast structures, whereas Fig. 22b
illustrates the overall results for all the buildings.

Table 2: Average values per decade obtained by the tests performed on
samples extracted from school buildings.

9. D Static analysis

€C  Schools Conc. fem Rebars Som  fum

d samples samples Not

a Verified . Not perf.

e verified
Years n. n. MPa n. MPa MPa n. % n % n %
50s 2 5 13.86 3 341,7 505,2 1 50 0 0 1 50
60s 13 136 18.09 59 417,3 5894 6 46 4 31 3 23
70s 24 91 16.57 47 441,5 626,7 9 48 5 26 5 26
80s 15 62 16.80 25 466,1 654,7 4 33 3 25 5 42

90s 5 9 29.13 6 4684 6158 2 67 0 0 1 33
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Fig. 22. Comparison of the strength-for-ages curves obtained with the database of the
Politecnico di Torino and the average compressive strength computed per decade: (a)
schools with cast-in-situ reinforced concrete structure and schools with precast structural
elements separately; (b) all schools combined.

As illustrated in Fig. 22a, the average compressive strength of concrete
increases between 1950 and 1970, with values close to the 25th percentile curve,
showing a similar result to the trend observed for buildings in Tuscany [88].
Conversely, a reduction in the average mechanical strength of cast-in-situ
concrete of about 8% is observed in the 70s. Thereafter, compressive strength
remains constant throughout the 80s, before rising sharply by 70% in the 90s. As a
result, the mechanical performance of the concrete used in the structures of the
schools built between 1970 and 1990 is far lower than the average strength of the
concrete tested in the laboratory of the Politecnico di Torino over the same period,
and even below the 5th percentile curve in the 80s. Values deviating from the
average strength, and moreover slightly above 15 MPa, could be significantly
lower than stated in the structural report, and may therefore lead to shortcomings
in the structure Concerning dead loads. On the other hand, the average
compressive strength of concrete extracted from precast elements is nearly
constant over time, with values of about 30 MPa. Such a result is deemed to be
rather reliable as the concrete of precast structures has been cast and cured under
controlled boundary conditions, although being less statistically robust due to the
small sample of precast schools. Nevertheless, Fig. 22b shows that the
overstrength of precast concrete, compared to the cast-in situ concrete, barely
influences the overall strength due to the significantly lower number of schools
with precast structures.

Fig. 23 illustrates the comparison of the predictive curves obtained with the
database of the Politecnico di Torino and the average yield and tensile strength
values of the rebar segments extracted from the structures. The error bars
represent the scatter of the results.
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Fig. 23. Comparison of the strength-for-age curves and the results of experimental
tests carried out on rebar segments extracted from schools: (a) yield strength; (b) tensile
strength.

Concerning yield strength, the reliability of the strength-for-age curves are
corroborated by the experimental results, since they tend to match the 50%
percentile curve and the error bars fall within the 5™ to 95" percentile curve. A
substantial matching between the predictive curves and the experimental data for
tensile strength can be claimed as well, although the average values are slightly
below the 50" percentile curve and the wider error bars show a higher uncertainty
of the results.

Obviously, the behaviour of the structure is strictly related to the mechanical
performance of the concrete. In the case of unsound concrete, the structure can be
expected to have issues against static loads besides seismic actions. In such cases,
a high level of risk could be reached with only the service loads currently applied
to the structure. Based on the results reported in Table 2, the histogram in Fig. 24
shows the proportion of positive and negative outcomes of the static analysis of
schools.
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Fig. 24. Results of the static analyses in the school buildings analysed in this thesis.

The small number of schools investigated in the static analyses does not
enable a clear and statistically robust correlation between concrete performances
and the results of the analyses to be extrapolated. However, it is quite clear that
approximately 40% of the schools built between the 60s and the 80s have issues
Concerning dead loads. Throughout this period, both low mechanical performance
of the concrete and a significant gap with respect to the average values obtained
by the database of the Politecnico di Torino have been observed. Therefore, it can
be stated that it would be worthwhile conducting an extensive campaign of
vulnerability analyses on schools focusing especially on structures built during
these years. Structural strengthening, renovation and rehabilitation of schools built
over these years may be more cumbersome and expensive than other school
buildings.
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Chapter 4

Structural vulnerability and
retrofitting of structural and non-
structural elements in school
buildings’

4.1 Structural vulnerability as a risk factor

Seismic risk is a function of three factors: seismic hazard, exposure and seismic
vulnerability [93]. The hazard is related to the magnitude of the seismic event.
The exposure considers direct and indirect effects on both humans and the
surrounding area: this aspect is of paramount importance in schools, as they are
considered strategic facilities for the local population, especially when identified
as a shelter after a natural disaster or emergency. The vulnerability depends on the
intrinsic characteristics of the construction, i.e. the robustness of the structure and
the overall condition of the building. Nevertheless, whilst hazard and exposure
factors can be evaluated with adequate accuracy by using available data on the

3 Part of this chapter has been previously published in:

T. Nishiwaki, O. Mancinelli, A. P. Fantilli and Y. Adachi, “Mechanical and
Environmental Proprieties of UHP-FRCC Panels Bonded to Existing Concrete
Beams” Sustainability, vol. 13, n. 6, 2021.



4.1 Structural vulnerability as a risk factor 47

building, such as location and intended use, the assessment of seismic
vulnerability involves extensive structural analysis. Indeed, structural ductility and
seismic risk are principles closely related to the progressive evolution of the
design approach and construction techniques. As described in section 3.2, the
seismic design of structures was introduced in 1975 in Italy, whereas only in 2003
Italy was assumed to be entirely seismic. As a result, most constructions built
decades ago are prone to structural failure as they were designed according to
standards neglected horizontal forces due to seismic action [94].

The following sections provide a brief overview of the shortcomings
concerning both structural (with particular regard to reinforced concrete
buildings) and non-structural elements.

4.1.1 Structural elements

The main problems of reinforced concrete structures can usually be ascribed to
design flaws and wrong practices in construction plats. In addition, the missing or
poor awareness of the structural behaviour, as well as the chemical and physical
phenomena affecting reinforced concrete structures, produced damage and decay
in the existing buildings such as:

Corrosion_phenomena [95]: corrosion of steel rebars occurs either due to
concrete carbonation or exposure to chlorides. In the first case, the carbon dioxide
(CO») in the environment reacts with the calcium hydroxide (Ca(OH)y) resulting
in calcium carbonate (CaCO03) and water (H2O). This chemical transformation
drops the strongly basic and steel rebars-protective pH provided by calcium
hydroxide, triggering the steel oxidation (depassivation of the steel
reinforcement). Therefore, it is common in schools located near carbon dioxide-
producing sources, such as in large cities and close to roads. In the second case,
depassivation is due to Cl™ ions, which in turn damage the protective iron oxide
film of the reinforcement, thereby leaving it vulnerable to the effects of oxygen
and water. Although this phenomenon is less common, as it is typical of semi-
immersed marine structures, it can still occur in school buildings near the coast.
Nowadays, we know that when passivation and, therefore, corrosion of the
reinforcement occurs, then the concrete cover was not built thick enough and the
concrete mix was not properly tuned to avoid CO2 and chloride penetration.

Fatigue damage or collapse [96]: it occurs in structures exposed to prolonged
cyclic loads over time. Although schools generally are not prone to fatigue
phenomena, there are particular situations, such as teaching laboratories in
technical schools containing mechanical equipment, where vibrations and cyclical
loads should be taken into account.

Brittle behaviour [97]: a structure exhibits brittle behaviour when it suddenly
collapses after reaching ultimate strength (brittle failure). Conversely, a ductile
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structure provides a significant advantage against earthquakes, since even when
the stress exceeds the resistance capacity of a structural element, it is damaged
without collapsing, providing more time for people to escape the building. Most
RC buildings designed without any seismic actions are not ductile because the
structural elements are designed to support the static design stresses only. In other
words, the ratio between the concrete and the reinforcement area of the cross-
section does not allow the plastic reserves of the structural elements and joints
(plastic hinges) to be exploited.

In addition, the external loads affecting the building were often
underestimated and, as mentioned above, the seismic action tended to be
neglected altogether.

Slender columns [98]: for a long time, RC structures were associated with the
idea of lightness and plan flexibility, which could not be achieved with masonry
buildings. Therefore, structural frames were designed with slender elements in
order to save space. However, slender columns, which are designed to withstand
the axial compressive load only, are prone to second-order effects, i.e. the
additional bending moments caused by eccentric loads. The lateral deflection
reduces the ultimate load, hence the column collapses for smaller stresses than it
was designed to. Schools affected by this issue are rather usual, as large windows
for natural light and wide inner spaces suitable for pedagogical needs were often
achieved by reducing the column footprint;

Lack of confinement of columns [99]: the transversal reinforcement (e.g.
stirrups) creates a confining effect of the concrete core, which enhances both the
ductility and ultimate load of the column. Thus, the high spacing among the
stirrups reduces the confining effect, prompting the buckling of longitudinal
reinforcement and thereby the compression crushing of the column.

Plan _irregularity [100]: buildings with complex and asymmetrical layouts are
extremely vulnerable to seismic action. As a matter of fact, the eccentricity
between the centre of mass of the slabs and the centre of rigidity of the columns
and vertical elements, induces torsional vibration modes resulting in significant
displacements, especially in the edge columns. Most school buildings are
characterised by an irregular floor plan: in fact, as described in sections 2.1 and
2.2, several architectural movements advocated complex layouts, such as the
'finger plan' type.

Vertical irregularity [101]: it consists of discontinuities between structural
elements of consecutive storeys, e.g. misaligned or missing columns in relation to
lower levels. A beam supporting column results in an extreme vulnerability to
external actions, especially if it has not been designed with a proper ductility.
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Schools rarely show this design flaw either because they often have a limited
number of floors (especially kindergartens and primary schools), or because the
distribution of space tends to be repeated among levels. Atriums and conference
rooms, usually without columns, may be an exception when there are upper floors
with classrooms.

Soft storey effects [102]: it occurs when the ground floor, in contrast to the
upper storeys, has partitions and infill walls either half-height or completely
missing, such as in buildings with pilotis floors. In this scenario, the bracing
provided by the infill walls is lacking, thereby reducing the shear resistance of the
columns with respect to the horizontal seismic action. In other words, in contrast
to the good practice, the ground floor turns out to be the weakest storey of the
structure, resulting in an extremely high vulnerability regarding the entire
building. This structural defect is not usually found in school buildings because
they have no pilotis at all, or the portions of the floor plan without walls are
limited to porches or entrances.

Strong beam - weak column_mechanism [103]: it occurs when the ultimate
bending moment of the beams is higher than that of the columns at the beam-to-
column joint. This design approach was typically used when the seismic actions
were not considered, because columns are assessed basically on axial loading,
thus resulting in a lower moment resistant capacity than beams whose design is
based on bending moment. A column failure can trigger a chain effect that leads
to the collapse of the entire structure, whereas a beam failure results in a local
collapse. This design weakness is fairly common in schools. In fact, on the one
hand, the design bending moment of the beams is usually high because the beam
spans and the dead loads on the slabs are both significant; on the other hand,
schools are usually low-storey buildings, hence axial loads on the columns are
rather low. Furthermore, implementing the geometric constraints required by the
code rules for beam-to-column joints is complex, so errors in the construction
phase are rather common [104].

One-way RC frame [105]: still concerning structures designed without
seismic criteria, ordinary buildings such as schools were usually designed with
one-way slabs supported by 2D frames. Therefore, the only connection among
frames frequently consisted of slabs themselves, whose negligible stiffness did not
provide any resistance contribution against the seismic action perpendicular to the
vertical planes of the frames.

As far as wrong practices carried out on the construction site are concerned,
the following list reports the most common:

Improper_mixing of concrete_components_and_irregular casting: arbitrary
changes to the components of the concrete were often made before casting by
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modifying the mix design. For instance, adding water to increase workability was
a common practice, resulting in increased porosity and reducing strength and
proofing of the final concrete. The decrease in strength was not recorded because
test samples of the cementitious compound were often cast before adding water.
As stated in Section 3.4.4, this could partly explain the substantial discrepancy
between the strength values of the cores extracted from the real buildings and
those obtained from Politecnico di Torino's database, measured on the test
samples. Delayed casting of concrete when the setting was already at an advanced
stage, void formation due to ineffective vibration of concrete, segregation of
aggregates, casting in improper weather conditions (too hot or cold) are other
wrong practices.

Inconsistency with the original project: frequently school structure is
different from that defined in the structural design. For instance, missing or
differently arranged structural elements can be observed, as well as different types
and amounts of steel reinforcement. Changes were carried out either during
construction, or during the lifespan of the building. In all the cases, these practices
can cause serious problems, because the structural behaviour can significantly
differ from that evaluated in the original project.

Project_variation _and_building modifications: foreseeing all boundary
conditions and problems during the design phase is a challenge. As a matter of
fact, design changes often have to be introduced during the construction phase.
Structural shortcomings can occur when substantial changes are superficially
planned, for cost and time reasons, which are therefore not properly designed, or
whose influence on the overall structure was not well analysed. On the other hand,
increasing school populations, changing school grades, and upgrading
pedagogical activities were common reasons for a school building to be modified
during its lifespan. These changes, such as storey additions and plan expansions,
along with structural modifications, can be harmful as well, if the behaviour of the
entire structure, and not just the added or modified structure, are not properly
analysed. Table 3 summarises the structural problems analysed so far, indicating
whether they represent deficits against static loads in addition to seismic actions,
as well as the impact grade on school buildings. Frequency has been evaluated by
analysing the original structural project and the retrofitting interventions shared by
the technical offices of “Direzione Regionale Opere Pubbliche” of the Piedmont
Region and of the Municipality of Grosseto.
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Table 3: Type, effects on static capacity and frequency of structural deficits
found in schools.

Structural issue weaklslgzic Frequency”
Corrosion phenomena Yes low
Fatigue damage or collapse Yes low
Brittle behaviour No high
Slender columns Yes medium
Lack of confinement of columns Yes low
Plan irregularity No high
Vertical irregularity Yes low
Soft storey effects No low
Strong beam - weak column mechanism No high
One-way RC frame No medium
Improper mixing of concrete components Yes high
and irregular casting
Inconsistency with the original project Yes medium
Project variation and building Yes high

modifications

* low = The structural deficiency is rarely observed in school buildings; medium = it is quite common to
detect the structural deficiency in school buildings; high = the structural deficiency is inherent in the approach
used in the past for the structural design of schools, thus it is frequently observed.

4.1.2 Non-structural elements

Although the structures are affected by numerous defects and problems, designing
structures is a long-established practice. In addition, static tests on building have
been required since 1970. Conversely, the static capabilities and dynamic
behaviour of the non-structural elements were usually assessed either by rough



52 Structural vulnerability and retrofitting of structural and non-structural
elements in school buildings

dimensioning based on common practice, or by verifying a model-type without
properly tailoring to the specific situation. However, in several cases they are not
assessed at all. Along with a lack of proper design of non-structural elements,
there is often a poor awareness of their material, components, fastening system
and condition. Sometimes their presence is not even known during the design
stage. Particular attention should be devoted when the entire project (or part of it)
is missing, or when construction changes have been carried out over the years
without providing the details. FEMA E-74 is a guideline on the risk sources from
non-structural elements, which provides methods and best practices to enhance
the safety [106].

The risk fields affected by the failure or damage of non-structural elements
are:

o Life safety;
e Functional loss and condemned buildings;
e FEconomic losses;

The critical aspects resulting from a collapse or failure of each of the main
non-structural elements of school buildings are discussed below:

Dropped ceiling: in school buildings, as well as in offices and other public
buildings, there are different types of systems necessary to fulfil workplace,
lighting and health requirements. Hence, suspended ceilings with the aim of
conveying and hiding the systems are quite common in schools. The ceiling types
are numerous, depending on the time of construction, the function and the
aesthetic requirements. Nowadays, ceiling panels are lightweight (usually
plasterboard) and easy to be removed for inspection and replacement. Moreover,
the substructure is redundant and the fastening systems are certified and assessed
according to the standards. Among the obsolete typologies, timber or reed
ceilings, rarely used in pre-twentieth-Century schools, have been almost
completely removed for fire safety reasons. On the other hand, brick tile ceilings
are still rather common. This ceiling type was widely used after World War 11
until the 70s in new and existing school buildings. The construction system
usually consists of brick tiles supported by a steel wire hanger system fastened to
the slab, or supported by steel profiles fixed to the walls or suspended from the
slab. This ceiling system is considered unsafe because the brick tiles are
extremely heavy and brittle, hence their collapse, besides being sudden, can cause
severe injuries to people. Moreover, the fastening system is hidden by fixed tiles,
which cannot be easily removed, thus making inspections invasive and costly.
Besides, the steel wire hanger system was often fixed to the hollow brick instead
of to the slab joists, which could lead to the hollow brick failing. When the
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plastered and painted brick slabs appear as the intrados of a brick ceiling and the
building information is lacking, it is not unusual that the presence of the ceiling is
not even known. In this respect, the collapse of a brick ceiling tile in the Darwin
high school in Rivoli, Turin, Italy, which resulted in the death of student Vito
Scafidi, was the tragic result of a series of construction shortcomings and
carelessness (Fig. 25). To begin with, the authorities were not informed of the
brick ceiling tiles, which resulted in the absence of inspections and maintenance.
Furthermore, heavy rubble and abandoned plant system sections were reported
following the disaster [107]. Note that the ceiling collapsed suddenly and without
a well-identified reason, i.e. it was not caused by an earthquake or other disasters.

Fig. 25: Illustration of the ceiling collapsed at the Darwin High School in Rivoli,
Turin, Italy.

External walls and partitions: In RC structures, the infill walls have the mere
function of insulation and separation between the internal and external
environment, whereas the internal walls act as partitions to create internal rooms.
Therefore, these walls were not subject to structural assessment, because they are
expected to carry only the self-weight. This represents a risk factor in the case of
seismic shaking, as masonry are extremely weak and brittle. In fact, the walls are
prone to fail and overturn if they are not adequately fastened to the structure,
which could cause injury to people and can block the escape routes [108].
Retaining systems have only recently been introduced as good practice in seismic
areas. Obviously, partitions made with lighter construction technologies, such as
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plasterboard partitions, can also be susceptible to overturning as well, if they are
not properly fixed to the slabs and lateral structures. Undesired behaviour of the
structure can arise from the frame-infill interaction effects, i.e. walls arranged
between columns that do not cover their full height. Indeed, walls between
columns act as bracings, hence a horizontal opening in the masonry results in a
change of stiffness in the column that may induce a shear collapse under
horizontal forces [109].

Doorway getting stuck: a risk factor is door jamming due to the frame
warping following an earthquake or a fire, trapping people inside the building
without allowing them to escape [110].

Cornices, decorative friezes and other protruding elements: building parts
such as cornices, statues, friezes, corbels and signs with complex shapes, are
unique non-structural elements and, therefore, there is not always a standard

method for verifying their stability. Moreover, they are often located outdoors,
thus being particularly susceptible to ageing aspects. Furthermore, in the case of
friezes, statues or similar, checking the condition of the fastening system without
damaging them is tricky, as well as being difficult to access. Yet, the risk of
downfall of these elements is significant, especially when they are placed above
entrances, transit and meeting places.

Shelving, furniture, equipment and hanging elements or components: heavy
furniture and shelving are prone to overturning if they are unanchored or weakly
anchored. The contents of shelves, devices and equipment without restraints are a

risk to people as well. Finally, lightweight but high-placed elements such as
lamps, plant terminals and suspended pipes also have considerable damage
potential due to the energy they gain on falling.

Table 4 aims at providing an overview on the type of risk resulting from the
collapse or damage of the non-structural parts of school buildings described above
(injury to occupants, or risk of escape routes being blocked) and the level of risk
they represent, expressed on a scale from 1 to 3.
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Table 4: Overview of non-structural elements representing a potential risk in
relation to injuries to persons, influence on escape routes and overall risk level

Non-structural Injuries Escape routes Risk
part blocking level®
Dropped ceiling Yes Yes 3

External walls and

partitions Yes Yes 2

Doorway getting

stuck No Yes 2

Cornices,
decorative friezes and
other jutting out
elements

Yes Depends on size 2

Shelving,
furniture, equipment
and hanging elements
or components

Yes Depends on size 1

* 1 = Low risk due to the limited weight of the element, low number of people involved and modest
exposure level; 2 = Moderate risk due to the non-negligible weight of the element, the moderate exposure and
number of people involved; 3 = High level of risk due to the significant damage potential of the element, the
large number of people involved and the high level of exposure.

4.2 Retrofitting methods for structural elements

In this section, the most common methods for the retrofitting of the RC structures
are briefly presented, by analysing their main strengths and drawbacks
Concerning their implementation in school buildings. They are grouped according
to their main function (local strengthening of beams or columns, or global
reinforcement of the structure), illustrating the strengths and weaknesses while
also considering their implementation in school buildings. Methods for the
consolidation of non-structural elements will be explained in Section 4.4.

4.2.1 Retrofit systems for RC columns

These methods, when applied locally on a single column, usually aim at
addressing the static weaknesses of a specific structural element. On the other
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hand, if they are extended to several columns, they represent a valuable strategy
for the seismic retrofitting of the whole structure.

Steel caging system: is a widely used technique to strengthen RC column
having rectangular cross-section, by applying angle-section steel profiles at the

corners of the column joining them by welded steel plates (Fig. 26a). Angle-
section profiles are fastened to the existing column by means of expansive mortar
or epoxy resin [111]. The main advantages of this retrofitting approach are:

e rapid implementation, as no formwork has to be assembled and curing
of concrete is not necessary;

e confining effect on the existing column, increasing the ultimate
strength, as well as ductility;

e increasing shear strength of the column provided by horizontal plates.

On the other hand, the main shortcomings of this strengthening system are:

e corrosion susceptibility, which requires an appropriate protective
coating, especially for edge columns;

e welding between vertical profiles at the corners and horizontal plates
is carried out in situ, i.e. under uncontrolled boundary conditions, and
therefore less reliable than industrial welding;

e potential debonding of the steel profiles from the existing column
[112].

In this regard, ACM (Active Confinement of Masonry) technology represents
an emerging approach, originally conceived in Italy for seismic retrofitting of
masonry and later tailored for the strengthening of columns, beams and beam-to-
column joints. It consists of folded steel angle profiles with a rough internal
surface, whereas the cross-connection is obtained by means of pre-tensioned strips
[113]. Compared to the steel cage system, this method increases the confinement
effect while reducing the debonding between the steel elements and the existing
concrete.

Concrete jacketing: is a long-standing method for reinforcing rectangular or
circular cross-sections of an existing column by wrapping up a RC jacket (Fig.
26b). The construction process starts with the removal of any deteriorated layer of
the existing column, thus resulting in a rough surface. Then the steel
reinforcement is assembled and finally the new concrete is cast after creating the
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formwork [114]. Since an adequate concrete cover must be provided, the new
layer should have a thickness of at least 4-5 cm. The main advantages of this
retrofitting approach are:

e the substantial increase of strength (in compression, bending and
shear) and stiffness due to the cross-section and rebar amount;

e the confining effect of the jacket increases ductility as well;

e the good adhesion between the core (existing column) and the jacket
prevents debonding;

e if the cover is properly designed, both core and additional
reinforcement are protected by environmental aggressions.

On the other hand, the main shortcomings of the strengthening system are:

¢ the significant increase in the footprint of the column affects the use of
the construction;

e it consists of a sequence of complex, time-consuming steps, such as
the new reinforcement and formwork assembling and waiting for the
concrete to cure;

e modelling the behaviour of strengthened column is complex, as the
jacket is unloaded while the core is loaded [115];

e fire resistance could be a problem.

More recently, jackets made with HPC (High Performance Concrete) or UHPC
(Ultra High Performance Concrete) have been developed, which reduce or
eliminate rebars, thereby decreasing the footprint of the column (UHPC will be
see in section 4.3).

FRP jacketing: Fiber Reinforced Polymer jacket system consists of wrapping
the rectangular or circular cross-section of a column with strips, made by high-or-
ultra-high-strength polymers (Fig. 26¢).. The most used are polymers based on
glass (GFRP), carbon (CFRP) or aramid (AFRP). Bonding to the existing column
is carried out using epoxy resin. The main advantages of this retrofitting
approach are:

e the implementation of the strengthening technique does not affect the
use of construction;

e the confining effect increases the shear and the compressive strength,
and the ductility as well;
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e Polymer fibres are not prone to corrosion and can be easily applied;
e extremely lightweight system, hence the increase of permanents
actions on the structure is negligible

On the other hand, the main shortcomings of this strengthening system are:

e possible delamination of polymer strips from the existing column,
especially in cases of shear stresses. As a result, the increase in the
bending strength could be small;

e the unit cost of the material is quite high, so extensive application to
several columns is expensive;

e this technique is quite young, thus long-term durability is still an open
debate;

e fire resistance has to be assured through specific protection.

[ ) | ©

Fig. 26: Most common methods for the retrofitting of the RC columns: (a) steel
caging system; (b) concrete jacketing; (¢) FRP jacketing.

4.2.2 Retrofit system for RC beams

Beam strengthening systems are based on the same materials and principles
already described for columns, with more or less the same advantages and
disadvantages. In addition, implementing retrofitting systems to the lateral sides
of beams could be tricky in the presence of slabs.

Steel plates: consists of applying steel plates to the zone in tension to enhance
ultimate bending moment strength (Fig. 27a). Similarly, applying plates to the
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lateral faces of beam increases shear strength. Steel plates are usually bonded by
means of epoxy resin, possibly combined with dowels [116]. The main
advantages of this retrofitting approach are:

e rapid to be implemented, as no formwork has to be assembled and
curing of concrete is not necessary;

e substantial increase of bending strength (and shear when vertical
plates are used);

On the other hand, the main shortcomings of this strengthening system are:

e corrosion susceptibility, which requires an appropriate protective
coating, especially for edge columns;

e steel plates on the tension surface can lead to a decrease in ductility, as
it is equivalent to oversizing the bottom steel reinforcement;

e potential debonding of the bottom steel plates from the existing
column;

e (difficult application of plates on the lateral surface when the beam
supports a slab, especially in beams within the thickness of the slab;

e fire resistance is not always assured.

As well as for steel cages of the columns, the ACM method also brings
advantages in the case of beams. In fact, the thin pre-tensioned strip, besides
making the beam more ductile due to the confinement effect, requires a less
invasive hole for their passage through the slab.

Increase in RC cross-section of the beam: is a well-established method

consisting in increasing the beam section through additional reinforcement and
concrete in the tension zone at least to increase the bending moment capacity of
the beam (Fig. 27b). By adding stirrups and increasing the cross-section width, an
increase in shear strength is achieved as well. The new rebar are fastened to the
existing beam using dowels.

The main advantages of this retrofitting approach are:

e Dbesides increasing bending moment and shear strength, an increase in
ductility can be achieved, if the new steel reinforcement is adequately
designed;
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e the good adhesion between the core (existing beam) and the new
concrete layer prevents debonding;

e if the concrete cover is properly designed, there is good protection of
both core and additional reinforcement, and also against fire.

On the other hand, the main shortcomings of this strengthening system are:

e the beam significantly increases in volume, with aesthetic problems or
conflicts with the use of space;

e consisting of a sequence of complex, time-consuming steps, such as
assembling the reinforcement and formwork and waiting for the curing
of concrete. Besides, the formwork is suspended, requiring a shoring
system;

e modelling the behaviour of strengthened beam is complex, as the
jacket is unloaded while the core is loaded.

e lateral reinforcement is cumbersome or unfeasible where there is a
slab.

As in the case of jackets for columns, HPC and UHPC can also be used in the
case of beams to reduce or avoid using additional reinforcement and the volume
of new materials.

FRP strips: This is currently one of the most used methods, indeed there
exists an extensive literature (Fig. 27¢). As on this topic for columns, FRP strips
are applied with epoxy resin. If the strips are applied along the tension zones of
the beam, the bending moment is increased. On the other hand, the application of
the strips on the lateral surfaces of the beam, when it is possible, leads to an
increase of shear strength. The main advantages of this retrofitting approach are:

e FRP strips do not lead to an increase in beam size;

e there is an improvement of ductility;

e Polymer fibres are not prone to corrosion;

e it can be applied easily;

e it is a lightweight system, hence the increment of loads on the
structure is negligible.
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On the other hand, the main shortcomings of this strengthening system are:

e possible delamination of strips from the existing beam, especially in
the cases of shear stresses [117];

e the unit cost of material is quite high, thus an extensive application is
not always possible;

e the long-term durability is still an open issue.

e the strips cannot be easily applied when the beam is totally within the
thickness of the slab.

Fig. 27: Most common methods for the retrofitting of the RC beams: (a) steel plates
system; (b) increase in RC cross-section of the beam; (c¢) FRP strips.

4.2.3 Retrofitting strategies for improving the overall structural
behaviour

As well as the application of the retrofitting techniques to the structural members
illustrated in the previous paragraphs, there are methods of strengthening and
improving structural behaviour of whole frames, especially against horizontal
forces.

Reinforced concrete walls: it consists of RC walls to stiffen the frames
against horizontal action (Fig. 28a). The length is tailored according to the applied
horizontal loads. The longitudinal steel reinforcement and stirrups must be

properly designed to provide adequate shear resistance while ensuring the
required ductility. The position depends on the location of the centre of masses
and the centre of stiffness. The main advantages of this retrofitting approach are:

e RC walls, also provide a valuable contribution to bear gravity loads;

e the construction cost is consistent with that of RC structures;

e if the concrete cover is properly designed, it is barely prone to
degradation phenomena such as corrosion.
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On the other hand, the main shortcomings of the strengthening system are:

e a structural wall has a significant footprint, hence it may compromise
the use of the construction. Furthermore, RC walls cannot include
openings, therefore previously existing doors and windows in
envelopes and partitions must be removed;

e consisting of a sequence of time-consuming steps, such as assembling
the reinforcement and formwork, as well as waiting for the curing of
concrete;

e structural models including the addition of RC wall are complex to
model, as the new walls are unloaded.

Steel bracing: like RC walls, the main target of this retrofitting system is both
to stiffen the structure against horizontal forces and to decrease storey drift [118].
X-shape is the most typical geometry of bracing, but there are other solutions that
allow for windows to be placed, such as inverted K-shape bracing (Fig. 28b). On
the other hand, to achieve optimum performance, steel bracing usually has to be
located between two columns, covering the entire span of the beam. Therefore
their footprint depends on the geometric characteristics of the RC frame. Steel
bracings are less invasive than RC walls because they may require only partial
demolition of the masonry and openings, or even no demolition when they are
located outside the frame. Tube profiles, with circular or square cross-section
shapes, or open profiles, such as IPE and HE types, are usually used.

The main advantages of this retrofitting approach are:

e faster to setup than RC walls;

e comply with the “design-for-disassembly” approach, representing a
more sustainable solution;

e assembly is entirely or partly carried out at the industrial level, under
controlled boundary conditions, thus the system ensures more reliable
performances.

On the other hand, the main shortcomings of this strengthening system are:

e when applied on envelope walls, bracing is prone to corrosion, thus
must be properly protected;



4.2 Retrofitting methods for structural elements 63

e it could compromise the use of the structure (as it reduces the
openings).

Strengthening and confinement of structural nodes: it is a key retrofitting
technique to improve the behaviour of the structure with respect to seismic action
[119]. The strengthening of non-seismically designed joints increases their shear
strength and confinement effect, as well as it ensured their ductile behaviour to
prevent brittle collapse. The retrofitting of joints is usually carried out by using
the same strengthening techniques, as illustrated for columns and beams, thus it
consists of strengthening the beams and columns over the joint (Fig. 28c). In this
case, the strong beam-weak column mechanisms can be reversed to achieve

plastic hinge formation, which is the main source of inelastic response and ductile
behaviour of a structure [120]. Accordingly, each strengthening technique shows
the same advantages and disadvantages of the corresponding beam and column
retrofitting systems.

Base isolation and damping systems: Base isolation systems aim at isolating
the above structure from the ground shaking generated by the earthquake (Fig.
28d). They are used in high-seismicity areas, where the strengthening systems
described above are not sufficient. There are several base isolators, which differ

on the producer and the type of use [121, 122]. However, studies have revealed
that these systems could be prone to near-fault and far-fault earthquakes [123]. In
these cases, they must be combined with damping systems, which aim at
modifying the natural vibration frequency of the building when this tends to
match the frequency of the seismic action [124]. In spite of the very high
protection levels that can be achieved, these techniques are rarely applied due to
the high cost of the devices and to the difficulty of implementation at the
foundations of existing buildings. Moreover, as performances decay over time, the
associated maintenance costs could be unsustainable. Since the implementation of
insulation systems should be as uniform as possible throughout the building
foundations, costs tend to increase in the case of school facilities, also considering
that schools are often low-rise buildings with a large footprint. Therefore, their
use in Italy is generally limited to the high-seismic zones [125].

Exoskeleton structures: it is a promising approach for the strengthening of
existing buildings that has gained increasing interest in recent years. It consists of
self-supporting structures fastened around the existing building (Fig. 28e). This
technique contributes to supporting both horizontal and vertical actions, also
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resulting in a sustainable solution because it can be disassembled. The main limits
to the use of this system are the high cost and its aesthetic impact.

@ | K

Fig. 28: Most common retrofitting strategies for improving the overall structural
behaviour: (a) Reinforced concrete walls; (b) steel bracing; (c) strengthening and
confinement of structural nodes (picture shows node confinement in the case of steel
caging and plate for retrofitting columns and beams); (d) base isolation and damping
systems; (e) Exoskeleton structures (“Corazza” Primary school in Parma [126]);
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4.3 A new approach to strengthen existing RC beams

In the previous chapter, the use of UHPCs to reduce the thickness of jackets and
layers in some strengthening approaches of columns and beams was mentioned. A
further step forward in the application of these techniques is the use of Ultra High
Performance Fiber Reinforced Cementitious Composites (UHP-FRCCs), i.e.
composites based on a highly dense cement matrix containing fibres to increase
tensile strength. In addition to the high tensile and compressive strength, UHP-
FRCCs have remarkable waterproofing properties and therefore can protect
structures not only from water, but also from aggressive agents. For this reason,
UHP-FRCC have recently been used in the rehabilitation of existing buildings
[127, 128, 129].

Cast-in-situ coating layers, made of UHP-FRCC and cured at ambient
conditions, are used to enhance the bearing capacity and stiffness of exiting RC
beams [129], and to repair those damaged [130]. Nevertheless, this strengthening
procedure requires laborious frameworks to be built and long casting procedures
compared to the use of FRP. In addition, it is not easy to apply cast-in-situ layers
on the bottom of beams because of the gravity action. For these reasons, some
studies have been devoted to the mechanical performance of precast HP-FRCC
slabs [131] used to strengthen RC structures. For instance, Jongvivatsakul et al.
significantly increased the shear capacity of RC beams by applying Steel Fiber-
Reinforced Precast Panels to the faces [132]. However, when a cast-in-situ or
precast panel overlays an existing structure, the effectiveness of the strengthening
depends on the bond condition at the interface between new and old structures.

To avoid the delamination phenomena produced by weak adhesion,
roughening treatments of the existing concrete surfaces ensure better
performances than using bonding agents, such as epoxy resin [133]. In particular,
sandblasting and chipping enable a higher surface roughening than grooves and
drill holes [134]. Moreover, the environmental impact of the reinforcing layers
made with UHP-FRCC is also an important aspect that has been taken into
consideration. In fact, the massive content of cement and the presence of large
volume of steel fibers make UHP-FRCC a high carbon footprint material. Thus,
the Material Substitution Strategy (MSS), which consists of replacing a large part
of clinker with mineral additives, can be an effective way to reduce the embodied
CO, [135].

Accordingly, a new approach for retrofitting concrete structures is proposed.
It consists of enhancing the resisting bending moment, and therefore the lifespan,
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of existing concrete beams by adding UHP-FRCC in the tensile zone. The work
described here is a comparative study in which not only the mechanical
performances (such as bearing capacity, bond conditions and ductility), but also
the environmental impact of different UHP-FRCC layers are taken into account.

4.3.1 The concept behind the new retrofitting technique and the
experimental test campaigns

The proposed idea for repairing and strengthening existing beams against bending
moments is to apply a precast UHP-FRCC panel, produced under controlled
boundary conditions, to the bottom face of the beam. The fastening is carried out
by means of screws and dowels, leaving an empty gap to be filled with a layer of
UHP-FRCC. An effective adhesion between the filling layer, the existing beam
and the precast panel is achieved by using screws that are tightened after casting.
In other words, the precast panel, besides providing a significant increment of
strength for the beam, also acts as a formwork for casting the filling material,
thereby avoiding the use of complex shoring systems and formwork. Besides, by
using of UHP-FRCC the following beneficial effects can be obtained:

e avoiding detachment from the existing structure, which on the contrary
could occur with FRP strips or steel plates;

e increasing the stiffness of the retrofitted beam more than that achieved
with FRP and steel plates. An increase in stiffness would reduce the beam
strain due to vertical loads. In addition, stiffer beams result in stiffer
frames, thereby reducing inter-storey drifts. Both of these beneficial
effects result in less stress on non-structural elements, such as external
walls, partitions, windows and doors, which would be less damaged by the
seismic load;

e tailoring the mix of UHP-FRCC to achieve the required performance even
while reducing the embodied CO: of the precast panel.
Fig. 29 is an indicative sketch of the proposed retrofitting technique. The
steps of the panel implementation and fastening procedure to the existing beam
are also described.

To move from the basic concept to a high readiness level, several tests are
needed to verify all the parameters that come into play. The work carried out so
far has consisted of two successive test campaigns. In the first one, the mechanical
performance of different types of panels obtained by changing the density of the
embedded nails were studied on small-scale mortar specimens. In this first stage,
the results were compared with the current method of beam reinforcing with a
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cast-in-situ layer, also assessing the intrinsic carbon footprint of each type of
panel. In the second test campaign, larger scale RC beams retrofitted with panels
were tested for evaluating the scale effects and the influence of steel
reinforcement.

Longitudinal view A’ H
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1 Fluid UHP-FRCC injection j

Precast UHP-FRCC panel
with screw holes and
embedded nails to increase
adhesion with the filler
layer
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—r - Injection of fresh concrete by removing the pipe as
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Fig. 29: The proposed method for the retrofitting of an existing RC beam and the
steps for assembling and fixing the panel to the existing structure.

4.3.2 Materials and Test Procedure

As known, compressive strength of UHP-FRCC is generally higher than 150 MPa
and, in the pre-softening stage, the energy absorption capacity is larger than 50
kJ/m? [136]. These performances are achieved not only by adding fibers, but also
with a dense microstructure, which is in turn tailored with an extremely low
water-binder ratio (lower than 0.2) and by using ultra-fine additive, such as silica
fume, wollastonite, and fine sand. Table 5 reports the density of all the materials
used to tailor three series of mortar.
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Table 5: Materials used to cast the samples (data sheet of producers).

Material Symbol Density [kg/m’]
High Early Strength Portland Cement HESPC 3140
Low Heat Cement LHC 3240
Crushed Sand Sl 2610
Land Sand S2 2580
Silica Fume SF 2200
Silica Sand Ss 2600
Wollastonite Wo 2900
Water W 1000
Superplasticizer Sp 1050
Defoaming Agent DA 1010
Macro-fibers (30 mm long) HDR 7850
Micro-fibers (6 mm long) OL 7850

Existing beams have been cast with a normal strength mortar, according to
mix proportion shown in Table 6. Three UHP-FRCC (namely, FAO, FA20, and
FA70) have been used to strengthen the existing beams by means of precast
panels. According to the “material substitution strategy”, the reduction of the
carbon footprint of cementitious composites is achieved by replacing cement with
materials having a lower embodied CO». As reported in Table 7, with respect to
the reference FAO, containing only cement and silica fume as a binder, in the mix
proportions of FA20 and FA70, 20% and 70% of cement have been replaced by
fly ash, respectively. In fact, fly ash is a waste product of coal combustion in
industrial processes. Finally, the mix design of the filler layer is shown in Table 8.
To reduce the viscosity and facilitate the injection, this filler is obtained from FAOQ
with macro-fibers only. The mechanical properties of all the mixtures are reported
in Table 9. Compressive strength and Young’s modulus have been determined by
testing cylindrical samples in uniaxial compression, whereas tensile strength has
been measured with uniaxial tensile tests on dumbbell shaped specimens [137].
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Table 6: Composition of the normal strength mortar simulating the existing
beams (kg per m? of concrete).

HESPC St W

485.6 1456.7 291.4

I'S = S1 (50% weight) + S2 (50% weight).

Table 7: Composition of the retrofitting UHP-FRCC layers.

Series w!  LHC! SF!' FA' Ss!' Wo' SP' DA!' HDR? OL?

FAOQ 201 1197 263 0 511 190 321 03 1.5 1
FA20 195 928 255 232 495 184 31.0 03 1.5 1
FA70 181 323 236 753 459 170 315 03 1.5 1

kg per m? of concrete.; 2% Vol of concrete.

Table 8: Composition of the filler layer.

w! LHC' SF!'  FA! Ss!  Wo! SP! DA' HDR?> OL?

201 1197 263 0 511 190 321 0.3 0 1

kg per m? of concrete.; 2% Vol of concrete.

Table 9: Mechanical proprieties of UHP-FRCC.

Normal Strength FAO FA20 FA70

Parameter

Mortar
Compressive strength [MPa] 45.1 204.7 193.4 150.7
Young’s modulus [MPa] 24.9x10° 46.4x10° 45.5x10° 40.1x10°
Tensile strength [MPa] 2.6 16.5 17.8 7.4

The use of UHP-FRCC panels is particularly effective in the refurbishment of
existing buildings, due to their dual function: structural strengthening and
protection against aggressive agents. Nevertheless, due to the high cost and to the
environmental impact, UHP-FRCC panels are not used to cover the entire
perimeter of the cross-section, or through a three-side jacket [138], but rather they
are located only the bottom part of a RC beam. Accordingly, in this research
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project, small-size and medium-size beams with a UHP-FRCC layer in the tensile
zone are investigated with two different tests of Campaign 1 and Campaign 2.

In the Test Campaign 1, several series UHP-FRCC strengthening layers (Type
2 in Fig. 30b), differing in FA amount to reduce the embodied CO, (series FAO,
FA20, and FA70) and in node density (Fig. 30c) to evaluate different bonding
conditions, were cast. These panels were fastened to the mortar beam following
the procedure shown in Fig. 31. The results obtained from these specimens are
benchmarked with those of unreinforced beams (Type 0 in Fig. 30b) and with the
samples representative of the current strengthening method (i.e., Type 5 in Fig.
30b). The letter consists of a UHP-FRCC layer, cast-in-situ on the surface of the
beam without any screws and plugs. On the other hand, in Test Campaign 2, the
focus was on scale effects on larger RC beams.

4.3.3 Test Campaign 1

In the first campaign, mortar beams and precast layers were cast, and the
assembling procedure illustrated in Fig. 31 was followed to create the composite
structure. Not only the different types of the layers shown in Fig. 30b are tested,
but also the environmental performances of the UHP-FRCC are analysed. Such
layers have been made by FAO, FA20, and FA70 mixtures shown in Table 7. The
mortar beams were stored in the curing room for 28 days, whereas the precast
layers have been steam cured and then stored in the curing room for the same
lapse of time. To simulate the current reinforcing approach, the bottom surfaces of
some mortar beams are chipped and, subsequently, reinforced with a layer of
UHP-FRCC cast on the bottom surface, as shown in Fig. 30b (Type 5 layer). The
remaining mortar beams are strengthened by applying the precast UHP-FRCC
layers (Type 2 in Fig. 30b,c) by means of chipping, plugs, screws, and the filling
layer, as illustrated in Fig. 31. Fig. 30a shows the general scheme of the 120 mm
high specimens tested by means of a 1000 kN Universal Testing Machine,
whereas Table 10 summarizes the composite beams investigated in Test
Campaign 1. As every type of specimen counted four samples, a total of 40 beams
were realized and tested.
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Table 10: Details of the specimens tested in the Test Campaign 1.

Symbol Layer Bonding Surface =~ UHP-FRCC  Number of
Type Series Samples
B I TO None [-] [-] 4
B I T2 FAO N20  Type2  SF-d=20mm®" FAO 4
B II T2 FAO N40 Type 2 SF —d =40 mm® FAO 4
B II T2 FA20 N20 Type 2 SF —d =20 mm® FA20 4
B II T2 FA20 N40 Type2 SF —d =40 mm® FA20 4
B II T2 FA70 N20 Type 2 SF —d =20 mm® FA70 4
B II T2 FA70 N40 Type?2 SF —d = 40 mm® FA70 4
B II TS FAO Type 5 Chipping only FAO 4
B II T5 FA20 Type 5 Chipping only FA20 4
B II T5 FA70 Type 5 Chipping only FAT70 4
B II TO None [-] [-] 4

() Steel fibers spaced 20 mm apart; ») Steel fibers spaced 40 mm apart

In all the tests, five strain gauges were glued in the composite beams, one on
the lower surface and four on a beam side face. As shown in Fig. 30a, the strain
gauges [SG-3], [SG-4] and [SG-5], closer to the bottom, are 90 mm long, and the
rest are 60 mm long. By means of these instruments, the strain profile is measured
in the cross-section of the constant moment zone, and the debonding phenomena
among the layers are also detected. In addition, the measure of the curvature is
carried out with the following equation:

¥ = (&5 - &1)/do €))

where €5 and € are the strains measured by the strain gauge [SG-5] (on the
bottom side) and strain gauge [SG-1], respectively; and do = 110 mm is the
distance between the two gauges.
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Fig. 32 shows the average moment—curvature relationships of the
strengthened beams, whose strength capacity (i.e., the maximum bending
moment) is summarized in the histogram of Fig. 33.
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Fig. 32: Bending moment—curvature relationship measured in Test Campaign 1.
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Fig. 33: Average values of the peak bending moment measured in Test Campaign 1.

Compared to the un-reinforced mortar beam (B_II TO), a substantial
increment of strength and toughness are observed when UHP-FRCC layers are
used. However, the maximum bending moment of the beams B_II T2 is higher
than that of B_II TS5, regardless of the class of UHP-FRCC. Three collapse modes
have been identified by linking the stress—strain relationship of UHP-FRCC
(obtained from the tensile tests performed on dumbbell shaped specimens) with
the moment curvature—relationship (Fig. 34):

e Failure in the tensile zone is illustrated in the beams B Il T2 FA70
and B _II TS5 (Fig. 34a). The value of the strain epy corresponding to
the first cracking of the UHP-FRCC substantially coincides with that
measured on the bottom of the beam by [SG-5] (see Fig. 30a) when
first crack occurs. Afterwards, strain hardening appears both in the
stress—strain relationship of the reinforcing layer and in the moment
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curvature relationship. At the peak of bending moment Mgy, the strain
gauge [SG-5] measured a value &5 equal to ep,, which is the strain at
the tensile strength op, of UHP-FRCC. In other words, the ductile
behaviour of these beams strictly depends on the mechanical
performances of the precast layer.

e Fig. 34b illustrates the failure due to the crushing of mortar in the
compressed zone of the beam. Indeed, during the strain hardening
behaviour of the UHP-FRCC layer, the moment—curvature
relationship shows a softening branch. The resisting area in
compression reduces due to the crushing, whereas in the precast layer,
wide cracks are visible. In this case, the bending moment
corresponding to the first crack, Mgy, coincides with that at the peak
Mg,u. This brittle behaviour, which generally occurs in over-reinforced
concrete beams, can be observed in the beams B II T2 FAO and
B 11 T2 FA20 N40.

e Shear failure (Fig. 34c) with a sudden drop in resistance. This brittle
behaviour is evident in the moment curvature diagram of the beams

B II T2 FA20 N20, where a diagonal crack appears without crossing
the strain gauges of the constant moment zone. As strain localizes in
this crack, a reduction of the strain is measured by the gauges before
reaching the cracking stress (and strain) in the reinforcing UHP-FRCC
layer.

MB,y: MB,..

Moment (kNm)
Moment (kNm)
Moment (kNm)
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Fig. 34: Failures of the beams in the test campaign 1: (a) failure in tension; (b)
crushing in the compression zone; (¢) shear failure.
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Accordingly, the use of high-strength precast layers (such as FAO and FA20)
leads to the brittle behaviour of the composite beams, either due to the crushing of
mortar in the compression zone, or to the shear failure, especially in the presence
of height bond strength (i.e., N20 series). Concerning the content of fly ash, low
percentages of this industrial waste (i.e., FA20) produce an increment of strength
in the UHP-FRCC layer, but a brittle behaviour of the composite beam. On the
contrary, the load-bearing capacity of the layer significantly reduces if the
substitution rate of cement as fly ash increases (i.e., FA70), but the composite
beams show a greater ductility.

To check the effectiveness of the three different types of bond between the
reinforcing layer and the existing structure (see Fig. 30), the strain profiles of the
composite beams B _II T2 N20, B II T2 N40, and B I T5 are illustrated in
Fig. 35.
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Fig. 35: Strain profiles measured in the beams: (a) B 11 T2 N20, (b) B I T2 N40,
and (c¢) B_II_T5.

Fig. 35 shows that, except for the beam B_II TS5, plane sections remain plane
up to the maximum bending moment. As a matter of fact, Fig. 35¢ shows
delamination between the mortar and the strengthening layer, which is prevented
by combining screws and nails on the surface of the precast UHP-FRCC layer
(i.e., Type 2-N20 and Type 2-N40 in Fig. 30b,c).
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4.3.4 Test Campaign 2

The second test campaign was carried out on larger scale specimens consisting of
longer beams (length = 850 mm) having a cross-section with a high of 150 mm, a
width of 125 mm thick and reinforced with longitudinal bars and stirrups (Fig.
36). As illustrated in Fig. 37, one of them was not strengthened (Fig. 37a), one
was reinforced with a 3 cm thick layer of UHP-FRCC cast on the bottom face
(Fig. 37b), whereas the rest of the beam were reinforced with precast
strengthening panels (1 cm thickness as shown in Fig. 37c and d). The latter were
fastened to the bottom face by means of dowels, screws and a 2 cm thick filling
layer, following the same procedure as in Campaign 1 (Fig. 31). Among these,
one panel has no nails (PLS), whereas the others have nails on the upper face
spaced of 40 mm (PL N40). The panels with nails spaced of 20 mm were not
made consistently with the results obtained in Campaign 1, which showed no
significant difference between the Type 2 - N20 and Type 2 - N40 panels. The
PLS panel was made with UHP-FRCC without fly ash (FA0), whereas three PL
N40 panels were cast with 0%, 20%, and 70% of cement substituted fly ash,
respectively (PL N40 FAO, FA20, FA70).

Fig. 38 shows the setup of the 4-point bending tests (performed by means of a
1000 kN Universal Testing Machine) and the arrangement of the measuring
devices. Four strain gauges (90 mm long) were applied on lateral face and glued
on the bottom face the specimen to measure the strain profiles of beam cross-
section. On the other lateral face, two LVDTs (Linear Variable Differential
Transducers) were fastened to measure the average curvature of the constant
moment zone.

To measure the curvature, the following equation can be used:
x=(e2-&1)/do (2)
where & and & are the strain measured by the upper and lower LVDT,

respectively; and do = 100 mm is the distance between the two displacement
devices.
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Fig. 36: Arrangement of longitudinal reinforcement and stirrups on the beams
reinforced with precast panels.
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Fig. 37: Specimen tested in Campaign 2: (a) RC beam without the retrofitting layer;
(b) RC beam with a strengthening layer cast-in-situ on the lower surface of beam; (¢) RC
beam strengthened with precast panel without HDR fibres on the upper face, fastened to
the beam by means of screws, dowels and filler layer; (d) RC beam retrofitted with a
precast panel with HDR fibres on the upper face (spaced 40 mm), fastened to the beam by
means of screws, dowels and filling layer.
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Table 11 summarizes the composite beams investigated in the Campaign 2. In
the second experimental campaign only one sample was made for each type of
strengthening layer, because the complexity of assembling the steel reinforcement
and casting the larger volume of cement did not allow for the production of
several specimens, as in the case of smaller samples. On the other hand, the aim of
this second part of the research was to investigate the scale effects and the impact
of rebar on the behaviour of the strengthened beams. Indeed, the performance of
the panels and the influence of the bonding conditions on the overall strength of
the retrofitted beam had already been extensively explored in the tests of
Campaign 1.

Fig. 39 shows the moment—curvature relationships measured in all the beams,
whereas Fig. 40 depicts only the first part of the curves illustrated in Fig. 39. In
the curves of Fig. 40, it is possible to observe the points of first cracking, i.e. the
points where the moment-curvature diagrams turn to the non-linear behaviour.
Moreover, the histogram in Fig. 41 compares the values of bending moment
corresponding to first crack (Mcrack) and to the ultimate load (Mpeak).

Table 11: Details of the specimens tested in the experimental Campaign 2.

Symbol Layer Bonding Surface =~ UHP-FRCC  Number of
Type Series Samples
RC None [-] [-] 1
CL_FAO Type 5 Chipping only FAO 1
PLS FAO Type 1 Chipping only FAO 1
PL N40 FAO Type 2 SF —d =40 mm® FAO 1
PL N40 FA20 Type 2 SF —d =40 mm®" FA20 1
PL N40_FA70 Type 2 SF —d =40 mm® FA70 1

(I Steel fibers spaced 40 mm.
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beams tested in the Campaign 2.
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Compared to the RC beam, an increase in the bending moment capacity
between 4.6% (PL N40 FA70) and 10.2 % (PLS FAO) is achieved when a
retrofitting layer is used. Among the panels representing the proposed method,
PL N40 FAO provides the best performances, which is greater than the cast-in-
situ layer of the same material without steam curing (CL FAO). However, the
main contribution provided by the precast panels consists of increasing the value
of the bending moment that triggers the first crack (Mcrack). In fact, all beams with
N40-series panels show a Mcrack Which is more or less twice that of the beam
without any strengthening layer, whereas there is an increase of about 80% and
40% in beams retrofitted with the cast-in-situ layer (CL_FAO) and the precast
layer without nails (PLS FAO), respectively. The contribution provided by the
nailed precast panels PL_N40 is interesting because it prevents damage of the
structure, because in beams without any reinforcement, or reinforced with a CL or
PLS panel, the first crack occurs for lower loads. Furthermore, since strain
hardening behaviour is observed after the formation of the first crack, the ductile
behaviour of the beam is evident. The sample showing a brittle behaviour is
PL N40 FA20. Indeed, it shows a softening branch due to the loss of strength
after the first crack, which is only partially gained back as the strain increases.
Nevertheless, all beams collapse in type (a) mode (see Fig. 34), as neither shear
failure nor the crushing of the concrete in the compressed zone occur. It can be
stated that these brittle collapses are avoided because steel rebar have been
implemented into the beam and the reinforcement ratio of UHP-FRCC is smaller
than that of in the specimens used in Campaign 1.

To assess the effectiveness of the bonding conditions between the
reinforcement layers and the NC beam, the strain profiles in the beams cross-
section have been also plotted in this second experimental campaign. Fig. 42
shows the strains measured at the peak of moment (Mpeak) and at 1/3 of this value
(Mpeak/3), as well as the theoretical linear trend of perfect plane sections for
M=Mpeak.
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Fig. 42: Strain profiles measured in the beams of Campaign 2: (a) RC; (b) CL_FAO;
(¢) PLS_FAO; (d) PL_N40 FAO; (e) PL_ N40 FA20; (f) PL_N40 FA70.

Fig. 42 shows that, when Myeak/3 is considered, the strain profiles in the mid-
section follow a linear trend in all cases. When the strain measurement is made at
the peak moment (Mpeak), non-linear trends are observed in specimens PLS FAOQ
(Fig. 42c) and PL_FA70 (Fig. 42f). In the first sample, a detachment of the panel
from the existing beam was observed as depicted in Fig. 43a, because there are no
nails and screws with plugs. In the case of beam PL FA70, no delamination
occurred between the precast panel, the filler and the existing beam (Fig. 43b).
Therefore, the misalignment of the strain measured by the lower strain gauge is
probably due to the breakage or early detachment of the lower strain gauge.

Fig. 43: (a) detachment of the precast layer from the existing beam of the PLS FAO
specimen; (b) integrity retention between the beam and strengthening panel after beam
failure of the PL_ N40_FA70 specimen.
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4.3.5 Eco-Mechanical Analysis

A further study regarding both the Test Campaign 1 and 2 is herein performed by
evaluating the environmental performances of the beams, through the so-called
eco-mechanical analysis [139]. Using the non-dimensional diagram of Fig. 44, a
comparative analysis among the beams is carried out in order to select the best
reinforcing system, which contemporarily satisfies the environmental and
mechanical performances.

Elﬂ Zone I:  Lower mechanical performance —
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A |
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@ @ Lower ecological performance
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Fig. 44: non-dimensional diagram for evaluating the eco-mechanical performance of
concrete manufacts.

The horizontal axis of Fig. 44 reports the ratio between mechanical indexes
(MI/MIinf), whereas the vertical axis represents the ratio between ecological
indexes (coc). Specifically, Mlins 1s the lower bound value of mechanical
performance, which is the so-called functional unit. In this study, Mlins
corresponds to the mechanical performance of the reference series. Similarly,
Elsup is the upper bound value of the environmental performance, which
corresponds to that of the layers of the reference series. In particular, the
environmental impact was computed by multiplying the amount of materials used
for each type of layer by the relevant unit carbon footprint, as given by the
inventory data issued by the Japanese Concrete Institute (JCI) [140]. This
computation is consistent with fib [141], where only the CO: released in the
atmosphere is taken into account. The mechanical index, or the functional unit,
could be the maximum bending moment of the moment—curvature relationship
[142]. On the other hand, according to fib [141], the mechanical index should also
consider the overall behaviour of the structure, including the ductility. Therefore,
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two different parameters are considered herein. The first parameter is the peak of
bending moment, whereas the second parameter (i.e., the ductility) is correlated to
the work of deformation per unit length (J/m). It is the area D defined by the
moment - curvature diagram up to the maximum bending moment, as illustrated
in Fig. 45. Accordingly, it vanishes in the case of brittle behaviour (see Fig.
34b,c).

£

Moment (kNm)

Curvature (1/mm)

Fig. 45: evaluation of the mechanical indexes.

To calculate Mlinr and Elsup, the mechanical and ecological performances of
the B II TS FAO and CL_FAO samples are considered as the references of
Campaign 1 and Campaign 2 respectively. Indeed, they represent the current
method of retrofitting the existing RC beams. In these beams, UHP-FRCC does
not include any supplementary cementitious materials to reduce the carbon
footprint. Table 12 summarizes the values of the parameters of each retrofitting
layer used to reinforce the beams of Campaign 1. Similarly, Table 13 refers to the
values evaluated in the Campaign 2. The embodied CO> computed for Type 2
series of the precast panels also takes into account nails, screws, and the filling
layers made with UHP-FRCC without fly ash (FAO0). As a result, the
environmental indicators are fairly high, even for the Type 2 - FA20 and FA70
series. An additional reduction in CO; emission for the FA20 and FA70 series
could be achieved by replacing the fly ash also in the filling layer. The results of
the Eco-Mechanical analyses are plotted in Fig. 46 and Fig. 47, which refer to the
first Test Campaign and second Test Campaign, respectively. In particular, the
maximum bending moment (Mpeax) is the functional unit in Fig. 46a and Fig. 47a,
whereas the work of deformation (D) is the functional unit in Fig. 46b and Fig.
47b.
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Table 12: Parameters used to compute the environmental and mechanical
indexes for the Test Campaign 1.

Parameter

B Il T2 FA0O_  B_II T2 FA20_ B Il T2 FA70_ B_ILT5_

N20 N40 N20 N40 N20 N40 FA0  FA20  FA70
Mpeak 2.67 2.70 2.89 3.07 2.03 1.77 1.89 2.25 1.36
(KNm)
D.Work 0.0 0.0 0.0 0.0 58.9 452 1253 702 225
(J/m)
CO:(kg) 09719 09634 08882 0.8797 0.7045  0.6960  0.9679

0.8006  0.4331

Table 13: Parameters used to compute the environmental and mechanical
indexes for the Test Campaign 2.

PL_N40_
Parameter CL_FA0 PLS_FA0
FAQ FA20 FA70
Mpeak (KNm) 5.59 5.8 5.66 5.51 5.50
D.Work (J/m) 403.2 1075.9 1212.5 97.54 9523
CO:2 (kg) 9.1344 8.3417 8.3443 7.8333 6.6822
2.5 , 2.5 . ® B_IL_T2 FA0_N20
: i : ® B_ILT2_FAQ_N40
- AB_II T2 FA20 N20
2 H 2 H AB_TI_T2_FA20 N40
i X B_II T2 FA70_N20
= =] : % B_IL_T2_FA70_N40
515 4 815 @B I T5 FAQ
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= i A = “ ¢ B_I_T5_FA70
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Fig. 46: mechanical and environmental assessment of the precast UHP-FRCC layers

of the Campaign 1 by considering (a) MI = maximum bending moment and (b) MI =
work of deformation.
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Fig. 47: mechanical and environmental assessment of the precast UHP-FRCC layers
of the Campaign 2 by considering (a) MI = maximum bending moment and (b) MI =
work of deformation.

With respect to the Test Campaign 1, Fig. 46a points out the best result, in
terms of mechanical performances, achieved by the beam B _II T2 FA20. On the
other hand, B II T2 FA70 attains a fair reduction in emissions by preserving,
approximately, the same resistance of the beam B_II T5 FA0. When the work of
deformation per unit length is the functional unit (see Fig. 46b), the beams do not
show any increment of ductility with respect to the reference beam B_1I TS FAO.
In particular, the beams B_II T2 FAO N40 and B II T2 FA20 N40 exhibited
brittle failures, as shown in Fig. 34b,c. Hence, their mechanical index MI is zero
in Fig. 46b. As this brittle behaviour generally affects the over reinforced beams
under bending actions, it could be ascribed to the large thickness of the
reinforcing UHP-FRCC layer.

As far as the beams of Campaign 2 are concerned (see Fig. 39 and Fig. 41) the
precast panels allow reaching approximately the same (or a slightly lower)
bending strength as the beam strengthened with Type 5 layer. Therefore, the
points identified in Fig. 47a tend to MI/Mlixs = 1 in all the cases when Mpeak is
used as the functional unit. Conversely, the values obtained by considering the
work of deformation as a functional unit are significantly more spread, pointing
out the most effective strengthening method, both from the mechanical and the
environmental point of view. The only specimen that falls into Zone IV
(according to Fig. 44) is PL_N40 FA20, although further tests are needed to
establish whether this result was due to a fault in the specific specimen, rather
than a weakness of the panel. All other specimens fall into Zone III, showing both
mechanical and environmental improvements with respect to the traditional way
of strengthening. The specimen that exhibits the most ductile behaviour is the
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PL N40 FAO, thus the best benefits are provided by Type 2 panel, with 70%
cement replaced by fly ash (PL_N40 FA70). More precisely, it provides the
lowest carbon footprint, with a 20% reduction in CO» emitted, and an increment

of the deformation work (almost 2.4 times) compared to the reference specimen
(CL_FAO0).

4.3.6 Main results

The experimental results previously described lead to the following conclusions:

e the precast panels increase the bending moment capacity of the beams
compared to that achieved with the current consolidation method,
which consists of a cast-in-situ strengthening layer;

e in RC beams the panels mainly enhance the moment of the first crack,
which provides advantages against seismic action because it increases
the ductility of the beam and reduces the probability of damage;

e implementing nails embedded in the upper face of precast panels
prevents their detachment from the existing beam,;

e in mortar beams without reinforcement, over-strengthened retrofitting
panels compared to the existing beam lead to brittle collapse. In
contrast, no brittle collapse was observed in RC beams;

e in general, the best performing panels are FAO and FA20, whereas
there are no significant differences between the N20 and N40 series.
FA70 panels significantly reduce emissions while providing good
mechanical performances. Therefore, precast panel sizes and UHP-
FRCC mix design should be tailored according to desired mechanical
and environmental performances.

4.3.7 Cost and time of production and implementation in real
cases

The results obtained in the two experimental campaigns are promising. In fact, it
has been proven that, with a robust adhesion between the strengthening panel and
the existing beam, the same or higher performances than that obtained with cast-in
situ layers can be obtained even by substituting cement with fly ash for reducing
the carbon footprint. Once the further research outlined in the previous paragraph
has been addressed, it will be necessary to adapt the panels to the specific case
they are applied in. For instance, the models could enable one of the parameters of
panel thickness, embodied CO; and strength of the reinforced beam to be set,
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returning the other parameters according to design requirements. Moreover, when
a significant increase in the beam's resistant capacity is required, the proposed
method could be improved by providing additional reinforcements which could be
leaned on the strengthening panel hanging from the existing beam to be
subsequently incorporated with the filling layer. Hence, the design tools will have
to evaluate the thickness of the precast panels and the amount of new rebar to be
implemented to increase the ductility of the beam, thereby improving the
structural performances also with respect to the seismic action. In the case of
beams protruding from the slab, U-shaped retrofitting panels could be produced to
cover the side faces of the beam, also increasing the beam's shear strength and
ductility. Conversely, as already illustrated in the case of the current retrofitting
method in Section 4.2.2, the application of panels in the side faces of beams
hidden in the slab is not feasible, unless the slab is demolished.

For what concerns the cost and time for retrofitting the beams using the
proposed method, they are related to:

e the production of the precast panels: the cost items that form the
total panel price include the raw material and the production cost
(energy + labour costs). While the cost of raw materials could be
easily obtained from market prices, the production cost is difficult to
predict. Indeed, it depends on the production method used by the
producer (e.g. single and tailored-size panels rather than long panels to
be cut on the construction side), the number of workers involved in the
production site and their qualifications (ordinary or specialised
workers), the local energy cost where the production site is located in.
According to the time required for the casting and curing procedure to
produce the panels used in the two test campaigns, at least 30 days can
be estimated for the production of a panel. This period includes the

mixing and casting of cement blend and steam curing (2-3 days) and
normal curing (28 days). The production time may vary as the
technology and production methods change.

e Implementation at the construction site: As well as for the cost of
the proposed technology, computing the time of implementation is not
trivial. Cooperation should be established with construction companies
and producers to determine the optimum method of implementation.
The total cost could be the sum of the cost of transportation + cost of
demolition of external and internal walls below the beams + cost of
demolition of any suspended ceiling + cost of rubble disposal + cost of
application of the panel + cost of filling layer + cost due to walls,
ceiling and system to be restored + labour costs.
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The cost of transportation, depending on the distance between the
construction site and the producer, could be easily evaluated.
Demolitions, rubble disposal and restoration costs could be lower than
that of other retrofitting systems currently used, as a smaller surface of
walls, ceilings and systems could be expected to be involved in
demolition and restoration because of the low-invasive method
proposed. The cost of all the procedures to implement the proposed
technique, as well as the number and qualification of labour, cannot be
estimated because the method has never been tested on a real case.
However, it is worth to be noted that the cost of formwork is avoided
if compared with the current method of increasing the cross-section
sizes of the beam with cast-in-situ concrete. Accordingly, also the time
required for implementation and restoration cannot be estimated until
the method of applying the panels to the beams on site is investigated.
Nevertheless, taking into account the expected small volume of
building components to be demolished and restored and the time
required for the injection and curing of the filling layer (28 days, as
already experienced during the test campaign) as well as the avoided
formworks, a total implementation time of between 40 and 50 days
can be assumed.

4.4 Consolidation method for the non-structural elements

There are several school buildings where the flaws of the non-structural
components described in Section 4.1.2 occurred. This is due to the fact that until
the code rules were issued, structural elements were often neither standardised
nor subject to inspection. For instance, a specific section dedicated to non-
structural elements in the ARES form (Section. 3.2.1) was only introduced in
2009, which followed the collapse of the suspended ceiling of the Darwin High
School in Rivoli. As a result, standards have started to address this issue only
recently, thus still needs to be fine-tuned and improved, although significant steps
forward have already been observed from NTC 2008 to NTC 2018. In the
following sections, the approach adopted by the rules is briefly addressed and its
shortcomings assessed. Furthermore, taking into account the FEMA's practical
guide, the methods to be adopted in the inspection of non-structural elements, in
part already adopted by the MIUR and the Italian standards, are reviewed. Lastly,
best practices to provide robustness and safety for new and existing non-structural
elements are proposed.
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4.4.1 Approach and limitations of the current standards

Regarding Italian school buildings, the definitions and requirements on non-
structural elements are provided in Section 7.2.3 of the 2018 Technical Standards
for Construction (NTC 2018) [70]. These standards identify two types of non-
structural elements:

e clements with stiffness, strength and mass that affect the structural
response (such as external walls, internal brick partitions, systems and
heavy plant parts);

e clements that do not influence the structural response, but are relevant to
the safety of people (such as plant terminals, chandeliers, cornices,
decorations, cabinets and bookcases).

The structural rules consists of carrying out checks on the stability of the

systems and other non-structural elements with the aim of calculating the strength
demand. In this regard, the following distinction is made:

e built-on-site element (e.g. brick partition): the structural designer, besides
calculating the resistance demand, must design the element to fulfil such
demand, whilst the planning supervisor must verify the correct execution
of the work to meet the designer's instructions.

e assembled-on-site element (e.g. plasterboard partition): the performance
demands calculated by a structural engineer are submitted to the producer,
who must supply elements and connection systems to comply with them.
Ensuring the correct assembly of the system is a responsibility of the
planning supervisor.

Compared to the previous standards, the NTC 2018 has moved from a purely
prescriptive to a more performance-based approach. For instance, section 7.3.6
sets the limits for the displacement of structural elements and inter-storey drift in
order to mitigate damage of infill walls and avoid their expulsion. However, there
are some limitations. In fact, a displacement that may be acceptable for a brick
wall, might not be for a door or window within it. As a matter of fact, a strain of
few millimetres can produce either the failure of glass panels in a window, or a
window frame overturning due to damage to the fastening system, or a door
jamming. With respect to the evaluation of the strength demand for the non-
structural element, the NTC 2018 provides a calculation method which allows for
the assessment of the horizontal force to be applied to the element. It is
proportional to the weight of the element, the maximum acceleration induced into
the element during the earthquake and the seismic behaviour factor of the
element. In this regard, paragraph 7.2.3 of the “Circolare applicativa” [143]
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provides a detailed procedure to evaluate the acceleration induce into the element,
as a function of the floor response spectrum, the ratio between the period of
oscillation of the element and that of the structure, and the damping of the
element. Table C7.2.1 provides the values of the seismic behaviour factor in a set
of non-structural elements, generally used school in buildings.

Nevertheless, attention is not devoted to the performance of fastening and
joining systems. This is in contrast with the requirements for load-bearing
structures, for which calculation and checking methods are also provided for
anchorages and connections. Depending on the type and weight of the non-
structural element, there are three potential scenarios:

e anchoring of devices and systems with low weight, not excessively
flexible, i.e. having stable behaviour during the earthquake. A design
is not required for these devices, because the problem choosing the
appropriate and safe method of fastening is easily solved when an
adequate experience in the field is achieved;

e anchoring of plant systems, prefabricated or assembled-on-site devices
with significant weight or prone to oscillations. In this case, the
producer is responsible for providing certified fastening systems and
materials, which the worker must comply with;

e anchoring of components, elements and devices with significant
weight and prone to oscillations without specific standards or
certificates, such as anti-overturning measures for brick partitions and
infill walls suggested by the standards. In these cases horizontal steel
reinforcements to be inserted inside mortar joints and light meshes
embedded within the plaster can be used. However, no specifications
depending on the supporting structure (e.g. concrete structure, steel
profile, brick wall, etc.) are provided on the types and performances of
the fastening systems of these reinforcement and meshes [144].

A solution to the lack of the standard, as highlighted in the last point, could be
solved by referring to a catalogue of anchoring systems, as in depends on both the
resistance demand required by the standards and the support structure. For
instance, threaded rods could be prescribed for anchorages to the adjacent RC
structures, dowels with resins for anchorages on bricks, and finally welded or
bolted anchorages on steel profiles. An issue to be taken into account is also the
loss of efficacy of the fastening systems, as a result of damage of the supporting
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component. For instance, consider a cracked beam or a wall on which a non-
structural element is fixed in order to resist to seismic action, as well as prolonged
static loads. Such cracking might be negligible from a structural standpoint (fall
within the limits provided by NTC 2018), but it could be significant in terms of
the anchorage's resistance capacity. For this purpose, the type and arrangement of
anchorages, as well as the procedures adopted for their setting, should not
represent weak points or preferred crack triggering path of the supporting element.

However, the requirements of Chapter 7.3.6 of NTC 2018 refer to both new
and existing buildings when new non-structural elements or systems are installed.
On the other hand, there are no requirements or mandatory measures for
retrofitting or replacing non-structural elements in existing buildings. Nowadays,
the assessment of risks related to the collapse or malfunctioning of non-structural
elements in existing schools is entrusted to school managers who, supported by
the Risk Prevention and Protection Service, draw up the Risk Assessment
Document, according to the Safety Act (Legislative Decree no. 81/2008 as
amended by Law no. 215/2021). If potential risks are identified, the school
manager reports them to the school owner, which assesses the problem. Only
recommendations are listed in Tables C8.7.6.3.1 and C8.7.6.3.11 of the “Circolare
applicativa”. The first table lists systems, furniture and building components of
which estimates a scale of vulnerability and importance, as well as the level of
cost for each of them, and suggests also the seismic zones where the evaluation of
their retrofitting and the substitution of their fastening devices are recommended.
The second table provides solutions to mitigate the risk of gas leaks under seismic
actions, such as different types of safety valves and methane gas sensors, detailing
the relevant characteristics, benefits, drawbacks and installation requirements.
These indications, limited to gas transport systems, which are one of the greatest
risk factors when damaged, should also be extended to other types of systems. For
instance, a massive water leakage due to a broken plumbing system can cause
obstruction of escape routes and functional loss of the building.

Therefore, despite the growing attention devoted to non-structural elements in
recent years, the standards still need to be improved, as some aspects are detailed,
whereas others are not adequately addressed.

4.4.2 Surveys and checklists on non-structural elements

As mentioned above, a specific section on non-structural elements was included in
the ARES sheet when they were updated following the collapse of the suspended
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ceiling at the Darwin High School. This section is composed of sub-sections
corresponding to typical non-structural elements, i.e. suspended ceilings and
elements hanging from slabs, vertical and horizontal overhangs, partitions and
infill walls, cladding and windows, furniture and equipment, and other systems.
The technicians entrusted with filling in the forms has to indicate whether any
issues is observed on these elements specifying the severity and suggesting the
safety measures to be adopted, alongside the relevant cost. This monitoring
approach is effective when carried out on a regular basis, with accurate
inspections by specialised staff, and when data collecting and processing is done
using smart systems. However, survey programs often are carried out only after
negative events or injuries to persons. As a consequence, these surveys could be
hasty and inaccurate, with inconsistent judging methods. Besides, data are stored
by using managing tools without easy and reliable data processing [145]. FEMA
offers useful guidance on how to conduct effective surveys. In particular, it
recommends two levels of inspection [106]:

o the first level is carried out by the manager and the school's safety
supervisors, who must follow a special training course, using a
standardised checklist. The checklist must be accompanied by a floor plan
of the building. To each non-structural element must be assigned an ID,
indicating its location, consistency (number, area, volume), the degree of
risk assessed (both in terms of safety for life and functional loss), and any
notes. Surveys carried out by school staff have the advantage of being
performed frequently. In other words, damage to both structural and non-
structural elements can be identified as soon as it occurs, as well as
improperly performed interventions, such as a new shelf that are not
fastened or a new door being defective. Depending on the type and risk
level either the appropriate measures are adopted or a new inspection level
is carried out;

e The second level of survey is carried out by engineers upon request of the
school administration (or owner). In this regard, specific procedures are
described in ASCE 31/SEI 31-03 and in Chapter 11 of ASCE/SEI 41-06
[146, 147].

Beyond the sheet format and the survey methods to be applied, establishing a
standardised method of collecting data using an advanced tool enabling the “one-
click” extraction of information and statistics is crucial. BIM and GIS could be
examples of information management tools that, alongside those specifically
tailored to school buildings [148], allow to:
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e have and update detailed information on each building component,
including a technical data sheet and maintenance schedule, thereby
triggering an alert when an inspection is required;

e query the system punctually, e.g. by clicking on a classroom to obtain a
list of non-structural components or identify elements with problems;

e cxtrapolating general statistics, such as the cost to the owner of several
school buildings for renewing a certain type of component (to be used in
calls for tenders), or maps identifying schools requiring intervention
(useful for planning actions).

4.4.3 Best practice for safety upgrading

As well as for structural elements, substituting or retrofitting the non-structural
elements must be in accordance with the seismic risk of the area where the school
is located. Furthermore, they must be homogeneous and consistent each other. As
an example, it is uncomfortable to know that suspended ceiling is well anchored
when heavy steel pipes are only supported by ceiling, or that a shelf is well
fastened to a wall prone to overturning. Referring to non-structural components
listed in Section 4.1.2, solutions for the risk mitigation are outlined below.

Dropped_ceiling: As the suspended ceiling must be lightweight, all heavy
ceilings (in Italy, the “Perret” type ceilings with brick tiles described in Section

4.1.2 were frequently used) must be removed and replaced by lighter substructure
and tiles. Plasterboard ceilings and aluminium substructures are the most
common. Waterproof tiles should be used to avoid absorbing water or moisture
that would increase their weight and cause damage. Furthermore, the sub-structure
should preferably be made of aluminium or a decay-resistant material (e.g.
avoiding ordinary steel hangers prone to corrosion). The fastening must be
certified and suitable according to the support (e.g. anchoring to a hollow brick
must be stronger than anchoring to a RC beam, because the hollow brick is
susceptible to detachment). The substructure must be statically indeterminate, i.e.
the failure of one or more hangers must not lead to the collapse of the whole
ceiling. In addition, the ceiling must be easy to inspect.

External walls and partitions: there are two approaches for mitigating the
risk arising from the overturning, or the collapse, of infill walls and partitions:

e using lightweight systems, such as partitions and interior claddings
with plasterboard panels and an aluminium sub-structure. These
systems are less prone to the inertial force caused by seismic shaking,
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as well as being more ductile. They can be quickly assembled and
allow for greater flexibility of spaces, because they can be easily
removed and moved. They also comply with the key circular economy
concept of “design-for-disassembling”, because they can be
disassembled and reused elsewhere. The voids between the cladding
panels allow for easy housing of systems and pipes, which are barely
affected by warping or damage suffered by the wall during the seismic
action;

using the traditional brick walls, because of their greater mechanical
and fire resistance performances, as well as their soundproofing
properties. In these cases, anti-overturning measures must be
implemented. These include the aforementioned horizontal steel bars
to be placed in the mortar (Fig. 48a) and light mesh to be embedded
within the plaster (Fig. 48b). Both the systems must be fastened to the
surrounding structures every 500 mm. In addition to these methods
(also suggested by the standards), there are other certified solutions,
such as galvanised steel lattice girders or steel and fibreglass wire
meshes to be embedded within mortar joints. These products generally
are supplied by producers with certified fastening systems.

Fig. 48: Anti-overturning measures for external walls and partitions: (a) horizontal

steel bars; (b) light mesh to be embedded within the plaster;

Doorway getting stuck: Door jamming is avoided by keeping the opening

movement free from any warping of the door frame. Although this problem is still
scarcely addressed in the literature, there are certified door systems designed to
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avoid jamming in the case of frame crushing [150]. With respect to window glass
shattering, it is rather difficult to avoid it. Nevertheless, it is possible to prevent
the glass from exploding and injuring people. Two possible solutions can be
represented by the used of tempered or laminated glasses, i.e. the glasses used in
car windshields, as well as proper containing films that hold the fragmented glass
together.

Fig. 49: Emergency System for door opening in critical condition proposed by LF
System Italia s.r.l.s. [150].

Cornices, decorative friezes and other protruding elements: All protruding
elements that are damaged or not properly fastened must be removed, especially
when they are not essential for the school's safety and function. When this is not
possible, because they are elements that are distinctive of the building or have an

historical value, it is necessary put them on the safe side, e.g. using an anti-fall
net. Afterwards, it is necessary to carry out consolidation and repair measures
according to the requirements of cultural heritage standards and the directives of
any conservation authorities concerned.

Shelving, furniture, equipment and hanging elements or components: The
approaches for reducing the risk of overturning or detachment of these elements
are rather trivial. As already stated, they consist in fastening the components to
supports suitable to withstand the dead load and the seismic inertial force. In the
case of shelves and bookcases, devices and objects stored inside must also be
properly restrained if they are heavy enough to injure people when dropping. For
instance, in Japan it is mandatory to apply retaining bands on each level of shelves
and bookcases as a safety measure.
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Chapter 5

Sustainability of school buildings*

5.1 Introduction

As remarked in section 3.3.2, school building stock are dramatically energy-
intensive, due to old buildings and low investment in energy-saving measures.
Nevertheless, the sustainability issue affects the entire construction sector, as it
requires huge volumes of raw materials and emits large amounts of greenhouse
gases. Specifically, it accounts for 36% of global final energy use and 39% of
energy-related carbon dioxide emissions, when upstream power generation is
included [150]. Also, Construction and Demolition Waste (C&DW) is one of the
most important waste streams, accounting for approximately 25% - 30% of all the
waste generated in the EU [151]. To solve all these problems related to the
construction and management of school buildings, some strategies are necessary.
The demolition of old and energy-intensive buildings and the construction of new
low-energy (or even passive) building, made with materials with low carbon
footprint, is becoming mandatory. In compliance with this strategy, in recent
years, concrete has been replaced by more eco-friendly structural materials, such
as wood [152], although studies have proved that wooden structures show lower
thermal performance than concrete, especially in the long term analyses [153,
154].

4 Part of this chapter has been previously published in:

O. Mancinelli, A. P. Fantilli and B. Chiaia, “Comparing the environmental
performances of new and renovated school buildings” Acta Polytechnica CTU
Proceedings, vol. 33, 350-356, 2022.
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Nevertheless, the demolition of old constructions, combined with the
construction of new buildings, leads to the production of waste and to the
consumption of natural resources to produce new materials. On the contrary,
rehabilitation, refurbishment and renovation of old buildings make stream waste
and the use of new materials limited. Regrettably, in many cases, it is not always
economically convenient to attain the same thermal and structural performances
of a new building by adapting old building to the current code requirements. To
provide guidance tools for policymakers and stakeholders, a large number of
studies have been carried out, in which environmental performances of new
buildings made of different materials are compared. As a result, in terms of
Global Warming Potential (GWP), timber-framed residential buildings tend to
have a lower environmental impact than those made with concrete and masonry
[155].

Regarding school buildings, studies on structural materials and on envelope
systems have shown that concrete and masonry buildings have better thermal
performances, because of the heavyweight materials [156]. Although
manufacture, construction and demolition of masonry and concrete buildings
require larger energy and show higher global warming potential, these buildings
exhibit lower annual energy consumption and environmental impact in service,
which sometimes makes them more sustainable than those made with timber and
steel [153]. Based on these studies on refurbishment and newly constructed
buildings, it is still not possible to conclusively determine which of the two
alternatives has the best environmental performance over the entire lifespan [157].
Besides, studies using the LCA methodology mainly focus on energy
refurbishment when the environmental impacts before and after intervention are
compared. Conversely, there are few LCAs on the environmental impact of
system reparation [158]. Also, these approaches have to be reviewed, because the
system boundaries of LCA are not systematically investigated [159]. The lack of
univocal procedures, as well as of the standardised methods of visualising LCA
results [160], leads researchers to apply methods and assumption that are
appropriate for the single case study, making results difficult to compare.
Therefore, further investigations are needed both to fine-tune the assessment
criteria and to broaden the assessment scenarios.
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5.2 Research significance

Is it more convenient to refurbish an existing school building or to build a new
one? To answer to this question, a benchmarking analysis on two case studies is
proposed herein:

e School Building #1: a newly timber school building.

e School Building #2: an old school (built in 1960) in which energy
efficiency and structural rehabilitation works have been carried out.

5.2.1 The two buildings

The School Building #1 is a 4-storey precast timber construction (one of which is
the basement) with a total living area of about 14000 m?. This type of building has
been chosen for the lower carbon footprint of the wood, as well as for the speed of
construction given by the prefabrication. The building components (structures,
envelope, internal partitions, etc.) fulfil the structural [161] and energy [162, 163],
performances required by the current code rules for new buildings. Besides, this
school has been designed by implementing solutions aimed at optimising the use
of climatic conditions and solar radiation, such as avoiding windows on the south
side of the buildings and providing shading systems and large overhangs.
Accordingly, the building consists of a I-shaped main part, where classrooms,
offices, laboratories and parking spaces are located. In a separate rectangular
block, a sport hall is present.

(@) (b)

Fig. 50: Models created in DesignBuilder concerning: (a) School Building #1; (b)
School Building #2.

The School Building #2 is a 6-storey building (including the basement) with a
reinforced concrete frame and a total gross area of about 9900 m?. It consists of a
multi-storey building, where mainly offices and classrooms are located, a two-
storey building containing two sports halls and some classrooms, and a third
single-storey block dedicated to teaching laboratories. Refurbishment works,
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completed in 2013, aimed at complying the structural safety requirements
provided by code rules for existing buildings [161]. Specifically, the structure has
been strengthened by applying steel cage systems for the columns (with L profiles
and transverse plates), introducing steel braces, and strengthening the foundation
by means of steel pipe piles. To meet the energy performances [162, 163], an
extensive renovation of the building envelope was performed, by providing an
insulation layer, installing ventilated facades and by substituting old windows and
doors.

Table 14 summarises the main data of the two school buildings. Due to
confidentiality reasons, the name of the schools and the place where they are
located are undisclosed. However, some boundary conditions are equal as they are
in the same city,. These include the climatic conditions, the distance between the
material production sites and the construction site, as well as the distance to
landfill facilities. The Life Cycle Assessment (LCA) methodology is carried out to
assess the environmental performance of both buildings even if the environmental
impact of the existing school before the renovation and the embodied carbon of
the demolished materials are excluded.

Table 14: Main properties of the two schools analysed herein.

Case study ID Gross Estimated Type of school Cost of
surface  students construction
(m?) (no.) ©

School Building #1 SB#1 13990 1479 Science high 23,500,000
school

School building#2 SB#2 9930 1002 Technical high 10,600,000
school

5.3 Methods

The life cycle analysis carried out in this study is based on the JRC Technical
Report [151]. The analysis is performed at production level, according to EN
15804 [164], and at building level, in accordance with EN 15978 [165]. In these
standards, a modular approach for the definition of system boundaries is adopted,
which enables to allocate the greenhouse gas emissions (GHGs) over the entire
life of a building, i.e. from cradle-to-grave. It includes the building materials
production (Modules Al to A3), the construction stage (Modules A4 and AS), the
use phase (Modules Bl to B7) and the end-of-life phase (Modules C1 to C4).
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Lastly, module D considers the possible benefits and loads beyond the system
boundary, namely those provided by the recycling, recovery and reuse of
materials.

The lifespan of both the buildings investigated herein is assumed to be 50
years, during which the emissions related to maintenance and replacement of
components are neglected. Although assuming the same lifespan for both the
refurbished and the construction of new building could not take into account the
longer life expectancy of new school, it can be considered reasonable within the
Italian context. In fact, 50 years is the average life expectancy that Italian building
code assumes for ordinary structures [70], and it is also the average time that
elapses between major refurbishment works [166].

5.3.1 Life Cycle Assessment

Both the schools have been modelled with Revit software by implementing the
stratigraphy and the geometric dimensions of the projects. In this way, the
volumes of materials are computed and then used as input data to estimate the
embodied CO;. The unitary impact of each material, expressed in accordance with
the climate change indicator, is an input data. The Global Warming Potential
(GWP) indicator was selected for the assessment of the environmental impact of
the two buildings, because it is consistent with the scope of the study. Moreover,
it is the most used indicator in the world, as it provides the result in terms of CO>
equivalent, which is the main cause of global warming [167].

Basically, there are two types of data sources from which the carbon footprint
of materials can be obtained: generic databases (i.e., secondary data) and primary
data, so-called Environmental Performance Declarations (EPDs), provided by
producers. Results coming from the two categories of data can differ even of 25%
for the GWP indicator [168]. This is due to the fact that secondary data are
frequently unreliable, because they are based on average local data. Conversely,
EPD is nowadays associated to all the new building material. Thus, using product-
specific primary data is recommended.

In the current analyses, when no specific design indications were available,
the same EPD is associated with the common building components and materials
(openings, insulation layers, etc.), in order to make the results of the two buildings
comparable.
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5.3.2 Thermal analysis

The evaluation of the CO> - eq. emitted by the two buildings in 50-years of use
(Module B) has been carried out through the thermal analysis of the building,
developed within DesignBuilder [169]. These models are shown in Fig. 50.

As a result, the energy for heating and cooling the schools, and that used for
Domestic Hot Water (DHW) over the years is computed and converted in terms of
CO: - eq. by means of suitable conversion factors [170]. Specifically, an electric
heat pump system (EER = 1,75) is used to cool both the schools, whereas the
needs for heating and DHW are produced by a heating system (COP = 0,85)
powered by natural gas. System losses are not assessed. The emissions related to
internal furniture, equipment and lighting system are neglected as well, because
they are not comparable due to the energy intensive laboratories present in School
Building #2 (SB #2). The overall impacts of the two buildings are calculated by
summing the contributions from the short-term (i.e. construction phase, in section
5.3.1) and the long-term (i.e., use phase, in section 5.3.2), assessments. To
compare the results, two functional units are considered herein:

e CO: - eq. emissions per unit of gross building area (kg CO> — eq/m?);
e (CO; —eq. emissions per student (kg CO> — eq/pers.).

5.4 Materials

For both the schools, information on the materials is provided, even if suppliers
and the relevant locations are unknown. Thus, EPD was seclected for each
material, assuming the same producer when a component is present in both the
buildings. On the other hand, the embodied carbon of the materials demolished in
the School Building #2 has not been taken into account, because the type, the
amount, and the percentage of possible recycling, renewal or reuse are not
included within the project. Building materials are aggregated into three
categories, namely Skin, Space Plan, and Structure, following the layered division
(the so called shearing layers) originally suggested by Brand [171], and updated
by other authors [172, 173]. Through this approach, the contributions to the
overall embodied carbon of the materials given by building envelope (Skin),
interior building components (Space Plan), and structure, are computed. As
expected, School Building #1 included a quantity of materials larger than that of
SB #2. In fact, the existing materials of School Building #2 are not included in the
assessment. A significant volume of reinforced concrete has been used in School
Building #1 because only concrete provides the strength and durability
performances required for some structural elements such as foundations, retaining
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walls, ground slabs and staircase envelope walls, whilst the rest of the structure is
mainly made of wood.

5.5 Results

5.5.1 Comparison of School Building #1 and School Building #2

The histograms of Fig. 51 depict the results in terms of CO; - eq., calculated by
multiplying the quantities of materials by the unit emissions reported in the
corresponding EPDs.
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Fig. 51: Embodied carbon of building materials grouped into macro-layers: (a) total
amount; (b) amount per unit of gross building area (u.a.); (¢) amount per student

In Fig. 51a the total amounts of CO; - eq. of the two buildings are reported
and divided into the percentages of macro-layers. School Building #1 accounts for
the largest embodied carbon of materials, as GHG emissions are 40% higher than
in School Building #2. This is due to the greater amount of materials used in new
constructions. On the other hand, as shown in Fig. 51b and Fig. Slc, this
difference shrinks when the Embodied carbon is referred to the unit of gross floor
area and to the number of students, respectively. The incidence of the materials of
the building envelope is higher in SB #1 than in SB #2, whereas materials
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belonging to Space Plan and Structure have a greater impact in SB #2. Indeed, the
envelope of both the buildings include expanded polystyrene, glass and
aluminium of the windows, which generally have a high environmental impact.
On the other hand, the structure and the internal partitions of SB #1, made of
wood (which is a biogenic source of carbon storage and highly recyclable), have
negative values of CO: emissions (modules A1-A3 and D). Therefore, it
compensates the CO» - eq. of the high-impact materials such as concrete and steel.

In the histograms reported in Fig. 52a, the three types of energy needs
(heating, cooling and DHW) are compared. Their incidence as a percentage of the
total required energy, computed over one year of use of the two buildings, can
also be observed. If on the one hand the heating requirement is the same in both
the school (i.e., 76% of the required energy), on the other hand the energy for
summer cooling is higher in SB #1 than in SB #2. In fact, the lower thermal
inertia of wood has a marginal effect. Due to the large number of labs and sport
halls, hot water consumption in SB #2 is larger than in SB #1. However, the most
interesting result is the higher overall energy consumption of SB #2, which is
about 6% higher than that of SB #1, despite its smaller size and share of students.
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Fig. 52: Comparison of operational energy of buildings grouped by districts: (a) total
amount; (b) amount per unit of gross building area; (¢) amount per person.
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Fig. 53: Comparison of overall CO; - eq. emissions marked by sources (material and
energy needs): (a) total amount; (b) amount per unit of gross building area; (¢) amount
per person.

Indeed, this percentage rises to 50% and 57% when related to the gross
building area (Fig. 52b) and the number of students (Fig. 52¢), respectively. Such
result is due to the intrinsic difficulties of making an existing building as efficient
as new constructions, because some technical solutions cannot be always put into
practice. For instance, in SB #2, some thermal bridges cannot be removed, and it
is not possible to modify the orientation of the glazing or to install shielding
systems to exploit solar radiation optimally.

Multiplying the energy needs by the proper emission factors, the CO; - eq.
emissions produced by energy requirements over the 50-year lifespan of the
building can be calculated. Fig. 53a summarizes the overall emissions, and the
related percentages, due to both materials and energy systems. However, these
results are strictly dependent on the assumptions made and boundary conditions,
and therefore cannot be generalised. Furthermore:

e As shown, global CO; - eq. emissions are strongly affected by winter
heating demand (both School Building #1 and School Building #2 are
located in an alpine area). Therefore, different results can be obtained if
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the same analysis are performed in a warmer climate scenario, where the
effects of thermal inertia on the thermal behaviour of the building prevails
over the transmittance of the building envelope.

e With respect to the embodied carbon of materials, reference has been
made to the primary data contained in EPDs. Therefore, the result is
strongly influenced by the scenarios assumed by the producers, in
particular related to the end of life of the material. For instance, the
company producing the timber elements assumed their complete recycling
at the end of life.

e A lifespan of 50 years has been assumed for all building components in
both schools. Actually, they usually differ according to their function [171,
172, 173], yet it is difficult to reliably estimate their lifespan since it
depends on the intrinsic characteristics of the material and the local
practices. Besides, emission factors, used to convert operational energy
into CO» - eq. emissions, are assumed to be constant over the lifespan, yet
increasing the use of renewable energy sources and improving efficiency
of energy production plants is expected in the future, which might lead to a
decrease in the emissions related to energy needs.

e The environmental impact of the excavation of foundations in School
Building #1, along with materials demolished in School Building #2 and
sent to landfill or to the recycling, renovation, reuse chain was not
considered due to lack of information. However, it is reasonable to assume
that their influence on the total CO2 - eq. computation is small. Also, the
consumption of undeveloped land, due to the construction of the new
school on a vacant lot, is not taken into account.

5.5.2 CO: — eq. emission and cost reduction due to the energy
refurbishment of the SB#2

With respect to School Building #2, an interesting analysis concerns the long-term
benefits of energy refurbishment. For this purpose, in addition to the thermal
model of the building after renovation, another model representing the thermal
behaviour of School Building #2 before the building intervention was also taken
into account. By comparing the two models, a 26% reduction in energy
consumption was estimated for the school building. The greenhouse gases and
cost for energy needs over the lifetime of the building (50 years) were evaluated
by multiplying the energy needs of both the building configurations by the
conversion factor in kg CO2 — eq. [170] and by the unit energy cost, respectively.
The unit energy cost (€E/kWh) refers to the business use, according to the latest



106 Sustainability of school buildings

official estimates (September 2021) [174]. The results obtained are shown in
Table 15.

Table 15: Energy consumption, total CO; - eq. emissions and overall costs for
the construction work and energy needs assessed in School Building #2. The end of
the construction work and the end of the building's lifespan are used as the
reference timeframe.

Parameter With refurbishment  Without refurbishment
Annual energy needs (GWh) 724,62 984,23
Ey (t CO;—eq.)! 1340,02 [-]
Eso (t CO2—eq.) ? 15058,69 18573,54
Co (million of €) * 10,6 [-]
Cso (million of €) * 17,38 9,20

LEo=CO0: - eq. emissions after the end of works; 2 Eso0 = Total COz - eq. emissions at the end of the 50-

year building lifespan; 3 Co = Cost of refurbishment; 4 Cs0 = Total cost for both refurbishment and energy
needs at the end of the 50-year building lifespan.

As can be seen in this Table, the overall amount CO> — eq. emissions 50 years
after the renovation work are lower than those that would have been achieved
without the renovation itself. In other words, improving the building's energy
performance offsets the emissions due to the carbon footprint of the new materials
used in the renovation within the lifespan period of the school building, as
illustrated in Fig. 54.
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Fig. 54: Comparison of greenhouse gas emission trends during the lifespan of the
School Building #2 with and without energy retrofitting.
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Fig. 54 shows that the carbon footprint of building materials is recovered after
about 14 years (Tgr). Therefore, improving the energy performance of the school
is an eco-friendly measure over the entire lifespan of the building. On the other
hand, the cost savings incurred for energy requirements are not such as to offset
the cost of the rehabilitation. In fact, it would take approximately 218 years to
recover the whole cost. However, as can be seen from Table 16, the estimated
annual energy cost saving is almost 50000 €.

Table 16: overview of offsetting emissions and renovation costs due to
improved energy performance of School Building #2

Parameter Emissions of CO; — eq. Costs
Offset period (years) 13,8 2184
Annual saving 97,08 t CO2 —eq. 48.538 €
Total saving (50 years) 4.854,87t CO; —eq. 2.426.931 €

This study shows that, in a specific climatic context, characterized by harsh
winters and mild summers, the solution of building a new school with eco-
friendly materials, such as wood, should be preferred to the refurbishment of an
existing school in reinforced concrete. On the other hand, the renovation of the
existing school has proven to be a worthwhile solution in the long term. In fact,
the reduction of energy demand led both to the offsetting within the building's
lifespan of the embodied CO; of the new materials and to substantial savings in
energy costs. In addition, the significant rise in energy costs observed since the
end of 2021 may emphasise the savings achieved through renovation, shortening
the payback time of the retrofitting cost. Thus, the outcomes of the research can
be implemented in a decision-making process that compares the benefits and
drawbacks of the two alternatives, within the public building sector.
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Chapter 6

Conclusions

The ageing of the school building stock, revealed by both the MIUR open data,
and the survey carried out with the cooperation of the “Direzione Regionale
Opere Pubbliche” Office, is mainly due to the typical Italian culture of
conservation. In fact, structures in Italy have always been conceived as if they
should last forever, without demolition and reconstruction programmes. On the
other hand, maintenance and renovation of ageing structures has often been
lacking. However, as can be observed from an analysis of the old code rules and
durability problems of the structures, many schools were designed and built
without considering these problems. When design and construction deficiencies
combine with a lack of proper maintenance and retrofitting planning, a high
structural risk could be reached. Moreover, along with the well-known risks that
can be easily identified by analysing the original projects, or by a visual
inspection, also 'hidden' risks can be found. These include risks related to the low
mechanical performance of the structural materials, which can only be detected by
specific tests on the existing structures, or to elements whose properties or even
existence are unknown due to a lack of design information. Therefore, it is
necessary to analyse each school building carefully, giving priority to those with
the highest risk, depending on the construction techniques and the period of
construction.

6.1 Recommendations on design criteria

The historical evolution of both pedagogical models and space utilisation thinking
described herein, have shown that school buildings should be designed for
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flexibility and adaptability. These goals are achieved by adopting lightweight,
easily movable and design-for-disassembling construction techniques, such as
internal plasterboard partitions. In other words, the school building on the one
hand must certainly be safe and robust, yet, on the other hand, it must not be
designed to remain unchangeable, but rather must be capable of keeping up with
the times. In this regard, design-for-disassembly plays a key role also in the
sustainability of a building. Indeed, elements that can be disassembled and reused
do not have be disposed in landfill. This is one of the main principles on which
the circular economy is based. In general, the sustainable approach should be one
of the main principles to be followed when designing new schools, and retrofitting
an existing one as well. In section 4.3, the carbon footprint was one of the
parameters evaluated, showing that the cement substitution with different
percentages of fly ash allows for a reduction in CO; emissions while maintaining
good mechanical performances. However, ensuring the sustainability of a school
building does not mean the irrational replacement of traditional structural
materials, which generally have a high environmental impact, with eco-friendly
materials. For instance, wood is a material that, despite having a very low carbon
footprint and good thermal performance in the winter regime, does not perform
well in summer conditions, due to its low thermal inertia. In fact, the analysis
carried out within the decision-making process must be extended to the whole
building life cycle, using the LCA methodology.

Regarding both the structural types to be used in new constructions and the
techniques for strengthening existing structures, there is a plethora of them that
have proven to be reliable during earthquakes. Therefore, the challenge facing
research is to develop new affordable materials, rather than devising better-
performing materials and techniques. This would mean working on more school
buildings while using the same economic resources.

Concerning non-structural elements, the main critical issues concern doors
and windows, and the fastening systems. The former are particularly prone to
even low stresses and strains transferred by the elements they are fitted to, which
can compromise their functionality and integrity. Regarding the latter, there are
neither specific requirements for the use of certified anchoring systems, nor
calculation methods for their design and check. Therefore, they could represent
the weakest part of non-structural elements.

6.2 The key role of data collection for future planning

The ARES forms was a worthwhile step toward the introduction of a database
providing an overview of the Italian school building stock. However, taking into
account the potential represented by current technologies, this system is rather
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outdated and limited. The shortcomings are related to the data collection and
management methods, as well as to the quantity and quality of the data. The data
collection system is rudimentary because it does not allow filtering out wrong
data, besides well-defined evaluation criteria to obtain consistent and comparable
data are not established. Furthermore, the system has only one open-data level that
contains general information in the public domain. Technical information
resulting from detailed seismic vulnerability analyses or retrofitting interventions
is not included. This information is stored by the school owner in electronic files
or, as usual practice until a few years ago, in CD or only on paper folders.
Therefore, the analysis of projects and data can only be carried out by visiting the
archives in person. In other words, there are no shared databases containing such
data with instant access. However, the information gathered through surveys on
structural elements, non-structural elements and material performances (regarding
a vulnerability analyses or structural strengthening interventions) represents a
body of knowledge that can be useful for practitioners to carry out more efficient
projects. They should be collected in shared databases that allow obtaining
reliable data on school structures based on a few information such as the period of
construction and location. For this purpose, a smart system for collecting technical
information, similar to the materials database proposed in Section 3.4, needs be
created.

As BIM methodology is a key solution that is being progressively
implemented for new public buildings, it should be introduced also for all new
schools and the refurbishment of existing ones. In fact, the primary objective of
the BIM is to store very detailed data on any building component, with rapid and
multiple ways to extrapolate them. This is extremely useful for maintenance and
intervention planning. Along with the BIM, it would be necessary to devise a
specific school buildings management system for the rest of the school buildings
without a BIM-based project yet, where collecting data from the original project,
surveys and vulnerability assessments. This system should be designed to be
consistent with the BIM data format to enable data import, comparisons and
evaluations.

6.3 Further investigations

Some topics dealt with in this work were not extensively addressed due to their
broadness, the limited timeframe and the bureaucratic difficulties faced in
obtaining data from the relevant authorities.

Concerning the strength-for-age curves of concrete and steel reinforcement in
existing schools, it would be necessary to extend the geographical area of research
beyond Piedmont. Furthermore, the investigation scope should be extended to
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other characteristics of structural elements (such as geometry and quantity of
reinforcement). This information could be included in the database described in
the previous paragraph to be shared with school building owners and designers. In
this way, it would be possible to carry out large-scale vulnerability analyses of
school buildings storing from a few input parameters, such as location, size,
number of floors and age of construction.

Regarding the newly proposed method for retrofitting existing RC beams by
applying precast UHP-FRCC panels, new experimental campaigns should be
carried out to address the following issues:

e scale effects by means of full-scale beam testing;

e production of precast panels to be applied to the side faces of the beam,
which could increase its shear strength and ductility, whereas panels
applied on the upper side would increase the negative moment capacity at
the beam nodes (cast-in-situ UHP-FRCC on the extrados of bridge girders
to increase resistance against both negative moment and abrasion due to
traffic vehicles is currently used [176]). In fact, only an overall
strengthening of the beam can significantly improve the performance of
the beam against the seismic action, with benefits for the structural
behaviour of the whole structure. Further testing is needed to investigate
the panels' optimal performance and size and the filling layer's injection
methods;

e providing numerical models as design tools to size the panel, tailoring the
mix design of the UHP-FRCC and the structural checking of the
retrofitting beam according to the required performance in terms of
strength, ductility, and carbon footprint.

e application on real beams to investigate the operating procedures for
injecting the filler layer and tightening the screws, allowing the technique
to be improved and the cost and time of production and implementation to
be evaluated.

In general, a win-win solution consists of facilitating the cooperation between
Universities and School Building Observatory, and other school authorities as
well. It would allow a faster safety target to be achieved through a division of
tasks. The authorities could deal with the data gathering, to be shared with the
Universities, and with the identification of critical issues in school buildings.
Moreover, they should identify the needs and open issues facing the public
administration that the University can help to address. The Universities, by means
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of data processing and experimental research, could suggest new design
approaches and monitoring programmes, devise new techniques for structural
retrofitting and energy efficiency, along with recommending best practices.
Nevertheless, only when the bureaucratic barriers between institutions are
removed, a more systematic analysis on the safety and the sustainability of the
Italian school building can be performed by using approaches introduced in this
work.
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