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Foreword

Our buildings are ageing, posingan urgentneed for renovation to alignwiththe goals of multidimensional European and
international policies. The built-up area in Europe covers 25 billion square meters, 10 billion of which were constructed before
1960 and 20 billionbefore 1990.40% of the European Union (EU) buildingsare locatedin seismicproneregions and were
built without modern seismic design considerations. Apart from Member States with moderate and high seismic risk, such as
Greece, Italy and Croatia, with a severeimpact from earthquakes during the last decades (fatalities, injuries and economic
losses), attentionshouldbe drawn to regions with lower risk, e.g. in France and Spain. At the same time, buildings stand outas
one of the most energy consuming sectors, therefore having a negative environmental impact. In fact, buildings are
responsible for 40% of EU energy consumption and 36% of the EU total CO, emissions, whereas 75% of the EU existing
building stock is considered energy inefficdent The highest amount of energy usein old buildings derives by far from the
operational stage of their life (e.g. heating, cooling), resulting in a significant source of carbonemissions with detrimental
effects on climate change.

Notwithstandingthis negativeimpact, the building sector provides a unique opportunity to create, through risk-proofed
renovation, a safe, sustainable, and resilient built environment which promotes wellbeing and economic growth, and ensures
that EU energy and climate targets are met. In this context, the European Parliament entrusted the European Commission’s
Joint Research Centre with the two-year pilot project “Integrated techniques for the seismic strengthening and energy
efficiency of existingbuildings” or REEBUILD.

REEBUILD aims to define technical solutions that can reduce seismic vulnerability and increase energy efficiency of existing
buildings, at the same time and in the least invasive way. Thereby, increased earthquake resilience and limited environmental
impact of buildings is sought by protectinglife, economy and the environment. The project has the followingkey-objectives:

— Definethetools and guidelines to reduce, all at once, vulnerability and energy ineffidency of buildings
— Stimulate theuse of integrated solutions

— Createawareness about the topicin theaim of prevention

— Increaseresilience of the built environment to seismic hazardand climate change.

The geographical scope of the project covers EU seismic prone regions. However, all EU citizensare potential benefidaries of
theproject sinceit can easily be extended to all EU regions considering the ageing of existingbuildings and other hazards,
including extreme climaticevents.

In a policy context, REEBUILD provides scientificadvice to support the development of an action plan, which shall supplement
existing European Unionpolicies and initiatives in the field of buildings’ renovation. Crucially, the European Green Deal (COM
(2019)640) emphasises the need for a Renovation Wave (COM (2020)662), supported by the New European Bauhaus to
create sustainable, inclusive and beautiful living spaces. The plans to put the European Green Deal into effect further
contribute to the economicrecovery followingthe COVID-19 pandemic. In the Energy Performance of Buildings Directive
(Directive 2018/844), besides reducing greenhouse gas emissions, measures related to seismic risk and fire safety are
encouraged for planning long-term renovation strategies. The implementation of cleanand ciraulareconomy principles for the
constructionsectorto achievea climate-neutral society by 2050 are stressed in the new Circular Economy Action Plan (COM
(2020)98) which also addresses the revision of the Construction ProductsRegulation (Regulation (EU) 305/2011). The new
idea for a holistic approach to the renovation of buildings is in line with the Union Civil Protection Mechanism (Decision (EU)
2019/420), with respect to disaster preventionmeasures and theintegration of risk reduction and cohesionpolicies. Likewise,
the Action Plan on the Sendai Framework (SWD 2016/205) encourages investment in disaster risk reduction, integrating "Build
Back Better" principles for a more resilientbuilt environment The European Framework for Actionon Cultural Heritage (SWD
2018/491) emphasises the need to safeguard cultural heritage against natural disasters andclimate change, and relevant
measures are encouraged when planninglong-term renovation strategies and national disaster risk reductionstrategies. The
above policies and initiatives contribute to the implementation of the 2030 Agenda for Sustainable Development (Resolution
2015/A/Res/70/1) and the Sustainable Development Goal 11 “Make cities and human settlements inclusive, safe, resilientand
sustainable”.

Integrated retrofittingof existing buildings can be seen as a nexus between polides improvingthe disaster resilience of the
EU, encouraging the energy renovation of buildings, promotingcircularity within the building sector,and protecting cultural
heritage.

Several activities were foreseen to achieve the REEBUILD objectives. EU buildings requiring upgradingwere identified, and
existing seismic and energy retrofit technologies were assessed in a life-cycle perspective. Combined retrofitsolutions were
explored based on available technologies and recent scientific developments in the field. A simplified method for the
assessment of the combined upgrading was proposed and applied to case studies of representative building typologies
retrofitted with the identified solutions. Seismic risk and energy performance of buildings along with socioeconomic aspects
were assessed at regional level throughout Eurape. Such regional assessments were used to identify appropriate intervention


https://europa.eu/new-european-bauhaus/index_en
https://knowsdgs.jrc.ec.europa.eu/intro-policy-mapping

scenarios based on their regional impactand highlight the regions where interventions are of higher priority. National, regional
and local authorities, industrial associations and expert communities were involved in enquiries and discussions of relevant
implementing measures (legislation, incentives, guidance and standards), technologies and methodologies for the combined
upgrading of existingbuildings. Dissemination and outreach is further supported by reports, a web platform and public
communicationmaterial. REEBUILD activities were organisedin five main actions:

1
2.
3
4.
5.

Overview and classification of technologies for seismicstrengtheningand energy upgrading of existingbuildings
Analysis of technologies for combined upgrading of existingbuildings

Methodologies for assessingthe combined effect of upgrading

Regional impact assessmentand contributions to an action plan

Stakeholders’ engagement.

This report proves an overview of the seismic upgrading techniques that target reinforced concrete, masonry and steel
buildings, as such buildings constitute the largest majority of the Europeanbuilding stock. The reviews focuses on novel
upgrading techniques, as well as on the specifics of the European Union (EU) territory.
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Abstract

The present report provides a review of the seismic upgrading techniques for reinforced concrete, masonry and steel buildings,
which constitute the majority of the building stock in the EU. Seismic upgrading techniques are divided in two major
categories, dependingon the way they “treat” the structure. The first category includes the ones that operateat the element
level (local measures), and the second those that operate on the structure as a whole (global measures). Naturally, when it
comes to upgrading an actual building, varioustechniques can and should be combined, addressingits specific characteristics,
so that an economic strengthening scheme can be designed. Depending ontheir age as well as the materials used, seismic
upgrading techniques can be divided into conventional and novel ones. The report putsmore emphasis on the latter, although
it does include short descriptions of the former, for the sake of completeness.






1 General

Undoubtedly, one of the most important risks that structures located in seismic areas have to stand against is thatof strong
ground motion. In such cases, an earthquake-proof designis necessary, otherwise the risk of seismically-induced structural
damage gets uncontrollably high and can lead not only to economic losses, but also and more importantly, to human
casualties. It is therefore of outmost importance that countries located in seismically active regions:

- Are ableto fully assess the seismic risk and itspossible consequences.
- Are always prepared incase a major event takes place.
- Employ strategies to mitigate the seismicrisk, e.g. via structural upgradingof existing buildings.

The earthquakes, along with their consequences, have been known to mankind since the ancient times, as ancient Egyptians
considered them to be the “God’s Hammer” while Greeks attributed their occurrence to the wrath of the God “Egelados”.
However, they were somewhat underestimated during the early development of most moderncities and theerection of the
first structures, which were designed with minimal or withoutany special considerationsat all regarding the earthquake
loading. Unfortunately, yet logically, earthquakes didhappen, and the failure of several structures gavebirth to the field of
earthquake engineering which matured duringthe 20 century. Duringthe same time, seismic codes and provisions where
introduced andrevised repeatedly, becoming stricter each time, a processthat is still undergoing, albeit witha much slower
rate. Such revisions would typically take place after major earthquake events which would prove the existing regulatory
framework as being in need of improvements.

Taking into account that the maturing process of the seismic codes was gradual and that the rate of constructing new
structures is droppingin most places of the developed world, it is a logical consequencethe fact that a large number of
existing structures is under-designed and thus inneed of seismic retrofitting. As a result, over the past decades, more and
more academic interesthas been focused on developing techniques of seismic upgrading of existingbuildings.

The present report aims at providing a review of the seismic upgrading techniques whichtarget reinforced concrete (RC),
masonry and steel buildings, as such buildings constitute the majority of the building stock. Both traditional and novel
techniques will be discussed, emphasizing on the latter as well as on the specifics of the European Union (EU) territory. A
thorough review on the seismicupgrading techniques focusing only on RC (Gkournelos et al. 2021) and masonry (Gkournelos
et al. 2022) buildings, was recently published by the authors.

1.1 Policy context

Buildings in Europe are responsible for 36% of the CO2 emissions share, and consume 40% of the EU energy consumption
(Directive 2018/844). This huge environmental burden is largely attributed to the low energy performance of old existing
buildings, with one-third of them beingover 50 years old (Economidouet al,, 2011). At the same time,in Southern Europe,
collapses or serious damage of existing buildings duringstrong earthquakes have resulted in significant economiclosses and
loss of human lives. With demolition and rebuilding being neither an economically viablenoran environmentally friendly
solution at large scale, renovation and retrofit strategies are necessary to address the ageing of the EU building stock.
Towards this direction, the European Green Deal (Communication 2019/640) emphasises the need to engage in a
Renovationwave of the existing buildings (Communication 2020/550). Also, the updated Energy Performance of Buildings
Directive (EPBD, Directive 2018/844) indicates that, besides reducinggreenhouse gas emissions, the Member States should
address potential seismic risks whenplanningtheir long-term renovation strategies for buildings.

Moreover, theimportance of safequardingthebuiltheritageis also a key outcome of The European Year of CulturalHeritage
2018 (Decision 2017/864/EU). In its follow-up, a European Framework for Action on Cultural Heritage was established (SWD
2018/491), emphasisingthe need to safeguardour built heritage againstnatural disasters and climate change. Combined
seismic and energy retrofitting of cultural heritage buildings is also explicitly addressed in the Orientation Paperof theUrban
Agenda Partnershipon Culture and Cultural Heritage (formed in 2019); with reference to the JRC project iRESIST+ in both the
SWD and the Orientation Paper. Therefore, it is expected that the future Urban Agenda Action Planand the Action Plan on
Cultural Heritage will recognise the importance of promotingintegrated renovation measures.


https://ec.europa.eu/energy/sites/ener/files/eu_renovation_wave_strategy.pdf
https://ec.europa.eu/futurium/en/system/files/ged/cch_orientation_paper_-_final-public_version.pdf
https://ec.europa.eu/jrc/en/research-topic/improving-safety-construction/i-resist-plus

1.2 Seismicity in the EU

1.21 Geophysical information

Seismicity in the European continent can easily be explained by observingits tectonic plates. Europe’s mainlandis situated on
the western part of the Eurasian plate and only Icelandlies on the junction of two plates, the Eurasianand North American
(see Figure 1).

The most seismically active region of Europeis the southern Balkan Peninsula. Lying on the junctionof threeplates, namely
the Eurasian, the Anatolian and the Aegean, Greece is the most affected country and experiences moderate to strong
earthquakes regularly (see Figure 2). Next to Greece, Italyis a country with high seismicity as well, as a large number of faults
exist along the Appennina mountain ridge, which runs along the whole length of the country. Spain, Portugal, Bulgaria,
southern France and Switzerland do experience some earthquake activity, but to a much lesser extent. At the other end of the
Mediterranean, Cyprus has quite high seismicity, as it is located just above the junction of the Anatolian and the AfricanPlate.

Another seismically active partof Europeis the Vrancea region locatedin eastern Romania, near the Carpathian mountains.
Earthquakes in thisregionare not as frequent, but they are of significantintensity. Last, but notleast, Iceland is a country of
high volcanic and seismic activity, as it gets divided by the border of the Eurasianand North Americanplate.

Another cause of seismicity in the EU is the extraction of gas, which causes small-magnitude earthquakes in the Netherlands.

Figure 3 shows all the recorded earthquakes in Europe since 1998 of magnitude at least equal to or greaterthan4. Herg, it is
obvious thatthe Balkan Peninsula, Italy, Cyprus, Romania and Iceland are those regions within the European continent that are
most affected by earthquakes.

Figure 4 shows the expected peak ground accelerations (PGA) with 10% exceedance probability in 50 years in Europeincluding
Turkey. The regions with the highest seismicity identified above, are the ones that are expected to experience the strongest
ground shakingin terms of PGA values as well.

Figure 1. Tectonic plates of the globe

Antarctic Plate

Source: https://www.worldatlas.com.


https://www.worldatlas.com/

Figure 2. Tectonic plates of southemn Europe

Source: http://eurasiatectonics.weebly.com.

Figure 3. Map of earthquakes with magnitude >4

Source: https://www.seismicportal.eu/.


http://eurasiatectonics.weebly.com/
https://www.seismicportal.eu/

Figure 4. Seismic Hazard map of Europe
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1.2.2 Earthquakesin the EU

The European territory has been struck numerous times in the pastby earthquakes, which have led to extensive damage to the
infrastructure as well as to human casualties. Most events were of magnitude less than 7.0, yet dueto the poor design of
buildings as well as the low quality of the constructionmaterials, their effects proved to be devastating. The next paragraphs
list the countries thathave experienced the heaviest damage and casualties by earthquakes in Europe’s recent history, since
1900.

1221 Italy

Despite not being the most seismically active country, Italy has experienced the greatest by far human losses in modern
European history. Since 1900, more than 39 deadly earthquakes have occurred, claiming the lives of more than 110,000
people. The average magnitude of those earthquakes has been 5.8, an admittedly low number, which exposes the structural
deficiencies and the lack of seismic designin the Italianbuildinginventory.

By far, the deadliest event was the 1908 Messina earthquake (magnitude 7.1), in which at least 80,000 lives were lost,
followed by the 1915 Avezzano earthquake (magnitude 6.7), which took the lives of 30,000 people. During the more recent
years, Italy has, among others, experienced the followingshocks:

- 1968 - Western Sicily,an M5.5 earthquake kills almost 300 people.
1976 - Friuli, themain event of M6.5, along with the two aftershocks of M5.7 and M5.9 kill more than 900 people.

1980 - Irpinia an M6.9 event claims the lives of almost 3,000 people.
2009 - L'Aquila, an M6.3 event kills 309 people.
2016-2017 - Central Italy earthquake, two mainevents of M6.0 and M6.5 kill 299 people (Di Bucci et al., 2021).
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1222 Romania

Romania has experienced a much smaller number of earthquakes, but almost all of them havebeen of high magnitude. In
total, 5 deadly events have taken place since 1900, in which more than 2,500 people have lost their lives. The average
magnitude of these events was 7.0, an admittedly high one, but thanksto the low people density of the affected regions, the
death toll was not higher.

The most seismically active part of the country, Vrancea county, has had four out of the five major events mentioned above,
which arelisted below:

- 1940, an M7.7 event kills 1,000 people.

- 1977, an M7 4 event kills more than 1,500 people.

- 1986, an M7.1 event kills 2 people.

- 1990, an M6.9 event kills 14 people
The last and most recent seismicevent in Romania, took placein Banloc, Timis County (westernpart of Romania), and cost the
lives of 2 people.
1223  Greece

The most seismically active country of Europe, Greece has had a total of 18 deadly earthquake events since 1900. These
events had an average magnitude of 6.6 and costed the lives of a little short of 1,500 people.

The deadliest events of the last century were the 1932 lerissos earthquake (M7.0 and almost 500 casualties), the 1953
Kefalonia earthquake (M6.8 and almost 500 casualties) and the 1999 Athens earthquake which killed 143 people. Other
milestone events were those of Thessaloniki in 1978 (M6.2, 49 dead), Kalamata in 1986 (M6.0, 23 dead) and Aegionin 1995
(MB.5, 26 dead).

1.3 The EU building inventory

1.3.1 Building demographics

Accordingto the EU Buildings Observatory of the European Commission, around 75% of the existing buildings are used for
residential purposes, with an actual percentage that varies from country to country and ranges from 61.6% up to 91.2%.

Concerningtheirage, most buildings were builtduringthe post-war period 1945-1969 and almost half of today’s standing
structures are already 50 years old. This means that a very large percentage of the EU building inventory has already
exhausted the conventional service life that buildingsare normally designed for.

Figures 5and 6 show the percentages and cumulative percentages respectively, of buildingsconstructed at various time
intervals. The EU averageis given along with the specific values for the three seismic countries discussed earlier,and as it can
easily be seen, the trend is roughly the same for all four cases. Here, it becomes obvious that thereis a very largeamount of
existing buildings which, apart from beingold and close to the end of their servicelife, have been constructedusingoutdated
seismic provisions (see Section 1.2.2) and are therefore potentially vulnerable against future ground motions.

11



Figure 5. Bar chart of EU building ages
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Figure 6. Cumulative bar chart of EU building ages
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Taking the aboveinto consideration, it is not surprising that roughly half of the total construction budget in the EU is expected
to be consumed in the repairand maintenance of the existinginfrastructure (European Parliament 2016).
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1.3.2 Seismic standards for buildings

The field of earthquake engineering is a relatively young one, as it was practically bom after the strongearthquakes of the
20" century, whichrendered itsexistence necessary. During the same time, the first seismiccodes started to be issued and
employed in practice, yet they were inadequate to tackle the earthquake problem efficiently. Therefore, they went through a
history of numerous revisions, each time getting stricter until today that they have “matured” to a large extent. The next
paragraphs describe briefly the seismiccode history inltaly, Romaniaand Greece, the EU countries with the highest seismidty,
as examples.

1321 Italy

Interestingly, the first purely engineering recommendations for seismic analysis were madein Italyin 1909, following the
1908 Messina earthquake. At that time, the equivalent staticanalysis usinga percentage of thebuilding’s total mass was
suggested, a process that dominated untilthe mid-1970s. The design spectrum was introduced in 1974and an up-to date
seismic code was adopted. Ever since, the seismiczonation has changed varioustimes, reachingtoday, that a comprehensive
probabilistic seismic hazard model exists for the whole country.

1322  Romania

In Romania, the first seismic zonation was done after in 1941, after the 1940 Vrancea earthquake, and identified a seismic
and a non-seismic area of the country. Then, the first actual seismic regulationappeared in 1963,and was upgraded three
times, in 1977, 1990 and 2006. The latest and currentregulationwas inspired by Eurocode 8, and the country’s zonation was
based on a probabilistic seismichazard assessment.

1323 Greece

In Greece, thefirst seismic provisions appeared only in 1959, a few years after the 1953 Kefalonia earthquake. This code,
which was based on the equivalent static forces method, was slightly enhancedin 1984 with some additional clauses. Then,
the first modern standards wereintroducedin 1995, just after the Aegion earthquake, and were extended in 2000, when the
latest code cameinto force (called EAK2000). Since 2014, the Eurocodes can be used (if selected so) instead of thenational
standards, withan aim to fully adopt themin the near future.

133 Performance in past earthquakes

Over the past years, a number of building damages or even failures and collapses have been observed during strong ground
motion events. These failures can be attributed to various reasons, like the use of poor-quality materials, the design usingold
standards, the use of over-simplified structural models etc.

With regards to RC buildings, the following types of damage and structural defidencies have been observed repeatedly:

- Shear failures of columns and walls, due to lack of capacity design in shear and/or due to minimal shear
reinforcement.

- Short/captive columns that failin shear, because of partially infilled frames.

- Shear failure of joints, due to insufficient reinforcement passing through them.

- Lackof column capacity design, leading to weak column-strong beam frames and reduced redundancy.
- Open ground-storey buildings (pilotis type) - soft-storey mechanisms.

- Pull-out of poorly anchored barsand rebarbuckling in areas of low confined concrete.

- Indirectly supported beams.

- Staircase-relateddamage, due to the introduction of torsional effects, short columns etc.

- Infill wall failure out-of-plane due to their previous in-plane damage and lack of engineered resistance.

13



Unreinforced masonry (URM) as a building material is very similar to unreinforced concrete, as it has a considerable
compressive capacity, but negligible tensile one. This lack of tensile reinforcement is the reason behind many structural
deficiencies and failures observed inURM buildings, especially duringearthquake events. Various different members and
damage types can beidentified in this figure, like for instance:

e In-planeflexureand shear of pillars (column-like elements).
e In-planeflexureand shear of lintels (beam-like elements).
e In-planeshear of walls.

e  Qut-of-planeflexure of walls.

e Separationof walls.

In-plane (IP) actions in masonry result mainly in cracking. These cracks can beunacceptable fromaserviceability point of
view, but in most cases do not compromise the overall stability of a building On theother hand, the out-of-plane (OOP)
response of walls is a much less predictable phenomenon with far more dangerous possible outcomes, including partial
collapses.

Although steel (and steel-concrete composite) structures areincreasingly considered as a suitable solutionfor buildings in
high seismicity areas (due to the very good strength and ductility exhibited by steel, the high quality assurance guaranteed by
theindustrial production of steel profiles andthe reliability of connections), they have suffered significant damage in past
earthquakes. Damage was varied and widespreadin many elements, ranging from colurmns, braces, beams, and beam-to-
column connections.

The above-mentioned damage types that have been observed over the years, along with the numerous experiments that have
been conducted in various laboratories around the academicworld, have provided a great insight to ourunderstanding about
the response of RC, URM and steel buildingsto earthquakes. These failures have led to the birth of earthquake engineering
and in turn to themodern seismic codes we use today in oursocieties.

The poor past performance of the building inventory has madeit clear thatold structures located in seismic areas are in
urgent need of seismic retrofitting. It is therefore of outmostimportance that the involved member states invest funds and
resources towards mitigating the seismicrisk in the near future.

1.4 Seismic upgrading strategies

The damage and failures that occurred during the earthquakes of the recent past, renderednecessary the development of
seismic retrofittingtechniques, so that vulnerable buildings couldbe protected againstpossible future earthquakes. As a
result, the academic field of seismic strengthening was born and since then has attracted a lot of interest both in the
academia as well as in the everyday engineeringpractice.

Seismic upgrading technigues can be divided in twomajorcategories, dependingon the way they “treat” the structure. At first,
thereare the ones that operate at the element level (Local measures)and then those thatoperate on the structure as a
whole (Global measures). Obviously, when it comes to upgrading an actual building, various techniques can andshould be
combined, addressing itsspecific characteristics, so that an economic strengtheningscheme can be designed. Depending on
their age as well as the materials employed in each technique, they can also be divided to conventional andnovel ones.

Figure7 illustrates the goals of structural strengtheninginterventions. When only the deformation capacity of a building needs
to be enhanced, then local measures are typically suffident without generally affectingthe building’s strength and stiffness,
or they affect it marginally. However, if the load capacity and stiffnessalso need to beincreased, global measures will most
likely have to be employed, as achieving a much higher lateral load capacity in a structure via local measures alonewould be
an uneconomicaloption. Lastly, in cases thatboththe capadity and ductility of a structure are in need of improvement, then a
combination of global andlocal measures should be employed.

Instead of increasinga building’s lateral strength, thereis also the alternative of decreasing the earthquake-induced forces,
which can be achieved by reducing the mass and/orreducingthe lateral stiffness of the structure. Mass reduction can be
realized through the use of lighter partition walls, floor removal etc., while stiffness reductionis achieved via the employment
of base isolators and energy dissipation systems. In some cases, mass reduction may lead also to stiffness reduction, e.g.
when replacingmasonry infills by lighter partition walls.
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Figure 7. Seismic strengthening goals
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Figure 8 summarises the main categories of seismic strengthening schemes targeting RC buildings. The most common
measures are given in Table 1, together with the properties they affect. The symbols + and - indicate a possible beneficial or

detrimental effect, respectively, the extent of which willdepend on the specificcase. More details on most of these measures
aredescribed in the next chaptersof this report.

Figure 8. Taxonomy of seismic upgrading techniques
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Table 1. Effect of local and global retrofit measures on building properties (partially based on

Tsionis et al. 2014).
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Local measures
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Global measures
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Bracing systems
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2 Local measures

Local strengthening comprises measures applied to individual structural elements of a building, in order to improve their
mechanical characteristics. By adding for instance, external reinforcement to the existingbuildingmember, the strength (e.q.
flexural and/or shear) and deformation capacity of the latter increases. Traditional techniques make use of conventional
materials like concrete and structural steel are out of scope of this report, whilst novel ones employ more innovative materials
like Fiber Reinforced Polymers (FRP), Textile Reinforced Mortars (TRM) etc., and will be described herein.

2.1 FRP-based systems

2.11 General

Fiber-reinforced polymer (FRP) composites are formed by embedding continuous fibers in a polymeric resin matrix, which
binds the fibers together, and comprise today one of the most popular techniques for the seismic upgradingof individual RC,
URM and steel elements. When compared to traditional retrofitting methods, FRP are a very competitive altemative, as they
offer ease and speed of installation, less labor work, minimum geometric changes, very high strength to weight ratio and
minimum occupancy disruption (e.g. Triantafillou 2001). On the other side, they exhibit very poor behaviorwhen exposed to
high temperatures, in which case they need protection, and demand high quality work to be performed by experienced
personnel).

2.1.2 Fiber types

The most commonly used fiber typein seismic upgradingapplications is carbon (CFRP), due to its high elastic modulus and
excellent durability; however, it is the most expensive material as well. Another, less costly optionis to useglassorbasalt or
even polymeric fibers. All of them have considerably lower moduli of elasticity (roughly 3, 2.5 and 200 times lower than
carbon for glass, basalt and polyethylene, respectively), lower strength, and some of them (glass and basalt) need to be
protected againstalkali corrosion with some kind of coating. For the case of masonry strengthening, low modulus fibers are
very interesting solutions, probably the most reasonable to implementin real structures. Typical stress-strain curves for
various types of fibers aregiven in Figure 9.

Figure 9. Typical o-€ curves for various types of fibers
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Source: Lecture notes, T. Triantafillou

2.1.3 Strengthening methods and material types

2.1.3.1 Reinforced concrete retrofitting

21311 General

FRP are normally used in the field of member strengthening as externally bonded reinforcement (EBR) and can be applied
(typically)in two distinct ways. The first and most frequentis to use FRP in the form of fabrics (Figure 10a) and attach them
to the concrete substrate using epoxy resins. This way, they can be used as shear reinforcementin beams and columns with
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insufficient stirrups in orderto ensure a ductile flexural response. Moreover, when wrapped around columns they provide
confinement to the inner concrete and that way significantly increase the section’s ductility. Alternatively, and rather rarelyin
seismic retrofitting FRP can be used in the form of prefabricated laminates, strips or bars (Figure 10b) to act as external
longitudinal or transverse reinforcementin existingelements and thus increase theirflexural or shear capacity. Strengthening
solutions with FRP are summarized in Figure 11.

Figure 10. (a) Wrapping of RC columns and (b) Flexural and shear strengthening with FRP laminates
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Source: Lecture notes, T. Triantafillou.
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When it comes to seismic retrofitting, FRP have been proved to be most effective when they are used in the formof sheets as
shear reinforcementor as a means to provide extra confinement. A review on seismic retrofittingof RCwith FRP is given in
Triantafillou (2001) and a more detailed treatment on the subject is presented in Pantazopoulou et al. (2016) and in fib

(2019).



2.14 Masonry retrofitting

Fiber reinforced polymers can be used successfully for the structuralupgrading of URM structures, as experimental studies
have shown that they can dramatically increase both the flexural and shear resistance of masonry walls and curved elements,
such as arches, vaults and domes. Moreover, FRP jackets may be used to enhance the capacity of masonry columns through
confinement. In addition to increasing strength, FRP have been successful in increasing the deformation capadity of masonry
substantially. If the above are combined with their excellent durability properties, minimal weightand low disturbance during
their application, one can easily understand why these materialsare getting more popular over time. Typical FRP applications
on masonry buildingsare given in Figure 12.

Figure 12. FRP retrofitting of masonry: (a) In-plane shear strengthening with diagonal and possibly vertical/horizontal strips; (b) near-
surface mounted FRP strips;

2.1.5 Steel members retrofitting

2.15.1 General

The main advantage of FRP over steel in such applications is the highstrength and stiffness to weight ratio, leading to ease
and speed of transportation andinstallation, the immunity to corrosion, and the ability of the material to follow curved and
irregular surfaces; this is difficult to achieve using steel plates. Another advantageis that itsmaterial properties in different
directions can betailored for a particularapplication. As a result, FRP jackets withfibers oriented only or predominantly in the
circumferential direction can be used to confine steel tubes/shells or concrete-filled steel tubes to delay or eliminate local
bucklingproblems, thereby enhancingthe strength and/or seismic resistance of such structures (e.g. Teng et al. 2012).

2.15.2  Flexural strengthening

Similar to an RCbeam, a steel beam (or a steel-concrete composite beam) can be strengthened by bonding an FRP (generally
CFRP) plateto its tension face (i.e. the soffit if a beam in positive bendingis assumed), e.g. Linghoff et al. (2009). The bonded
FRP plate can enhance notonly the ultimate load but also the stiffness of the beam (especially when a high modulus CFRP is
used); the latter means that the strains in thebeam are reduced underthe same load and thefirstyielding of the beam is
delayed. A number of failure modes are possible for such FRP-plated steel beams, includingin-plane bending failure, lateral
buckling, plate-end debonding, intermediate debonding due to local crackingor yielding, and local buckling of the flange or the
web. It should be noted thateven if a beam for which local bucklingmodes are not criticalbefore FRP strengthening, they can
become criticalwhen the strengthening involves only the bonding of FRP to the tension flange only.

2.15.3  Connection retrofitting

Surveys carried out in the aftermath of strongearthquakes, e.g., the 1994 Northridge (California) and the 1995 Hyogoken-
Nanbu (Japan) quakes, showed that extensive brittle fracture developed at connections, particularly welded flange - bolted
web beam-to-column (Youssef et al. 1995). Moreover, surveys carried out during past earthquakes showed that braced
frames, particularly concentric braced frames, exhibit extensive damage (e.q. fracture at bolt holes, weld fracture, local
bucklingetc) at bracing connectionsif they are not properly designed (Tremblay et al. 1996).

Improved beam-to-column connection details shift the beam plastic hinge away fromthe face column. Such details may be
grouped in two categories as a function of the rehabilitation measure adopted: weakeningof thebeam section at a certain
distance from the column flange and strengthening of the beam sectionat the columnface. Strategies to repair beam-to-
column connections in existing buildings, as reported in FEMA 351 (2000). Information on bracing connections may be found in
Di Sarno and Elnashai (2002).
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2.2 TRM-based systems

2.2.1 General

Despite their great success and popularity, FRP still suffer by a number of disadvantages, which make their application
difficultor even impossiblein some cases. Probably the most important oneis theirvulnerability to high temperatures, which
results in their complete disintegration in case of fire, if no fire-protection measures have been employed. The high cost of the
epoxy resins also increases considerably the overall cost of the intervention method, especially when large material quantities
arenecessary. Apart from that, the inability to apply these materials on wet surfaces or at low temperatures combined with
the fact that experienced personnel is required, makes their employment in practice even more difficult. In addition, the
incompatibility of epoxy resins and some substrate materials, as well as restrictions related to intervention strategies for
historicmasonry buildings (e.g. requirements for reversibility), may possibly inhibit the success of FRP application on RC or
masonry.

A possible solutionto address the above-mentioned issues is to use the same fibrous materials (carbon, glass, basaltetc.) in
theform of textiles embedded in cementitious mortars, instead of fabrics impregnatedin epoxyresins. These textiles are
essentially fabric meshes made of long woven, knitted, or even unwoven fiber rovings in at least two (typically orthogonal)
directions. The density (quantity and spacing) of rovings in each direction can be controlled independently, thusaffecting the
mechanical characteristics of the textile and the degree of penetration of the mortar matrix through the mesh. The end
material is called Textile Reinforced Mortar (TRM).

TRM have demonstrated superior performance than FRP as strengthening materials at high temperatures (e.g. Tetta and
Bournas 2016, Raoof and Bournas 2017a,b, Cerniauskas et al. 2020), whereas the TRM mechanical behaviour has also been
found satisfactory after exposure to fire (Triantafillou et al. 2017, Kapsalis et al. 2019). Figure 13 illustrates the application of
TRM in RCand masonry buildings, respectively.

Figure 13. Applications of TRM jacketing on (a) RC column and (b) masonry wall

22.2 Strengthening of RC members

The use of textiles as tensile reinforcement for the fabrication of new RC elements is not new, however their employment in
the field of seismic retrofitting of existing elements has been examined only during the last 15 years. As with FRP, TRM
applications regarding the seismicretrofittingof existing RC members target two mainareas: providingconfinement to the
inner concrete sectionand increasingthe member’s capacity inshear.

Triantafillou et al. (2006) investigated concrete TRM confinementon unreinforced concrete, reportingthat TRM jackets can
provide a substantial gain inthe compressive strengthas well as deformation capacity of concrete cylinders, with that gain
being higher as the number of the confininglayers increases. Those findings were confirmedby Bournaset al. (2007, 2009)
who studied the effectiveness of TRM jackets as a means of confiningRC columns withlimited capacity andalso compared
them to FRP jackets. A significantincrease was again observed both in terms of strength and ultimate deformation. Moreover,
when compared to FRP jackets of equal stiffness, TRM jackets were found to be slightly less effective (by about 10%) in terms
of increasing strength and deformation capadty.

As far as shear strengtheningis concemed, several studies demonstrated that TRM jacketing is highly effectiveinenhancing
the shear capacity of RC members (e.g. Triantafillou and Papanicolaou 2006; Tetta et al. 2015, 2016; Tzoura and Triantafillou
2016). A simple design method for the for the calculation of the contribution of TRM jacketingto the total shear resistance of
RC beams is presented by Tetta et al. (2018). A detailed treatmentof TRM and their usein seismic retrofitting can be foundin
Koutas et al. (2019).
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2.2.3 Strengthening of masonry members

A criticalaspect of TRM-retrofitted masonry is the bond between TRM overlays and masonry substrates. Bond failure may
appear macroscopically as loss of cohesion due to either shear failure of the substrate or theinorganic matrix, or sliding of
thefibrereinforcement inside the inorganicmatrix. Another possible failure mechanism, albeitnot dueto debonding, is the
rupture of the textile. Studies on TRM-masonry bond have been recently performed (e.g. D’Ambrisiet al. 2013, Askouni and
Papanicolaou2017).

Strengtheningof URM walls subjected to out-of-plane or in-plane loading (e.g. Papanicolaou et al. 2007, 2008, Kariou et al.
2018) have proved that TRM overlays are extremely effective in increasing the strength and the deformation capacity of URM
walls and masonry arches (e.g. Kariou et al. 2019), while TRM jacketing was also recently proved very effective for the
confinement of masonry columns (Koutas and Bournas 2020). Design methods are presented e.g. in Triantafillou(2016) and
Kouris and Triantafillou (2019), whereas an overall review of the state-of-the-art on the topic is given in Kouris and
Triantafillou (2018).
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3 Global measures

When a drasticinceasein the lateral load capacity of a structureis needed, local retrofitting measures alone are either
inadequate or usually require extended interventions which make the total retrofitting cost prohibitive. In such cases, global
measures should be selected, aiming at eitherincreasing the structure’s lateral strength or decreasing the seismic demand.

The former is typically achieved by designing and adding new structural elementsto the existing building, thus significantly
increasingits lateral stiffness and resistance. In this category fall various retrofitting techniques, like the addition of metallic
bracing systems, concrete shear walls and the infilling of existing frames with reinforced masonry. The new structural
elements are designed to undertake the majority of the seismically induced loads by controllingtheir stiffness. Therefore, the
existing ones arerelieved and practically contribute only as vertical load bearing elements.

The alternative of decreasing the earthquake induced forces to a given structure in the first place, is normally achieved
through the employment of base isolation systems or energy dissipating devices (dampers). Due to their relatively high cost,
such approaches arenormally used for the rehabilitation of criticaland essential facilities, with expensive and valuable
equipment, or structures where performance well above normal performance levels is required.

A state-of-the-artreview of global retrofittingschemes is provided inthe subsequent sections, which are applicable to RC,
masonry and steel buildings. Again, both traditional and innovative techniques will be analyzed, but more emphasis will be
placed on thelatter.

3.1 Capacity increase

3.1.1 Additionof bracing systems for RC and steel buildings

Adding a bracing system within selected frames of RC and steel buildings appears to be an effective way for enhancing their
stiffness and strength characteristics. The added elements can be designed to fully take up the lateralloads, however, great
caremust be paid to their connections as well as to theincreased axial loads, whichwillbeinducedto the columns. Moreover,
given that in such intervention the works are normally done on the outside frames of the structure, theloss in living space
area and the occupancy disruptionare minimal.

A number of different bracingtypes exist and can be employed to RC and steel buildings. The most usual is that of concentric
bracing (Figure 14a), in which the horizontal seismic forces are resisted by axially loaded members. Alternatively, eccentric
braces (Figure 14b) resist the horizontal forces by a combination of axially loaded members and shear links, which are used
as energy dissipating mechanisms. Different bracing types can be applied to RC and steel structures: V and inverted V-
bracings should be used with caution because of the likelihood of damage in the beam mid-span for steel structures.

Concentrically braced frames (CBF) should be designed accordingto EC8 (1998). However, it is recommended (Goel 1992) to
provide at least 50% of the tensile capacity in compression, for the sake of satisfactory hysteretic behavior. Eccentrically
braced frames (EBF) exhibit excellent performance under earthquake loads because of the high ductility and energy
dissipation capacity. In EBF the braces intersect the beam at an eccentricity e, hence the link beam, i.e. the length of thebeam
defined by e, behaves in shear and/or bending. The link actsas a fuse by yielding and dissipatingenergy and prevents buckling
of the braces. While retaining the advantages of CBF in terms of drift control, EBF represent an excellent configuration for
failure mode control; yet they offer a higher degree of flexibility in locatingopenings. The lateral stiffness of EBF may be
calibrated by varying the length of the link beam; reductions of interstorey drifts more than 50% may be achieved with short
links. Design rules for detailing the link beams should conformto EC8 (1998).

Eccentric braces, when designed correctly, do not exhibit buckling failure types. However, they do thatin the expense of the
frame’s lateral stiffness, whichin some cases mightbe necessary. A possible solution to that is to use concentric buckling-
restrained braces (BRB). BRB are considered amongthe state-of-the-art retrofit options, because they have fully balanced
hysteretic behavior for both tensionand compression even after large inelastic deformations (e.g. Uriz and Mahin 2008).

Bouwkamp et al. (2001) investigated experimentally the efficiency of eccentric,inverted Y braces as a means to retrofit RC
buildings without seismicdesign. They used a set of steel beams, diagonalelements and aductile shear link to replace a
masonry infill in one bay of the structure. The bracing system was designed to have the same shear resistance, but
considerably higher ductility. The authors reported that the retrofitted structure exhibited satisfactory post-peak behaviorand
higher drift capacity. Furthermore, the shear link was reported to have dissipated 45% of the total energy dissipated in the
structure.
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Figure 14. (a) Concentric and (b) eccentric bracing systems
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To address the problem of buckling, which is inherent in braces, buckling-restrained braces have been developed and
constitute anotherviable option. Last, but not least, post-tensioned rods or prestressed cables is a relatively new retrofitting
scheme which can also be employed to solve buckling-related problems.

3.1.1.1 Diagrid exoskeletons

A recently proposed retrofitting scheme for RC frames involves the application of diagonal grids (“diagrids”) from theoutside
of existing RC buildings, in the form of a 3D lattice structure, called exoskeleton (Figure 15). Diagriddiagonal members are
designed to intersectat floors, where they are connected to steel horizontal ring beams, which havethedouble function to
stabilize the diagrid exoskeletonand to collect and transfer the seismicforces from thebuilding floor diaphragms to the
diagrid andto a new foundation system. Diagrid exoskeletons may be combined with thermal insulation, to offer integrated
solutions for combined seismic and energy retrofitting (e.g. Labo et al. 2016, 2017, Marini el al. 2017).

Figure 15. Concept of the diagrid exoskeleton

Source: Courtesy A. Marini, Univ. Bergamo.

3.1.2 Addition of RC shear walls

Adding shear walls is an alternative to using braces as lateralload resistingmechanisms for RC and steel buildings. The new
elements are designed to resist the majority of seismic loads so that the existing elements only play a secondary role. Shear
walls are very effective in reducinginterstorey drifts, mitigatingirregularities, and preventing soft-storey failure mechanisms.
However, their application may be time consuming with high labor costs and significant obstructions to the buildings'
occupancy.
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3121  New shear walls in RC frames

New shear walls can be constructed around an existing column, on the externalside of a selected frame or externally of the
building as buttresses (see Figure 16). It is very important that the new elements are properly connectedto the structure as

well as adequately supported to the ground withnew, strong foundations.

Bush et al. (1991) performed experiments ontwo-storey RC frames with weak columns,in whichRCshear walls were built
around the existing columns (Figure 16a). The authors reported that the lateral strength and stiffness was significantly
increased and thata beam-sway mechanism was achieved. They also observed monolithic response, yet they proposed a
conservative procedure for the designof theanchors.

Figure 16. New RC shear walls (a) placed around a column, (b) external to the frame, (c) as buttress
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Kaltakci et al. (2008) conducted cyclic loading experiments on two-storey RC frames, strengthened with external, buttress-like
shear walls (Figure 16¢). They aobserved a significant increase in the strength and stiffness of the retrofitted specimens,
compared to the as-built one. It is claimed that the proposed retrofitting scheme causes very little occupancy disturbance, as
most of the strengthening works are performed externally to the structure.

Morerecently, Kaplan et al. (2011) tested a two-storey RC building strengthened with an RC shear wall which was constructed
on theexterior side of its middle bay (Figure 16b). They reported a 200% increasein the structure’s lateral strength and a
seven times higher stiffness. Failure occurred along with shear sliding at the base of the wall after the rupture of its
longitudinal reinforcing bars.

For a more detailed treatment of seismic retrofitting with shear walls the reader may refer to the JRCreport presented by
Tsonis et al. (2014).

3.122 RCinfilling of bays

Shear wall RC elements can also be constructed within existing RC frames, thus creating an infillwithhighlateral strengthand
stiffness. In the framework of SERFIN project, PoljanSek et al. (2014) conducted pseudo-dynamicexperiments on a large-scale
testing a 4-storey, 3-bay RCbuilding, at ELSA lab of the JRC. Themid-bay was infilled at its wholelength with an RC wall
having the same width (250 mm) as the surroundingcolumnsand beams (Figure 17). Dowels and starter bars wereused for
connecting the new element to the existing RC frame (Fig. 17). Their distributionwas variable alongthe height of the structure
and CFRP U-jackets were constructed at the ground level, at the columnbases. Theauthors reported that the strengthened
building was able to sustain a 0.25g earthquake without any significant damage. Moreover, the connection of the wall
behaved satisfactorily. It was concluded that the RCinfillingtechnigueis an effective technique for seismic strengthening of
substandard and/or flexible RC frames.
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Figure 17. Serfin Project: (a) RC infill wall dowels and web reinforcement; (b) Prototype testing

Source: PoljanSek et al. (2014).

3.1.23  Reinforced concrete shear walls in steel frames

Steel frames may be retrofitted by constructing RC shear walls, thus efficient dual systems are obtained (Figure 18a). In such
hybrid systems the RC core provides strength and stiffnessfor resisting earthquake loads, whilethe steel frame provides
ductility (e.g. Roeder 1998). The enhanced stiffness, particularly for structures designed originally only for gravity and wind
loads, allows floor driftsto be controlled. However, the added mass is significant, hence, higher seismicforces areattracted,
and significant upgrading of the foundationsis required. For instance, it may be required to modify shallow foundations of
existing frames into deep foundationson piles; the walls present high overtumingmoments when loaded horizontally.

Figure 18. (a) Dual system with steel frame and RC shear walls. (b) RC wall with fully encased steel columns
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Typically, RCwalls are connected to fully encased structural steel members, as shownin Figure 18b for columns. Adequate
steel reinforcement and connectors are required at the connection of the wall with the steel members. For instance, cross ties
should beplaced in the wall for a lengthequal to the section width. This requirementavoids undesirable splitting along
vertical planes inside the wall near the columns. Moreover, shear studs provide a uniformtransfer of forces between the RC
wall and the boundary members. The strength, stiffness and the dissipative capacities of dual systems are comparable to
those of pure RC walls. The in-plane strength of the columns is enhanced by the composite action with the wall. These
boundary members are also effective to delay the flexural hinges in slender walls. Detailing should comply with the
requirements for the design of new buildings (EC8 1998).

3.124 Steelplate shear walls in steel buildings

The selection of novel Steel Plate Shear Walls (SPSW) as the primary lateral force resistingsystem in steel buildings has
increased in recent years as design engineersdiscover the benefits of this option. The response of SPSW under horizontal
loads is similarto a vertical plate girder (Figure 19) in which the columns actas flanges, the steel plateis the girderweb and
thefloor beams act as transverse stiffeners. They provide additional stiffness, strength and enhance the energy dissipation
capacity of frames to which they are connected. The low weight of steel panels reduces theinertial loads on the retrofitted
structure and gives rise to lower additional loads to existing columns and foundations if compared with traditional concrete or
masonry shear walls.

Figure 19. Steelplate shear walls

3.1.25 Slitted shear walls

Slitted shear wallsconsist of a steel plate shear wall with vertical slits. In this system, the steel plate segments between the
slits behave as a series of flexural links, which undergo large flexural deformations relative to their shear deformation,
providing a ductile response without significant out-of-plane stiffening of the wall (Hitaka and Matsui 2003, Jacobsen et al.
2010). The stiffness and strength of the slitted shear walls can be controlledmore or less independently of one another by
changingtheslit design (i.e, slit length, number of slit tiers, and distance between slits). Theintroductionof slitsinthe shear
wall limits the out-of-plane deformation, therefore thereis little need for out-of-plane stiffening Theslitted shear wall does
not haveto occupy the full beam span and may beintegrated into the walls of residentialbuildings, where tall doors or
window openings may be the only locations where earthquake-resisting elements canbeinstalled.

3.1.3 Addition of infills

3.1.3.1  Masonry infills

Judging frompast earthquake experience, it has been recognized that masonry infillshave in most cases been beneficial as
they provide extra lateral force capacity and also reduce the interstorey drifts, thanks to their highstiffness. However, infills
havealso occasionally been the reason for the partial or total collapse of existing structures.

For example, in case they are omitted at the ground storey of a structure, then a soft storey mechanismmightformduring a
strong earthquake, leading to extreme rotation demands to the columns and eventually total collapse. The floor-wise
positioningof infills is also a major factor affectingthe seismic response of a building. If they are not evenly distributed,
torsional effects might be introduced, leading to increased demands to specific RC elements and possibly, their failure.
Moreover, when frames are partially infilled height wise, captive columns form. These columnshave increased shear demands,
much above the ones designed against, and eventually exhibit brittle shear failure. Last, but not least, out-of-plane collapse of
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URMinfills can occur as it has been evidenced repeatedly in the past, with the falling debris posinga serious threat to human
life. This mode of failureis more commonfor URMinfills with low quality connectionto the surroundingframe and is more
likely to occur to infills with pre-existing in-plane damage.

For what concerns steel structures, it is well acceptedalso that masonry infills have a beneficial effect on their strength,
stiffness and ductility (e.g. Saneinejad and Hobbs 1995). For instance, Moghaddam et al. (1988) reported an increase in
stiffness of 15-40 times over that of bare steel frames and an increase in strength of 2.75-9 times.

Taking into account these beneficial effects, practitioners have used masonry infills as retrofitting elements. Recently,
researchers developed innovative concepts based on infill walls, as described next.

3.1.32  FRP-jacketing of masonry infills in RC frames

FRP-jacketingof masonry infills to RC frames was found to enhance strengthand ductility. FRP-jacketed infills can achieve
similar strength and stiffness gains, when compared to RCinfilling, however they exhibit faster post-peak degradation (Erdem
et al. 2006). In other studies, FRP-strengthened infills achieved superior seismic performance thanthe unretrofitted masonry-
infilled frames exhibiting significantly higher strength and stiffness (e.g. Yuksel et al. 2005, 2010, Almusallam and Al-Salloum
2007).

3.1.33 TRM-jacketing of masonry infills in RC and masonry buildings

The effectiveness of TRM jacketing in seismic retrofitting RC frames has been recently investigated experimentally and
analytically.

Initially Koutas et al. (2015a) investigated experimentally the use of TRM as reinforcement for masonryinfills in RC frame
structures. Two three-storey, 2:3 scale RC frames were built and theninfilled with perforated clay bricks. Onespecimen was
tested as-built, while the other was reinforced using TRM overlays over the infillsand CFRP wrappingat the columns’ critical
regions. The connectionof the TRM to the surrounding frame was realized using textile spike anchors or extra TRM patches.
The retrofitted specimens exhibited 56% higher lateral strength, 52% higher deformation capacity and 22% higher energy
dissipation capacity, compared to the as-built ones. Numerical simulations were also performed by Koutas et al. (2015b), who
also proposedan analytical model to simulate the aforementioned retrofittingscheme; themodel was found in excellent
agreement with test results. Themodel was found inexcellent agreement with test results, whereasPohoryles and Bournas
(2020) applied the same modellingapproach, namely a macro-model with an additional tensile tie to account for the TRM, but
calibrated againstall available experiments.

Koutas and Bournas (2019) performed experiments onhalf-scale, single-storey RC frames with masonry infills reinforced with
TRM overlays, to assess the infills’ out-of-plane behavior. The parameters under investigation included the connection
configurationbetween the masonry infillwalland the surrounding RC frame members, and thethickness of the wall. The
authors reported that the out-of-plane performance was dramatically improved in all cases of retrofitted walls, as the
maximum load resisted increased 3.79-5.45 times for single-wythe walls and 2.45 times for the double-wythe walls.
Moreover, the peak load was not governed by the flexural capacity of the wall, but by that of its connections to the
surrounding frame. Lastly, the connection of the TRM reinforcement to the frame was foundto beimportant with respect to
providing a post-peak residualstrengthto the wall.

The combined in- and out-of-plane behavior of TRM-reinforced masonry infills in RC frames was investigated experimentally
by Sagar et al. (2019). Bidirectionalloading of theinfills was achieved by successive application of slow cyclic in-plane loading
and shake table-generated motionfor out-of-plane loading The authors reported thatthe strengthened infills withstood
safely drifts of 2.2%, without compromising their out-of-plane stability. Gkoumelos et al. (2020) showed that in-plane loaded
TRM-strengthened walls outperformed significantly theirnon-retrofitted counterparts, whereas out-of-plane loaded walls with
combined TRM/thermal insulation performed muchbetter or at least as goodas their TRM-only retrofitted counterparts, for
the case with or without prior in-plane damage, respectively.

Recently a combined seismicand energy retrofittingapproach for the building envelopes was explored. Initially, combined
seismic and energy retrofitting with advanced materials was investigated experimentally for the case of masonry (Figure 20a)
subjected to both out-of-plane andin-plane loading (Triantafillou et al. (2017, 2018). A similar system for the concurrent
seismic and energy retrofitting for the case of RC buildings (Figure 20b) was proposed by Bournas (2018) and was
experimentally investigated by Baek et al. (2022). These studies introduced the combinationof TRMwith standard or even
highly fire-resistant thermal insulation materials

The same concept, namely that of combining TRM jacketing with thermal insulation material was further explored in analytical
studies (Gkournelos et al. 2019, Pohoryles et al. 2020, Pohoryles and Bournas 2021). It was demonstrated that, for countries
with high seismicity, the payback time of the renovation costsare reduced when energy is applied simultaneously with seismic
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retrofittingof the building envelope via the combination of TRM and thermal insulation, thanks to large savings related to the
labor costs. Adetailed review on integrated seismicand energy retrofittingwas recently presentedby Pohoryles et al. (2022)

Figure 20. Schematic illustration of integrated seismic and energy retrofitting system for (a) masonry [Source: Triantafillou et al. 2017] and
(b) RC building [Source Pohoryles etal. 2020] envelopes.
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3.1.34 Isolated masonry infills in RC and steel buildings

With the aim of enhancing the seismic behaviour of masonry-infilled RC and steel frames, very recently, Tsantilis and
Triantafillou (2018) proposed an innovative technique, namely by isolating the infill panels through the use of a highly
deformable cellular material (foam) at the interface between masonry infills and the surrounding frame. As illustrated in
Figure 21, infilled steel/RCframes behave similarly to bare frames, that is with negligible interaction with the surrounding
members, for low to moderate seismic excitations. However for strongearthquakes and large interstorey drifts, the cellular
materials become fully compressed, and the infill is activated as a diagonal compression strut, thereby providing extra
strength and stiffnessto the frame-infill system.

Through a systematic experimentalinvestigationinvolving small-scale infilled steel frames, the followingconclusions were
drawn: Critical parameters in the design of isolation jointsmade of cellularmaterialsare the positionof thejoints and their
thickness. Fully isolated infills, that is with joints all around theirperimeter, get activated as diagonalcompression struts at
lateral (interstorey) displacements approximately equal to two times the joint thickness. On the other hand,infills with side
isolation only, provided by vertical joints, get activated muchearlier, at lateral displacementsapproximately equal to thejoint
thickness. Based on these preliminary rules of thumb, the designer may select the joint thicknessneeded to activate frame-
infill interaction at a desired drift.
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Figure 21. Schematic illustration of the proposed concept: (a) response of RC frame with isolation using cellular materials; (b) placement of
cellular material at the frame-infill interface; and (c) behavior of cellular materials in uniaxial compression
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Source: Tsantilis and Triantafillou (2018).

3.1.35 High-performance fiber-reinforced concreteinfill panels

Recent breakthroughs in fiber-reinforced concrete technology have demonstrated thathigh-performance fiber-reinforced
concrete (HPFRC) materials have the advantage of little to no spalling anda ductile tensile pseudostrain hardening behavior
that allows for elementstypically failingin shear to instead have a more ductile flexural failure, through multiple crackingand
spreading of yieldingof the reinforcing bars (e.g. Olsen and Billington 2011). Lignos et al. (2014) evaluated experimentally an
innovative seismic retrofit system for existing steel moment-resisting frames, whichwere designedin accordance with old
seismic provisions. The proposed retrofit system developed by Hanson and Billington (2009), consists of a set of two vertical
infill panels, two steel channel bolted connections, and two steel plates with slotted holes. Each panel utilizes a single layer of
welded wire fabric (WWF) to provide shear resistance and bolster flexural strength. The bottom channel connection is bolted to
threaded studs thatare welded to the top flange of the steel beam of the bottom storey. In order to weld the studs, holes
would be cored into the existingslab of a building exposing the top flange of the steel beam. New threaded studs would be
welded throughthe cored hole and grouted in place. Each set of two vertical infillpanels is grouted into the two-channel
bolted connection. The two HPFRC infill panels are connected at midheight of a storey with two steel plates, which have
slotted holes to allow the vertical movement of the two panels with respect to each other. The slotted holes also guarantee
that theinflection point of the bending diagram of the HPFRC infill panel system is always at midheight of a storey; therefore,
damageis evenly distributed to both infill panels duringan earthquake. The bolted connectiondetails allow for damaged
panels to be removed and replaced quickly after an earthquake, provided that the residual storey drift ratios of the building
arenot large.

This system was tested experimentally through hybrid simulationby Lignos et al. (2014), who concluded the following: (a)
Through microcracking, the proposedinfill panel system dissipates energy during service-level earthquakes and protects the
main lateral resisting system from minor yielding; (b) During a design-level or a maximum considered earthquake, the
proposed retrofit system reduces seismic demands in terms of storey and residual drift ratios compared with the unretrofitted
bare frame by approximately 40%. (c) No out-of-plane deformationsof theinfill panel systemwereobserved during both
testing phases, indicating thatno axial loadis built up in theinfillpanelsduringan earthquake regardless of the level of
lateral deformations. The HPFRCinfill panels reach zero bending strength after 3% rad. (d) The proposed infillpanel system
was proven to work effectively as a retrofit system withouthaving to be replacedin between twodesignlevel earthquakes.
The second ground motion represented a major aftershock typically following a design-level earthquake. (e) No indication of
severe structural damage was observed for both the design-level and maximum considered earthquake in any of the
structural components (beams and columns) of the test frame, includingthe numerical portion of the hybridmodel. The lack
of major structuraldamageis attributed to the energy dissipation through multiple crackingand reinforcement yieldingin the
HPFRC panels during the earthquake.
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3.2 Integrity enhancement of masonry structures

One of the major weaknesses usually encountered in existingmasonry buildings is the lack of structural integrity. This may
result in partial collapse of partsof such buildings, because of their inadequate connection to the neighboring elements. An
example of such a collapseis the out-of-plane, overtuming failure of a whole wall, as shown schematically in Figure 22.

Figure 22. Out-of-plane collapse of wall with inadequate connection
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The best way to tackle this major issueis to tie the walls of a masonry structure togetherinorder to enforce a box-type
behavior. If such a responseis achieved, a number of advantages areimmediately available:

e Overturningfailures, like the one depicted in Figure 22, are prevented.

e lateral loads are transferred more effectively to those wallswhich are parallel to the loading direction. This results
in their in-plane stressing, whichis much more predictable.

e Effectivetying of thewalls activates higherlevels of archingaction for the walls subjected to out-of-plane loading.
As aresult, higher levels of out-of-plane capadty are also achievable.

Based on the logic explained above, a number of techniques exist which target the structural integrity enhancement of
masonry structures, including TRM jacketing presented in sub-section 3.1.3.3. One way this can be achieved is by constructing
confining RCbeam elements at storey heights and, possibly, columnelements at corners andintermediate places within the
body of a wall. Creatingstiff floor diaphragms with proper connections to the surrounding walls is alsoa very effective way
towards achieving a box behavior. As far as special, historic structures are concerned, many of them contain domes and vaults
which in many cases arenot properly integrated with their supporting elements. Their stabilization is therefore of upmost
importance.

3.3 Demand reduction

Although seismic upgradingtechniques that enhance the lateral load and stiffness capacity of a building are typically applied
for mitigatingthe seismic risk, their applicability might be problematic, as for instance, they generally increase the lateral
stiffness and areintroducinghigher seismicforces to the building which might ultimately lead to soil failure, triggering a
global overturning failure mechanism. In addition, the capacity-increase-related techniques do not reduce the floor
accelerations experiencedby the structures during an earthquake suchaccelerations can be critical and lead to the failure of
various non-structural elements. Finally, when sensitive equipment is to beinstalled inside buildings (e.g. hospitals), limiting
floor oscillations becomes critical, and therefore an altemative route to increasingstructural capacity is the reduction of
demand. This may be achieved by using base isolation and/or devices for energy dissipation (e.g. seismic dampers), as
discussed in the followingsections.

3.3.1 Baseisolation

The target of baseisolationis to decouple the building (superstructure) from the understructure foundationsoil, so that the
building is actually subjected to minimal vibrations during a strong ground motion. Base isolationis provided by using various
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isolatorsystems, e.q. lead-rubber bearings, friction-pendulum bearings, elastomeric bearings, which inarease the buildings’s
natural period of vibrationand hence leadingto lower spectral accelerations andsignificantly lower base shear demands, but
at the same to large-period structures with larger spectral displacements. This conceptis illustrated in Figure 23. For this
reason, the employed isolator systems also have damping-increasing characteristicsand/or are combined with supplementary
dampers.

Figure 23. Base isolation concept
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Although baseisolation is clearly an efficient technique for reducing buildings' seismic vulnerability, its applicability in the case
of existing buildings is rather challenging Inserting for instance the isolation system justbelow the building’s ground level,
requires that the vertical elements to be completely cut off sequentially, so that bearingsof any type can be installed. In
addition, bothabove and below the isolation plane, strong diaphragms have to be formed to ensure the uniform excitation of
the superstructure. The design of such a retrofittingscheme should ensure that the building will remainelastic duringamajor
event, without the need of any additional strengthening measures or withonly minor ones. This solution effectively protects a
building against earthquakes andreduces the flooraccelerations to a minimum at all levels, thusminimizingnon-structural
damage and protecting any sensitive equipment. At the same time, minimalor none at all aestheticalterations need to be
doneto theexisting structure, something that is of high importance for heritage buildings.

When incorporating seismic isolators in masonry structures underpinningis needed to provide temporary supports along the
masonry walls to prevent collapse. Acommon techniquein this caseinvolves progressive openingsin the wall to place the
isolators and at the same time to buildan RCbeam mounted over the seismicisolatorsand over the masonry wall. Then, the
temporary supports are removed, transferring the vertical load of the structure to the foundationthrough thebeam and the
isolators (Figure 24).

Figure 24. Isolators between concrete beams and foundation
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Research done by TomaZevic et al. (2009) has shown that baseisolationaloneis not sufficient for improving the seismic
behavior of old masonry buildings without wall ties. Despite of all the merits though, the realization of such a retrofitting
scheme often demands considerably higher amounts of funds, which might notjustify its actualimplementation.

In cases that even the slightest interventionto the existing building is prohibited either for cultural or operational reasons, a
technique similarto the one described above cannotbe employed. To address thismatter, ClementeandDe Stefano (2011)
proposed a seismic isolation procedure which consists of creating an isolated platform under the foundations, without
touchingthebuildingat all. A set of horizontal pipes areinserted below the foundations andthe isolation devices are placed at
thehorizontal diametricplane. Atrench is then formedaround the building, thus completingits isolation fromthe surrounding
soil. At theend of theintervention, boththe structure, as well as the grounddirectly belowit are seismically isolated, without
having affected at all any architectural characteristic of the former. The authors reported that this isolation scheme is
perfectly applicable for historical buildings.

3.3.2 Seismic dampers and passive energy dissipation systems

Seismic dampers are mechanical devices added to the structure with the role of dissipating the energy induced by the
earthquake to the structure. Seismic waves propagate through the soil and from substructure reach the superstructure
carrying a certain amount of input energy. A portion of the energy input inthe structureis being absorbed by superstructure
itself while therest is absorbed by damping devices (active or passive). The passive dampingsystems are mostly used as
energy dissipating systems applied to masonry structures. Dampers can be categorized by three different criteria:
displacement-activated (metallic dampers, friction dampers, self-centeringdampers, viscoelasticdampers); velocity-activat ed
(viscous dampers, viscoelastic dampers); and motion-activated (tuned-massdampers).

3321  Metallicyield dampers

Metallic dampers are displacement activated dampers that are commonly called hysteretic dampers. The increase of the
structure stiffness generates higherbase shear loadsin the superstructure, so often some additional interventions on the
main structure are needed in order to optimize the efficiency of hystereticdampers. Metallic dampers consist of bracing
elements and a yielding metallic element thatis fixed to the chevronbrace elements anda horizontal element of a structure.
A yielding metallic device dissipates energy through a deformation caused by the relative displacement between the structure
above and below the bracing system the device. One of the first metallic damper systems applied in buildings is the Added
Damping and Stiffness (ADAS) system, which was tested extensively by Bergman and Goel (1987) and Whittakeret al. (1991).

The ADAS system has been used for the seismic retrofitting of steel and steel-concrete composite structures e.g.by Aiken et
al. (1993) and Soong and Spencer (2002). ADAS dampers shouldbe designed in such a way that at theiryielding, axial loads
in the braces are lower than the buckling values. The design is therefore uneconomical, because the tensile capacity of
diagonalsis not fully exploited Moreover, these systems need regularinspectionand shouldalso be replaced after large
earthquakes that may cause their fracture. The performance of ADAS dampers depends upon the elastic stiffness of the
structureto whichit is applied. Maximum effectiveness is achieved if the device has high stiffness and high yield strength.

Dueto the fact that application of the ADAS system requires complex and long demolition interventions when applied to
masonry buildings, Benedetti et al. (2014) have studied the use of ADAS system installed on added external concrete walls.
This way the dynamic properties of the structure are changed, but the demolition of existing masonry elements is minimized.
Apart from the ADAS system, a series of alternative metallic damping systems were developed throughout the years: TADAS
(Tsai et al. 1993), Honeycomb Damper System (HDS), etc.

Oinam and Sahoo (2019) recently performedan experimentaland analytical investigation on the use of metallicdampersas a
means to improve the seismic performance of soft-storey RC frames. The damper consists of a shear plate and two end
flexure plates placed along andnormal to the direction of lateral force, respectively. This devicemay be placed e.g. at the
midspan of an RCbeam and supported by steel A-braces. The authors reported thatthe proposed retrofitting scheme was
effectivein improvingthe lateralstrength, stiffness, energy dissipationand the drift capadty of RC frames.

3.322  Viscous and viscoelastic dampers

Viscous and viscoelasticdampers are widely used in the aerospace industry, in tall buildings for dampingthe wind vibrations,
and during the last two decades they have also found their application in seismicretrofitting.

Viscous dampersare velocity activated systems thatdissipate energy without any change of stiffness in the structure.

Viscoelastic dampers (VED) more specifically consist of thinsteel plates combined with viscoelastic material laminates (e.g. Xu
et al. 2010). These materials are able to withstand the high shear strains, which develop duringstrong earthquakes and that
way dissipate large amountsof the seismic energy. Such devices are normally installed at the connectionpoints of metallic
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braces, therefore they can be employed along with a bracingsystem of a broader seismic retrofitting scheme (e.g. see in
Section 3.1.1). A recent devolopment of VED is the so-called rotary rubber braced damper (RRBD), which uses pads
sandwiched between steel plates withthe capacity to rotate (Mehrabi et al. 2017).

Even though they have been proved to be a very effective energy dissipating system, they have rarely been used for masonry
structures strengthening. Branco et al. (2011) have shown that the use of viscous dampers canbe a viable option for the
seismic retrofittingof masonry structures due to the fact thatthese systems are efficient, easy to apply, and reversible. As a
general comment, it should be stated here that the application of seismic dampers in the retrofittingof URM s very rare.

3323  Frictiondampers

Friction dampers (e.g. Aiken and Kelly 1990) rely on the frictiondeveloped between specially treated steel plates, which are
clamped in contact usinghighstrengthbolts. Relative slip occursat a predefined load, which is selected so thatit is not
exceeded under the wind loading cases. The hysteresis loops of these dampers are rectangular, thus resulting in large
amounts of energy dissipationand protecting the structural elements. This type of dampersis also installed within bracing
systems.

Various materialsare used for the sliding surface, such as brake pad material on steel, steel on steel, steel on brass in slip
bolted connections, graphiteimpregnated bronze on stainless steel and other metal alloys. Generally, frictiondevices provide
good performance and their responseis independent fromloadingamplitude, frequency and number of cycles. Therefore, they
combinehigh energy-dissipation potential and relatively low cost; yet they are easy to install and maintain.

Valente (2013) investigated through numerical analyses the use of friction dampers as a means to improve the seismic
performance of existing precast RC buildings. The dampers are selectively positioned at beam-column joints in order to
provide a moment connection, capable of large energy dissipation. The author reported a significant increase in the dissipating
capacity of buildings. Moreover, plastic deformations were concentrated within the friction dampers, protecting that way
columns from severe damage.

3.324  Viscous-fluid dampers

Viscous-fluiddampersare similar to shodk absorbersin a car. They consist of a piston within a damper chamberfilled with a
compoundof siliconoil (e.g. Constantinouet al. 1993), eventually pressurized (Tsopelasand Constantinou 1994, Pekcan et al.
1995). As the piston moves within the cylinderthe oil is forced to flow through smallholes in the piston, thus causing friction.
Viscous dampers have low resistance to deformation when loads are applied slowly, but resistance increases with the
deformationrate. When installed in buildings, usually in bradings, friction transforms seismicinput energy into heat. Thebrace
reduces the deformation in the damper due to storey drift In fact, the former behaves like a spring, so the system is a spring-
dashpot system in series (Maxwell model); therefore, the spring deformability reduces the relative displacement of the
damper. However, this effect is a function of connection flexibility: the higher the connection flexibility, the lower the damping
force. The damper-structure interaction depends significantly on whether the structure undergoes inelastic deformations.

Different types of passive damping mechanisms are the tuned mass dampers (TMD), which wereinitially used to mitigate
wind-induced excitations, but they have also been used in thefield of earthquake engineering. TMD aretuned to a specific
frequency which is chosen to coincide with the structure’s fundamental frequency, so they can be most effectivein reducing
the dynamic response quantities. An alternative to TMD are tuned liquid dampers, whichwork usingthe same principle and
also have lower cost (Soongand Dargush 1999).

3325  Shape memory alloy dampers

SMA dampers are made of shape memory alloys, whichare special metal alloys withsuperelasticproperties, i.e. they can
undergo largestrains (in the order of 10%) with no residual deformationafter unloading. This mechanism is based upon
reversible solid-to-solid transformation (austenite to martensite), which can be either thermalor stress induced. SMAdevices
consist of bars and wires; the former are designed to resistbending and/or shear and/or torsion, andthe latter are used for
pure axial loads. SMA dampershave been studied e.g. by Housner et al. (1997), Dolce et al. (2000), Soong and Spencer (2002),
and Morais et al. (2017). They rely on re-centeringand the high energy dissipation capadty of Ni-Ti alloys; however, the higher
there-centering, the lower the dissipation.
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3326  Self-centrering systems

Ricles et al. (2001), Christopoulos et al. (2002) and Collins and Filiatrault (2003) proposed the design of self-centering
systems for the seismic retrofitting of steel structures. These innovative structural systems: incorporate the nonlinear
characteristics of yielding structures and, thereby, limit the induced seismic forces and provide additional damping
characteristics, encompass self-centering properties allowingthe structural system to returnto its original position after an
earthquake; and reduce or eliminate cumulative damage to the main structural elements.

The use of passive damping devices for seismic retrofittingis aimed at protecting frame components, i.e. beams, columnsand
connections, in the event of moderate-to-severe earthquakes. Reduced storey drifts are guaranteed by the supplemental
damping provided by the devices. Moreover, dampers are effective to mitigate the vibrations due to ordinary environmental
actions, eg,, wind and small earthquakes. Hysteretic (yield) dampers, friction dampers and viscoelastic dampersare advised,
because their design rules are mature, and their enhanced seismic performanceshave been validated inseveral successful
applicationsworldwide.

The development of dampers employing new metallic materials is one of the future directions for passive control using
hysteretic devices (lkeda et al. 2019). Stainless steel is one such new metallic material. The advantages of stainlesssteel are
the high tensile strength, high breaking elongation, good aesthetics, and good recyclability. Test results confirmed that
stainless steel specimens have stable hysteretic loops, higher strength and higher strain hardening in comparison with
common steel. Anew Fe-Mn-Si based alloy, which is a type of shape memory alloy withexcellent fatigue performance, is
another example.
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4 Discussion and conclusions

Dueto the poor structural performance of structures duringpast earthquakes, the field of seismic upgrading of existing
buildings has received great attention both in the academic world and in engineering practice. The present review study
outlined the seismic upgrading methods that have been developed for application in RC, masonry and steel buildings,
emphasizing on novel approaches. Both local and global techniques were discussed and assessed in terms of their strengths
and weaknesses.

When a building has an acceptable level of lateral strength and stiffness, the applicationof localretrofitting measures is
selected. Typically, retrofitting solutions involve jacketing of RC beams and columnsaiming at increasing their flexural, shear
strength, and members’ deformation capacity. FRP have been used successfully in many experimental campaigns as well as
real-world applications for the seismicupgrading of RC, masonry and steel buildings. To address the poor behavior of FRP at
high temperatures, TRM offer a very promising alternative to FRP for RC and masonry buildings, as strengtheningmaterials.
Although TRM may have slightly reduced effectiveness, they are more cost-effective, easy to easy to installand have superior
fire resistance and behaviour at hightemperatures.

Global Structural upgrading techniques, both increasing the capacity and decreasing the demand, were also analysed.
Concerningthe former, addition of bracingsystems, infill walls and shear walls (of different types) were examined; all these
yield a significant increase in a building’s lateral strength and stiffness. Buckling-restrained braces, replaceable infill panels
made of high-performance materials, and isolated infill walls are promising solutions, worth of furtherdetailed investigation.
The additionof RC shear walls, eitheras new elements or by infillingof existing frames, can also be beneficial for the seismic
strengthening of RC and steel buildings. Still, different failure modes need to be considered, depending on the initial
deficiencies of the as-built structure. Moreover, masonry infills consist a very economical way of increasing a structure’s
lateral strength andstiffness. When strengthened using FRP, TRM or reinforced mortar overlays, they formareliable lateral
load resisting mechanism. Finally, integrated seismic and energy upgradingcan be provided in someof the global seismic
retrofittingmeasures reviewed (e.g. by combining TRM, exoskeleton systems, RC/masontry infilling with thermalinsulation). To
enhance the integrity of masonry structures, a number of retrofitting techniques have been developed with the aim of
consolidating the entire structure, improving the stress redistribution capabilities and forcinga box-type behavior.

Last but not least, seismic load reduction techniques were discussed as well, including baseisolation and passive energy
dissipation systems, which can be employed to effectively reduce the seismically inducedvibrations on RC, masonry and steel
buildings. This family of methodsmightnot always be structurally or economically feasible, however it has theadvantage of
minimally altering the aesthetics of the structure to be retrofitted. This feature might make such retrofitting methods
particularly attractive for the protection of monument-type masonry buildings, where the preservation of the original
architectural view is a requirement; or in cases of retrofitting important structures or when vibration control is of outmost
importance, such methods canyield extremely good results.

Selecting the appropriate retrofitting solution for a given structure is a multiparametric problem without a one-fits-all solution.
The specific details of the examined structure, the desired level of performance upgrade, the availability of materials,
specialized personnel etc., and of course, the overall intervention cost need to be accounted for. Moreover, the designof such
retrofittingmeasures usually calls for advanced simulations. Therefore, it is important that engineershave a robust regulatory
framework to follow, so that their designs canbereliable.

With the exception of EN 1998-3, today we lack a regulatory frameworkfor the design of the seismicretrofitting of existing
buildings with novel technologies. EN 1998-3 covers (only partially) FRPs for the enhancement of theshear capacity of RC
columns and walls, for the enhancement of the available ductility at beam or columnends through added confinement, and
for the prevention of lap splice failures through increased lap confinement It is hoped that the upcoming version of the
Eurocodes will play some role with respect to that matter. To the best of the authors’ knowledge, the upcoming version of EN
1998-3 will include revised models for FRP retrofitting of RC members. Moreover EN 1998-3 will make also reference to
vertical and horizontal steel bars, FRP or other composite strips as a means of strengtheningmasonry walls, as well as to the
possibility of adding bradngs, dissipative passive or active devices, without providing specificdesign guidance. However other
novel techniques, as disaussed in thisreport, do not seem to be covered, despite the fact that research has already advanced
substantially, and certainly more than for the case of traditional techniques. This is a gap that needs to be filled.

The authors believe that research gaps with regards to seismic upgradingof RC, masonryand steel buildings with novel
techniques are generally minor. An emerging field, which will progressively be gaining the attention of the scientific
community, is the integration of today’s novel seismic upgrading techniques withinterventions for energy upgrading induding
advanced materials, and possibly with low cost - yet reliable - systems for smart monitoring
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GETTING IN TOUCH WITH THE EU

In person

All over the European Union there are hundreds of Europe Direct centres. You can find the address of the
centre nearest you online (european-union.europa.eu/contact-eu/meet-us en).

On the phone or in writing

Europe Direct is a service that answers your questions about the European Union. You can contact this
service:

— by freephone: 00 8006 7 8 9 10 11 (certain operators may charge for these calls),
— at the following standard number: +32 22999696,

— via the following form: european-union.europa.eu/contact-eu/write-us en.

FINDINGINFORMATIONABOUTTHE EU
Online

Information about the European Union in all the official languages of the EU is available on the Europa
website (european-union.europa.eu).

EU publications

You can viewor order EU publications at op.europa.eu/en/publications. Multiple copies of free publications
can be obtained by contacting Europe Direct or your local documentation centre (european-
union.europa.eu/contact-eu/meet-us en).

EU law and related documents

For access to legal information from the EU, including all EU lawsince 1951 in all the official language
versions, go to EUR-Lex (eur-lex.europa.eu).

Open data from the EU

The portal data.europa.eu provides access to open datasets from the EU institutions, bodies and agencies.
These can be downloaded and reused for free, for both commercial and non-commercial purposes. The
portal also provides access to a wealth of datasets from European countries.
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