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Foreword 

Our buildings are ageing, posing an urgent need for renovation to align with the goals of multi dimensi onal  Eu ropean and 
international policies. The built-up area in Europe covers 25 billion square meters, 10 billion of which were constructed before 
1960 and 20 billion before 1990. 40% of the European Union (EU) buildings are located in seismic prone reg i ons 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 severe impact from earthquakes during the last decades (fatalities, injur ies and economic 
losses), attention should be drawn to regions with lower risk, e.g. in France and Spain. At the same time, buildings stand out as 
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 CO2 emissions, whereas 75% of the EU existing 
building stock is considered energy inefficient. The highest amount of energy use in old buildings der i ves by far  from the 
operational stage of their life (e.g. heating, cooling), resulting in a significant source of carbon emissi ons wi th det r imental  
effects on climate change. 

Notwithstanding this negative impact, the building sector provides a unique opportunity to  create, through r i sk-p roofed 
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  Commissi on ’s 
Joint Research Centre with the two-year pilot project “Integrated techniques for the seismic strengthening and energy 
efficiency of existing buildings” or REEBUILD. 

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

— Define the tools and guidelines to reduce, all at once, vulnerability and energy inefficiency of buildings 

— Stimulate the use of integrated solutions 

— Create awareness about the topic in the aim of prevention 

— Increase resilience of the built environment to seismic hazard and climate change. 

The geographical scope of the project covers EU seismic prone regions. However, all EU citizens are potential beneficiar ies of 
the project since it can easily be extended to all EU regions considering the ageing of existing buildings and other  hazards, 
including extreme climatic events. 

In a policy context, REEBUILD provides scientific advice to support the development of an action plan, which shall supplement  
existing European Union policies 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 economic recovery following the COVID-19 pandemic. In the Energy Performance of Bu i ld ings Di rect ive 
(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 clean and circular economy principles for the 
construction sector to achieve a climate-neutral society by 2050 are stressed in the new Circular Economy Action P lan  (COM 
(2020)98) which also addresses the revision of the Construction Products Regulation (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 (Dec i s ion (EU) 
2019/420), with respect to disaster prevention measures and the integration of risk reduction and cohesion policies. Likewi se, 
the Action Plan on the Sendai Framework (SWD 2016/205) encourages investment in disaster risk reduction, integrating "Build  
Back Better" principles for a more resilient built environment. The European Framework for Action on Cultural Her i tage (SWD 
2018/491) emphasises the need to safeguard cultural heritage against natural disasters and climate change, and relevant 
measures are encouraged when planning long-term renovation strategies and national disaster risk reduction strateg ies . The 
above policies and initiatives contribute to the implementation of the 2030 Agenda for Sustainable Development (Reso lu ti on  
2015/A/Res/70/1) and the Sustainable Development Goal 11 “Make cities and human settlements inclusive, safe, resilient and 
sustainable”. 

Integrated retrofitting of existing buildings can be seen as a nexus between policies improving the disaster resi li ence of the 
EU, encouraging the energy renovation of buildings, promoting circularity within the building sector, and protecti ng cu ltura l 
heritage. 

Several activities were foreseen to achieve the REEBUILD objectives. EU buildings requiring upgrading were i dent i fi ed , and 
existing seismic and energy retrofit technologies were assessed in a life-cycle perspective. Combined retrofit so lut ions 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 Europe. Such regional assessments were used to identify appropriate intervent ion  

https://europa.eu/new-european-bauhaus/index_en
https://knowsdgs.jrc.ec.europa.eu/intro-policy-mapping
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scenarios based on their regional impact and 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 existing buildings. Dissemination and outreach is further supported by repor ts , a  web p lat form and publ ic  
communication material. REEBUILD activities were organised in five main actions: 

1. Overview and classification of technologies for seismic strengthening and energy upgrading of existing buildings 

2. Analysis of technologies for combined upgrading of existing buildings 

3. Methodologies for assessing the combined effect of upgrading 

4. Regional impact assessment and contributions to an action plan 

5. 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 European building stock. The revi ews 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, depending on the way they “treat” the structure. The first category includes the ones that operate at the element  
level (local measures), and the second those that operate on the structure as a whole (global measures). Natu ral ly, when  i t  
comes to upgrading an actual building, various techniques can and should be combined, addressing its specific characteristics, 
so that an economic strengthening scheme can be designed. Depending on their age as well as the materials used , sei smi c 
upgrading techniques can be divided into conventional and novel ones. The report puts more emphasis on the latter, although 
it does include short descriptions of the former, for the sake of completeness.  
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1 General 
Undoubtedly, one of the most important risks that structures located in seismic areas have to stand against is that of st rong 
ground motion. In such cases, an earthquake-proof design is necessary, otherwise the risk of seismically-induced st ructural  
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 able to fully assess the seismic risk and its possible consequences.  

- Are always prepared in case a major event takes place.  

- Employ strategies to mitigate the seismic risk, e.g. via structural upgrading of existing buildings. 

The earthquakes, along with their consequences, have been known to mankind since the ancient times, as ancient  Egypt ians 
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 modern cities and the erect i on  of the 
first structures, which were designed with minimal or without any special considerations at a l l  regardi ng the ear thquake 
loading. Unfortunately, yet logically, earthquakes did happen, and the failure of several structures gave birth to  the fi eld  of 
earthquake engineering which matured during the 20th century. During the same time, seismic codes and p rovis ions where 
introduced and revised repeatedly, becoming stricter each time, a process that is still undergoing, albeit with a 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 dropping in most places of the developed world, it is a logical consequence the fact  that a large number  of 
existing structures is under-designed and thus in need of seismic retrofitting. As a result, over the past  decades, more and 
more academic interest has been focused on developing techniques of seismic upgrading of existing buildings. 

The present report aims at providing a review of the seismic upgrading techniques which target  rei n forced 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  Un ion (EU) ter r i to ry. A 
thorough review on the seismic upgrading 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 consumpti on 
(Directive 2018/844). This huge environmental burden is largely attributed to the low energy per formance of o ld  ex i st ing 
buildings, with one-third of them being over 50 years old (Economidou et al., 2011). At the same time, in  Southern  Europe, 
collapses or serious damage of existing buildings during strong earthquakes have resulted in significant economic losses and 
loss of human lives. With demolition and rebuilding being neither an economically viable nor an  envi ronmental ly fr i end ly 
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 
Renovation wave of the existing buildings (Communication 2020/550). Also, the updated Energy Performance of Bu i ld ings 
Directive (EPBD, Directive 2018/844) indicates that, besides reducing greenhouse gas emissions, the Member States should 
address potential seismic risks when planning their long-term renovation strategies for buildings. 

 

 

Moreover, the importance of safeguarding the built heritage is also a key outcome of The European Year of Cultural Her i tage 
2018 (Decision 2017/864/EU). In its follow-up, a European Framework for Action on Cultural Heritage was established (SWD 
2018/491), emphasising the need to safeguard our built heritage against natural disasters and climate change. Combined 
seismic and energy retrofitting of cultural heritage buildings is also explicitly addressed in the Orientation Paper of the Urban  
Agenda Partnership on 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 Plan and the Act i on P lan on  
Cultural Heritage will recognise the importance of promoting integrated 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
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1.2 Seismicity in the EU 

1.2.1 Geophysical information 

Seismicity in the European continent can easily be explained by observing its tectonic plates. Europe’s mainland is situated on  
the western part of the Eurasian plate and only Iceland lies on the junction of two plates, the Eurasian and Nor th Amer i can  
(see Figure 1). 

The most seismically active region of Europe is the southern Balkan Peninsula. Lying on the junction of three plates , 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, Italy is 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 African Plate. 

Another seismically active part of Europe is the Vrancea region located in eastern Romania, near the Carpathian  mountains . 
Earthquakes in this region are not as frequent, but they are of significant intensity. Last, but not least, Iceland is a country of 
high volcanic and seismic activity, as it gets divided by the border of the Eurasian and North American plate. 

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 greater than 4. Here, i t  i s  
obvious that the 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 Europe including 
Turkey. The regions with the highest seismicity identified above, are the ones that are expected to experience the st rongest  
ground shaking in terms of PGA values as well. 

 

Figure 1. Tectonic plates of the globe 

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

 

 

 

https://www.worldatlas.com/
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Figure 2. Tectonic plates of southern 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/
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Figure 4. Seismic Hazard map of Europe 

 
Source: EU-FP7 project Seismic Hazard Harmonization in Europe (SHARE). 

1.2.2 Earthquakes in the EU 

The European territory has been struck numerous times in the past by 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 due to  the poor  desi gn  of 
buildings as well as the low quality of the construction materials, their effects proved to be devastating. The next paragraphs 
list the countries that have experienced the heaviest damage and casualties by earthquakes in Europe’s recent history, s i nce 
1900. 

1.2.2.1 Italy 

Despite not being the most seismically active country, Italy has experienced the greatest by far  human losses i n  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 st ructu ral 
deficiencies and the lack of seismic design in the Italian building inventory. 

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 following shocks: 

- 1968 – Western Sicily, an M5.5 earthquake kills almost 300 people. 

- 1976 – Friuli, the main 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 main events of M6.0 and M6.5 kill 299 people (Di Bucci et al., 2021). 
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1.2.2.2 Romania 

Romania has experienced a much smaller number of earthquakes, but almost all of them have been of h i gh magn itude. 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 thanks to 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 are listed 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 seismic event in Romania, took place in Banloc, Timis County (western part of Romania), and cost the 
lives of 2 people. 

1.2.2.3 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 Ierissos 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 Aegion in  1995 
(M6.5, 26 dead). 

1.3 The EU building inventory 

1.3.1 Building demographics 

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

Concerning their age, most buildings were built during the post-war period 1945-1969 and almost half of today’s standi ng 
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 buildings are normally designed for. 

Figures 5 and 6 show the percentages and cumulative percentages respectively, of buildings constructed at  var i ous t ime 
intervals. The EU average is 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 there is a very large amount  of 
existing buildings which, apart from being old and close to the end of their service life, have been constructed using outdated 
seismic provisions (see Section 1.2.2) and are therefore potentially vulnerable against future ground motions. 
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Figure 5. Bar chart of EU building ages 

 
Source: EU Buildings Observatory. 

 

 

Figure 6. Cumulative bar chart of EU building ages 

 
Source: EU Buildings Observatory. 

Taking the above into consideration, it is not surprising that roughly half of the total construction budget in the EU is expected 
to be consumed in the repair and maintenance of the existing infrastructure (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 born after the strong ear thquakes of the 
20th century, which rendered its existence necessary. During the same time, the first seismic codes started to be i ssued 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 seismic code history in Italy, Romania and Greece, the EU countries with the highest seismicity, 
as examples. 

1.3.2.1 Italy 

Interestingly, the first purely engineering recommendations for seismic analysis were made in Italy i n  1909, fo l lowing the 
1908 Messina earthquake. At that time, the equivalent static analysis using a percentage of the building ’s to tal  mass was 
suggested, a process that dominated until the mid-1970s. The design spectrum was introduced in 1974 and an  up-to date 
seismic code was adopted. Ever since, the seismic zonation has changed various times, reaching today, that a comprehensive 
probabilistic seismic hazard model exists for the whole country. 

1.3.2.2 Romania 

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

1.3.2.3 Greece 

In Greece, the first seismic provisions appeared only in 1959, a few years after the 1953 Kefalonia earthquake. Thi s code, 
which was based on the equivalent static forces method, was slightly enhanced in 1984 with some additional clauses. Then , 
the first modern standards were introduced in 1995, just after the Aegion earthquake, and were extended in 2000, when  the 
latest code came into force (called EAK2000). Since 2014, the Eurocodes can be used (if selected so) instead of the nat ional  
standards, with an aim to fully adopt them in the near future. 

 

1.3.3 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 using o ld  
standards, the use of over-simplified structural models etc.  

With regards to RC buildings, the following types of damage and structural deficiencies 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 fail in shear, because of partially infilled frames. 

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

- Lack of 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 bars and rebar buckling in areas of low confined concrete. 

- Indirectly supported beams. 

- Staircase-related damage, 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. 
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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 in URM buildings, especially during earthquake events. Vari ous d i fferent  members and 
damage types can be identified in this figure, like for instance: 

• In-plane flexure and shear of pillars (column-like elements). 

• In-plane flexure and shear of lintels (beam-like elements). 

• In-plane shear of walls. 

• Out-of-plane flexure of walls. 

• Separation of walls. 

In-plane (IP) actions in masonry result mainly in cracking. These cracks can be unacceptable from a servi ceabi li ty po i nt  of 
view, but in most cases do not compromise the overall stability of a building. On the other  hand, the out-of-plane (OOP) 
response of walls is a much less predictable phenomenon with far more dangerous possible outcomes, i nc ludi ng par tia l  
collapses. 

Although steel (and steel-concrete composite) structures are increasingly considered as a suitable solution for build ings i n  
high seismicity areas (due to the very good strength and ductility exhibited by steel, the high quality assurance guaranteed by 
the industrial production of steel profiles and the reliability of connections), they have suffered significant  damage i n  past 
earthquakes. Damage was varied and widespread in many elements, ranging from columns, 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 academic world, have provided a great insight to our understanding about 
the response of RC, URM and steel buildings to earthquakes. These failures have led to the birth of earthquake eng i neer i ng 
and in turn to the modern seismic codes we use today in our societies. 

The poor past performance of the building inventory has made it clear that old structures located i n  sei smic  areas are i n  
urgent need of seismic retrofitting. It is therefore of outmost importance that the involved member states invest  funds and 
resources towards mitigating the seismic risk in the near future. 

 

1.4 Seismic upgrading strategies 

The damage and failures that occurred during the earthquakes of the recent past, rendered necessary the development  of 
seismic retrofitting techniques, so that vulnerable buildings could be protected against possib le fu tu re ear thquakes. 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 engineering practice. 

Seismic upgrading techniques can be divided in two major categories, depending on the way they “treat” the structure. At first, 
there are the ones that operate at the element level (Local measures) and then those that operate on the structure as  a  
whole (Global measures). Obviously, when it comes to upgrading an actual building, various techniques can and shou ld  be 
combined, addressing its specific characteristics, so that an economic strengthening scheme can be designed. Dependi ng on  
their age as well as the materials employed in each technique, they can also be divided to conventional and novel ones. 

Figure 7 illustrates the goals of structural strengthening interventions. When only the deformation capacity of a building needs 
to be enhanced, then local measures are typically sufficient without generally affecting the building’s strength and st iffness, 
or they affect it marginally. However, if the load capacity and stiffness also need to be increased, global measures wi l l most  
likely have to be employed, as achieving a much higher lateral load capacity in a structure via local measures alone would be 
an uneconomical option. Lastly, in cases that both the capacity and ductility of a structure are in need of improvement, then a 
combination of global and local measures should be employed. 

Instead of increasing a building’s lateral strength, there is also the alternative of decreasing the earthquake-induced forces, 
which can be achieved by reducing the mass and/or reducing the lateral stiffness of the structure. Mass reduct ion can  be 
realized through the use of lighter partition walls, floor removal etc., while stiffness reduction is achieved via the employment  
of base isolators and energy dissipation systems. In some cases, mass reduction may lead also to stiffness reducti on , e.g . 
when replacing masonry infills by lighter partition walls. 
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Figure 7. Seismic strengthening goals 

 

 

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 beneficia l  o r  
detrimental effect, respectively, the extent of which will depend on the specific case. More details on most of these measures 
are described in the next chapters of 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). 

  Strength Stiffness Ductility Irregu-
larity 

Force 
demand 

Deformation 
demand 

Lo
ca

l m
ea

su
re

s 

RC/mortar 
jacketing 

+ + +  - + 

Steel jacketing +  +   + 

FRP/TRM/ Hybrid 
jacketing 

+  +   + 

Grout/Epoxy 
injection 

+      

Retrofitting of 
connections 

  +   + 

Gl
ob

al
 m

ea
su

re
s 

Diaphragm 
stiffening 

   +   

Bracing systems + +  + - + 

Shear walls + +  + - + 

Infills + +  + - + 

Mass reduction     + + 

Seismic isolation     + - 

Energy dissipation  +   + + 
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2 Local measures 
Local strengthening comprises measures applied to individual structural elements of a building, i n  o rder  to  improve thei r 
mechanical characteristics. By adding for instance, external reinforcement to the existing building member, the strength (e.g . 
flexural and/or shear) and deformation capacity of the latter increases. Traditional techniques make use of convent i onal  
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 

2.1.1 General 

Fiber-reinforced polymer (FRP) composites are formed by embedding continuous fibers in a polymer ic  resi n mat r ix , whi ch 
binds the fibers together, and comprise today one of the most popular techniques for the seismic upgrading of individual RC, 
URM and steel elements. When compared to traditional retrofitting methods, FRP are a very competitive alternat ive, as they 
offer ease and speed of installation, less labor work, minimum geometric changes, very high strength to  weight  rat io  and 
minimum occupancy disruption (e.g. Triantafillou 2001). On the other side, they exhibit very poor behavior when  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 type in seismic upgrading applications is carbon (CFRP), due to its high elast ic  modulus and 
excellent durability; however, it is the most expensive material as well. Another, less costly option is to use glass or basal t o r  
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 against alkali corrosion with some kind of coating. For the case of masonry strengthening, low modulus fi bers are 
very interesting solutions, probably the most reasonable to implement in real structures. Typ i cal  st ress-stra in cu rves fo r  
various types of fibers are given in Figure 9. 

Figure 9. Typical σ-ε curves for various types of fibers 

 
Source: Lecture notes, T. Triantafillou. 

2.1.3 Strengthening methods and material types 

2.1.3.1 Reinforced concrete retrofitting 

2.1.3.1.1 General 

FRP are normally used in the field of member strengthening as externally bonded reinforcement (EBR) and can  be app l ied 
(typically) in two distinct ways. The first and most frequent is 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 reinforcement in beams and columns wi th  

Basalt 
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insufficient stirrups in order to ensure a ductile flexural response. Moreover, when wrapped around co lumns they p rovide 
confinement to the inner concrete and that way significantly increase the section’s ductility.  Alternatively, and rather rarely i n  
seismic retrofitting, FRP can be used in the form of prefabricated laminates, strips or bars (Figure 10b) to  act  as external  
longitudinal or transverse reinforcement in existing elements and thus increase their flexural or shear capacity. Strengthen ing 
solutions with FRP are summarized in Figure 11. 

Figure 10. (a) Wrapping of RC columns and (b) Flexural and shear strengthening with FRP laminates 

     

       (a)      (b)  

Source: Lecture notes, T. Triantafillou. 

Figure 11. FRP strengthening roadmap 

      

 

2.1.3.1.2 Seismic retrofitting with FRP 

When it comes to seismic retrofitting, FRP have been proved to be most effective when they are used in the form of sheets as 
shear reinforcement or as a means to provide extra confinement.  A review on seismic retrofitting of RC with FRP i s g i ven  i n  
Triantafillou (2001) and a more detailed treatment on the subject is presented in Pantazopoulou et al. (2016) and in fib 
(2019). 
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2.1.4 Masonry retrofitting 

Fiber reinforced polymers can be used successfully for the structural upgrading of URM structures, as exper imental stud ies 
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 capacity of masonry 
substantially. If the above are combined with their excellent durability properties, minimal weight and low disturbance dur ing 
their application, one can easily understand why these materials are getting more popular over time. Typical FRP applicat ions 
on masonry buildings are 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 

2.1.5.1 General 

The main advantage of FRP over steel in such applications is the high strength and stiffness to weight ratio, leadi ng to  ease 
and speed of transportation and installation, 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 advantage is that its material properties in  d i fferent 
directions can be tailored for a particular application. As a result, FRP jackets with fibers oriented only or predominantly in the 
circumferential direction can be used to confine steel tubes/shells or concrete-filled steel tubes to delay o r  el iminate local  
buckling problems, thereby enhancing the strength and/or seismic resistance of such structures (e.g. Teng et al. 2012).  

2.1.5.2 Flexural strengthening 

Similar to an RC beam, a steel beam (or a steel-concrete composite beam) can be strengthened by bonding an FRP (general ly 
CFRP) plate to its tension face (i.e. the soffit if a beam in positive bending is assumed), e.g. Linghoff et al. (2009). The bonded 
FRP plate can enhance not only the ultimate load but also the stiffness of the beam (especially when a high modulus CFRP i s 
used); the latter means that the strains in the beam are reduced under the same load and the first yield i ng of the beam i s 
delayed. A number of failure modes are possible for such FRP-plated steel beams, including in-plane bending failu re, latera l 
buckling, plate-end debonding, intermediate debonding due to local cracking or yielding, and local buckling of the flange or the 
web. It should be noted that even if a beam for which local buckling modes are not critical before FRP strengthening, they can  
become critical when the strengthening involves only the bonding of FRP to the tension flange only. 

2.1.5.3 Connection retrofitting 

Surveys carried out in the aftermath of strong earthquakes, e.g., the 1994 Northridge (California) and the 1995 Hyogoken-
Nanbu (Japan) quakes, showed that extensive brittle fracture developed at connections, particularly welded flange - bo l ted 
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.g. fracture at bolt holes, weld fracture, local 
buckling etc) at bracing connections if they are not properly designed (Tremblay et al. 1996). 

Improved beam-to-column connection details shift the beam plastic hinge away from the face column. Such deta il s may be 
grouped in two categories as a function of the rehabilitation measure adopted: weakening of the beam section  at  a cer ta in  
distance from the column flange and strengthening of the beam section at the column face. 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 
difficult or even impossible in some cases. Probably the most important one is their vulnerability to high temperatures, whi ch 
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 
are necessary. Apart from that, the inability to apply these materials on wet surfaces or at low temperatures combined wi th  
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 intervent ion  st rateg ies fo r  
historic masonry buildings (e.g. requirements for reversibility), may possibly inhibit the success of FRP app l icat ion on  RC or  
masonry. 

A possible solution to address the above-mentioned issues is to use the same fibrous materials (carbon, glass, basalt et c .) i n  
the form of textiles embedded in cementitious mortars, instead of fabrics impregnated in epoxy resi ns. These text i l es are 
essentially fabric meshes made of long woven, knitted, or even unwoven fiber rovings in at least two (typical ly o r thogonal ) 
directions. The density (quantity and spacing) of rovings in each direction can be controlled independently, thus affect i ng 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 a l so been  
found satisfactory after exposure to fire (Triantafillou et al. 2017, Kapsalis et al. 2019). Figure 13 illustrates the application of 
TRM in RC and masonry buildings, respectively. 

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

(a)        (b) 

2.2.2 Strengthening of RC members 

The use of textiles as tensile reinforcement for the fabrication of new RC elements is not new, however their employment i n  
the field of seismic retrofitting of existing elements has been examined only during the last 15 years. As with FRP, TRM 
applications regarding the seismic retrofitting of existing RC members target two main areas: providing confinement  to  the 
inner concrete section and increasing the member’s capacity in shear. 

Triantafillou et al. (2006) investigated concrete TRM confinement on unreinforced concrete, reporting that TRM jackets can  
provide a substantial gain in the compressive strength as well as deformation capacity of concrete cylinders, wi th that  gain  
being higher as the number of the confining layers increases. Those findings were confirmed by Bournas et al. (2007, 2009) 
who studied the effectiveness of TRM jackets as a means of confining RC columns with limited capacity and al so  compared 
them to FRP jackets. A significant increase 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 capacity.  

As far as shear strengthening is concerned, several studies demonstrated that TRM jacketing is highly effective in enhanc ing 
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 jacketing to the total shear resistance of 
RC beams is presented by Tetta et al. (2018). A detailed treatment of TRM and their use in seismic retrofitting can be found in  
Koutas et al. (2019). 
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2.2.3 Strengthening of masonry members 

A critical aspect of TRM-retrofitted masonry is the bond between TRM overlays and masonry substrates . Bond fa i lure may 
appear macroscopically as loss of cohesion due to either shear failure of the substrate or the inorganic matrix, o r  s l i d ing of 
the fibre reinforcement inside the inorganic matrix. Another possible failure mechanism, albeit not due to debonding, i s  the 
rupture of the textile. Studies on TRM-masonry bond have been recently performed (e.g. D’Ambrisi et al. 2013, Askoun i  and 
Papanicolaou 2017).  

Strengthening of URM walls subjected to out-of-plane or in-plane loading (e.g. Papanicolaou et al. 2007, 2008, Kar i ou  et  a l . 
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 drastic increase in the lateral load capacity of a structure is needed, local retrofitting measures a lone are ei ther  
inadequate or usually require extended interventions which make the total retrofitting cost prohibitive. In such cases, g lobal  
measures should be selected, aiming at either increasing the structure’s lateral strength or decreasing the seismic demand. 

The former is typically achieved by designing and adding new structural elements to the existing building, thus s i gni ficantly 
increasing its lateral stiffness and resistance. In this category fall various retrofitting techniques, like the addition of metal li c  
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 controlling their stiffness. Therefore, the 
existing ones are relieved 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 hi gh cost, 
such approaches are normally used for the rehabilitation of critical and essential facilities , w i th expensive and valuable 
equipment, or structures where performance well above normal performance levels is required. 

A state-of-the-art review of global retrofitting schemes is provided in the subsequent sections, which are app li cable to  RC, 
masonry and steel buildings. Again, both traditional and innovative techniques will be analyzed, but more emphasi s wi l l  be 
placed on the latter. 

3.1 Capacity increase 

3.1.1 Addition of 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 thei r  
stiffness and strength characteristics. The added elements can be designed to fully take up the lateral loads, however , great  
care must be paid to their connections as well as to the increased axial loads, which will be induced to the columns. Moreover, 
given that in such intervention the works are normally done on the outside frames of the structure, the loss i n  l i vi ng space 
area and the occupancy disruption are minimal. 

A number of different bracing types exist and can be employed to RC and steel buildings. The most usual is that of concentr ic  
bracing (Figure 14a), in which the horizontal seismic forces are resisted by axially loaded members. Alternati vely, eccentr ic  
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 according to 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 behavio r. Eccentr ical ly 
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 the beam 
defined by e, behaves in shear and/or bending. The link acts as a fuse by yielding and dissipating energy and prevents buckling 
of the braces. While retaining the advantages of CBF in terms of drift control, EBF represent an excellent  confi gurati on  fo r  
failure mode control; yet they offer a higher degree of flexibility in locating openings. The latera l  st iffness of EBF may be 
calibrated by varying the length of the link beam; reductions of interstorey drifts more than 50% may be achieved with shor t  
links. Design rules for detailing the link beams should conform to EC8 (1998). 

Eccentric braces, when designed correctly, do not exhibit buckling failure types. However, they do that in the expense of the 
frame’s lateral stiffness, which in some cases might be necessary. A possible solution to that is to use concent r ic  buckl ing-
restrained braces (BRB). BRB are considered among the state-of-the-art retrofit options, because they have fu l l y balanced 
hysteretic behavior for both tension and 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  ret rofit  RC 
buildings without seismic design. They used a set of steel beams, diagonal elements and a ductil e shear  l i nk to  rep lace 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 behavior and 
higher drift capacity. Furthermore, the shear link was reported to have dissipated 45% of the total energy di ssi pated i n  the 
structure. 
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Figure 14. (a) Concentric and (b) eccentric bracing systems 

   

 

To address the problem of buckling, which is inherent in braces, buckling-restrained braces have been developed and 
constitute another viable option. Last, but not least, post-tensioned rods or prestressed cables is a relatively new ret rofi tt ing 
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 the outsi de 
of existing RC buildings, in the form of a 3D lattice structure, called exoskeleton (Figure 15). Diagrid diagonal  members are 
designed to intersect at floors, where they are connected to steel horizontal ring beams, which have the double functi on  to  
stabilize the diagrid exoskeleton and to collect and transfer the seismic forces from the building floor  d i aphragms to  the 
diagrid and to a new foundation system. Diagrid exoskeletons may be combined with thermal insulation, to offer  i n tegrated 
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 lateral load resisting mechanisms 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 reducing interstorey drifts, mitigating irregularities, and preventing soft-storey failure mechanisms. 
However, their application may be time consuming with high labor costs and significant obstructions to the buildings' 
occupancy. 

 

(a) Concentric braces (b) Eccentric braces 
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3.1.2.1 New shear walls in RC frames 

New shear walls can be constructed around an existing column, on the external side of a selected frame or external l y of the 
building as buttresses (see Figure 16). It is very important that the new elements are properly connected to the st ructu re as 
well as adequately supported to the ground with new, strong foundations. 

Figure 16. New RC shear walls (a) placed around a column, (b) external to the frame, (c) as buttress 

 

Bush et al. (1991) performed experiments on two-storey RC frames with weak columns, in which RC shear wal l s were bu i l t 
around the existing columns (Figure 16a). The authors reported that the lateral strength and stiffness was significantly 
increased and that a beam-sway mechanism was achieved. They also observed monolithic response, yet  they p roposed a 
conservative procedure for the design of the anchors. 

Kaltakci et al. (2008) conducted cyclic loading experiments on two-storey RC frames, strengthened with external, buttress-like 
shear walls (Figure 16c). They observed 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. 

More recently, Kaplan et al. (2011) tested a two-storey RC building strengthened with an RC shear wall which was constructed 
on the exterior side of its middle bay (Figure 16b). They reported a 200% increase in the structure’s latera l st rength 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 JRC repor t  p resented by 
Tsonis et al. (2014). 

 

3.1.2.2 RC infilling of bays 

Shear wall RC elements can also be constructed within existing RC frames, thus creating an infill with high lateral strength and 
stiffness. In the framework of SERFIN project, Poljanšek et al. (2014) conducted pseudo-dynamic experiments on a large-scale, 
testing a 4-storey, 3-bay RC building, at ELSA lab of the JRC. The mid-bay was infilled at its whole l ength wi th an  RC wal l  
having the same width (250 mm) as the surrounding columns and beams (Figure 17). Dowels and starter bars were used for  
connecting the new element to the existing RC frame (Fig. 17). Their distribution was variable along the height of the structure 
and CFRP U-jackets were constructed at the ground level, at the column bases. The authors reported that the st rengthened 
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 RC infilling technique is an effective technique for seismic strengthen ing 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 

(a)  (b) 

Source: Poljanšek et al. (2014). 

 

3.1.2.3 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 stiffness for resisting earthquake loads, while the steel  frame p rovi des 
ductility (e.g. Roeder 1998). The enhanced stiffness, particularly for structures designed originally only for gravi ty and wind 
loads, allows floor drifts to be controlled. However, the added mass is significant, hence, higher seismic forces are at t racted , 
and significant upgrading of the foundations is required. For instance, it may be required to modify shallow foundat ions of 
existing frames into deep foundations on piles; the walls present high overturning moments 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, RC walls are connected to fully encased structural steel members, as shown in Figure 18b for co lumns. Adequate 
steel reinforcement and connectors are required at the connection of the wall with the steel members. For instance, cross ti es 
should be placed in the wall for a length equal to the section width. This requirement avo i ds undesi rable sp l it ti ng a long 
vertical planes inside the wall near the columns. Moreover, shear studs provide a uniform transfer of forces between  the RC 
wall and the boundary members. The strength, stiffness and the dissipative capacities of dual systems are comparab le 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). 

 

3.1.2.4 Steel plate shear walls in steel buildings 

The selection of novel Steel Plate Shear Walls (SPSW) as the primary lateral force resisting system i n  steel  bu i ld ings has 
increased in recent years as design engineers discover the benefits of this option. The response of SPSW under  hori zontal  
loads is similar to a vertical plate girder (Figure 19) in which the columns act as flanges, the steel plate is the girder web and 
the floor beams act as transverse stiffeners. They provide additional stiffness, strength and enhance the energy d i ss ipat ion 
capacity of frames to which they are connected. The low weight of steel panels reduces the inertial loads on the ret rofi tted 
structure and gives rise to lower additional loads to existing columns and foundations if compared with traditional concrete or  
masonry shear walls. 

Figure 19. Steel plate shear walls 

 

 

 

 

 

 

 

 

3.1.2.5 Slitted shear walls  

Slitted shear walls consist 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  a l . 
2010). The stiffness and strength of the slitted shear walls can be controlled more or less independently of one another  by 
changing the slit design (i.e., slit length, number of slit tiers, and distance between slits). The introduction of slits in the shear  
wall limits the out-of-plane deformation, therefore there is little need for out-of-plane stiffening. The slitted shear wal l does 
not have to occupy the full beam span and may be integrated into the walls of residential bu i ld ings, where ta l l  doors o r  
window openings may be the only locations where earthquake-resisting elements can be installed. 

 

3.1.3 Addition of infills 

3.1.3.1 Masonry infills 

Judging from past earthquake experience, it has been recognized that masonry infills have in most cases been benefi c i al  as 
they provide extra lateral force capacity and also reduce the interstorey drifts, thanks to their high stiffness. However , i n fi ll s  
have also 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 mechanism might form dur ing a 
strong earthquake, leading to extreme rotation demands to the columns and eventually total collapse. The floor-wise 
positioning of infills is also a major factor affecting the seismic response of a building. If they are not  even ly d i st r ibuted , 
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 columns have 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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URM infills can occur as it has been evidenced repeatedly in the past, with the falling debris posing a serious threat to human 
life. This mode of failure is more common for URM infills with low quality connection to the surrounding frame and i s more 
likely to occur to infills with pre-existing in-plane damage.  

For what concerns steel structures, it is well accepted also that masonry infills have a beneficial effect  on  thei r  st rength , 
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. 

 

3.1.3.2 FRP-jacketing of masonry infills in RC frames 

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

3.1.3.3 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 masonry i n fil ls  i n  RC frame 
structures. Two three-storey, 2:3 scale RC frames were built and then infilled with perforated clay bricks. One spec imen was 
tested as-built, while the other was reinforced using TRM overlays over the infills and CFRP wrapping at the columns’ c r i ti cal  
regions. The connection of 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% h i gher  energy 
dissipation capacity, compared to the as-built ones. Numerical simulations were also performed by Koutas et al. (2015b), who 
also proposed an analytical model to simulate the aforementioned retrofitting scheme; the model  was found i n  excel l en t 
agreement with test results. The model was found in excellent agreement with test results, whereas Pohoryles and Bournas 
(2020) applied the same modelling approach, namely a macro-model with an additional tensile tie to account for the TRM, but 
calibrated against all available experiments. 

Koutas and Bournas (2019) performed experiments on half-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 
configuration between the masonry infill wall and the surrounding RC frame members, and the th i ckness of the wal l .  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 found to be important with respect to  
providing a post-peak residual strength to the wall. 

The combined in- and out-of-plane behavior of TRM-reinforced masonry infills in RC frames was investigated experimentall y 
by Sagar et al. (2019). Bidirectional loading of the infills was achieved by successive application of slow cyclic in-plane loading 
and shake table-generated motion for out-of-plane loading. The authors reported that the strengthened i n fil ls  wi thstood 
safely drifts of 2.2%, without compromising their out-of-plane stability. Gkournelos et al. (2020) showed that in-plane loaded 
TRM-strengthened walls outperformed significantly their non-retrofitted counterparts, whereas out-of-plane loaded walls with 
combined TRM/thermal insulation performed much better or at least as good as their TRM-only retrofitted counterpar ts , fo r  
the case with or without prior in-plane damage, respectively. 

Recently a combined seismic and energy retrofitting approach for the building envelopes was explored. In i ti al ly, combined 
seismic and energy retrofitting with advanced materials was investigated experimentally for the case of masonry (Figure 20a) 
subjected to both out-of-plane and in-plane loading (Triantafillou et al. (2017, 2018). A similar system for  the concur rent  
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 combination of TRM wi th  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 countr ies 
with high seismicity, the payback time of the renovation costs are reduced when energy is applied simultaneously with seismic 
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retrofitting of the building envelope via the combination of TRM and thermal insulation, thanks to large savings related to the 
labor costs. A detailed review on integrated seismic and energy retrofitting was recently presented by 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 et al. 2020] envelopes. 

 

 (a) (b) 

 

 

3.1.3.4 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 i l l ust rated i n  
Figure 21, infilled steel/RC frames behave similarly to bare frames, that is with negligible interaction wi th  the su r roundi ng 
members, for low to moderate seismic excitations. However for strong earthquakes and large interstorey drifts, the cel lu lar  
materials become fully compressed, and the infill is activated as a diagonal compression strut, thereby providing extra 
strength and stiffness to the frame-infill system. 

Through a systematic experimental investigation involving small-scale infilled steel frames, the following conc lusi ons were 
drawn: Critical parameters in the design of isolation joints made of cellular materials are the position of the joints and their  
thickness. Fully isolated infills, that is with joints all around their perimeter, get activated as diagonal compressi on  st ru ts at  
lateral (interstorey) displacements approximately equal to two times the joint thickness. On the other hand, in fi ll s wi th s i de 
isolation only, provided by vertical joints, get activated much earlier, at lateral displacements approximately equal to the jo i n t 
thickness. Based on these preliminary rules of thumb, the designer may select the joint thickness needed to acti vate 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 

 

 

Source: Tsantilis and Triantafillou (2018). 

 

3.1.3.5 High-performance fiber-reinforced concrete infill panels  

Recent breakthroughs in fiber-reinforced concrete technology have demonstrated that high-performance fi ber -rei n forced 
concrete (HPFRC) materials have the advantage of little to no spalling and a ductile tensile pseudostrain hardening behavio r  
that allows for elements typically failing in shear to instead have a more ductile flexural failure, through multiple cracking and 
spreading of yielding of 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, which were designed in accordance wi th  o ld 
seismic provisions. The proposed retrofit system developed by Hanson and Billington (2009), consists of a set of two ver t i ca l  
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 that are welded to the top flange of the steel beam of the bottom storey. In order to weld  the studs, ho les 
would be cored into the existing slab of a building exposing the top flange of the steel beam. New threaded studs wou ld be 
welded through the cored hole and grouted in place. Each set of two vertical infill panels is grouted i n to  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 al so guarantee 
that the inflection point of the bending diagram of the HPFRC infill panel system is always at midheight of a storey; therefore, 
damage is evenly distributed to both infill panels during an earthquake. The bolted connection deta i ls a l low for  damaged 
panels to be removed and replaced quickly after an earthquake, provided that the residual storey drift ratios of the bu i ldi ng 
are not large. 

This system was tested experimentally through hybrid simulation by Lignos et al. (2014), who concluded the fo l lowing : (a) 
Through microcracking, the proposed infill 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 deformations of the infill panel system were observed duri ng both 
testing phases, indicating that no axial load is built up in the infill panels during an earthquake regard less of the level  of 
lateral deformations. The HPFRC infill panels reach zero bending strength after 3% rad. (d) The proposed infill panel  system 
was proven to work effectively as a retrofit system without having to be replaced in between two design level ear thquakes. 
The second ground motion represented a major aftershock typically following a design-level earthquake. (e) No indi cat ion 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, including the numerical portion of the hybrid model. The lack 
of major structural damage is attributed to the energy dissipation through multiple cracking and reinforcement yielding in the 
HPFRC panels during the earthquake. 

(a) 

(b) 

(c) 
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3.2 Integrity enhancement of masonry structures 
One of the major weaknesses usually encountered in existing masonry buildings is the lack of structural integri ty. Th i s may 
result in partial collapse of parts of such buildings, because of their inadequate connection to the neighboring elements . An  
example of such a collapse is the out-of-plane, overturning failure of a whole wall, as shown schematically in Figure 22. 

Figure 22. Out-of-plane collapse of wall with inadequate connection 

 

The best way to tackle this major issue is to tie the walls of a masonry structure together in o rder  to  enforce a box-type 
behavior. If such a response is achieved, a number of advantages are immediately available: 

● Overturning failures, like the one depicted in Figure 22, are prevented. 

● Lateral loads are transferred more effectively to those walls which are parallel to the loading direction. This resu lt s 
in their in-plane stressing, which is much more predictable. 

● Effective tying of the walls activates higher levels of arching action for the walls subjected to out-of-plane loading . 
As a result, higher levels of out-of-plane capacity 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 construct ing 
confining RC beam elements at storey heights and, possibly, column elements at corners and intermediate places wi thi n the 
body of a wall. Creating stiff floor diaphragms with proper connections to the surrounding walls is also a very effect i ve 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 are not properly integrated with their supporting elements. Their stabilization i s therefore of upmost 
importance.  

 

3.3 Demand reduction 

Although seismic upgrading techniques that enhance the lateral load and stiffness capacity of a building are typically appli ed 
for mitigating the seismic risk, their applicability might be problematic, as for instance, they generally i ncrease the latera l 
stiffness and are introducing higher seismic forces to the building, which might ultimately lead to soil  fa i lu re, t r i gger i ng a 
global overturning failure mechanism. In addition, the capacity-increase-related techniques do not reduce the floor 
accelerations experienced by the structures during an earthquake such accelerations can be critical and lead to the fai lure of 
various non-structural elements. Finally, when sensitive equipment is to be installed inside buildings (e.g. hospitals), l imi ti ng 
floor oscillations becomes critical, and therefore an alternative route to increasing structural capac ity i s 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 following sections. 

 

3.3.1 Base isolation 

The target of base isolation is to decouple the building (superstructure) from the understructure foundation soil, so  that  the 
building is actually subjected to minimal vibrations during a strong ground motion. Base isolation is provided by using various 
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isolator systems, e.g. lead-rubber bearings, friction-pendulum bearings, elastomeric bearings, which increase the bu i ld ings’s 
natural period of vibration and hence leading to lower spectral accelerations and significantly lower base shear demands, bu t  
at the same to large-period structures with larger spectral displacements. This concept is illustrated i n  Fi gu re 23. For  th i s 
reason, the employed isolator systems also have damping-increasing characteristics and/or are combined with supplementary 
dampers. 

Figure 23. Base isolation concept 

 

Although base isolation 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 just below the building ’s ground level , 
requires that the vertical elements to be completely cut off sequentially, so that bearings of any type can  be i nsta l led . In  
addition, both above and below the isolation plane, strong diaphragms have to be formed to ensure the uniform excitation  of 
the superstructure. The design of such a retrofitting scheme should ensure that the building will remain elastic during a major 
event, without the need of any additional strengthening measures or with only minor ones. This solution effectively protects a 
building against earthquakes and reduces the floor accelerations to a minimum at all levels, thus minimizing non-st ructural  
damage and protecting any sensitive equipment. At the same time, minimal or none at all aesthetic alterati ons need to  be 
done to the existing structure, something that is of high importance for heritage buildings.  

When incorporating seismic isolators in masonry structures underpinning is needed to provide temporary supports a long the 
masonry walls to prevent collapse. A common technique in this case involves progressive openings in the wal l  to  p lace the 
isolators and at the same time to build an RC beam mounted over the seismic isolators and over the masonry wall. Then , the 
temporary supports are removed, transferring the vertical load of the structure to the foundation through the beam and the 
isolators (Figure 24). 

Figure 24. Isolators between concrete beams and foundation 
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Research done by Tomaževič et al. (2009) has shown that base isolation alone is not sufficient fo r  improvi ng the sei smi c 
behavior of old masonry buildings without wall ties. Despite of all the merits though, the realization of such a ret rofit ti ng 
scheme often demands considerably higher amounts of funds, which might not justify its actual implementation.  

In cases that even the slightest intervention to the existing building is prohibited either for cultural or operational  reasons, a  
technique similar to the one described above cannot be employed. To address this matter, Clemente and De Stefano (2011) 
proposed a seismic isolation procedure which consists of creating an isolated platform under the foundations, without 
touching the building at all. A set of horizontal pipes are inserted below the foundations and the isolation devices are placed at 
the horizontal diametric plane. A trench is then formed around the building, thus completing its isolation from the surrounding 
soil. At the end of the intervention, both the structure, as well as the ground directly below it are seismically isolated, wi thout  
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 in the structure is being absorbed by superstructure 
itself while the rest is absorbed by damping devices (active or passive). The passive damping systems are most ly used as 
energy dissipating systems applied to masonry structures. Dampers can be categorized by three different criteria: 
displacement-activated (metallic dampers, friction dampers, self-centering dampers, viscoelastic dampers); velocity-activated 
(viscous dampers, viscoelastic dampers); and motion-activated (tuned-mass dampers).  

3.3.2.1 Metallic yield dampers 

Metallic dampers are displacement activated dampers that are commonly called hysteretic dampers . The i ncrease of the 
structure stiffness generates higher base shear loads in the superstructure, so often some additional i n tervent ions on  the 
main structure are needed in order to optimize the efficiency of hysteretic dampers. Metallic  dampers consi st  of brac ing 
elements and a yielding metallic element that is fixed to the chevron brace elements and a 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 i s the Added 
Damping and Stiffness (ADAS) system, which was tested extensively by Bergman and Goel (1987) and Whittaker et al. (1991).  

The ADAS system has been used for the seismic retrofitting of steel and steel-concrete composite structures e.g. by Ai ken  et  
al. (1993) and Soong and Spencer (2002). ADAS dampers should be designed in such a way that at their yielding, axial  l oads 
in the braces are lower than the buckling values. The design is therefore uneconomical, because the tensile capacity of 
diagonals is not fully exploited. Moreover, these systems need regular inspection and should also  be rep laced after  large 
earthquakes that may cause their fracture. The performance of ADAS dampers depends upon the elastic stiffness of the 
structure to which it is applied. Maximum effectiveness is achieved if the device has high stiffness and high yield strength. 

Due to the fact that application of the ADAS system requires complex and long demolition interventi ons when  app li ed to  
masonry buildings, Benedetti et al. (2014) have studied the use of ADAS system installed on added external concrete wal l s . 
This way the dynamic properties of the structure are changed, but the demolition of existing masonry elements is minimi zed . 
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 performed an experimental and analytical investigation on the use of metallic dampers as 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 and normal to the direction of lateral force, respectively. This device may be p laced e.g . at  the 
midspan of an RC beam and supported by steel Λ-braces. The authors reported that the proposed retrofit ti ng scheme was 
effective in improving the lateral strength, stiffness, energy dissipation and the drift capacity of RC frames. 

3.3.2.2 Viscous and viscoelastic dampers 

Viscous and viscoelastic dampers are widely used in the aerospace industry, in tall buildings for damping the wind vibrati ons, 
and during the last two decades they have also found their application in seismic retrofitting.  

Viscous dampers are velocity activated systems that dissipate energy without any change of stiffness in the structure.  

Viscoelastic dampers (VED) more specifically consist of thin steel plates combined with viscoelastic material laminates (e.g. Xu 
et al. 2010). These materials are able to withstand the high shear strains, which develop during strong earthquakes and that 
way dissipate large amounts of the seismic energy. Such devices are normally installed at the connection points of metal l ic  
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braces, therefore they can be employed along with a bracing system of a broader seismic retrofi tt ing scheme (e.g . see i n  
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 with the 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 can be a vi ab le opt ion fo r  the 
seismic retrofitting of masonry structures due to the fact that these 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 retrofitting of URM is very rare. 

 

3.3.2.3 Friction dampers 

Friction dampers (e.g. Aiken and Kelly 1990) rely on the friction developed between specially treated steel plates , whi ch are 
clamped in contact using high strength bolts. Relative slip occurs at a predefined load, which i s selected so  that i t  i s  not  
exceeded under the wind loading cases. The hysteresis loops of these dampers are rectangular, thus resulting in large 
amounts of energy dissipation and protecting the structural elements. This type of dampers is also installed with in brac ing 
systems. 

Various materials are used for the sliding surface, such as brake pad material on steel, steel on steel, steel on  brass i n  s l i p 
bolted connections, graphite impregnated bronze on stainless steel and other metal alloys. Generally, friction devices p rovide 
good performance and their response is independent from loading amplitude, frequency and number of cycles. Therefore, they 
combine high 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 , p rotecti ng that  way 
columns from severe damage. 

 

3.3.2.4 Viscous-fluid dampers 

Viscous-fluid dampers are similar to shock absorbers in a car. They consist of a piston within a damper chamber filled wi th  a 
compound of silicon oil (e.g. Constantinou et al. 1993), eventually pressurized (Tsopelas and Constantinou 1994, Pekcan et  a l . 
1995). As the piston moves within the cylinder the oil is forced to flow through small holes in the piston, thus causing friction . 
Viscous dampers have low resistance to deformation when loads are applied slowly, but resistance increases with the 
deformation rate. When installed in buildings, usually in bracings, friction transforms seismic input energy into heat. The brace 
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 were initiall y used to  mi t igate 
wind-induced excitations, but they have also been used in the field of earthquake engineering. TMD are tuned to  a spec i fi c 
frequency which is chosen to coincide with the structure’s fundamental frequency, so they can be most effective in  reduc i ng 
the dynamic response quantities. An alternative to TMD are tuned liquid dampers, which work using the same pr i nc iple and 
also have lower cost (Soong and Dargush 1999). 

 

3.3.2.5 Shape memory alloy dampers 

SMA dampers are made of shape memory alloys, which are special metal alloys with superelastic proper t ies , i .e. they can  
undergo large strains (in the order of 10%) with no residual deformation after unloading. Th i s mechan ism i s based upon 
reversible solid-to-solid transformation (austenite to martensite), which can be either thermal or stress induced. SMA devi ces 
consist of bars and wires; the former are designed to resist bending and/or shear and/or torsion, and the latter  are used for  
pure axial loads. SMA dampers have 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-centering and the high energy dissipation capacity of Ni-Ti alloys; however, the higher 
the re-centering, the lower the dissipation. 
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3.3.2.6 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 allowing the structural system to return to its original positi on  after  an  
earthquake; and reduce or eliminate cumulative damage to the main structural elements. 

The use of passive damping devices for seismic retrofitting is aimed at protecting frame components, i.e. beams, columns and 
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 envi ronmental 
actions, e.g., wind and small earthquakes. Hysteretic (yield) dampers, friction dampers and viscoelastic dampers are advi sed , 
because their design rules are mature, and their enhanced seismic performances have been validated in several  successful  
applications worldwide. 

The development of dampers employing new metallic materials is one of the future directions for passive control using 
hysteretic devices (Ikeda et al. 2019). Stainless steel is one such new metallic material. The advantages of stainless steel  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. A new Fe-Mn-Si based alloy, which is a type of shape memory alloy with excellent fat igue per formance, i s  
another example. 
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4 Discussion and conclusions 
Due to the poor structural performance of structures during past earthquakes, the field of sei smi c  upgradi ng of ex i st ing 
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 st rengths 
and weaknesses. 

When a building has an acceptable level of lateral strength and stiffness, the application of local ret rofit ti ng measures i s 
selected. Typically, retrofitting solutions involve jacketing of RC beams and columns aiming at increasing their flexural, shear  
strength, and members’ deformation capacity. FRP have been used successfully in many experimental campaigns as wel l  as 
real-world applications for the seismic upgrading 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 strengthening mater i al s . 
Although TRM may have slightly reduced effectiveness, they are more cost-effective, easy to easy to install and have superior 
fire resistance and behaviour at high temperatures. 

Global Structural upgrading techniques, both increasing the capacity and decreasing the demand, were also analysed. 
Concerning the former, addition of bracing systems, infill walls and shear walls (of different types) were examined; a l l  these 
yield a significant increase in a building’s lateral strength and stiffness. Buckling-restrained braces, replaceable i n fil l panels 
made of high-performance materials, and isolated infill walls are promising solutions, worth of further detailed investigat ion . 
The addition of RC shear walls, either as new elements or by infilling of 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 i ncreasing a st ructu re’s 
lateral strength and stiffness. When strengthened using FRP, TRM or reinforced mortar overlays, they form a reliab le latera l  
load resisting mechanism. Finally, integrated seismic and energy upgrading can be provided in some of the g lobal sei smi c 
retrofitting measures reviewed (e.g. by combining TRM, exoskeleton systems, RC/masonry infilling with thermal insulation). 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 forcing a box-type behavior. 

Last but not least, seismic load reduction techniques were discussed as well, including base iso lati on  and passive energy 
dissipation systems, which can be employed to effectively reduce the seismically induced vibrations on RC, masonry and steel  
buildings. This family of methods might not always be structurally or economically feasible, however it has the advantage 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 cont ro l i s  of ou tmost  
importance, such methods can yield 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 design of such 
retrofitting measures usually calls for advanced simulations. Therefore, it is important that engineers have a robust regulatory 
framework to follow, so that their designs can be reliable. 

With the exception of EN 1998-3, today we lack a regulatory framework for the design of the seismic retrofitting of ex i st ing 
buildings with novel technologies. EN 1998-3 covers (only partially) FRPs for the enhancement of the shear  capaci ty of RC 
columns and walls, for the enhancement of the available ductility at beam or column ends through added confinement, and 
for the prevention of lap splice failures through increased lap confinement. It is hoped that the upcoming versi on  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 strengthening masonry walls, as well as to the 
possibility of adding bracings, dissipative passive or active devices, without providing specific design guidance. However other  
novel techniques, as discussed in this report, 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 upgrading of RC, masonry and steel  bu i ld ings wi th  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 with interventions for energy upgrading includ ing 
advanced materials, and possibly with low cost – yet reliable – systems for smart monitoring. 
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