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Sammanfattning 
 

 Jordbävningar är ett av de svåraste problemen att hantera inom 

byggkonstruktionsområdet i länder med seismisk aktivitet. Jordbävningar har lett till stora 

katastrofer i städer med kollapsade strukturer och mänskliga förluster som följd. Gamla 

byggnader som har byggts enligt de gamla konstruktionsregler uppfylla sällan de nya, hårdare 

kriterierna för seismisk dimensionering. 

 I den här studien har en gammal byggnad utvärderats för den seismiska belastningen 

för att avgöra om det finns behov av att förstärka den med hjälp av olika metoder. Den 

seismiska utvärderingen är baserad på Eurokod 8 och efter ett tänkt genomförande av 

förstärkningsmetoder visar beräkningar att byggnaden uppfyller dagens seismiska 

dimensioneringskriterier. Den valda byggnaden är en byggnad med fyra våningar, som 

byggdes 1970 och ligger i Aten (Greklands huvudstad). Den seismiska utvärderingen utfördes 

genom att använda programvaran Seismostruct. 

 Två analysmetoder användes för att utvärdera byggnadens seismiska verkningssätt. 

Först utfördes en egenvärdesanalys före och efter montering av förstärkning. Genom att 

använda denna analys har vridningskänsligheten hos byggnaden kontrollerats. Sedan 

presenterades en jämförelse mellan å ena sidan ett målvärde för förskjutningen (s.k. target 

displacement, eller förväntad deformation hos byggnaden vid dimensionerande seismisk last) 

för varje gränstillstånd och å andra sidan förskjutningen av byggnaden när det första 

elementet i byggnaden uppnådde motsvarande gränstillstånd. Målvärdet får inte vara större 

än denna förskjutning för att garantera byggnadens säkerhet. Om jämförelsen visar att 

gränsförskjutningen är större bör de svaga länkarna identifieras och en lämplig 

förstärkningsmetod väljas för förbättring av byggnadens seismiska verkningssätt. S.k. 

pushover-analys (en tänkt icke-linjär statisk belastning som används vid dimensionering för 

seismisk last) utfördes före och efter appliceringen av olika förstärkningsmetoder. 

 Efter att ha utfört egenvärdes- och pushover-analyser av den befintliga byggnaden 

konstaterades att byggnaden var känslig för vridande moment och skjuvbrott började 

utvecklas i många balkar i konstruktionen. När det gäller momentbrott, var förskjutningens 

målvärde inte större än förskjutningen av byggnaden när det första elementet i byggnaden 

nådde något av motsvarande gränstillstånd. Därför var byggnaden säker mot böjande 

moment. Med tillämpningen av X-formade stålstag i utvalda ramar hade byggnaden högre 

styvhet och den var inte känslig för vridande moment men skjuvbrott började åter utvecklas i 

många balkar. Vidare inträffade tryckbrott i pelare som var kopplade till stålstagen. Slutligen, 

genom appliceringen av kompositfiberförstärkt pelarkrage uppstod varken tryck- eller 

skjuvbrott. Där visade sig konstruktionen vara säker mot seismiska laster. 

 Tillämpningen av olika förstärkningsmetoder förbättrade byggnadens seismiska 

verkningssätt och konstruktionen uppfyllde de uppdaterade föreskrifterna i Eurokod 8 

avseende seismisk dimensionering. Examensarbetet kan ge underlag till ytterligare studier och 

undersökningar om seismiska förstärkningsmetoder och seismiskt skadeförebyggande. 
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Abstract 
 

Earthquakes are one of the biggest problems for civil engineering in regions with 
seismic activities. Due to earthquakes, great disasters in cities with collapsed structures and 
human losses have occured. More specific, old buildings that have been built based on old 
regulations and design building codes do not necessarily fulfil anymore the new criteria of 
seismic designing. 

In this study, an old building has been evaluated for the seismic load in order to decide 
if there is a need for strengthening it using retrofitting methods. The seismic evaluation is 
based on Eurocode 8 and after the application of retrofitting techniques the building fulfilled 
its seismic design criteria. The existing building is a four-storey, concrete structure that has 
been built in 1970 and is located in Athens (the capital city of Greece). The seismic evaluation 
is conducted by using the software Seismostruct. 

Two analyses are performed in order to evaluate the seismic behavior of the building. 
First, an eigenvalue analysis is conducted before and after retrofitting. By using this analysis 
the torsional sensitivity of the building has been checked. Then, using pushover analysis, the 
comparison of the target displacement (expected displacement of the building for the design 
seismic action) for each limit state and the displacement of the building when the first 
member of the building reached the corresponding limit state, is presented. Target 
displacement must not be greater than this displacement in order to ensure the safety of the 
building. If the comparison shows that target displacement is greater, the weak links in the 
facility should be identified and proper retrofitting method should be applied for the 
improvement of the seismic behavior of the building. Pushover analysis is conducted before 
and after the application of retrofitting methods. 

After performing the eigenvalue and pushover analysis of the existing building it was 
found that the building was torsional sensitive and shear failures occurred in many beams of 
the structure. Regarding the bending failures, the target displacement was not greater than 
the displacement of the building when the first member of the building reached any of the 
corresponding limit states. Therefore the building was safe against bending failures. With the 
application of X-shaped steel braces in selected frames, the building had higher stiffness and 
it was not torsional sensitive but shear failures occurred again in many beams. Furthermore, 
compressive failures occurred in columns that were connected with the steel braces. Finally, 
with the application of fibre reinforced plastic jacketing in the members that failed in the 
previous pushover analysis there were no shear or compressive failures. Finally the structure 
was safe against seismic actions. 

The application of retrofitting methods improved the seismic behavior of the building 
and the structure fulfilled the updated regulations of Eurocode 8 regarding seismic design. 
This project thesis may give rise to further studies and research concerning seismic retrofitting 
and seismic damage prevention. 

 

Keywords: Earthquakes, seismic analysis, retrofitting, pushover analysis, concrete building, 
steel bracing, fibre reinforced plastic. 
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List of symbols 
 

 

ag  Design ground acceleration  

d'  depth to the compression reinforcement  

d  effective depth of section (depth to the tension reinforcement) 

dbL  diameter of tension reinforcement  

dbL is the minimum longitudinal bar diameter (in millimetres) 

dbw the diameter of the hoops (in millimetres) 

dn  the control node displacement 

EEd Design value of seismic action  

EEdx represents actions effects of the seismic action along the X axis of the building 

EEdy represents actions effects of the seismic action along the Y axis of the building 

Fb base shear force 

fc concrete compressive strength (MPa) 

fwd yield stress of transverse or confinement reinforcement 

fy estimated mean value of steel yield strength 

Gk Characteristic value of permanent action  

h depth of cross-section 

HEB I profile like HEA but with thicker flanges and web 

hw the beam depth (in millimetres) 

LV =M/V shear span at member end 

mi mass of storey i 

P Relevant representative value of a prestressing action  

psx Asx / bwsh = ratio of transverse steel parallel to direction x of loading (sh stirrup 

spacing) 

Qk Characteristic value of variable action  

S  Soil factor  

Se(T)  Elastic response spectrum  

T  Vibration period of a linear single-degree-of-freedom system  

TB Lower limit of the period of the constant spectral acceleration branch  

TC Upper limit of the period of the constant spectral acceleration branch  

TD  The value defining the beginning of the constant displacement response range of the 

spectrum  

z  length of section internal lever arm 

α confinement effectiveness factor 

Γ transformation factor 

γel factor, greater than 1,0 for primary seismic and equal to 1,0 for secondary seismic 

elements 

εy yielding strain 

η  Damping correction factor with a reference value of η = 1 for 5% viscous damping  

θu ultimate chord rotation of concrete member 
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θy  chord rotation at yielding of the concrete member 

ν = N/ bhfc (b width of compression zone) 

ρd  steel ratio of diagonal reinforcement 

φy yield curvature at the end section 

Ψ2 Factors for the quasi-permanent value of variable actions, equal to 0.3 for variable 

loads and 0.2 for snow loads 

ω,ω’ mechanical reinforcement ratio of tension and compression reinforcement 
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List of definitions for pushover analysis 
 

The following definitions are based on Eurocode 8 (EN 1998-1 2004 and EN 1998-3 2005): 

 
Capacity curve  is the relation between base shear force and the control node  
   displacement that can be determined by pushover analysis. 
 
Control node  is the node that is selected in order to determine the displacement 
   of the building. Usually is taken at the centre of mass of the roof of 
   the building. 
 
Importance classes  the categories of the building. Based on the importance of the  
   structure the safety factors of the pushover analysis are different. 
 
Knowledge levels they concern the geometry, the details and the materials of the  
   structure. The knowledge levels should be defined for the purpose 
   of choosing the admissible type of analysis and the appropriate  
   confidence factor values. 
 
Lateral loads  are represent the seismic actions and their vertical distribution can 
   be applied as a uniform, triangular or modal pattern in the structure. 
 
Limit states   the performance requirements are determined based on the  
   damage level of the structure and there are three limit states that 
   Eurocode 8 uses, near collapse state, significant damage state and 
   damage limitation state. 
 
Maximum ground 
acceleration  is the maximum acceleration of the ground and is based on the  
   seismic zone of the region. 
  
Pushover analysis  is a non-linear static analysis carried out under conditions of  
   constant gravity loads and monotonically increasing horizontal  
   loads. It may be applied to verify the structural performance of  
   newly designed and existing buildings. 
 
Seismic zones  are the national territories that are subdivided by the National  
   Authorities, depending on the local hazard. 
 
Target displacement shall be defined as the seismic demand derived from the elastic  
   response spectrum in terms of the displacement of an equivalent 
   single-degree-of-freedom system. 
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1. Introduction 

 Earthquakes are one of the biggest problems for civil engineering in regions with 
seismic activities. Great disasters in cities, with collapsed structures and human losses as an 
impact, have been caused due to earthquakes. The impact in the economy is great too, 
considering the collapsed buildings and the seriously damaged structures that are in need of 
recovery, in order to be functional again. Figures 1.1 and 1.2 show the damage that can be 
caused by an earthquake. 

 
Figure 1.1. Collapsed building after Athens’s earthquake in 1999 (Global earthquake model-

earthquake consequences database). 

  
Figure 1.2. Collapsed building after the Kalamata’s earthquake in 1986 (Global earthquake 

model-earthquake consequences database). 
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Greece is one of Europe's most seismically active region (Tsapanos and Burton 1991). 
The major problem in Greece is mainly found in structures that have been designed and built 
before 1995 (when a new antiseismic regulation called New Greek Antiseismic Regulation  
introduced in the country), and that is because all these constructions have been built 
according to the 1959 Antiseismic Regulation and the Antiseismic Regulation of 1985. It should 
be noted here that the Antiseismic Regulation of 1959 is basically based on the knowledge 
that existed in 1920-1930. It is also very important that the majority of buildings in Greek large 
cities, are buildings that have been built before 1990. 
 

Based on these facts, many studies and researches have been done in order to avoid 
the effects of an earthquake by increasing the capacity and the resistance of a structure in 
seismic actions. In Europe, Eurocode 8 has been applied for the design of new structures 
against seismic actions (EN 1998-1 2004) but for the improvement of the seismic resistance of 
existing buildings too (EN 1998-3 2005). In the case of an existing building, improvement of 
the seismic resistance can be achieved with the retrofitting method. The advantages of this 
method are the low cost of the repair (depending on the existing capacity of the building), 
that it does not necessarily disrupt the function of the building and does not require additional 
repairs. Of course, a structure that has been applied to retrofitting may not has complete 
protection against earthquakes, but it will definitely improve its ability to take seismic loads, 
with few or no problem at all. 
 
 In order to achieve an improvement of the seismic resistance, the engineer must know 
the state and the capacity of the existing structure before the application of retrofitting, but 
also to be able to predict its expected behavior in the event of high seismic action. Not 
knowing the existing capacity of a building can lead to quite serious mistakes in the retrofitting 
designing and then serious damages in the structure by a future earthquake. Also, high cost 
solutions can be provided, something that a civil engineer should avoid. Therefore, there are 
some criteria that are required for the assessment of the carrying capacity of existing 
structures, as well as regulations for the application of the retrofitting, such as those given by 
Eurocode 8 (EN 1998-3 2005). 
 

Based on these facts, the subject of this thesis project is the seismic evaluation of an 
old existing building and the application of retrofitting methods in order to achieve its safety 
against seismic actions. The thesis project is performed at the company CERS in Athens. All 
the details about the existing building have been received from the company and the 
numerical analyses have been performed using the software Seismostruct by Seismosoft 
(Seismostruct 2018) and the Eurocode 8 (EN 1998-1 2004, EN 1998-3 2005). 

1.1 Earthquake resistance design and Eurocode 8 

The aim of the earthquake resistant design is to prevent the failures in specific 
members of a structure and the collapse of the structure when an earthquake event is 
conducted. The difficulty of this procedure is that the earthquake is a complex and sudden 
phenomenon that has to be simplified or not, based on the accuracy of the design that the 
civil engineer wants. An earthquake event will be perceived when the seismic waves, which 
are the way that the earthquake energy is transmitted, shake the ground (Cetin S. 2014). The 
main idea of the design against seismic actions is how a structure can resist and what its 
response in this shaking ground is. 
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All over Europe, Eurocode 8 is used as instructions that must be followed or as a 
guideline for the design of buildings. More specific, in Greece all the new structures must 
follow the regulations of Eurocode 8 and the civil engineer is obligated to design based on 
them. Different structural software are based on these regulations in order to design a new 
structure or evaluate its performance if already exists. Furthermore, Eurocode 8 applies to the 
design and construction of buildings and other civil engineering works in seismic regions. Its 
purpose is to ensure that in the event of earthquakes (EN 1998-1 2004): 

 Human lives are protected 
 Damage is limited 
 Structures important for civil protection remain operational 

 In order to design against earthquake, Eurocode 8 includes different factors that 
contribute to the seismic actions and different ways to simulate the seismic actions. The 
design response spectrum is one of the most basic concepts in Eurocode 8 and is used to 
define the maximum response of the structure to a specific ground motion (Cetin 2014). The 
factors of the design response spectrum like the maximum ground acceleration, the seismic 
zone where the structure is located, the ground type and the importance class of the building 
have to be determined in order to have accurate results about the response of the structure. 
For the simulation of the seismic action, Eurocode 8 provides different analyses that can be 
used for the design or the evaluation of a structure. The different analyses varied based on 
the linearity or not of the structure’s response or based on how the seismic loads will be 
represented (as static or dynamic loads). It should be mentioned that the regulations of 
Eurocode provide different checks on the capacities of a structure member that can help the 
engineer about the possible failures that can happen in a building. 

 Based on the previous facts, it is clear and understandable why Eurocode 8 is used 
from the very start of the designing until the end. Its regulations can provide knowledge to 
the civil engineer on how to design, step by step, a safe structure against seismic actions. 

1.2 The existing building 

This project thesis presents a seismic evaluation and retrofitting in an existing old 

building in Athens. This building was selected by the company CERS and it was constructed 

back in 1970 based on the 1959 Antiseismic Regulation. Based on these facts, the building is 

vulnerable against seismic actions and needs to be upgraded using the retrofitting method in 

order to be safe and keep up with the modern regulations of Eurocode 8.  

 The building is 24 meters long and 18 meters wide. The total height of the building is 

16 meters above the ground. It has four bays with 6 meters span length in the direction of the 

long side and three bays with 6 meters span length also in the direction of the short side. Not 

including the ground floor the building consists of 4 storeys and each on has a height of 3.2 

meters. The building is rectangular in plan and regular in elevation. Another basic information 

about the building is that it has an elevator shaft that is located approximately in the middle 

(see Figure 1.3). In Chapter 3 the building will be descripted in more details about its materials 

and properties.  
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Figure 1.3. The drawing in the plan of the building. 

 
 
 

1.3 Aim and objectives of the project 

 
 
Aim 

 The basic aim of this project is the seismic evaluation of the building in order to decide 
if there is a need for strengthening with retrofitting methods. The evaluation will be achieved, 
using pushover analysis, with the comparison for the target displacement (the expected 
displacement of the building for the design seismic action) and the displacement of the 
building when the first of its members reaches the allowed limits of significant damage and 
near collapse state, based on Eurocode 8. Target displacement must not be greater than this 
displacement for these two limit states (near collapse and significant damage states) in order 
to ensure the safety of the building. If the comparison shows that target displacement is 
greater, the weak links in the facility should be identified and a proper retrofitting method 
should be applied for the improvement of the seismic behavior of the building. Retrofitting 
techniques should apply if a shear failure occurred in any member of the structure too. 
Furthermore, if the building is torsional sensitive (evaluation using eigenvalue analysis) 
retrofitting methods should be applied to improve this behavior. 
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Objectives 

 The first objective is the completion of an extensive literature review concerning 
pushover analysis (non-linear static analysis) and weaknesses of old buildings that have been 
built according to the old regulations of Greece. 

 The first seismic evaluation in the initial building that is achieved with the application 
of the pushover analysis, demonstrates if significant failure would occur for possible seismic 
action. The increasing, monotonic lateral loads that represent the seismic action in the 
pushover analysis are distributed in the building with two patterns, the “uniform” pattern and 
the “triangular” pattern. These laterals loads are applied in all possible directions (X, Y) 
therefore; four seismic loading cases are considered. 

 Another objective is the identification of the possible weak members of the structure 
by checking step by step as the lateral loads increase all the members of the buildings. The 
first members that exceed the limits of significant damage and near collapse state in a specific 
step of the procedure, are the weakest members. For this specific step it is checked if the 
target displacement exceeds the limit states for the whole building. The type of failure 
(bending or shear failure) of the members is identified by using the software Seismosoft. 

 By knowing the type of failure that is occurred from the seismic action in the weakest 
members of the building, the proper retrofitting method is decided. Finally the seismic 
reevaluation of the structure after the retrofitting by applying again the pushover analysis 
confirms the safety of the building. 

 

 

1.4 Delimitations 

 

 In this project thesis, some delimitations have been considered during the analyses. 
The following delimitations are presented in order to clarify the results and the conclusions of 
this project thesis: 

 The used software (Seismostruct 2018) did not have the option to check the torsional 
sensitivity based on Eurocode 8. In order to evaluate the torsional sensitivity of the 
building, an eigenvalue analysis was conducted. The check of the torsional sensitivity 
was made according to Thermou and Psaltakis (2017). The convention was that if the 
first two modes are translational in the X and Y axes and they have effective modal 
masses percentages close to 85% then the building is not considered as torsional 
sensitive. This is a practical method to evaluate the torsional sensitivity. 
 
 

 The complete safety check of the building should include the proper checks for the 
steel braces (buckling, yielding etc.) based on Eurocode 3 (EN 1993-1-1 2005). 
Furthermore, the connections of the steel X-shaped members and the concrete 
members should be checked to ensure that there is no failure in these regions (check 
of steel elements that connect the steel braces and concrete, check of the chemical 
anchors etc.). These checks are not included due to the limited time of this project 
thesis. 
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2. Background 
 

 In order to gain knowledge about the concept of the seismic evaluation in buildings 
and the retrofitting techniques an extensive literature review has been conducted. At first, in 
this chapter the buildings that have been built based on old regulations and they are sensitive 
against seismic actions are presented. Their weaknesses are explained thoroughly in order to 
understand what interventions should be done to strengthen these old buildings. Additionally 
there are different methods of analysis that can be used for the seismic evaluation of the 
existing building. These methods are presented in order to justify the choice of the method 
later on. Furthermore the different retrofitting techniques are showed focusing on their usage 
and their main advantages and disadvantages. Finally two related previous projects are 
presented and described briefly in order to show how different authors analyze and use the 
retrofitting methods to improve the seismic behavior of their studied buildings. 

 

2.1 Buildings following the Antiseismic Regulation of 1959 and their problems 

 

 As mentioned in Chapter one, the earthquake regulation of 1959 basically is based on 
the knowledge that existed in the 1920s and 1930s. It should be noted that this regulation 
was one of the best back then. The earthquake regulation of 1959 is based on the antiseismic 
method of Roussopoulos (1949) and the seismic load analysis was based on the one-story 
model. Therefore, back then, they did not take into account the frame function of the building 
and each story was checked separately with the assumption that there were elastic supports 
on the columns. The seismic load distribution in the 1959 regulation was rectangular and the 
used seismic factors were quite low, resulting in a significant reduction of seismic effects 
during the analysis. Furthermore, it should be noted that the constructions were mainly 
designed for vertical loads and very rarely they designed to take horizontal actions for both 
horizontal directions. 

 The crucial factor of ductility was unknown in this period and the civil engineers 
designed structures by taking into account only the elastic behavior of the structure and not 
the inelastic. For concrete structures, ductility is the ability of a member to deform far beyond 
the yielding point (large deformations), without a significant reduction of its resistance 
(Duthinh and Starnes 2001).  

 Materials without or with minimal ductility such as non-reinforced concrete are 
characterized as brittle materials while materials such as steel, that has high ductility, are 
characterized as flexible. The importance of ductility is great since it depends on whether 
construction will be in the inelastic area, therefore a part of the seismic action is absorbed as 
plastic deformation. In Figure 2.1 there is a typical diagram of the stress-strain curve showing 
the behavior of a real elastoplastic system. It is clear that the elastoplastic system after moving 
into the plastic-inelastic region undergoes larger deformations. 
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Figure 2.1. The elastic and plastic region of a system (Lavocat J.C. 2014). 

 

 

 Even if a structure is able to undertake high seismic loads it is not certain that in a case 
of earthquake event the permissible limit states will not be exceeded. In this case, with the 
absence of the ductility the risk of damage is high because the failure of the member or the 
whole structure will be brittle without warnings. This is a type of failure is usually the reason 
for human losses. The ductility of a member can be achieved with the transverse 
reinforcement (stirrups). With sufficient amount transverse reinforcement and proper 
spacing. The confinement factor increases and thus higher ductility is achieved. Unfortunately, 
in the buildings that have been built before 1995, the transverse reinforcement is usually 
Φ6/20 (diameter 6mm and 20cm spacing) and in some cases it is Φ6/30. In the existing old 
concrete building that is studied in this thesis project the transverse reinforcement is Φ8/40. 
In the Eurocode 8 it is referred that there are critical regions for beams where the spacing 
should be smaller as it is shown in Figure 2.2 below (EN 1998-1 2004). The smaller diameter 
that can be used for the transverse reinforcement is 6 mm based on Eurocode 8. The spacing 
of stirrups in the critical regions should not exceed (EN 1998-1 2004): 

s= min{ hw /4; 24dbw; 225; 8dbL}     (2.1)  

where  

hw the beam depth (in millimetres) 

dbw the diameter of the hoops (in millimetres) 
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dbL is the minimum longitudinal bar diameter (in millimetres) 

 

 

 
Figure 2.2. The transverse reinforcement in critical regions of beams (EN 1998-1 2004). 

 
 
 
 
 The old regulations did not have critical regions in the beams. In the existing building 
of this project thesis the spacing of the transverse reinforcement is the same (40 cm). 
Therefore such buildings have a high risk of brittle failure. 
 
 Another problem with the old buildings is that they don’t have the proper of amount 
longitudinal reinforcement due to the erroneously expected and significantly reduced seismic 
effects. The main reason for these reduced seismic effects is the low seismic coefficients that 
were used for the calculations. 
 
 Low quality concrete and low strengths due to the lack of quality controls and its in-
situ preparation is another issue in the old buildings. It should be noted that there is often 
dissimilarity in the quality of concrete between the different members of the same old 
structure. 
 
 The above written problems exist in the old building that is studied in this thesis 
project. Therefore they have been considered in order to understand what types of the 
problem should be solved and which retrofitting method is proper for the elimination of them. 
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2.2 Methods of analysis 
 
 In order to represent the seismic actions and evaluate the behavior of a building when 
an earthquake event is conducted the civil engineer has to choose which analysis is 
appropriate based on the aims of the project and the accuracy of the results that will be 
obtained. The different methods that exist in Eurocode 8 are presented below. 
 
 
 
2.2.1 Linear analyses 
 
 The linear analyses (static or dynamic analysis) are used when a structure is expected 
to have linear behavior. They are commonly used for the design of a new building. Theses 
analyses assume that there is a linear relation between the applied forces which in this case 
represent the seismic load and the displacement of the building. That means that the stiffness 
of the members and more general the stiffness of the building is maintained constant during 
the loading process. Another assumption is that the changes in the geometry of the members 
are very small and they can be neglected. The applied forces that represent the seismic loads 
can be defined by an elastic design response spectrum and the displacement can be obtained. 
Using these methods the frequencies and the periods of the buildings can be calculated too. 

 It is known that the materials in a concrete structure have non-linear behavior and by 
using these methods we cannot study the non-linear behavior of the members in the building 
which is crucial for the estimation of safety. These methods take into account only the 
stiffness of the structure (according to the cross sections of the members) and not the 
strength (according to the reinforcement and the concrete). Therefore by using the linear 
analyses the results about the safety of the building cannot be obtained. These methods 
cannot be used to accomplish the given goals of this study, thus they are not selected. 

 

 

2.2.2 Non-linear static analysis or pushover analysis 
 
 The method that will be used for the evaluation of the existing building in order to be 
safe is the non-linear static pushover analysis. This analysis is becoming more and more 
popular for seismic evaluation on existing buildings and can provide information on seismic 
demands imposed by the design ground motion on the structural system and its components 
(Krawinkler and Seneviratna 1998). In pushover analysis the structure is subjected to gravity-
permanent vertical loads (the own weight of the structure) and gradually increasing 
monotonic lateral loads (Taghipour and Yazdi 2015). The non-linear static pushover analysis is 
considered as a method for predicting seismic actions and deformation demands, not only in 
the elastic range of the structural behavior but in the plastic too. The information that can be 
obtained from this analysis cannot be taken from a linear analysis either static or dynamic. 
The main assumption of the analysis is that the response of the structure can be related to 
the response of an equivalent single degree-of-freedom (SDOF) system (Krawinkler and 
Seneviratna 1998). 
 
 In this study, the increasing lateral loads will be applied as uniform and triangular 
patterns (EN 1998-1 2004). The loading is continued until the failure of the structure. These 
loads represent the seismic load. Through this procedure a plot of the capacity curve which 
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shows the relationship of the base shear force and the top displacement of the building, can 
be obtained. By checking step by step as the lateral loads increase it can be identified the 
failure of the members (which member fails first) and the formation of the first local 
mechanism of failure that leads to the failure of the building. By using pushover analysis for 
the evaluation of the load capacity of the building and by importing the limit states (of 
Eurocode 8) that present the demands for the structure, the safety of the building can be 
checked. The safety check can be obtained with the comparison between the limit states of 
Eurocode 8 and the target displacement (the expected displacement of the building for the 
design seismic action) in order to decide if they have been exceeding or not. 

2.2.3 Non-linear dynamic time history analysis 

 One of the most important analyses that are used in complex structures with high 
safety demand is the non-linear dynamic time history analysis. Non-linear dynamic time 
history analysis is used to predict the inelastic response of structure which is subjected to 
seismic actions (Seismostruct 2018). In order to represent the seismic actions, acceleration 
loading curves (accelerograms) are introduced at the supports. These accelerograms can be 
measurements of the acceleration of the ground in real earthquake events that happened in 
the past. Using an accelerogram for a specific earthquake event, the maximum force and the 
maximum displacement of the building can be obtained. In addition, the maximum force and 
moment can be calculated based on the non-linear dynamic time history analysis considering 
the maximum rotation. The comparison of these maximum values with the allowed values for 
each limit state according to Eurocode 8, shows if the building is safe or not. 

 
 Indisputably the non-linear dynamic time history analysis is the proper method of 
demand prediction and performance evaluation of a structure. In an ideal world there will be 
no doubt about which method should be used (Krawinkler and Seneviratna 1998). The time 
history analysis represents the seismic actions better than any other method and can be used 
for scientific purposes in special cases. It is used in complex and high safety demand structures 
because it takes into account higher mode effects. Earthquake is a complex phenomenon and 
in order to represent it needs a complex analysis like time history analysis. Due to that non-
linear dynamic analysis lacks simplicity and transparency. The data that will be imported in 
order to do this analysis (accelerograms, soil state, building state and building conditions) 
should be accurate because these parameters are very sensitive and will affect the results of 
time history analysis. Furthermore it is a time consuming analysis and the financial constraints 
in many cases make the usage of this method less possible. That’s why Krawinkler and 
Seneviratna (1998) used the phrase “proper method in an ideal world”. For the study case of 
this project thesis, the building is very simple and there is no need to use this analysis in order 
to accomplish the given goals. 

2.3 Retrofitting techniques 

 It is known that a lot of research has been focused on how earthquakes affect 
different structures. In the past researchers tried to understand by analyzing damaged or 
collapsed structures how the structures failed or else their failure mechanisms. Through the 
years and by using these surveys it became known that the materials under the seismic loads 
they have an inelastic behavior too. By knowing that the development of no-linear analyses 
helped the civil engineering society to have a “toolbox” in order to assess the seismic behavior 
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of the structures. But expect for the analyses that have been developed through the years, 
the need for strengthening of structures has been developed the retrofitting techniques too. 
The retrofitting methods have shown that have prevented damages and collapses of 
structures when an earthquake event happened. Based on Bouvier (2003) the state of 
California's department of transportation had applied to retrofit methods before the 
earthquake in 122 bridges mainly in the Los Angeles area and they did not have any major 
damages. The majority of the bridges that suffered from severe damages were bridged that 
had been planned to be retrofitted but the application of the method had not started when 
the earthquake happened. After the earthquake an analysis revealed that these bridges could 
have been saved if they had been retrofitted earlier (Bouvier 2003). 

 There are different retrofitting methods that can be used based on the vulnerability 
of the structures. However there are two main categories of retrofitting. The first is the local 
retrofitting where the members of the structure are strengthened in order to prevent their 
damages or their failure. The local retrofitting can be used when it is known that in a structure 
there are some members that they have not been designed proper and in a case of earthquake 
event they will fail. Another occasion is when it is known that due to modification or 
application of another retrofitting method the highest proportion of the seismic actions will 
affect a certain section of an existing. In that case the members of this section should be 
retrofitted locally. The second category is the global retrofitting. Global retrofitting is the 
method that strengthens the entire structure against seismic actions by adding new members 
(Bouvier 2003). By using new members in the structure the existing members are relieved 
from high loads because a different distribution of loads will be presented and the co-
operating new members will be loaded with a proportion of total seismic action. 

 However, It can be decided which retrofitting method is the proper one, based on the 
need of the structure for strength, ductility or both of them (Dritsos, 2015). The increase of 
strength can be achieved by using new walls, steel or concrete bracings or adding reinforced 
concrete wing walls. On the other hand the increase of ductility can be obtained by adding 
reinforced concrete wing walls or applying jacketing. When both ductility and strength have 
to be increased all the written methods can be used. Figure 2.3 shows the different methods 
of retrofitting and when they should be used. For example, Figure 2.4 shows two methods of 
retrofitting in concrete buildings. In Figure 2.4 (a), the jackets of reinforced concrete is a local 
while in Figure 2.4 (b) the steel bracing technique is global retrofitting. 
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Figure 2.3. The relationship between the different retrofitting techniques and the 

strength and ductility (Dritsos 2015). 
 

 

 
(a)                                                                           (b) 

Figure 2.4. Retrofitting techniques using (a) jackets of reinforced concrete and (b) steel 

bracing (Gkournelos et al. 2019) 

 

2.3.1 Steel braces 

 

 Steel braces for strengthening are a global retrofitting method that is used when the 
structure lacks stiffness, strength or resistance to torsion. This method has been applied for 
over 50 years in countries like Mexico or Japan and it is known that works (Bouvier 2003). The 
steel braces are easy to be installed in the structure even from the outside (no interruptions 
in the function of the building) and the time of installation is decreased compared to the other 
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methods. This retrofitting method does not require any intervention on the ground because 
the steel members are placed in the frames of the structure (Bai 2003 and Vijayakumar and 
Venkatech Babu 2011). Another advantage is that they have small own weight and the 
structure is not overloaded with additional heavy members. Their disadvantages are their high 
cost and the need for maintenance. Their maintenance has to be conducted more frequently 
if the members are exposed to weather conditions. 

 From the structural point of view their main function of the steel braces is the transfer 
of lateral loads (seismic actions) to the ground. As a global retrofitting method by adding new 
members the stiffness of the structure increases and the old members are relieved from 
additional loads. In order to avoid the torsional effects the steel braces are usually placed in 
the perimeter of the building in such a way that the additional steel members are symmetric 
positioned and the distribution of the total stiffness of the structure is equal in the X and Y 
axes. Furthermore the steel braces are usually installed in the frames of every floor and as the 
floor level increases the cross sections of the steel are decreased because in higher floors the 
need for strengthening decreases too. It should be mentioned here that the steel braces are 
working like trusses. The systems that are usually applied for the retrofitting are the 
concentric (X-shaped), the eccentric (K-shaped) and the V-shaped system. Figure 2.5 below 
shows some different systems of steel braces. Based on Bouvier (2003) there are some 
experimental studies that concluded that the concentric (X-shaped) steel brace systems 
provide a higher strength compared to other steel bracing systems. 
 
 
 

 
Figure 2.5. Different system of steel braces (Ülker et al. 2018) 

 
 
 
 Another main issue that arises when the steel bracing is used as a retrofitting method 
in concrete buildings is the connection between concrete and steel. The connection should be 
able to transfer the load from the column to the steel element and the opposite safely. 
Failures in the connection is a common phenomenon due to wrong design, especially when 
the quality of concrete is low and deterioration exists. Based on this, the concrete should be 
checked before the installation of steel braces and the connection should be designed 
carefully. For the connection of the steel and the concrete, chemical anchors are usually 
installed. 
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2.3.2 Shear walls 

 
 

 Another method of global retrofitting is the shear walls that have been used for over 
60 years in civil engineering for the strengthening of buildings (Bouvier 2003). The installation 
of shear walls can increase the stiffness and the strength of a structure. They are made usually 
of concrete and regular steel reinforcement (steel plates and precast panels are used too) and 
they are placed in frames that have to be strengthened, for example see Figure 2.6. The bays 
that will be strengthened have to be considered and studied thoroughly in order to achieve 
the appropriate distribution of the stiffness in the X and Y axes. Like the steel braces, if the 
location of the shear walls is not proper it will lead to torsional effects when an earthquake 
event is happening due to unequal allocation of the stiffness in the X and Y axes. In order to 
avoid this phenomenon they are usually installed in the perimeter of the building and they 
have to be positioned symmetrically. 

 
Figure 2.6. Application of shear walls in the building (Bautechplus 2018) 

 

 The main function of the shear walls is to resist and transfer the lateral loads of a 
seismic action to the foundations (Bouvier 2003). Due to the high stiffness of the shear walls, 
the energy dissipation of the building is increased. Therefore, this global retrofitting methods 
enhances to relief the other structural members from the additional seismic loads by 
undertaking shear and bending forces and also resisting against the overturning moments (Di 
Sarno and Elnashai 2002). On another word, when an earthquake event is conducted, the 
shear walls will increase the resistance ability of the building against overall drift and story 
mechanism (Bouvier 2003). Due to this function that is described above the existing structural 
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members that are connected with the shear walls should be checked thoroughly. The reason 
for doing that is that the load paths when the shear walls are added are different from those 
that they exist in the pre-retrofitted building. The elements that are connected with the shear 
walls will have to support higher loads in case an earthquake event is conducted. Usually in 
old buildings these members are not able to support these additional seismic load and they 
need to be retrofitted too with a local method. This concerns all the global retrofitting 
methods, not only the shear walls method.  

 One of their disadvantages is that they have significant own weight and due to this 
they increase the dead loads of the structure. Based on this the civil engineer should check if 
the structural members of the frame that the shear wall is installed are able to undertake their 
additional own weight. Another disadvantage is that installation reinforced concrete shear 
walls can interrupt the function of building for a time period compared for instance with the 
steel braces installation. 

 

2.3.3 Jacketing 

 

 Strengthening using jackets is a local retrofitting method that is used when the 
structure lacks of strength. Jacketing does not add stiffness in the structure unless there is 
section enlargement with new concrete that will be placed to cover the extra reinforcement. 
Based on Bouvier (2003) the steel jackets have been studied in the 1990s in the columns of 
bridges by the California Transportation Department. They have found that this retrofitting 
method can improve the overall behavior of the structures and factors like shear strength, 
ductility and absorption of the seismic energy are increased. Nowadays this method is widely 
used all over the world where circumstances require that. 

 In order to apply this method first the old concrete cover should be removed until the 
old reinforcement is shown. Then the element’s area should be thoroughly cleaned from the 
dust and the concrete residues. If there is corrosion in the old reinforcement it could be cured 
using some special materials but the usual strategy in these cases is to treat the reinforcement 
with anti-corrosive coatings that will stop the development of the damage. Then the new 
reinforcing material can be placed around the member and it can simple longitudinal or 
transverse reinforcement or other materials like steel plates or fibre reinforced polymer 
(Bouvier 2003). The bonding between the old and the new concrete can be achieved by 
making the surface of the old concrete rough or by applying special glues in the interface to 
obtain the wanted results (Ali 2009). The reinforcing materials are discussed later in this 
section. The members that are usually are strengthened with this method are the columns 
but it can be applied in beams too. In an old building that usually lacks ductility and they have 
some weak members this method is ideal because the addition of the new reinforcement will 
increase the confinement factor and the ductility will reach the desirable levels (Bai 2003). 
Furthermore the members are strengthened and they are protected with the proper design 
of the strengthening from bending and shear failures. Figure 2.7 shows the application of 
jacketing in a column with simple steel reinforcement. 
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Figure 2.7. Retrofitting with jacketing in column (Ducon) 

 

 Instead of the common steel reinforcement that can be used in the jacketing another 
material that works like the steel reinforcement can be used and this is fibre reinforced 
polymer (FRP). There are different types of FRP based on the material that they contain in the 
fibers i.e. carbon, glass or aramid (Sika Company). Each material has different properties and 
the choice is considered based on the needs of the structure. It should be mentioned that the 
orientation of the fibers defines the usage of the fibre reinforced polymer. When the fibers 
are orientated in the longitudinal direction they work as a longitudinal reinforcement and 
when they are orientated in the transverse direction they work as a transverse reinforcement. 
The fibre reinforced polymer can be applied in as many layers as the design requires. It can be 
applied also in both directions (as transverse or longitudinal reinforcement) in the same 
column or beam. They can be fully wrapped all around the member (usually in columns) or 
partial wrapped (usually in beams). The procedure of installation is the same as it mentioned 
before except for the application of the FRP that is wrapped on the members. The bonding 
between the old concrete and the fibre reinforced polymer an epoxy adhesive should be used. 
The time of the installation is clearly reduced compared with other materials due to the simple 
application of the fibre reinforced concrete. Figure 2.8 shows the application of the FRP in the 
column-beam joint. 
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Figure 2.8. Retrofitting of column-beam joint using FRP (Motavalli and Czaderski 2007) 

 

 The durability of fibre reinforced polymer is good enough and it is used worldwide in 
different structures i.e. buildings or even bridges, with success (Benmokrane and Ali 2018). 
The long term durability is not fully understood but it is proven that it is better compared with 
other products. The Eurocode 8 provides formulas for the FRP capacity and strength (EN 1998-
3 2005). 

 

2.4 Related studies 

 

 In this section, two studies of seismic evaluation of reinforced concrete frames before 
and after retrofitting are presented. In the first study, a 3-story, 6-story and 10-story buildings 
are evaluated by Husain et al. (2017). For example, a building of 3-story with 5 meter span 
length in two directions is shown in Figure 2.9. 
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Figure 2.9. The drawing in the plan of the buildings (Husain et al. 2017). 

 

 In order to evaluate the buildings, the pushover analysis is used. By using performance 
levels, the possible damages that the buildings may have during an earthquake event is 
checked. The conclusion based on the safety and performance checks is that for the 3-story 
building there is no need to be strengthened and is safe against seismic actions. The 6-story 
building has significant damages that can cause injuries to the people that they use the 
building but the building can be retrofitted in order to be safe. The pushover analysis in the 
retrofitted building shows that is safe against seismic actions. A carbon fiber reinforced 
polymer concrete jacketing is used for locally retrofitting. The 10-story building has very 
serious damages and is not safe for re-occupancy. They also conclude that the 10-story 
building does not worth to be repaired and strengthened.  

 To understand the torsional effects and which retrofitting method should be used, 
the later study by Thermou and Psaltakis (2017) has been reviewed. Figure 2.10 shows the 
first plan configuration of the evaluated building.   
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Figure 2.10. The drawing in the plan of the existing building (Thermou and Psaltakis 2017). 

 

 Although the aim of the study of Thermou and Psaltakis (2017) is not the check of the 
torsional effects, the reduction or even the elimination of torsion was attempted. In order to 
eliminate the torsional sensitivity of the building, it is firstly conducted an eigenvalue analysis. 
Through eigenvalue analysis the results of modal participation mass ratios of the pre-
retrofitted building show that in the first mode there is torsional displacement. After the 
addition of infill walls in strategically selected frames in the perimeter of the building the 
results of modal participation mass ratios show that in the first two modes the displacements 
were in the X and Y axes and there was no torsion. This is a practical way to show that they 
eliminate the torsional sensitivity of the building, something that is used in the present project 
thesis too. 
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3. Methodology 
 

 This project thesis aims to evaluate the seismic behavior of an existing building and 
improve it by using retrofitting techniques. The model and the properties of the materials of 
the building are presented. By using the specific strategy, the results of the capacity and the 
strength of the building can be obtained. Τhe existing building is evaluated using the pushover 
analysis. Two distribution of lateral loads are applied in pushover analysis that are orientated 
in both X and Y axes resulting in four seismic loading cases. The Eurocode 8 provides the limits 
that should be compared with the results from the seismic evaluation of the pre-retrofitted 
building. The limit states are presented thoroughly in this chapter. In order to check the 
torsional sensitivity of the building (pushover does not check it) an eigenvalue analysis is 
conducted too. The eigenvalue analysis results can show if the building has torsional effects.  
 
 The applied retrofitting methods are also presented here and they are selected based 
on the seismic evaluation of the existing pre-retrofitted building. The frames that the global 
retrofitting method is applied and the members that strengthened by using the local 
retrofitting method are illustrated in this chapter. After the application of the retrofitting 
methods, pushover and eigenvalue analysis are conducted again in the retrofitted building in 
order to ensure that the building has been strengthened and is safe against seismic actions. 
 
 This study has been conducted by using an extensive amount of journals and 
published articles that have been reviewed for gaining knowledge about the seismic 
evaluation and the proper retrofitting techniques. In each study case different retrofitting or 
seismic evaluation strategies are used based on the aims and the goal of the project. The 
seismic evaluation analysis and retrofitting methods that are used, are selected based on the 
seismic behavior of the existing building of this project and the aims that have been 
established from the beginning of this study. 
 

 

3.1 Model of the building 

 

 Using the software Seismostruct, the three dimensional model that is created is 
presented in Figure 3.1. The Figure 3.1 shows the two sides of the building, the long side with 
four bays of 6 meters span length in the X axis (shown with red color) and the short side with 
three bays of 6 meters span length in Y axis (shown with green color). As mentioned before 
the long side is 24 meters and the short side is 18 meters. In this figure it is clear that the 
building consists of 4 storeys and each one has a height of 3.2 meters, not including the ground 
floor. The walls have not to be modeled but their weight is considered as a uniform load on 
beams. 

 The type of supports that are used in this model was defined as fixed supports. It is an 
assumption that has been made for the connection of columns in the ground-floor with the 
ground. All the fixed supports are on the ground level at ±0.00 m. 
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Figure 3.1. The three dimensional model of the existing building. 

 

 

 A section in the reinforced concrete building can be shown in Figure 3.2. It can be seen 
that the elevator shaft is located approximately in the middle of the building. The walls of the 
elevator shaft are used as columns because three beams are connected with them. In the 
software the connection achieved by using the proper constraints. The beams and the 
columns are defined with their dimensions and their steel reinforcement analytically in 
Appendix A. 
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Figure 3.2. The top view of the building. 

 

3.1.1 Materials of the existing building 

 

 The building consists of concrete C12/15 that was used back in 1970 for the 

construction of structures. The quality of the concrete is obviously low compared with the 

new concrete materials that are used today. The concrete C12/15 has the following 

properties: 

Characteristic cylinder compressive strength: 12 MPa 

Mean compressive strength: 20 MPa 

Modulus of elasticity: 27085 MPa 

Strain at peak stress: 0.0022 

Specific weight: 24.00 kN/m3 
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 The steel reinforcement of the existing building is S400 quality. The properties of the 

steel reinforcement are presented below. 

 

Modulus of elasticity : 210 GPa 

Yield strength : 400 MPa 

Strain hardening parameter (-): 0.005 

Transition curve inital shape parameter (-): 20.00 

Transition curve shape calibrating coefficient A1 (-): 18.50 

Transition curve shape calibrating coefficient A2 (-): 0.15 

Isotropic hardening calibrating coefficient A3 (-): 0.00 

Isotropic hardening calibrating coefficient A4 (-): 1.00 

Fracture/buckling strain (-): 0.10 

Specific weight : 78.00 kN/m3 

 
 
 

3.1.2 Design loads of the model 

 

 The loads that introduced in the software Seismostruct are the dead loads (G) and live 

loads (Q). Snow loads are very small in Greece, especially in Athens, where the building is 

located, and they are neglected. The dead loads include the self-weight of the members of 

the building. The self-weight of the walls has been taken into account as an additional load 

(G’) in the beams. The external walls that are located in the perimeter of the building have an 

additional permanent load of 8.00 kN/m that is taken by the perimeter beams. The internal 

walls have an additional permanent load of 4.50 kN/m taken by the beams. The live loads of 

the slabs are 2.00 kN/m2. 

 

3.2 Seismic analyses 

 Through the following analyses the seismic evaluation of the building can be obtained. 
First an eigenvalue analysis is conducted, in order to evaluate the torsional sensitivity of the 
existing building. Following the pushover analysis i.e. the main analysis of this project thesis. 
The later analysis is conducted for the seismic evaluation and safety check of the building. 
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3.2.1 Eigenvalue analysis 

 Due to the fact that the pushover analysis does not take into account the torsional 
effects of the seismic action an eigenvalue analysis is conducted. By using this analysis the 
torsional sensitivity of the building can be checked. When the eigenvalue analysis is 
conducted, results about the modes of the building, like periods and effective modal masses 
percentages can be obtained. It is concluded that when the first two modes are translational 
in the X and Y axes and they have effective modal masses percentages close to 85% then the 
building is not considered as torsional sensitive (Thermou and Psaltakis 2017). 

 One of the aims of this project is to check the torsional sensitivity of the building and 
decrease it or even eliminate it. This procedure is not always an easy thing to do because the 
characteristics of a torsional sensitive building sometimes cannot be fully changed. The 
solution to this problem is given by using global retrofitting techniques in strategically selected 
positions that add stiffness in the building and is presented in the following chapter. 

3.2.2 Pushover analysis 

 The non-linear static pushover analysis which is the chosen method is the simplest 
way to represent the seismic actions and the non-linear behavior of the building and is used 
mostly for the evaluation of existing buildings. In addition, it is a transparent method because 
it helps the model user to be cognitively capable of understanding how the increasing loads 
represent the seismic actions and when a member of the building or the whole building is 
collapsed. For simple structures i.e. regular in plan and in elevation, distributed stiffness of 
the members, like the case study of the existing building of this study, pushover analysis will 
provide good estimations about the global and local non-linear deformation demands 
(Krawinkler and Seneviratna 1998). Furthermore it will expose design weaknesses that are 
invisible in the elastic analysis and it will point out the weak members that should be 
strengthened. On the negative side, the pushover analysis does not take into account the 
torsional effects of the seismic action. Due to that the torsional effects of the seismic actions 
are considered separately in this project thesis. 

 The basic aim of this project is the evaluation and the strengthening of the building in 
order to be safe. As it is mentioned before in Chapter 2, the safety check can be obtained with 
the comparison between the limit states of Eurocode 8 and the target displacement in order 
to decide if they have been exceeding or not. The target displacement is the expected 
displacement of the building for the design seismic action. Therefore, the target displacement 
for each limit state represents the displacement that the building should have in order to be 
safe based on Eurocode 8. With pushover analysis the building is loading with increasing 
lateral loads until the failure. During this process failure mechanisms will exist. By considering 
the safe side, when the first member of the structure exceeds the limit state, the displacement 
of the building is checked. If this displacement is greater than the target displacement (that 
represents the safety standards of Eurocode 8) for the corresponding limit states, then the 
building is safe. The building is safe because can undertake higher loads and can have greater 
displacements than those that are defined in the safety standards of Eurocode 8. 
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3.2.2.1 Target displacement 

 

 The target displacement is the expected displacement of the building for the design 
seismic action. It can be obtained from the elastic response spectrum by using a single-degree-
of-freedom system (Seismostruct 2018). The target displacement of a multi-degree-of-
freedom system (MDOF) system can be obtained with a number of steps that are described 
in Eurocode 8 (EN 1998-1 2004). Here it should be referred that for every limit state of 
Eurocode 8 i.e. near collapse, significant damage, damage limitation, there is target 
displacement. By comparing the target displacement for every limit state and the 
displacement of the building when the first member exceeded the corresponding limit state 
during pushover analysis, the safety of the building will be defined. The analytical calculation 
of the target displacement is presented in Appendix C. 
 
 In order to find the target displacement, the design seismic action should be 
determined. In Eurocode 8 the elastic design spectrum is used for the determination of the 
design seismic action. The elastic design spectrum is a representation of the seismic action, 
based on the information and the type of the ground. It depends on the behavior properties 
of the building like its fundamental mode of vibration and its dissipation capacity (Oliveto and 
Marletta 2005). The representation of the seismic action for the elastic design spectrum of 
Eurocode 8 (EN 1998-1 2004) is presented in Figure 3.3. The elastic response spectrum Se(T) 
is defined by using the following procedure by Eurocode 8: 
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where:  
 
T  Vibration period of a linear single-degree-of-freedom system  
TB  Lower limit of the period of the constant spectral acceleration branch  
TC  Upper limit of the period of the constant spectral acceleration branch  
TD  The value defining the beginning of the constant displacement response range of the 

spectrum  
S  Soil factor  
Se(T)  Elastic response spectrum  
ag  Design ground acceleration  
η  Damping correction factor with a reference value of η = 1 for 5% viscous damping  
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Figure 3.3. The shape of the elastic response spectrum (EN 1998-1 2004). 

 

 The recommended elastic response spectrum Type 1 is used in case of earthquakes 
that contribute most to the seismic hazard defined of probabilistic hazard assessment with a 
surface-wave magnitude, Ms greater than 5.5 Richter and the Type 2 response spectrum with 
a magnitude of Ms less than 5.5 Richter. This means that Type 1 is used for places with high 
seismic level and Type 2 for places with low seismic level (EN 1998-1 2004). For this thesis 
project the recommended elastic response spectrum Type 1 is used. The ground type under 
the existing building is Type B (for Table 3.1 and Table 3.2). Figure 3.4 and Figure 3.5 show 
elastic response spectra for ground types A to E with 5% damping for Type 1 and Type 2 
respectively. 

 

Table 3.1. Values of the parameters describing the recommended Type 1 elastic response 
spectra (EN 1998-1 2004). 

Ground 
type 

 
S 

 
TB(s) 

 
TC(s) 

 
TD(s) 

A 1.0 0.15 0.4 2.5 

B 1.2 0.15 0.5 2.5 

C 1.15 0.20 0.6 2.5 

D 1.35 0.20 0.8 2.5 

E 1.4 0.15 0.5 2.5 
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Table 3.2. Values of the parameters describing the recommended Type 2 elastic response 

spectra (EN 1998-1 2004). 

Ground 
type 

 
S 

 
TB(s) 

 
TC(s) 

 
TD(s) 

A 1.0 0.05 0.25 1.2 

B 1.35 0.05 0.25 1.2 

C 1.5 0.10 0.25 1.2 

D 1.8 0.10 0.30 1.2 

E 1.6 0.05 0.25 1.2 

 

 

 

 
Figure 3.4. Recommended Type 1 elastic response spectra for ground types A to E with 5% 

damping (EN 1998-1 2004). 
 

 



29 
 

 
Figure 3.5. Recommended Type 2 elastic response spectra for ground types A to E with 5% 

damping (EN 1998-1 2004). 
 

 Another factor that should be defined is the importance class of the building. This 

factor is used in order to define the safety of different buildings categories. The existing 

building of this project thesis is an ordinary building and the importance class is II. Table 3.3 

shows the importance of classes based on Eurocode 8.  

 

 

Table 3.3. Importance classes for buildings (EN 1998-1 2004). 

Importance class Buildings 

I Buildings of minor importance for public safety, e.g. 
agricultural buildings, etc. 

II Ordinary buildings, not belonging in the other 
categories. 

III Buildings whose seismic resistance is of importance in 
view of the consequences associated with a collapse, 
e.g. schools, assembly halls, cultural institutions etc. 

IV Buildings whose integrity during earthquakes is of vital 
importance for civil protection, e.g. hospitals, fire 
stations, power plants, etc. 
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 Another issue is the maximum ground acceleration. According to the scientific 
community in Greece, the different regions of the country are classified based on the seismic 
zone, for more information see Appendix C. The existing building of this study is in Athens 
which is in seismic zone I. The maximum ground acceleration in this zone is αgR=0.16 g as 
shown in the Table 3.4. 

 

 

Table 3.4. The reference maximum ground acceleration for different seismic zones (Solomos 

et al. 2008). 

Seismic zones I II III 

αgR  (g) 0.16 0.24 0.36 

 

 

3.2.2.2 Limit states 

 
 According to EN1998-3 (2005) in Section 2.1, the performance requirements are 
determined based on the damage level of the structure and there are three limit states that 
Eurocode 8 uses, near collapse state (NC), significant damage state (SD) and damage limitation 
state (DL). 
 
Limit State of near collapse 
 
 The limit state of near collapse (NC) is the last state of the structure when the 
structure is near the collapse. At this state the building has severe damages and will not be 
able to undertake another earthquake event. In this state, the structure’s stiffness and its 
residual lateral strength become low but the vertical members of the structure can still sustain 
the vertical loads i.e. own weight. It should be mentioned that most of the non-structural 
members e.g. walls, etc., have failed and large permanent drifts are present. The appropriate 
level of safety is obtained by selecting a seismic action that has a return period of 2.475 years 
to (EN1998-3 2005). The probability that should be used for the exceedance of this limit state 
should be 2% in 50 years. When the chord rotation of member is higher or equal with the 
ultimate chord rotation of concrete member then the limit state of Near Collapse is reached. 
The equation of the ultimate chord rotation of concrete is presented in Appendix C. 
 
 
 
Limit State of significant damage  

 
 The limit state of significant damage (SD) is the intermediate state where the structure 
has significant damages and but it is able to undertake an earthquake event of medium 
intensity. Most of the times when the members reach this state are uneconomic to repair the 
structures. The structure’s stiffness and its residual lateral strength exist and it is not low in 
this state and the vertical members of the structure can sustain the vertical loads i.e. own 
weight.  The non-structural members are damaged and medium permanent drifts are present. 
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The appropriate level of safety is obtained by selecting a seismic action that has a return 
period of 475 years (EN1998-3 2005). The probability that should be used for the exceedance 
of this limit state should be 10% in 50 years. The chord rotation capacity corresponding to the 
limit state of significant damage is assumed to be 3/4 of the ultimate chord rotation. 
 
 
Limit State of damage limitation 
 
 The limit state of damage limitation (DL) is the first state where the structure has 
insignificant damages and there is no need for repairing them. The strength and the stiffness 
of the structure are sustained and the structure can be characterized as lightly damaged. In 
non-structural members i.e. partitions and infills, maybe a distributed cracking is presented. 
The damages that are occurred in this state can be repaired with low cost and the permanent 
drifts are so low that can be neglected. The appropriate level of safety is obtained by selecting 
a seismic action that has a return period of 225 years. The probability that should be used for 
the exceedance of this limit state should be 20% in 50 years. When the chord rotation of 
member is higher or equal with the yielding chord rotation of concrete, damage limitation is 
reached. 
 
 Here it should be defined that although the damages that are expected when the 
damage limitation state is exceeded are insignificant, in this project thesis this limit state is 
taken into account when is exceeded. Actually the members of a structure are designed to 
yield or else the structure will have a high cost due to the uneconomic design of the members. 
However a check is conducted for this limit state but that does not mean that the members 
will be strengthened if they are exceeded. The damage limitation state is exceeded when the 
yielding chord rotation is exceeded (Appendix C). 
  

 
Figure 3.6. The limit states for the target displacements in Base Shear force-Displacement 

diagram (Seismostruct 2018) 
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Figure 3.7. The limit states selection in Seismostruct software (Seismostruct 2018) 

 
 
In the Seismostruct software the limit states are shown in Figures 3.6 and 3.7. The green circle 
is the damage limitation state, the orange circle is the significant damage state and the red 
circle is the near collapse state. 
 

 
 

3.2.2.3 Distribution of seismic loads 

 The distribution of seismic loads can be applied in different patterns. There are 

uniform, triangular or "modal" distribution patterns that can be used in order to represent the 

seismic actions. In this study the patterns that are used are the uniform and triangular pattern 

as shown in Figure 3.8 and Figure 3.9.   
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Figure 3.8. Rectangular-Uniform distribution of lateral loads 

 

 
Figure 3.9. Triangular distribution of lateral loads 

 

 

3.2.2.4 Seismic load combinations 

 

 

The load combination that is applied to the building is the following (EN 1-1990 2002): 
 

ΣJ≥1 Gk,j "+"P"+" EEd"+" Σi≥1 ψ2,i Qk,i      (3.5)  
 
where  
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Gk Characteristic value of permanent action  

P Relevant representative value of a prestressing action  

EEd Design value of seismic action  

Qk Characteristic value of variable action  

𝜓2  Factors for the quasi-permanent value of variable actions, equal to 0.3 for variable 

loads and 0.2 for snow loads 

 

 According to Eurocode the combination of the horizontal components of the seismic 
action can be calculated following the procedure below with the equations (4.18 and 4.19 in 
Eurocode- EN 1-1990 2002): 

 

EEd = EEdx" +"0.3 EEdy        (3.6) 

EEd =0.3 EEdx" +"EEdy        (3.7) 

Where  

" +" is the sign of the combination 

EEdx represents actions effects of the seismic action along the X axis of the building 

EEdy represents actions effects of the seismic action along the Y axis of the building 

 

 Table 3.5 below shows the different combinations of seismic loading. There is no snow 
load because in Greece there is no need to consider this factor. The obtained results are 
produced from these combinations and then they are evaluated. 

Table 3.5. Seismic load combinations 

Type of Loading Dead loads Live loads Earthquake 

X 

Earthquake 

Y 

Uniform 
pattern load 
distribution 

1.00 0.30 1.00 0.30 

Uniform 
pattern load 
distribution 

1.00 0.30 0.30 1.00 

Triangular 
pattern load 
distribution 

1.00 0.30 1.00 0.30 

Triangular 
pattern load 
distribution 

1.00 0.30 0.30 1.00 
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3.2.2.5 Knowledge levels 

 

 In order to select the acceptable analysis and the proper confidence factor, there are 
three levels of knowledge based on Eurocode 8 (EN 1998-1 2004): 
 
- KL1: Limited Knowledge 
- KL2: Normal Knowledge 
- KL3: Full Knowledge 
 

The knowledge levels are defined based on different factors that are: 
 

(i) The geometry of the structure that includes all the details about the system, the 
structural members and the non-structural members that can contribute to the 
global response of the system (masonry infill etc.)  

(ii) The details about the amount and the type of the reinforcement in the members 
(structural and non-structural) of the structure, the constraints of slab 
diaphragms to the lateral resisting structure and the jointing of masonry.  

(iii) The materials that exist in the structure and mechanical details about them. 
 
 
 In this study the knowledge level is the KL2-Normal Knowledge based on the details 
that are known for the existing building. The definitions of the three levels of knowledge can 
be found in Appendix C. 
 
 
 

3.3 Retrofitted building with steel braces 

 

 For the strengthening of the existing building, firstly a global retrofitting technique is 
chosen. The choice of concentric (X-shaped) steel braces was made because the seismic 
behavior of the existing building was not proper. The steel braces can transfer the lateral loads 
of the seismic actions to the ground and they add stiffness in the building. The basic idea of 
using steel braces is that they can take the additional load of the seismic action and they can 
relief the old members of the structure. Here it should be referred that the members that are 
connected with steel braces are overloaded i.e. due to the high seismic energy absorption of 
the retrofitted frame. Thus, the compressive capacity of the concrete is usually exceeded and 
the members fail. Furthermore by applying the steel braces, the transfer of the loads to the 
ground changes in the whole building and some members, which are not expected to fail, may 
are vulnerable with the new load “paths” that are created. Then an additional retrofitting 
technique should be used and after that a new seismic evaluation should be conducted. 

 Another reason for using steel braces is the additional stiffness that can provide in the 
building. Especially as it is referred to in Chapter 2 the global retrofitting techniques are used 
in order to decrease or even eliminate the torsional sensitivity of the building. In this study, 
steel braces are placed in the perimeter of the building in such a way that the additional steel 
members are symmetric positioned and the distribution of the total stiffness of the structure 
is equal in the X and Y axes. Figure 3.10 shows with red color the frames that the steel braces 
are installed for this study. 
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Figure 3.10. The position of the installed steel braces (with red color). 

 
 

 The type of steel elements that are used are HEB sections and their class is S235. The 

type and the class of the steel sections were selected based on the study cases of Jaspart and 

Weynand (2016). Table 3.6 shows the different cross section that is used on each floor. As the 

floor levels increase the cross sections of the steel members decrease because there is no 

need for large cross sections in the higher floor levels. Figure 3.11 shows the 3D model of the 

retrofitted with steel braces building. More details about the characteristics of the steel braces 

can be found in Appendix A. 

Table 3.6. The steel braces on each level floor. 

Floor level Steel brace 
cross section 

Steel class 

Ground-floor HEB280 S235 

1st floor HEB260 S235 

2nd floor HEB240 S235 

3rd floor HEB220 S235 

4rth floor HEB200 S235 
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Figure 3.11. The 3D model of the retrofitted with steel braces building. 

 

3.4 Retrofitted building with steel braces and FRP 

 

 As it is mentioned before the application of steel braces does not mean that some 
members are protected. The columns where the steel braces are installed are overloaded with 
high compressive loads. Furthermore all the beams of the structure have transverse 
reinforcement which is Φ8/40 (mm/cm) and the spacing is very long especially for the critical 
regions. These beams are possible to fail in shear failure. For these reasons the jacketing with 
fibre reinforced plastic (FRP) applied. Fibre reinforced plastic jacketing is a local retrofitting 
method and can strengthen the vulnerable members of a building. 

 In order to decide which members should be strengthened by using FRP jacketing a 
second pushover analysis is conducted. In the members that failed in shear failure or they 
exceeded the acceptable limit states the FRP jacketing is applied. By using this material with 
its fibers orientated transversely in the beam, they are working as a transverse reinforcement. 
Furthermore the confinement factor that did not exist or it was very low is highly increased 
by using this jacketing method. Therefore in members with a compressive capacity of the 
concrete that exceeds the increase of the confinement factor is protect them from failure. 

The Seismostruct software can provide a list of FRP materials that exist in the market and use 
them for the jacketing of the columns and the beams. The selected FRP that is used in this 
project is SikaWrap-300 C by Sika company. The data and properties of this product are: 
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Type: Carbon 

Fiber orientation: 0o (uniaxial) 

Application: Dry/wet 

Resin: Sikadur-330 or Sikadur-300 

Fiber thickness (mm): 0.1670 

Tensile strength (MPa): 4000.0 

Tensile modulus (MPa): 230000.0 

Weight (gr/m2): 304.0 

 

 After the seismic evaluation of the retrofitted only with steel braces building some 
members failed and the application of this material was necessary. In many building’s beams 
one layer of SikaWrap-300 C installed in order to avoid the shear failure. The retrofitted with 
FRP beams are presented in Appendix B and they are all the beams i.e. in the retrofitted only 
with steel braces building, that exceeded their shear capacity. Figure 3.12 shows with green 
color how the FRP installed in the cross sections of the beams. The beams are not fully 
wrapped. The columns are retrofitted with four layers of SikaWrap-300 C. The four layers were 
chosen in order to achieve the proper confinement factor. The columns that are retrofitted 
are connected with steel braces and that is why the need for additional local retrofitting 
method occurred. Figure 3.13 shows with yellow color the columns that are fully wrapped 
with the SikaWrap-300 C product. The red color is for the frames where the steel braces are 
installed. 
 

 
 

Figure 3.12. The application of FRP in the beams (with green color). 
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Figure 3.13. The retrofitted with FRP columns (with yellow color). 

 

 

3.5 Assumptions 

 

The assumptions that are made in this study are the following: 

 The type of supports that are used in this model is defined as fixed supports. It is an 
assumption that has been made for the connection of columns in the ground-floor 
with the ground. All the fixed supports are on the ground level at ±0.00 m. This 
assumption was made because the support for the columns in the ground level, in a 
real case is something between fixed and pinned. For the model they are supposed to 
fix. 
 

 In the non-linear static analysis, based on Eurocode 8 (EN 1998-1 2004), at least two 
distribution of lateral loads should be applied. The distributions that should be applied 
is a uniform pattern distribution and "modal" pattern distribution. The "modal" 
pattern distribution was not available in the Seismostruct software and a triangular 
distribution was chosen to replace it. 
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4. Results 
 

 In this chapter the results of the seismic analyses are presented. The results in the 
existing pre-retrofitted demonstrated that the building is torsional sensitive and vulnerable in 
seismic actions. There was clearly a need for using retrofitting techniques in order to improve 
the seismic behavior of the building. The results also indicated the weaknesses of the building 
and the types of failure that occurred during the simulation of the earthquake event using 
software Seismostruct. This chapter is divided into two parts based on the applied seismic 
analyses.  

 The first part concerns the eigenvalue analysis from which the torsional sensitivity of 
the building is checked. The effective modal mass percentages for the existing and for the 
retrofitted building are presented in order to decide if the building is torsional sensitive before 
and after retrofitting. Furthermore the periods and the frequencies for each mode are 
presented too. 

 The second part concerns the pushover analysis which is presented in three steps. 
First, the results for the pushover in the existing building, before applying any seismic 
retrofitting technique are presented. Then the next step shows the results of the retrofitted 
building, using steel braces. Finally due to the fact that the steel braces were not enough, 
concerning the safety of the building against seismic actions, fibre reinforced plastic jacketing 
was suggested to apply in some members of the building. The final results concern the 
retrofitting building using both steel braces and FRP jacketing. 

 

4.1 Eigenvalue analysis  

 

4.1.1 Results for the existing building 

 

 For the investigation of the existing building i.e. un-retrofitted condition, an 
eigenvalue analysis was conducted. The results of the natural periods and frequencies based 
on each mode are presented in Table 4.1. As mentioned in previous chapters, the aim here is 
to check the torsional sensitivity by using the effective modal mass percentages. The torsional 
sensitivity is not concerned when the first two modes are translational in the X and Y axes, 
and their effective modal mass percentages are close to 85% (Thermou and Psaltakis 2017). 
Here, it should be mentioned that the effective modal mass percentage that is taken into 
account is the highest percentage for each mode. In this case, the results for the effective 
modal mass percentages that are presented in Table 4.2 show that the first mode is rotational 
around the Z axis (Rz) with an effective modal mass percentage of 70.066% (the highest 
percentage for the first mode). The second and third mode are translational in the Y and X 
axes with effective modal mass percentages of 66.322% and 58.069% respectively. Figure 4.1 
below shows the deformed shape of the building for the first mode which is rotational around 
the Z axis with an effective modal mass percentage of 70.066%. 
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Table 4.1. Periods and frequencies of the building before retrofitting 
 

Mode Period 
(sec)   

Frequency 
(Hertz) 

1 0.582 1.718 

2 0.541 1.847 

3 0.524 1.910 

4 0.176 5.672 

5 0.154 6.513 

6 0.149 6.692 

7 0.091 11.016 

8 0.076 13.091 

9 0.073 13.631 

10 0.073 13.697 

 

 

 

Table 4.2. The effective modal mass percentages in the pre-retrofitted building  

Mode 
 

Period (s) 
 

(Ux) 
 

(Uy) 
 

(Rz) 
 

1 0.582 10.622% 0.030% 70.066% 

2 0.542 9.063% 66.322% 1.888% 

3 0.524 58.069% 10.975% 8.670% 

4 0.176 1.118% 0.00003% 9.979% 

5 0.154 0.843% 13.772% 0.073% 

6 0.149 11.114% 0.970% 1.084% 

7 0.091 0.384% 0.0003% 4.396% 

8 0.076 0.005% 5.118% 0.000001% 

9 0.073 0.000001% 0.011% 0.000004% 

10 0.073 0.007% 0.152% 0.001% 
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Figure 4.1. The deformed shape of the building for the first mode (rotational around the Z 
axis). 
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4.1.2 Results for the retrofitted building 

 

 By applying the steel braces as retrofitting technique in the building (Figure 3.11 in 

the previous chapter), the behavior of the building changed. The steel braces retrofitting 

method increased the stiffness of the building. This is obvious in Table 4.3 where the periods 

are decreased and the frequencies are increased, compared with those in the un-retrofitted 

building, due to the added stiffness. By applying the steel braces strategically in frames that 

are located in the perimeter of the building, the effective modal mass percentages changed 

too. Table 4.4 shows the results for the retrofitted building. Now, the first two modes are 

translational in the X and Y axes, and their effective modal mass percentages are 77.638% and 

77.948% respectively. The third mode is rotational around the Z axis with an effective modal 

mass percentage of 79.269%. Here, it should be mentioned that the FRP jacketing does not 

increase the building’s stiffness because it does not change the cross section dimensions of 

the members. The behavior of the building concerning torsional sensitivity is clearly improved 

based on Thermou and Psaltakis (2017). Figure 4.2 below shows the deformed shape of the 

building for the first mode which now is translational in the X axis with the effective modal 

mass percentage of 77.638%. 

 

Table 4.3. Periods and frequencies of building after retrofitting 
 

Mode Period 
(sec)   

Frequency 
(Hertz) 

1 0.483 2.070 

2 0.290 3.449 

3 0.253 3.948 

4 0.138 7.247 

5 0.093 10.738 

6 0.085 11.737 

7 0.066 15.126 

8 0.066 15.137 

9 0.065 15.189 

10 0.064 15.544 
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Table 4.4. The effective modal mass percentages in the retrofitted building  
         

Mode Period (s) (Ux) (Uy) (Rz) 

1 0.483 77.638% 0.037% 0.059% 

2 0.290 0.040% 77.948% 0.026% 

3 0.253 0.035% 0.025% 79.269% 

4 0.138 13.092% 0.008% 0.012% 

5 0.093 0.004% 15.114% 0.012% 

6 0.085 0.014% 0.011% 14.000% 

7 0.066 4.009% 0.006% 0.007% 

8 0.066 0.754% 0.001% 0.001% 

9 0.065 0.499% 0.014% 0.001% 

10 0.064 0.160% 0.002% 0.004% 

 

 

 
Figure 4.2. The deformed shape of the building for the first mode (translational in the X axis). 

 



46 
 

4.2 Pushover analysis 

 

 The results of the pushover analysis are evaluated based on the comparison between 

the target displacement and the displacement when the first member of the building reached 

each limit state. These checks concern the chord rotation. Another crucial check that is 

conducted is the shear capacity check. This type of failure is restricted and it must be avoided.  

 

4.2.1 Results for the existing building 

 

 For uniform distribution of load (see Figure 3.8) none of the existing building’s 

members exceeded the limit states. That means that some members had bending failures in 

greater displacements than the expected (target displacements). Therefore there is no 

problem regarding bending failures. Table 4.5 and Table 4.6 shows the results for the limit 

states. For both applied loadings along X and Y axes the maximum base shear force that 

building undertook is about 4500 kN. On the other hand the shear capacity of some members 

is reached very early (the members that failed are presented in Appendix B). For the uniform 

distribution of load along X axis, the first members exceeded its shear capacity for the 

displacement of building equal to 0.006 m and base shear equal to 635.842 kN. The 

displacement is measured by the software using a control node that is located on the top of 

the building, close to its center. Figure 4.4 below shows the control node with red color and 

the members that reached their shear capacity and failed first during the analysis for loading 

along X axis. For the uniform distribution of load along Y axis, the first members exceeded its 

shear capacity for the displacement of building equal to 0.003 m and base shear equal to 

247.557 kN. Figure 4.6 below shows the members that reached their shear capacity and failed 

first during the analysis for loading along Y axis. For both loadings along X and Y axes the 

members that failed in shear were beams (see Figure 4.4 and Figure 4.6). Due to those facts 

the building had to be retrofitted in order to be safe. Figure 4.3 and 4.5 below shows the 

capacity curves, for loadings along X and Y axes, respectively. In these figures, the points of 

the target displacements and the displacements when the first member reached each limit 

state are presented along the capacity curves. Furthermore the points when the first shear 

failures occurred are shown with purple color. 
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Table 4.5. Comparison of target displacement and displacement when the first member 

reached each limit state for uniform distribution load along the X axis (pre-retrofitted 

building). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.033 0.072 Accepted 

Significant 
damage (SD) 0.042 0.126 Accepted 

Near collapse 
(NC) 0.072 0.168 Accepted 

 

 

Figure 4.3. Capacity curve with target displacements, limit states and shear           

capacity uniform distribution load along the Χ axis (pre-retrofitted building).
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Figure 4.4. The control node (red color) and the members that failed in shear first during 

the analysis for uniform distribution of load along X axis. 

 

 

Table 4.6. Comparison of target displacement and displacement when the first member 

reached each limit state for uniform distribution load along the Y axis (pre-retrofitted 

building). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.038 0.081 Accepted 

Significant 
damage (SD) 0.049 0.1395 Accepted 

Near collapse 
(NC) 0.086 0.186 Accepted 
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Figure 4.5. Capacity curve with target displacements, limit states and shear  

         capacity uniform distribution load along the Y axis (pre-retrofitted building). 

 

 
Figure 4.6. The members that failed first in shear during the analysis for uniform distribution 

of load along Y axis. 
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 For the triangular distribution of load (see Figure 3.9) the results are similar with those 

with the uniform distribution. None of the existing building’s members exceeded the limit 

states. Therefore there is no problem regarding bending failures. Table 4.7 and Table 4.8 

below shows the results for the limit states. For both loadings along X and Y axes the maximum 

base shear force that building undertook is about 3800 kN. The shear capacity of some 

members is also reached very early for these analyses (the members that failed are presented 

in Appendix B). For the uniform distribution of load along X axis, the first members exceeded 

its shear capacity for a displacement of building equal to 0.006 m and base shear equal to 

496.002 kN (in Figure 4.8 these members are presented with purple color). For the uniform 

distribution of load along Y axis, the first members exceeded its shear capacity for a 

displacement of building equal to 0.003 m and base shear equal to 200.853 kN (in Figure 4.10 

these members are presented with purple color). As in the previous analysis with the uniform 

distribution of load the members that failed in shear are beams (Figure 4.8 and Figure 4.10). 

The building had to be strengthened for the elimination of shear failures. Figure 4.7 and 4.9 

below shows the capacity curves, for loadings along X and Y axes respectively. In these figures, 

the target displacements, the displacements when the first member reached each limit state 

and the first shear failures (with purple color) are shown. 

 

 

Table 4.7. Comparison of target displacement and displacement when the first member 

reached each limit state for triangular distribution load along the Χ axis (pre-retrofitted 

building). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.037 0.072 Accepted 

Significant 
damage (SD) 0.047 0.135 Accepted 

Near collapse 
(NC) 0.082 0.18 Accepted 
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Figure 4.7. Capacity curve with target displacements, limit states and shear  

       capacity triangular distribution load along the Χ axis (pre-retrofitted 

building). 

 

 
Figure 4.8. The members that failed first in shear during the analysis for triangular 

distribution of load along X axis. 
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Table 4.8. Comparison of target displacement and displacement when the first member 

reached each limit state for triangular distribution load along the Y axis (pre-retrofitted 

building). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.042 0.084 Accepted 

Significant 
damage (SD) 0.054 0.198 Accepted 

Near collapse 
(NC) 0.094 0.186 Accepted 

 

 

 

Figure 4.9. Capacity curve with target displacements, limit states and shear  

        capacity triangular distribution load along the Y axis (pre-retrofitted 

building). 
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Figure 4.10. The members that failed first in shear during the analysis for triangular 

distribution of load along Y axis. 
 

4.2.2 Results for the retrofitted with steel braces building 

 

 For uniform distribution of load (see Figure 3.8) none of the retrofitted, with steel 
braces, building’s members exceeded the limit states. Therefore there is no problem regarding 
bending failures. Table 4.9 and Table 4.10 show the results for the limit states. It should be 
mentioned here that the target displacements are greater than those in the existing building. 
For loading along the X axis the maximum base shear force that building undertook is about 
4500 kN. For loading along the Y axis the maximum base shear force that building undertook 
is about 11000 kN due to the application of the steel braces. This is obvious because the steel 
braces worked and resisted for loading along the Y axis. The shear capacity of some beams is 
reached very early again, probably because their transverse reinforcement is not adequate 
(the members that failed are presented in Appendix B).  For the uniform distribution of load 
along X, the first members exceeded its shear capacity for the displacement of building equal 
to 0.006 m and base shear equal to 628.012 kN. Figure 4.12 below shows these first members 
that failed in shear and all of them are beams in the long side of the building. For the uniform 
distribution of load along Y, the first members reached its shear failure for a total 
displacement of building equal to 0.006 m and base shear equal to 2641.50 kN. Figure 4.14 
below shows these members that are beams in both the long and the short side of the 
building. Another problem that came up for loading along the Y axis is the sudden fall of the 
capacity curve (Figure 4.12). This phenomenon occurred because a column that is connected 
with the steel braces could not undertake the axial forces and failed in compression (Figure 
4.15 below shows the column that failed). Therefore, the building was not safe due to those 
shear and compression failures. The building had to be retrofitted again, this time using steel 
braces and an additional, local retrofitting technique in order to avoid those failures. Figure 
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4.11 and Figure 4.13 show the capacity curves, for loadings along X and Y axes respectively. In 
these figures, the target displacements, the displacements when the first member reached 
each limit state and the first shear failures (with purple color) are shown along the capacity 
curves. 

 

Table 4.9. Comparison of target displacement and displacement when the first member 

reached each limit state for uniform distribution load along the Χ axis (retrofitted building 

with steel braces). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.06 0.072 Accepted 

Significant 
damage (SD) 0.077 0.135 Accepted 

Near collapse 
(NC) 0.133 0.18 Accepted 

 
 

 
Figure 4.11. Capacity curve with target displacements, limit states and shear 

capacity uniform distribution load along the Χ axis (retrofitted building with steel 

braces). 
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Figure 4.12. The members that failed first in shear during the analysis for uniform 

distribution of load along X axis. 
 

 

Table 4.10. Comparison of target displacement and displacement when the first member 

reached each limit state for uniform distribution load along the Y axis (retrofitted building 

with steel braces). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.022 0.03 Accepted 

Significant 
damage (SD) 0.029 0.108 Accepted 

Near collapse 
(NC) 0.051 0.144 Accepted 
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Figure 4.13. Capacity curve with target displacements, limit states and shear capacity  

  uniform distribution load along the Y axis (retrofitted building with steel 

braces). 

 

 
Figure 4.14. The members that failed first in shear during the analysis for uniform 

distribution of load along Y axis. 
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Figure 4.15. The column that failed in compression during the analysis for uniform 

distribution of load along Y axis. 
 

 

 For triangular distribution of load (see Figure 3.9) the results were similar to those in 
uniform distribution. There was no exceedance for the limit states. That means that the 
building was safe as concerns the bending failures. Table 4.11 and Table 4.12 show the results 
for the limit states. For loading along X axis the maximum base shear force that building 
undertook is about 3900 kN. For loading along Y axis the maximum base shear force that 
building undertook is about 7900 kN due to the application of the steel braces. Shear failures 
in some beams occurred again in a very early stage (the members that failed are presented in 
Appendix B). For the uniform distribution of load along X axis, the first members failed in shear 
for a total displacement of building equal to 0.006 m and base shear equal to 495.259 kN 
(Figure 4.17 below presents these members). For the uniform distribution of load along Y, the 
first members failed in shear for a total displacement of building equal to 0.006 m and base 
shear equal to 2028.49 kN (Figure 4.19 below presents these members). In both loadings 
(along with X and Y axes) the members that failed in shear were beams, due to their 
inadequate transverse reinforcement. The sudden fall of the capacity curve (see Figure 4.18 
below) occurred again due to the compressive failure of a column that is connected with the 
steel braces. The same column failed in the previous analysis for uniform distribution of load 
and is presented in Figure 4.15 above. Figure 4.16 and Figure 4.18 show the capacity curves, 
for loadings along X and Y axes, respectively. In these figures, the points of the target 
displacements and the displacements when the first member reached each limit state are 
presented along the capacity curves. Furthermore the points when the first shear failures 
occurred are shown with purple color. 
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Table 4.11. Comparison of target displacement and displacement when the first member 

reached each limit state for triangular distribution load along the Χ axis (retrofitted building 

with steel braces). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.067 0.078 Accepted 

Significant 
damage (SD) 0.087 0.1395 Accepted 

Near collapse 
(NC) 0.15 0.186 Accepted 

 

 

 

Figure 4.16. Capacity curve with target displacements, limit states and shear capacity  

  triangular distribution load along the X axis (retrofitted building with steel 

braces). 
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Figure 4.17. The members that failed first in shear during the analysis for triangular 

distribution of load along X axis. 
 

 
Table 4.12. Comparison of target displacement and displacement when the first member 

reached each limit state for triangular distribution load along the Y axis (retrofitted building 

with steel braces). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.034 0.036 Accepted 

Significant 
damage (SD) 0.043 0.072 Accepted 

Near collapse 
(NC) 0.075 0.096 Accepted 
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Figure 4.18. Capacity curve with target displacements, limit states and shear capacity  

  triangular distribution load along the Y axis (retrofitted building with steel 

braces). 

 
Figure 4.19. The members that failed first in shear during the analysis for triangular 

distribution of load along Y axis. 
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4.2.3 Results for the retrofitted with steel braces and FRP jacketing building 

 

 Now the building is retrofitted with the previous method of steel braces and the 
members that failed (see Appendix B) in the previous analysis (section 4.2.2) were wrapped 
with FRP in order to avoid shear or compression failures. Furthermore, all the columns that 
are connected with steel braces were wrapped with FRP due to the additional transferred 
axial forces that had to undertake. For uniform distribution of load (see Figure 3.8) along the 
X and Y axes there was no exceedance of the limit states and the building was safe regarding 
bending failures. Table 4.13 and Table 4.14 below show the results for the limit states. For 
loading along X axis the maximum base shear force that building undertook is about 5800 kN. 
For loading along Y axis the maximum base shear force that building undertook is about 14900 
kN.  Due to the application of the FRP jacketing for both loadings along X and Y axes there is 
no shear failure in any member of the building during the analysis. In fact, this was one of the 
most critical problems from the very beginning of this project. Furthermore, there was no 
compressive failure in any of the connected with the steel braces columns due to the FRP 
jacketing that applied in them. Ending up, all the checks showed that the building was safe. 
Figure 4.20 and 4.21 below show the capacity curves for loading along X and Y axes 
respectively. In the figures is presented that the displacements when the first member 
reached each limit state is always greater than the corresponding target displacements. 
Additionally, in the figures there are no points of shear failures along the curve because none 
of the building’s members failed, fulfilling one of the basic aims of this project.  

 

Table 4.13. Comparison of target displacement and displacement when the first member 

reached each limit state for uniform distribution load along the Χ axis (retrofitted building 

with steel braces and FRP). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached  
the limit state (m) 

Status 

Damage 
limitation (DL) 0.068 0.108 Accepted 

Significant 
damage (SD) 0.087 0.2025 Accepted 

Near collapse 
(NC) 0.151 0.27 Accepted 
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Figure 4.20. Capacity curve with target displacements, limit states and shear capacity 

  uniform distribution load along the Χ axis (retrofitted building with steel 

braces and FRP). 

 

Table 4.14. Comparison of target displacement and displacement when the first member 

reached each limit state for uniform distribution load along the Y axis (retrofitted building 

with steel braces and FRP). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.025 0.03 Accepted 

Significant 
damage (SD) 0.032 0.072 Accepted 

Near collapse 
(NC) 0.055 0.096 Accepted 
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Figure 4.21. Capacity curve with target displacements, limit states and shear capacity 

  uniform distribution load along the Y axis (retrofitted building with steel 

braces and FRP). 

 

 For triangular distribution of load the obtained results are similar to those for the 
uniform distribution. There was no exceedance of the limit states therefore the building is 
safe against bending failures. Table 4.15 and Table 4.16 below show the results for the limit 
states. For loading along X axis the maximum base shear force that building undertook is about 
4900 kN. For loading along Y axis the maximum base shear force that building undertook is 
about 12200 kN. For both loadings along X and Y axes there is no shear failure in any member 
of the building. Furthermore there are no compressive failures in the columns that are 
connected with the steel braces. Figure 4.22 and 4.23 below show the capacity curves for 
loading along the X and Y axes respectively, and the target displacements are lower than the 
corresponding displacement when the first member reached each limit state. In conclusion, 
the building is safe against all types of failures after the application of the FRP jacketing. 
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Table 4.15. Comparison of target displacement and displacement when the first member 

reached each limit state for triangular distribution load along the Χ axis (retrofitted building 

with steel braces and FRP). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.075 0.126 Accepted 

Significant 
damage (SD) 0.096 0.225 Accepted 

Near collapse 
(NC) 0.167 0.3 Accepted 

 

 

 

 

 

Figure 4.22. Capacity curve with target displacements, limit states and shear capacity 

  triangular distribution load along the Χ axis (retrofitted building with steel 

braces and FRP). 
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Table 4.16. Comparison of target displacement and displacement when the first member 

reached each limit state for triangular distribution load along the Y axis (retrofitted building 

with steel braces and FRP). 

Limit state 
Target 

Displacement 
(m) 

Displacement-First 
member reached 
the limit state (m) 

Status 

Damage 
limitation (DL) 0.032 0.036 Accepted 

Significant 
damage (SD) 0.041 0.063 Accepted 

Near collapse 
(NC) 0.071 0.084 Accepted 

 

 

 

 

Figure 4.23. Capacity curve with target displacements, limit states and shear capacity 

  triangular distribution load along the Y axis (retrofitted building with steel 

braces and FRP). 
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5. Discussion 
 

 The four-storey building is evaluated before and after the application of retrofitting 
techniques. As mentioned in the previous chapter the building of this project has been built 
based on old regulations without considering the seismic actions. It was obvious from the very 
beginning that the building was vulnerable due to the low amount of transverse 
reinforcement in beams and columns. By using two different retrofitting methods, the 
building is strengthened against seismic actions. 

 In this chapter the comparison of results, before and after the application of the 
retrofitting methods, is discussed thoroughly to ensure that the main goal of this project is 
achieved. The main goal of this project is the safety of the building against earthquakes. The 
effects of installing steel braces as global retrofitting technique and fibre reinforced plastic 
jacketing as local in many members are discussed in order to explain some changes in 
building’s behavior.  

 

 

5.1 Eigenvalue analysis 

 

 In this chapter the obtained results from the eigenvalue analysis are compared. In 
section 5.2.1 the periods and the frequencies before and after retrofitting are discussed. In 
section 5.2.2 the effective modal mass percentages for each mode are compared for the 
existing and the retrofitted building. Furthermore using the results of the effective modal 
mass percentages, the improvement of building’s behavior regarding the torsional sensitivity 
is discussed. 

 

5.1.1 Periods and frequencies 

 

 In the existing building the obtained results for periods and frequencies are presented 
in Table 4.1 and for the retrofitted building in Table 4.3. It is obvious that after the application 
of the steel braces the periods of the retrofitted building are decreased for each mode, 
something that was expected because of the additional stiffness that this retrofitting method 
provided. The steel braces that installed in the short sides of the building, added stiffness in 
the building and changed the values for the periods and the frequencies. Table 5.1 and Table 
5.2 show the decrease and the increase for the periods and the frequencies respectively. For 
the first, second and third mode the periods decreased 16.99%, 46.45% and 51.61% and the 
frequencies increased 20.48%, 86.74% and 106.67% respectively. Here it should be mentioned 
that the increase of the total stiffness came by the installed steel braces and not by the FRP 
jacketing that does not change the dimensions of the concrete members. It is clear that the 
application of this global retrofitting method strengthened the building. 
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Table 5.1. Comparison of periods before and after retrofitting 

Mode 
Period before 

retrofitting (sec) 
Period after 

retrofitting (sec) 
Decrease percentage 

1 0.582 0.483 16.998% 

2 0.541 0.290 46.449% 

3 0.524 0.253 51.612% 

4 0.176 0.138 21.727% 

5 0.154 0.093 39.342% 

6 0.149 0.085 42.984% 

7 0.091 0.066 27.173% 

8 0.076 0.066 13.519% 

9 0.073 0.065 10.258% 

10 0.073 0.064 11.904% 

 

 

Table 5.2. Comparison of frequencies before and after retrofitting 

    Mode 
Frequency before 
retrofitting (sec) 

Frequency after 
retrofitting (sec) 

Increase percentage 

1 1.718 2.070 20.479% 

2 1.847 3.449 86.736% 

3 1.910 3.948 106.664% 

4 5.672 7.247 27.757% 

5 6.513 10.738 64.859% 

6 6.692 11.737 75.390% 

7 11.016 15.126 37.312% 

8 13.091 15.137 15.632% 

9 13.631 15.189 11.430% 

10 13.697 15.544 13.512% 
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5.1.2 Effective modal mass percentages 

 

 The values of the effective modal mass percentages were crucial in order to 
understand how the building moved based on each mode. The obtained results from the 
eigenvalue analysis showed that the existing building was torsional sensitive. Table 4.2 shows 
that the first mode was rotational around Z axis (Rz) with an effective modal mass percentage 
of 70.066%. The second and third mode were translational in the Y and X axes with effective 
modal mass percentages of 66.322% and 58.069% respectively. These results did not fulfill the 
criteria for the convention of Thermou and Psaltakis (2017) that is described in previous 
chapters. The effective modal mass percentages for the first two modes were not close to 85% 
and the first mode was not translational in the X or in Y axis but rotational around Z axis. That’s 
why the building can be characterized as torsional sensitive. 

 The solution for the torsional sensitivity problem could be given by using a global 
retrofitting method. The steel braces were chosen based on this problem and their location in 
the perimeter was chosen after research. A lot of different combinations were tried in order 
to decide which frames should the steel braces installed. By installing steel braces in both 
short and long sides the effective modal mass percentages were not the expected and 
sometimes the percentages for the first two, translational modes were distributed in both X 
and Y (for example 30% translational in X axis and 35% translational in Y axis) .  

 The highest effective modal mass percentages and the most similar with Thermou and 
Psaltakis (2017) convention were obtained by applying steel braces in two frames of the short 
sides. Table 4.4 shows the results for the retrofitted building and the first two modes were 
translational in the X and Y axes, and their effective modal mass percentages are 77.638% and 
77.948% respectively. Here, it should be mentioned that in the existing building the first mode 
was rotational around Z axis and in the retrofitted became translational in the X axis. The fact 
that the first two modes of the retrofitted building were translational in the X and Y axes 
fulfilled the first criterion of Thermou and Psaltakis (2017) convention. The third mode was 
rotational around Z axis with an effective modal mass percentage of 79.269%. The second 
criterion of Thermou and Psaltakis (2017) for the elimination of torsional sensitivity is that the 
effective modal mass percentages of the first two modes should be close to 85%.  Although 
the effective modal mass percentages of the first two modes were not very close to 85% (7% 
difference) the behavior of building was completely changed. The effective modal mass 
percentages of modes for the retrofitted building were increased compared with those for the 
un-retrofitted building (they were 70.066%, 66.322% and 58.069% and with the application of 
the retrofitting they became 77.638%, 77.948% and 79.269% respectively). Due to the shape 
of and the distribution of stiffness in the pre-retrofitted building the effective modal mass 
percentages could not be higher. The small difference between the obtained results and the 
accepted percentages did not allow to say for sure that there was the elimination of the 
torsional sensitivity. However it was clear that the torsional behavior of the building was 
significantly decreased and probably no problem could be caused due to that. 
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5.2 Pushover analysis 

 

 In this section the results of pushover analysis are discussed in order to understand 
what caused the failure of the members and how the applied retrofitting techniques 
strengthened the building. First, the results for the existing building are discussed and then 
for the retrofitted building with steel braces. Finally the discussion about the results for the 
retrofitted building with steel braces and fibre reinforced plastic jacketing is conducted. 

 

5.2.1 The existing building 

 

 In the existing building, before the application of any retrofitting method, the 
obtained results of pushover analysis showed that there was no problem, regarding bending 
failures. The results presented the comparison of the target displacement and the 
displacement when the first member reached each limit state. This comparison was based on 
the chord rotation that every member had, for each limit state. For all the limit states (damage 
limitation, significant damage, near collapse) the corresponding target displacement of the 
building was lower than the displacement of the building when the first member reached 
these limit states (based on its chord rotation). From these results it was obvious that the 
longitudinal reinforcement of the members was enough against seismic actions. 

 It has been mentioned that most of the members had transverse reinforcement with 
large spacing between them. More specific, the spacing of stirrups in the critical regions was 
40 cm. It was expected that this would cause brittle, shear failures in many members which 
are restricted. Shears failures came up in very early stages of loading and most of the times 
were caused in beams. For different distributions of load, shear failures happened for total 
displacements of the building between 0.003-0.006 m and for base shear forces between 200-
635 kN. Based on the aim of this project, it was clear that the building was not safe against 
shear failures and it had to be strengthened using retrofitting methods. 

 Using the capacity curves for both loadings along X and Y axes the maximum base 
shear forces that building undertook were about 4500 kN. 

 

 

5.2.2 The retrofitted building with steel braces 

 

 For the retrofitted, only with steel braces, building the results showed that it was not 
sufficient to undertake the seismic actions due to some failures. As it concerns the bending 
failures, for all the loading combinations there was no exceedance of the limit states. The 
displacement when the first member reached each limit state was always greater than the 
corresponding target displacement. Therefore the building is safe against bending failures. 

 On the other hand the building had shear failures (mostly in beams) again. Shear 
failures happened mostly on beams, for total displacements of building equal to 0.006 m and 
for base shear forces between 495-2640 kN. Although these failures happened for higher base 
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forces, any shear failure is restricted and the building had to be strengthened again, this time 
using a local retrofitting method that would prevent this. 

 Some other interesting outcomes that came up from the pushover analysis of the 
retrofitted building with steel braces were the sudden falls of the capacity curves when the 
load was applied along the Y axis. The capacity curves for loading along the X axis showed that 
the maximum base shear forces that building undertook were between 3900-4500 kN. On the 
other hand the capacity curves for loading along the Y axis showed that the maximum base 
shear forces that building undertook were between 7900-11000 kN. It was obvious that the 
values of maximum base shear forces for loading along the X axis were very similar with those 
in the un-retrofitted building but for loading along the Y axis were highly raised. This fact can 
be explained by the application of steel braces. By installing steel braces only in the short sides 
of the building, when the load applied along the Y axis these steel members worked and 
helped with the transfer of the seismic loads. On the contrary, the steel braces did not work 
when the load applied in the X axis. Furthermore the high seismic loads that transferred 
through the steel braces caused compressive failures in the columns which were connected 
with those braces. These failures were the cause for the sudden falls of the capacity curves. 
Figure 4.15 in the results chapter, shows the deformed shaped view of the building and the 
column that failed during an analysis. These columns had to be strengthened too in order to 
undertake the transferred axial loads from the steel braces. 

 

5.2.3 The retrofitted building with steel braces and FRP jacketing 

 

 For the retrofitted, with steel braces and FRP jacketing, building the results showed 
that it was sufficient against the seismic actions. Regarding the bending failures, the target 
displacement was not greater than the displacement of the building when the first member 
reached any of the corresponding limit states. It should be reminded here that the target 
displacement was compared with the displacement when the first member of the building 
reached each limit state and not when the first failure mechanism appeared. Therefore, the 
results gave a conservative view of the building’s safety. Considering that, it is obvious that 
the building is safe against bending failures. 

 By applying fibre reinforced plastic jacketing in the members that failed in the 
previous analysis (retrofitted building only with steel braces) there were no failures in any 
member. Shear failures prevented by using FRP in the beams of the structure because the FRP 
worked as extra transverse reinforcement. It should be mentioned that even for the very late 
stages of loading there was no shear failure in any member, accomplishing one of the basic 
aim of this project thesis. Furthermore, FRP jacketing applied in the columns that are 
connected with steel braces and failed in the previous analysis in compression. The idea of 
this application was that the FRP jacketing would raise the confinement factor of the columns 
and they would be able to undertake the transferred (from the steel braces) seismic loads. 
Due to the raised confinement factor there was no compression failure in the columns during 
the analysis. 

 The capacity curves for loading along the X axis showed that the maximum base shear 
forces that building undertook were between 4900-5800 kN. On the other hand the capacity 
curves for loading along the Y axis showed that the maximum base shear forces that building 
undertook were between 12200-14900 kN. Compared with the un-retrofitted building and 
the retrofitted, only with steel braces, building the maximum base shear forces are clearly 
increased. That means that the building was able to undertake higher loads. 
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6. Conclusions 
 

6.1 General conclusions 
 
 An overview of the obtained results showed that the seismic behavior of the building 
is better after the application of the retrofitting techniques. The seismic evaluations showed 
that the existing building had to be strengthened in order to by safe against seismic actions. 
By using different seismic analyses, the basic aim of this work was accomplished. The final 
retrofitted building was safe against bending, shear and compressive failures. 

 More detailed, the seismic evaluations in the existing building showed that the 
building was torsional sensitive and most of its beams had low shear capacity due to the 
insufficient transverse reinforcement. Furthermore due to the insufficient existing transverse 
reinforcement there was no confinement in the concrete elements of the structure. On the 
contrary, building’s members did not have any problem with bending failures and probably 
the longitudinal reinforcement was adequate.  

 The application of the steel braces improved building’s behavior as concerns the 
torsional sensitivity. Furthermore the total stiffness of building increased and the structure 
was able to undertake higher seismic loads along the Y axis. Due to that the high seismic loads 
that transferred through the steel braces caused compressive failures in the columns of the 
same frames. Additionally, the installation of the steel braces did not relief the beams from 
the additional seismic loads and shear failures occurred again in these members. Finally with 
the application of the fibre reinforced plastic jacketing there were no shear failures in any 
member of the structure. The retrofitted building with FRP beams was able to undertake the 
seismic loads. For the columns the confinement factor raised with the usage of FRP jacketing 
and there were no compressive failures. 

 This research study provides more knowledge and experience regarding the 
evaluation of the seismic behavior and the strengthening against seismic actions in existing 
buildings. Understanding the concept of retrofitting techniques and their usage in a different 
type of problems is fundamental in order to strengthen an existing structure and to fulfil the 
requirements of the building regulations and standards. 

 

6.2 Future research 
 

 Earthquake is a complex phenomenon that is under investigation even nowadays by 
many researchers and scientists. Concerning the structures, this project thesis may give rise 
to further investigations and improvements in the field of seismic retrofitting and seismic 
damage prevention. 

 Furthermore, it points out that different seismic analyses can be used by taking their 
benefits in order to achieve safety which is one of the most crucial factors in civil engineering. 
More detailed investigations can be conducted in the future by examining the connections of 
the members thoroughly. These investigations can provide further knowledge in the field of 
seismic structural analysis. Moreover, new innovative technologies and materials can develop 
the retrofitting techniques which are already used or even provide new methods for seismic 
strengthening.  
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Appendix A: Building’s information 
 

 

Cross sections and steel reinforcement of members 

The analytical characteristics of the members are presented in this section. Figure A-1 shows 

the drawing in the plan of the existing building with the named members. The characteristics 

of the members are the same on every floor of the building. 

 

 
Figure A-1. The plan of the existing building with the named members. 
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The information about the columns of the building is presented in Table A-1 below. 

Table A-1. Informations of the columns 

Name Dimensions 
(mm) 

Concrete 
class 

Longitudinal 
reinforcement(mm) 

Transverse 
Reinforcement(mm/cm) 

C1 700/700/250/250 C12/15 12Φ14+2Φ20 Φ8/40 

C2 700/700/250/250 C12/15 12Φ14+2Φ20 Φ8/40 

C3 700/700/250/250 C12/15 12Φ14+2Φ20 Φ8/40 

C4 700/700/250/250 C12/15 12Φ14+2Φ20 Φ8/40 

C5 900/250 C12/15 8Φ18+2Φ14 Φ8/14 

C6 900/250 C12/15 8Φ20 Φ8/14 

C7 900/250 C12/15 8Φ20 Φ8/14 

C8 900/250 C12/15 8Φ20 Φ8/14 

C9 900/250 C12/15 8Φ20 Φ8/14 

C11 900/250 C12/15 8Φ20 Φ8/12 

C12 900/250 C12/15 8Φ18+2Φ14 Φ8/12 

C13 900/250 C12/15 8Φ18+2Φ14 Φ8/12 

C14 900/250 C12/15 8Φ20 Φ8/12 

C15 900/250 C12/15 8Φ20 Φ8/14 

C16 600/600 C12/15 16Φ20 Φ8/11 

C17 600/600 C12/15 16Φ20 Φ8/11 

C18 600/600 C12/15 16Φ20 Φ8/11 

C19 600/600 C12/15 16Φ20 Φ8/11 

C20 600/600 C12/15 16Φ20 Φ8/11 
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The information about the beams of the building is presented in Table A-2. 

 

Table A-2. Informations of the beams 

Name Dimensions 
(mm) 

Concrete 
class 

Longitudinal 
reinforcement(mm) 

Transverse 
Reinforcement(mm/cm) 

B1 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B2 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B3 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B4 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B5 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B6 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B7 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B8 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B9 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B10 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B11 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B12 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B13 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B14 250/500 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B15 200/600 C12/15 Up:2Φ10 
Down:4Φ14 

Φ8/40 

B16 200/600 C12/15 Up:2Φ10 
Down:4Φ14 

Φ8/40 

B17 200/600 C12/15 Up:2Φ10 
Down:4Φ14 

Φ8/40 

B18 200/600 C12/15 Up:2Φ10 
Down:4Φ14 

Φ8/40 

B19 200/600 C12/15 Up:2Φ10 
Down:4Φ14 

Φ8/40 

B20 200/600 C12/15 Up:2Φ10 
Down:4Φ14 

Φ8/40 

B21 200/600 C12/15 Up:2Φ10 
Down:4Φ14 

Φ8/40 
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B22 200/600 C12/15 Up:2Φ10 
Down:4Φ14 

Φ8/40 

B23 200/600 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B24 200/600 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B25 200/600 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B26 200/600 C12/15 Up:2Φ10 
Down:5Φ12 

Φ8/40 

B27 200/600 C12/15 Up:2Φ10 
Down:5Φ10 

Φ8/40 

B28 300/600 C12/15 Up:2Φ10 
Down:5Φ14 

Φ8/40 

B29 300/600 C12/15 Up:2Φ10 
Down:5Φ14 

Φ8/40 

B30 300/600 C12/15 Up:2Φ10 
Down:4Φ12 

Φ8/40 

B31 300/600 C12/15 Up:2Φ10 
Down:8Φ10 

Φ8/40 

 
 

The elevator shaft consists of three walls with the following characteristics in Table A-3. 

 

Table A-2. Informations of the beams 

Name Dimensions 
(mm) 

Concrete 
class 

Longitudinal 
reinforcement(mm) 

Transverse 
Reinforcement(mm/cm) 

W21 2000/250 C12/15 16Φ18+4Φ14 

Hor:Φ8/25 
 Vert: Φ8/25 

+ Φ8/10 

W22 2000/250 C12/15 Up:2Φ10 
Down:5Φ10 

Hor:Φ8/25 
 Vert: Φ8/25 

+ Φ8/10 

W23 2000/250 C12/15 Up:2Φ10 
Down:5Φ10 

Hor:Φ8/25 
 Vert: Φ8/25 

+ Φ8/10 

 

 

 

All the slabs are the same as the thickness of 16cm. 
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Cross sections and properties of steel braces 

 

HEB280 

The steel braces HEB280 and class S235 have the following properties: 

G=103 kg/m 

A=131.40 cm2 

b=280 mm 

h=280 mm                                                                
tw =10.5 mm 

tf =18.00 mm 

d=196 mm 

Iy=19270.0 cm4 

iy=12.11 cm 

Iz=6595 cm4 

iz=7.09 cm 

 

HEB260 

The steel braces HEB260 and class S235 have the following properties: 

G=93.0 kg/m 

A=118.40 cm2 

b=260 mm 

h=260 mm                                                                
tw =10.0 mm 

tf =17.50 mm 

d=177 mm 

Iy=14920.0 cm4 

iy=11.22 cm 

Iz=5135 cm4 

iz=6.58 cm 

 

HEB240 

The steel braces HEB240 and class S235 have the following properties: 

G=83.2 kg/m 

A=106.00 cm2 

b=240 mm 
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h=240 mm                                                                
tw =10.0 mm 

tf =17.00 mm 

d=164 mm 

Iy=11260.0 cm4 

iy=10.31 cm 

Iz=3923 cm4 

iz=6.08 cm 

 

HEB220 

The steel braces HEB280 and class S235 have the following properties: 

G= 71.5 kg/m 

A= 91.0 cm2 

b= 220 mm 

h= 220 mm                                                                
tw = 9.5 mm 

tf = 16 mm 

d= 152 mm 

Iy= 8091 cm4 

iy= 9.43 cm 

Iz= 2843 cm4 

iz= 5.59 cm 

 

HEB200 

The steel braces HEB280 and class S235 have the following properties: 

G= 61.3 kg/m 

A= 78.1 cm2 

b=200 mm 

h=200 mm                                                                
tw = 9 mm 

tf = 15 mm 

d= 134 mm 

Iy= 5696 cm4 

iy= 8.54 cm 

Iz= 2003 cm4 

iz= 5.07 cm 
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Appendix B: Additional results of pushover analysis 
 

From the Figure B-1 to Figure B-8 all the members that failed in shear for all the load cases are 

presented.  

 

Figure B-1. Elements that reached their shear capacities for uniform distribution load along X 
axis (pre-retrofitted building). 

 
Figure B-2. Elements that reached their shear capacities for uniform distribution load along Y 

axis (pre-retrofitted building). 
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Figure B-3. Elements that reached their shear capacities for triangular distribution load along 

X axis (pre-retrofitted building). 
 
 
 
 

 
Figure B-4. Elements that reached their shear capacities for triangular distribution load along 

Y axis (pre-retrofitted building). 
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Figure B-5. Elements that reached their shear capacities for uniform distribution load along X 

axis (retrofitted with steel braces building). 
 
 

 
Figure B-6. Elements that reached their shear capacities for uniform distribution load along Y 

axis (retrofitted with steel braces building). 
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Figure B-7. Elements that reached their shear capacities for triangular distribution load along 

X axis (retrofitted with steel braces building). 
 

 
Figure B-7. Elements that reached their shear capacities for triangular distribution load along 

Y axis (retrofitted with steel braces building). 
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Appendix C: Information about the pushover analysis 

 

 

Target displacement calculation 

 
The target displacement is calculated based on Eurocode 8 (EN 1998-1 2004): 
 
 
Transformation to an equivalent Single Degree of Freedom (SDOF) system: 
 
The mass of an equivalent SDOF system m* is defined as: 
 

  iii Fmm*      (B.2, EN 1998-1 2004) 

And the transformation factor is given by: 
 

 


2

ii

*

m

m
      (B.3, EN 1998-1 2004) 

 
The force F* and displacement d* of the equivalent SDOF system are calculated as: 
 


 bF

F       (B.4, EN 1998-1 2004) 


 nd

d *
      (B.5, EN 1998-1 2004) 

 

Where Fb is the base shear force and dn is the control node displacement of the MDOF 
system. 
 

Determination of the idealized elasto-perfectly plastic force-displacement relationship: 
 
The yield force Fy*, of the SDOF system, is equal to the base shear force when a plastic 
mechanism is formed. In order to obtain the stiffness for the idealized system the areas 
under the actual and the idealized force-displacement curves should be equal, as shown in 
Figure C-1: 
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Figure C-1. The idealized elasto-perfectly plastic force-displacement relationship (EN 1998-1 
2004). 

 
 

Then the yielding displacement for the SDOF system dy* is can be calculated by: 
 
















*
y

*
m*

m
*
y 2

F

E
dd      (B.6, EN 1998-1 2004) 

 
Where Em* is the actual deformation energy up to the formation of the plastic mechanism. 
 
Determination of the period of the idealized equivalent SDOF system: 
 
The period T* of the idealized equivalent SDOF system can be calculated by: 
 

*
y

*
y

*

* 2
F

dm
T       (B.7, EN 1998-1 2004) 

Determination of the target displacement for the equivalent SDOF system: 
 
The target displacement of the structure with period T* and unlimited elastic behavior is 

given by: 

2
*

*
e

*
et

2
)( 












T
TSd      (B.8, EN 1998-1 2004) 

 
Where Se(T*) is the elastic acceleration response spectrum at the period T*.For the calculation 
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of the target displacement dt* for structures within the short, medium and long-period ranges 
there are different formulas that can be used and they are given below: 
 
- For T*<TC (short period range) 
 

If    Fy
* / m*  Se(T*),  the response is elastic and thus 

 
*
et

*
t dd        (B.9, EN 1998-1 2004) 

 

If  Fy
* / m* < Se(T*), the response is nonlinear and 

 

  *
et*

C
u

u

*
et*

t 11 d
T

T
q

q

d
d 








    (B.10, EN 1998-1 2004) 

 
Where qu is the ratio between the acceleration in the structure with unlimited elastic 
behaviour Se(T*) and the structure with limited strength Fy*/m*. 
 

*

**

e
u

)(

yF

mTS
q       (B.11, EN 1998-1 2004) 

dt* need not exceed 3 det
* 

 
-For  T* ≥TC (medium and long period range) 
 

*
et

*
t dd        (B.12, EN 1998-1 2004) 

 
 
 
Determination of target displacement for the MDOF system 
The target displacement of the MDOF system is calculated by: 
 

*
tt dd         (B.13, EN 1998-1 2004) 

 
Here it should be mentioned that the target displacement is the displacement of the control 

node. 

 

Seismic zones in Greece 

 

The seismic zones of Greece are defined by the Greek code for Seismic Resistant Structures 

(EAK 2000) and are described by Solomos et al. (2008) briefly in english. The seismic zones 

are presented in Figure C-2 below. 
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Figure C-2. The seismic zones in Greece (Greek code for Seismic Resistant Structures-EAK 

2000) 
 
 

 

Equations for the chord rotation 

 

The equation of the ultimate chord rotation of concrete is (EN1998-3 2005): 
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f    (A.1- EN1998-3 2005) 

 

 

The equations for the yielding chord rotation of concrete are presented below (EN1998-3 

2005). 

For beams and columns: 
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For walls of rectangular, T- or barbelled section: 
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or from the alternative (and equivalent) expressions for beams and columns: 
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and for walls of rectangular, T - or barbelled section: 
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Knowledge levels 

 

Based on Eurocode 8 (EN 1998-1 2004) the levels of knowledge are: 
 
 

KL1: Limited Knowledge 
 
The limited knowledge level is the state of knowledge where the geometry of the structure 
and the elements sizes are known from survey or from original construction drawings that are 
used for the original construction and any future modifications in the structure with an 
additional check by taking a sample of measurements for the geometry of structure and its 
elements sizes. If there are differences between the construction drawings and the 
measurements a more thorough and detailed survey is conducted. The details about the 
reinforcement are not known from the construction drawings and they are assumed based on 
the design that the engineers usually used at the time of the construction. A check in the most 
critical members of the structure should justify that the assumptions are correct and agree 
with the real situation of the structure. The mechanical properties of the materials that exist 
in the structure are not known and they are assumed based on the materials that were usually 
used at the time of the construction. A limited test in the real construction by checking the 
most critical members is conducted. 
The analyses that can be performed in this level of knowledge for the evaluation of the 
structure are linear, dynamic or static. 
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KL2: Normal Knowledge 
 
The normal knowledge level is the state of knowledge where the geometry of the structure 
and the elements sizes are known from thorough survey or from original construction 
drawings that are used for the original construction and any future modifications in the 
structure with an additional check by taking a sufficient sample of measurements for the 
geometry of structure and its elements sizes. The details about the reinforcement are known 
from a detailed and thorough survey that is conducted in the existing structure or from 
incomplete construction drawings and a limited in-situ survey in the most important members 
of the structure that shows that the details are the same and agree with the real structure’s 
details. The mechanicals properties are known from extended tests that are conducted in the 
real structure or from original design specifications and limited tests. 
The analyses that can be performed in this level of knowledge for the evaluation of the 
structure are linear or non-linear, dynamic or static. 
 
 

KL3: Full Knowledge 
 
The full knowledge level is the state of knowledge where the geometry of the structure and 
the elements sizes are known from exhaustive survey or from complete set of construction 
drawings that are used for the original construction and any future modifications in the 
structure with an additional check by taking a sufficient sample of measurements for the 
geometry of structure and its elements sizes. The details about the reinforcement are known 
from an exhaustive survey that is conducted in the existing structure or from a complete set 
of construction drawings and a limited in-situ survey in the most important members of the 
structure that shows that the details are the same and agree with the real structure’s details. 
The mechanicals properties are known from exhaustive tests that are conducted in the real 
structure or from original test reports and limited tests on site. 
The analyses that can be performed in this level of knowledge for the evaluation of the 
structure are linear or non-linear, dynamic or static. 
 
 
Confidence Factors 
 
In the Table C-1 of EN1998-3 (2005) below, a synopsis and some guidelines for the selection 
of confidence factors and the proper analysis that can be used, are provided for each level of 
knowledge. 
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Table C-1. The knowledge levels and the confidence factors (EN 1998-3 2005) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


