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Sammanfattning 

 

Jordbävningar är skakningar i marken som orsakar förluster av människors liv och leder till skador och 

kollaps av byggnader. Vanligtvis är de flesta byggnader som har allvarligt skadats eller kollapsat, äldre 

byggnader som inte längre uppfyller de uppdaterade byggreglerna för seismisk design. 

Syftet med detta examensarbete är att analysera och stärka en befintlig byggnad som har distribuerats 

av konsult företaget Sweco; lämpliga och innovativa seismisk eftermonteringsmetoder har använts för 

att förbättra byggnadens tillstånd med hjälp av insamlat vetenskapliga artiklar, tidskrifter och tidigare 

examensarbete samt svensk standard (Eurokod 8 - för dimensionering av bärverk med avseende på 

jordbävning). Den utdelade byggnaden är sju våningar hög och ligger i Stockholm. Den består av 

prefabricerade betong- och stålelement. Byggnaden kommer att testas under seismisk belastning med 

hjälp av programvaran MIDAS GEN, för att sedan examinera byggnadens globala beteende. 

Två analyser har utförts; en bedömningsanalys som innefattar granskning av den givna byggnadens 

kapacitet. Den andra analysen är den seismiska analysen som omfattar två sekundära analyser; en ’före 

applikation av seismisk eftermonteringsmetod’ och en ’efter applikation av seismisk 

eftermonteringsmetod’. I den första seismiska analysen, identifieras de mest kritiska positionerna där 

byggnadens beteende är avvikande med höga förskjutningar och låga frekvenser; således, är behovet av 

att modifiera och förbättra byggnadens prestanda betydande. Den andra seismiska analysen innefattar 

den modifierade byggnaden, som har testats med olika alternativa seismiska eftermonteringsmetoder för 

att identifiera vilken teknik som är mest passande för att optimera byggnadens hållfasthet, elasticitet och 

prestanda. Efter många experimentella försök, framgick det att en kombination av varierande seismiska 

eftermonteringsmetoder var det mest lämpliga urvalet. Den valda kombinationen består av stålfackverk 

och skjuvväggar. 

Efter genomförandet av den seismiska eftermonteringsanalysen erhölls resultat av frekvensen och 

förskjutningarna av byggnaden som sedan jämfördes med den första seismiska analysen, innan en 

eftermonteringsmetod var tillämpad. De erhållna resultaten visade att valet av denna modifikation har 

förbättrat byggnadens prestanda genom att öka frekvensen i tvärriktningen (y) med 57,2%, i 

längdriktningen (x) med 27.6% och rotationsfrekvensen längs z-axeln med 12.9%; slutligen, genom att 

minska förskjutningarna i x- och y-riktningen anmärkningsvärt. 

Följaktligen, verkade en kombination av varierande seismiska eftermonteringsmetoder vara effektiv, 

vilket resulterade i en seismisk resistent byggnad med avsevärt god hållfasthet, elasticitet och stabilitet. 

Denna forskning ger upphov till ytterligare efterforskningar och undersökningar för framtida lösningar 

avseende seismiska eftermonteringsapplikationer och metoder. 

 

 

Nyckelord: Jordbävningar, seismisk analys, förbättring av skadade byggnader, flervånings-

byggnad, skjuvvägg, stålfackverk. 
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Abstract 

 

Throughout the years earthquakes are a huge concern for structures; causing losses of peoples’ lives, 

damages and collapse of homes. Usually, most of the buildings that collapse or have serious damages 

are mostly old buildings that do not fulfil any longer the updated regulations and building codes 

concerning seismic design.  

The purpose of this Master’s thesis is to analyse and strengthen an existing building given by the 

company Sweco, by using proper and innovative retrofitting techniques; considering Eurocode 8 and 

collected data from previous studies. The selected building is a seven-storey structure in Stockholm; 

consists of prefabricated concrete and steel elements and is tested under seismic loading to investigate 

the global behaviour of the structure using the software MIDAS GEN. 

Two analyses are performed; assessment analysis which includes modelling of the given structure where 

the structural capacities are studied. The second analysis is the seismic analysis which includes two 

secondary analyses; before seismic retrofitting and after seismic retrofitting respectively. In the seismic 

analysis before the seismic retrofitting is applied, the main scope is to identify the most critical positions 

of the building where it behaves abnormally and the displacements are high enough in order to modify 

the structure to decrease displacements. Moreover, the frequencies were obtained and examined. The 

second seismic analysis includes the modified structure; where it was tested with different alternative 

methods of seismic retrofitting in order to identify which technique is the most proper one to optimise 

the strength and the structural performance of the given building. Finally, it appeared that a combination 

of seismic retrofitting methodologies was the most suitable selection. The selected combination consists 

of steel bracings and prefabricated reinforced concrete walls (shear walls). 

After performing the seismic retrofitting analysis, results of the frequencies and displacements of the 

structure were acquired and compared with the un-retrofitted analysis. The obtained results displayed 

that using this structural modification improved by increasing the frequency in the transverse direction 

(y) by 57.2%, in the longitudinal direction (x) by 27.6% and rotational along the z-axis by 12.9%; lastly, 

by decreasing the displacements in the x- and y-direction remarkably.  

Consequently, a combination of innovative seismic retrofitting methods appeared to be more effective, 

achieving a more resistant building under seismic hazards, by improving the stability and ductility of 

the structure. This gives rise to further researches and investigations for future solutions regarding 

seismic retrofitting applications and methodologies. 

 

 

Keywords: Earthquakes, seismic analysis, retrofitting, frequency, multi-storey building, shear 

wall, steel bracing. 
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ag  Design ground acceleration on type A ground (ag = γI.agR) 

d Displacement  

E Young’s Modulus  

EEd Design value of seismic action EEd= γI*EEk 

EEdx Design value of seismic action EEd= γi*EEk in x-direction 

EEdy Design value of seismic action EEd= γi*EEk in y-direction 

EEk Characteristic value of seismic action 
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HEB I profile like HEA but with thicker flanges and web 
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HSQE Welded hat shaped beam 

Htot Total height of the building 

I Moment of inertia  

IPE I profile with short flanges and long web 
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KKR Cold formed rectangular hollow section 

mtot Total mass of the concrete wall  
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1 Introduction  

 

 

Earthquakes are a crucial problem worldwide since it leads to disastrous damages such as failure and 

collapse of buildings, loss of human lives and loss of homes. In addition, earthquakes lead to a massive 

economy including loss of built structures and recovery costs of damaged buildings and infrastructure. 

The effects that earthquakes cause to structures can be seen from the Figures 1.1 and 1.2. 

 

 

Figure 1.1. Building collapse due to earthquake [23]. 

 

 

Figure 1.2. Bridge collapse due to earthquake [29]. 
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In addition, the earth consists of three layers; the first one is the crust layer which is the surface of the 

earth, the second one is the mantle layer which is the second inner part of the earth, and last one the core 

layer which is the most inner part of the earth; see Figure 1.3. When the surface of the earth creates a 

sudden movement, this in turns creates an earthquake, and strain energy is released causing the seismic 

waves through the crust [7, 30]. The earthquakes are largely concentrated to limited seismogenic zone, 

which Sweden does not lay close to that zone. Although the Swedish territory can be classified as a very 

low seismicity, an earthquake magnitude of 5 Richter in Sweden would be expected about once per 100 

years, due to the fact that geodetic and paleoseimologic data which according to some researchers 

indicates continues active uplift and deformation of Fennoscandia [6]. However, in 2008 a moderately 

strong earthquake recorded in southern Sweden 5 km south-west of the town of Sjöbo with the 

magnitude of 4.3 Richter [28]. 

 

 

Figure 1.3. The structure of the earth. 

 

Throughout the years, investigations have been made regarding the capacity of the buildings against 

seismic effects; which demonstrated that damages occur to buildings that do not fulfil the requirements 

of sustainable structures regarding seismic resistant design. Therefore, regulations and standards have 

been developed to improve the behaviour of buildings regarding ductility and stiffness, to resist seismic 

actions. Therefore, the seismic design has been applied to design and construction of buildings and civil 

engineering works in seismic regions in Europe through Eurocode 8 Part1 (EC8:1) [12] where the 

regulations and method of analysis for seismic design are included. Moreover, the development of 

existing structures can be completed through Eurocode 8 Part 3 (EC8:3) [13]. EC8:3 provides 

assessment and retrofitting of buildings, where the performance of the building can be improved to fulfil 

the requirements of seismic design [12] reducing the seismic vulnerability of buildings with no 

significant additional costs.  

Retrofitting is necessary today since most of the buildings have been designed in the past with different 

regulations according to each country have. The old methods of designing buildings against earthquakes 

might not be completely efficient since the technology is developing; new types of structures and 

applications are arising as well as the regulations are being updated. Moreover, since the morphology 

of the ground and the climate is changing throughout the years, this can influence the level of 

earthquakes. Thus, this can lead to differentiation of the information a country has for earthquakes and 

engineers need to make structures more efficient to fulfil the requirements of the current regulations. 

Although, with the help of EC8:1 [12] engineers can design structures more efficient in a way that they 

will not collapse when an earthquake appears. However, it is not only necessary to design new structures, 
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but it is also crucial to modify already existing buildings in order to make them more resistant and more 

cost effective. This method can save a lot of money; since it is not necessary to demolish the buildings 

and construct new ones; however, they can be modified and resist the earthquakes instead.  

Because of all the above reasons, an evaluation of the seismic safety of an existing multi-storey building 

has been selected for this thesis project in order to demonstrate that no significant failure would occur 

for a low seismicity earthquake and also to gain more knowledge concerning earthquakes and seismic 

retrofitting of structures. The thesis project is performed at the company Sweco in Stockholm; therefore, 

all the information of the selected building have been received from the company as well. Numerical 

analysis has been performed by using the software MIDAS GEN [19]; based on EC8:3 [13].  

 

1.1 Earthquake resistant design and Eurocode 8 

The seismic waves cause the shaking of the ground surface; where this ground shaking is the most 

crucial concern for the structural engineers. By using these data they can construct new structures which 

can be resisted against earthquakes. Although, the main data sources to estimate the ground shaking or 

the seismic level at a specific location; is taken from previous geological and historical records. The 

main difference between the structural and earthquake response considering the loadings is that the 

structural response is static and earthquake response is dynamic [7].  

Today, most of the buildings in Europe are designed in order to be resisted against earthquakes; where 

the designer controls the building response by using engineering software programs based on Eurocode 

8. This is an advantage; since engineers can modify and control the structure in a proper way in order to 

obtain the proper design.  

The earthquake response in the structure is considered above ground level, and the forces are generated 

by the inertia of buildings when they respond to earthquake induced ground shaking. Moreover, in 

designing, the structure’s response against earthquake is predicted from a design spectrum; which is 

specified in EC8:1[12], and the first step of creating a design response spectrum is to determine the 

maximum response of the structure to a specific ground motion. Normally, this first step is prepared 

from the seismologists and geotechnical engineers where they are presenting a response spectrum such 

as displacement, acceleration or velocity against the response period [7].   

The role of earthquake resistant design is to prevent buildings from collapse during an earthquake event, 

and minimizing the injuries to people. The seismicity differs from place to place due to the morphology 

of ground; thus, low seismicity has less effect on injuries and collapse of structures. 

Furthermore, in earthquake design the structure is permitted to undergo beyond the elastic limit which 

is called inelastic; this is mostly common for severe earthquakes which can cause inelastic deformations 

and it relies on the ductility and energy dissipation capacity of the structure in order to avoid the collapse. 

As mentioned previously EC8:1 [12] is used for the seismic design of structures and it describes the way 

of designing structures in seismic zones by using proper design philosophy. Its purpose is to make sure 

that during earthquake event people’s lives are protected, the damage is limited and important protected 

structures remain operational. However, special structures, such as nuclear power plants, offshore 

structures and large dams exceed the scope of EC8:1 [12]. 
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1.2 Multi-storey building 

In this project, a seismic safety evaluation and retrofitting of a new office building (see Figure 1.2.1), 

which is located in Stockholm, has been performed.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.1. Multi-storey building in Stockholm [24]. 

 

The building is 73m long, 19m wide and it has a total height of 29.7m above ground. Furthermore, it 

consists of 7 floors above ground. The frame consists of steel and prefabricated concrete columns, 

hollow-core slabs, steel beams, prefabricated walls above ground, glass façade and composite façade 

elements. Existing walls in the ground floor are cast on site [24].  

In the south side of the building there is the main street and traffic road; from the north side the building 

is mounted on top of another structure, this can be seen in the Figure 1.2.1. Therefore, from the model 

of the building, it has been observed that at the ground level from the south side, the building has pinned 

supports, where only the rotations are allowed at the x-, y-, and z-axis (coordinates of the model). From 

the north side of the building where it is positioned on top of another structure; the supports are roller 

types since only the movement in z-axis is locked but the rotation is free, the movements and rotations 

at the other axis are free as well. 

The building will be described more in detail later on in Chapter 3 as well as, all the materials used and 

their properties. Moreover, what calculations have been performed and what it has been taken into 

consideration regarding its boundary conditions. All these information are important and will be 

considered for the seismic retrofitting of the building and the seismic analysis of the model using the 

structural software MIDAS GEN [19].  

 

1.3 Problem definition 

Most of the buildings in Sweden, consisting of steel and precast elements, are normally constructed to 

resist static loads without considering seismic actions. However, this leads to deficiencies in the design 

of the structures. Typical deficiencies for the studied structure in this project are the following:  

 The boundary conditions of the supports. It is important to have proper supports, especially when 

considering seismic actions since a ductile behaviour of the structure is required.   
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 Combination of elements in the structure, for example, when combining steel and precast elements 

the overall behaviour of the structure changes regarding, among other things, its continuity and 

strength.  

 Irregularities in mass and stiffness. The choice of material and element types is important since 

they affect the weight and strength of the structure. Another type of irregularity is the geometry of 

the structure, the more complex the structure is the more irregularities it tends to get. Moreover, the 

combination of different types of elements and their distribution in the structure affect the overall 

stiffness and behaviour of the structure.  

 

1.4 Scopes and objectives of the project 

This project aims at evaluating an existing multi-storey building against seismic loads and suggesting 

retrofitting techniques to decrease the total displacement of the building and increase the frequency of 

seismic vibrations, using the structural engineering software, MIDAS GEN [19]. Procedure for 

application of a seismic retrofitting methodology has been experienced. However, the goal is to achieve 

a sustainable and efficient structure with approved functionality and increased ductility. To guarantee 

this achievement, there are a number of important objectives that have to be accomplished:  

 By assessing building capacity with regard to seismic loads and studying the performance 

and weaknesses of the structure like general displacements and undesired brittle failures. 

 By performing a global analysis, the overall behaviour of the structure can be assessed 

regarding safety, efficiency and ductility. Moreover, the weak points of the structure can be 

checked by studying the results of the frequencies and by collecting the critical 

displacements. 

 By modifying the structure with a suitable seismic retrofitting technique according to EC8:3 

[13]. The chosen technique will consider the structural behaviour building and its current 

capacity.  

Moreover, achieving these goals can aid to understand more the concept of seismic retrofitting of 

structures, which method can be applicable or repeatable for future purposes. The scope of this research 

has few limitations. A part of the building is supported on a neighbouring structure; therefore, a 

limitation is made by eliminating the existence of the neighbouring structure and by considering that the 

building is entirely built on the ground. The second limitation is the functionality of the features in the 

used software, MIDAS GEN [19]; as an example the ability to apply loads on more complex geometries. 

This limitation leads to additional application of undefined beams, so called dummy beams to build up 

a simpler geometry. 
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2 Literature Review  

 

 

In this Chapter, some of the previous former studies on seismic retrofitting methods are presented and 

described briefly, where also some of their achievements are mentioned as well, and the main retrofitting 

method that has been used for this thesis project. It is reasonable to see the differences between each 

retrofitting method and in which type of structure they are mostly suitable. Moreover, in order to 

evaluate the performance of the tested building, it is reasonable to check the criteria for each retrofitting 

method. 

 

2.1 Background 

In the past, a large number of building structures in Europe have been damaged by earthquakes and 

some of these structures have been repaired and strengthened. The strengthening of existing structures 

is required in cases where the buildings are constructed according to the old regulations, and they do not 

fulfil any more the requirements of the recent regulations. 

Recent structures which have been properly designed and constructed with the latest regulations are able 

to resist severe earthquakes without collapse. However, the same earthquakes have shown that old 

buildings can be seriously damaged or collapsed causing many problems to the communities since; their 

design does not fulfil any more the recent requirements concerning seismic design [1]. Moreover, 

studies such as in structural performance have demonstrated that structural systems must not fulfil only 

a sufficient strength to resist lateral forces, but also must have a sufficient ductility, or maintaining their 

integrity when stressed beyond their yield point in order to be called as safe towards human lives [1].  

In order to fulfil requirements of seismic safety, the retrofitting of existing buildings serves catastrophe 

prevention and reduces the seismic risk.  

In general, different methods of seismic retrofitting that have been used according to each characteristic 

method can be seen from the Figures 2.1.1, and 2.1.2. Figure 2.1.1 depicts local and global seismic 

modifications that can be performed in order to obtain the desired result. For instance, to increase the 

strength of the structure it is recommended a global modification of structure by applying infill walls, 

externally attached to the structural system which is an external structure (specific design), steel or 

concrete bracings and by adding reinforced wing walls. Additionally, if strength and ductility are 

required it can be performed both global and local analysis for the seismic modification of the building. 

For global modification, the four methods mentioned above can be applied. However, for the local 

modification, it is recommended jacketing of reinforced concrete or steel elements or for composite 

materials.  

Last, to increase only ductility it is recommended to perform the global and local modification. For 

instance, for global seismic modification, it is recommended the application of reinforced concrete wing 

walls. For local seismic modification, jacketing of reinforced concrete and steel elements or composite 

materials is recommended as well.  

Figure 2.1.2 presents the effectiveness of structural walls and bracings; strengthening methods used for 

seismic retrofitting. The y-axis presents the lateral force of the structure and x-axes the lateral drift in 

percentage (%) (Displacement). It can be seen from Figure 2.1.2 that each seismic modification method 

has a different effect on lateral force and lateral drift (Displacement). Therefore, every seismic 

modification method can be used according to each specific parameter.  
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Figure 2.1.1. Different seismic strengthening methods [10]. 

 

 

 

Figure 2.1.2. Effectiveness of structural walls and bracings; strengthening methods used for seismic 

retrofitting [17]. 

 

Some of the retrofitting methods that have been put into practice can be seen from Figure 2.1.3. In Figure 

2.1.3 (a), it can be seen that a reinforced concrete wall which can be used to increase the strength and 

ductility of the structure. Figure 2.1.3 (b) shows a concrete column jacketing to increase the strength of 

the column while Figure 2.1.3 (c) illustrates diagonal steel bracings of the one entire side of the building.  

The modifications in Figure 2.1.3 (a) and (c) can be used for both local and global analysis since in the 

local analysis the testing is more detailed where the reinforcement has to be calculated and connections 

are examined; these modifications can also be used for global analysis and check the behaviour of the 

building entirely without going into much detailed analysis. However, Figure 2.1.3 (b) can be used only 

for local modification since; the application of the external reinforced concrete around the column 

requires the calculation of the reinforcement that must be placed. 
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(a)                                   (b)                                                          (c) 

Figure 2.1.3. Seismic retrofitting using (a) reinforced concrete shear wall, (b) column jacketing and (c) 

steel diagonal bracings [10]. 

 

2.2 Seismic retrofitting techniques 

Strengthening of buildings that do not fulfil the requirements for seismic resistance can be made by 

retrofit techniques, through experimental and analytical studies. There are different seismic retrofitting 

techniques available in EC8:3 [13], depending on the characteristics and condition of the building. 

Additionally, the financial and sociological aspects impact the choice of technique depending on various 

factors such as the importance and significance of the structure, the level of damages of structural and 

non-structural components and the abnormality of strength, stiffness and ductility of the structure.  

The retrofitting techniques can be divided into two levels: structural and member levels. The first 

mentioned level is commonly used in existing structures which need to enhance their lateral resistance, 

by including additional elements [4]. On the other hand, the member level is frequently used in existing 

structures in which some components need to be improved for seismic resistance. Therefore, this makes 

member level more cost-effective than structural level [4]. Different levels of retrofitting techniques are 

represented in Sections 2.1.1-2.1.4. 

2.2.1 Steel bracing  

Steel bracing is a retrofitting method in structural level. The steel bracing is considered as one of the 

most effective methods to enhance the stiffness, decrease the lateral displacements and improve the 

global strengthening of existing structures with unstable performance during earthquakes [18]. 

Additionally, this method does not require any intervention of the ground because the steel bracings are 

usually installed between existing structural elements in some bays [4, 27]. 

The braces can be used in different sizes and schemes in which concentric and eccentric bracing schemes 

are the most common [21]. Concentric bracings (CB) consist of diagonal braces, where both ends of the 

braces join the end points of the framing members by forming a truss, as shown in Figure 2.2.1.1. In 

eccentric bracings (EB), one or both ends of the diagonal braces do not join the framing members; this 

system transfers lateral forces through shear. Examples of eccentric bracings are shown in Figure 

2.2.1.2. 
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In concentric bracing frames, the existence of compression and tension braces results in lateral stiffness 

above that of the moment resisting frames, caused by buckling of existing compression struts and 

softening/strain hardening due to the Bauschinger effect; which makes concentric bracing frames 

inconvenient [8]. To improve the behaviour of the concentric bracings (CB) frames, different reliable 

design techniques of bracing members are introduced; the configurations include V or inverted V 

bracings, X, K and diagonal bracings as seen in Figure 2.2.1.1 [8]. Although these techniques, the V and 

inverted V bracings are not recommended being used; because of buckling of compressed braces due to 

existing horizontal compressive forces or by forces in tension braces that increase by reaching the yield 

strength and strain-hardening monotonically. These actions tend to an unbalanced force concentration 

in the beam-brace connections which lead to failure in the beam mid-span [8]. 

 

 

Figure 2.2.1.1. Configurations for common concentric bracing frames [8]. 

 

 

Figure 2.2.1.2. Configurations for common eccentric bracing (EB) frames [8]. 

 

The steel bracing is considered as one of the most effective methods to enhance the stiffness, decrease 

the lateral displacements and improve the global strengthening of existing structures with unstable 

performance during earthquakes [18]. Additionally, this method does not require any intervention of the 

ground because the steel bracings are usually installed between existing structural elements in some 

bays [4, 27]. 

During earthquakes, the connections are susceptible therefore the bracing elements and the existing 

members should be carefully treated [4]. To achieve a ductile behaviour of the structure, the structural 

elements and connections should behave linearly since steel bracings transmit high actions to 

connections and foundations and the capacity design framework should be forced inelasticity in 

dissipative zones [9].  

The benefits of this retrofitting method are that the system has easy access for simpler quality control 

and execution, the less additional applied load on the structure, better load distribution and is flexible 

since it is possible to use door and window openings [18]. Although that the steel bracing is a desirable 



10 
 

retrofitting method, the experimental tests show that the braced members uphold a post-buckling 

compressive strength of about 30% of the initial compressive strength. Therefore, it is advised to do 

checks regarding the beam capacity at mid-span for the load combinations and later choose the proper 

steel bracing scheme to prevent buckling [8].  

 

2.2.2 Shear walls  

One of the most common structural levels retrofitting method is adding shear walls. It is an effective 

method that controls the overall global lateral drifts of existing structures. The method involves infilling 

additional shear wall members in bays that have to be strengthened; the infilling walls can be of 

shotcrete, steel and precast panels. The advantages of this method are that it reduces time and cost but 

also, after many researches, shows that it has a huge impact on the increment of the base shear and on 

the decrement of the lateral displacements of the structure [4, 18]. Moreover, the shear walls lead to 

strengthening improvements in the foundations where the infills are added and in the overall structure 

[4].  

The wall section can be of different shapes and thicknesses depending on the characteristics of the 

existing structure. In [18], L- shaped wall section is used. The L- shaped wall is effective since it 

increases the stiffness remarkably and decreases the number of maintenances over the years. 

Furthermore, it reduces the amount of reinforcement to be used in the member and the stress ratio in the 

elements [18]. 

Researches have been made recently regarding rehabilitation of steel and composite structures in which 

steel panel systems have been proposed. When horizontal loads are applied, the walls behave in a similar 

way as vertical plate girders in which the beams are acting as stiffeners, the steel plate shear wall as web 

and the building columns as flanges as seen in Figure 2.2.2.1. 

 

 

Figure 2.2.2.1. Steel shear walls and plate girder analogy [8, 5]. 

 

The shear panels enhance the energy dissipation capacity of the connected frames and provide additional 

strength and stiffness in the structure [8]. For the steel panels, the weight of the structure decreases 

which makes the behaviour of the structure more ductile compared to other infill shear walls and 

prevents column instability because of its thin thickness. The steel shear walls are also effective to use 

on medium-to-high-rise buildings with high wind speed since they are more efficient and can be 

constructed faster than other systems by welded bolted elements [8]. 
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In Japan and the United States, stiffeners in steel panels were used to increase the shear yield strength. 

Although they have a positive impact on the structures, welding of the steel stiffeners is a time-

consuming and expensive procedure. Therefore, experimental tests have been made to check the seismic 

performance of bare steel panels and stiffened steel panels, which can be seen in Figure 2.2.2.2 [8]. The 

tests show that bare steel plates have slightly lower seismic performance than stiffened steel plates. 

Because of the high post-buckling strength and stiffness, buckling of the steel plates is not harmful. 

Therefore, unstiffened shear panels can be considered as a sufficient retrofitting method [8]. It is 

important that the continuity of tensional actions are ascertained; if openings exist. One good advice is 

to place openings, such as windows and doors, in the areas between the mid-span of the beams and the 

mid-height of the columns. Alternatively, by using coupling beams rigidly connected to columns to 

improve the stiffness and facilitate the placement of openings, as shown in Figure 2.2.2.2 (b) and (c).  

 

    

(a) (b) (c) 

Figure 2.2.2.2. Steel shear walls with openings: (a) single unstiffened panel with coupling beams on 

both sides, (b) two unstiffened panels with coupling beams and (c) stiffened panel [8, 3]. 

 

2.2.3 Masonry infill walls  

Another structural level retrofitting is masonry infill walls. It is an effective method for reparation of 

unsteady structures by adding brick masonry walls between solid frames. The main feature of this 

method is that the capacity of the structure can be evaluated to check its effectiveness regarding strength 

and ductility [16]. The advantage of this method is that it provides stiffness and resistance to the 

structure; analytical studies show an increment of 15 to 40 times in stiffness and 2.75 to 9 times in 

strength compared to bare steel frames due to changes in the lateral load transfer mechanism as seen in 

Figure 2.2.3.1 [8].   
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(a) (b) 

Figure 2.2.3.1. Change in the lateral load transfer mechanism: (a) frame action in the bare frame and 

(b) predominant truss action in the infilled frame. 

 

There are two ways to proceed this retrofitting method; unreinforced and reinforced masonry infilled 

walls. Studies show that unreinforced masonry infill walls tend to crack at small lateral drifts compared 

to reinforced walls. Masonry infill walls can be additionally made in different retrofitting schemes 

depending on the structure of the building [15]. An illustration of masonry infill sub-assemblage can be 

seen in Figure 2.2.3.2. 

 

Figure 2.2.3.2. Equivalent strut model for masonry infill panels in steel frames: masonry infill sub-

assemblage [8, 22]. 

 

Moreover, it is possible to have door and window openings in masonry infill walls but it is found that 

imposed deformations affect the shear resistance negatively and reduce the initial supplemental stiffness. 

The influence of the openings on the shear resistance can be controlled by the pier (pillar) width and the 

number of wythes (one vertical masonry unit in section) which the openings depend on. For example, 

wide piers tend to be less ductile than narrow piers. The double brick wythe infills tend to be more 

ductile than single brick wythe infills since they are generally able to develop arching [8].  

Masonry infill walls require precise and careful application since they tend to fail due to inadequate 

shear and flexural strength [18]. When masonry infill walls with steel frames are exposed to small 

deformations, they behave as a composite flexural system. Higher deformations lead to cracks within 

the masonry bricks and later spreading in the panel; which results in degradation of the walls lateral 

resistance. Hence, the loads are to be carried primarily by the steel frames [8].  
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Analytical and experimental studies have been carried and indicate that masonry infill walls provide 

stiffness, ductility and resistance to the structure [8]. Moreover, analysing brick infill walls surrounded 

by steel frames is difficult to make due to the ambiguity of the interaction between the two elements. 

However, the masonry wall and steel frame behave as a composite flexural system for small 

deformations that are less than 0.2% [8]. If the lateral displacements exceed the ultimate tensile strength, 

cracking within the masonry wall arise and spread in the panel; which later lead to degradation in the 

wall lateral resistance, loads mainly carried by the steel frame and decrement in bending stiffness  [8]. 

Additionally, the shear resistance in window and door openings can be influenced by the imposed 

deformations and lead to significant degradation in the shear strength. It is recommended to avoid 

slender masonry panels since they are unable to develop bending and are generally susceptible to loss 

of stability under seismic loads [8]. Furthermore, out-of-plane anchors and ties tend to localized failures 

which decrease the overall strength of the infill, therefore their use is not recommended [8]. 

 

2.2.4  Column Jacketing  

Column jacketing is a member level retrofitting method which improves the strength and ductility of 

insufficient structure elements of beams and columns [27]. During earthquakes, it is very important to 

not have weak column components in the structure, since they can result in failure mechanisms. The 

columns are controlled by axial load and shear and flexural strength, therefore column jacketing is 

considered to be a proper local strengthening and repairing method to improve them [4, 1]. Column 

jacketing is used around existing columns by adding concrete, longitudinal reinforcement and transverse 

reinforcement as seen in Figure 2.2.4.1 [21].  

 

 

Figure 2.2.4.1. Example of local strengthening of reinforced concrete columns [21, 26]. 

 

Different types of materials and schemes can be used when retrofitting, depending on the structures 

condition and capacity and the desired earthquake resistance. For example, the fibre reinforced polymer 

material can be used when retrofitting columns [4]. Jacketing can be added to one, two, three or four 

sides of the member according to the available space conditions around the columns; to achieve greater 

bonding between the members, sufficient performance during future earthquakes and improved results, 

a four sided jacketing is most desirable to use, because of its performance as one symmetrical stiff rigid 

body [1].  

The advantages of column jacketing are that it prevents failure in the beam-column joints and improves 

the axial and shear strength of the column, by confining the columns [4, 21]. Moreover, good bonding 
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between the existing concrete and the new concrete can be established by chipping away the concrete 

cover from the existing member and making its surface rough. Other alternatives to achieve sound 

bonding between the members are to apply glues on the surfaces of the members or to additionally weld 

bent reinforcement bars [1]. Through enlargement of the concrete area and by applying additional 

longitudinal reinforcement, the column flexural strength increases. Furthermore, better confinement of 

column jacketing with closer transverse reinforcement, such as steel strips and ties, improve the shear 

strength and ductility [1].  

Lateral load testing of four full-scale un-strengthened interior beam-column assemblages has been 

undertaken by [21] using jacketing as a retrofitting method. After jacketing with longitudinal and 

transversal reinforcement around the columns, an increment in strength and stiffness were observed 

compared to the original specimen. Moreover, no significant improvement in the ductility capacities 

was observed. However, it has been shown that jacketing of columns is an effective local retrofitting 

method; that improve the strength of the structure and the convergence of the mechanisms of the beam 

and column elements in the structure [15]. 

 

2.3 Seismic retrofitting analysis 

Previously, a number of seismic retrofit strategies are discussed [15, 8]. Each has its relative merits. For 

example, the retrofit choice depends upon the seismic performance level that is required during the 

design basis earthquake [15]. In this section, a seven-storey building which was tested for dynamic 

behaviour change of buildings before and after seismic retrofitting by [29] are presented in order to 

compare the differences of the frequencies before and after the seismic retrofitting. Therefore, these 

results will be compared and discussed with our own project’s results in Chapter 5.  

A complex seven-storey building was analysed (see Figure 2.3.1) with regard to seismic before and after 

seismically retrofitted.  The seismic retrofitting method which they used was steel bracings and 

reinforced concrete walls, as shown in Figure 2.3.2. It was observed that the frequency of longitudinal 

mode increased from 2.2 Hz to 2.7 Hz and 2.6 Hz to 2.8 Hz in the transverse direction due to the 

retrofitting. It was concluded that the stiffness increased by 22.7% in the longitudinal direction and 

7.69% in the transverse direction due to retrofitting.   

 

Figure 2.3.1. North elevation of the studied building after retrofit and measurement points for the 

vibration test [25]. 
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Figure 2.3.2. Outline of the seismic retrofit (northwest view), the reinforced concrete walls are 

illustrated with red colour and all the rest are steel bracings [25]. 

 

2.4 Design seismic load 

The seismic vulnerability is an event which is strongly considered but is not an absolute concept. This 

means that the same construction it might not be vulnerable to one class of earthquakes; however, it 

might be vulnerable to another. Thus, the seismic action which will affect a given construction should 

be fully specified before attempting a seismic vulnerability evaluation of that construction [20]. 

The seismic codes determine the seismic action by means of one or more design spectra, for example 

the elastic design spectrum according to EC8:1 [12]. These are a synthetic and significant representation 

of the seismic action, which is depending on the characteristics of the different ground motions; depends 

on inherent characteristics of the building structure such as the fundamental mode of vibration and its 

dissipation capacity [20].  

In cases where low seismicity occurs, reduced or simplified seismic design processes for certain types 

or categories of structures may be used. The selection of the categories of structures, ground types and 

seismic zones in a country for which the provisions of low seismicity apply may be found in its National 

Annex. However, there is no need of observation of the provisions in cases of very low seismicity, the 

provisions of EC8 do not need to be observed.  

The structure shall be designed and constructed to withstand the design seismic action defined in EC8:3 

[13] without local or global collapse, thus retaining its structural integrity and a residual load bearing 

capacity after the seismic events. Eurocode 8 is a new and modern document. It is aligned with the recent 

trends and current standards regarding the performance of requirements and check of compliance in 

terms of displacements; providing a flexibility to cover the large variety of situations that appear in 

practice [13]. The extended use of EC8:3 [13] will provide suggestions for improvements in the future. 

The basic representation of the seismic action is the elastic ground acceleration response spectrum, as 

shown in Figure 2.4.1. According to EC8:1 [12]; for the horizontal components of the seismic action, 

the elastic response spectrum Se (T) is defined by the following expressions: 

 

 

 

z 

y 

x 
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0 ≤ 𝑇 ≤ 𝑇𝐵: 𝑆𝑒(𝑇) = 𝑎𝑔 ∙ 𝑆 ∙ [1 +
𝑇

𝑇𝐵
∙ (𝜂 ∙ 2.5 − 1)]  (2.4.1) 

𝑇𝐵 ≤ 𝑇 ≤ 𝑇𝐶 : 𝑆𝑒(𝑇) = 𝑎𝑔 ∙ 𝑆 ∙ 𝜂 ∙ 2.5   (2.4.2) 

𝑇𝐶 ≤ 𝑇 ≤ 𝑇𝐷: 𝑆𝑒(𝑇) = 𝑎𝑔 ∙ 𝑆 ∙ 𝜂 ∙ 2.5[
𝑇𝐶

𝑇
]                          (2.4.3) 

𝑇𝐶 ≤ 𝑇 ≤ 𝑇𝐷: 𝑆𝑒(𝑇) = 𝑎𝑔 ∙ 𝑆 ∙ 𝜂 ∙ 2.5[
𝑇𝐶∙𝑇𝐷

𝑇2 ]                          (2.4.4) 

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  

a g Design ground acceleration  

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

 

Figure 2.4.1. The shape of the elastic response spectrum [12]. 

 

In this project, the horizontal elastic response spectrum is taken into consideration since the vertical 

elastic response spectrum has less contribution to the structure. Therefore, the main consideration of this 

study is the most critical case which also influences the most the structure. 

There are two recommended elastic response spectra Type 1 and Type 2. The shape of the elastic 

response spectrum is taken as being the same for the two levels of seismic action, see Tables 2.4.1 and 

2.4.2 and Figures 2.4.2 and 2.4.3 where according to each type of ground there are also the equivalent 

soil factors (S) and the different periods TB(s), TC(s) and TD(s). 

 

 

 

 



17 
 

Table 2.4.1. Values of the parameters describing the recommended Type 1 elastic response spectra 

[12]. 

Ground type S TB(s) TC(s) TD(s) 

A 1.0 0.15 0.4 2.0 

B 1.2 0.15 0.5 2.0 

C 1.15 0.20 0.6 2.0 

D 1.35 0.20 0.8 2.0 

E 1.4 0.15 0.5 2.0 

 

 

 

Table 2.4.2. Values of the parameters describing the recommended Type 2 elastic response spectra 

[12]. 

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 2.4.2. Recommended Type 1 elastic response spectra for ground types A to E (5% damping) 

[12]. 
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Figure 2.4.3. Recommended Type 2 elastic response spectra for ground types A to E (5% damping) 

[12]. 

 

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 > 

5.5 Richter and the Type 2 response spectrum with a magnitude of Ms < 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 [12]. 

Moreover, the seismic assessment and retrofitting of an existing building is a difficult task; since, to be 

able an engineer to retrofit an existing building must have all the important information needed in order 

to solve the main critical problems that this building might have during an earthquake [13]. 

However, in order to perform the seismic retrofitting it is important to have the required knowledge 

since, it is not possible to perform any analysis or modification on the structure if there is not enough 

information, and this one of the important problems engineers have to deal with and try to find as much 

as any information for a sufficient modification. For instance, structural geometry and sizes of the 

members, details mean the amount and layout of the reinforcement (for reinforced concrete structures) 

and materials refers to the mechanical properties of the constituent materials.  

When applying the retrofitting method on a building and then a model analysis is required, this could 

allow the same analysis method given in EC8:1 [12]: 

 Linear analysis, using statically applied lateral forces or modal response spectrum analysis. 

 Non- linear analysis, either dynamic using spectrum compatible accelerograms or static (push- 

over analysis) [13]. 

 

2.5 Selected seismic retrofitting method and design seismic load  

In this project for the seismic retrofitting, it has been selected a combination of two different methods. 

The first method is the shear wall (prefabricated reinforced concrete walls/panels) and the second 

method is the steel diagonal bracing with a hollow section. The main purpose of choosing two different 

methods and combine them it is to stabilise properly the building under seismic vibrations. This will be 

discussed briefly in Chapter 3 and more detailed in Chapters 4 and 5. 

A crucial point of using these two types of seismic retrofitting methods it is also to increase the frequency 

of the building under the seismic vibrations. Increasing the frequency it is possible to decrease the 

displacements of the building in every floor level; thus, less displacements can lead to less damages, 
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avoiding also any possible failures. The final results of this method are going to be presented and 

discussed further on in the next Chapters 3, 4 and 5; where we are able to check if this theory is true or 

not.   

The design seismic load and ground type have been selected according to Eurocode 8. Although, since 

there is not enough information for Swedish standards concerning the effect of earthquakes on buildings, 

the recommended elastic response spectrum Type 2 is selected, which was described in Section 2.4. It 

is suitable for places with low seismicity and recommended for northern and Scandinavian countries.  

The ground type is selected as B (hard clay) due to lack of information of the area where the building is 

constructed. See Figure 2.4.3 and Table 2.4.2. 

Consequently, after applying this method of seismic retrofitting; the resulted frequencies are going to 

be evaluated with previous studies.  
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3 Methodology 

 

 

The present project aims to provide knowledge based on seismic retrofitting on buildings that have not 

been designed considering Eurocode 8 and for those that have been designed with regulations and 

standards which they are not any more applicable. Particularly buildings in Sweden do not consider 

Eurocode 8. Hence, it is a profitable way of learning on how these specific buildings can be modified in 

case of an earthquake rather than demolish them. Moreover, this study is also undertaken for future 

applications and further researches.  

In more detail, the particular method that is used for this project is to analyse the building globally and 

check the entire behaviour of the structure; focusing mainly on reducing the displacements of the 

structure after using the methodology seismic retrofitting, which is introduced by Eurocode 8. It is 

important to mention that for the seismic retrofitting which is basically a modification technique 

concerning the structure’s capacity and strength; there are many ways to perform it.  

An extensive amount of data such as scientific articles, journals and previous theses, have been collected 

and studied thoroughly in order to gain knowledge about common seismic retrofitting methodologies 

regarding the performance of the structure and features of the methods applied, in case of seismic 

hazards. Different methodologies of seismic retrofitting have been considered; such as masonry infill 

walls, prefabricated reinforced concrete walls (shear walls) and steel bracings separately.  

By using, for instance, bearing walls such as masonry infill walls, they are not reasonable for this specific 

structure since the building has an asymmetric geometry and the bearing walls are not able to resist in 

both x- and y-axes of the seismic waves. In case the bearing walls were reinforced, they could provide 

shear resistance; however, this is not preferable since this retrofitting technique is time-consuming. 

Concerning the steel bracings, they are considered to be flexible since the bracings allow displacements 

on the structures under seismic vibration without arising early stage failures. Although, they do not have 

enough mass to stabilise unstiffened parts of the structure. In this case the prefabricated reinforced 

concrete walls are more useful since they can provide higher stiffness and shear resistance. However, 

since, the shear walls are not preferable to be used as seismic retrofitting method because they tend to 

overweight the structure and brittle failure will possibly occur.   

Consequently, the selected method for this case is a combination of prefabricated reinforced concrete 

walls and steel bracings. By using wisely the construction materials for both methods, a desirable result 

for the current structure will be achieved. This method will be discussed more in Chapters 4 and 5. 

The building model is a simplification of an actual seven-storey building in Stockholm. It was designed 

for gravity, wind and snow loads, using the Eurocodes and Swedish Standards without specific 

provisions for earthquake resistance.  

The standards and handbooks that have been taken into consideration from the company Sweco when 

the building was first constructed are presented below: 

 BBR 19 (BFS 2011:6 with changes even BFS 2011:26) 

 EKS 8 

 SS-EN 1990 

 SS-EN 1991 

 SS-EN 1992 

 SS-EN 1993 

 Svensk Betong ”Bygga med Prefab” (Swedish Concrete ”Construct with Prefabricated”) 

 S-EN 1090-2 
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However, for this particular study, EC8:1 [12] is used for seismic design and Eurocode 1-1990 (EC1) 

[11] for application of seismic load combinations. 

 

3.1 Model of the building 

 

The structural analysis and design software for buildings MIDAS GEN [19] was used to create a three-

dimensional model of an existing building located in Stockholm by the company Sweco. The model 

consists of seven floors; with 73 m long, 19 m wide and a total height of 29.7 m above ground level.  

 

 

 

Figure 3.1.1 3D view of the numerical model that given by the company Sweco. 

 

 

The building consists of a combination of steel and concrete structural elements for the main skeleton 

and brick walls for the facades. It is asymmetrical having the longest side in longitudinal direction (x-

axes) and the shortest in transverse direction (y-axes). Half of the building consists of a cantilever part 

that is supported on top of another structure. The other half is supported on the ground level. 

 

A pile foundation was used for this building which is not considered in this study. Due to lack of 

information, it was not possible to define the exact soil type since soft clay and hard clay are the 

dominating soil types where the building located. No further researches have been made regarding the 

characteristics of the soil type since the main focus of the project is on investigating the structure.  

 

3.1.1 Supports and beam end releases  

From the given model, there are two different types of supports which are defined as pinned and roller 

supports; the first mentioned support is at the ground level of the structure at +0.0m, the second is at 

+3.75m and +7.0m respectively. Illustrations of the support types are given in Figure 3.1.1.1 and 3.1.1.2. 

2
9

.7
 m
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Figure 3.1.1.1. Side view of the structure including the supports. 

 

 

Figure 3.1.1.2. 3D South-west view of the structure including the supports. 
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As for the structural elements in the modelling, the beam end releases allow translation along one or 

several local axes or rotation at either one end of a beam or at both beam ends.  

Two different types of beam end releases are used in this model. The first beam end release type (Type 

1) is of two degrees of freedom which allows moment in y- and z-direction only at one end of the beam. 

The second type (Type 2) is of two degrees of freedom and allows moment in y- and z-direction at each 

end of the beam, see Appendix A. 

 

3.1.2 Design loads 

The loads which have been used for the modelling are as follows: 

 Dead loads including self-weight. 

 Live loads according to the usage of the building. 

 Wind load according to Stockholm Region. 

 Snow load according to Stockholm Region. 

 Complementary loads such as loads of glass-plates. 

 Accidental loads regarding fire, robustness, landslide and collisions. 

 Imperfection loads.  

The load calculations for the building have been done by the company Sweco according to each 

regulation. The load types, floor plans, floor loads and load combinations for the assessment analysis 

are given in Appendix B. 

 

3.2 Analysis performance 

The main purpose of this project is to study and compare the global behaviour of the existing structure 

before and after modifying it with a seismic retrofitting method. The first part of the analysis of this 

building consists of assessment procedures for existing model applying the design load in Section 3.1.2. 

Therefore, a remodelling of the given structure has been made in order to assess the existing model using 

software MIDAS GEN [19] to understand easily the design and behaviour of the structure. This means 

that everything is satisfied from a verification of the results with the original model. 

Further on, the seismic analysis is divided into two separate analyses, seismic un-retrofitted model and 

seismically retrofitted model. In the first mentioned analysis, seismic loads are applied to the structure 

taking into consideration EC8 according to the software’s recommendation. Some assumptions are 

important to be made to avoid any possible error or warning during the analysis, to be able to complete 

the analysis and to obtain sufficient results. 

The second seismic analysis, seismic retrofitted model analysis contains a modification of the structure 

using proper seismic retrofitting techniques for a sufficient seismic design. After the design procedure 

of the unstrengthen model is accomplished, a comparison regarding global behaviour and frequencies is 

made between the un-retrofitted and retrofitted model, presented in Chapter 4. 

 

3.2.1 Assessment analysis  

Static analysis includes all the given inputs for the material types, classes and sections for the assembly 

of the structure in the software MIDAS GEN; which can be seen from Table 3.2.1.1 and Appendix A. 

In addition, some of the material properties such as dummy beams and C30/37 no mass are not given as 

the other materials due to limitation and choice of modelling the structure. Dummy beams will be 

explained in Section 3.2.1.1.  
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Concerning the material property C30/37 no mass, it is used for facades where the mass is not given 

directly in the program but instead has been calculated from the self-weight of each of the façade 

materials. Further on, the given mass is considered as a load and is applied as a load case on the structure 

at a later stage along with the other defined loads as mentioned in Section 3.2.1. The values of the façade 

materials are listed in Appendix B along with all the other contributing loads.  

 

Table 3.2.1.1. Material types. 

Material Properties 

Name Type Standard 

S355 Steel EN05(S) 

C45/55 Concrete EN04(RC) 

C30/37 Concrete EN04(RC) 

Dummy Beams Steel - 

C30/37 no mass Concrete - 

 

 

After the assembly of the structure, the static load cases are defined and applied according to the 

computed values for each described load types. The static load cases are presented in Table B-4 

(Appendix B). The load combinations had been created from the company Sweco to evaluate the results 

of the static analysis which can be seen from the Tables B-5 and B-6 in Appendix B. Some of the loads 

are considered to be distributed such as floor loads in different floor load categories depending on the 

purpose of each area in the structure. The loads are applied to the structure in different forms of load 

distribution (see Table B-4 in Appendix B) such as the self-weight of the structural elements which is 

considered separately as dead load including pressure loads (case 1), Element Beam Loads and floor 

loads (case 2), Nodal Loads and Floor loads (case 3 and 7), Floor Loads (case 4, 6 and 8), Line Beam 

Loads and Pressure loads (case 5). The wind loads (case 10- 13) are lateral forces which affect the entire 

structure in both directions, x and y, and are therefore considered as pressure loads. Furthermore, the 

accidental loads (case 9) are considered as nodal loads, applied in particular positions.  

Imperfections (case 14- 17) in the y-direction have been taken into consideration due to losses of static 

equilibrium of the structure when assumed as a rigid body at the serviceability limits state and due to 

geometrical losses at the ultimate limit state. Using imperfection loads it converts the structure to be 

more realistic. For instance, a building, in reality, it is not perfectly straight, thus, by using the 

imperfection loads it is provided with a minor displacement on the structure as it would have in reality.  

 

3.2.1.1 Delimitations 

Delimitations are taken into account for the modelling of the structure due to some facts that influence 

the structure.  

- The north side of the structure is supported on a neighbouring structure. However, this fact is 

eliminated by considering that the structure is entirely relying on the ground to simplify the 

complexity of the modelling and in general reduce factors that could influence the seismic 

analysis. 

- Dummy beams have been used in the modelling as an aid for the application of the floor loads 

and, they have not been selected according to the standards, just the material type is selected. 

This can be explained by the fact that in reality, they do not exist. They are additional undefined 
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beams to build up simple structural geometries since the software MIDAS GEN [19] is not able 

to apply loads on complex geometries.  

 

 

3.2.2 Seismic analysis 

At the stage of seismic analysis two analyses are performed, un-retrofitted and retrofitted model analysis. 

The analysis is performed by applying the seismic load with the load combinations in Section 3.1.2. 

However, during the analysis it was crucial taking into account some limitations and assumptions to 

obtain reasonable results and to solve any possible errors. Proper modifications were also performed 

using retrofitting techniques in order to stabilise and achieve a sufficient resistant structure during an 

earthquake hazard.  

 

3.2.2.1 Un-retrofitted model 

Seismic analysis requires the conversion of loads into masses considering the permanent and variable 

loads with a scale factor of 1.0 and 0.25 respectively. Since the permanent loads will remain on the 

structure permanently, thus, their contribution is 100% long-lasting. However, the variable loads are 

removable and will not remain on the structure permanently thus, their contribution cannot be 100%, it 

should be around 20-30%, and in this case, the average value (25%) is chosen. The load cases and the 

scale factors are presented in Table 3.2.2.1.1.  

 

Table 3.2.2.1.1. Loads to masses. 

Load Cases Scale Factor 

Self-weight of the structural elements 1.0 

Constructive Flooring 1.0 

Cast in-situ and Flooring 1.0 

Roof and Installation 1.0 

Facades 1.0 

Inner walls 0.25 

Live Loads  0.25 

Snow 0.25 

 

 

After converting the loads into masses, the next step is to define and apply the seismic loads on the 

structure along with the previous load combinations (see Appendix B). All the static seismic load cases 

are included according to EC8:1 [12] in x- and y-directions with positive and negative eccentricity for 

both axes separately.  

Moreover, performing the seismic analysis before applying the retrofitting method the fundamental 

period (T0) of the structure was considered as 1 sec which gives us the fundamental frequency (f0) 1 Hz, 

by using the simplified equations below for the fundamental period from the program MIDAS GEN 

[19] and the equation for the fundamental frequency: 

𝑇0 = 0.085 ∙ 𝐻𝑡𝑜𝑡
( 

3

4
 )
          (3.2.2.1.1)  

𝑓0 =
1

𝑇0
         (3.2.2.1.2)    

where  𝐻𝑡𝑜𝑡 is the total height of the building. 
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As for the seismic load cases; it is taken into account the generation of the response spectrum function 

considering regions with the low seismic level of vibration according to EC8:1 [12]. Since there is no 

information in the National Annex for places in Sweden considering earthquakes; the building has not 

been designed according to Eurocode 8. Therefore, a recommended horizontal elastic response spectrum 

is selected from the program by choosing the spectrum type 2 for less seismic regions such as central 

and northern Europe, as mention in Section 2.5. The type 2 spectrum is suitable for earthquakes up to 

5.5 Richter.  

The ground type is chosen as type B (hard clay) since, the entire area consists of ground type B (hard 

clay) and C (soft clay); thus, no further information could be found for the specific position of the 

building. Damping factor is considered 5% due to the Recommended Elastic Response Spectrum 

Function (see Section 2.4 and Figure 2.4.3). The used seismic load cases are presented in Table 3.2.2.1.2. 

However, a more detailed presentation of the procedure is provided in Appendix C.  

Moreover, mode shapes describe the configurations into which a structure will naturally displace, and 

they are able to illustrate the behaviour of the structure under seismic vibrations. Thereof, it is easier to 

identify the critical positions of the structure that are required to be modified. The mode shapes that are 

considered for the seismic analysis are presented in Chapter 4. 

Examination of the structure for torsion due to mass eccentricity including an additional eccentricity 

which is called accidental eccentricity, is required from most of the seismic codes. The reason for this 

is to cover inaccuracies between the real and modelled structure accompanied by the fact that the linked 

masses to service loads may possibly vary during the structure’s life [14]. EC8:1 [12] requires that the 

mass centres in the building floor be moved a certain percentage of the building’s dimension which is 

usually 5% along both x and y- axes and in both positive and negative directions [2]. 

 

Table 3.2.2.1.2. Additional seismic static load cases. 

Seismic static load cases 

Case 18 Earthquake load in Y direction ECC + 

Case 19 Earthquake load in Y direction ECC - 

Case 20 Earthquake load in X direction ECC + 

Case 21 Earthquake load in X direction ECC - 

 

 

Seismic Load Combinations 

By using EC1 [11], the following load combination was applied to the structure [11]. 

Combinations of actions for seismic design situations 

∑ 𝐺𝑘,𝑗" + "𝑃" + "𝐸𝐸𝑑" + " ∑ 𝜓2,𝑖𝑄𝑘,𝑖𝑖≥1𝑗≥1       (3.2.2.1.3)   

where 

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  
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Combination of the effects of the components of the seismic action  

Due to the combination of the horizontal components of the seismic action, x- and y-direction, the action 

effects may be computed according to the following setups, by using EC1 [11], i.e equations [4.18 and 

4.19]: 

EEd =  EEdx" + "0,3𝐸𝐸𝑑𝑦         (3.2.2.1.4)    

EEd =  0.3EEdx" + "𝐸𝐸𝑑𝑦     (3.2.2.1.5)    

where 

EEdx  Design value of seismic action in the longitudinal direction (x) 

EEdy  Design value of seismic action in the transverse direction (y)  

 

According to EC8:1 [12], load combinations regarding seismic actions are created and are introduced in 

detail in Table 3.2.2.1.3. Subsequently, when the analysis is accomplished, the results of the frequencies 

and the global behaviour of the structure considering the loads and load combinations are evaluated. 

 

 Table 3.2.2.1.3. Seismic Load Combinations. 

 
 

 

Limitations and Assumptions 

During the performance of the seismic analysis there are some important limitations and assumptions 

that are taken into consideration to accomplish an adequate performance of the structural analysis. The 

limitations and assumptions are presented below: 

 Change of the supports type as fixed at the bottom level +0,0m of the structure. The fully green 

dots in Figures 3.2.2.1.1-3.2.2.1.3 represent fixed supports. 

 Creation of two additional supports at level +7,0m :  

The first one is a roller type that allows rotations and movements except for a vertical movement, 

Dz. The second one allows only rotation in x- and y-direction. These assumptions have been 

made due to abnormal displacements on the structure after running the analysis including the 

seismic loads. The additional supports can be seen in Figure 3.2.2.1.1 and Figure 3.2.2.1.3, and 

highlighted with orange arrows. 

 Modifications have been made for six roller supports by restraining and allowing them rotation 

in the x- and y-direction. These supports are shown in Figure 3.2.2.1.1 and highlighted with red 

arrows. 

 Soil type B is chosen due to lack of information regarding the soil type, (see previous Section 

2.4). 

Name
Self-weight of the                            

structural elements

Constructive        

Flooring

Cast in-situ                       

and Flooring

Roof and           

Installations
Facades

Inner      

walls

Live 

Loads
Snow

Earthquake      

+X

Earthquake          

-X

Earthquake      

+Y

Earthquake        

-Y

ULS 6.11 EC 1 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 1.00 0.30

ULS 6.11 EC 2 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 1.00 0.30

ULS 6.11 EC 3 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 1.00 0.30

ULS 6.11 EC 4 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 1.00 0.30

ULS 6.11 EC 5 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 0.30 1.00

ULS 6.11 EC 6 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 0.30 1.00

ULS 6.11 EC 7 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 0.30 1.00

ULS 6.11 EC 8 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 0.30 1.00



28 
 

 The National Annex does not provide enough information regarding seismic actions in Sweden. 

Therefore, a recommended design response spectrum is selected from the program to perform 

the seismic analysis according to Eurocode 8 [12], (see previous Section 2.4).  

 

 

 

Figure 3.2.2.1.1. 3D South-west view of the structure including the supports after changes have been 

made in the supports. The red arrows highlight the six modified supports, the orange arrows highlight 

the two additional supports and the fully green dots represent the fixed supports. 

 

y x 
z 
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Figure 3.2.2.1.2. Side view of the structure including the changed and unchanged supports. 

 

’  

Figure 3.2.2.1.3. 3D South-east zoom in view of the structure after changes have been made in the 

supports. The orange arrows highlight the additional supports and the fully green dots represent the 

fixed supports. 

 

 

 

+ 7.0m 

+ 3.75m 

+ 0.0m 
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3.2.2.2 Retrofitted Model 

A thorough study of the model is important to proceed with the modification of the structure. The main 

idea of the seismic retrofitting is to modify the weakest parts of the building by improving its 

characteristics such as strength and elasticity, and by achieving desirable structural performance. A 

number of experimental methods is performed in order to study which method is suitable for this 

building taking into consideration different factors such as the performance of the structure and aesthetic 

aspects. Performing different trials is a way to select the most appropriate method of seismic retrofitting. 

The experiments that are used to obtain the desired method are those using shear walls, steel bracings 

and a combination of those two.  

The sections that are used for these seismic retrofitting methods are based on the idea of maintaining the 

same material types as the original model has; thus, the building will not consist of new extra material 

types. The material and section properties are presented in Table 3.2.2.2.1. 

Consequently, after performing the final seismic analysis including the seismic retrofitting applications; 

the obtained results are observed and evaluated. All the results are presented and discussed in Chapters 

4 and 5. 

 

Table 3.2.2.2.1. Material and section properties of the selected seismic retrofitting technique. 

Material and section properties 

 Material property Section property 

Steel Bracings S355 RHS-HF 200x200x12.5 mm 

Prefabricated concrete walls 

(Shear walls) 
C30/37 Thickness: 0.2 m 
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4 Results and Evaluation 

 

 

All the results have been obtained after successfully completing the seismic analysis of the model, once 

before applying the seismic retrofitting and another after applying the seismic retrofitting. The aim of 

the project, as mentioned before, is to analyse only the global behaviour without taking into 

consideration the local behaviour of the model. Therefore, there will not be any analysis regarding the 

connections between the structural elements, material properties and steel design of the elements. 

Therefore, evaluation of the forces and moments will not be considered since, it is not much relevant to 

study the structural members in the global behaviour. 

Our goal is to strengthen the building under seismic vibration; hence, the main focus will be on the 

frequencies and the displacements of the structure before and after modifying the structure with a 

retrofitting method. Improving the frequencies and minimizing the displacements will give rise to a 

more stable structure, which behaves as one rigid body.  

 

4.1 Results before seismic retrofitting 

After the analysis has been performed, evaluation of the structure under seismic action has been made 

by observing the vibration mode shapes of the structure. It appeared that one side of the building is weak 

due to lack of structural elements; the weak area is marked in a red rectangle in Figure 4.1.1. The 

insufficient design leads to high displacements and abnormal behaviour at the highlighted side of the 

building compared to the other side, which has a stiff and ductile behaviour, as seen in Figures 4.1.2-

4.1.7 which illustrate the global behaviour of the two first vibration mode shapes.   

 

 

Figure 4.1.1. 3D view of the building, with a red square highlighting the critical side of the structure. 

z 

x y 
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Figure 4.1.2. 3D view of the un-retrofitted model’s translational vibration mode shape in the 

longitudinal direction (x). The red colour indicates the highest deflection of the structure and the blue 

the lowest.  

 

 

 
Figure 4.1.3. Side view of the un-retrofitted model’s translational vibration mode shape in the 

longitudinal direction (x). The red colour indicates the highest deflection of the structure and the blue 

the lowest.  

 

 

 

 

 

 

 

 

 

z 

x 

z 

x y 



33 
 

 

 
Figure 4.1.4. Top view of the un-retrofitted model’s translational vibration mode shape in the 

longitudinal direction (x). The red colour indicates the highest deflection of the structure and the blue 

the lowest.  

 

 

 

Figure 4.1.5. 3D view of the un-retrofitted model’s translational vibration mode shape in the 

transverse direction (y). The red colour indicates the highest deflection of the structure and the blue the 

lowest.  

 

 

z 
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y 
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Figure 4.1.6. Side view of the un-retrofitted model’s translational vibration mode shape in the 

transverse direction (y). The red colour indicates the highest deflection of the structure and the blue the 

lowest.  

 

 
Figure 4.1.7. Top view of the un-retrofitted model’s translational vibration mode shape in the 

transverse direction (y). The red colour indicates the highest deflection of the structure and the blue the 

lowest.  

 

 
Figure 4.1.8. Top view of the un-retrofitted model’s rotation mode shape along the z-axis. The red 

colour indicates the highest deflection of the structure and the blue the lowest.  
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4.1.1 Frequencies 

The scope of this thesis is to increase the strength of the structure and make it more resistant to seismic 

hazards. The first way to investigate the structure’s condition is by studying the frequencies of the un-

retrofitted structure. Since the remodelling of the given original model has been made, a verification of 

the frequencies of the models is done to compare whether or not the results are the same; in order to 

proceed with the modification of the structure by using a proper seismic retrofitting technique. The 

comparison of the frequencies is made taking into consideration the frequency of the first mode 

(transverse direction (y)) such as the frequency from the original model performing seismic analysis, 

𝑓 = 1.062 Hz, and frequency from our model performing seismic analysis, 𝑓 = 1.074 Hz. The results 

from our model can be seen in Tables 4.1.1.1 and 4.1.1.2. 

 

Table 4.1.1.1. Frequencies and periods before applying seismic retrofitting. 

Eigenvalue Analysis 

Mode Frequency (f) [Hz] Period (T) [sec] 

1 1.074 0.931 

2 1.261 0.793 

3 2.085 0.480 

4 2.116 0.473 

5 5.026 0.199 

6 5.569 0.180 

7 6.730 0.175 

8 6.059 0.165 

9 6.353 0.157 

10 6.360 0.157 

11 7.982 0.143 

12 7.288 0.137 

13 7.747 0.129 

14 7.783 0.129 

15 8.310 0.112 
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Table 4.1.1.2. Translational and rotational mass participation for the 15 mode shapes before seismic 

retrofitting. 

 

 

Further on, alternative verification of the frequency has been made through a simplified hand calculation 

of few shear walls in the structure, which are highlighted in Figure 4.1.1.1. The frequency has been 

calculated in x- and y-direction separately, which gave rise to two values of the frequency, one in the x-

direction and another in the y-direction; therefore, an average value of 1.004 Hz is calculated. A detailed 

procedure of the hand calculation can be found in Appendix D.  

 

 

Figure 4.1.1.1. 3D view of the building with the highlighted shear walls used for the hand calculation. 

 

MASS(%) SUM(%) MASS(%) SUM(%) MASS(%) SUM(%) MASS(%) SUM(%) MASS(%) SUM(%) MASS(%) SUM(%)

1 0.07 0.070 43.305 43.305 0.002 0.002 0.010 0.010 0 0 18.370 18.370

2 55.083 55.153 0.091 43.396 0 0.002 0.001 0.010 0.001 0.001 0.008 18.378

3 0.001 55.154 16.441 59.837 0.002 0.004 0.004 0.014 0.001 0.001 36.309 54.687

4 0.130 55.284 3.571 63.409 0.001 0.005 0.005 0.020 0 0.001 10.146 64.834

5 0 55.284 0 63.409 0.030 0.035 0.141 0.160 0.044 0.045 0 64.834

6 0.02. 55.305 16.772 80.181 0.008 0.042 0.008 0.169 0 0.045 4.853 69.686

7 0 55.305 0 80.181 0.122 0.165 0.514 0.683 0.039 0.084 0 69.686

8 0 55.305 0 80.181 0.120 0.285 0.557 1.240 0.114 0.198 0 69.686

9 0.262 55.567 0.001 80.182 0.150 0.435 0.681 1.921 0.198 0.396 0,000 69.687

10 17.283 72.850 0.044 80.226 0.001 0.436 0.018 1.940 0.007 0.403 0.006 69.692

11 0.001 72.851 0 80.226 0.235 0.671 0.911 2.851 0.069 0.471 0,000 69.692

12 0.001 72.851 0 80.226 0.071 0.742 0.332 3.183 0.137 0.609 0 69.692

13 0 72.851 0.001 80.227 0.001 0.743 0.003 3.186 0.004 0.613 0.001 69.693

14 0 72.851 0 80.227 0.141 0.884 0.425 3.611 0.016 0.629 0 69.693

15 0.050 72.901 7.532 87.759 0.004 0.888 0.014 3.625 0.003 0.632 17.689 87.382

Mode 

No

TRAN-X TRAN-Y TRAN-Z ROTN-X ROTN-Y ROTN-Z

MODAL PARTICIPATION MASSES PRINTOUT

z 

x y 
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As mentioned in Section 3.2.2.1 and seen in Figure 3.2.2.1.1, seismic analysis requires conversion of 

loads into masses. In this case the loads that have been converted are permanent and variable loads; 

however, since the variable loads do not have as much contribution as permanent loads, a verification 

has been made to see the influence of the variable loads on the structure, by taking into consideration 

only permanent loads. The analysis shows that the frequency slightly increased with an approximate 

value of 0.06 Hz. An overview of the obtained frequencies is shown in Table 4.1.1.1. 

 

Table 4.1.1.1. An overview of the first mode frequencies of the un-retrofitted model. 

 f  [Hz] 

Un-retrofitted model 

Original model 1.063 

Our model (including permanent and variable 

loads) 

1.074 

Our model (including only permanent loads) 1.132 

Hand calculation 1.004 

 

 

4.1.2 Displacements 

The displacements in the horizontal x- and y-direction have been observed by considering the maximum 

of the absolute values for each individual defined seismic and static load combination. The seismic load 

combinations are introduced in Section 3.2.2.1 and Table 3.2.2.1.3. Figure 4.1.2.1-4.1.2.2 show the 

deformed shapes in x- and y-direction, respectively. In Figure 4.1.2.1, it can be seen that the maximum 

displacement is 12.6 mm (in the x-direction) located on the seventh floor, while the displacement varies 

between 10-11 mm in the sixth floor.  The maximum displacement in the y-direction is 15.2 mm located 

on the left-hand side of the building.   

 

 

Figure 4.1.2.1. Illustration of the deformed shape in the x-direction. The red colour indicates the 

maximum displacement in the structure. The scale factor of 100. 

z 

x y 
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Figure 4.1.2.2. Illustration of the deformed shape in the y-direction. The red colour indicates the 

maximum displacement in the structure. The scale factor of 100. 

 

The same verification as for the frequencies has been made for the displacements of the structure; to 

check the influence of the variable loads by applying only permanent load. It was observed that the 

maximum displacement reduces to 11.1 mm and 12.1 mm in x- and y-direction, respectively. An 

overview of the obtained displacements of the structure with and without including variable loads are 

shown in Table 4.1.2.1. 

 

 

Figure 4.1.2.3. Illustration of the deformed shape in the x-direction. The red colour indicates the  

maximum displacement in the structure, excluding variable load. The scale factor of 100. 
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Figure 4.1.2.4. Illustration of the deformed shape in the y-direction. The red colour indicates the  

maximum displacement in the structure, excluding variable load. The scale factor of 100. 

 

 

Table 4.1.2.1. An overview of the displacements of the un-retrofitted model. 

 Displacements [mm] 

Un-retrofitted model 

Our model (including permanent and 

variable loads) 

Dx =12.6 

Dy =15.5 

Our model considering only 

permanent loads 

(excluding variable loads) 

Dx =11.1 

Dy =13.1 

 

 

4.2 Results after seismic retrofitting 

 

As can be seen from the previous section, the building is insufficiently earthquake resistant so that 

retrofitting measure is required. To achieve stabilisation it is important to increase the stiffness from one 

side of the building which is more flexible than it normally should be, in order to have a uniform 

movement in both x- and y-directions, where the seismic load is applied. The stabilisation of the weakest 

side of the building is going to be achieved by applying the prefabricated concrete walls (shear walls), 

where they are able to increase the stiffness and in turn, can make that side less flexible. 

However, it is important also to use the diagonal steel bracings where they can provide more flexibility 

to the structure in general without causing any failure of the members, for example, beams or columns 

etc. Also, steel bracings can provide the possibility of increasing the stiffness of the structure but not 

totally as much as the shear walls.  

It displays that combining the two retrofitting methods as a modification of the building is a great 

solution to optimise the performance of the structure and improving the stiffness by using each methods 

advantage. The final design of the building after modifying with this combination is by adding five 

prefabricated concrete walls at the east edge of the structure and by adding X-bracings and diagonal 

z 

x y 
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bracings in the middle of the structure perpendicular in the direction compared to the shear walls, as 

shown in Figure 4.2.1.  

Combining these two methods provides a reasonable stabilisation and movement of the building as it 

behaves as a rigid body in both x- and y-direction during earthquake actions. Furthermore, by increasing 

the frequencies, less displacements are achieved. Thus, the combined method leads to an optimised 

design for structures under seismic actions.  

Since verifications have been made regarding the frequencies and displacements in Section 4.1.1 and 

4.1.2, an evaluation of the results has been done to choose either to include or to exclude variable loads. 

It has been concluded to include the variable loads along with the permanent loads during the seismic 

analysis; a discussion regarding this decision can be found in Section 5.1.  

The Figures 4.2.3 and 4.2.4 below depicts the modified positions done on the structure. Where Figure 

4.2.3 presents the steel bracings and Figure 4.2.4 the prefabricated reinforced concrete walls (shear 

walls). 

 

 

Figure 4.2.1. 3D view of the seismic retrofitted structure with the modified positions, the red arrows 

target the shear walls and the orange the steel bracings. 
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Figure 4.2.3. Side view of the retrofitted structure highlighted in red the steel bracings. 

 

 

  
Figure 4.2.4. Side view of the retrofitted structure highlighting in red prefabricated reinforced 

concrete walls (shear walls). 

 

The first longitudinal (x) and transverse (y) direction and rotation along z-axis mode shapes of the 

retrofitted model (including permanent and variable loads) are illustrated in the Figures 4.2.5-4.2.9, 

respectively. The figures, display the change of the structure after the modifications which depict a 

uniform behaviour. The figures will be discussed thoroughly in Chapter 5. 
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Figure 4.2.5. 3D view of the retrofitted model’s translational vibration mode shape in the longitudinal 

direction (x). The red colour indicates the highest deflection of the structure and the blue the lowest. 

 

 

 

Figure 4.2.6. Side view of the retrofitted model’s translational vibration mode shape in the 

longitudinal direction (x). The red colour indicates the highest deflection of the structure and the blue 

the lowest. 
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Figure 4.2.7. 3D view of the retrofitted model’s translational vibration mode shape in the transverse 

direction (y). The red colour indicates the highest deflection of the structure and the blue the lowest. 

 

 

 

Figure 4.2.8. Side view of the retrofitted model’s translational vibration mode shape in the transverse 

direction (y). The red colour indicates the highest deflection of the structure and the blue the lowest.  

 

z 

x y 

z 

x 



44 
 

 
Figure 4.2.9. Top view of the retrofitted model’s rotational mode shape along the z-axis. The red 

colour indicates the highest deflection of the structure and the blue the lowest.  

 

 

4.2.1 Frequencies 

The resulted frequencies and periods for 15 mode shapes (eigenvalues) have been obtained and 

presented in the Table 4.2.1.1. Modes and modal participation masses from the analysis are given in 

Table 4.2.1.2. The participated percentage of the most contributed masses for 1, 2, and 4 mode shapes, 

in the longitudinal direction (x), transverse direction (y) and rotational (z), respectively are highlighted 

in Table 4.2.1.2. Moreover, a slight contribution can be seen in Table 4.2.1.2 for mode 9, 11and 15 mode 

shape in the transverse direction (y), the longitudinal direction (x), and rotational (z), respectively.   

 

Table 4.2.1.1. Frequencies and periods after applied seismic retrofitting. 

Eigenvalue Analysis 

Mode Frequency (f) [Hz] Period (T) [sec] 

1 1.609 0.621 

2 1.688 0.592 

3 2.187 0.457 

4 2.353 0.425 

5 5.026 0.199 

6 5.732 0.175 

7 6.059 0.165 

8 6.354 0.157 

9 6.959 0.144 

10 6.987 0.143 

11 7.078 0.141 

12 7.289 0.137 

13 7.747 0.129 

14 7.795 0.128 

15 8.901 0.112 
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Table 4.2.1.2. Translational and rotational mass participation for the 15 mode shapes after seismic 

retrofitting. 

 

 

 

By optimising the structural performance of the building, an overview of the contribution from each 

applied retrofitting method can be observed in Tables 4.2.1.3 and 4.2.1.5, where the translational 

frequencies in the transverse and longitudinal and the rotational frequencies in the z-direction are taken 

into consideration. The first applied retrofitting method is 4 prefabricated shear walls in the transverse 

direction from floor 3 to 6. At the second application of a retrofitting technique, 1 prefabricated shear 

wall also in the transverse direction is added along with the first modification. The third additional 

method to the previous described modifications, is steel X-bracings from floor 3 to 7 in the longitudinal 

direction. Lastly, additional steel diagonal bracings from floor 2 to 7, also in the longitudinal direction, 

are applied along with the mentioned modifications. The final retrofitting of the model is illustrated in 

Figures 4.2.3 and 4.2.4.  

 

 

Table 4.2.1.3. Percentage participation in each additional retrofitting technique for the frequency in the 

transverse direction (y). 

 

Applied retrofitting techniques  

Frequency 

(f)  

[Hz] 

Frequency 

increment after 

each added 

retrofitting 

technique 

[%] 

Un-retrofitted 

Model 
- - 1.074 - 

Retrofitted 

Model 

1 
4 shear walls in the transverse direction 

at the south-east side of the structure 
1 1.254  16.8% 

2 
1 shear wall in the transverse direction 

at the north-east side of the structure 
1+2 1.682 56.6% 

3 

Steel X-bracings (5 floors), in the 

longitudinal direction; inside and at the 

east side the structure 

1+2+3 1.681 56.5% 

4 

Steel diagonal bracings (6 floors), in the 

longitudinal direction; inside and at the 

west side the structure 

1+2+3+4 1.688 57.2% 

 

MASS(%) SUM(%) MASS(%) SUM(%) MASS(%) SUM(%) MASS(%) SUM(%) MASS(%) SUM(%) MASS(%) SUM(%)

1 54.721 54.721 1.868 1.868 0 0 0.001 0.001 0.001 0.001 0.196 0.196

2 1.655 56.376 58.481 60.349 0,005 0.005 0.032 0.033 0 0.002 0.452 0.648

3 0.132 56.508 0.381 60.730 0 0.005 0.001 0.034 0 0.002 2.818 3.466

4 0.285 56.792 1.116 61.845 0 0.006 0.001 0.035 0.003 0.004 58.705 62.171

5 0 56.792 0 61.845 0.029 0.034 0.119 0.155 0.039 0.043 0 62.171

6 0 56.792 0 61.845 0.117 0.151 0.434 0.588 0.034 0.078 0 62.171

7 0 56.793 0 61.845 0.115 0.266 0.473 1.061 0.102 0.180 0 62.171

8 0 56.793 0.001 61.847 0.144 0.411 0.595 1.656 0.187 0.367 0 62.171

9 0.001 56.793 26.745 88.591 0.003 0.413 0.034 1.690 0 0.367 0.993 63.164

10 0.020 56.813 0.155 88.746 0.231 0.644 0.748 2.438 0.065 0.432 0.007 63.171

11 17.285 74.098 0.001 88.747 0 0.644 0.003 2.441 0.002 0.434 0.084 63.254

12 0.012 74.110 0.001 88.748 0.069 0.714 0.280 2.720 0.124 0.557 0 63.255

13 0 74.110 0 88.748 0.001 0.715 0.003 2.723 0.004 0.561 0.001 63.255

14 0 74.110 0 88.748 0.135 0.850 0.360 3.083 0.014 0.575 0 63.255

15 0.145 74.255 0.399 89.147 0.003 0.852 0.003 3.086 0.002 0.577 27.217 90.473

MODAL PARTICIPATION MASSES PRINTOUT

Mode 

No

TRAN-X TRAN-Y TRAN-Z ROTN-X ROTN-Y ROTN-Z
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Table 4.2.1.4. Percentage participation in each additional retrofitting technique for the frequency in the 

longitudinal direction (x). 

 

Applied retrofitting techniques  

Frequency 

(f)  

[Hz] 

Frequency 

increment after 

each added 

retrofitting 

technique 

[%] 

Un-retrofitted 

Model 
- - 1.261 - 

Retrofitted 

Model 

1 
4 shear walls in the transverse direction 

at the south-east side of the structure 
1 1.265  0.32% 

2 
1 shear wall in the transverse direction 

at the north-east side of the structure 
1+2 1.269 0.63% 

3 

Steel X-bracings (5 floors), in the 

longitudinal direction; inside and at the 

east side the structure 

1+2+3 1.555 23.3% 

4 

Steel diagonal bracings (6 floors), in the 

longitudinal direction; inside and at the 

west side the structure 

1+2+3+4 1.609 27.6% 

 

 

Table 4.2.1.5. Percentage participation in each additional retrofitting technique for the rotational 

frequency in (z) direction. 

 

Applied retrofitting techniques  

Frequency 

(f)  

[Hz] 

Frequency 

increment after 

each added 

retrofitting 

technique 

[%] 

Un-retrofitted 

Model 
- - 2.085 - 

Retrofitted 

Model 

1 
4 shear walls in the transverse direction 

at the south-east side of the structure 
1 2.110  1.2% 

2 
1 shear wall in the transverse direction 

at the north-east side of the structure 
1+2 2.346 12.5% 

3 

Steel X-bracings (5 floors), in the 

longitudinal direction; inside and at the 

east side the structure 

1+2+3 2.347 12.6% 

4 

Steel diagonal bracings (6 floors), in the 

longitudinal direction; inside and at the 

west side the structure 

1+2+3+4 2.353 12.9% 
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4.2.2 Displacements  

After performing the analysis, the displacements of the model have been evaluated to check the 

improvement of decreasing the displacements in x- and y-direction; a detailed evaluation concerning the 

achieved results are discussed in Section 5.2. The resulted maximum displacements of the retrofitted 

model including permanent and variable loads are 𝐷𝑥 = 7.81 𝑚𝑚 and 𝐷𝑦 = 6.43 𝑚𝑚. Illustration of 

the deformed shapes for each direction can be seen in Figure 4.2.2.1-4.2.2.3. 

An overview of the obtained displacements of the structure before and after the retrofitted model 

including permanent and variable loads. The resulted displacements are obtained from the seismic 

analysis before and after retrofitting and are shown in Table 4.2.2.1. 

 

 

 
Figure 4.2.2.1. Illustration of the deformed shape in the x-direction. The red colour indicates the  

maximum displacement in the structure. The scale factor of 100. 

 

z 

x y 
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Figure 4.2.2.2. Illustration of the deformed shape in the y-direction. The red/orange colour  

indicates the maximum displacement in the structure. The scale factor of 100. 

 

 

 

Table 4.2.2.1. An overview of the displacements of the un-retrofitted and retrofitted model. 

Our model (including permanent and 

variable loads) 
Displacements [mm] 

Un-retrofitted model 
Dx =12.6 

Dy =15.5 

Retrofitted model 
Dx =7.81 

Dy =6.43 

 

 

z 

x y 
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5 Discussion  

 

 

A seven-storey building is tested under seismic load vibrations. The building was originally designed 

without any consideration of seismic design, of EC8:1 [12]. The purpose, of performing this thesis 

project is to find new innovative seismic retrofitting methods that can fulfil the requirements of the latest 

regulations and building codes; by using a structure that has not been treated before for this purpose, 

and strengthen it with a proper structural methodology.  

 

To begin with, in order to make this achievement real; our goal is to strengthen the structure at the 

weakest parts of the structure, reducing the already existing displacements and increasing the frequency 

after the structure is retrofitted (modified). The retrofitting method that has been used in this analysis is 

a combination of steel bracings and prefabricated reinforced concrete walls (shear walls). All the 

obtained results and a comparison of them before and after retrofitting are presented in the following 

Sections 5.1 and 5.2 respectively. 

 

 

5.1 Delimitations 

During the seismic analysis, some delimitations that had to be identified to avoid errors and get desired 

results were made. The following delimitations were accounted for during the analysis: 

 The main focus of this research is on the comparison between the un-retrofitted and retrofitted 

model, considering only a global analysis of the model. Due to the limited time of the project, 

a simplification of the bolts-connections of the structure is made when the seismic analysis is 

performed. Therefore, a more general and rough overview of the structure’s performance is 

obtained, without studying the local performance of the structural members. 

 Assuming that the structure is entirely relying on the ground. This simplification has been made 

since, in reality the north side of the building is placed on top of another structure and the south 

side on the ground; thus, it is more difficult to consider other influences for the structure, 

especially when it comes to seismic analysis. In other words, it should have included the 

connected structure in the building model as well to get more realistic results; however, this was 

not possible, since the other structure was not included in this case, and there is no available 

information. This simplification includes changes in the supports such as modification and 

application of additional supports. 

 Soil type B is chosen due to lack of information. Since the company does not have this 

information, and the only way to check it was by checking the maps for soil types in that area. 

There were two types of soil, B and C. However, there was no possibility to get the exact type. 

Although, both types were tested in the seismic analysis, but there was not any significant 

contribution to the results. Analytical data and accurate as-built information are of important 

manners to perform and evaluate a seismic analysis of existing structures concerning the 

selection of appropriate retrofitting strategies. 

 As it was discussed in Section 3.2.2.1 the design response spectrum is selected from the program 

to perform the seismic analysis according to EC8:1 [12], since the National Annex does not 

provide sufficient information regarding earthquakes in Sweden. This opportunity was very 

useful for us since the program could provide us selecting the correct function for low seismicity 

and perform the analysis. Otherwise, it would have been more difficult for us to create a function 

for this specific analysis. Consequently, finalizing the accomplishment of the seismic analysis 

and retrofitting. 



50 
 

 

5.2 Verifications 

Throughout this research, two types of verifications have been done, one concerning the obtained 

frequency of the un-retrofitted model from the assessment analysis and another concerning the 

contribution of permanent and variable loads when they are converted into masses. 

 

5.2.1 Verification of the frequency 

As for the frequency, and in order to check first of all if the obtained frequency was the same as the one 

from the given model when applying the seismic loads; however, the verification is also done to verify 

if the obtained frequency is relevant. The verification was done by calculating the frequency of the 

selected concrete walls from the weakest side of the un-retrofitted structure, where also the highest 

displacement was observed, see Appendix D. It was considered these walls as one cantilever beam, 

calculated the frequencies in both x- and y-directions and finally from those two the average value was 

calculated. As it seemed, the all the frequencies were almost the same with a slight difference. This can 

be explained by the fact that the cantilever beam was just a simplification, by assuming it as a rigid body 

without having any effect from external factors. As for the frequency of our remodelling and the given 

one, the difference was minor. The reason for this it is that in the remodelling, a few members had to be 

added, so called dummy beams, on top of the building for the distribution of the floor loads. The results 

of these verifications can be found under Section 4.1.1 and Table 4.1.1.1. 

 

5.2.2 Verification of the contribution of permanent and variable loads into masses 

The second verification was regarding the conversion of the loads into masses for the seismic un-

retrofitted model by checking the influence of the permanent and variable loads on the frequencies and 

displacements. First, it was only considered the permanent loads as masses and secondly both permanent 

and variable loads. As it can be seen from Section 4.1.1, Table 4.1.1.1, it can be observed that the 

frequency including only permanent loads is higher than the one including permanent and variable loads. 

It is reasonable since, the one including both permanent and variable loads is heavier, thus, stiffer which 

leads to lower frequency compared to the one including only permanent loads, which is more flexible; 

therefore, higher frequency is observed. Concerning the displacements, which they can be observed 

from Section 4.1.2 and Figures 4.1.2.1-4.1.2.4; it can be observed that the displacements in both x- and 

y-directions including only permanent loads are slightly lower than the one including permanent and 

variable loads. Therefore, the most critical case is the one including both permanent and variable loads. 

Because of this, it was decided to continue the analysis of the retrofitting method with the most critical 

case since, it is an existing building, and more realistic to study because the critical cases matter the 

most. 

 

 

5.3 Comparison of results before and after seismic retrofitting 

The comparison of the obtained results is presented in Sections 5.3.1-5.3.4. In Section 5.3.1 the 

fundamental frequency of the structure and the frequency of the seismic vibration is compared. In 

Section 5.3.2, a discussion concerning the mode shapes is made. Moreover, in Section 5.3.3 the 

frequencies before and after the seismic retrofitting are compared, in longitudinal (x) and transverse (y) 

direction and rotation along z-axis; a discussion about the obtained results after applying seismic 

retrofitting is made. The last Section, 5.3.4, provides a discussion concerning the maximum 

displacements before and after the seismic retrofitting technique.  
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5.3.1. Fundamental frequency and frequency of the seismic vibration 

 

Performing the seismic analysis before the seismic retrofitting where f0 is 1.0 Hz. Therefore, once the 

seismic loads were added in the modelling the frequency from the vibration was 1.074 Hz in the 

transverse (y) and 1.261 Hz in the longitudinal (x) direction, which they are close to the fundamental 

frequency reaching almost resonance. By resonance means that the frequency of the seismic vibration 

meets the fundamental frequency of the structure, as a result of this phenomenon the structure will 

continue to oscillate until it finally collapses. This, reason can be explained by the phenomenon of the 

building was not designed according to Eurocode 8; thus, it was not designed for seismic purposes.  

Consequently, this case leads us to the solution of the seismic retrofitting, where steel bracings and shear 

walls readded to the structure in order making it more resistant. By using this method, an improvement 

had been succeeded in the frequency from the seismic vibrations which represent an increase of 57.2% 

in the transverse (y) direction and 27.6 % in the longitudinal (x) direction. This is a reasonable way of 

reducing the resonance phenomenon and the structure being on the safe side.  

There were a number of trials that was used for the seismic retrofitting; however, this final selection was 

the best choice. The percentages of applying additional alternatives are presented in Section 4.2.1 and 

Tables 4.2.1.3-4.2.1.4.  

 

5.3.2. Mode shapes 

A comparison of the global behaviour of the structure is made by observing the Figures 4.1.2-4.1.4 in 

Section 4.1, where they illustrate the translational vibration mode shape in the longitudinal direction (x) 

and transverse (y) for the un-retrofitted model, along with the Figures 4.2.5-4.2.7 of the retrofitted 

model.  

According to these figures, it can be concluded that after seismic retrofitting analysis, the weakest part 

of the structure has extremely been improved and the building oscillates uniformly in both x- and y-

directions; due to the use of innovative combined seismic retrofitting technique and design.  

Another important fact to mention is concerning the participation masses (%) contributing to the resulted 

frequencies from the mode shapes before and after the seismic retrofitting. By observing the Table 

4.1.1.2, it can be seen that the contribution of the participation masses before the retrofitting appeared 

on modes 1, 2 and 3; where mode 1 and mode 2 had a translational behaviour in transverse (y) and 

longitudinal (x) directions and mode 3 is considered as rotation along z-axis. The rest of the modes 4 to 

15 can be neglected since their response is not too high to affect the structure. 

The highest contributions after the seismic retrofitting of the participation masses were at the mode 

shapes 1, 2 and 4; where mode 1 and mode 2 had a translational behaviour, in longitudinal (x) and 

transverse (y) directions, respectively. However, mode 4 had a rotational behaviour along z-axis; as it 

already has been said it has a high contribution to the participation mass due to the fact that the structure 

is asymmetrical. Another reason is because the weak part in the east side of the structure has been 

stiffened compared to the west side in order to reach the desired stabilisation and strength; however, this 

action changed the distribution of the stiffness and resulted in a high percentage of rotational mass 

participation at the fourth mode, which can be seen in Table 4.2.1.2.  

In general after the strengthening of the structure, it could be concluded that the change of the stiffness 

distribution contributes to the rotational mode. However, although, it seems to be a high contribution as 

it can be seen from Table 4.2.1.2, the effect of the rotational mode 4 contributes more locally to the 

structure as it can be seen from Figure 4.2.9. Lastly, the rotational frequency is important for causing 

the presence of the uplift of the building; however, both rotations before and after retrofitting contributes 
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more locally on the structure and not globally, where both Figures 4.1.8 and 4.2.9 have similar 

behaviour, where can be seen only the top steel part of the last floor rotating clearly compared to the rest 

of the building. This is the main reason also of focusing more on the first two mode shapes, which both 

modes contribute globally on the whole structure and the main focus was on checking these behaviours 

since they seem to have more effect on the structure.  

 

 

5.3.3. Frequencies 

According to Table 4.2.1.4, an increment of 57.2% in the transverse direction and 27.6% in the 

longitudinal were achieved after applying a combination of shear walls and steel bracings. This 

improvement leads to a more seismically resistant structure by increasing the stiffness, ductility and 

strength of the structure.  

Although, it has been used other additional structural methodologies as it can be seen from the Table 

4.2.1.3. The first method is 4 shear walls in the transverse direction at the south-east side of the structure; 

where the increase of the frequency was 16.8% in transverse (y) direction and 0.32% in longitudinal (x) 

direction; this increment was achieved by stiffening the structure and stabilising the weak part in the 

transverse direction which clearly shows a large difference in the increment between the two directions. 

The second method is the previous 4 shear walls and 1 shear wall in the transverse direction at the north-

east side of the structure where the increase of the frequency in transverse (y) direction was 56.6% and 

0.63% in longitudinal (x) direction. This shows that by adding this last shear wall to the previous method 

increase a lot more the frequency in the transverse direction; basically, this wall aids a lot for the 

stabilisation of the weak side of the structure since it increased the mass of that part. 

Furthermore, by adding this time Steel X-bracings (5 floors) along the previous mentioned method in 

the longitudinal direction; inside and at the east side the structure achieving a total increment of the 

frequency, 23.3% in the longitudinal (x) direction. At this stage is reasonable to be discussed that 

although in the transverse direction there was a slight decrement of the frequency, 56.5%, it has been 

maintained the bracings since they had a huge contribution to the maximum displacement in the y-

direction by decreasing it more than a half. Apart from this contribution there was not any negative 

effect on the structure.  

Lastly, by adding the diagonal bracings the relation between west and east side of the building is 

stabilised and a uniform oscillation of the structure is achieved, by increasing the frequency up to 57.2% 

in the transverse (y) direction and 27.6% in the longitudinal (x) direction.  

Similar increasing in frequency response was observed in [25] where a seven-storey building was 

seismically analysed with considering a retrofitting technique of steel bracings and reinforced concrete 

walls (see Figure 2.3.2). In [25], it can be observed that the result of the frequencies before retrofitting 

give an increase of 22.7% (2.2 to 2.7 Hz) in the longitudinal and 7.69% (2.6 to 2.8 Hz) in the transverse 

direction respectively. However, despite the fact that our frequencies are a bit lower before and after the 

seismic retrofitting, this does not give rise to any doubts that our results are irrelevant. Since there are 

many different factors that can influence the frequencies such as the characteristic and condition of the 

structure, and the range of the seismic level used, which in their case was higher since the tested building 

is located in Japan. Consequently, the results that it has been achieved by increasing the frequency is 

sufficient.  
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5.3.4. Displacements  

According to the Table 4.2.2.1 in Section 4.2.2, It can be observed that the results from the displacements 

before and after seismic retrofitting considering both permanent and variable loads, promising results 

were achieved after the seismic retrofitting was applied on the structure; by decreasing the displacements 

a lot compared to those in the un-retrofitted model. The achieved decrease was 38% in the x-direction 

and a greater percentage of 59% in the y-direction.  
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6 Conclusions  

 

 
6.1 General conclusions 

A general overview of the results showed that a better structural seismic performance of the model after 

the seismic retrofitting was accomplished, and prove that the chosen structural methodology of this 

modification is a sufficient optimised design for this existing building.  

More detailed, applying steel bracings and prefabricated concrete walls (shear walls) improved the 

structure's characteristics such as stiffness, strength and ductility. The stiffness was mainly enhanced by 

the added steel bracings in the longitudinal direction, which increased the frequency remarkably. 

Moreover, the structure became more ductile primarily because of the steel bracings applied; hence, an 

improved of the capability to undergo plastic deformation before fracture is achieved. After performing 

the seismic retrofitting, the strength of the structure was developed by both applied retrofitting 

techniques; however the shear walls had the largest contribution for the stabilisation of the accomplished 

structural performance. Another aspect that lead to these achieved improvements is the choice of 

material and section properties for seismic retrofitting. 

Since our research is regarding an existing structure, all the existing conditions and properties must be 

maintained as much as possible the same, such as support types, connections between the structural 

elements, sizes of each structural element, soil type and so forth. The reason is to adjust to the current 

situation and achieve more realistic results. In conclusion, we maintained as much as possible all the 

properties and conditions of the structure; therefore, the obtained results are reasonable and realistic. 

However, another conclusion is that we should not have enormous expectations on the level of 

strengthening improvements of the structure against seismic hazards since, the present conditions limit 

the analysis.   

This research study provides gaining more knowledge concerning the strengthening of existing 

structures under seismic vibrations. Moreover, understanding more the concept of seismic retrofitting 

methods and how they can be properly applied in practice in order to obtain an appropriate retrofitting 

with sufficient results that fulfil the requirements of the building regulations and standards. 

 

6.2 Future research 

This research study is giving rise for future investigations and improvements in seismic retrofitting 

techniques and seismic damage control; which are of high importance since, they have an extensive 

contribution to the present state of development.  

Moreover, it constitutes a reasonable base for further investigation of local analysis of the structure. 

Since, we were studying the global behaviour of the structure the main purpose was to improve the 

strengthening of the structure by examining the frequencies and displacements of the structure and not 

going into detail such as studying the sections and reinforcement of the structural elements, and forces 

at each connection of the building. These can be investigated thoroughly in future researches. 

Furthermore, by performing a global analysis it is a reasonable start and an effective procedure for 

evaluating the most critical features of the structures which provides a great aid for further local seismic 

analysis.  

New innovative methods can be used in the future, by using a combination of seismic retrofitting 

techniques to optimise the functionality of the structure under seismic hazards. This is an advantageous 

way of combining different retrofitting strategies, where they strengthen and improve the structures 

characteristics, by taking benefit of their merits and demerits. 
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Appendix A: Building information and characteristics 
 

Material class types of the given structure 

A compilation of relevant material parameters of concrete and steel are presented in Table A-1 and A-

2.  

 

Table A-1. Concrete class type. 

Concrete Elements 

Constructive Cast-in-situ C30/37 

Prefabricated Elements 

Columns C45/55 

Beams C45/55 

Walls C30/37 

 
 

Table A-2. Steel material types and sections. 

Steel Elements 

UPE(U profile with two parallel flanges) S355N 

IPE (I profile with short flanges and long web),  

HEB (I profile like HEA but with thicker flanges and web) 

HEA (I profile with longer flanges than IPE) 

S355J2 

VKR (Hot formed rectangular hollow section),  

KKR (Cold formed rectangular hollow section) 

S355J2H 

HSQ and HSQE (Welded hat shaped beam),  

SKR (Welded formed rectangular hollow section) 

S355J2 

L- Profile S355J2 

Round bars S355JR 
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Boundary conditions of the given structure 

The type 1 and type 2 beam end releases of the structure, after the seismic retrofitting is applied, can 

be seen in Figures A-1 and A-2. 

 

Figure A-1. Beam end releases Type 1. 

 

 

Figure A-2. Beam end releases Type 2. 
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Floor plans of the structure 

Illustration of the given structures floor plans can be seen in Figures A-3 to A-8, to get a brief overview 

on the dividing of the floors for each storey. The important terms in the figures are translated to English 

for a better understanding. 

Reception – Reception 

Landskap – Landscape  

Möte – Meeting room  

Kontorsum – Office room  

Vilrum – Rest room 

Paus – Break room 

FRD – Storage room 

Terrass – Terrace  
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Figure A-3. Planning – Ground floor. 
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Figure A-4. Planning – First floor. 
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Figure A-5. Planning –Second to Fourth Floor. 
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Figure A-6. Planning –Fifth Floor. 
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Figure A-7. Planning –Sixth Floor. 
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Figure A-8. Planning – Seventh Floor. 
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Appendix B: Loads and load combinations 
 

In this Appendix are written all the load types, floor loads, floor plans and load combinations for the 

assessment analysis. 

 

Floor loads 

 

Table B-1 Floor load types. 

Floor Load Types 
Floor Load Category Load Case 

Office Area 1 

 Constructive Flooring 
 Roof and Installation 
 Inner walls 
 Live Loads 

Office Area 2 

 Constructive Flooring 
 Cast in-situ and Flooring 
 Inner walls 
 Live Loads 

Office Area 3 

 Constructive Flooring 
 Roof and Installation 
 Inner walls 
 Live Loads 

Office Area 4 

 Constructive Flooring 
 Roof and Installation 
 Inner walls 
 Live Loads 

Office Area 5 

 Constructive Flooring 
 Roof and Installation 
 Inner walls 
 Live Loads 

Staircases 
 Constructive Flooring 
 Cast in-situ and Flooring 
 Live Loads 

Terrace 

 Constructive Flooring 
 Cast in-situ and Flooring 
 Roof and Installation 
 Live Loads 
 Snow 

Excavation 1 
 Constructive Flooring 
 Live Loads 

Excavation 2  Constructive Flooring 

Rooftop 1 

 Constructive Flooring 
 Cast in-situ and Flooring 
 Roof and Installation 
 Live Loads 
 Snow 

Rooftop 2 

 Constructive Flooring 
 Cast in-situ and Flooring 
 Roof and Installation 
 Live Loads 
 Snow 
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Load types applied on the structure 

 

Table B-2 Permanent loads. 

 

 

 

 

Table B-3 Variable loads. 

 
 

 

 

 

 

 

 

Constructive Flooring

(kN/m
2
)

Cast in-situ & 

Flooring

(kN/m
2
)

Roof & 

Installation

(kN/m
2
)

Facades

(kN/m)

Office Area 1 4.15 (HDF 27 + (10-35mm cast in-situ) - 0.50 -

Office Area 2 3.57 (HDF 20 + (10-35mm cast in-situ) 0.65 0.50 -

Office Area 3 4.15 (HDF 27 + (10-35mm cast in-situ) - 0.50 -

Office Area 4 3.57 (HDF 20 + (10-35mm cast in-situ) - 0.50 -

Office Area 5 3.90 (HDF 20 + (10-60mm cast in-situ) - 0.50 -

Staircases 3.75 (150mm concrete) 1.00 - -

Terrace 3.60 (HDF 27) 0.40 0.50 -

Excavation 1 5.00 (200mm D/F concrete) - - -

Excavation 2 2.50 (Grid, installations according to V, mm) - - -

Rooftop 1                          

(Green roof 50 Kg/m
2
)

3.60 (HDF 27) 0.88 0.50 -

Rooftop 2 3.75 (150mm concrete) 0.40 0.50 -

Facade (Glass) - - - 3.70

Facade South (Concrete) - - - 18.00

Facade North (Concrete) - - - 7.60

Facade (Concrete) - - - 10.00

Facade (Brick) - - - 21.00

Glass Plate Vertical: -250 kN (Floor 2, +16.60) - - -

Description Categories

Permanent Loads

Inner walls

(kN/m
2
)

Live Loads

(kN/m
2
)

Point Loads

(kN)

Office Area 1 0.80 4.00 4.00

Office Area 2 0.80 4.00 4.00

Office Area 3 0.80 4.00 4.00

Office Area 4 0.80 4.00 4.00

Office Area 5 0.80 4.00 4.00

Staircases - 3.00 3.00

Terrace - 2.50 4.00

Excavation 1 - 0.40 1.00

Excavation 2 - - -

Rooftop 1                          

(Green roof 50 Kg/m
2
)

- 0.40 1.00

Rooftop 2 - 0.40 1.00

Facade (Glass) - - -

Facade South (Concrete) - - -

Facade North (Concrete) - - -

Facade (Concrete) - - -

Facade (Brick) - - -

Glass Plate - - -
+/- 45 kN (Floor 2, +16.60 

och Floor 6, +29.20)

Snow Load, 

sk

(kN/m
2
)

0.61

1.60

Description Categories

Variable Loads
Wind Load peak velocity               

pressure qp(z) (kN/m
2
)
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Given static load cases  

 

Table B-4. Static load cases of the given model. 

Static load cases 

Case 1 Self-weight of structural elements 

Case 2 Constructive Flooring 

Case 3 Cast in-situ and Flooring 

Case 4 Roof and Installation 

Case 5 Facades 

Case 6 Inner walls 

Case 7 Live Loads 

Case 8 Snow 

Case 9 Accidental Load 

Case 10 Wind +X 

Case 11 Wind –X 

Case 12 Wind +Y 

Case 13 Wind –Y 

Case 14 EQU Imperfections +Y 

Case 15 EQU Imperfections -Y 

Case 16 ULS Imperfections +Y 

Case 17 ULS Imperfections -Y 

 

 

Static load combinations 

By using SS EN-1990 [11], Basis for structural design, the following load combinations were applied 

on the structure by using the ultimate limit state (ULS) concerning loss of equilibrium in the structure 

and the safety of people, and the serviceability limit state (SLS) concerning comfort, functioning, 

durability and appearance of the structure [11]. 

 

ULS - Combinations of actions for persistent or transient design situations (fundamental combinations) 

[11]. 

 EQU: Loss of static equilibrium of the structure or any part of it considered as a rigid body, using 

equation [6.10] [11]. 

∑ 𝛾𝐺,𝑗𝐺𝑘,𝑗" + "𝛾𝑃𝑃" + "𝛾𝑄,1𝑄𝑘,1" + " ∑ 𝛾𝑄,𝑖𝜓0,𝑖𝑄𝑘,𝑖𝑖>1𝑗≥1      

 STR: Internal failure or excessive deformation of the structure or structural members; where the 

strength of construction materials of the structure governs, using equations [6.10a] and [6.10b] [11].  

∑ 𝛾𝐺,𝑗𝐺𝑘,𝑗" + "𝛾𝑃𝑃" + "𝛾𝑄,1𝜓0,1𝑄𝑘,1" + " ∑ 𝛾𝑄,𝑖𝜓0,𝑖𝑄𝑘,𝑖𝑖>1𝑗≥1     

∑ 𝜉𝑗𝛾𝐺,𝑗𝐺𝑘,𝑗" + "𝛾𝑃𝑃" + "𝛾𝑄,1𝑄𝑘,1" + " ∑ 𝛾𝑄,𝑖𝜓0,𝑖𝑄𝑘,𝑖𝑖>1𝑗≥1       

 ACC: Combinations of actions for accidental design situations, using equation [6.11] [11].  

∑ 𝐺𝑘,𝑗+𝑃+"(𝜓1,1 𝑜𝑟 𝜓2,1)𝑄𝑘,1" + " ∑ 𝜓2,𝑖𝑄𝑘,𝑖𝑖>1𝑗≥1     
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SLS - Combinations of actions based on criteria concerning deformations, vibrations and damages [11]. 

 SLS: Characteristic load combination, using equation [6.14b] [11]. 

∑ 𝐺𝑘,𝑗+"𝑃𝑘"+"𝑄𝑘,1" + " ∑ 𝜓0,𝑖𝑄𝑘,𝑖𝑖>1𝑗≥1        

 

 

Table B-5. Load Combinations. 

 

 

 

 

 

 

Name
Self-weight of the 

structural elements

Constructive 

Flooring

Cast in-situ and 

Flooring

Roof and 

Installations
Facades Inner walls

Live 

Loads
Snow

Accidental 

Loads

EQU 6.10 gLCB1 0.9 0.90

EQU 6.10 gLCB2 0.9 0.90

EQU 6.10 gLCB3 0.9 0.90

EQU 6.10 gLCB4 0.9 0.90

ULS 6.10 a gLCB5 1.35 1.35 1.35 1.35 1.35 1.05 1.05 1.05

ULS 6.10 a gLCB6 1.35 1.35 1.35 1.35 1.35 1.05 1.05 1.05

ULS 6.10 a gLCB7 1.35 1.35 1.35 1.35 1.35 1.05 1.05 1.05

ULS 6.10 a gLCB8 1.35 1.35 1.35 1.35 1.35 1.05 1.05 1.05

ULS 6.10 a gLCB9 1.35 1.35 1.35 1.35 1.35 1.05 1.05 1.05

ULS 6.10 b gLCB10 1.20 1.20 1.20 1.20 1.20 1.50 1.50 1.05

ULS 6.10 b gLCB11 1.20 1.20 1.20 1.20 1.20 1.50 1.50 1.05

ULS 6.10 b gLCB12 1.20 1.20 1.20 1.20 1.20 1.50 1.50 1.05

ULS 6.10 b gLCB13 1.20 1.20 1.20 1.20 1.20 1.50 1.50 1.05

ULS 6.10 b gLCB14 1.20 1.20 1.20 1.20 1.20 1.50 1.50 1.05

ULS 6.10 b gLCB15 1.20 1.20 1.20 1.20 1.20 1.05 1.05 1.50

ULS 6.10 b gLCB16 1.20 1.20 1.20 1.20 1.20 1.05 1.05 1.50

ULS 6.10 b gLCB17 1.20 1.20 1.20 1.20 1.20 1.05 1.05 1.50

ULS 6.10 b gLCB18 1.20 1.20 1.20 1.20 1.20 1.05 1.05 1.50

ULS 6.10 b gLCB19 1.20 1.20 1.20 1.20 1.20 1.05 1.05 1.50

ULS 6.10 b gLCB20 1.20 1.20 1.20 1.20 1.20 1.05 1.05 1.05

ULS 6.10 b gLCB21 1.20 1.20 1.20 1.20 1.20 1.05 1.05 1.05

ULS 6.10 b gLCB22 1.20 1.20 1.20 1.20 1.20 1.05 1.05 1.05

ULS 6.10 b gLCB23 1.20 1.20 1.20 1.20 1.20 1.05 1.05 1.05

ACC 6.11b gLCB24 1.00 1.00 1.00 1.00 1.00 0.50 0.50 0.20 1.00

ACC 6.11b gLCB25 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.40 1.00

ACC 6.11b gLCB26 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 1.00

ACC 6.11b gLCB27 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 1.00

ACC 6.11b gLCB28 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 1.00

ACC 6.11b gLCB29 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20 1.00

SLS Charact gLCB30 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.70

SLS Charact gLCB31 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.70

SLS Charact gLCB32 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.70

SLS Charact gLCB33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.70

SLS Charact gLCB34 1.00 1.00 1.00 1.00 1.00 0.70 0.70 1.00

SLS Charact gLCB35 1.00 1.00 1.00 1.00 1.00 0.70 0.70 1.00

SLS Charact gLCB36 1.00 1.00 1.00 1.00 1.00 0.70 0.70 1.00

SLS Charact gLCB37 1.00 1.00 1.00 1.00 1.00 0.70 0.70 1.00

SLS Charact gLCB38 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70

SLS Charact gLCB39 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70

SLS Charact gLCB40 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70

SLS Charact gLCB41 1.00 1.00 1.00 1.00 1.00 0.70 0.70 0.70

SLS Freq gLCB42 1.00 1.00 1.00 1.00 1.00 0.50 0.50 0.20

SLS Freq gLCB43 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.40

SLS Freq gLCB44 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20

SLS Freq gLCB45 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20

SLS Freq gLCB46 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20

SLS Freq gLCB47 1.00 1.00 1.00 1.00 1.00 0.30 0.30 0.20
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Table B-6. Load Combinations. 

 

 

 

 

 

 

 

Name
Wind  

+X

Wind   

-X

Wind  

+Y

Wind    

-Y

EQU Imperfections  

+Y

EQU Imperfections   

-Y

ULS Imperfections  

+Y

ULS Imperfections   

-Y

EQU 6.10 gLCB1 1.50

EQU 6.10 gLCB2 1.50

EQU 6.10 gLCB3 1.50 1.00

EQU 6.10 gLCB4 1.50 1.00

ULS 6.10 a gLCB5

ULS 6.10 a gLCB6 0.45

ULS 6.10 a gLCB7 0.45

ULS 6.10 a gLCB8 0.45 1.00

ULS 6.10 a gLCB9 0.45 1.00

ULS 6.10 b gLCB10

ULS 6.10 b gLCB11 0.45

ULS 6.10 b gLCB12 0.45

ULS 6.10 b gLCB13 0.45 1.00

ULS 6.10 b gLCB14 0.45 1.00

ULS 6.10 b gLCB15

ULS 6.10 b gLCB16 0.45

ULS 6.10 b gLCB17 0.45

ULS 6.10 b gLCB18 0.45 1.00

ULS 6.10 b gLCB19 0.45 1.00

ULS 6.10 b gLCB20 1.50

ULS 6.10 b gLCB21 1.50

ULS 6.10 b gLCB22 1.50 1.00

ULS 6.10 b gLCB23 1.50 1.00

ACC 6.11b gLCB24

ACC 6.11b gLCB25

ACC 6.11b gLCB26 0.20

ACC 6.11b gLCB27 0.20

ACC 6.11b gLCB28 0.20 1.00

ACC 6.11b gLCB29 0.20 1.00

SLS Charact gLCB30 0.30

SLS Charact gLCB31 0.30

SLS Charact gLCB32 0.30 1.00

SLS Charact gLCB33 0.30 1.00

SLS Charact gLCB34 0.30

SLS Charact gLCB35 0.30

SLS Charact gLCB36 0.30 1.00

SLS Charact gLCB37 0.30 1.00

SLS Charact gLCB38 1.00

SLS Charact gLCB39 1.00

SLS Charact gLCB40 1.00 1.00

SLS Charact gLCB41 1.00 1.00

SLS Freq gLCB42

SLS Freq gLCB43

SLS Freq gLCB44 0.20

SLS Freq gLCB45 0.20

SLS Freq gLCB46 0.20 1.00

SLS Freq gLCB47 0.20 1.00
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Appendix C: Seismic loads and load combinations  
 

Static seismic load specifications in x- and y-direction with positive and negative eccentricity 

respectively. 

 

           

Figure C-1. Static seismic load defined properties in y-direction. 
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Figure C-2. Static seismic load defined properties in x-direction. 
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Appendix D: Hand calculations of frequencies 
 

In this Appendix we are presenting the hand calculations we performed in order to compare the results 

we got from the original model, the model after applying the seismic loads but before we perform the 

seismic retrofitting. 

 

Figure D-1. 3D view of the structure and the walls which are considered for the calculation of the 

frequencies (The walls are marked with a red rectangle). 

 

𝐻tot = 29,7 m  

Concrete type: C30/37 

𝜌 = 2300kg/m3  

𝑉tot = 167,63m3  

mtot = 𝜌 ∙ 𝑉 = 385549 kg  

 

Calculation of the moment of inertia I in both x- and y- directions 

To calculate the moment of inertia of the walls we simplified the calculations, and we calculated 

separately for each floor the moment of inertias where the walls have different sections for  the first 

three floor levels. Finally, after calculating the three different moment of inertias we used the average 

from all of them to calculate the stiffnesses and finally the frequencies. 

 

 

z 

x y 
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Figure D-2. Ground floor wall’s section. 

 

 

 

𝐼𝑦 =
0,2 ∙ 2,0153

12
+

0,2 ∙ 3,773

12
+

0,25 ∙ 1,8153

12
+

0,25 ∙ 2,353

12
+

2,46 ∙ 0,253

12
+

3,37 ∙ 0,23

12
= 

𝐼𝑦 = 1,4298 𝑚4 

 

𝐼𝑥 =
2,015 ∙ 0,23

12
+

3,77 ∙ 0,23

12
+

1,815 ∙ 0,253

12
+

2,35 ∙ 0,253

12
+

0,25 ∙ 2,463

12
+

0,2 ∙ 3,373

12
= 

𝐼𝑥 = 0,9573 𝑚4 
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Figure D-3. First floor wall’s section. 

 

 

 

𝐼𝑦 =
0,2 ∙ 2,0153

12
+

0,2 ∙ 1,113

12
+

0,2 ∙ 0,4253

12
+

0,2 ∙ 2,1253

12
+

0,2 ∙ 1,6453

12
+

2,46 ∙ 0,253

12
+ 

+
0,25 ∙ 1,8153

12
= 6,6648 𝑚4 

 

𝐼𝑥 =
7,32 ∙ 0,23

12
+

0,25 ∙ 2,463

12
+

1,815 ∙ 0,253

12
=  0,31738 𝑚4 



76 
 

 

Figure D-4. Second-Fifth floor wall’s section. 

 

 

 

𝐼𝑦 =
0,2 ∙ 5,6753

12
+

2,46 ∙ 0,253

12
+

0,25 ∙ 1,8153

12
+

6,77 ∙ 0,253

12
= 3,18258 𝑚4 

𝐼𝑥 =
5,675 ∙ 0,23

12
+

0,25 ∙ 2,463

12
+

1,815 ∙ 0,253

12
+

0,25 ∙ 6,773

12
= 6,78064 𝑚4 

 

Calculation of the Stiffness K: 

For the calculation of the stiffness we are using the average of the moment of inertia, and we assumed 

that we have a cantilever beam. 

  𝐾 =
3𝐸𝐼

ℎ3  
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𝐸 = 32 𝐺𝑃𝑎 

𝐼𝑦,𝐴𝑣𝑒𝑟𝑎𝑔𝑒 =  3,4296 𝑚4 

𝐼𝑥,𝐴𝑣𝑒𝑟𝑎𝑔𝑒 =  5,025 𝑚4 

𝐾𝑦 =
3𝐸𝐼𝑦

(𝐻𝑡𝑜𝑡)3
= 12567397,61

𝑁

𝑚
 

𝐾𝑥 =
3𝐸𝐼𝑥

(𝐻𝑡𝑜𝑡)3
= 18415075,69

𝑁

𝑚
 

 

 

Calculation of the frequencies: 

𝜔𝑦 = √
𝐾𝑦

𝑚𝑡𝑜𝑡
= 5,7093 𝑟𝑎𝑑/𝑠𝑒𝑐 

𝜔𝑥 = √
𝐾𝑥

𝑚𝑡𝑜𝑡
= 6,9111 𝑟𝑎𝑑/𝑠𝑒𝑐 

𝑇𝑦 =
2 ∙ 𝜋

𝜔𝑦
= 1,100518 𝑠𝑒𝑐 

𝑇𝑥 =
2 ∙ 𝜋

𝜔𝑥
= 0,909144 𝑠𝑒𝑐 

𝑓𝑦 =
1

𝑇𝑦
= 0,90866 𝐻𝑧 

𝑓𝑥 =
1

𝑇𝑥
= 1,09994 𝐻𝑧 

𝑓Average = 1,0043 Hz 
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