
 

 

 

 

 

 

 

 

MASTER THESIS 
 
THESIS TITLE 

 

Seismic analysis of an RC building with newly constructed additional stories, Kristina 

kvartalet, Tønsberg 

DATE 

 

May 25, 2022 

NUMBER OF PAGES 

 

69 + 7 + 36  

(main part + preview + attachments) 

AUTHOR(S) 

 

Bjørnar Bjerkestrand 

SUPERVISOR(S) 

 

Mahdi Kioumarsi 

  

IN COLLABORATION WITH 

 

Projekt Planung AS 

CONTACT PERSON 

 

Jacob C. Emesum 

  

SUMMARY 

This thesis will handle a seismic analysis of a RC structure, which has been increased from 4 to 7 stories, located in Tønsberg, 

Norway. The structure has been omitted for seismic dimensioning after criterias approved by Eurocode, but this thesis will perform 

it and discuss around the process, omission and potential risks involved with both the soil at this location and generally in omitting a 

structure for seismicity. 

The analysis compares the new agains the original structure, and finds that the base shear and torsion loads have been tremendously 

increased in both horizontal axis, and that an evaluation of the foundation – a separate proper analysis of the structure with the 

foundation and piles is recommended. The omission of the structure is considered somewhat safe, but the foundations should not be 

ignored as it has been. 

 

 

3 KEYWORDS 

Seismic analysis of concrete structure 

 

Comparisson of structure expanded as built, by hollow 

core slabs + steel columns and original structure. 

 

Evaluation of vulnerabilities with use of omission 

criterias 

 

 

Master’s Degree in 

Structural Engineering and Building Technology 

Department of Civil Engineering and Energy Technology 

ACCESSIBILITY: 

 

Open 



ii 
 

Abstract 
 

This master thesis will be based on a real-world project where the author’s employer – Projekt 

Planung AS were responsible for the structural engineering. The building is the 

Kristinakvartalet / Kristina Quarter in Tønsberg, an angled, partially rectangular concrete 

structure which will be expanded by three stories in height. In addition, there will be 

modifications of certain structural parts to streamline the projects workflow and reduce costs. 

With the expansion of three additional stories, the building have increased load and dynamic 

properties, and will require to be analysed for both static and new dynamic characteristics, if 

not assessed for omission criterias in regard to seismic dimensioning. 

This thesis will focus on analysing the structure before and after expansion for dynamic 

properties, both with various materials used in the expanded stories, using FEM software and 

hand calculations based on the proceedings described in the Eurocode standard. Further, 

these results will be used to evaluate the structure, as well as the process and difficulties 

around the omission criterias with its strengths and weaknesses. 

During the process for the thesis, I have learned a tremendous amount about how an analysis 

is performed with all the steps and data, but also much of the theory behind it. This comes 

from both the standards, guidelines and the academic theory found in scientific journals that 

have been used in the thesis. This process have truly made me very interested in working with 

seismic analysis of structures in the future. 

I would like to thank my supervisors during the analysis and writing of this thesis – my 

colleague Jacob C Emesum, M.Sc at Projekt Planung, and Associate Professor Mahdi 

Kioumarsi, P.hD at Oslo Metropolitan University.  
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1 Introduction 
This thesis is based on the Kristina kvartalet, an office building in downtown Tønsberg, 

Norway. The structure is originally a four-story + two basement levels RC structure, and has 

been increase by three stories in height to house more office space and refurbishing the 

building. During the engineering process, it was decided to not validate the structure for 

seismic loads, and only consider static loads and wind. 

Not validating or omitting the structure for seismic loads is allowed if the structure fulfils one 

of four criterias for omission, based on Eurocode 8 standard for seismic loads on structures. 

However, for this structure standing on clays in risk of liquefaction, risks are involved in not 

assessing the structure and atleast the foundation and piles for loads during an earthquake. 

This work will prove important for own and fellow engineers use to be aware of the difficulties 

and potential risks introduced with omission criterias. 

1.1 Objectives 

This thesis explains a real world engineering project where a structure has been increased by 

several floors, while it has not been assessed for seismic loads. The main objectives in this 

report are: 

1. Study the seismic analysis of the new structure, compare it with an alternative in 

hollow core slabs and the original structure. The analysis will be performed within 

Autodesk Robot based on  Eurocode 8 in regard to parameters and procedures. 

 

2. Analysis of potential weaknesses and problems regarding the omission of seismic 

dimensioning for structures. 

1.2 Scope and limitations 

With the background of the engineering process for Kristina kvartalet in Tønsberg, Norway, 

where omission criterias were exerted to avoid seismic analysis and dimensioning and thereby 

only evaluated for static loads. This thesis will analyse the structure for dynamic loads – 

earthquake and perform a seismic analysis of the structure based on Eurocode settings. 

A total of three variations of the structure is analysed. This is done as a step towards discussion 

of the results, assumptions and procedure faced in such a task. The analysis will also give the 

design loads for seismic dimensioning of the structure. A major part of this report is the use 

of various assumptions that have major influences on the results, these are thoroughly 

discussed based on dynamic properties during an earthquake, and represent an important 

part of the report. 

The report is limited to the modal and seismic analysis of the structure above ground level, 

where the basement and foundation is ignored in the analysis. Analysis of stress, foundation, 

Soil-structure interaction and liquefaction of soil is not included as it would require far more 

time and detailed information about the soil and layers, which is not known at this stage. 
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1.3 Outline of thesis 

Structure of the thesis  

Chapter 2 – Theory provides the basic background for the theoretical parts relevant to the 

thesis, starting with earthquakes and the basic mechanics behind it, before basics of the 

dynamic behaviour and parameters of a structure is described. The basics of the dynamics is 

not explored further than the expressions in this chapter. Next, piles have a subchapter to 

describe the phenomenons they encounter during accelerations. Eurocode standard is a 

chapter to provide the design parameters and relevant simplified equations used during an 

analysis. Last, a chapter to show the modifications made of the structure during the 

construction phase is written to show what is done, the assumptions and decisions made, as 

well as describing all the omission criterias. 

Chapter 3 – Method describes the process of performing the analysis within Autodesk Robot, 

starting with showing and describing the structure in the BIM model, following up with the 

steps and inputs such as constraints and loads made to perform the analysis. A separate 

subchapters for the figures is written to separate the text from figures. 

Chapter 4 – Results shows all the results from the analysis within Robot, in addition a basic 

hand calculation is performed with the method from Eurocode 8 to be able to compare the 

results with the numerical model. 

Chapter 5 – Discussion to discuss results, weaknesses and assumptions. The analysis is 

performed under several assumptions that influences the results and ignores for example soil-

structure interactions by using fixed support at base. Validity, relevance and omission criterias 

is also discussed. 

Chapter 6 – Conclusion is written based on the discussion and a final verdict is made. 

Chapter 7 – Further work is a recommendation chapter of futher work to complete the 

limtations of this thesis. 

Appendix – Report attachments relevant for the thesis that is not published. 
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2 Theory 

2.1 Earthquakes 

2.1.1 Seismology 

The earth’s crust consists of multiple continental shelves which moves slightly every year, and 

during movement they release large amounts of energy through seismic waves and makes an 

earthquake [1]. The seismic waves is divided into two categories – P-waves and S-waves. P-

waves (pressure waves) travels through the surface with compressions and does not excite in 

the vertical axis, they can travel through solid material, liquids and gaseous substances [1], 

[2]. See Figure 1 for P-waves [3] . S-waves (shear waves) travels through the surface as vertical 

oscillations, and exictes the surface up and down [1], [2]. S-waves travels slower than P-waves 

and cannot travel through liquids nor gaseous substances. See Figure 2 for S-waves [4]. 

 
Figure 1: Illustration of P-wave [3] 

 

 
Figure 2: Illustration of S-wave [4] 

 

 

 



4 
 

2.1.2 Magnitude of earthquakes 

The size of an earthquake can be described in different ways. Measuring the intensity by 

describing the effects of the earthquake at a particular location, as evidence by observed 

damage and human reaction has been replaced by measuring the magnitude. 

Seismic instruments allow an objective, quantitative measurement of earth shaking to 

determine the earthquake magnitude [2]. 

Surface Wave Magnitude 

Surface wave magnitude, unlike other magnitude scales does not distinguish between 

different types of waves, and is a worldwide magnitude scale and is based on the amplitude 

of Rayleigh waves with a period of about 20 seconds (eq. 2.1.1) [2]. 

𝑀𝑠 = log 𝐴 + 1,66 log ∆ + 2,0                                            (𝑒𝑞. 2.1.1) 

where: 

- A is the maximum ground displacement in micrometer 

- ∆ is the epicentral distance of the seismometer measured in degrees 

Magnitude and acceleration to structures 

The magnitude and distance of the earthquake descides the dimensioning acceleration 

subjected to the structure, where importance class and soil factors also play a role. See Figure 

3 for graph vizualisation of equation 2.1.2 and 2.1.3 [5]. 

𝑎𝑔 = 𝛾1 ∙ 𝑎𝑔𝑅                                                           (𝑒𝑞. 2.1.2) 

log 𝑎𝑔 = −1,48 + 0,27 ∙ 𝑀 − 0,92 log 𝑅                                (𝑒𝑞. 2.1.3) 

where: 

- γ1 is importance factor for seismic class, see Figure 5 in chapter 2.4.4 

- M is magnitude 

- R is the epicentral distance 

- Valid for 4 < M < 7,3 and 3km < R < 200km 

 
Figure 3: Magnitude to peak ground acceleration based on eq. 2.1.3 [5] 
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2.1.3 Earthquakes in Norway 

In general, the seismicity in Fennoscandia (Norway, Sweden, Finland and the Russian areas of 

Kola-peninsula and Karelen) is characterized as low to intermediate intensity, but for an area 

with no close continental shelves, the intensity is higher than normal [6]. The magnitude of 

earthquakes is usually below 5,5 on the Richter scale [6]. The highest recorded earthquake in 

Norway is MS (magnitude surface wave, richters scale) 5,8 in 1819 in Nordland, while the 

highes in the Oslo-fjord area is MS 5,4 in 1904 [6]. The Norwegian western coast has far higher 

concentrations of earthquakes than the rest of the country, and even higher than the rest of 

Fennoscandia [6], [7] . See Figure 4 for registered earthquakes in Fennoscandia. 

 
Figure 4: Seismicity in Fennoscandia, registered earthquakes from 1497 to January 1. 2015 [6] 
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2.2 Dynamic response 

The general movement equation for a MDOF system, damped structure which expresses the 

position P of a point in a damped structure at time t whenever subjected to acceleration, 

moving at a velocity or is displaced. See Figure 5 below for a standard design spectrum which 

gives a general idea of the stages during shaking based on the dynamics in the equation of 

motion (eq. 2.2.4) when acceleration happens first. The figures are set with damping of 5% 

[8]. 

𝑀�̈� + 𝐶�̇� + 𝐾𝑢 = 𝑃(𝑡)                                             (𝑒𝑞. 2.2.4) 

where: 

- P(t) is the position of a point at the structure at time t 

- M is mass of the structure in matrix form 

- �̈� is acceleration vector 

- C is the damping of the structure in matrix form 

- �̇� is velocity vector 

- K is the stiffness of the structure in matrix form 

- 𝑢 is displacement vector 

 
Figure 5: Design spectrum [8] 
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2.2.1 Damping 

The damping of the structure decides how fast the structure will come to rest after being 

subjected to either acceleration, velocity of displacement. Higher damping means it comes to 

rest faster than with a low damping ratio. The damping of the structure is very hard to find by 

precisely by hand, while a number of approximations can be made based on the structures 

geometry and properties [8]. [8] provides several different ways to estimate the damping of a 

structure, see equations 2.2.5 –  2.2.10 below. 

Mass proportional damping for the n’th mode with its modal damping ratio: 

𝐶𝑛 = 𝑎0𝑀𝑛                                                                (𝑒𝑞. 2.2.5) 

𝜁𝑛 =
𝑎0

2𝜔𝑛
                                                          (𝑒𝑞. 2.2.6) 

 

Stiffness proportional damping for the n’th mode with its modal damping ratio: 

𝐶𝑛 = 𝑎1𝜔𝑛
2𝑀𝑛                                                      (𝑒𝑞. 2.2.7) 

𝜁𝑛 =
𝑎0𝜔𝑛

2
                                                         (𝑒𝑞. 2.2.8) 

 

Rayleigh damping combining the mass proportional and stiffness proportional: 

𝜁𝑛 =
𝑎0

2𝜔𝑛
+

𝑎1𝜔𝑛

2
                                                   (𝑒𝑞. 2.2.9) 

 

Estimation of modal damping ratios for concrete buildings: 

𝜁1 = 3,01 + 3,45𝑒−0,019𝐻                                          (𝑒𝑞. 2.2.10) 

where: 

- a0 is coefficient for damping  

- Mn is mass at mode n 

- ζn is damping at mode n 

- ωn is natural frequency at mode n 

- a1 is coefficient for damping  

- H is height of the structure 
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Recommended standard values for damping varies from material and stress level the structure 

is operating under. See table 1, where it is clear that a stiffer structure has a lower damping, 

and a relatively flexible structure has high damping ratio [8]. For Kristina kvartalet, standard  

damping ratio 5% is used. 

Table 1: Recommended damping values for structures based on materials, type and stress level [8] 

 

 

2.2.2 Acceleration 

Accleration excited into the structure in the instance of an earthquake, causing the building 

to be shaken and therefore affected by large shear and torsion forces at each floor, with the 

largest forces at the base [8]. The basic equation for a single-degree freedom system subjected 

to ground acceleration −𝑢𝑔(𝑡)̈  [8] in equation 2.2.11 is: 

�̈� + 2𝜁𝜔𝑛�̇� + 𝜔2𝑢 = −𝑢�̈�(𝑡)                                           (𝑒𝑞. 2.2.11) 

where: 

- �̈� is acceleration vector 

- ζ is damping 

- ωn is natural frequency at mode n 

- �̇� is velocity vector 

- 𝑢 is displacement vector 
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2.3 Piles 

The piles of a structure have an important role when a structure is excited to an earthquake, 

in addition to the usual static loads, they must withstand high loads in all axis in addition to 

dynamic soil behavior, where the type and characteristics of the soil is very important. During 

and after an earthquake, the soil may experience increase in pore pressure within the soil, 

time-dependent vertical and lateral ground movements [9]. Designing piles during static loads 

is simpler, where buckling is the main design load [9], given in equations 2.3.1 and 2.3.2 below: 

𝑃𝐸 =
𝜋2𝐸𝐼

𝐿𝑒
2

                                                       (𝑒𝑞. 2.3.1) 

𝑆𝑅 =
𝐿

√𝐼𝐴
                                                         (𝑒𝑞. 2.3.2) 

where: 

- 𝑃𝐸 is buckling load 

- E is modulus of elasticity 

- I is minimum moment of inertia 

- Le is equivalent length of pile 

- A is area of the pile cross section 

- SR is slenderness ratio, which should be equal or less than 50 to avoid buckling 

instability 

 

2.3.1 Soil-structure interaction (SSI) 

Soil-structure interaction – the relationship between the soil and the structure is highly 

relevant during vibrations such as an earthquake, as the soil will change its characteristics.  

When the structure is exposed to incident waves, the phenomena kinematic interaction 

occurs [10]. Further, the response of the base and foundation of the structure is further 

modified due to the response of the stuperstructure and inertial loads transferred back to the 

structure [10]. This – inertial interaction has been found to affect the foundation motion only 

in a limited frequency range around the fundamental frequency of the structure [10]. 

Kinematic and intertial ineraction are the two components of SSI which are treated as 

successive steps during analysis, although they occur at the same time [10]. 
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2.3.2 Damping in foundations 

The damping of the foundation has been researched over time, and several models from 

various researchers can be used. The paper “Simplified discrete systems for dynamic analysis 

of structures on footings and piles” [11] reviews two former methods for determining the 

natural period of the soil-structure sytems, as well as introducing a new method and 

equations. 

Damping of Surface rigid foundation [11] in equations 2.3.4 and 2.3.5: 

𝜁 = 𝑆 [
𝜁𝑥

𝜔𝜒
2(1 + 4𝜁𝜒

2)
+

𝜁𝜃

𝜔𝜃
2(1 + 4𝜁𝜃

2)
+

𝜁

𝜔𝑐
2(1 + 4𝜁2)

]                            (𝑒𝑞. 2.3.4) 

𝑆 = [
1

𝜔𝜒
2(1 + 4𝜁𝜒

2)
+

1

𝜔𝜃
2(1 + 4𝜁𝜃

2)
+

1

𝜔𝑐
2(1 + 4𝜁2)

]

−1

                        (𝑒𝑞. 2.3.5) 

where: 

- 𝜁 is damping of soil-structure system 

- 𝜁𝑥 is damping under swaying conditions 

- 𝜁𝜃 is damping under rocking oscilations 

- 𝜁𝑐  is damping of the structure in its fixed base position 

- 𝜁 is damping of the structure under fixed base position 

- 𝜔𝜒 is fictional uncoupled circular natural frequency under swaying iscolations 

- 𝜔𝜃 is fictional uncoupled circular natural frequency under rocking oscillations 

- 𝜔𝑐 is circular natural frequency of structure in its fixed base position 

Further, the paper “Some cornerstones of dynamic soil-structure interaction” [12] uses 

another variation, equations 2.3.6 and 2.3.7: 

𝜁 = (
�̃�

𝜔𝑐
)

2

𝜁 + [1 − (
�̃�

𝜔𝑐
)

2

] 𝜁𝑐 + (
�̃�

𝜔𝜒
)

2

𝜁𝜒 + (
�̃�

𝜔𝜃
)

2

𝜁𝜃                   (𝑒𝑞. 2.3.6) 

𝜔𝑐 = √
𝑘

𝑚
, 𝜔𝜒 = √

𝐾𝜒

𝑚
,     𝜔𝜃 = √

𝐾𝜃𝑟2

𝑚ℎ2
                             (𝑒𝑞. 2.3.7) 

where: 

- 𝜁 is damping of soil-structure system 

-  �̃� is circular natural frequency of soil-structure system 

- 𝜔𝑐 is circular natural frequency of structure in its fixed base position 

- 𝜔𝜒 is fictional uncoupled circular natural frequency under swaying oscillations 

- 𝜔𝜃 is fictional uncoupled circular natural frequency under rocking oscillations 

- 𝜁 is damping of the structure 

- 𝜁𝑐  is damping of the structure in its fixed base position 

- 𝜁𝜒 is damping under swaying oscillations 

- 𝜁𝜃  is damping under rocking oscillations 
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Last, the paper “Lateral and Rocking Vibration of Footings” [13] have their proceeding, 

equations 2.3.8 and 2.3.9: 

𝜁 = 𝜁0 + (
�̃�

𝑇
)

−3

𝜁                                                 (𝑒𝑞. 2.3.8) 

�̃� = 𝑇√1 +
𝑘

𝐾𝜒
(1 +

𝐾𝜒ℎ2

𝐾𝜃
)                                       (𝑒𝑞. 2.3.9) 

where: 

- 𝜁0 is the contribution to the overall damping of the radiation damping of the footing 

- �̃� is the natural period of the soil-structure system 

- T is the natural period of the structure in fixed-position condition 

- 𝐾𝜒 is modulus of distributed Winkler springs 

- h is the height of the structure 

 

2.3.3 Liquification of soil 

During earthquakes, the soil may start to liquify as a result of vibrations and seismic energy 

passing through it. If liquification occur, the soil will result in an almost complete loss of 

strength and stiffness in the soil, and large lateral ground movements, increasing the risk of 

collapse [9]. The potential (IL) and risks (IR) for liquefacation can be calculated by equations 

2.3.10 – 2.3.15 [14]: 

𝐼𝐿 = ∑ 20𝐹1 ∙ 𝑊(𝑧)𝑑𝑧                                         (𝑒𝑞. 2.3.10) 

𝐹1 = 1 − 𝐹𝑠                                                     (𝑒𝑞. 2.3.11) 

𝐼𝑅 = ∑ 20𝑃𝐿 ∙ 𝑊(𝑧)𝑑𝑧                                         (𝑒𝑞. 2.3.12) 

𝑃𝐿 = 11 +
𝐹𝑠

0,96

4,5

                                             (𝑒𝑞. 2.3.13) 

𝐹𝑠 =
𝑓𝑠

𝑞𝑐 − 𝜎𝑣
∙ 100%                                            (𝑒𝑞. 2.3.14) 

𝑊(𝑧) = 10 − 0,5𝑧                                                 (𝑒𝑞. 2.3.15) 

where: 

- PL is probability of liquefacation 

- w(z) is the weight function 

- fs is sleeve friction 

- qc is the cone tip resistance of soil 

- 𝜎𝑣  is total overburden stress 

- 𝑧 is the depth from the ground surface in meters 
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During liquefaction, large ground displacements can take place on sloping ground or towards 

and open face, river bank or sea [15]. Displacements of over 10 meters have been recorded 

during a major earthquake in Niigata in 1964 [15]. The following points must be considered in 

dimensioning of piles [15]: 

1. Temporary loss of axial load capacity  

2. Possibility of axial buckling of the pile 

3. Bending moment and shears developed in the pile to inertial and kinematic loadings 

 

There are several methods for calculating adjusted forces and torsions under various 

circumstances: 

Peak bending moment 

Approximation for peak bending moment Mpk during the transient phase of seismic excitation 

[9] in equations 2.3.16 – 2.3.18: 

𝑀𝑝𝑘 = 𝜂𝑀𝑟𝑒𝑠                                                      (𝑒𝑞. 2.3.16) 

𝑀𝑟𝑒𝑠 = 0,048𝜏𝑐𝑑3 (
𝐿

𝑑
)

0,3

(
𝐸𝑝

𝐸1
)

0,65

(
𝑣𝑠2

𝑣𝑠1
)

0,5

                       (𝑒𝑞. 2.3.17) 

𝜏𝑐 = 𝑎𝑠𝜌1ℎ1                                                        (𝑒𝑞. 2.3.18) 

where: 

- Mres is bending moment developed under resonant conditions 

- η is reduction factor to allow for non-resonant conditions 

- d is pile diameter 

- L is pile length 

- Ep is Young’s modulus of pile 

- E1 is Young’s modulus of upper layer 

- vs1 is average shear wave velocity in upper layer 

- vs2 is average shear wave velocity in lower layer 

- as is peak ground surface acceleration 

- ρ1 is mass density of upper layer 

- h1 is thickness of upper layer 

 

Upper limit kinematic bending moment 

Upper limit to kinematic bending moment – if the layer has completely liquified and flows past 

the pile, the limiting kinematic bending moment [9] is given by eq. 2.3.19: 

𝑀𝑘𝑙𝑖𝑚 = 𝑛𝑠𝑢−𝐿𝑖𝑞𝑑ℎ1(ℎ1 + 𝑑ℎ)                                  (𝑒𝑞. 2.3.19) 

where: 
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- n is undrained shear strength mulitiplier for limiting lateral pile-soil factor 

- su-Liq is shear strength of liquefied soil 

- d is pile diameter 

- h1 is thickness of liquefied layer 

- dh is additional distance within underlying layer at which the maximum moment 

occurs, expected to be 0,5d to 1d 

 

Estimation of intertial bending moment in pile 

Estimation of inertial bending moment in pile, in case of complete liquefaction of the upper 

layers occur, the intertial force [9] can be estimated by eq. 2.3.20: 

𝐻𝑖 = 𝑎𝑠 ∙ 𝑃                                                        (𝑒𝑞. 2.3.20) 

where: 

- as is peak ground acceleration 

- P is vertical load acting on pile 

 

Maximum moment due to inertial loading 

Assuming that an elastic analysis of the pile in an liquefied layer can be performed and a 

constant Young’s modulus can be used for the layer, the maximum moment due to inertial 

loading, Mimax [9]can be estimated from eq. 2.3.21 – 2.3.23: 

Free-head pile: 

𝑀𝑖𝑚𝑎𝑥 = 0,1𝐻𝑖(𝐿𝑐 + ℎ1)                                            (𝑒𝑞. 2.3.21) 

 

Fixed head pile, fixed moment at pile head: 

Similar to version with free-head pile, while in this instance the pile is fixed ad the head [9]. 

𝑀𝑖𝑚𝑎𝑥 = −0,1875𝐻𝑖(𝐿𝑐 + ℎ1)                                       (𝑒𝑞. 2.3.22) 

𝐿𝑐 = 𝑑 (
𝐸2

𝐺𝑟𝑒𝑑
)

2
7

                                                     (𝑒𝑞. 2.3.23) 

where: 

- Hi is inertial force on pile (from eq. 2.3.14) 

- h1 is depth of liquefied soil 

- Lc is critical pile length in the non-liquefied soil 

- E2 is young’s modulus of the non-liquefied layer 

- Gred is shear modulus of the non-liquefied layer 
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2.4 Eurocode standard 

Eurocode is a series of standards for projecting and engineering of structures in Europe. The 

code is divided into 10 subchapters, expressing rules on how to consider the structures and 

how to engineer them in a safe and standardized way. This also includes situations with non-

ideal settings and circumstances that can increase loads, and the general solution is to have 

higher load- and material factors to increase the safety in regards to collapse. There are also 

some national additions to the standards, where specific conditions for that country applies. 

2.4.1 Damping  

Eurocode does not provide a specific damping ratio to use in certain situations, but 5% 

damping is considered a standard value that can be used in most cases. For special structures 

and buildings with high seismic importance class, a precise estimate for the damping in the 

structure is often calculated [16]. 

2.4.2 Modal analysis 

Number of modes that must be included in modal analysis is decided by either point a og b, 

equation 2.4.1, Eurocode 8 – 4.3.3.3.1 [16]: 

a) Relative mass > 90 % and 

All modes with relative mass > 5% is included in the analysis 

 

b)  

𝑘 ≥ 3√𝑛 𝑎𝑛𝑑                                                                       

𝑇𝑘 ≤ 0,20 𝑠                                                      (𝑒𝑞. 2.4.1) 

where: 

- k is number of modes used 

- n is number of floors of the structure 

- Tk is natural period of mode k 

2.4.3 Base shear at foundation level or top of stiff basement 

The total seismic load Fb is determined by eq. 2.4.2 – 2.4.7, Eurocode 8 [16]: 

𝐹𝑏 = 𝑆𝑑(𝑇1)𝑚𝜆                                                            (𝑒𝑞. 2.4.2) 

𝑇1 = 𝐶𝑡 ∙ 𝐻
3
4                                                               (𝑒𝑞. 2.4.3) 

𝑓𝑜𝑟 0 ≤ 𝑇 ≤ 𝑇𝐵:    𝑆𝑑(𝑇) = 𝑎𝑔𝑆 [
2

3
+

𝑇

𝑇𝐵
(

2,5

𝑞
−

2

3
)]                     (𝑒𝑞. 2.4.4) 

𝑓𝑜𝑟 𝑇𝐵 ≤ 𝑇 ≤ 𝑇𝐶:    𝑆𝑑(𝑇) = 𝑎𝑔𝑆
2,5

𝑞
                                (𝑒𝑞. 2.4.5) 

𝑓𝑜𝑟 𝑇𝐶 ≤ 𝑇 ≤ 𝑇𝐷:      𝑆𝑑(𝑇) = 𝑎𝑔𝑆
2,5

𝑞
[
𝑇𝐶

𝑇
] ≥ 𝛽𝑎𝑔                      (𝑒𝑞. 2.4.6) 

𝑓𝑜𝑟 𝑇𝐷 ≤ 𝑇:     𝑆𝑑(𝑇) = 𝑎𝑔𝑆
2,5

𝑞
[
𝑇𝐶𝑇𝐷

𝑇2
] ≥ 𝛽𝑎𝑔                         (𝑒𝑞. 2.4.7) 
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where: 

- Sd(T1) is the ordant of dimensioning spectre for period T1 

- T1 is first natural period of the structure 

- m is total mass of the structure 

- 𝜆 is correction factor where 𝜆 = 0,85 if 𝑇1 ≤ 2𝑇𝑐 and the building has more than two 

floors. If not: 𝜆 = 1,0 

- 𝐶𝑡 is 0,075 for moment stiff spacious concrete frames 

- H is height of the building 

- Factors TB, TC and TD is properties form the soil, see tables 3 and 4 

- q is structural factor 

- 𝛽 is factor for lower limit value for horizontal dimension spectre 

- S is soil enhancement factor 

 

2.4.4 Seismic importance and soil factors 

Eurocode provides several tables to use in calculations, where factors for the soil is important 

as one type may reduce and another type could amplify the acclerations to the structure. See 

table 2 for importance class / seismic class and tables 3 and 4 for factors regarding soil type  

[5], [16]. 

Table 2: Importance factor for buildings [5] 
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Table 3: Ground types with parameters [5] 

 

Table 4: Extended parameters for soil types [15] 
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2.4.5 Seismic zones 

Eurocode 8 provides a general map for the seismic zones in Norway amongst others to use as 

basis acceleration. See Figure 6 where Tønsberg is marked with a red dot. This map indicate 

to use ag40Hz = 0,5 m/s2 as direct input in Autodesk Robot.  

 
Figure 6: Current seismic map of Norway [16] 
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2.4.6 Soil-structure interaction 

Eurocode 8 – NS-EN 1998-5 (6) [17] states that the effects of soil-structure interactions shall 

be considered when one of the following criterias is met: 

a) Structures where P-δ (2nd order) effects play a significant role (amplifying effect for 

combination of static and dynamic loads, primarily in inelastic structures) 

b) Structures with massive or deep-seated foundations, such as bridge piers, offshore 

installations and silos 

c) Slender tall structures such as towers and chimneys 

d) Structures supported on very soft soils, with average wave velocity less than 100 m/s, 

such as soil type S1 

Kristina kvartalet meets both criteria a) and d) and is therefore recommended to be analysed 

for soil-structure interactions. 

 

2.5 Modifications and engineering decisions, evaluations 

2.5.1 Modification of roof of 4th Floor to 5th floor 

The roof of 4th  floor was previously smaller than its floor, with an angled façade. See Figures 

7 and 8. The roof is expanded to function as 5th floor. The slab for 6th and 7th floor will be 

identical to 5th floor, while the roof of 7th floor will be identical to the previous roof of 4th floor. 

The new floor of 5th is now considered as good as a normal, existing slab with the same 

geometry in the calculations. The new roof will have the same geometry as the previous roof 

of 4th floor. This is the only major structural change second to the expansion of the entire 

structure. See Figures 7 and 8. 

 
Figure 7: Existing difference between 4th floor and roof 



19 
 

 
Figure 8: Illustration floors 

 

The concrete slab is expanded from the red line to the green line on the outer side with circular 

edges, marking of what reinforcement to use in the various parts, which is not the same all 

over. This is done by jack hammering into the slab to unveil the reinforcement which the 

expansion part of the floor with its reinforcement is connected to. See Figure 9 below. 

 
Figure 9: Expansion of concrete slab with reinforcement 
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2.5.2 Assumptions for engineering and calculations 

For a potential seismic analysis, the basement structure is so stiff that the structure can be 

considered fixed in place by the columns and walls in 1st floor. (EC8 NA. 3.2.1(5)P) [16]states 

that fixed support at base level is a sub-criterias to qualify for omission criteria #3 – 

dimensioning spectre (chapter 2.5.4). Further, the assumption of rigid basement and fixed 

support is seemingly a normative assumption used in many situations for these types of 

analysis. 

The new floors and the expanded previous roof of 4th floor into the cover of 5th floor is 

modified in such a way that the stiffness and weight is identical to the existing floors. This is 

very close to reality and makes the calculations and analysis easier when all floors are the 

same.  

Neighbouring structures is ignored in this analysis. This is because the contact between them 

is not fixed, and will at best work as a pinned line support in one direction from the specific 

structure. This is done as the effect they have on this analysis is considered small, and a precise 

value for a partially flexible support is hard to determine. 

 

2.5.3 Engineering decisions and evaluations during the process 

The project has previously been analysed for static loads only, considering the new floors on 

top of the existing structure. The slabs, columns and walls were considered strong enough, 

and concluded not to be strengthened for increased loads. During the process, several smaller 

considerations, changes and decisions has been made. 

 

2.5.4 Seismic dimensioning, omission criteria / utelatelseskriterie 

NORSAR – a Norwegian research institute specializing in seismology and applied geophysics 

have updated their database of seismic zones over Norway [1], [18], where most places now 

have a lower dimensioning acceleration. These updated maps must be bought for each single 

project they shall be used for. An independent geotechnical engineering firm – Grunnteknikk 

AS was involved to decide whether seismic dimensioning could be omitted for this project.  

Since Norway is classified as an area with low seismic activity, Eurocode 8 gives to opportunity 

to omit seismic dimensioning to be conducted, if one of certain criterias is met. These are: 

Criteria 1: Structural type / konstruksjonstype – Structures in seismic class 1, which is 

primarily structures with low significance for public health, see table 5 (same as table 2) below.  
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Table 5: Seismic classes / importance factor [16] 

 

 

Criteria 2: Very low seismic activity – Satisfactory low activity so that dimensioning for 

seismicity can be neglected – defined in EC8 NA 3.2.1(5) [16] as equation 2.5.1.  

𝑎𝑔 ∙ 𝑆 = 𝛾1(0,8 ∙ 𝑎𝑔40𝐻𝑧)𝑆 < 0,49
𝑚

𝑠2
                                   (𝑒𝑞. 2.5.1) 

where: 

- γ1 is factor for seismic class 

- ag40Hz is peak value for bedrock acceleration 

- S is factor for the soil type 

 

Criteria 3: Dimensioning spectrum – Response spectrum, a descriptive representation of 

the influence on the structure. Typically a graph which shows displacement response over 

time during the earthquake. The following subcriterias must be met [16]: 

- 𝑆𝑑(𝑇) < 0,49
𝑚

𝑠2 

- Structural factor 𝑞 ≤ 1,5 𝐷𝐶𝐿 

- No reduction in striffness properties after EC8 4.3.1 (7) 

- The structure is considered fixed support 

 

Criteria 4: Size of forces – For structures not in seismic class 4, it is not necessary to know 

sufficient resistance to seismic loads if the shear force at ground level or right above basement 

level is less than from other relevant load combinations, equation 2.5.2 [16]. 

𝐹𝑏 < (1,5𝑤𝑖𝑛𝑑 + 1,05 𝑠𝑘𝑒𝑤) ( 
𝛾𝑐 𝑈𝐿𝑆

𝛾𝑐𝐷𝐶𝐿
)                                (𝑒𝑞. 2.5.2) 

where: 

- Fb is horizontal base shear force due to earthquake 

- Wind is wind load 

- Skew is loads due to skewed position 

- γcULS/γcDCL is relationship between material factors in ordinary ultimate state limit and 

seismic loading 
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The geotechnical engineers from Grunnteknikk AS have used NORSAR’s updated seismic data 

in their evaluation to implement the omission criterias [19]. They conclude that the structure 

can be omitted for seismic dimensioning with criteria 2, as the seismic acceleration is low 

enough, see equation 2.5.3 [19]. Dimensioning acceleration in soil ag is 0,2787 m/s2 and 

enhancement factor S is conservatively set to 1,7 [19]. See attachement report produced by 

Grunnteknikk AS. 

𝑎𝑔 ∙ 𝑆 = 0,474
𝑚

𝑠2
< 0,49

𝑚

𝑠2
                                            (𝑒𝑞. 2.5.3) 
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3 Method 

3.1 Structure information for Kristina kvartalet 

The structure used in this thesis is the Kristina kvarteret / Kristina quarter, address 

Farmannsveien 3, Tønsberg, Norway. This building is used as an office building will be 

expanded by three stories, and an expanded unit for apartments in addition to more office 

space. There is also two stories with parking beneath the building. The structure is built in 

1983 in all concrete, and uses both columns and walls as load carrying system. The outer 

façade are not load carrying. Part of the quarter is considered not connected to the structure, 

and is therefore not included, this can bee seen in the difference between the view from rear 

side and the 3D model used in the project, see Figures 18 – 20. There is no good model of the 

structure before the construction, but it is similar to the one in figures with some angled 

roofing. The new height of the structure above ground level is 25,15 meters with floor height. 

In the analysis, the neighbouring parts is considered not attached to the structure, as they are 

not expanded. All non-load bearing parts of the structure is removed in the model. In this 

report, 3 variations (see Figures 14 – 18) of the structure will be presented and analysed. These 

are: 

1: The final structure expanded with concrete casted on site 

2: The final structure where the expanded floors are hollow core concrete slabs and the 

columns are H steel beams. 

3: The original structure with 4 floors + roof. 

Load bearing members: 

The load bearing structure is all reinforced concrete, mainly supported by columns. Walls for 

stairwell and elevators and dividing wall on the southern part of the structure. Se tables 6 – 8 

for data of materials, Figures 10 – 12 for vizualisation of settings in Robot. 

Table 6: Slabs thickness and quality 

Floor level Floor Thickness [mm] 
Concrete 

quality 
Floor height [m] 

1 230 C35 3,95 

2 230 C35 3,28 

3 230 C35 3,32 

4 230 C35 3,35 

5 230 C35 3,65 

6 230 C35 3,6 

7 230 C35 4 

Roof 230 C35 - 
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Table 7: Columns diameter and quality 

Floor level Column Diameter [mm] Concrete quality 

1 500 C45 

2 500 C45 

3 500 C45 

4 500 C45 

5 500 C45 

6 500 C45 

7 350 C45 
 

Table 8: Walls thickness and quality 

 

 

 

 

Settings for load bearing members within autodesk robot 

Settings for slabs in regard to material and thickness in robot, Figure 10. 

 
Figure 10: Settings for slabs within Autodesk Robot 

 

Walls placement Wall Thickness [mm] Concrete quality 

Basement main part 200 mm B25 

Basement east outer wall 250 mm B25 

Stairwell and elevator shaft 180 mm B25 



25 
 

Settings for columns in regard to material and diameter in robot, Figure 11. 

 
Figure 11: Settings for columns within Autodesk Robot 

Settings for the internal walls around the stairwells in regard to thickness in robot, Figure 12. 

 
Figure 12: Settings for walls within Autodesk Robot 
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Reinforcement 

Slabs: Reinforcement of the slabs varies according to distance between columns resulting in 

different loads, but the typical choise is Ø10 C/C 200 mm and Ø12 C/C 200 mm both overside 

and underside in length and Ø16 C/C 200 mm cross. Around joints with columns and walls, 

coarser and more dense reinforcement is used. Cover thickness overside and underside 1,5 

cm. 

Columns: Typical reinforcement of the columns is 10Ø25 in length and Ø10 C/C 300 mm 

hoops. Some columns have variations. Cover thickness is 3,5 cm. See Figures 13 and 14. 

Walls: Typical reinforcement of the internal walls is Ø10 C/C 200 mm on both sides, with 

coarser and denser at the ends of the walls, and cross reinforcement Ø12 C/C 150 mm. 

Variations do accur. See Figure 15 and 16. 

 
Figure 13: Reinfocement of columns 

 
Figure 14: Cover thickness for reinforcement 
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Figure 15: Typical reinforcement for transition wall and slab 

 
Figure 16: Typical reinfocement in transition slab to column 
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3.2 BIM model of the building 

The main method for analysis is to use Autodesk Robot Structural Analysis Professional 2022 

with an accurate 3D model, which will provide accurate results given that accurate data has 

been used. The model is extracted from a revit file into Robot Structural Analysis and cleaned 

for everything that is not load carrying, so it is only concrete slabs, walls and columns left. 

Figures 17 and 18 shows the structure as built after expansion, type 1. Figure 19 shows the 

axis net of the building with some of the neighbouring structures. 

The figures to show the procedure of inputs into Robot is shown in a separate subchapter – 

chapter 3.4. 

 
Figure 17: View of structure front after construction [20] 
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Figure 18: View of structure from rear after construction [20] 

 

Figure 19: Axis net of the model, horizontal axis [20] 
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3.2.1 Structure variation 1 – As built 

This type represents the actual structure as it will be built. The additional floors will be 

identical to the existing floors and column layout, solid cast-in-place reinforced concrete. 

Figures 20 and 21. 

 
Figure 20: Model in Revit, stripped from non-bearing members, neighbouring buildings removed [20] 

 
Figure 21: Robot 3D model of structure variation 1 [21] 
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3.2.2 Structure variation 2 – Hollow core concrete slabs and steel columns 

With this variation, the layout will be identical to variation 1, while the added floors will be 

made by hollow core concrete slabs, with steel columns. This requires load carrying steel 

beams to be placed in between the columns which the slabs will rest on. The previous roof of 

4th floor had to be extended, and the new floor of 5th level is therefore not a hollow core slab. 

For this model, the slab is entered into Autodesk Robot as a normal solid concrete slab with 

the same weight as a Hollow core 265mm, this corresponds to a reinforced solid concrete slab 

of 14,6 thickness. The beams carrying the hollow core slabs are calculated to be HE300B, 

S355J0, and the columns HE160B, S355J0 by a separate static analysis. See Figure 22 below 

for representation, as one can clearly see the difference in columns and the added beams. The 

walls are the same as in the as-built model – with thickness 180 mm. Figures 23 – 25 shows 

settings for slabs, beams and columns. 

 
Figure 22: Robot 3D model of structure variation 2 [21] 
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Figure 23: Equivalent slab thickness for Hollow core slab [21] 

 
Figure 24: Columns for floor 6, 7 and roof [21] 
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Figure 25: Beams for carrying the hollow core slabs [21] 

 

3.2.3 Structure variation 3 – original building 

This variation represents the structure as it were before the expansion, with 4 floors + roof. 

The slabs and columns settings are identical, to the as-built structure. See Figure 26. 

 
Figure 26: Robot 3D model of the original building [21] 
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3.2.4 Pile foundations 

The entire structure is founded on reinforced concrete piles with height 3,1 to 12 meters and 

is connected to the bedrock, as the reinforcement is cast into the rock. Diameter is 900 mm, 

in concrete C25. Reinforcement is usually 13Ø20 in outer layer with clamp Ø8mm C/C 300mm, 

and 8Ø25 in inner layer of the pile, see Figure 27. The piles is placed in square grid with some 

variation in distances between grid lines. The distance is usually 5m to 7,5m between the grid 

lines. See Figure 28 for a snip of the plan. 

 
Figure 27: Reinforcement of piles 

 
Figure 28: Grid line with placement of piles 
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3.3 Parameters for analysis of the structures 

3.3.1 Constraints 

In the model, the two stories of basement is removed to avoid unnessecarily many faults and 

details that is not important. The basement itself is considered so stiff that walls and columns 

at base floor level are fixed supports. A wall that is removed from the model is represented by 

pinned support in Z-direction at edges towards on neighbouring building. See Figures 29 and 

30 in chapter 3.4 for visualization. 

3.3.2 Loads 

Loads are based on Eurocode 1 – NS-EN 1991-1-1 [22] and applied within the software on the 

representative members of the structure. Dead-, live- and snow loads are also added as they 

will be present during an earthquake. 

Dead load 

Dead loads / self load / permanent loads is the weight of the slabs, walls and columns. The 

floor dividers have set thicknesses (see chapter 3.1), and extra weight for floor covers is added 

according to the standard, assuned to be 1,0 kN/m2 [23]. Added weight for walls is negligible, 

and is therefore not added. Reinfoced concrete weighs 25 kN/m3, the dead loads for concrete 

slabs and walls are calulcated automatically in Autodesk Robot. See Figures 31, 32 and 33 in 

chapter 3.4 for visualization. While the loads are applied automatically, the general equations 

for dead loads of floors and walls are given in equations 3.3.1 – 3.3.3. 

𝑔𝑘,230 𝑚𝑚 𝑓𝑙𝑜𝑜𝑟 = 5,75
𝑘𝑁

𝑚2
                                       (𝑒𝑞. 3.3.1) 

𝑔𝑘,180 𝑚𝑚 𝑤𝑎𝑙𝑙 = 4,5
𝑘𝑁

𝑚2
                                         (𝑒𝑞. 3.3.2) 

𝑔𝑘,𝑎𝑑𝑑𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑙𝑜𝑜𝑟𝑠 = 1,0
𝑘𝑁

𝑚2
                                   (𝑒𝑞. 3.3.3) 

Live load 

Live load is a varying load that typically represents people and furniture, displaced over the 

floors. Standard value for offices from NS-EN1991-1-1 Category B: 2 – 3 kN/m2 [23]. Live load 

used for calculations during construction in 1983 were 2,5 kN/m2. In this calculation, live load 

of 3 kN/m2 is used, equation 3.3.4. Live load is not added to the roof. See Figures 34 in chapter 

3.4 for visualization. 

𝑞𝑘,𝑙𝑖𝑣𝑒 = 3,0
𝑘𝑁

𝑚2
                                                      (𝑒𝑞. 3.3.4) 

Snow load 

For snow load, several parameters for conditions regarding roof angle, surrounding buildings 

with special circumstances is used to calculate the dimensioning snow load. This structure 

has a flat roof, and have no close tall buildings to influence the acting snow loads. For roof 

angles between 0 – 30 degrees have shape factor µ1 = 0,8 to the nominal snow load [23]. 
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𝑞𝑘,𝑠𝑛𝑜𝑤 = 𝑆𝑘 ∙ 0,8 = (𝑆𝑘,0 + 𝑛∆𝑆𝑘) ∙ 0,8 = 3,2
𝑘𝑁

𝑚2
                      (𝑒𝑞. 3.3.5) 

The factor n = (H/Hg)/100 is adjusting for altitude, and applies only if the altitude of the 

building H > Hg which is the nominal limit set for the specific county [23]. For Tønsberg, the 

limit is 150 meters above sea level. The structures altitude is approximately 18 meters above 

the sea level at ground level. Factor n is therefore set to 0. Final equation with calculation 

given in equation 3.3.5 above. See Figure 35 in chapter 3.4 for visualization. 

Seismic load 

The seismic load / earthquake load is the maximum acceleration expected. This is directly 

input acceleration, and can be found in Eurocode 8, maps for ground accelerations. Factors 

for the soil and seismic class is also relevant for the peak acceleration. The direct input 

acceleration is given in equation 3.3.6: 

𝑎𝑔40𝐻𝑧 = 0,5
𝑚

𝑠2
                                                      (𝑒𝑞. 3.3.6) 

Total list of load case types 

A totalt of 6 loads types for actual loads (Case 1, 2, 3, 4, 6 and 7), Modal analysis (Case 5) and 

Load combination (Case 8) is in the list of loads. See Figure 36 in chapter 4.3 for visualization. 

3.3.3 Load combinations 

The ultimate state limit load combinations during seismic analysis have noticable different 

values than in static analysis. In seismic analysis dead load has load factor 1,0 while live load 

has 0,3 for in offices. Snow load has factor 0,2 and wind load has factor 0 and is not considered 

at all. Earthquake has factor 1,0 [24]. See table 9 below and Figure 37 in chapter 3.4 for list of 

load combinations within Autodesk Robot. Equation 3.3.7 shows the general formula for load 

combination [24]. 

∑ 𝐺𝑘,𝑖

𝑗≥𝑖

+ ∑ 𝜓2,𝑖𝑄𝑘,𝑖

𝑗≥𝑖

                                                (𝑒𝑞. 3.3.7) 

where: 

- 𝐺𝑘,𝑖 is self / permanent load 

- 𝑄𝑘,𝑖 is variable loads (live, snow, wind) 

- 𝜓2,𝑖 is load factors 

Table 9: Table of loads and factors in seismic load combination [24] 

Type load Dead load, (Gk,i) Live load Snow load Wind load Seismic load 

Load, Qk,i 1,0 3,0 3,2 - 
Determined in 

analysis 

Factor, ψ2,i 1,0 0,3 0,2 0 1,0 
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3.3.4 Load to Mass Conversion 

In the event of modal analysis and finding the responsive natural frequencies of the structures 

only includes dead loads. In the event of an earthquake, some of the live loads and snow loads 

will also be present, and must be converted to a corresponding dead load to be included. This 

is done under Analysis types, and Load to Mass Conversion tab. The same load factors is 

applied for live load and snow load (see table 9 for load combinations above), which is 

converted case number 3 (snow) and 4 (live) in Figure 38 in chapter 3.4. 

3.3.5 Modal analysis 

Modal analysis is performed to find the structures eigenvalues, which determines the 

response of the building when exposed to seismic loads. In the modal analysis, the number of 

modes nessecary is typically linked to how compicated the structure is, a square structure with 

few or symmetric columns / walls and elevator shafts will often require no more than 10 

modes in the analysis. The reqired amount of modes is found by applying enough modes that 

will lead to relative mass movement in X- or Y direction above 90% relative mass according to 

EC 8. To be sure to reach above 90% relative mass, a conservative 12 modes is used. For criteria 

𝑘 > 3√𝑛, 8 modes would be enough [16]. Mass direction in Z axis is unchecked, as we are only 

interrested in loads in X-Y plane. 5% damping ratio is chosen for this structure, values for soil 

– see Figure 39 in chapter 3.4 for visualization. 

3.3.6 Seismic analysis 

Analysing for seismic loads is added to the list by choosing Seismic analysis type in new load 

case definition, the newest NS-EN standard is chosen as basis. When choosing only by X-Y axis, 

two seismic analysis load cases appear, representing each direction. Seismic acceleration 

ag40Hz is set to 0,5 m/s2 as indicated by Eurocode 8 map over seismic zones of Norway. Ground 

type is set to S2 as it is primarily clays and quick clay in the soil. This soil type is not standard 

within Autodesk Robot, and the parameters S, Tb, Tc and Td must be entered separately by 

choosing Elastic spectrum. Table 2 from chapter 2.4.3 shows table for importance class / 

seismic class, which is set to 2. Tables 11 and 12, Figures 40 – 41 in chapter 3.4 for 

visualizations and tables. Relevant input factors based on factors for special soils from [25]: 

Table 10: Input factors acceleration, seismic class and soil factors 

Peak grounda acceleration a_g40Hz = 0,5  
Seismic class γ_1 = 1,0  
Soil factors S T_b(s) T_c(s) T_d(s) 

Ground type S_2 1,7 0,1 0,4 1,4 
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3.4 Visualization of input into autodesk robot 

3.4.1 Constraints, supports of the structure 

The structure is considered fixed at the base of 1st floor, and thus have fixed support at all 

columns and walls at the base, see Figure 29. Figure 30 shows the pinned support in UZ 

direction, as there is a light wall there in reality that carries the outer line of the slabs. 

 
Figure 29: Visualization of added constraints, fixed supports[21] 

 
Figure 30: Visualization of pinned support at edge, to simulate wall[21] 
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3.4.2 Loads 

Inputs of loads on the structure, figures 31 and 32 shows the settings for applying loads, and 

Figures 33 – 35 shows where the added self load, live load and snow load is applied on the 

specific floors. 

 
Figure 31: Self weight load has been added for the entire structure [21] 

 
Figure 32: Defining loads applied to chosen floors, used for added self weight, live- and snow loads [21] 
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Figure 33: Added self load applied on all floor slabs [21] 

 

 
Figure 34: Live load applied to all floors except roof [21] 
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Figure 35: Snow load only applied to the roof [21] 

 

3.4.3 Final list of load types 

The final list of all loads in robot, included modal analysis and the load combination is shown 

in Figure 36 below.  

 
Figure 36: Final list of load types, can be seen under “Load Types” [21] 
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3.4.4 Load combinations 

Load combinations relevant for the analysis, showing load types and load factors, Figure 37. 

 
Figure 37: Input load combination for seismic analysis, seen under Loads – Load combinations [21] 

3.4.5 Load to mass conversion 

Since there will still be live load and snow load present during an earthquake, these loads must 

be included and converted to self load to be included in the analysis for and earthquake. Figure 

38 for settings, the same factors as the load combination are used. 

 
Figure 38: Load to Mass Conversion tab and options, can be found under Loads – Load to mass conversion [21] 
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3.4.6 Modal analysis 

Settings for modal analysis in Figure 39, 12 modes is used, and only X and Y directions are 

chosen. The rest of the settings are basic settings only changed for special circumstances. 

 
Figure 39: Adding modal analysis – Under Analysis Type – New – Choose Modal analysis [21] 

 

3.4.7 Seismic analysis 

Inputs for the seismic analysis in Tables 11 and 12 for soil factors, Figures 40 and 41 shows the 

input for the seismic analysis, where separate cases for direction UX and UY must be added. 

Analysis based on NS-EN 1998 is chosen which means based on Eurocode 8 procedure. 
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Table 11: Soil types / grunntyper, extended table for S1 and S2 [16] 

 

 

Table 12: Soil parameters for soil type S2 [25] 
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Figure 40: Seismic analysis window after clicking New on Analysis Types [21] 

 

 
Figure 41: Seismic analysis, 2.nd step, X-direction - main settings [20] 
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3.4.8 Running the analysis 

Click Calculations in the analysis type window. A screenshot of the calculation / analysis 

process is shown in Figure 42 below. 

 
Figure 42: Screenshot of the process while analysing [21] 

 

3.5 Foundation and piles 

In the analysis of the structure, fixed support is applied in the transition between soil and 

structure – at ground level, and the basement levels and pile foundations is excluded from the 

model and analysis. This is acceptable as the basement levels are so stiff that fixed supports 

between structure and basement can be assumed, see chapter 2.5.2 – assumptions. An 

analysis of the foundation is not included in this report, and would require good knowledge 

of the soil where precise soil type, layers and depths must be known in addition to the 

foundation and structure geometry. This typically requires there to be drilled a core sample 

for analysis and measurements to map the entire area beneath the structure. The piles also 

have variable lengths, showing that the depth of the soil varies greatly. 
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4 Results 

4.1 Modal analysis in autodesk robot 

The main result is the resulting natural periods of the structure, which determines the 

response when subjected to acclerations, and is used further in the seismic analysis. The 

resulting natural periods is the main data presented in tables with extended information. 

The result from the structure as built shows that Relative mass > 90% is met at mode 8 (Figure 

43 below), which means only 8 modes would be required for this structure. The result tables 

for variant 2 and 3 meet 90% mass at mode 8 as well, and their figures is therefore not 

included. 

 

Structure variation 1 – As built 

The modal analysis gives T1 = 0,58s and T2 = 0,45s which is the primary frequencies (Figure 43), 

It is results for 12 modes, the majority is therefore not included in these tables. Weight of the 

structure is 4639,35 tonnes. 

Table 13: Results from modal analysis of structure variant 1 

Modal T_1 0,58 s 

Modal T_2 0,45 s 

Weight 4639,35 tonnes 

90% relative mass met at mode 8 Direction UY 
 

 
Figure 43: Results of modal analysis [21] 
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Structure variation 2 – Expanded floors of hollow core slabs and steel columns 

Modal analysis results from variation 2 in table 14. 

Table 14: Results from modal analysis of structure variant 2 

Modal T_1 0,53 s 

Modal T_2 0,45 s 

Weight 4169,6 tonnes 

90% relative mass met at mode 8 Direction UY 
 

Structure variation 3 – Original structure 

Modal analysis results from variation 3 in table 15. 

Table 15: Result from modal analysis of structure variant 3 

Modal T_1 0,28 s 

Modal T_2 0,22 s 

Weight 2538,55 tonnes 

90% relative mass met at mode 8 Direction UY 
 

4.2 Seismic analysis in autodesk robot 

The main result for this analysis is the resulting base shear and torsion forces at the floors and 

base, as a reaction for the seismic acceleration applied to the structure. In the results shown, 

the total shear force and torsion is displayed at each floor. The acting shear and torsion differs 

from the standard general equation at the specific floor, and is for the output results from 

robot is calculated by equation 4.2.1: 

𝐹𝑠ℎ𝑒𝑎𝑟/𝑡𝑜𝑟𝑠𝑖𝑜𝑛  𝑓𝑙𝑜𝑜𝑟 𝑛 = 𝐹𝑛 − 𝐹𝑛+1                                      (𝑒𝑞. 4.2.1) 

The more general formula for shear load in each floor is equation 4.2.2 [16]: 

𝐹𝑖 = 𝐹𝑏 ∙
𝑠𝑖 ∙ 𝑚𝑖

∑ 𝑠𝑗 ∙ 𝑚𝑗
                                                           (𝑒𝑞. 4.2.2) 

Considering approximated mode shapes by horizontal displacement, equation 4.2.3 [16]: 

𝐹𝑖 = 𝐹𝑏 ∙
𝑧𝑖 ∙ 𝑚𝑖

∑ 𝑧𝑗 ∙ 𝑚𝑗
                                                         (𝑒𝑞. 4.2.3) 

where: 

- 𝐹𝑖  is the horizontal force acting on storey i 

- 𝐹𝑏 is the seismic base shear in accordance with equation 2.4.2 

- 𝑠𝑖, 𝑠𝑗 are the displacement of masses 𝑚𝑖, 𝑚𝑗 in the foundation mode shape 

- 𝑚𝑖, 𝑚𝑗 are the storey masses 

- 𝑧𝑖, 𝑧𝑗  are the heights of masses 𝑚𝑖, 𝑚𝑗 above level of application for seismic action 

(foundation or top of rigid basement) 
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Structure variation 1 – As built 

Resulting disc effect – shear / torsion forces, see Figures 44 – 47 below. Tables 16 – 18 shows 

the base loads at each floor for all structure variations. The results from variant 2 and 3 will 

be similar, and figures for their results is therefore not included. 

Table 16: Base shear and torsion forces, structure variation 1 

Floor n Shear X [kN] Shear Y [kN] Torsion X [kNm] Torsion Y [kNm] 

Roof 463,72 699,23 1622,29 2316,11 

7.th 458,38 428,91 1512,1 475,79 

6.th 878,09 1066,76 5427,88 5389,07 

5.th 840,84 756,37 6899,06 5679,58 

4.th 1200,12 1324,62 11714,54 11409,81 

3.rd 1114,92 980,42 13730,64 12682,86 

2.nd 1248,99 1283,84 19861,53 18847,99 

Base 1248,99 1283,84 19861,53 18847,99 

 

Figures 44 – 47 shows the results of loads at each floor in autodesk robot based on settings 

FX, FY, MX and MY, and load results for direction UX or UY must be chosen. To find shear load 

in UX direction, apply FX in UX direction which is done in figure 44. The results shows the total 

shear load at each floor, and the effective load is calculated by equation 4.2.1. To find the 

torsion loads, choose direction UY and MX to find torsion in Y direction, and direction UX with 

MY for torsion in Y direction, see Figure 48 for how the horizontal axis are for the structure. 

Tables 16 – 18 shows the final calculated shear and torsion loads in all directions for all three 

structure variations. See Figure 19 which shows how X and Y axis are placed for the structure 

at the full axis system for the structure. 

 
Figure 44: Measured shear in X direction for all floors [21] 
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Figure 45: Measured shear in Y direction for all floors [21] 

 

 
Figure 46: Measured moment MX for all floors [21] 
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Figure 47: Measured moment MY for all floors [21] 

 

Figure 48: Axis system for the structure, blue and green arrows (weak in the middle, stronger coloured at 
bottom left corner) represents shear loads in each direction [21] 
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Structure variation 2 – Expanded floors of hollow core slabs and steel columns 

Final calculated efficient shear and torsion loads for all floors in structure variation 2 in Table 

17. 

Table 17: Base shear and torsion forces for structure variation 2 

Floor n Shear X [kN] Shear Y [kN] Torsion X [kNm] Torsion Y [kNm] 

Roof 434,01 606,71 1444,01 1986,84 

7.th 342,04 348,7 970,64 30,82 

6.th 734,36 616,49 4973,95 5082,33 

5.th 785,58 732,65 5427,77 4060,4 

4.th 1078,97 1202,72 10568,49 10408,66 

3.rd 1082,95 977,27 11724,43 10425,78 

2.nd 1147,43 1182,8 18194,08 17297,77 

Base 1147,43 1182,8 18194,08 17297,77 

 

Structure variation 3 – Original structure 

Final calculated efficient shear and torsion loads for all floors in structure variation 2 in Table 

18. 

Table 18: Base shear and torsion forces, structure variation 3 

Floor n Shear X [kN] Shear Y [kN] Torsion X [kNm] Torsion Y [kNm] 

Roof 478,91 697,15 1342,63 1378,31 

4.th 459,63 420,59 1557,69 1164,17 

3.rd 837,2 1006,59 5250,98 4755,55 

2.nd 625,57 498,49 6798,75 5651,83 

Base 625,57 498,49 6798,75 5651,83 

 

4.3 Hand calculations 

Hand calculations is based on Eurocode procedures and equations for the various parameters 

and parts. These results is only ment to compare the results from the numerical model. This 

process includes natural period, dimensioning spectre and base shear load. 

4.3.1 Natural period  

The natural period of the structure is used for caculating a structure’s dynamic properties, and 

can be calculated in sevarl different ways based on the type and geometry of the structure. 

Eurocode 8 4.3.3.2.2 (4.6) [16] equation for 1.st natural period – equation 4.3.1 calculated 

from equation 2.4.3: 

𝑇1 = 𝐶𝑡 ∙ 𝐻
3
4 = 0,74 𝑠                                                       (𝑒𝑞. 4.3.1) 

where: 

- Ct is geometric factor. For moment stiff spacious concrete frames Ct = 0,075 

- H is height of the structure 25,15 m 
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4.3.2 Seismic load 

The seismic load / earthquake load is the maximum acceleration expected, equation 4.3.2, 

calculated from equation 2.1.2 [16]. This is directly input acceleration. 

𝑎𝑔 = 0,8 ∙ 𝑎𝑔𝑅 ∙ 𝛾1 = 0,4
𝑚

𝑠2
                                           (𝑒𝑞. 4.3.2) 

where: 

- ag is dimensioning gound acceleration in soiltype X 

- agR is reference peak value for the soil acceleration for soil type X 

- γ1 is seismic factor – 1,0 

- ag40Hz is acceleration value found in Eurocode 8 map – 0,5 m/s2 

4.3.3 Dimensioning spectre 

Based on EC8, 3.2.2.5 (3.13 – 3.16) [16], the horizontal dimensioning spectre Sd(T) can be 

calculated based on previously calculated results from eq. 4.3.1, 4.3.2 and factors from [19] 

and [25]. Equation 4.3.3 calculates based on equation 2.4.6. 

𝑓𝑜𝑟 𝑇𝐶 ≤ 𝑇 ≤ 𝑇𝐷:      𝑆𝑑(𝑇) = 𝑎𝑔𝑆
2,5

𝑞
[
𝑇𝐶

𝑇
] = 0,6126

𝑚

𝑠2
                 (𝑒𝑞. 4.3.3) 

where: 

- q is structural factor, set at 1,5 

- 𝛽 is factor for lower limit value for horizontal dimension spectre 

- S is soil enhancement factor –  1,7 

- T1 is first modal time, found in equation 4.3.1 – 0,74s 

- TB(s) = 0,10 

- TC(s) = 0,40 

- TD(s) = 1,4 

4.3.4 Shear loads at base 

Shear loads (Fb) at foundation level or top of stiff basement is based on EC8-1-1, 4.3.3.2.2(1) 

[16] calculated on equation 4.3.4 based on equation 2.4.2. 

𝐹𝑏 = 𝑆𝑑(𝑇1)𝑚𝜆 = 2415,8 𝑘𝑁                                       (𝑒𝑞. 4.3.4) 

where: 

- Sd(T1) is dimensioning spectre for period T1 

- m is mass of the total structure above foundation level, input mass is the same as the 

result from the numerical model 

- 𝜆 is correctional factor, 𝜆 = 0,85 if 𝑇1 < 2𝑇𝑐 and the structure has more than two 

stories, if not: 𝜆 = 1,0. In this instance, 𝑇1 < 2𝑇𝑐  
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Seeing how the shear load is dependent on period T1 and where it is placed relative to Tb, Tc 

and Td, as well as the factors for the soil, the following graph in Figure 49 can be drawn based 

on T1 as the only variable, when all the other factors are set: 

 
Figure 49: Graph F_b based on T_1 

 

4.4 Summary of results 

The final results used for comparison from both hand calculations and numerical calculation, 

as well as graphs drawn for the results from numerical model in Figures 50 and 51. 

Results of hand calculations for structure variation 1 in table 19: 

Table 19: Hand calculation main results 

 

 

Results from numerical model in table 20: 

Table 20: Summarized numerical model results 

Modal: V1 – Structure as built V2 – Hollow core model V3 – Original structure 

T1 [s] 0,58 0,53 0,28 

T2 [s] 0,45 0,40 0,22 

Weight [tonnes] 4639,4 4169,6 2538,6 

Base Shear / 
Torsion: 

   

Shear X [kN] 1260,2 1147,4 625,6 

Shear Y [kN] 1288,1 1182,8 498,5 

Torsion X [kNm] 19861,5 18194,1 6798,8 

Torsion Y [kNm] 18842,9 17297,8 5651,8 
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Graphs of results from numerical model, Figures 50 and 51: 

 
Figure 50: Summarized results of modal analyses 

 
Figure 51: Loads at base of the structure 
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5 Discussion 

5.1 Of results 

The combined analysis of both modal and seismic analysis were performed on the three 

variations of the structure using autodesk robot software. The 3D model itself is obtained from 

a relative precise model from a team of architects and administration on in the project, and 

positions of columns, geometry and other parameters is considered very close to the exact 

reality. The model is rendered from a revit model to autodesk robot model, and cleaned up 

for analysis by removing all interior and non load carrying members, resulting in the raw 

structure made up of columns, slabs and stairwells with walls. Robot has a vast variety of 

different settings to accommodate various needs and situations. The options is based on 

standard values from Eurocode 8, and the rest is a standardized approach with normative 

settings. As there were no special circumstances such as nonoptimal geometries, loads or 

other with the structure. These options are displayed in the figures showing the approach on 

how to set the correct loads, load combinations, analysis types and more. The hand 

calculations is solely based on Eurocode 8’s methods, and is far simpler than the numerical 

process.  

Even though the seismic analysis in robot is based on the Eurocode 8 standard, the equations 

in Eurocode must be assumed to be somewhat simplified and conservative, both to make the 

process simpler but also so adjust for uncertainties, non optimal scenarios and similar. For 

both hand- and numerical calculations, the existing dimensioning acceleration 𝑎𝑔40𝐻𝑧 = 0,5
𝑚

𝑠2 

is used as all other Eurocode parameters is used. Grunnteknikk AS concludes based on the 

new NORSAR map that 𝑎𝑔40𝐻𝑧 = 0,2787
𝑚

𝑠2 in the area of Tønsberg [19], but this is ignored in 

this report other than information and laying the basis for omission criterias. 

Reinforcement in the slabs and columns is not included in the slabs and columns for the 

analysis as this has no influence on the modal periods nor base shear loads which is only based 

on weight and dimensions. The parameters for concrete weight is the standardized self weight  

with reinforcement. The real world placing of reinforcement is so complex and variable from 

part to part in the slabs that it would take a tremendous amount of time to complete. During 

a stress and deflection analysis, the reinforcement would be required, but this is not a part of 

the thesis. 

Results of the modal analysis: Tables 13 – 15 shows that the structure as built, which is the 

heaviest has the highest natural periods, 9,4% higher T1 period and 12,5% higher T2 swing time 

than the 11,2% lighter alternative with the new floors built in hollow core slabs and steel 

columns. The original structure of 4 floors has significantly shorter periods and lower weight. 

The hand calculation results ends at 27,6% higher than the numerical model, which is 

significant allthough based on a simple equation with two variables (eq. 4.3.1). The modal 

analysis determines the natural periods of the structure and thereby the dynamic response 

duing variable loads such as an earthquake, and is a essential parameter with great influence 

in a seismic analysis.  
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Results from the seismic analysis: Tables 16 – 18 presents the primary results of base shear 

forces and torsion load at the base of the structure above ground level. The heavier variant 1 

shows higher loads than variant 2 at 8,5 – 9,1% in both direction than variant 2 with new 

hollow core slabs and steel columns. Allthough relatively low %-values, it means a reduction 

of approximately 1 kN shear in both directions and 1,5 and 1,65 kNm torsion in each directions.  

The results from the numerical model and hand calculations of variant 1 are surprisingly 

similar, where the hand calculation result only have one resulting shear force, and the 

numerical is divided into shear force in each axis as well as torsion load, combined shear force 

in UX and UY is almost the same as Fb with 5,5% difference. 

In comparison with the original structure, variants 1 and 2 shows a significantly higher shear 

and torsion load, where the structure as built have approximately 100% increase in Shear UX, 

157% increase in Shear UY, 192% increase in Torsion UX and 233% increase in Torsion UY 

loads.  

With these massively increased base loads during an earthquake, even if the structure had 

been dimensioned for seimic loads when the original structure was built in 1983, these loads 

could bring the structure very close to if not beyond the ultimate state limit. This statement is 

made based on the tremendous increase in loads and is naturally marked without the 

knowledge of the actual loads this structure is dimensioned for and capable of handling.  

These results are based on the assumption that the structure is fixed supported at the base. 

Though in reality, the structure with its basement and piles is altered by contact with the soil, 

where the real modal periods differs from the results in tables 13 – 15. The conference paper 

“Soil-structure interaction effects on modal parameters of office buildings with different 

number of stories” [26] reviews an example structure of 4, 8 and 12 stories, rectangular RC 

structure with base dimensions 28m x 42m, and finds the modal parameters with fixed 

support, fundamented in dense, stiff and soft soil.  

It's [26] results shows that the structure will have notable lower frequencies (higher T-values) 

in dense soil than with fixed support, the 8 story structure (closest no. of floors to Kristina 

kvartalet) frequency were 10,6% lower in transverse direction and 13,5% lower in longitudal 

direction. This means the swing time is lower, increasing natural period time – the time 

between the oscillations, further altering the results from the seismic analysis. 

Further, structure variation 2 with hollow core slabs and steel columns is an alternative where 

the new floors and columns is not continued with the identical set up as the previous floors. 

This alternative would require the optimization of placement of steel beams to support the 

slabs, as they primarily only carry the load in one direction. The special geometry of the 

previous RC slabs may prove difficult to copy with hollow core slabs, and non-optimal 

placement of both beams and columns is very likely. In this instance, new columns may be 

installed and placed on the floor of 5.th level with no column beneath, or require new columns 

on line in each floor under, causing further difficulties.  
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Furthermore, the difference in material properties in the layer where concrete slab changes 

to steel column instead of concrete, which behaves differently will increase the shear and 

torsional loads in that plate. This sudden increase between 5th and 4th floor is also shown in 

Table 17, especially for torsional loads which more than doubles. 

Variation 2 has only slightly lower base loads at 1st floor than variation 1, and considering that 

if the structure were to be dimensioned for seismic loads, the difference between the two 

variations is so low that the cost would doubtly differ for the two alternatives. The only likely 

possibility that variation 2 could be chosen is if the total cost would be lower.  

An alternative structure in all hollow core slabs and steel columns is based on these results 

and journal papers belived to have notable lower base loads, as all floors and columns would 

be far lighter and more flexible. 

 

5.2 Assumptions for the model and analysis 

Stiff basement, fixed support 

The analysis performed in this thesis is based on the structure alone, disregarding the 

foundation and assuming fixed support at the base of 1st floor. This is a common assumption, 

and can be used when the structure has a stiff basement or foundation, as the interaction 

between the structure and foundation will be so stiff that swaying or displacement in this 

intersection can be neglected, see chapter 2.5.2. This assumption is made as it significantly 

lowers the difficulty of the analysis, not only with a simpler model where small faults, often 

trifles can cause trouble during the analysis. The parameters and properties of the soil and 

layers is not known, and performing an analysis with the foundation and soil-structure 

interaction is therefore not possible at this stage. 

In reality a basement and or pile foundation will not be fixed in the soil, and displacement will 

occur in some extent during event such as an earthquake. The soil has its own stiffness mode 

based on type, and may even change characteristics itself during shaking. The soil beneath 

Kristina kvartalet – clay / quick clay is also vulnerable to liquefaction, further reducing the 

stiffness between structure and soil. A full analysis of the structure would require the piles 

aswell with soil-structure interaction. 

There is also some assumptions and approximations within the 3D model, where the slabs and 

columns is without reinforcement, and the hollow core slabs is modelled as a solid concrete 

slab, and the thickness is adjusted so the total self weight is equal to the self weight of the 

hollow core slab. Here, a hollow core slab 265 transfers to a solid concrete slab of thickness 

146 mm. This can be done for these types of analysis, where weight and stiffness is the only  
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Neighbouring structures 

Kristina kvartalet have two neighbouring structures which it might not seem to be in 

connection with. In reality they are in contact, but only face to face which might have been 

resembled by a pinned support line that would not let the structure move through the 

neighbouring structure.  

Even though they could have a slight impact on our structure, it is assumed that Kristina 

kvartalet is free to move – thereby removing the neighbouring structure. 

 

5.3 Piles and Soil-structure interactions (SSI) 

In this report, the piles have not been assessed nor analyzed for loads during an earthquake, 

therefore, soil-structure interaction analysis has neither. The analysed model is structure 

above ground level only, and the assumption to use fixed support at the base level is 

reasoned with a stiff basement, which enables this premise.  

In reality, the structure is compised by the seven floors, two basement levels beneath 1.st 

floor and pile foundation from basement and down through clays till rock / berg is reached 3 

– 12 meters below the bottom level of the lowes basement. The piles will therefore be 

exposed to the base loads at the bottom level of the basement, which is believed to be higher 

than the resulting base loads at the 1st floor, based on overall increased load the lower in the 

structure it is measured – which is naturally with increased weight.  

The more realistic effective forces will differ from the results shown in this report due to a 

larger and heavier structure with different system damping and modal periods. The piles will 

also undergo the dynamic loading from the interaction between the piles and the soil. If the 

foundation and basements were included, the modal periods would be different from the 

analysis with no SSI, as the modal periods will be for the entire structure with soil contact [27], 

[28].  

The journal paper “Effect of Embedded Basement Stories on Seismic Response of Low-Rise 

Building Frames Considering SSI via Small Shaking Table Tests” [29] have compared structures 

with two different basement depths with both fixed support at basement levels and non-fixed 

– founded in the soil. Both steel-frame and concrete structure versions of a 7-story building 

were used, basement levels of 3m and 6m, experiments took place at shaking tables with 1:50 

building size ratio. Earthquake magnitude equal to 3 very large earthquakes of magnitude 6,7 

to 7,6 were simulated. This paper did not consider or measure variations in base loads, but 

concluded the non-fixed structures had greatly amplified dynamic response in regard to lateral 

floor displacement, the version with 6m basement had lower amplification than the version 

with 3m basement. The deeper basement also ensured lower basement displacement than 

the other. They also encourage design engineers to consider SSI also for lower-rise buildings, 

although they achnowledges that the process is complex [29]. See figure 51 for illustration of 
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fixed support compared to basement with piles, where the displacement will be larger and 

swing further and slower when considering basement and piles with Soil-structure interaction. 

This paper simulates major earthquakes with large magnitude with a scaled model with a 

foundation of only walls and floors. It also says that their experimental and numerical results 

for their scaled model are in good agreement with numerical models of full size models. 

Kristina kvartalet has as this model two levels of basement floors beneath ground level, in 

addition to piles, where they will also contribute to reduce lateral displacement of the 

structure floors [29]. There is however no doubt that the structure will have larger lateral 

displacement in the real world than with the assumption of fixed support at the base floor 

[29]. 

 
Figure 52: Illustration displacement with fixed support and real world constraints 

Based on the Eurocode 8 equations (eq. 2.4.2 – 2.4.7) for calculating base shear loads and 

dimensioning spectre (see chapter 2.4.1 and 4.3.4 with Figure 49 for illustration of load 

based on T), a higher swing time T will reduce the horizontal spectre Sd and thus the base 

shear load Fb, given that the only variable parameter is the natural period T between the 

cases. As the structure based on the results from [29] will see a higher swing time if the 

support is based on piles and a deep basement is included, the real base loads at basement 

top will in reality be lower than the results in this report shows with fixed support. These 

equations could by some be argued to be conservative, but will still prepresent loads close to 

the real loads. 

Moreover, Eurocode 8 states that structures in soft soil types such as S1 should be assessed 

for SSI [17], further supporting the previous statements of the thesis. 
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5.4 Liquefaction of soil 

Another factor for this case is the risk of liquefiable soil during and earthquake, as the soil is 

clays and quick clays. The potential and risk for liquefaction [14] for in this instance is not 

assessed due to lack of information. The paper – A fundamental omission in seismic pile 

design leading to collapse [30] reviews collapsing of piled foundations in liquefiable soils, as 

each case studied shows that lateral deflections caused by lateral loads are greatly amplified 

if the axial load approaches the staticly critical load [30]. The paper focuses on past collapses 

originated from Japan and Alaska, regions with far higher seismic activity than Norway. For 

reference, the seismic activity in Japan lies roughly between 0,08 to 1,5g, Alaska between 

0,01 – 0,9g and Tønsberg between 0,03 – 0,05g in peak ground acceleration before 

adjustment for soil and seismic importance factor, see Figures 53 and 54 below based on a 

map for seismic hazard and expected ground acceleration [31].  

While the seismic activity in Tønsberg is far lower, the principles and risks are still relevant. 

[30] concludes that during liquefied soil the initiation of buckling cannot be prevented, but 

the resulting displacement will dictate the location of a hinge by offering lateral resistance to 

the buckling pile. This means that the equivalent length of the column / pile will increase 

when the top displaces, dramatically reducing the buckling load (equation 2.3.1, chapter 2.3 

Piles). [30] and [9] provides adjusted equations for calculating the increased loads on piles 

during events of liquefied soil. The equations clearly illustrates that there will be significantly 

higher loads during liquefaction and thereby increased need for evaluation of the piles in 

these events.  

 
Figure 53: Seismic hazard map of Alaska, USA (left) and Japan (right) [31] 
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Figure 54: Seismic hazard map of southern Norway [31] 

 

5.5 Validity and relevance of the results 

As previously written, the structure is not analysed for SSI nor interaction between the 

structure and foundation. In accordance to the real structure, not including these these 

parameters automatically renders the results inaccurate. The real world natural periods and 

base loads will certainly differ from the results as shown [32], but in which magnitude is 

unknown. Based on Eurocode where one can safely assume fixed support at the base of the 

structure, the results can be considered somewhat accurate, granted that the 3D model and 

all inputs made to the model and analysis is dependable. 

The discussion wether assuming fixed support at the base is acceptable, relies on how 

accurate the results need to be. For the design engineer, the resulting base loads is the primary 

objective to dimension the columns and piles it is close enough if only considering the 

structure above ground level. While for studies or projects where an accurate result is needed, 

this is not good enough. Not knowing the exact design loads, means the design engineer must 

make conservative estimates would be made, risking to add more concrete and reinforcement 

than necessary.  

 

 

 



63 
 

5.6 Omission criteria / utelatelseskriterie 

In the previous static engineering process for adding the floors of Kristina kvartalet, seismic 

dimensioning had been deemed not needed, as omission criteria 2 – very low seismic activity 

𝑎𝑔 ∙ 𝑆 < 0,49
𝑚

𝑠2
 was met. In this simple equation dimensioning seismic acceleration 𝑎𝑔 =

0,2787
𝑚

𝑠2 [19] which is very low. The enhancing factor for soil S is conservatively set to the 

highest at 1,7 [19] as the soil is primarily clay / quick clay and is at risk for liquefaction. This 

means that even while considering high-risk soil in comparison to liquefaction, the seismic 

load is still very low and seismic dimensioning could therefore comfortably be omitted in 

accordance with Eurocode, which corresponds to both the structure and foundation with 

piles. 

Pro – use of omission criterias: 

The prime reason for using omission criterias to avoid seismic dimensioning is to perserve 

resources. Not only the spared time and cost to engineer the project, but increasing the size 

of slabs, columns and piles unnecessarily will increase the cost of building or reinforcing the 

structure by far more.  

In the Tønsberg area of Norway, the seismic activity is mid-tier for the country according to 

the map, adding that Norway is a land of low activity, a potential earthquake of low magnitude 

will do little damage as the most powerful recorded earthquake in Norwegian history is Ms 5,8 

and more normal earthquakes are usually below 5,5 [6]. Seeing Figure 3 in chapter 2.1.4 that 

indicates the relationship between earthquake magnitiude and ground acceleration it is clear 

that a normal earthquake will result is a very low ground acceleration, far below 0,5 m/s2 

which is used in this analysis [5]. This relationship and graph further comforts an omission of 

the structure. 

[18] is a report based on NORSAR’s updated map for seismic zones, where the authors made 

an economic consequence estimate for a example hospital structure and an office building. 

The example hospital is relatively small with 8 floors with area 84x20 meters. Comparing costs 

with and without seismic dimensioning and reinforcing for seismic loads, the hypothetical 

hospital structure could save approximately 18% of the building cost, considering only the raw 

structure parts such as piles, basement, load carrying members and floors. (Price with seismic: 

33,33 M NOK, price without: 39 M NOK, saved 6,33 M NOK.) The office structure with 8 floors 

at 54x18 meters and piled foundation would save approximately 700.000 NOK – 9% if omitted 

for seismic dimensioning.  

Both of these calculations has been performed by Multiconsult in their ISY-Calcus software, 

based on a standardized price registery – Norsk Prisbok for august 2019. This can therefore 

not be considered 100% precise, but relatively close to the real cost and good enough for 

comparison [18]. 
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Omission criterias will make seismic dimensioning unnecessary in the events where the risks 

for loss of life or injuries is so low that an analysis would be considered a waste of resources. 

The criterias is defined and verified by Eurocode, and is standardized and used extensively in 

Norway. Utilizing the omission criterias should therefore be considered safe if performed 

properly. Short summary of the omission criterias: 

In criteria 1 - Buildings must be considered low significance (seismic importance class 1) to 

human health, such as agricultural structures and small buildings. Houses, apartment 

buildings, offices and similar buildings does not qualify for criteria 1 [16].  

Criteria 2 – The structure must be in a zone of low seismic activity, peak ground acceleration 

adjusted for seismic importance class and soil factor must be lower than 0,49 m/s2 [16]. 

Criteria 3 – The structure it self must not accelerate  too much under an earthquake while 

having relatively stiff properties to meet this criteria [16]. 

Criteria 4 – As wind load and seismic load have the same type of dimensioning loads – axial 

loads on the base, an adjusted equation for wind load can make seismic dimensioning 

excessive. Checking this, would require to perform a basic seismic analysis to find bare shear 

forces, in addition to wind load. Structures in seismic class 4 – such as hospitals, fire stations, 

power plants, dams etc. cannot qualify for criteria 4 [16]. 

Con – use of omission criteras: 

Exerting the omission criterias where only one criteria have to be met, other factors such as 

soil type, foundation type and properties does not have to be considered. I.e. Criteria 3 – 

dimensioning spectrum 𝑆𝑑(𝑇) < 0,5
𝑚

𝑠2 does not account for the soil, and criteria 2 – very low 

seismic activity 𝑎𝑔 ∙ 𝑆 < 0,49
𝑚

𝑠2 does not consider the structure properties other than seismic 

importance class. Criteria 4 does not consider soil nor structure response at all, as long as the 

resulting base shear load of the wind is larger than the seismic load. As long as one of the 

criterias is met, all other factors in the other three criterias is not important, which might cause 

risk.  

An important weakness of the omission criterias is that when seismic dimensioning can be 

omitted, it applies to both the structure and the foundation. In this particular case, seismic 

dimensioning were excluded due to low seismic activity, but it could might as well be excluded 

due to high wind, while the seismic activity were far higher than they are at this site. When 

the soil is clays vulnerable to liquefaction, introduces a risk in the event of an earthquake 

where the piles might collapse, further collapsing the structure, while the structure still 

qualifies for an omission criteria. 
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6 Conclusion 
The analysis is based on Eurocode settings and parameters such as ground acceleration, soil 

factors, structural factor and load combinations. With theses results and the assumption of 

fixed support at the base of the structure, the base shear and torsion loads has been increased 

by 100% - 233% from the original structure to the new enlargened structure. Even if a lower 

ground acceleration and support on piles, the increase would still be far higher than original, 

thus raising concern about a possible problem towards ultimate state limit for the columns of 

the structure. 

According to [29], a structure with basement in soil will have higher modal periods T than with 

fixed support. Based on the base shear loads formula  from Eurocode (Eq. 2.4.2 – 2.4.7 in the 

thesis), a higher modal period T will lower the base shear load, given that the other parameters 

involved in the structure doesn’t change. These shear loads is only applies to the structure in 

this case, but considering the foundation aswell, the base shear load will increase downwards 

toward the piles. It is clear that the assumption of fixed support will in addition to simplify the 

process, ensure higher swing speed – lower modal periods and thereby increase loads and 

hence make the analysis somewhat conservative [32]. 

To consider the basement and foundation for seismicity, a separate analysis must take place 

to analyse the influence of soil-structure interaction and a case of liquefaction of the soil which 

potentially dramatically increases the loads upon the piles. Since these analyses arent 

performed here, the state of foundation can not be concluded. Provided the magnified 

increase in shear loads regardless of fixed support, as well as the recommendation of [29], an 

analysis of the foundation is highly revised for this structure. This is also supported by 

Eurocode 8 due to soft soils [17]. 

For the omission criterias, the low seismic activity is the fundament for safe omission both 

because it has been used to qualify for omission, but also because with little to no 

acceleration, there will be very low to no seismic loads. With this low loads, spending 

resources on engineering as well as reinforcing the structure would be a waste of time and 

money. Yet, the special combination of no analysis of the fundament and a soil type in risk of 

liquefaction brings out some concerns in the case of a normal to unusually high earthquake 

for the region.  

The final conclusion is therefore – Omission of seismic analysis for the structure is considered 

safe, but the foundation should be assessed for the impact of an earthquake and liquefaction. 
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7 Further work 
As this thesis have covered the analysis of the structure itself, several significant assumptions 

and limitations has been made, and the parameters is based on values and procedures from 

Eurocode. 

• In accordance with the conclusion, the next step is a proper seismic analysis of the 

entire structure – with the foundation, assessing for soil-structure interactions and the 

risk of liquefaction and its impact in the case it happens.  

 

• A stress analysis should be performed for the structure, adding the reinforcement 

representative into the structure to assess wether the structure can handle the loads 

under both Eurocode acceleration value 0,5 m/s2 and the NORSAR value of 0,2787 

m/s2. This will also apply for the foundation – basement and piles, as an important part 

of the structural integrity. 

 

• Analyse the structure under the influence of neighbouring structures if they were 

connected 

 

• Monitoring and or detailed analysis of parameters such as the real damping of the 

structure natural frequency, which could alter the results in the mentioned 

assessments. 

These steps could naturally be a ordinary engineering task, but would also be extensive 

enough for a thorough new master thesis with this one as a base. 
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Appendix, attachments 
 

The following reports are attcheded as they are not published, and is essential to this thesis, 

as some of the discussions and background information is based on them. Both of these 

reports are in Norwegian. 

Attachment 1 – Report from Grunnteknikk AS – Vurdering utelatelseskriterier Kristina 

kvartalet (8 pages) 

Attachment 2 – Report from Multiconsult ASA – NORSAR Oppdaterte seismiske sonekart 

(28 pages) 
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