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I Preface 

 

In this thesis report the process of my graduation project “Design of a data center under induced and 

tectonic earthquake loading using seismic mitigation methods” is presented. This master thesis is the 

last part of finishing the master “Architecture Building and Planning” with specialization “Structural 

Design” at the University of Technology Eindhoven. This master thesis is done in the chair of “Steel 

Structures”. The supervisors of this graduation project are Prof. ir. H.H. Snijder (chairman), Prof. ir. 

S.N.M. Wijte and dr. ir. P.A. Teeuwen (Wittenveen+Bos). 

 

I would like to thank Bert Snijder, Simon Wijte and Paul Teeuwen, who guided me in the design 

process of the design for the data center. In addition, they used their expertise on seismic loading to 

give me new insights when I got stuck on the topic of seismic loading. In addition I want to thank 

Paul Teeuwen for the meetings which he joined beside his work as a structural engineer. 

  



 

 

4      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

  



 

 

5      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

II Abstract 

 

Keywords: Seismic loads, response spectrum, base shear, base isolation, strengthening 

 

When a building is exposed to an earthquake, it experiences accelerations which result in shear forces 

introduced in to the building as the 2nd law of Newton states that force equals mass times acceleration. When a 

data center designed as a steel structure without seismic strengthening or mitigation methods is calculated by 

modal response spectrum analysis using a reference location in Groningen and L’Aquila, high base shear forces 

are observed. Modal response spectrum analysis with a reference peak ground acceleration based on Groningen 

of 0.1g according to NPR 9998 result in base shear forces which are a factor 2.4 and 1.9 higher for respectively 

x-direction and y-direction compared to base shear forces observed without seismic loading taken into account. 

These base shear forces become even greater, when the building is calculated by modal response spectrum 

analysis using a reference peak ground acceleration based on L’Aquila of 0.33g according to NTC’08. Here the 

observed base shear forces were a factor 3.6 and 2.4 higher for respectively x-direction and y-direction 

compared to calculations without seismic loading. 

 

To provide a better behaviour of the structure exposed to seismic loads, the structures ductility can be enlarged. 

Elements which have to dissipate energy must have sufficient deformation capacity. This deformation capacity 

is the relation between the elastic plastic response of the structure and the response of a structure assuming a 

full elastic response . Adjusting the diagonals of the model calculated without seismic loads, lead to a model 

where the design spectrum may be reduced by a factor 3.2 because more energy dissipation can take place. In 

addition, several non-dissipative members had to be designed with over strength, to assure that yielding and 

thus energy dissipation takes place in the dissipative members. As a result, lower accelerations are observed 

which result in lower seismic base shear forces. Results of this improvements showed a reduction in base shear 

of 2.2 and 2.7 for respectively x-direction and y-direction when applied to the building exposed to seismic loads 

according to NPR 9998 2015. Regarding the model exposed to seismic loads according to NTC’08, this 

improvement showed a reduction in base shear of 2.2 and 2.6 for respectively x-direction and y-direction. 

 

As another solution to these high seismic shear forces, base isolation can be applied, which decouples the 

superstructure from the foundation. It is one of the most important concepts for earthquake engineering 

(Efiloglu, 2013). Results from modal response spectrum analysis show that by applying elastomeric lead rubber 

bearings to the model of the data center exposed to seismic loads according to NPR 9998 2015 the base shear 

is reduced with a factor 2.6 and factor 1.9 for respectively x-direction and y-direction. The elastomeric lead 

rubber bearings also provide damping to the structure of ca. 5%. Applying damping to the structure elongates 

the natural period which is the same as lowering the natural circular frequency (Chopra, 2004). Longer natural 

periods, result in lower accelerations observed in the elastic response spectrum. In addition Chopra (2004) states 

that this effect is negligible for damping ratios below 20%. 

Results from elastomeric lead rubber bearings being applied to the structure show less effective results when 

applied to the structure exposed to seismic loads according to NTC’08. The amount of base shear is reduced by 

a factor of 1.4 and 1.1 for respectively x-direction and y-direction. The difference in effectiveness can be 

addressed by the fact that by applying base isolation, the stiffness at the bottom of the model is highly reduced, 

resulting in a model which behaves more like a single degree of freedom system. As a result, most of the mass 

is activated in the first mode. The accelerations observed in the calculation for the Groningen spectrum were 

much lower for that first mode compared to the accelerations observed for the first mode in the spectrum of 

L’Aquila. 

 

In conclusion regarding the most effective solution, strengthening the structure showed to give the best results 

as the amount of base shear reduction was higher compared to the amount of base shear reduction observed 

when base isolation was applied to the structure exposed to seismic loads according to NTC’08. Comparing the 

effectiveness of strengthening and mitigation on the structure exposed to seismic loads according to NPR 9998 

2015, both solutions showed effective results.  
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1 Introduction 

 

In this master thesis a design research is made on a reference building with the function of a data 

centre. This data centre is designed based on several requirements from the client under which the 

amount of space and the type of structure. The design is made according to NEN-EN 1990, NEN-EN 

1991 and NEN-EN 1993. The design forms a basis for the master thesis study “Design of a data center 

under induced and tectonic earthquake loading using seismic mitigation methods”. The design is 

exposed to earthquake loading with a reference peak ground acceleration based upon a location in 

Groningen in the Netherlands according to NPR 9998 2015 which is the Dutch standard. In addition 

the design is exposed to earthquake loading with a reference peak ground acceleration based upon a 

location in L’Aquila in Italy according to NTC’08. 

 

1.1 Goal 

For this graduation project it is the goal to design a multi-storey data centre building with relatively 

high live loads (around 12.0 kN/m2) with different mitigation methods to determine the most 

effective method of mitigation. In this design challenge three different situations will be considered, 

a Groningen situation which is characterized by induced earthquakes. Secondly, an Italian situation 

will be considered which is characterized by tectonic earthquakes therefore the building is placed in 

the city of L’Aquila to be able to determine a representative peak ground acceleration. As third the 

basic structure will be designed against usual vertical loads such as dead loads (e.g. weight of the 

structure), live loads (e.g. people walking) and horizontal wind loads. So there will be three designs 

which are the same in terms of use regarding building performance. However, they will be different 

regarding the structural requirements since the loads on the three structures will be different.  

- Designed against usual vertical loads and horizontal loads according to Eurocode (In addition 

only the Dutch national annex is used for this). For calculation see Annex A. 

- Designed against usual vertical loads and horizontal loads matching induced earthquakes 

regarding the Dutch building codes (Groningen (NL) situation). For calculation see Analysis I 

until analysis IV 

- Designed against usual vertical loads and horizontal loads matching tectonic earthquakes 

regarding the Italian building codes (L’Aquila (IT) situation). For calculation see Analysis V 

until VIII. 

1.2 Relevance  

The inhabitants of Groningen suffer from induced earthquakes caused by drilling activities in that 

region. In Italy inhabitants suffer from tectonic earthquakes. The consequences of both situation are 

failure of buildings under loads which they cannot withstand. Therefore it is of great importance that 

proper design models are available and that research is done towards acquiring more knowledge on 

this subject. This graduation project contributes to get more information about design decisions which 

can be made when designing against earthquakes. There are multiple strategies to implement in a 

building design to mitigate earthquake loads, to make it possible to limit the consequences of 

earthquakes regarding the building and the occupants. These can be divided in structural passive 

systems (strengthening the structure) or non-structural passive and active systems (such as seismic 

isolation, passive energy dissipation and (semi)-active control systems). Besides performing analyses 

according to standards, proposals are made for improving the structure such that it behaves better 

under seismic loading. Therefore one method of strengthening the structure is applied, where the 

diagonals are adjusted in order to be allowed to take higher ductile capacity of the building into 
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account (analysis II and analysis VI). Furthermore, two types of base isolation are applied in order to 

elongate the natural period of the building. These two types are elastomeric lead rubber bearings and 

friction pendulum bearings (Analysis III, IV, VII and VIII). 

 

1.3 Demarcation 

As the topic on earthquake engineering is a very broad term, the demarcation of the project is 

discussed here. Regarding the amount of mitigation and strengthening methods which are available, 

one strengthening method and two types of base isolation are researched as the time span of this 

master thesis does not allow for more strategies to be taken into account. Furthermore, the soil 

conditions are not taken into account. Regarding the soil conditions, type A soil is assumed to be able 

to work with national standards. In addition near side effects are not taken into account. Near side 

effects are effects which can occur due to an earthquake such as liquefaction where the soil loses all 

its stability due to mixture of the ground with soil water because of the earth shaking. At last a 

demarcation is made regarding the foundation of the structure. The model is calculated above ground 

level, meaning that the foundation is not considered in this research. 
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2 Literature 

 

2.1 Induced and tectonic earthquakes 

When the pressure in the ground drops due to acquiring gas, stress changes may occur in different 

ground layers. As a consequence of these stress changes, the ground may start to move along existing 

fracture lines, which is an induced earthquake (NAM, 2017). Figure 1 shows the movement of the 

ground due to pressure drops in soil layers along existing fault lines. 

As the Nederlandse Aardolie Maatchappij (NAM) in the early sixties of the 20th century started with 

the gas drilling in the region of Groningen (NL) no induced earthquakes were present. The first 

earthquake in this region was measured on the 26th of December 1986. These earthquakes occur 

due to the removal of gas at a depth of around 3km. At this depth porous sand-stone layers and gas 

contribute to the strength of the ground layer. When the gas layer is removed bit by bit, the 

pressure on the present sand-layer increases which as a result is compressed. This results in a 

settlement. When this settlement occurs suddenly along an existing fault line, it is called an induced 

earthquake (KNMI, Aardbevingen door gaswinning, 2017). These earthquakes are a big point of 

discussion in Groningen for house owners and the government, as buildings in this region are not 

designed against earthquake loadings. For practical reasons a temporary code of practice is written 

NPR 9998 for structural analysis under earthquake loading which is available since 2015 and 

renewed in June 2017. 

On the other hand there are tectonic earthquakes, which are caused by the movement of tectonic 

plates. The earth’s crust comprises a collection of unyielding, asymmetrically shaped plates known as 

tectonic plates (Macken, 2017). There are nine major plates: Antarctic, Indo-Australian, Eurasian, 

South American, North American, African, Cocos, Zazca and the Pacific plate. Earthquakes are more 

common to occur at the boundaries of these plates, where 2 or more plates come together. The 

tectonic plates move with a speed of several centimetres per year. These movements cause great 

stresses in the earth’s crust because plates move against each other. Once they suddenly slip, these 

Figure 1 Mechanisms for Inducing Earthquakes (Source: Earthquakes Science Center, USGS). 
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great stresses are released and cause the earthquake with possible devastating consequences (KNMI, 

Aardbevingen door gaswinning, 2017). The Netherlands do not suffer that much from tectonic 

earthquakes because the Netherlands is located in the middle of a tectonic plate (Eurasian plate) 

where the consequences are minor once these stress releases take place. In April 1992 there has been 

a rare significant earthquake in the southern of the Netherlands due to seismic activity, where it 

occurred on a fracture line with a magnitude of 5.8 on the Richter scale (KNMI, Natuurlijke 

aardbevingen, 2017). 

In Italy these tectonic earthquakes are more likely to occur because Italy is located at the border of 

two major plates (African and Eurasian plates). Ca. 5 million years ago these plates collided with as a 

result the forming of the Alps. Since they collided the interaction between the plates became less, as 

a result of this stress release between the two plates, the Alp mountains slowly break apart. This falling 

apart can occur in shocks which are the tectonic earthquakes occurring (NOS, 2018). 

 

2.2 Standards on earthquake loads 

As the building is calculated against “normal” situations, it is of importance how the building will 

behave when exposed to seismic loads. Therefore use is made of the standards NPR 9998 version 2015 

and 2017. These two versions were compared and a decision was made which one was going to be 

used. In addition an Italian situation is considered. The main question is how does the building behave 

under seismic loads according to the NPR and the NTC. Two main cases are applied, one where a 

reference peak ground acceleration is used based upon geographical information from Groningen 

(Netherlands) and one where the peak ground acceleration is based upon L’Aquila (Italy). 

A good representation of the damage occurring due to earthquake loads is the usage of damage 

indices. This damage index is the relation between the ultimate deformation capacity of a member 

and the occurring displacement. In case of a member in tension for example, this index is the 

elongation occurring and the elongation at rupture. When the damage index is 0.0, there is no damage 

and when the damage index is 1.0 there is total collapse. It is assumed that the Damage Indices which 

are lower than 0.4 are less enough to be economically justified to repair. Between 0,4 and 1.0 the 

damage is such that rebuilding the building is economically more attractive (Okada & Takai, 2000). 

 

Comparison NPR 9998 version 2015 and version  2017 

In the Netherlands designing against earthquake loadings is relatively new. As the earthquakes 

occurring due to gas extraction in the Groninger field only started recently. Therefore in 2015 a first 

attempt was made on providing guidelines for designing against earthquake loads. These guidelines 

connect to the Eurocode 8 which is about earthquake loadings. Since the NPR 2015 was first 

introduced, new insights have been developed regarding the intensity of earthquakes, the resistance 

of buildings in the region and calculation methods. These new insight were the reason for the Dutch 

norm institute (NEN) to actualise the 2015 version of the NPR (Dutch Practical Guideline) for 

earthquake resistant buildings. The improvement is namely on the focus per location instead of 

general area guidelines (NCG, 2017). Figure 2 shows the KNMI hazard map which is introduced to 

indicate which ground accelerations can be expected at certain locations for the NPR 2017  version. 
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Figure 2a shows the hazard map of the 2015 version. In addition figure 2b shows the 2017 version. 

 

In the article of the National Coordinator Groningen (2017), the differences between the NPR 2015 

and NPR 2017 are pointed out. In the NPR 2015 only peak ground accelerations are taken into account, 

however, in the NPR 2017 also the effects beneath the ground are taken into account. 

Regarding calculations method, a more clear division is made between situation where buildings need 

to be strengthened or not, this should help the structural engineer to determine what to do. 

Furthermore, falling objects are better captured in the new NPR. For example inner walls and 

balcony’s, these can now be better judged and if needed strengthened. 

 

Response spectrum 

The response spectra according to both version are constructed and compared. As reference peak 

ground acceleration the location is taken at the location of the DUO in Groningen, address 

Kempkensberg 12, 9722 TB Groningen. ag;ref = 0,1 g. With the peak ground acceleration the elastic 

response spectrum can be determined according to NPR 2015. Some additional information is needed 

Figure 2 a) Seismic hazard map 2015 (NPR 9998 2015). B) Seismic hazard map 2017 (KNMI 2017) 

a) 

b) 
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such as the consequence class and the viscous damping. The viscous damping is taken as 5 % which is 

relatively high for a steel structure. The consequence class is CC3 according to the assumptions made 

in the preliminary design. The steps which need to be performed to construct the elastic response 

spectrum are shown here below from a until e according to NPR 9998 2015. Figure 3 Shows the elastic 

response spectrum according to the 2015 version of the NPR. Figure 4 shows the elastic response 

spectrum according to the 2017 version of the NPR obtained by the web tool available in that NPR 

with on vertical axis the acceleration and on horizontal axis the time in s. 

 

a)  ag;ref = 0,1 g  

b)  Ss = 2,2 * ag;ref * kag = 2,2 * 0,1 * 1.9 = 0,418 

 S1 = 0,654 * ag;ref * kag = 0,12426 

c) Fa = -0,50 * ln(ag;ref * kag ) + 0,65 = 1,48 

 Fv = -0,87 * ag;ref * kag  + 2,44 = 2,27 

d) Sms = Fa * Ss = 0,62 

 Sm1 = Fv * S1 = 0,28 

e) Tb = 0,2 * Tc = 0,12 

 Tc = ����
���  = 0,62 

The elastic response spectrum can be drawn using the following intervals: 

T=0  Se(T) = 
���

�  = 0,13 

0 < T < TB Se(T) = 
���

�   x (1 + 
	

	
 x (n x 3-1)) = (variable) 

TB < T < Tc  Se(T) = SMS x n = 0,40 

Tc < T Se(T) = 
���

	�  x n = variable 

Figure 4 Elastic response spectrum version NPR 2017 

Figure 3 Elastic response spectrum version 2015 



 

 

14      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

 

Regarding the elastic response spectrum there is a difference between the two versions of the NPR. 

In the NPR 2017 an extra consequence class is introduced which is CC4 which apply for buildings which 

are part of the governmental calamities plan. Furthermore the elastic response spectrum may be 

determined using a web tool. In this web tool, the location of the construction site can be filled in and 

the elastic response spectrum is given. In addition an extra branch in the spectrum Td is introduced 

which is the beginning of the constant displacement response. 

 

Conclusion comparison NPR 2015 and 2017 

As can be seen for the same location, the NPR 2015 is quite conservative compared with the elastic 

response spectrum for the NPR 2017. This has several reasons. Also the reference peak ground 

acceleration is a bit lower in the NPR 2017 for the given location. This is because the map of NPR 2015 

is rather rough in comparison with the accurate information obtained from the web tool belonging to 

NPR 2017. Furthermore in the NPR 2015 the values are not multiplied with an importance factor. 

When figure 2a and figure 2b are compared it can be seen that the NPR 2015 is quite conservative 

compared to the NPR 2017. The peak ground reference acceleration for the NPR 2017 is lower and 

with that the maximum of the peak ground acceleration. Furthermore the horizontal branch of the 

top is longer in the NPR 2015 compared to NPR 2017 which is also very conservative. Though both 

standards may be used, the NPR 2015 is chosen as this is the most conservative one, one could argue 

whether this is too conservative. For the purpose of this project this has no influence as it is the goal 

to achieve a reference earthquake behaviour which then can be optimized. So this discussion will only 

result in lower or higher forces, however the goal stays the same, which is the eventual solution to 

the earthquake loads. 

 

NTC’08 standard of Italy 

As the Italian code is only available in Italian and the writer of this thesis does not possess the ability 

to speak Italian, use is made of an article from Filippo Santucci de Magistris (2011), who wrote an 

article about the relation between Eurocode 8 and the new Italian seismic code NTC version 2008. The 

NTC version of 2008 is the governing code in Italy. 

As the goal of the project is to compare the impact of an induced earthquake and a tectonic 

earthquake an Italian situation is taken into account. In this situation the design of the data centre is 

placed at a location in Italy. This location is chosen somewhere in L’Aquila (IT) where a major 

earthquake took place on the 6th of April 2009. This place is located in the region of Abruzzi in the 

centre of Italy. 

The earthquake resulted from normal faulting on the northeast-southeast trending Paganica Fault. 

For more than three months after the main earthquake, the National Institute of Geophysics and 

Volcanology, using portable network of seismometers, continued to detect thousands of aftershocks 

(Ray, 2018). The main earthquake had a moment-magnitude Mw of 6.3 according to the USGS (United 

States Geological Survey). This scale represents the energy which is released during an earthquake. 

This magnitude is the quantity proportional to the slip on the fault times the area of the fault surface 

that slips, which is the total energy related to the total energy released in the earthquake ( (USGS, 

2018). This moment defines how much force is needed to generate the recorded waves, that 

information is plugged into the moment magnitude scale to give the amount of energy that is released 

during an earthquake (IRIS, 2018). 

 

Regarding safety, the Italian code considers different safety levels to be reached depending on the 

typology of intervention that is going to be realized on the building.  The Italian code states a fixed 

safety level which has to be necessarily reached only in case of seismic upgrading, that is in case of 

heavy and wide interventions (Borri & De Maria, 2009). 
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According to Eurocode EN 1998-1, 2003 each national territory is subdivided into seismic zones, 

depending on the local hazard. An attempt for this hazard map is made by the Dutch national annex 

using a web tool. Regarding the Italian situation, in each seismic zone, the hazard is assumed to be 

constant and is described using the reference peak ground acceleration on outcropping bedrock agR 

(Magistris, 2011). 

The Italian guidelines follow the so called “performance based design approach”, requiring analysis of 

geotechnical systems under two different seismic events, with different returning periods. For 

frequent earthquakes, it is required that a geotechnical system exhibits good performance, satisfying 

the typical requirements of a damage limit state. For rare events, it is required that a geotechnical 

system exhibit different performances based upon the purpose of the structure. This last demand can 

be compared with the way of classifying buildings into the three different consequence classes CC1, 

CC2 and CC3 and their performance after an earthquake. 

The Italian code which is called “new technical code for construction (NTC, 2008) was officially 

adopted in July 2009 due to pressure of the public opinion after the L’Aquila earthquake in April 2009 

(Magistris, 2011). 

The reference peak ground acceleration for each seismic zones corresponds to the reference return 

period TN,CR of the seismic action for the no-collapse requirement. So when another reference return 

period or performance demand is needed, the ground acceleration becomes (ag = γ1 * agR) where γ1 is 

the importance factor and depends on the consequence class. 

 

Eurocode 8 prescribes that structures in seismic regions comply with both the no-collapse and the 

damage limitation requirement. However the NTC describes more limit states compared to the 

Eurocode 8. In the national code of Italy the following limit states are described. 

 

Two damage limit states: 

- SLO (Operability limit state) after an earthquake, the entire structure, including its structural 

elements, nonstructural elements. 

- SLD (Limit state prompt use or damage) after an earthquake, the entire structure, including 

structural elements, nonstructural elements, and equipment relevant to its functionality, has 

damage that does not compromise its stiffness and resistance against vertical and horizontal 

actions. The structure is ready to be used but the apparatuses might be subject to 

malfunctioning. 

Two Ultimate limit states: 

- Limit state for the safeguard of human life (SLU): after an earthquake, the construction is 

affected by failures and collapses of nonstructural components and equipment and significant 

damage to structural components that result in a significant reduction of stiffness and 

resistance against horizontal actions. The construction retains significant stiffness and 

resistance against vertical actions and retains, as a whole, a significant safety margin against 

collapse from horizontal seismic actions. 

- Limit state for collapse prevention (SLC): after an earthquake, the construction has suffered 

serious failures and collapses of nonstructural components and equipments and very serious 

damage to structural components that result in a substantial loss of stiffness and a contained 

loss of resistance against horizontal actions. The construction retains a significant stiffness and 

resistance against vertical actions but has a small safety margin against collapse from 

horizontal actions. 

These limit states have interaction with the returning period of design earthquakes. According to the 

code the probability of exceedance of the seismic action during the reference period varies with the 
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limit state shown in figure 5 (Magistris, 2011). In addition equation 1 shows the formula to calculate 

the returning period of an earthquake . 

 

Figure 5 Variation of the probability of exceedance of the seimic motion for differeent limit states 

When applying this formula for a normal building with a nominal life of 50 years and calculated in the 

ultimate limit state, the returning period is 475 years (P=10%). Regarding Italy, there is now a tool 

incorporated into the NTC that allows determination of the PGA and the design spectrum at each 

location in the territory for earthquakes with different returning periods. Magistris made a comparison 

between the PGA with a returning period of 475 years for the same location using previous seismic 

code which had gross subdivision of the national territory and the current NTC. This was done for the 

city of Termoli, where the previous code gave a PGA of 0.15 g and the NTC gave a PGA of 0.128 g. 

Similar conclusions were made in the Dutch code, where the old NPR gave more conservative values. 

However due to new more accurate insights, the PGA can be predicted more accurate. 

In this research the hazard map from the NTC is used to determine the PGA. The location of L’Aquila 

is used with the 50th percentile distribution. Furthermore a seismic hazard analysis is made for the city 

of L’Aquila for other returning periods and variation of estimates (16th and 84th percentile). 

 

Figure 6 seismic hazard map for the region of L’Aquila (AQ) 

obtained by the Italian webtool. 

Equation 1 Formula for calculating the returning period of an earthquake event 
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Using figure 6 the PGA for specific situations can be determined and the elastic response spectrum 

can be determined using Eurocode 8. Figure 7 shows the result of different returning periods inserted 

in the web tool shown in figure 6. With this reference peak ground acceleration the elastic response 

spectrum according to NTC can be determined. Furthermore the checks performed are the same 

checks made in the analysis according to NPR 9998. Therefore, only the PGA from the Italian hazard 

map is taken and applied according to Eurocode 8. For each seismic zone the reference peak ground 

acceleration agR corresponds to the reference probability of exceedance in 50 years, PNCR of the seismic 

action for the no-collapse requirement (G. Solomos, 2008). According to Eurocode 8 a reference return 

period for the no-collapse is taken as 475 years and for the damage limitation state a return period of 

95 years is taken. 

 

2.3 Dynamics 

What happens to a structure during the event of an earthquake is explained using a single degree of 

freedom system. In normal structural analysis (without earthquake loading), the response of a 

structure is calculated under static loads, however, in the case of an earthquake the dynamic response 

of an structure is of interest (Wijte, 2017). 

In case of an earthquake, the ground will move during a certain amount of time. The difference in 

movement of the building (um) and the ground (ug) can be schematized as a single degree of freedom 

system as in figure 8. In this single degree of freedom system, the mass (m) represents the building, k 

is the stiffness of the building and c is the damping coefficient. These parameters are needed to 

determine a structures natural period. 

Figure 7 Seismic hazard analysis for the city of L'Aquila for differenct returning periods (data used from NTC 

tool http://esse1-gis.mi.ingv.it/s1_en.php?restart=0) 
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Figure 8 single degree of freedom system of a spring ; source: seismic lecture 2 dynamics 2 S. Wijte 

The force in the spring Fs will be the result of the difference between the displacement of the mass um 

and the displacement of the ground ug. 

 

Fs = k(um - ug) 

 

The force in the damper will be the result of the difference between the velocity of the mass vm and 

the velocity of the ground vg. The velocity is expressed as the first derivative of the displacement. 

 

FD= c(úm - úg) 

 

Of great importance in this system is the First law of motion by Isaac Newton. "A body at rest will 

remain at rest, and a body in motion will remain in motion unless it is acted upon by an external force 

(Newton, 1687)”. 

 

D ’Alembert (1717 – 1783) found a way to approach a dynamic problem in a static way. The principle 

of virtual work states that the sum of the incremental virtual works done by all external force Fi acting 

in conjunction with virtual displacements δsi of the point on which the associated force is acting is 

zero 

 

δW = ∑ �� ∗ ���� =0 

 

This technique is useful for solving static problems, with static forces of constraint. A static force of 

constraint is one that does no work on the system of interest, but merely holds a certain part of the 

system in place. In a statics problem there are no accelerations. For each parcel of matter in the system 

with mass m, Newton’s second law states that 

 

F = m * a 

 

By defining an inertial force this dynamic problem can be made look like a static problem. From a 

motion there is now equilibrium by countering the motion with the same magnitude in opposite 

direction 

 

F* = - m * a 

 

D ’Alembert’s  principle is just the principle of virtual work with the inertial forces added to the list of 

forces that do work: 

δW = ∑ �� ∗ ���� + ∑ ��∗ ∗ ����  =0  
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To better understand these principle of D ’Alembert and Newton, the most common single-degree of 

freedom system consisting of a mass combined with a linear translational spring is used. Figure 9 

shows that linear spring system. This system represents a one storey building and can be expanded to 

a multi-degree of freedom system representing the data centre. 

 

Figure 9 Single degree of freedom system ; (Blauwendraad, 2005) 

The spring of the single DOF system represents the resistance of the structure against deformation so 

that the spring stiffness equals: 

k = 
��
�  

This leads to: 

u = 
����

������ �!"  

k = 
��
�  = 

�#���� �!"
��  

The spring system shown in figure 10 is in equilibrium if the resultant forces (force from the spring and 

the inertia force) are in equilibrium. This state of equilibrium can be described by the a differential 

equation and is also called the equation of motion. 

m * a(t) + k * u(t) = 0 

a = acceleration which can be written as the 2nd derivative of the displacement 

dividing this equation by the mass, with ωn = � $
� which is the natural circular frequency, this formula 

can be written as: 

%�(')
%'� + )*�u(t) = 0 

Figure 10 Equilibrium state of  SDOF spring system; source: seismic lecture 2 dynamics 2 S. Wijte 
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This equation holds stand when u(0) = 0, however that is the initial state which is of none interest. 

This equation forms the basis for the equation made in the FE-model and can be solved by substituting 

boundary conditions. 

 

Damping the structure using base isolation 

The differential equation for a single degree of freedom system is given by equation 2.2.1a from the 

book of A. Chopra dynamics of structures 4th edition (2004). 

 
Furthermore, Copra describes the relation between damping and free vibration as follows. When 

this differential equation is divided by m, the following formula remains: 

 

Where ωn is the natural circular frequency given by � $
�. Furthermore, the damping ratio which can 

also be named the fraction of critical damping is given by. 

+ =  -
-�. with the critical damping coefficient being /0 = �$

1". 

 

Where the damping constant c, is the representative of the dissipated energy in a cycle of free 

vibration. Furthermore, Chopra states that the intention of applying damping to a system is to 

elongate the natural period of the structure, which is the same as lowering the natural circular 

frequency. As a result, when referring to the elastic response spectrum, meaning lower accelerations 

exhibited on the structure. However, he also states that for damping ratios below 20% this effect of 

damping is negligible This range of 20 % is the range of which most structures fall within.  Figure 11 

shows this relation between natural period and damped natural period 

Figure 3 Effects of damping on the natural vibration frequency (Anil K. Chopra, 2015) Figure 11 Effects of damping on the natural vibration frequency (Anil K. Chopra, 2015) 
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2.4 Analysis procedures and structural regularity 

Figure 12 shows the available methods of analysis regarding seismic loading. The available methods 

can be divided in four main methods of analysis which are, lateral force methods, response spectrum 

analysis, non-linear push over analysis and non-liner time history analysis. Which method should be 

used depends on the design as the standards prescribe requirements per method to be allowed to 

use. 

Regarding the lateral force method, the seismic response of a structure is namely determined by the 

first vibration mode of a building. The contribution of higher modes can be neglected. Regarding the 

modal response spectrum analysis, multiple vibration modes which contribute significant to the 

seismic response are taken into account. In a time history analysis the structure is analysed at different 

moments of time interval providing the capability to take varying loading into account which is the 

case during the event of an earthquake. As a linear elastic load gives a good representation of the 

behaviour in the limit state of the design and where thus yielding occurs first, it does not account for 

redistribution. With a non-linear static analysis this behaviour can be predicted more accurately and 

vulnerable parts in the structure can be exposed (Leslie, 2013). During the process of a non-linear 

static pushover analysis, the structure is as the name already says pushed over until failure or a set 

value regarding displacement is reached. This is done by monotonically increasing the lateral load 

applied in steps. The static pushover analysis is a partial and relatively simple intermediate solution to 

the complex problem of predicting force and deformation demands imposed on structures and their 

elements by severe ground motion (Krawinkler, 1996) 

 

Figure 13 from the NPR 9998 2015 shows the requirements per linear analysis procedure. As the 

building design of the reference project in this master thesis does not full fill the requirements for 

the lateral force method, the modal response spectrum analysis is chosen for seismic analysis. 

Analysis 
procedures

Lateral force 
method

Modal response 
spectrum analysis

Pushover analysis

Time history 
analysis

Figure 12 Four different type of seismic analysis 
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Regarding all the requirements with respect to the regularity in plan and elevation is referred to NPR 

9998 2015. These requirements are divided into requirements in horizontal direction and in vertical 

direction. 

Horizontal direction 

- Stiffness in horizontal direction and mass distribution 

- Compact plan 

- Horizontal stiffness must be sufficient to minimize load spreading effects due to deformation 

regarding load transfer to vertical elements 

L, C, H, I and X shaped plan views need extra attention for this aspect 

- Lmax/ Lmin < 4, length width ratio 

- At every level, the structural eccentricity and torsion radius must be 

- deformation patterns from individual systems are not very different (framework systems 

and wall systems) 

 

Vertical direction 

- Lateral load resisting systems must be continuous until the roof or in the presence of 

additions until the reference level 

- Lateral stiffness and mass is continuous over all levels or decreases linear without sudden 

changes from bottom till top 

- Framework systems do not have sufficient ratio differences in resistance between storeys 

- In the presence of indentations extra attention needs to be paid according the code 

 

Since the building has different storey heights in the data hall and the office area and in addition a 

major setback on the 8th storey, the requirements regarding regularity are not met for the lateral force 

method. Therefore a special model using modal response spectrum analysis is used. 

2.5 modal analysis and modal response spectrum analysis 

Modal analysis 

To determine the structures response to an earthquake by making use of a modal spectrum analysis, 

a study towards the structures dynamics needs to be performed. In other words, the natural period 

of the different vibration modes of the structures need to be determined. Regarding a single degree 

of freedom system there is only one vibration mode. Of this system the natural period can be 

determined using equation 2. 

Figure 13 Building characteristic and the allowed analysis procedure ; source NPR 9998 2015  table 4.1 
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Tn = 23 ��
$  

Equation 2 Formula to determine the natural period of a single degree of freedom system 

For a multi degree of freedom system the natural period of the different vibrational modes can be 

determined using a modal analysis, which is a dynamic analysis where accelerations are taken into 

account. This is not the case in a quasi-static analysis, which is performed when calculating the building 

without the impact of earthquake loads. Because the modal analysis which can be performed by a FE 

program such as SCIA-Engineer, it is good to verify those results. Therefore use is made of Rayleigh’s 

method to determine the first natural period in both x and y direction. Rayleigh’s method is based on 

an alternative determination of natural period based on energy. When the system is not damped, the 

sum of the potential and kinetic energy remains constant. 

 

Figure 14 Example of the natural period for a two degree of freedom system : source: seismic lecture 2 dynamics 2 S. Wijte 

As can be seen in figure 14 the natural period of the data centre according to Rayleigh’s method must 

be determined with the equivalent force per storey. The natural period can then be determined using 

the natural circular frequencies. 

 

Tn = 
�4
Ϣ" 

 

Modal response spectrum analysis 

The calculation is performed according to the modal response spectrum analysis. In general the design 

meet the requirements made in NPR 9998 2015 4.3.1.2 for a representative model. The floors are 

assumed to be rigid in their plane such that masses may be taken in the centre of gravity of the floors. 

Non-constructive elements which contribute to the behaviour of the structure have to be taken into 

account. 

Regarding accidental torsional effects the criteria of NPR 9998 2015 4.3.2 is taken into account in the 

form of an extra load case with accidental eccentricity. This accidental eccentricity is 5 % of the length 

perpendicular of the direction of the considered seismic action. So in case of the design of the data 

center namely for the case where the seismic action in y direction is considered the accidental 

eccentricity is relatively large because of the length of the building in x-direction. 

 

As stated the seismic response of a building depends on the natural period and its vibration modes 

depending on the degrees of freedom of the structure. Regarding these vibration modes different 

amount of masses are activated during the event of an earthquake. According to the NPR 9998 2015 

all vibration modes with significant contribution must be taken into account during the response 

spectrum analysis. 
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- The sum of the effective activated masses of the considered vibration modes in the considered 

direction is at least 90 % 

- All vibration modes with an effective activated mass larger than 5% of the total mass are taken 

into account. 

2.6 Structural behaviour 

Different types of structures act different during earthquake loadings. The behaviour depends on the 

stiffness and the mass of the building. In addition the ductility of the structure exposed to earthquake 

loading plays a big role in the capacity for energy dissipation. If elements are meant to dissipate energy 

there must be sufficient deformation capacity of the structure. This deformation capacity is the 

relation between the elastic plastic response of the structure and the response of a structure assuming 

a full elastic response as shown in figure 15 with the force on vertical axis and the displacement on 

horizontal axis. 

The behaviour factor is the ratio between the elastic force and the yield force of the structure, 6 = �7 
�8  

The ductility is the ratio between the maximum displacement and the displacement of the structure 

at the point where yielding occurs. μ= 
�9:���� %��;<9-=�=*'

�9:���� =<9�'�- %��;<9-=�=*' = 
�!>?

�  

If a structure is not capable of dissipating energy the behaviour factor is 1.0 and the structure behaves 

fully elastic. By allowing for plastic deformation to occur in dissipating areas energy (forced 

displacements due to earthquake loading) can be dissipated. This deformation capacity is captured in 

a behaviour factor q. Eurocode 8 describes a way of taking plastic deformation into account by 

multiplying the elastic deformations with the behaviour factor q as shown in equation 3. 

Eurocode 8 describes a way of adapting a certain behaviour factor at the condition that the energy 

dissipation occurs at the place where it should occur. This means that the structure should be designed 

in a way that plastic deformation occurs in the members which are part of the dissipative zone. 

The aptitude of steel members for consuming energy is essential in dissipative zones. Therefore, with 

higher ductility, the use of cross sectional class 1 is very important. With these cross sections, plastic 

hinges can develop with the rotation capacity required by the plastic analysis without any reduction 

of its resistance (M. Matejcekova-Farhat, 2013). In the case of a stability system with X-bracings, 

energy dissipation is only allowed in the tension diagonals. This means that the connection of the 

Figure 15 Equivalence of ductility and behaviour factor,  assuming equal elastic and inelastic 

displacements (Elghazouli, 2009) 

Equation 3 Displacement calculation (4.23 EC-8-1) 
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brace to the beam-column should be designed with over strength to assure that yielding will occur in 

the diagonals. Therefore equation 4 can be used to determine the resistance of non-dissipative 

members. 

 
Equation 4 Over strength for non-dissipative members according to Eurocode 8 

In which the γov is the over strength factor which is applied to take different yield strengths of materials 

into account. A building is designed with a yield strength, but the actual yield strength is often 

relatively higher (P.A. Teeuwen, 2016). 

To prevent plastic hinges to occur in the non-dissipative zones, these zones should be designed with 

over strength. The effect of real strength and design strength is shown in fig 16. As the design strength 

is assumed with a certain level of safety by using a lower strength then the real strength. As a result 

of this safe assumption, yielding can take place in members which are not supposed to yield. By using 

plastic behaviour, the maximum internal forces due to a shock load can be limited. This requires 

ductile behaviour of the structure. A deformation capacity of the structure should be available. 

Due to the plastic behaviour a part of the energy of the dynamic load is dissipated by the structure 

Standardized values account for a minimum level of ductility based on a large number of accurate 

calculations of various structures. Figure 17 shows the minimum behaviour factor per structural 

system. 

Structural type of the data center is b) Frame with concentric bracings – diagonal bracings. According 

to ductility class DCM the behaviour factor is 4. However, since the building is irregular in height 

Figure 16 Parameters used in R evaluation (S. Rahjoo, 2014) 

Figure 17 Upper limit of reference values of behaviour factors regular in elevation table 6.2 from Eurocode 8 
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(different storey heights) the behaviour factor is decreased with 20%. The behaviour factor for the 

design response spectrum therefore becomes, q = 3.2. Additional requirements should be met 

regarding structural detailing to be allowed to assume a ductile behaviour. Section 6.7 from Eurocode 

8 specifies those requirements. One of those requirements is that yielding of the diagonals in tension 

will take place before failure of the connections and before yielding or buckling of the beams or 

columns. Additionally the response of the diagonals in –x and x direction and –y and y direction should 

be similar. The diagonals must have a non-dimensional slenderness @̅ of 1.3 < @̅ 2.0. The upper bound 

of this non-dimensional slenderness is to prevent the situation where one diagonal is deformed plastic 

in one direction and the instable situation which occurs when the force changes direction and the 

longer diagonal buckles while the supposed diagonal in tension at that moment is not in tension yet 

provides a situation where the building is not stable for a moment. 
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2.7 Seismic rehabilitation strategy 

Rehabilitation strategy is the collective name of all the measurements taken to satisfy the seismic 

demand of a building design. There a several types of rehabilitation methods available on the market. 

The combination of chosen methods together form the rehabilitation strategy of a building design. 

Figure 18 shows the available methods to provide a seismic rehabilitation strategy with as goal to 

reduce seismic impact on the superstructure. The figure shows a tree diagram which can be divided 

into two main types. The first one is structural improvement, where the structure itself is adjusted to 

improve behaviour under seismic loads. The second one is nonstructural which can also be named 

“mitigation” methods where special devices are added to the structure in order to imrove the overal 

seismic behaviour. 

Rehabilitation Strategies

Structural

Local modification

Local strengthening

Local corrective measures (increse 
deformation capacity)

Irregularities and 
Discontinuities

Braces frames or shear walls to balance 
distribution of stiffness and mass

Partial demolition (significant impact)

Global  structural 
stiffening

Braced Frames or shear walls

Global Structural 
Strengthening

Braced Frames or shear walls

Mass reduction Mass reduction

Nonstructural (Devices)

Seismic isolation

Elastomeric Bearings

Lead rubber bearings

Sliding friction pendulum

Passive energy 
dissipation

Metallic dampers

Friction dampers

VE Dampers

Viscous fluid dampers

Tuned mass dampers

Tuned liquid dampers

Semi-active and 
active control

Active bracing systems

Active mass dampers

Variable stiffness or damping systems

Smart materials

Figure 18 Overview of different seismic strengthening and mitigation methods 
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2.7.1 Structural improvement 

In this thesis study, one solution which is investigated is structural improvement. As a result of 

structural improvement higher ductility may be taken into account. This higher ductility allowing for 

larger deformations to occur result in energy dissipation which lower the internal forces introduced 

in the structure during an earthquake. The structural detailing is also referred to the “Capacity design 

concept”, where several elements are designed to deform plastically while other elements stay in the 

elastic phase (Seismic Resilience, 2018) 

 

Local modification 

Local modification is the strengthening of elements without changing the buildings configuration. 

Adjustments are made in elements and connections where not enough deformation capacity, strength 

or connectivity is present. Local strengthening allows one or more understrength elements or 

connections to resist the strength demands predicted by the analysis, without affecting the overall 

response by the analysis (FEMA, 1997). Local corrective measures that improve the deformation 

capacity or ductility of a component allow it to resist large deformation levels with reduced amounts 

of damage, without necessarily increasing the strength. 

 

Irregularities and discontinuities 

Stiffness, mass and strength irregularities are common causes of undesirable earthquake 

performance. If the values of structural displacements, DCRs, or inelastic deformation demands 

predicted by the analysis are unbalanced, with large concentrations of high values within one story or 

at one side of a building, then an irregularity exists (FEMA, 1997). Braced frames or shear walls 

Torsional irregularities can be corrected by the addition of moment frames, braced frames, or shear 

walls to balance the distribution of stiffness and mass within a story. Discontinuous components such 

as columns or walls can be extended through the zone of discontinuity. Partial demolition can also be 

an effective corrective measure for irregularities, although this obviously has significant impact on the 

appearance and utility of the building, and this may not be an appropriate alternative for historic 

structures. 

 

Global Structural stiffening 

Flexible structures tend to behave poorly in earthquakes because critical components do not have the 

necessary order of ductility or toughness to resist large lateral deformations (FEMA, 1997). Braced 

frames or shear walls are an effective measure to add stiffness which can take the large lateral forces 

to reduce large lateral displacements 

 

Global Structural Strengthening 

Some existing buildings have inadequate strength to resist lateral forces. Such structures exhibit 

inelastic behaviour at very low levels of ground shaking. Analyses of such buildings indicate large DCRs 

(or inelastic deformation demands) throughout the structure (FEMA, 1997). Braced frames and shear 

walls are effective solutions to provide supplemental strength to lateral forces due to earthquake 

ground shaking. So the threshold of ground motion at which damage occurs can be higher. 

 

Mass reduction 

The mass is directly related to the magnitude of the lateral force which a building needs to transfer 

during an earthquake referring to Newton’s second law of motion which states that F=m*a. Reducing 

the mass directly lowers the lateral force which occurs during ground motions. 

 

2.7.2 Seismic mitigation methods 

In this thesis study, improving the structural behaviour by strengthening the strucure to allow for 

higher ductility to take into account is researched. Furthermore, the use of base isolation is researched 
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where two different types of base isolation are applied. Different types of mitigation methods are 

discussed here further of which elastomeric lead rubber bearing and sliding friction pendulums are 

used in this thesis. 

 

Elastomeric lead rubber bearings 

Seismic isolation is a mitigation method that protects the structure from the destructive effects of an 

earthquake. The seismic isolation bearings decouple the structure from the ground and provides it 

with damping. This decoupling allows the building to behave more flexibly which improves its 

response to an earthquake (Teratec, Seismic isolation bearings, 2017). Figure 19 shows an elastomeric 

lead rubber bearing from Teratec which is a supplier of base isolation systems. The added damping 

allows the earthquake energy to be absorbed by the isolation systems and therefore reduces the 

energy transferred to the structure. Base Isolation Systems or also known as Seismic Isolators consist 

of a laminated rubber and steel bearing with steel flange plates for mounting to the structure. The 

rubber in the isolator acts as a spring. It is very soft laterally but very stiff vertically. The high vertical 

stiffness is achieved by having thin layers of rubber reinforced by steel shims. These two characteristics 

allow the isolator to move laterally with relatively low stiffness yet carry significant axial load due to 

their high vertical stiffness. The lead core provides damping by deforming plastically when the isolator 

moves laterally during the event of an earthquake (Teratec, Base Isolation Systems, 2017). 

 

Sliding Friction Pendulum 

The Friction Pendulum isolation system combines two fundamental mechanisms. The frictional 

sliding of steel surfaces, which are separated by a Teflon layer and the motion of the slider on a 

perfectly spherical surface. Through these mechanisms, the device is able to re-center itself and can 

dissipate a large quantity of energy through sliding on a curved surface (P. P. Diotallevi, 2014). 

Furthermore, Diotallevi et. Al. describes the system of sliding friction pendulums as follow. The 

effects of seismic isolation can be studied through a linear elastic system with concentrated masses. 

Figure 20 shows an simplification of the model in which masses, stiffness and energy dissipation of 

the superstructure are distributed along the height of the building. The model is characterized by 

two degrees of freedom, lower part can move and the upper part can move. The horizontal 

displacements of the superstructure and of the substructure, indicated as us and ub respectively are 

shown in the figure, while ug represents the displacement of the ground.  

Figure 19 Lead Rubber Bearing (LRB) (Base Isolation Systems, 2017) 
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Figure 20 Two degree of freedom isolated system (P. P. Diotallevi, 2014) 
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3 Construction 

 

3.1 Architectural design 

For this master thesis a reference building is designed which is calculated without taking the effects 

of earthquakes into account. The building design will be a data center with room for a data hall (25.000 

m2), electrical equipment ((25.000 m2) and space for office area (20.000 m2). In addition the columns 

beams and stability system must be made out of steel. Regarding the floor system, a representative 

floor system must be chosen, which represents floor weights for such type of buildings. Figure 21 

shows the design of the data hall, where the first eight stories of the building house the data hall 

(indicated in grey) and electrical equipment and the top eight stories house the office area (indicated 

in red). From the beginning it was the goal to design a building with relatively large free spans of ca. 

10 m, therefore a grid of 12.8 x 7.2 is chosen. Here, the beams span 12.8 meter and the floor spans 

7.2 meters. The large free spans in the data hall and office area provide an open character in the 

building, resulting in the opportunity to easily change the room layout.  

The following dimensions apply to the design: 

x-direction: 

- Centre to centre distance columns: 7.2m 

- Total length x-direction:   100m  

- Length of office area x-direction: 44m 

y-direction: 

- Centre to centre distance columns: 12.8m 

- Total length y-direction:   64m  

z-direction: 

- Free storey height data hall:   7.1m 

- Free storey height office area:  4m 

- Total building height:   92m 

Figure 21 Design of the building, the red top houses the office area and the 

grey bottom storeys house the data hall function 
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3.2 Dimensions 

The columns and beams of the building design will be steal wide flange profiles. For the data hall HEB 

700 profiles will be used and for the office area HEB 600 profiles will be used. Regarding the columns, 

HD profiles ranging from HD 400 x 509 to HD 400 x 900 are used depending on the location in the 

buildings design. The calculations for multiple columns can be found in Annex A where the weight 

calculation of the columns can be found in Annex B. Regarding the floor system a hollow core slab is 

applied with on top a compression layer to assure the diaphragm action. Because of the compression 

layer, the floor is assumed to be rigid in the model. For the detailed calculation of the building is 

referred to annex A. Figure 22 shows the unity checks of the two types of diagonals A and B referring 

to figure 23 where it is pointed out where the types of braces are located. 

To assure stability of the model, concentric bracings are applied ranging from BFRL 380 x 50 to BFRL 

700 x 50 mm x mm. Figure 23 shows the configuration of the stability frame, where in the middle lane 

of the building three stability cores are situated and two stability frames are situated in the long 

facade. The diagonals are assumed to buckle easily when loaded in compression, therefore in the FE-

model the diagonals only in tension are modelled, since the analysis is linear elastic. At the façade the 

strips applied have smaller dimensions, however the unity checks are at a very safe side. This is 

because the building needs to have a certain amount of stiffness which could only be reached by 

increasing the dimensions of the diagonals. The forces used in the calculation are the governing forces 

observed in the design as not every diagonals is calculated and optimized. 

 

Circular hollow cross sections versus BFRL rectangular profiles for the diagonals 

Circular hollow cross section in comparison with strips have a relatively low slenderness. The buckling 

behaviour in general is better than for BFRL profiles. However in the original design without seismic 

loading, the diagonals in compression are allowed to buckle and the tension diagonals will then do all 

the work. The connection for rectangular profiles is much more easier and cheaper than a connection 

with circular hollow cross sections. 

 

Checks according to Eurocode 3 NEN-EN 1993-1-1 6.2.3 (6.6 &6.7)

Diagonals dimension Steel quality λ
-

Ned  (kN) Npl Rd (kN) NuRd (kN) U.C. A mm
2

Anetto Nbrd (kN) Buckle

A BRFL 700x50 S235 7.60583 3043 8225 7050.24 0.43 35000 27200 67.34 Yes

B BRFL 380x50 S235 7.60583 1826 4465 3265.92 0.56 19000 12600 30.88 Yes

Compression check

Figure 22 Unity check of the bracing systems for type A and Type B 

Figure 23 Locations of the two types of bracings systems, type A and type B 
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Because the connection with circular hollow cross sections becomes very laborious, BFRL profiles are 

chosen in the design without seismic loading. In the design with NFRL profiles, the compression 

diagonals buckle and the tension diagonals are fully loaded. When circular profiles were applied the 

compression diagonals would not buckle resulting in a very different model. The BFRL profiles applied 

have dimensions of 700x50 in the three cores and 380x50 in the façade. Figure 24 shows the principle 

of the design of the diagonals. 

 

Checks of the connection 

The connection of the diagonals to the beam is calculated based upon the forces in the lowest story 

of the building, where the forces in the diagonal are the highest due to horizontal actions. Regarding 

the connection with the BFRL 700 x 50 strips, eighteen bolts M24 are applied which have a shear 

capacity of 181 kN per bolt and rupture strength of the plate of 417 kN per bolt. Respectively a unity 

check of 0.94 and 0.41 for this connection. Figure 25 shows the principle of the connection with the 

amount of bolts and bolt distances together with the table where the checks are performed according 

to NEN-EN 1993-1-8 table 3.4. Regarding the connection with the BFRL 380x50 strips, eight bolts M30 

are applied which have a shear capacity of 283 per bolt and rupture strength of the plate of 245 per 

bolt. Respectively a unity check of 0.81 and 0.93 for this connection. 

 

Figure 24 Principle design of the diagonals 
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3.3 Loads 

Permanent loads and Variable loads 

The loads applied in the building design are divided into permanent loads and variable loads. 

Permanent loads are the loads which are always present in the building such as dead loads of 

elements. Under variable loads, the equipment of the data hall and presence of people is understood. 

The loads presented here below are taken to be the loads acting on a beam situated in the data hall. 

This include the load of: dead load of the beam, hollow core slab, roof installation, Electrical 

equipment servers and variable load in the server area. These loads are divided into load cases which  

can be combined in the FE-program. 

Figure 27 Stability system and the rigid floor in the FE-Model 

Checks according to Eurcode 3 NEN-EN 1993-1-8 (Table 3.4)

Bolt connection FEd Bolt Type Boltclass n FvRd per bolt (kN)Fvrd totaal u.c. vrd t (plate) S plate FbRd  per boltu.c. brd

(kN) (kN) (kN) (kN)

A 3043 M24 10.9 18 181 3254.4 0.94 50 S235 417 0.41

B 1826 M30 10.9 8 283 2262.4 0.81 50 S235 245 0.93

Figure 25 Principle of the connection of the diagonals and the table where the unity checks regarding the capacity design of 

the connection is shown. Type A and Type B refer to the type of diagonal 
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The Load Cases for the data hall are shown here below: 

 

Load Case 1: Dead load   =  3.17 kN/m1 

Load Case 2: Hollow core slab  = 4.29  kN/m2 

Load Case: Roof installations  = 0.5 kN/m2 

Load Case 4: MEP above Server  = 1.46  kN/m2 

Load Case 5: Variable load  = 12 kN/m2 

 

Regarding the safety class, the building is categorized in CC 3. Therefore the permanent loads have to 

be multiplied with a factor of 1.3 and the variable loads have to be multiplied with a factor 1.65. For 

the detailed calculations is referred to annex A. Furthermore in Annex A, the calculations of the office 

area is captured. 

 

Wind loads 

The amount of wind load which need to be taken into account depends on the buildings location and 

the height of the building. Buildings which are situated at the coastal area of the Netherlands without 

surrounding buildings are exposed to higher wind loads compared to buildings located in crowded 

areas which are situated in the inland. Since the fictive location of the design is in Groningen, the wind 

area is area II according to figure 28 which shows a map of the Netherlands divided into three different 

wind areas 

 

Figure 28 Map of the Netherlands divided into different wind areas 
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As a result, the wind load which need to be taken into account up until a height of 72m is 1.76 kN/2. 

Above the height of 72 m a wind load of 1.86 kN/2  needs to be taken into account, which is determined 

according to the height division of figure 29 out of the Eurocode. 

 

 

Furthermore because of the fact that the building is vulnerable to torsional effects at the top of the 

building in y-direction as the stability system is only located in the center, the wind load must be 

applied in a triangular  way at the front side, increasing from 0 to the maximum value calculated as 

shown in figure 30. 

Regarding the wind loads it is assumed that this wind loads does not act on the same time during the 

event of an earthquake. So the wind load is applied in a separate combination without seismic loading. 

Figure 29 Wind load division along the height of a building 

Figure 30 Application of wind load in case of a building sensitive to torsion. On the front side of 

the building, the wind load needs to be applied increasing from 0 to the maximum value 

calculated 
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The shear forces per storey only introduced due to wind are shown in figure 31 with the considered 

storey on vertical axis and the shear force shown on horizontal axis in kN. The maximum shear force 

is observed at base level which is 19 000 kN in y-direction and 16 000 kN in x-direction. 

  

Figure 31 Shear forces per storey due to horizontal loads for x-direction and y-direction 
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4 Results and analysis 

 

The model calculated without seismic loads is in this chapter exposed to earthquake loads according 

to two situations. Therefore multiple analysis are performed. The first analysis is the model from 

chapter 3 exposed to loads based on a reference peak ground acceleration according to the NPR 9998 

2015 where the building is placed in the city of Groningen with no improvements. The second analysis 

is the model from chapter 3 calculated with improved diagonals to be allowed to use a reduced 

response spectrum with a behaviour factor of 3.2 with a reference peak ground acceleration based on 

Groningen NPR 9998 2015. The third analysis is model from chapter 3 improved with elastomeric lead 

rubber bearing which is a type of base isolation with a reference peak ground acceleration based on 

Groningen NPR 9998 2015. The fourth analysis is the model from chapter 3 improved with sliding 

friction pendulums which is a type of base isolation with a reference peak ground acceleration based 

on Groningen according to NPR 9998 2015. The fifth analysis is the model from chapter 3 exposed to 

loads based on a reference peak ground acceleration in L’Aquila based on the NTC’08. The sixth 

analysis is is the model from chapter 3 calculated with improved diagonals and a reference peak 

ground acceleration for the location of L’Aquila according to the NTC’08. The seventh analysis is the 

model from chapter 3 improved with elastomeric lead rubber bearing which is a type of base isolation 

with a reference peak ground acceleration based on L’Aquila according to the NTC’08. The eighth 

analysis is model from chapter 3 improved with sliding friction pendulums which is a type of base 

isolation with a reference peak ground acceleration based on L’Aquila according to the NTC’08. 

 

4.1 Analysis I 

In this chapter the design of the data center is checked according to the requirements as described in 

NPR 9998 version 2015. The building is checked based upon the design calculated in chapter 3 which 

was checked against normal vertical and horizontal loads according to the Eurocode. 

 

The structural model from chapter 3 is built up with a stability system existing of concentric x-bracings. 

As calculated in chapter 3 the compression diagonals buckle under wind load and this is also assumed 

to happen under seismic loads. This is of importance with respect to the stiffness of the buildings as 

the stiffness influences the vibration modes of the structure and with that the response to 

earthquakes. Figure 32 shows one storey of the data hall from the FE-model. It can be seen that the 

diagonals are only placed in one direction. The analysis is performed linear elastic and modelling both 

compression and tension diagonals would result in a too stiff building since the modal analysis 

Figure 32 2nd storey of the data center where the diagonals are only modeled in one direction 



 

 

39      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

performed in the FE-program is not capable of excluding the compression diagonals when buckling 

occurs.  

Because the model from chapter 3 does not meet the requirements to take a high ductility into 

account regarding ductility class medium and ductility class high according to the Dutch standard the 

structure is first checked according to ductility class low where a minimum behaviour factor of 1.5 

may be applied. This behaviour factor accounts for some ductility being present in the structure and 

is applied to the elastic horizontal spectrum. Figure 33 shows the elastic response spectrum and the 

reduced spectrum with an applied behaviour factor of 1.5. The acceleration in m/s2 is shown on 

vertical axis and the time in s on horizontal axis. 

Figure 34 shows the result of the modal analysis performed in the FE-program SCIA Engineer. 10 

vibration modes are taken into account in the modal analysis which together provide 94 % and 97% 

of the mass activated in respectively x and y direction which can be seen in the 5th and 6th column 

respectively. Furthermore the table shows the natural period per mode and the torsional contribution 

per mode. These torsion effects are taken into account in the FE-model by applying an eccentricity 

regarding the centre of mass of 5% according to Eurocode 8.  

Figure 35 show the first three vibration modes in both x and y direction where the first mode gives 

the longest natural period of 3.3 seconds and the sixth mode in lateral direction a period of 0.63 

seconds. 

 

Figure 33 Horizontal elastic response spectrum according to NPR 2015 with q=1 and q=1.5 

Figure 34 Output modal response spectrum analysis I 
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Vibration modes in y direction  

 

 

Vibration modes in x direction   

Each vibration mode gives a base shear, this base shear per mode can be determined using the 

elastic response spectrum from figure 33 to determine the acceleration for that mode. This base 

shear is calculated with Fbk = Sd(Tk) * mk with mk being the amount of mass activated in the 

considered vibration mode as calculated in the modal analysis and Sd(Tk) the acceleration obtained 

from the spectrum for that mode. As these vibration mode do not occur at the same time, the total 

base shear is something between the absolute sum of all the base shears per mode and the base 

shear of the governing base shear from one mode. Because some modes do correlate as figure 36 

shows where each period is compared to the period of one mode higher the complete quadratic 

combination is used to determine the maxima of the activated masses (4.2.1.3 NEN-EN 1998-2). In 

this method of combining the modal responses a correlation factor is determined. The complete 

quadratic combination is shown in equation 5. Where the eventual seismic force E is calculated as 

the square root of the sum of the square of each individual force per mode Ei. 

EE = √ΣEE:i
2 

 

 

Tn1= 3.3 s m1= 69.7% 

Tn2= 2.8 s m2= 67.4% 

Tn4= 1.5 s m4= 16.2% Tn7= 0.78 s m7= 8.3% 

Tn5= 1.2 s m5= 17.1% Tn9= 0.63 s m9= 8.3% 

Figure 35 First three vibration modes in both x-direction and y-direction obtained b modal analysis in SCIA-Engineer 

Equation 5 Complete quadratic combination 
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Figure 37 show the results of the modal response spectrum analysis with respect to the observed 

shear forces per storey in x and y direction. It can be seen that the observed base shear force (force 

at the bottom of the superstructure) is higher for the model exposed to earthquake loads (q=1.5) than 

the model exposed to normal horizontal loads (referred to as wind loads). 

Tk Tj 0.9 * Ti Tj ≤ 0.9 * Ti

1 3.3 nvt

2 2.81 2.97 yes

3 2.46 2.53 yes

4 1.45 2.21 yes

5 1.21 1.31 yes

6 1.19 1.09 no

7 0.78 1.07 yes

8 0.69 0.70 yes

9 0.63 0.62 no

10 0.52 0.57 yes

Figure 36 Check regarding correlation of vibration 

modes NPR 9998 2015 4.3.3.3.2 (4.15) 

Figure 37 Shear forces per storey from normal orginal calculation and seismic 

calculation according to NPR for both x and y direction 
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The combination of seismic effects in x and y direction is considered in the FE-program using equation 

4.18 and 4.19 from NPR 9998 2015. Where in each main direction 30 % of the action effect in the 

secondary direction is taken into account. The load combination resulting from combining seismic 

effects in both directions comes from Eurocode 1990. Equation 6 shows the general load combination 

for seismic calculations using an instantaneous factor ψ2 which provides reduction of mass to the 

model calculated in the seismic design situation. This reduction is to prevent a to high natural period 

to be taken into account, since a higher mass result in a longer natural period. As a results, lower 

accelerations will be observed using the design response spectrum resulting in a calculation which will 

be to favourable. The instantaneous factor for the office area is 0.3 and for the data hall area 0.8 

(storage area). Equation 6 shows the formula to determine the seismic action effect. 

Ed = E { Gk,j; P ; AEd ; ψ2i Qk,j }   

Displacements 

Beside forces, displacements should be checked. To acquire the real displacements in the FE-program, 

the displacement de which is the elastic displacement calculated with a behaviour factor should be 

multiplied with this behaviour factor q to gain the real displacements ds according to NPR 9998 2015 

4.3.4 which is shown in equation 7. Figure 38 show the elastic displacement de and the real 

displacement ds for both x and y direction in meters. 

 

ds = de * q 

 

.  

 

 

Storey Direction X Direction Y Direction X Direction Y

Roof 0.0948 0.1024 0.142 0.154

FL15 0.089 0.0944 0.134 0.142

FL14 0.0825 0.086 0.124 0.129

FL13 0.076 0.0781 0.114 0.117

FL12 0.0698 0.0712 0.105 0.107

FL11 0.0646 0.0656 0.097 0.098

FL10 0.06 0.0607 0.090 0.091

FL9 0.0561 0.0562 0.084 0.084

FL8 0.0525 0.0521 0.079 0.078

FL7 0.0475 0.0465 0.071 0.070

FL6 0.0415 0.04 0.062 0.060

FL5 0.0359 0.0346 0.054 0.052

FL4 0.0314 0.031 0.047 0.047

FL3 0.0267 0.0275 0.040 0.041

FL2 0.0199 0.0213 0.030 0.032

FL1 0.0107 0.0116 0.016 0.017

FL0 0 0 0 0

de (m) ds  = de * q (m)

Equation 6 Formula to determine the seismic action effect on a building 

Equation 7 Formula to determine the real displacement ds 

Figure 38 Elastic displacement and real displacement observed in analysis I 
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Figure 39 graphically show these displacement for both directions (seismic) together with the 

displacements observed in the model from chapter 3 exposed to normal vertical and horizontal loads 

(wind). It can be seen that the displacements under seismic loads are much higher of a factor of ca. 

1.5 compared to the model without seismic loads. The larger displacements observed are logic 

referring to the larger shear forces observed under seismic loading of the design. 

 

Second order effect P-∆ 

According to NPR 9998 2015 equation 4.28 second order effects do not need to be taken into account 

when the interstorey drift sensitivity coefficient θ calculated with formula 4.28 from Eurocode 8 

equation 8 is equal or less than 0.1. If between 0.1 and 0.2, the second order effect must be taken into 

account by multiplying the relevant seismic forces with the approximation formula θ/(θ-1). 

 

θ = B'C'DE0
F'C'D	G  

In  figure 40 a, the interstorey drift sensitivity coefficients are shown per storey for both x and y 

direction. These interstorey drifts are the relative differences between ds at the top and the bottom 

of the storey. The interstorey drift sensitivity coefficient can be seen as the relation between the 

storey mass and the horizontal displacement due to seismic loading. With Ptot being the total mass 

above the considered storey, dr the difference in displacement between the top and the bottom of 

the considered storey, Vtot is the total shear at the considered storey and h is the height of the storey. 

Figure 40 b shows the check regarding the interstorey drift sensitivity coefficient per storey for x and 

y direction. The limit of 0.1 is nowhere exceeded. As a result the calculation of the internal forces can 

be performed without taking second order effects into account. 

 

 

 

 

 

 

Figure 39 Displacement in x-direction and y-direction from analysis I and the calculation of the model without 

seismic loads. 

Equation 8 Formula to determine the interstorey drift sensitivity coefficient 
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Damage limitation 

As the NPR 9998 2015 is focussed on the near collapse state during the event of an earthquake, the 

damage limitation state is also checked for the model calculated according to the NPR with the goal 

that the building should remain functional during the event of an earthquake. This state is only 

checked for the NPR model and is not done for the NTC model. For this specific requirement, the 

building should be able to withstand a less severe earthquake with a higher probability of occurrence. 

In comparison with Eurocode 8 the NPR prescribes that the reduction factor ν in the formula 4.31 – 

4.33 of Eurocode 8 must be set to 1.0. Which is, in relation to Eurocode 8 a very strict requirement 

since in Eurocode 9 values between 0.3 and 0.5 are more common. It is assumed in the building design 

that the data centre contains non-structural elements of brittle materials attached to the structure as 

a result equation 9 from Eurocode 8 regarding the damage limitation state should be met.  

 

drDL ν ≤ 0.005 h 

In this formula, ddDL is the interstorey drift, which is the difference between displacement ds regarding 

the bottom and the top of one storey. These checks of these interstorey drifts are shown in figure 42 

Figure 40 a) Sensitivity to second order effects for x-direction and y-direction b) check per storey to the limit of 0.1 

Interstorey drift sensitivity coefficient x-direction

Ptot (kN) drx (m) dry (m) Vx (kN) Vy (kN) h (m) θx θy

Roof 22914.94 0.009 0.012 2258 1720 4.4 0.020 0.036

FL15 45829.88 0.010 0.013 4408 3358 4.4 0.023 0.039

FL14 68744.82 0.010 0.012 6450 4914 4.4 0.024 0.038

FL13 91659.76 0.009 0.010 8384 6388 4.4 0.023 0.034

FL12 114574.7 0.008 0.008 10210 7779 4.4 0.020 0.028

FL11 137489.6 0.007 0.007 11928 9088 4.4 0.018 0.025

FL10 160404.6 0.006 0.007 13538 10315 4.4 0.016 0.024

FL9 183319.5 0.005 0.006 15040 11459 4.4 0.015 0.022

FL8 206234.5 0.007 0.008 16434 12521 7.1 0.013 0.019

FL7 326132.6 0.009 0.010 22816 17384 7.1 0.018 0.026

FL6 446030.8 0.008 0.008 28287 21552 7.1 0.019 0.024

FL5 565929 0.007 0.005 32845 25025 7.1 0.016 0.017

FL4 685827.1 0.007 0.005 36492 27804 7.1 0.019 0.018

FL3 806538.3 0.010 0.009 39246 29902 7.1 0.030 0.035

FL2 927249.4 0.014 0.015 41082 31301 7.1 0.044 0.061

FL1 1047961 0.016 0.017 42000 32000 7.1 0.056 0.080

a) 

b) 

Equation 9 Limit of the interstorey drift 
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where the considered storey is shown on vertical axis and the value of the coefficient on horizontal 

axis.  

 

Figure 41 shows the elastic response spectrum and the two design response spectrums belonging to 

the Near Collapse state and the Damage Limitation state. It can be seen that the accelerations in the 

damage limitation state are lower, however additional checks regarding interstorey drifts need to be 

performed regarding displacements which are more strict then the check in the NC state. 

 

In the case of the two spectrum NC and DL being very similar to each other (the lines nearly lay on top 

of each other) checking only to one spectrum would be sufficient, however this is not the case, so the 

damage limitation requirement is separately checked to the output of the design spectrum regarding 

DL q=1.5 of figure 41.The interstorey drifts are shown in figure 42 for both x and y direction. The 

limitation is in accordance with NPR 9998 2015. Note, that the interstorey drifts in the damage 

limitation state deviate from the interstorey drift in the near collapse state as the elastic spectrum 

and thereby the design spectrums are different. As can be seen, the value nowhere exceeds the limit 

of 0.005 times the height.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41 Design elastic horizontal spectrum for the Near Collapse state and the Damage Limitation state 

with a behaviour factor of 1.5 
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When the displacements are compared to the displacements observed in the model calculated in 

chapter 3, it can be seen in figure 43 that the displacements when seismic loads are applied in DL state 

(seismic) are very close to the displacements due to wind. Regarding damage limitation there are no 

problems for the design since the interstorey drifts are within limits. In the event of an earthquake 

with a relatively higher probability of occurrence the building will be able to withstand the earthquake 

loads.  

Figure 42 Storey drifts control for x and y direction 

Figure 43 Displacement in x-direction and y-direction observed in analysis I and the model calculated without 

seismic loads 
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Near collapse state 

Additionally the model is checked in the Near Collapse state. Regarding the near collapse state in the 

seismic design situation is satisfied when the structure meets the requirements according 4.4.2.2 

conditions regarding structural resistance NPR 9998 2015. Requirements made in this paragraph are 

regarding the resistance of elements where Ed ≤ Rd. Where Ed is the design load in the earthquake 

situation according to NEN-EN 1990. And Rd is the design value of the resistance of the element in 

accordance with NPR 9998 2015 chapter 6 which is about steel structures. Furthermore the second 

order effects needs to be taken into account if the sensitivity of a storey regarding second order effects 

is too high. 

Internal forces 

As the displacements have to be checked according to the “real” displacements, the internal forces in 

the members are checked to the loads coming from the calculation with the reduction by the 

behaviour factor which accounts for dissipated energy in the structure during the event of an 

earthquake. In this case the ductility is assumed low, with q=1.5 since no measurements were taken 

to improve the structure. 

From the two main directions a cross section is checked according to NEN-EN 1993-1, based upon the 

section requirements, the requirements regarding stability are done by hand as the model in SCIA 

engineer is calculated with only tension diagonals modelled. However, SCIA puts the seismic load in 

the most critical direction, which is the direction where the diagonals are loaded in compression. As a 

result, the unity checks are extremely high, but should be interpreted as being ok, since the 

compression diagonals are designed to buckle. In figure 44 and figure 45, the output of the analysis 

from SCIA is shown. 

Figure 44 Unity check of one cross section performed in analysis I 
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As shown in figure 45, several columns are overloaded in the seismic design calculation, due to the 

higher loads compared to the design calculation from chapter 3. Beside that, some columns in the 

office area (top section of the design) are also overloaded due to higher forces caused by higher shear 

forces in the design. Therefore design from chapter 3 does not fulfil the requirements to satisfy seismic 

demands according to the NPR where the building is placed in Groningen.  

Furthermore, the higher shear forces which are shown in figure 44 overload the connections of the 

diagonals. As the base shear force in x direction for the seismic load is a factor 2.6 higher and for the 

y direction a factor 1.7 higher the forces in the connection of the braces become too high. Figure 46 

shows the unity checks of the highest loaded connection of the braces at the bottom, with A and B 

referring to the two different types of braces present in the building design. 

Figure 46 Unity checks regarding the bracings and the connection of the braces 

Regarding the connection for the 700x50 strip the connection fails under shear of the plate. And 

regarding the connection for the 380x50 strip the connection fails in both shear of the bolt and bearing 

of the bolt gap. 

 

Figure 45 Unity check of one cross section performed in analysis I 

Checks according to Eurocode 3 NEN-EN 1993-1-1 6.2.3 (6.6 &6.7)

Diagonals dimension Steel quality λ
-

Ned  (kN) Npl Rd (kN) NuRd (kN) U.C. A mm
2

Anetto Nbrd (kN) Buckle

A BRFL 700x50 S235 7.60583 5777 8225 7050.24 0.82 35000 27200 67.34 Yes

B BRFL 380x50 S235 7.60583 3324 4465 3265.92 1.02 19000 12600 30.88 Yes

Compression check

Checks according to Eurcode 3 NEN-EN 1993-1-8 (Table 3.4)

Bolt connection FEd Bolt Type Boltclass n FvRd per bolt (kN)Fvrd totaal u.c. vrd t (plate) S plate FbRd  per boltu.c. brd

(kN) (kN) (kN) (kN)

A 5777 M24 10.9 18 181 3254.4 1.78 50 S235 417 0.77

B 3324 M30 10.9 8 283 2262.4 1.47 50 S235 245 1.69
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Structural detailing of the braces 

In addition Eurocode 8 chapter 6 sets requirements for concentric braces to be met in order to account 

for higher ductility classes than ductility class low. These requirements are checked for the model of 

chapter 3 to check where the model needs structural improvement in order to allow for a higher 

behaviour factor to be taken into account in the calculation with structural improvements. 

 

Checks according to NEN-EN 1998-1 6.7.1 

1) yielding of the diagonals in tension takes place before failing of the connection. 

Requirements not met, Nplrd is not reached when the connection fails. 

 

2)  The diagonal elements of bracings shall be placed in such a way that the structure exhibits similar 

load deflection characteristics at each storey in opposite senses of the same braced direction under 

load reversals. 

Requirement met, since the diagonals are everywhere placed in both directions, so the behaviour in 

bot lateral directions +x, -x and +y, -y are the same. 

 

3) to this end the following rule should hold: 

 
HIJHK

HILHK
≤ 0.05 

Since A+ = A- this formula is a limit to 0, so that the requirement is met. 

 

Checks according to NEN-EN 1998-1 6.7.2 

1) under gravity load conditions only beam and column elements are resisting elements. 

Requirement met, since the diagonals are not activated under gravitational loads. 

 

2)  Only tension diagonals are taking into account 

Requirement met, since the modal response spectrum analysis is based upon a model with only 

tension diagonals since the compression diagonals buckle. 

 

1) In frames with X diagonal bracings, the non-dimensional slenderness λ is limited to 1.3 ≤ λ ≤ 2 

The non-dimensional slenderness of the applied diagonals is too high because the buckling force is 

relatively low resulting in a high ratio of the elastic force and the buckling force. As a result, this 

condition is not met. 

 

2) in order to satisfy a homogeneous dissipative behaviour of the diagonals, it should be checked that 

the maximum over strength Ω1 does not differ more than 25% from the minimum value Ω. This is to 

prevent complete yielding of one element before some yielding of another element takes place, but 

instead make sure all elements which supposed to yield will yield and dissipate energy Figure 47 show 

the over strength ratio of a cross section of the building. 

Ω is the minimum value of Ωi = Nplrdi / NEd over all the diagonals of the braced frame system. 
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The Ωi for each diagonal in two orthogonal directions are reviewed and are shown in figure 47. Figure 

47 shows that nearly every diagonal in x-direction does not meet the requirement of a maximum over 

strength ratio of 25 %, this is because the diagonals are designed to add sufficient stiffness to the 

building regarding deflection. They have the same dimensions over the height of the building resulting 

in a lot of over strength at the top of the building. 

Homogeneous dissapative behaviour of diagonals

Ωi = Nplrdi  / NEd q=1.5

X-direction Left brace bay Middle brace bay left Middle brace bay right Right brace bay

Diagonal on storey Ωi Npl rdi (kN) NEd (kN) Ωi/Ω-100% Ωi Nplrdi  (kN) NEd (kN) Ωi/Ω-100% Ωi Nplrdi  (kN) NEd (kN) Ωi/Ω-100% Ωi Npl rdi (kN) NEd (kN) Ωi/Ω-100%

Storey 15 nvt nvt nvt nvt 9.780024 8225 841 499% 11.9385 4465 374 739% nvt nvt nvt nvt

Storey 14 nvt nvt nvt nvt 5.505355 8225 1494 237% 3.97242 4465 1124 179% nvt nvt nvt nvt

Storey 13 nvt nvt nvt nvt 4.198571 8225 1959 157% 2.484697 4465 1797 75% nvt nvt nvt nvt

Storey 12 nvt nvt nvt nvt 3.605875 8225 2281 121% 1.883172 4465 2371 32% nvt nvt nvt nvt

Storey 11 nvt nvt nvt nvt 3.969595 8225 2072 143% 2.147667 4465 2079 51% nvt nvt nvt nvt

Storey 10 nvt nvt nvt nvt 3.87606 8225 2122 138% 1.983563 4465 2251 39% nvt nvt nvt nvt

Storey 9 nvt nvt nvt nvt 3.85969 8225 2131 137% 1.90649 4465 2342 34% nvt nvt nvt nvt

Storey 8 nvt nvt nvt nvt 4.043756 8225 2034 148% 1.854236 4465 2408 30% nvt nvt nvt nvt

Storey 7 3.9985 8225 2057 135% 4.881306 8225 1685 199% 5.105525 8225 1611 259% 5.443415 8225 1511 212%

Storey 6 4.422 8225 1860 159% 2.600379 8225 3163 59% 2.911504 8225 2825 104% 5.365297 8225 1533 208%

Storey 5 3.5105 8225 2343 106% 2.117662 8225 3884 30% 2.131381 8225 3859 50% 3.76086 8225 2187 116%

Storey 4 3.5996 8225 2285 111% 2.271472 8225 3621 39% 2.025363 8225 4061 42% 3.736938 8225 2201 114%

Storey 3 5.7078 8225 1441 235% 3.252274 8225 2529 99% 3.044041 8225 2702 114% 4.954819 8225 1660 184%

Storey 2 4.2158 8225 1951 147% 2.572724 8225 3197 58% 2.737105 8225 3005 92% 3.948632 8225 2083 126%

Storey 1 2.6012 8225 3162 53% 1.866349 8225 4407 14% 1.901734 8225 4325 34% 2.56071 8225 3212 47%

Storey 0 1.7047 8225 4825 0% 1.631944 8225 5040 0% 1.423749 8225 5777 0% 1.744063 8225 4716 0%

Figure 47 Check of the diagonals regarding homogeneous behaviour for braces in x-direction 
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Figure 48 shows the same check regarding over strength ratio in y-direction. For this direction none 

of the diagonals  do meet this requirement. This can be explained by the fact that the diagonals are 

not designed based upon the needed cross section regarding the wind load, but they are designed in 

such a way that they provide sufficient stiffness to the building and minimize deflection of the building 

in that way. As a result, they show quite high percentages of over strength. In the option to strengthen 

the structure, this criteria should be taken into account. 

In addition to over strength ratio of the diagonals, the connection of the diagonals which are non-

dissipative members should have a certain level of over strength with respect to the connected 

diagonal. Therefore an over strength factor γov according to NPR 9998 2015 of 1.25 needs to be 

applied. According to NEN-EN 1998-1 6.5.5 the design should take into account that the actual yield 

strength is likely to be higher than the nominal yield strength. As a result, the danger can appear that 

the connection will yield before the dissipative members yield and thus the seismic mechanism is not 

activated. Therefore, connections need to be designed where the resistance of the connection is based 

on the resistance of the dissipative members multiplied with an over strength factor. 

Rd ≤ 1.1 γov Rfy 

Beside the fact that the connection designed in the model of chapter 3 did not satisfy the strength 

requirements of some elements, the connection of the diagonals in the façade (BFRL 380x50) will yield 

earlier as the diagonal itself since the yield force of the connection is 1962 kN and the yield force of 

the diagonal is 4465 kN, resulting in an unfavourable situation. 

The same holds for elements in dissipative zones. According to NEN-EN 1998-1 6.2, the distribution of 

material properties must be such that dissipative zones form where they are intended to form in the 

design. 

fy,max ≤ 1.1 γov fy 

Homogeneous dissapative behaviour of diagonals

Ωi = Nplrdi  / NEd 

Y-direction Middle brace

Diagonal on storey Ωi Nplrdi (kN) NEd (kN) Ωi/Ω-100%

Storey 15 6.5226 8225 1261 295%

Storey 14 3.5996 8225 2285 118%

Storey 13 2.947 8225 2791 79%

Storey 12 2.8599 8225 2876 73%

Storey 11 3.5407 8225 2323 115%

Storey 10 3.5545 8225 2314 116%

Storey 9 3.2795 8225 2508 99%

Storey 8 3.1967 8225 2573 94%

Storey 7 4.0799 8225 2016 147%

Storey 6 2.5955 8225 3169 57%

Storey 5 2.1927 8225 3751 33%

Storey 4 2.3433 8225 3510 42%

Storey 3 3.4617 8225 2376 110%

Storey 2 3.1991 8225 2571 94%

Storey 1 2.1447 8225 3835 30%

Storey 0 1.6493 8225 4987 0%

Figure 48 Check of the diagonals regarding homogeneous behaviour for braces in y-direction 
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As the diagonals, which are the dissipative members are designed with S235, the maximum yield 

strength becomes: 

fy,max = 1.1 * 1.25 * 235 = 323 N/mm2, with γov = 1.25 (recommended value from the NPR 9998 2015) 

In this case, the elements around the dissipative member should be designed with a minimum of S355. 

Figure 49 shows the different steel grades per storey per different type of member eg. Column, beam, 

diagonal, the steel grades per storey are the same regardless of the dimension of the type of member. 

In the design only the tension diagonals are dissipative members. 

As can be seen, the actual yield strength of the dissipative members, the diagonals, is 323 N/mm2. This 

is the assumable maximum yield strength due to deviating strength and uncertainties caused by the 

fabricating process. In all cases, where the non-dissipative members interact with dissipative 

members, the requirement is met. It can thus be concluded, that the design on this criteria satisfies 

the demands according to NPR 9998 2015. 

Vertical effects 

Vertical effects do not need to be taken into account for this situation as ag;d;vert is lower than 0.25 g in 

accordance with NPR 9998 2015 4.3.3.5.2. 

 

 

 

 

  

Storey element element element

Column Beam Diagonal

FL 15 CHS S450 HEB S450 BRFL S235

FL14 CHS S450 HEB S450 BRFL S235

FL 13 CHS S450 HEB S450 BRFL S235

FL 12 CHS S450 HEB S450 BRFL S235

FL 11 CHS S450 HEB S450 BRFL S235

FL 10 CHS S450 HEB S450 BRFL S235

FL 9 CHS S450 HEB S450 BRFL S235

FL 8 CHS S450 HEB S450 BRFL S235

FL 7 HD S450 HEB S450 BRFL S235

FL 6 HD S450 HEB S450 BRFL S235

FL 5 HD S450 HEB S450 BRFL S235

FL 4 HD S450 HEB S450 BRFL S235

FL 3 HD S450 HEB S450 BRFL S235

FL 2 HD S450 HEB S450 BRFL S235

FL 1 HD S450 HEB S450 BRFL S235

FL 0 HD S450 HEB S450 BRFL S235

steel 

grade

steel 

grade

steel 

grade

Figure 49 Steel grades per element type per storey 
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Conclusion analysis I  

 

The conclusion of the model of chapter 3 checked according to earthquake design requirements for 

the location of Groningen according to NPR 9998 2015 is that the model does not meet the 

requirements made in that standard. The model fails on multiple checks according to the standard. 

The main reason for the building to not meet these requirements is probably due to the relatively high 

seismic loads in comparison to the horizontal loads taken into account in the model from chapter 3 

where wind loads are taken into account. As stated, the base shear from the modal response spectrum 

analysis is a factor 2.6 and 1.7 higher for respectively x and y direction. If the base shear is a factor 

higher, then the forces in the diagonals will be a factor higher of that same order since the seismic 

shear forces have to be transferred by the stability system. As by the design process for the original 

model from chapter 3 no seismic actions are taken into account the model fails. Therefore the model 

need Improvements in the form of structural improvements or seismic mitigation methods such 

improving the diagonals to improve ductility behaviour of the building. Another method which is 

researched is seismic base isolation, where the natural period of the building is elongated resulting in 

lower accelerations introduced to the building. 
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4.2 Analysis II 

According to analysis I, the design does not meet the requirements regarding seismic actions, 

therefore strengthening of the structure is applied by improving the diagonals. Here the focus is on 

improving the behaviour of the structure in order to allow for a higher behaviour factor to be applied 

which will reduce the seismic forces as lower accelerations may be taken for the modal response 

spectrum analysis. Due to a higher ductility, the elastic response spectrum may be reduced by a 

reduction factor of 3.2 instead of the behaviour factor of 1.5 used in analysis I. As a result the building 

will experience lower accelerations, leading to lower internal forces in the structure. However, in order 

to be allowed for reducing the design spectrum, several design aspects according to the NPR with 

additional rules from NEN-EN 1998-1 have to be fulfilled regarding details of the structure. The aim is 

to reduce the seismic base shear such that it is lower than the base shear coming from the model 

calculated in chapter 3. If the seismic base shear is lower than the base shear coming from horizontal 

actions in the model from chapter 3 the model is assumed to be able to take seismic loads. 

Figure 50 shows the horizontal elastic spectrum which is determined according to 3.2.2.2.1 NPR 9998 

2015 The blue line shows the elastic response spectrum with no behaviour factor and the red line 

shows the elastic response spectrum with a 3.2 behaviour factor q. The green line is the reduced 

spectrum for the damage limitation state.  

Improvements to the structure 

As the NPR 9998 2015 reaches out to Eurocode 8 chapter 6 for specific detailing for steel structures 

with concentric braces, the following structural improvements are made regarding the model based 

on that standard. 

Figure 50 Horizontal elastic response spectrum for the Groningen situation with agr=0.1 g the value 

for kag =1.9 according to the NC (Near Collapse) state. 
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According to NEN-EN 1998-1 6.5.2 (4)P “non-dissipative” parts and connections of the dissipative parts 

shall have sufficient over strength to allow the development of cyclic yielding in the dissipative parts. 

Figure 51 shows that this requirement is not met in the model from chapter 3, therefore changes are 

made in the diagonals. 

Additionally, the bracing elements do not meet the slenderness requirement stated in 6.7.3 from NEN-

EN 1998-1. It is stated here that the non-dimensional slenderness should be limited to: 1.3<λ≤2.0. 

Here the lower bound is to avoid overloading of the columns in the prebuckling stage. The non-

dimensional slenderness of the diagonals varies between 11.6 and 7.1 for respectively the 700x50 and 

380x50 profiles. As this requirement is not met, the diagonals are adjusted to profiles with a lower 

non-dimensional slenderness. Figure 51 shows these new dimensions for one bay of braces of the 

middle core of the building. The diagonals are optimized per storey as they also have to meet the over 

strength ratio requirement according to 6.7.3 of NEN-EN 1998. The governing resistance force of the 

diagonal according to 6.2.3 of NEN-EN 1993 and the applied load NEd are presented together with the 

over strength ratio Ωi with respect to Ω which is the lowest value observed over all the diagonals. The 

loads in the diagonals are taken from the FE analysis. The average forces are shown in figure 51 as this 

procedure should be made for every diagonal but in this research it is based on the middle stability 

frame which was the governing frame regarding highest forces. Figure 51 shows that the top stories 

do not meet the over strength requirement. This can be addressed to the fact that the braces were 

designed to meet stiffness requirements. Therefore too much over strength is designed regarding 

cross sectional capacity. When those forces have to be compared with the forces in the lower storeys 

the over strength ratio is not met according to the code. Due to changes in stiffness, the building 

period also changes, as the first period moves to Tn1 = 4.2 s instead of the observed first natural period 

of 3.7 seconds observed in analysis I. The optimal solution is a combination of the detailing with 

respect to earthquake loading and normal loading. Due to the shorter periods, the forces increase 

because higher accelerations are observed. 

 

Homogeneous dissapative behaviour of diagonals

Ωi = Nplrdi  / NEd q=3.2

X-direction Profile Middle brace bay right

Diagonal on storey Ωi NRd (kN) NEd (kN) Ωi/Ω-100%

Storey 15 CHS 168.3 x 6.3 8.8706 754 85 600%

Storey 14 CHS 168.3 x 6.3 4.5422 754 166 258%

Storey 13 CHS 168.3 x 6.3 3.0902 754 244 144%

Storey 12 CHS 168.3 x 6.3 2.3785 754 317 88%

Storey 11 CHS 168.3 x 6.3 1.9534 754 386 54%

Storey 10 CHS 168.3 x 6.3 1.6718 754 451 32%

Storey 9 CHS 168.3 x 6.3 1.4727 754 512 16%

Storey 8 CHS 139.7 x 6.3 1.5335 871 568 21%

Storey 7 CHS 139.7 x 6.3 1.4026 871 621 11%

Storey 6 CHS 139.7 x 10 1.5398 1355 880 21%

Storey 5 CHS 139.7 x 10 1.2675 1355 1069 0%

Storey 4 CHS 139.7 x 12.5 1.347 1673 1242 6%

Storey 3 CHS 244.5 x 12.5 1.5507 2140 1380 22%

Storey 2 CHS 244.5 x 12.5 1.442 2140 1484 14%

Storey 1 CHS 244.5 x 12.5 1.378 2140 1553 9%

Storey 0 CHS 244.5 x 12.5 1.3476 2140 1588 6%

Figure 51 Check of the diagonals regarding homogeneous behaviour for a single brace in x-direction 
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Modal spectrum analysis improved structure 

From the modal spectrum response analysis, the modes are obtained assuring that 90 % of the mass 

is taken into account in order to calculate the total base shear under seismic loading according to 4.3.3 

NPR 9998 2015. Figure 52 shows the shear forces per storey for the model calculated in chapter 3 

(ULS), for analysis I (q=1.5 (unimproved)) and analysis II (q=3.2) for both x and y direction. The figure 

shows that the shear forces in the improved model are lower than the shear forces in the model from 

chapter 3 for y direction. In x direction the shear forces observed in the improved model are close to 

the shear forces observed in the model from chapter 3. 

 

Figure 52 Shear forces per storey 
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Displacements and internal forces 

The displacements and internal forces are calculated according to the same procedure as in analysis I. 

As the internal forces except for the diagonals do decrease. Due to the dissipative behaviour of the 

diagonal members. As the stiffness of the building is changed because different diagonals are applied, 

different deflections are observed which are shown in figure 53. The deflections regarding the 

interstorey drift sensitivity, which is needed to determine possible second order effects in the 

structure, are calculated with the spectrum NC = 3.2 and the deflections regarding damage limitation 

are calculated according the spectrum DL = 3.2, both from figure 50. Figure 53 shows the displacement 

of the model from chapter 3 (ULS), from the model calculated in analysis I (q=1.5) and the model from 

analysis II (q=3.2). As can be seen, the displacements of both models with q= 1.5 and q=3.2 are nearly 

the same. This is because the behaviour factor is a factor which accounts for ductility of the structure, 

meaning energy dissipation regarding internal forces. However, the displacements are real, so without 

behaviour factor. Therefore, the displacements found by modal response spectrum analysis have to 

multiplied back with the behaviour factor. So dividing and multiplying with the same number gives the 

same outcome. The small deviation is because of a slightly deviation in stiffness of the building 

because of different diagonals applied in the model with behaviour factor 3.2. 

 

Storey Direction X Direction Y Direction X Direction Y

Roof 0.0458 0.0503 0.147 0.161

FL15 0.0432 0.0471 0.138 0.151

FL14 0.0402 0.0431 0.129 0.138

FL13 0.0363 0.0382 0.116 0.122

FL12 0.0329 0.0247 0.105 0.079

FL11 0.0305 0.0321 0.098 0.103

FL10 0.0285 0.029 0.091 0.093

FL9 0.0268 0.0259 0.086 0.083

FL8 0.025 0.0233 0.080 0.075

FL7 0.0224 0.021 0.072 0.067

FL6 0.0191 0.0181 0.061 0.058

FL5 0.0165 0.0157 0.053 0.050

FL4 0.0146 0.0139 0.047 0.044

FL3 0.0126 0.0122 0.040 0.039

FL2 0.0095 0.0093 0.030 0.030

FL1 0.0051 0.0051 0.016 0.016

FL0 0 0 0 0

de (m) ds = de  * q (m)

Figure 53 Displacement in x-direction and y-direction 



 

 

58      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

Because the displacements are “nearly” the same, the checks according near collapse will be the same 

as for the situation where q=1.5. Therefore, the checks are not performed individual for that model 

but based on the results from the similar situation in analysis I. 

 

Connection 

As the diagonals need to dissipate energy in the model, the connection must have sufficient over 

strength to make sure that energy dissipation takes place in the right member. Therefore the 

connection is adjusted and designed according to NEN-EN 1998-1 6.5.5. The properties of the used 

material in the connection are of higher strength steel than the steel grade used in the diagonals. 

The steel grade in the diagonals is S235. The principle of the connection is shown in figure 54. 

The connection is made from a checker plate welded on the beam and the column. Perpendicular to 

this plate two plates are welded so a cross arises when viewed from the cross section. In the circular 

hollow cross sections similar plates are welded such that the two crosses can be placed against each 

other. The connection is then made by using connection plates at both sides with bolts to assure the 

connection. By designing this connection with sufficient over strength yielding will take place in the 

diagonals before the connections will yield. 

Conclusion analysis II 

Regarding the mitigation method of strengthening the structure, the results show good behaviour 

when the building is exposed to seismic loads. Due to changes in the diagonals and the connections 

of the diagonals the structure is able to dissipate energy. As a result the behaviour factor may be 

increased which has a positive influence on the seismic design spectrum because a reduced design 

spectrum may be used. However, due to the required non-dimensional slenderness in the design 

where x-braces are the dissipating elements, the connections become rather laborious in comparison 

with the design of the connections in the ULS design. Overall, strengthening the structure by adjusting 

the diagonals and structural detailing is a solid option to improve the behaviour of a design exposed 

to earthquake loading based on a reference peak ground acceleration for the location of Groningen. 

  

Figure 54 Principle of the improved connection 
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4.3 Analysis III 

As a second improvement of the structure, base isolation is researched. It is one of the most important 

concepts for earthquake engineering according to Efiloglu (2013). There are different types of base 

isolators of which elastomeric lead rubber bearings and sliding friction pendulums are researched in 

this theses. The result of base isolation is less damage to the structure in the event of an earthquake. 

When the building is connected with the foundation, the structure will behave as one stiff couple 

resulting in the seismic force coming from the ground being present in the same proportion in the 

building. By decoupling the building to the foundation, the amount of seismic force transmitted to the 

building can be lowered which gives less damage as result because energy is lost due to motion in the 

base isolators. Fig 55 shows the principal of a conventional structure and a structure with base 

isolation (Efiloglu, 2013). Regarding the elastic response spectrum the highest accelerations take place 

in the section from Tb to Tc where the spectrum is flat. Any vibration mode of the building present in 

this section will result in high seismic reactions. By applying base isolation, the stiffness of the building 

is reduced resulting in longer periods. When explained using the elastic response spectrum shown in 

fig 56, this results in lower acceleration for each vibration mode, which lowers the total seismic effect 

on a structure.  

In buildings without base isolation, the acceleration at the top is higher than at the location of the 

foundation due to the effect called “bullwhip” effect. Contrary to a traditional building, buildings 

Figure 55 Principal of a conventional structure and a base 

isolated structure (Efiloglu, 2013) 

Figure 56 Principal of the effect on the base shear by lowering the stifnness of the 

building (Efiloglu, 2013) 
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with seismic isolators move as one whole with large displacements at the location of the foundation 

(Schouten, 2017). 

Assumptions base isolation 

The goal is to design this model against seismic loads according to NPR 9998 2015 with the structure 

staying in the elastic state such that q=1. In that case, the structure needs no further improvements 

beside adding base isolators. According to the Dutch code, the general rules apply stated in NEN-EN 

1998-1 chapter 10, which is a specific chapter on base isolation. According to NEN-EN 19981-1 10.1 

(2) seismic isolators may be modelled by linear springs and/ or dampers. The reduction of the seismic 

response of the structure may be acquired by increasing the damping of the structure. 

 

Elastomeric Lead Rubber Bearings (ELRB) 

In this thesis, Elastomeric Lead Rubber Bearings are applied to the structure to provide damping, such 

that the seismic response of the structure is improved. According to the standards, the properties that 

must be taken into account regarding accelerations and inertia forces must be the maximum value of 

the stiffness and the minimum value of the damping and friction coefficients. In this way, the most 

unfavourable situation is taken into account. Regarding displacements, the minimum value of the 

stiffness, damping and friction coefficients must be taken into account. In this way, the largest 

displacements take place, which have to be checked. The base isolator is chosen, based upon an 

average normal load, which is obtained by dividing the total mass of the building by the number of 

columns. Figure 57 shows the properties of multiple ELRB from the supplier MAURER. For the 

situations where the normal force is higher, more isolators or isolators with more normal load capacity 

should be applied. However, for the model, the average load is taken. The average normal load of the 

structure is NEd = 11.3 MN in the seismic design situation, the chosen ELRB type is MLRB-R-20-400. 

 

 

 

 

 

 

 

 

 

 

Figure 57 Properties of different ELRB from MAURER (MAURER, 2018) 
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The MLRB device, exist of a steel reinforced elastomeric bearing with an additional lead core. They are 

also referred to as deformation bearings. The recentering of the building takes place due to elastic 

recentering forces. Energy is dissipated due to heat which is built up due to friction in the lead core 

(MAURER, 2018). Figure 58 shows an elastomeric lead rubber bearing from MAURER, where the built 

up can be seen. This lead core of the MLRB serves for energy dissipation as the elastomeric bearing 

mainly provides re-centering of the building. The elastomeric bearing is relatively soft in horizontal 

direction, creating damping in horizontal direction. This damping is created by deforming plastically 

when the isolator is exposed to earthquake loads. Contrary, in vertical direction they are very stiff as 

they need to be able to transfer high normal loads. 

Due to high amounts of energy dissipation, a large space of hysteresis is reached. Which result in 

relatively high reaction forces compared to conventional elastomeric bearings without a lead core. 

Figure 59 shows this hysteretic behaviour of an ELRB from MAURER, where the stiffness of the ELRB 

device is shown to be the linear line from the zero point to the maximum load-displacement point. 

The stiffness of the used ELRB is Keff = 4.6 kN/mm and an effective damping ratio of ξeff = 23.2 %. 

From the effective stiffness and the damping ratio, the effective damping per isolator can be 

determined which needs to be used in the FE-model. To determine the effective damping the critical 

damping coefficient of the damping system needs to be calculated. This is done with equation 2.2.3 

from Chopra dynamics of structures 4th edition (2004). 

Figure 58 MAURER Lead Rubber Bearing (MLRB) (MAURER, 2018) 

Figure 59 Hysteresis of an MLRB (Maurer Lead Rubber Bearing) (MAURER, 2018) 
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Cr = 
�$
1"

 

With ωn being the natural circular frequency 

 

ωn = MN/P 

Cr = 4.56 kNs/mm 

 

With the damping ratio ξ=23.2, the damping per isolator is c=1.057 kNs/mm. With this stiffness and 

damping factor the same analysis is performed as in analysis I but with an elastic response spectrum. 

This means that the structure is calculated to remain in the elastic state. Figure 60 shows the first two 

vibration modes with MLRB applied to the model. 

 

Figure 60 shows that the first modes in both x and y direction in this analysis have a much higher 

participating mass contribution then the modes observed in analysis I where no base isolation was 

applied. Furthermore the table shows that the amount of damping per mode is rather low, around 5 

% per mode. The shifting of mass towards the first mode has a positive effect on the resulting base 

shear force in the model with base isolation because the period of that mode is higher compared to 

the model without base isolation. As a result of this higher period, the acceleration found in the 

spectrum belonging to that period is lower, resulting in lower base shear forces in both direction. In 

the model without base isolation analysis I and II, the 2nd and 3th mode had a significant contribution 

to the total base shear as the accelerations belonging to those modes was relatively high. In the model 

with base isolation, the most mass is activated in the first mode, this can be explained because of the 

building being decoupled from the ground. Due to this decoupling, the buildings more starts to behave 

as a single degree of freedom system activing nearly all the mass in the first mode which can be 

observed in figure 60. Figure 61 shows the relative displacement of the base isolated model (ELRB rel.) 

where the shift at the bottom of the building is subtracted from the real displacement. Furthermore, 

the displacements of the model calculated in chapter 3 (ULS) and the model from analysis I with no 

improvements (seismic q=1.5) are shown. The drift at the bottom storey for x direction is 42.3 mm 

and for y direction 41.6 mm. This drift falls within the maximum drift allowed for the applied rubber 

bearing which is 333 mm according to figure 57 

 

 

Mode ω (rad/s) Period (s) % (x) %(y) Damp ratio

1 1.4175 4.4327 0 89 0.0474

2 1.5481 4.0586 94 0 0.0624

3 1.7475 3.5955 0 0 0.068

4 3.1452 1.9977 5 0 0.0533

5 3.9203 1.6027 0 0 0.0566

6 4.3432 1.4467 0 1.7 0.0515

7 5.7533 1.0921 0 0 0.0585

8 6.7469 0.9313 0 0 0.0552

9 7.2849 0.8625 0 0 0.0479

10 9.9469 0.6317 0 0 0.0368

Figure 60 Vibration mode 1, Tn1= 4.43s        Vibration mode 2, Tn2= 4.06 s 
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Figure 62 show the considered storey on vertical axis and the observed shear forces in kN on horizontal 

axis. The shear forces observed in analysis III (ELRB) are lower than the shear forces for the model 

calculated in chapter 3 (ULS) and analysis I (q=1.5). 

Figure 61 Displacements of the ULS, seismic q=1.5 and ELRB model 

Figure 62 Shear forces per storey for x-direction and y-direction 
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Conclusion analysis III 

As both the displacement and the shear forces observed in analysis III show a significant reduction 

compared to analysis I, base isolation is an effective solution to eliminate higher mode effects and 

lower the total amount of base shear. Due to the application of elastomeric lead rubber bearing both 

the displacement and the shear forces are reduced to a level where they come to lie in the vicinity of 

the model calculated in chapter 3 (ULS). So applying base isolation is a good option for this model. The 

most result is obtained by lengthening the natural period and making the first period governing. When 

compared to the model where no structural improvements are made to transfer seismic loads, namely 

the second and third mode contributed to high base shear forces. These 2nd and third modes for both 

direction had base shear forces ranging between 18.000 and 25.000 kN. However, when base isolation 

is applied, the total base shear is even lower than the base shear resulting from one of those governing 

modes, which is a huge accomplishment. Beside that, the displacements are reduced in a way that 

they fall within the vicinity of the displacements observed when the ULS model is calculated. As a 

result, the interstorey drifts are even lower compared to the model where no improvements are 

made. Elastomeric lead rubber bearings need to stay in the elastic phase of the isolator in order to be 

able to return to the initial position. When yielding occurs, there will be a permanent displacement. 

However, elastomeric lead rubber bearings have a high elastic capacity. But as an alternative, self 

centering friction pendulums are researched in analysis IV. These type of isolators do have the capacity 

to re-center the building after an event of an earthquake. 
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4.4 Analysis IV 

As a second base isolation system, sliding friction pendulum bearings (FPS) are applied to the 

structure. The characteristics of sliding base isolators is the self centering capacity due to the shape of 

the isolators. Figure 63 shows the principle of a sliding friction pendulum where the superstructure is 

decoupled by a material which can slide over a pendulum. The figure shows the hysteretic behaviour 

of the friction pendulum where the area Ed represents the dissipated energy in one cycle. 

 

The main function of a friction base isolator is to isolate the superstructure from its foundation by 

using concave surfaces and bearings to allow sway under movement during ground motions such as 

during the event of an earthquake (Kravchuk, Colquhoun, & Porbaha, 2008). An example of a friction 

pendulum is given in figure 64 which comes from the article of Kravchuk et. Al. (2008) and shows the 

built up of such a pendulum. “It exists out of a dense chrome over steel concave surface in contact 

with an articulated friction slider and can free slide during lateral displacements.” 

 

 

The working mechanism in a friction pendulum is that the motion of the building and the shape of the 

pendulum provide friction between the building and the pendulum. Due to this friction, energy is 

dissipated. Due to this frictional interface, also a dynamic friction force is generated which act as a 

damping system (Kravchuk, Colquhoun, & Porbaha, 2008). 

 

Another variant is the triple friction pendulum bearing, which is basically the same as the friction 

pendulum bearing with an additional component between the top plate and the concave slider 

bearing. Triple friction pendulums have an adaptable behaviour due to the capability of exhibiting 

different hysteretic properties at different stages of displacement (Moeindarbari & Taghikhany, 2012). 

 

 

 

 

Figure 63 Schematization of a friction pendulum according to Eurocode 8-2 

Figure 64 Cross section of a friction pendulum bearing; (Kravchuk, Colquhoun, & Porbaha, 2008) 
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For the calculation use is made of the example from Schouten (2017) published in Cement on the 

effectiveness of base isolation. The used code in the calculations is the NEN-EN 1998-1. The simplified 

linear analysis from chapter 10.9.3 of NEN-EN 1998-1 is used. Regarding the behaviour of the building, 

it is assumed that the superstructure is a rigid solid, meaning that the building as a whole moves to 

one side when exposed to earthquake loads. In that way, the first mode is the governing mode. With 

Keff being the effective horizontal stiffness of the isolation system according to expression 10.9.2(2) 

from NEN-EN 1998. Which states that the total stiffness of the isolation system is the sum of all the 

isolator units. 

 

The effective stiffness of one isolator unit is calculated using expression 7.2 from NEN-EN 1998-2: 

 

N=QQ =
R%S�%
ET%

+
S�%
UT

 

Here: 

- Nsd is the axial force 

- Rd is the dynamic friction coefficient 

- Rb is the radius of the pendulum 

- Dbd is the displacement 

 

Keff = 3.23 kN/mm 

 

Assumptions FPB 

Regarding the calculation of the damping of the sliding friction pendulum, the same calculation is 

made as in analysis III where the damping coefficient is determined based on the critical damping 

coefficient of the system and the effective damping ratio is determined using equation 10. The 

dynamic friction coefficient is assumed to be 0.02 based upon used data from the article of 

(Moeindarbari & Taghikhany, 2012). For the radius and the total displacement, use is made of 

characteristics from FIP Industriale (Industriale, 2009) R=4000, dbd=550 mm. 

 

The effective damping can then be calculated with expression equation 10 which comes from NEN-EN 

1998-2 

+=QQ =
�
�V
[ X�YZ
[7\\%��]

] 

Where ΣEDi is the sum of dissipated energies of all isolators I in a full deformation cycle at the design 

displacement dcd. The energy dissipated in one cycle ED of one isolator can be calculated using 

equation 11which comes from from NEN-EN 1998-2. 

ED = 4 R%S�% ET% = 496303 kNmm 

The effective damping ratio +=QQ = 16.2 % damping. As a result the damping coefficient per isolator is 

determined using the critical damping of the system as was done with elastomeric lead rubber 

bearings. 

Ccr = 2 * keff / ωn = 10.9, then c is +=QQ * ccr = 1.77 kNs/mm. 

  

Equation 10 Formula effective damping ratio 

Equation 11 Formula dissipated energy per cycle 
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The results of the FPB are obtained using the elastic response spectrum. So no use is made of a 

behaviour factor. Figure 65 shows that elastic response spectrum and the natural period of the first 

vibration mode in both x and y-direction of the unimproved structure and the structure with FPB. In 

addition the amount of mass moved in that mode is shown. It can be seen that the amount of mass 

shifted towards the first mode is quite severe in the model where FPB are used. 

 

  

Tn1= 3.3 s m1= 69.7% (without base isolation) 

Tn2= 2.8 s m2= 67.4% (without base isolation) 

Figure 5 Tn1= 4.9 s m1= 93% (with FPB) 

Figure 4 Tn1= 4.6 s m1= 96% (with FPB) 

Figure 65 Response spectrum and vibration modes 
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Figure 66 shows the shear forces per storey for both x and y-direction for the model calculated in 

chapter 3 (ULS), the model calculated in analysis I (q=1.5) where no improvements are made and the 

model from analysis IV (FPB) where FPB base isolators are applied. The figure shows a significant 

reduction in base shear, as the orange bar, which represents the base shear in the seismic isolated 

structure, is much lower than the base shear in the model calculated in chapter 3 (ULS). The reason 

for this effectiveness of base isolation can be addressed to the amount of mass shifted towards the 

first mode. As a results, most of the mass is accelerated with a lower acceleration compared to the 

situation where no base isolation was used. As a result the seismic base shear calculated with the 2nd 

law of motion F= m * a is lower. In the unimproved models, the higher modes where governing, but 

that effect nearly completely vanishes in the model where FPB are used. 

As a result, also the displacements are reduced. Fig. 67 and 68 show the displacement for the same 

three situations as in fig. 66. The figure shows the actual displacements of the FPB model and the 

relative displacements where the shift at the bottom is subtracted from the total displacement. The 

shift at the bottom represents the movement of the building due to the application of friction 

Figure 66 Shear forces per storey for x-direction and y-direction 
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pendulum bearings. In addition the figure shows the displacement of the model calculated in 

chapter 3 (ULS) and the model calculated in analysis I (q=1.5). 

 

It can be seen that the displacements are even lower than the displacements in the ULS model 

where the displacements are mostly introduced due to wind forces applied on the building. This 

result is also shown in the interstorey drift sensitivity check which is performed according to NEN-EN 

1998-1. Figure 69 shows the result of that check, it can be seen that nowhere the limit of 0.1 is 

exceeded, which means that no need for second order effects has to be taken into account. 

Conclusion FPB applied to the model exposed to seismic loads according to NPR 

It can be concluded that base isolation is a good solution for the problem faced in this model exposed 

to seismic loads according to NPR 9998 because the total seismic base shear is reduced in both x and 

y direction to a level where the base shear is lower in the seismic situation than in the ULS situation. 

The main reason is the shift of mass from the 2nd and 3th  mode of each direction to the 1st mode. As a 

result most of the mass undergoes a relatively lower acceleration compared to the situations where 

no base isolation is applied. In the unimproved model, the higher modes where governing over the 1st 

Figure 67 and figure 68 Displacements of the ULS, seismic q=1.5 and FPB model 

Figure 69 Sensitivity to second order effects for x-direction and y-direction 
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mode, with much higher shear forces. However, the effect of higher modes, nearly completely 

vanishes with the application of FPB.  
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4.5 Analysis V 

The analyses performed in analyses I until IV are done the same but for the Italian situation where the 

building is placed in L’Aquila. The goal is to see what differences occur between calculating according 

to the Dutch standard and the Italian standard in terms of enlarging the reference peak ground 

acceleration, which is done by placing the building in a high seismic hazard location according to the 

NTC, which is the case in L’Aquila. Additional to the Eurocode, the NTC presents several new terms to 

describe seismic hazards and seismic actions on structures according to Magistris (2011). Use is made 

of the coefficients explained in par. 2.2 where the Italian standard is discussed. 

From here on, the analyses are performed in the same way as for analyses I until IV, where NEN-EN 

1998-1 with national annex values according to the NTC 08 are used. 

Modal response spectrum analysis 

As the building calculated in chapter 3 (ULS), is exposed to seismic loads according to NTC’08 with 

NEN-EN 1998-1 as leading standard, the modal response of the structure is not changed. Because 

the modal response analysis is a characteristic of the building, for the vibration modes is referred to 

analyses I. The first mode in x direction has a natural period of 2.8 s and the first mode in y direction 

has a natural period of 3.3 s. 

This modal response spectrum analysis is the bases for the modal response spectrum analysis once 

again made with the reference peak ground acceleration according to NTC and the design spectrum 

according to NTC. The checks regarding limit state are performed according to the near collapse state 

as described in the Eurocode.  

Regarding the design spectrum, the spectrum according to the NTC differs from the one used in the 

Eurocode. Figure 70 shows the formulas which are needed to construct the design spectrum according 

to NTC’08. Figure 71 shows that spectrum with the reference peak ground acceleration of 0.33 g which 

is the basis for the response spectrum analysis. For analyses V a behaviour factor of 1.5 is applied to 

the elastic spectrum, to account for minimum ductility. Compared to the spectrum according to 

Eurocode 8, which is applied in paragraph 4.1 the horizontal peak of the Italian spectrum in this case 

is shorter. However, this peak is much higher due to higher reference peak ground accelerations which 

need to be taken into account for the city of L’Aquila. 

 

 

 

 

Figure 70 Formula for building the design spectrum according to NTC'08 (NTC'08, 2008) 



 

 

72      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

 

The base shear and the shear forces per storey are calculated as in par. 4.1. The number of vibration 

modes which need to be taken into account are such that 90% of the mass is activated in the 

considered vibration modes. Fig. 72 shows the shear forces per storey obtained from modal response 

spectrum analysis. Figure 72 shows the shear forces per storey for the calculation made in chapter 3 

(wind) and analysis V (q=1.5). The shear forces indicated by wind are the shear forces in the ULS design 

without seismic forces, where the shear forces are mainly introduced due to wind load. It can be 

observed that the shear forces under seismic loading are much higher compared to the model 

calculated in chapter 3. The shear forces in the seismic calculation are a factor 3.6 and 2.4 higher for 

respectively x and y-direction. 

Figure 72 Shear forces ULS and Seismic per storey for x and y-direction 

Figure 71 Design spectrum with q=1.5 according to NTC'08 
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The displacements are checked according to the same procedure as followed in analyses I in order to 

make a fair comparison. Figure 73 show the displacement for the model calculated in chapter 3 (wind) 

and the displacements observed in analyse V (seismic). It can be seen that the displacements in the 

seismic situation are much higher than the displacements in the ULS design referring to the calculation 

in chapter 3. This can be explained by the higher shear forces due to seismic loads. The reference peak  

ground acceleration is higher in the Italian spectrum used compared to the reference peak ground 

acceleration used in analyses I until IV. As a rather logical result, the displacements also increase 

further than what was already the case in analyses I until IV. 

 

Regarding the sensitivity to second order effect, the inter storey drift should be limited in accordance 

with eq. 9. Fig. 74 shows the inter storey drift sensitivity per storey for both x and y-direction obtained 

by FE analyses.  

Figure 73 Displacements of the ULS model and the seismic model 

Figure 74 Sensitivity to second order effects for x-direction and y-direction 
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Regarding damage limitation, a different spectrum should be used where a less heavier earthquake, 

with lower accelerations need to be taken into account, with a lower return period and a higher 

probability of exceedance. Fig. 75 shows the storey drift control for both x and y direction in 

accordance with the damage limitation check. The figure shows that when the check according the 

damage limitation state are performed on the results from the near collapse calculation, the storey 

drift control are already within the limits set in the damage limitation state, making it unnecessary to 

do a analyses with lower forces.  

Regarding the checks of the diagonals, the diagonals fail under the same criteria in analyses I as the 

diagonals are not changed in this case. The connections of the diagonals to the beams are not designed 

on such high normal forces. So for that reason the structure is not capable of transferring loads as they 

are applied under the seismic situation with the reference peak ground acceleration based upon the 

city of L’Aquila. 

 

Conclusion Analyses V 

Regarding the conclusion for the model calculated in the ULS exposed to seismic action as has to be 

taken into account for the location of L’Aquila, it can be said that the building is not capable of resisting 

an earthquake according to Eurocode 8 with reference peak ground accelerations according to NTC’08 

without improving the structure because the connections will fail as they are not designed for such 

high loads. As a solution the same adjustments are made as in analyses II to strengthen the structure. 

Furthermore the same types of base isolation as in analyses III and IV are applied. The reason for using 

exactly the same characteristics as in the previous calculations is to compare whether an building with 

solutions to mitigate seismic loads according to the Groningen situation is capable of resisting seismic 

loads according to situation of L’Aquila.  

Figure 75 Storey drift control for x-direction and y-direction 
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4.6 Analyses VI 

For the ULS model exposed to an earthquake representative for the location of L’Aquila, the same 

mitigation methods are applied as is done for the ULS model exposed to earthquakes loading 

according to NPR 9998 2015. The goal is to make a comparison and to see the reduction of seismic 

forces introduced into the building by strengthening the structure for two different reference peak 

ground accelerations. For the terminology and the checks which have to be performed in analysis VI 

is referred to analysis II as in essence the calculations and checks are the same for analysis II and VI. 

 

Regarding the structural improvements, the same profiles are used as in the used in analysis II using 

the same structural improvements to strengthen the structure. Therefore, the modal response 

spectrum analysis is performed using a behaviour factor of 3.2 as the requirements are met to 

account for more ductility in the structure. Figure 76 shows the shear forces per storey of the model 

calculated in chapter 3 (ULS), analysis V (q=1.5) and analysis VI (q=3.2). The figure shows the storey 

on vertical axis and the shear force in kN on horizontal axis. The checks are only performed for the 

near collapse state, the damage limitation state is not considered for the Italian situation. 

Figure 76 shows that the shear forces for the model with a behaviour factor of 3.2 and the shear forces 

for the ULS model are nearly the same for the y-direction. Meaning that the structure would satisfy 

the requirements for that direction. However, the shear forces in x direction are higher for the 

Figure 76 Shear forces per storey for x and y-direction, ULS, q=1.5 and q=3.2 
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improved structure (q=3.2) compared to the forces from the ULS analysis. The base shear in that 

direction is a factor 1.63 higher resulting in higher normal forces in the diagonals. 

Figure 77 shows the check regarding homogeneous behaviour, where this check was met in analysis 

II, it can be seen in this table that the max over strength ratio of 25% is not met here.  

Regarding displacements, checks are performed according to NEN-EN 1998 4.4.3.2 equation 4.31 

which set a limit to the interstorey drift for each storey. Figure 78 shows the displacements observed 

in analysis VI (q=3.2), analysis V (q=1.5) and the model calculated in chapter 3 (ULS) with on vertical 

axis the storey and on horizontal axes the displacement in mm. As the figure shows, the deflections 

are nearly the same for analysis VI and VI, model which is logic as the behaviour factor does not 

change anything to displacements, but is about dissipated energy. The difference which is observed 

comes from the slight change in profiles regarding stiffness of the building. The model with a 

behaviour factor of 3.2 is a bit more flexible at the top compared to the original model. 

  

 

Homogeneous dissapative behaviour of diagonals

Ωi = Nplrdi  / NEd q=3.2

X-directionProfile Middle brace bay right

Diagonal on storey Ωi NRd (kN) NEd (kN) Ωi/Ω-100%

Storey 15 CHS 114.3 x 5.0 1.683333 404.0 240 6%

Storey 14 CHS 168.3 x 6.3 1.584034 754 476 0%

Storey 13 CHS 244.5 x 6.3 1.926829 1106.0 574 22%

Storey 12 CHS 273 x 6.3 1.70096 1240.0 729 7%

Storey 11 CHS 273 x 8.0 2.353383 1565.0 665 49%

Storey 10 CHS 323.9 x 8 2.444299 1865.0 763 54%

Storey 9 CHS 323.9 x 10 2.729093 2317.0 849 72%

Storey 8 CHS 323.9 x 10 2.660161 2317.0 871 68%

Storey 7 CHS 323.9 x 12.5 2.778101 2867.0 1032 75%

Storey 6 CHS 355.6 x 16 2.769125 4018.0 1451 75%

Storey 5 CHS 355.6 x 20 2.64709 4958.0 1873 67%

Storey 4 CHS 355.6 x 20 22.63927 4958.0 219 1329%

Storey 3 CHS 355.6 x 25 3.415316 6110.0 1789 116%

Storey 2 CHS 355.6 x 25 2.884797 6110.0 2118 82%

Storey 1 CHS 355.6 x 25 2.382066 6110.0 2565 50%

Storey 0 CHS 355.6 x 25 1.993475 6110.0 3065 26%

Figure 77 Forces in the diagonals governing situation x-direction with the over strength ratios according to NEN-EN 1998-1 
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As a result of these deflection, interstorey drifts can be observed, which is the difference in 

displacement between the top and the bottom of each storey. NEN-EN 19998 sets requirements for 

the maximum interstorey drift as also applied in analysis II. Figure 79 shows the sensitivity 

coefficients per storey for second order effects for both x and y direction, respectively θx and θy with 

on vertical axis the considered storey and on horizontal axis the interstorey drift coefficient θ. In 

addition the limit which comes from Eurocode 8 of θ=0.1 is shown in red. As shown, the coefficient 

at some storeys exceeds 0.2 where further second order analysis is needed. However, nowhere the 

limit of 0.3 is exceeded, but the sensitivity to second order effects is quite severe. 

  

Figure 79 Sensitivity to second order effects for x-direction and y-direction 

Figure 78 Displacements of the ULS and seismic model q=1.5 and q=3.2 
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Conclusion analysis VI 

Regarding the model exposed to earthquake loads with a reference peak ground acceleration based 

upon the location of L’Aquila (analysis VI) the model is more vulnerable for second order effects as 

interstorey drifts are much higher than the displacements observed in the Groningen (analysis II) 

situation with structural improvement by adjusting the diagonals. In addition to the sensitivity to 

second order effects, the base shear in x direction exceeds the base shear calculated in the model of 

chapter 3. Overall it can be concluded that the model as improved for the situation of Groningen 

(analysis II) is not one on one applicable for the situation of L’Aquila (analysis VI) due to the higher 

seismic forces observed. Checks regarding the diagonals and displacements are not in the same order 

and therefore need further research. In addition to the displacements, the model is more vulnerable 

for second order effects, as the sensitivity coefficients show. Therefore, further analysis and more 

improvements of the structure is needed. Changing element dimensions and thus provide more 

capacity could be a solution, however, as is already the case with the Groningen situation, the 

improvements are quite drastic and lead to a lot of extra steel put into the model. Therefore, a 

different solution seems more logic such as applying base isolation, which was shown to be very 

effective in the Groningen situation. The effect of base isolation is researched in analysis VII and VIII. 
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4.7 Analyses VII 

In analysis VIII the same elastomeric lead rubber bearing from MAURER used in analysis III is applied 

to the structure calculated with a reference peak ground acceleration based upon the location of 

L’Aquila according to the NTC’08. Since the goal is that the structure stays in the elastic phase, the 

elastic response spectrum is used meaning that no behaviour factor is applied.  

Figure 80 shows the results of the modal response spectrum analysis performed for analysis V (q=1.5), 

analysis VII (MLRB) and the model with no seismic loads calculated in chapter 3. On vertical axis the 

storey is indicated and on horizontal axis, the shear force in kN is indicated. It can be seen that the 

shear forces for analysis VII where elastomeric lead rubber bearings are applied are still much higher 

than the shear forces observed in the model calculated in chapter 3. 

Therefore the effect of ELRB is not that high in analysis VII compared to the effect of ELRB in analysis 

III where ELRB was shown very effective by reducing the seismic base shear below the level of base 

shear observed in the calculation in chapter 3. The reason is the relatively high acceleration for the 

1st mode, around 0.37 m/s2 which lead to high base shear forces. The damping ratio in addition is 

rather low, 5% and 6% for respectively the x and y-direction. In the Groningen situation, the 

application of ELRB was enough because of the relatively low reference peak ground acceleration. 

Figure 80 Shear forces per storey for x and y direction for analysis III, VII and model calculated in chapter 3 
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But in case of the Italian situation, the acceleration remains too big, resulting in high base shear 

forces. Because of these high shear forces, the connections need to be improved as they were not 

designed for these kind of forces. 

Along with these high shear forces, large deformations are observed. Figure 81 shows the 

displacements per storey for analysis V, analysis VII actual and relative and for the model calculated 

in chapter 3. Regarding the relative displacement, the base shift is subtracted to the total deflection. 

The figure shows the considered storey on y-axis and the displacement in mm on the x-axis. 

Regarding the actual displacement of the model improved with MLRB, a jump can be observed at the 

bottom which is the initial deformation of the MLRB due to elastic and plastic deformation in the base 

isolators. Fig. 82 shows the sensitivity per storey of the building to second order effects with on y-axis 

the considered storey and on x-axis respectively θx and θy which are the interstorey drift sensitivity 

coefficients. In addition the limit which comes from Eurocode 8 of θ=0.1 is shown in red. It can be 

observed that mainly in y-direction the building becomes sensitive for second order effects and they 

need to be taken into account. 

Figure 81 Deflections observed in analysis V, VII and model calculated in chapter 3 for x and y direction 

Figure 82 Sensitivity to second order effects for x-direction and y-direction 
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Conclusion analysis VII 

The seismic forces become too big to be mitigated by only one solution such as MLRB because the 

shear forces are much higher than the shear forces in the model calculated in chapter 3 resulting in 

the connections to be overloaded as was also observed in analysis I. Therefore it is recommended to 

research a combination of base isolation with strengthening the structure to decrease the seismic 

forces introduced into the building exposed to seismic loads with a reference peak ground 

acceleration based upon the location of L’Aquila. The reason for the minor effect of adding damping 

to the structure can be explained by the article of Chopra (2004) where it is stated that damping has 

minor effect when the damping ratio is lower than 20%. This is the case for the building as the damping 

ratio of the building lays between 5 and 6 % for x and y direction. 

 

4.8 Analyses VIII 

In analysis VIII the same FPB are applied as in analysis IV where the model calculated in chapter 3 is 

exposed to a reference peak ground acceleration based upon the location of Groningen according to 

the NPR. By applying FPB to the structure the building can move as one mass and energy can be 

dissipated due to friction in the pendulum. Furthermore, due to applying friction pendulums, the more 

flexibility is added at the bottom, resulting in longer natural periods. These longer periods, as can be 

explained by the response spectrum, result in lower accelerations. In addition, more mass is shifted 

towards the first mode, as a result, the shear forces are lower because the first mode in this case 

results in the lowest acceleration, which can be seen in fig. 84. Fig. 83 shows the spectrum where can 

be observed that a higher period gives lower accelerations.  

 

 

 

 

 

 

 

 

 

 

 

Figure 83 Elastic response spectrum with agref = 0.33g used in analysis VIII 
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Fig. 85 shows the observed shear forces per storey for analysis VIII (FPB), analysis V (q=1.5) and the 

model calculated in chapter 3 (ULS). The figure, shows the considered storey on vertical axis and the 

amount of shear in kN on the horizontal axis. It can be seen that the shear forces are drastically 

reduced. This is because the application of base isolation has made a sever change in structural 

behaviour under seismic loading. In the model without base isolation, the 2nd and 3th mode in both 

main direction where governing over the 1st mode which was observed in analysis I, in the modal 

analysis. This was addressed to the fact that the first mode had participating mass of about 70%. In 

the model with base isolation, the mass in the first modes is more than 90%. Higher modes in a 

building, have shorter periods. As a result, shorter period, give higher accelerations and thus higher 

shear forces. This is why flexible buildings behave better under seismic loads compared to stiff 

buildings. Regarding the characteristics used in analysis VIII is referred to analysis IV, where the same 

FPB were used.  

 

  

 Tn1= 3.3 s m1= 69.7% (without base isolation) 

Tn2= 2.8 s m2= 67.4% (without base isolation) 

Tn1= 4.9 s m1= 93% (with FPB) 

Tn2= 4.6 s m1= 96% (with FPB) 

Figure 84 Vibration modes obtained by modal analysis in SCIA-Engineer 
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Regarding the results from the application of FPB, it can be concluded that the reduction regarding 

shear forces and base shear is quite severe as for x direction the base shear is lowered from 58000 kN 

to 28000 kN and for y direction the base shear is lowered from 46000 kN to 29000 kN. However, the 

reduction is not enough. The Base shear is still factor 1.8 and 1.6  larger than the base shear coming 

from the model calculated in chapter 3 (ULS) for respectively x and y direction. The damping ratios of 

the structure of the first mode in y-direction is 11% and the damping ratio of the structure for the first 

mode in x-direction is 14 %. 

Figure 85 Shear forces per storey in x-direction and y-direction 
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Regarding the displacements, the building behaves much better when FPB are applied. Fig. 86 show 

the displacements for analysis V (q=1.5), analysis VIII (FPB) and (FPB(relative)) and the model 

calculated in chapter 3. The figure shows the considered storey on vertical axis and the amount of 

displacement on horizontal axis. The relative displacement, referring the FPB (relative) is the shift at 

the bottom due to motion of the building over the isolator subtracted from the total displacement. 

This is why a sudden jump can be observed at the bottom for the displacements of FPB. So the relative 

displacement lays in the vicinity of the displacements observed for the ULS model in the x direction, 

however, in the y-direction the displacements are still significant larger. 

The interstorey drift sensitivity per storey is shown in fig. 87 with on vertical axis the considered storey 

an on horizontal axis the sensitivity coefficient for x and y direction. In addition the limit according to 

the Eurocode of θ=0.1 is shown. It can be seen that at every storey meets the requirement according 

to NEN-EN 1998-1 as all values of θ lay below 0.1. 

  

Figure 86 Deflections observed in analysis V, VIII and model calculated in chapter 3 for x and y direction 

Figure 87 Sensitivity to second order effects for x-direction and y-direction 



 

 

86      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

Conclusion analysis VIII 

It can be concluded that the model experiences too large shear forces as the shear forces are still 

much higher for analysis VIII compared to the shear forces observed in the calculating made in chapter 

3 regarding the ULS model. As a result the connections and diagonals do not satisfy the demand set in 

the standards. Regarding the interstorey drift sensitivity the requirements are met. As a solution to 

the points where the conditions are not met, it is advised to do further research into a combination of 

base isolation and strengthening of the structure. It is expected that when a combination of those two 

are made, the shear forces in the structure can be decreased even further to a level where they will 

be of the order of shear forces observed in the model calculated in chapter 3. Then, no further 

improvements would be needed as that model full fills the requirements. Regarding the application 

and the effectiveness of friction pendulum bearings it can be said that the reduction of the shear 

forces introduced into the building are quite severe and therefore it can be said that FPB are very 

effective. Especially in this situation as the FPB make it that the most mass is now moved towards the 

first mode. However, the accelerations remained too high, resulting in the relatively large base shear 

forces. 
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5 Conclusions 

 

A design for a steel structure with as function data center calculated without seismic loads is not 

capable of resisting earthquake loads without strengthening or mitigating the structure. When the 

design of the data center is exposed to seismic loads according to NPR 9998 2015 for the location of 

Groningen in the Netherlands, the structure undergoes seismic base shears of a factor 2.4 and 1.9 

higher for respectively the x-direction and y-direction compared to the base shear forces observed in 

the calculation without seismic forces, where the base shear is mainly introduced due to wind loads.. 

The reason for these high base shear forces is the high masses which are present in a design of a data 

center. Since the 2nd law of Newton states that the force is the product of the mass and the 

acceleration, the result is high base shear forces when a building has high masses. 

Regarding the same model calculated without seismic loads exposed to seismic accelerations 

according to NTC’08 for the location of L’Aquila, the same conclusion can be made. Without 

improvements, the structure undergoes base shear forces of a factor 3.6 and 2.4 higher respectively 

for the x-direction and the y-direction compared to the model calculated without seismic forces. The 

higher base shear forces observed compared with the calculation made according to the NPR 9998 

2015 comes from a higher reference peak ground accelerations which need to be taken into account 

for the location of L’Aquila. 

 

When the model calculated without seismic forces is strengthened by adjusting the diagonals and 

connections, a higher ductile behaviour may be taken into account. As a result, the elastic response 

spectrum may be reduced by a factor 3.2, resulting in a design spectrum with lower accelerations. 

When the model is then exposed to seismic loads according to the NPR 9998 for the location of 

Groningen, base shear forces are observed which of the same order as the base shear forces observed 

in the calculation without seismic loads. This seems to be a good solution for the model calculated as 

if it is located in Groningen. Regarding the same procedure being done for the location of L’Aquila, 

where also the design spectrum is used with a reduction of 3.2, base shear levels in x direction are still 

a factor 1.6 higher. Overall the reduction is relatively large, since the base shear in x-direction was 58 

000 and is reduced to 27 000. However, the reduction is not enough to go below the limit of the base 

shear observed in the calculation without seismic forces applied. 

 

When the model calculated without seismic forces is mitigated by applying base isolation and is 

exposed to seismic loads according the NPR 9998 2015. The base shear forces are reduced to levels of 

base shear forces observed in the calculation without seismic loads applied to the structure. The 

reason for the reduction is that the building is made more flexible, as a result the natural period of the 

buildings is made longer. Longer period of the buildings vibrations mode, result in lower accelerations 

observed regarding the response spectrum used in seismic analysis. In addition, the structure more 

starts to behave as a single degree of freedom system, as the superstructure is decoupled from the 

foundation. As a result, the most mass is activated in the first vibration mode, which is also the 

vibration mode with the lowest acceleration. These are favourable effects, which make base isolation 

very effective in the design exposed to seismic loads according to NPR 9998 2015 for the location of 

Groningen. 

This effect is also visible when the model calculated without seismic loads is mitigated by base 

isolation and exposed to seismic loads according to NTC’08. However, the base shear observed for 

that calculation is still a factor 1.8 and 1.6  higher for respectively x-direction and y-direction compared 

to the calculation without seismic forces where the base shear is mainly introduced due to wind loads. 

The situations where the base shear forces is still higher compared to the calculation without seismic 

loads fail because the connections of the bracings were not designed for such loads. 
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5.1 future research  

The design can probably be further improved by combining strengthening the structure and applying 

base isolation. As a result, the structures ductility is increased allowing for a design spectrum to be 

used in seismic calculations, together with the effects of applying base isolation, which elongates the 

natural periods of the structure, resulting in lower accelerations experienced by the building. 

In addition, several other mitigation methods are present on the market, which have not been 

researched here in this thesis. As, the 2nd and 3rd vibrational modes were causing the highest seismic 

base shear forces in the model without improvements, it would be interesting to apply mitigation 

methods, which focus on single vibrational modes. However, by applying base isolation, most of the 

mass was shifted towards the first vibration mode, which already eliminates higher mode effects. 

By applying systems which elongate the natural period of the building, the accelerations experienced 

on the structure are lowered, so focussing on increasing ductile behaviour and elongating the 

structures natural period would result in favourable design situations for earthquake resistant 

buildings.  
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Calculation model chapter 3 

 

In this calculation report a more detailed calculation is shown of the model which is the basis of all the 

calculations made in this thesis. The base model is the model calculated according to the Eurocode 

and national annex of the Netherlands. The loads applied in this model are without seismic loading as 

the seismic loads are later applied in analysis I until analysis VIII to check whether or not improvements 

are needed to make the model also full fill requirements regarding seismic loading. 

 

1.0 Architectural design 

For this master thesis a reference building is designed which is calculated without taking the effects 

of earthquakes into account. The building design will be a data center with room for a data hall (25.000 

m2), electrical equipment ((25.000 m2) and space for office area (20.000 m2). In addition the columns 

beams and stability system must be made out of steel. Regarding the floor system, a representative 

floor system must be chosen, which represents floor weights for such type of buildings. However, the 

focus is not on optimizing this floor system. The first eight stories of the building house the data hall 

and electrical equipment and the top eight stories house the office area. From the beginning it was 

the goal to design a building with relatively large free spans of ca. 10 m, therefore a grid of 12.8 x 7.2 

is chosen. Here, the beams span 12.8 meter and the floor spans 7.2 meters. The large free spans in 

the data hall and office area provide an open character in the building, resulting in the opportunity to 

easily change the room layout.  

The following dimensions apply to the design: 

x-direction: 

- Centre to centre distance columns: 7.2m 

- Total length x-direction:   100m  

- Length of office area x-direction: 44m 

y-direction: 

- Centre to centre distance columns: 12.8m 

- Total length y-direction:   64m  

z-direction: 

- Free storey height data hall:   7.1m 

- Free storey height office area:  4m 

- Total building height:   92m 
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Figure 1 shows that the data hall has a setback on the height of 56 meters. Below that point the data 

hall with server racks of 1800 x 1450 mm are situated. The building is placed on a terrain of 100 x 100 

m x m as was the available space provided by the client. The building is placed in Groningen at 

Kempkensberg 12, 9722 TB Groningen.  

Figure 2 shows the design of one storey where the servers are placed. Area where the server racks are 

placed is divided into two larger spaced with in the middle room for vertical transports with stairs and 

elevators. Furthermore, the middle area gives the opportunity to place electrical equipment. The 

reason for the data hall to be designed in the bottom storeys is because the data hall has relatively 

high masses. When high masses are located at the top, the can give problems when the building is 

brought into motion due to second order effects. Furthermore, the office areas have a nice view when 

designed in the higher storeys. 

 

 

 

 

 

Figure 2 3D view of the design of a data hall storey 

Figure 1 3D view of the data center 
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2.0 Assumptions 

 

2.1 The main construction of the data center exist of: 

- Concrete hollow core slabs 

- Steel HEB beams 

- Steel HD and CHS columns 

- BFRL rectangular profiles for the diagonals 

2.2 Transfer of loads: 

- The transfer of loads will take place from the one way spanned hollow core slabs to the steel 

beam. From the beams the forces will be transferred to the columns which will transfer the 

loads to the foundation. 

2.3 Stability: 

- The stability will be provided by BFRL diagonals which are placed at three locations in the 

middle axis of the building considered in x direction. In addition two stability frames of 4 

grids will be added in the middle at the long façade. 

2.4 Standards 

The standards which are used for the calculations are based on European standards, called the 

Eurocode. The used codes are listed here below: 

 Eurocode 0:  NEN-EN 1990  Basis of structural design 

Eurocode 1:  NEN-EN 1991  Actions on structures 

Eurocode 3:  NEN-EN 1993  Design of steel structures 

 

For the seismic calculations in analysis I until VIII use is made of the following code 

Eurocode 8:  NEN-EN 1998  Design of structure for earthquake resistance 

 

2.5 Structural assumptions 

Building type:    

-  Storage  (Data hall – storey 1 until 8) 

-  Office  (Office area – storey 9 until 16) 

Lifetime (NEN-EN 1990 NB table B1): 

- 50 years 

Consequence class (NEN-EN 1990 NB table B1): 

- CC3 

Usage class (NEN-EN 1990 table A1.1):   

- Category B: 0=0.7 1=0.5  2=0.3 

- Category E: 0=1.0 1=0.9  2=0.8 

 

2.6 Assumptions materials 

Steel quality  : S235, S355 and S450 

Bolt connection  : 10.9 

 

2.6 Unities 

Spans   : in m1 

Loads   : in kN/m2 or kN/m1 or kN 

Dimensions  : in mm1 

Stresses  : in N/mm2 
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2.7 Note 

The design of this building is calculated on several governing situations as not all columns and beams 

with slightly different loads applied on it are optimized. Therefore this documents contains only 

calculations of governing situations. Two different floor types are chosen, one for the office area and 

one for the data hall area. Two types of beams are calculated, one for the office area and one for the 

data hall area. Regarding the columns, four locations are chosen with different loadings on top of 

them. In addition for each of those four locations, the columns are optimized for 4 different storey 

heights. It should be noted, that this design is not the most optimal design, but it provides a good basis 

for the goal of this study. 

3.0 Used loads in the model 

 

3.1 Permanent loads (G) 

 qGk:  hollow core slab office  3.83  kN/m2 

qGk:  hollow core slab data hall 4.29  kN/m2 

qGk:  HEB 600   2.12  kN/m1 

qGk:  HEB 700   2.41  kN/m1 

qGk:  Installations   0.5 kN/m2 

qGk:  MEP (data hall)   1.46 kN/m2 

qGk:  HD400x262   2.62  kN/m1 

qGk:  HD400x509   5.09  kN/m1 

qGk:  HD400x463   4.63  kN/m1 

qGk:  HD400x677   6.77  kN/m1 

qGk:  HD400x744   7.44  kN/m1 

qGk:  HD400x900   9.0  kN/m1 

 

3.2 Variable loads (Q) 

qqk:  Maintanance roof  1.0 kN/m2 

qqk:  Snow    0.56 kN/m2 

qqk:  Variable load data hall  12.0 kN/m2 

qqk:  Variable load office area 5.0 kN/m2 

 

3.3 Load combinations 

NEN-EN 1990 table A1.2 (B) STR/GEO 

 

1.3 * G + 1.65 * ψ * Q 

 

4.0 Elements 

4.1 Floors 

 

The floors span 7.2 meters for both the office and data hall function. Two different types of hollow 

core slabs are applied in the model based on information from supplier VBI of hollow core slabs. The 

floors are to be assumed rigid, due to the applied compression layer. The applied forces are 

characteristic loads as this is the way the table of the supplier works to determine the floor types.  

Floor data hall: 

The total calculated load on the floor in the data hall is: 

14 kN/m2 
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Figure 3 shows the information obtained from supplier VBI of the applied floor in the data hall. 

Floor office area: 

The total calculated load on the floor in the office area is: 

7 kN/m2 

Figure 4 shows the information obtained from supplier VBI of the applied floor in the data hall. 

4.2 Beams 

Figure 3 Characteristics of the hollow core slab applied in the data hall AVU32 (VloerenSelector VBI-Techniek, 2018 

Figure 4 Characteristics of the hollow core slab applied in the office area A260 (VloerenSelector VBI-Techniek, 2018 
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Two types of beams are applied. HEB 600 S 460 in the office area and HEB 700 in the Data Hall area. 

The beams are calculated as continuous beams over 6 supports. Each span between support is 12.8 

meters. Figure 5 shows the middle grid in y direction which is used in the calculation for the beams. 

Indicated in red and green in the figure are the beams for respectively the calculation for the beams 

in the data hall and the calculation in the office area which are performed here. 

 

Beam Data hall HEB 700 

The beam in the data hall is the most heavily loaded beam in the design for the data center because 

of the high variable load of 12 kN/m2. In addition the span is relatively large, 12.8 meters resulting in 

a relatively large deformation. 

The following loads are applied on the beam in the data hall: 

Permanent 

Hollow core slab  30.9  kN/m1 

MEP above server  10.512  kN/m1 

Dead load   2.41  kN/m1 

Installations   3.6  kN/m1 

 

Total permanent  47.41  kN/m1 

 

Variable 

Variable load   86.4  kN/m1 

 

1.3 * G + 1.65 * ψ * Q  204.2 kN/m1 

 

 

 

 

ULS 

Figure 5 Middle frame of the design, with in red and green respectively the beams in the data hall and office 

area which are calculated 
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Figure 6 shows the moment diagram obtained by analysis. The maximum moment observed is 3413.2 

kNm. 

 

The moment is checked according 6.2.5 NEN-EN 1993 

 

MEd 
≤ 1 

Mc,Rd 

 

 
 

The shear forces are checked according 6.2.6 NEN-EN 1993 

 

VEd 
≤ 1 

Vc,Rd 

 

Figure 7 shows the shear forces for the beam in the data hall with the applied forces. The maximum 

shear forces obtained by analysis is 1532.3 kN. 

 

 
Figure 7 Shear forces for the beam in the data hall obtained by analysis 

Mc,Rd = Mpl,Rd = 3827.2 kNm

MEd 3413.0 kNm

Unity check according to (6.12) 

MEd 3413.0

Mc,Rd 3827.2
10.891775 ≤ 

moment from FEM model

≤ 1 =

Figure 6 Moment diagram obtained by FE-analysis for the beam in the data hall 



 

 

101      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

 

 
 

The combination of bending and shear force is checked according 6.2.8 NEN-EN 1993 

 

 
 

Because the shear force is less than 50 % of Vpl,Rd the combination of shear and bending does not need 

to be taken into account. 

 

SLS 

Two checks are performed in the SLS, where the load factors for the permanent and variable load are 

set to 1.0 resulting in lower forces, which is allowed in the check for SLS. 

Wmax  = wend – wprecamber 

Wextra = wvl + wcr ,   

where wvl is the deflection only due to variable load and wcr due to creep (not present) 

Wmax = 1 / 250 * L = 52 mm 

 

Figure 8 shows the total displacement of the beam in the data hall, with a maximum of 29.2 mm in an 

ending field. Since 29.2 is smaller than 52, the deflection demand is met. 

 
Figure 8 Deflection of the beam in the data hall in the SLS 

Unity check

145.9

fy / (√3 yM0) 265.58
0.549361 ≤ 1

τEd
≤ 1 =

Vpl ,Rd = 3631 kN

Ved = 1532.3 kN

50% of Vpl ,Rd = 1815.5 kN

VEd = 1532.3 kN

S = 4160000 mm
3

I = 2570000000 mm
4

tw = 17 mm

fy / (√3 yM0)

fy / (√3 yM0) = 265.58 N/mm
2

Ved * S

I * t

τEd
≤ 1

τEd = = 145.9 N/mm
2
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Beam office area HEB 600 

The beam in the office area is loaded with a variable load of 5 kN/m2. In addition the span is relatively 

large, 12.8 meters resulting in a relatively large deformation. 

The following loads are applied on the beam in the office area: 

Permanent 

Hollow core slab  30.9  kN/m1 

Dead load   2.12  kN/m1 

Installations   3.6  kN/m1 

 

Total permanent  36.6  kN/m1 

 

Variable 

Variable load   36  kN/m1 

 

1.3 * G + 1.65 * ψ * Q  107 kN/m1 

 

ULS 

Figure 9 shows the moment diagram obtained by analysis. The maximum moment observed is 1643 

kNm. 

  

The moment is checked according 6.2.5 NEN-EN 1993 

 

MEd 
≤ 1 

Mc,Rd 

 

 
 

The shear forces are checked according 6.2.6 NEN-EN 1993 

Figure 9 Moment diagram obtained by FE-analysis for the beam in the office area 



 

 

103      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

 

VEd 
≤ 1 

Vc,Rd 

 

Figure 10 shows the shear forces for the beam in the office area with the applied forces. The maximum 

shear forces obtained by analysis is 749 kN. 

 

 
Figure 10 Shear forces for the beam in the office area obtained by analysis 

 

 

 

 
 

The combination of bending and shear force is checked according 6.2.8 NEN-EN 1993 

 

 
 

Because the shear force is less than 50 % of Vpl,Rd the combination of shear and bending does not need 

to be taken into account. 

 

SLS 

Two checks are performed in the SLS, where the load factors for the permanent and variable load are 

set to 1.0 resulting in lower forces, which is allowed in the check for SLS. 

VEd = 749.0 kN

S = 3210000 mm
3

I = 1710000000 mm
4

tw = 15.5 mm

fy / (√3 yM0)

fy / (√3 yM0) = 265.58 N/mm
2

Ved * S

I * t

τEd
≤ 1

τEd = = 90.7 N/mm
2

Unity check

145.9

fy / (√3 yM0) 265.58
0.549361 ≤ 1

τEd
≤ 1 =

Vpl ,Rd = 2944 kN

Ved = 749.0 kN

50% of Vpl ,Rd = 1472.0 kN
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Wmax  = wend – wprecamber 

Wextra = wvl + wcr ,   

where wvl is the deflection only due to variable load and wcr due to creep (not present) 

Wmax = 1 / 250 * L =51 mm 

 

Figure 11 shows the total displacement of the beam in the office area, with a maximum of 22.6 mm in 

an ending field. Since 22.6 is smaller than 51, the deflection demand is met. 

  

Figure 11 Deflection of the beam in the data hall in the SLS 
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4.3 Columns 

 

Regarding the calculation of the columns, for locations are chosen to calculate the load coming 

down to the column. For these 4 locations, the column is optimized along the storey height by 

optimizing the column every 4 storey. Figure 12 shows the location of column A, B, C en D which are 

subdivided into column 1 until 4. The checks are done on stability (buckling) and cross section 

(capacity) according to NEN-EN 1993 6.3 Buckling stability and 6.2.4 Axial compression. The shown 

unity checks in the tables in this section show the governing unity checks. For the weight calculation 

per column is referred to annex B, which shows the load per storey on the considered area. 

Regarding the loads being transferred by the columns, extra loads due to horizontal action is taken 

into account. These loads are calculated in par. “stability”. 

Figure 12 Locations of the calculated columns 
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Column A 

 

For location A, four different type of columns are designed. Table 1 shows the unity check per column 

regarding stability check and cross sectional check. The general check is the governing check. The 

profile dimensions are shown in the second column and vary between HD and CHS profiles. 

 

Column B 

For location B, two different type of columns are designed. Table 2 shows the unity check per column 

regarding stability check and cross sectional check. The general check is the governing check. The 

profile dimensions are shown in the second column and vary between HD and CHS profiles. 

 

Column C 

For location C, four different type of columns are designed. Table 3 shows the unity check per column 

regarding stability check and cross sectional check. The general check is the governing check. The 

profile dimensions are shown in the second column and vary between HD and CHS profiles.  

Column D 

For location D, four different type of columns are designed. Table 4 shows the unity check per column 

regarding stability check and cross sectional check. The general check is the governing check. The 

profile dimensions are shown in the second column and vary between HD and CHS profiles. 

 

 

Table 4 Column check D 

Table 3 Column check C 

Table 2 Column check B 

Table 1 Column check A 
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4.5 Wind load 

 

The wind load is determined according to the Eurocode 1991-1-4 

 

We = qp (ze) * cpe  (5.1) 

Fw = cs * cd * cf * qp(ze) * Aref 

Cs Cd = 1 for buildings where the height is less than 4 times the width in the direction of the wind load 

 

qp (ze) = depending on the height of the building 

 

Height of the building H = 92 m 

Width of the building B = 72 m 

 

B < H < 2B so the following wind model applies: 

Figure 13 show the division of wind areas in the Netherlands. The building falls within wind area II. 

Based on unbuilt locations in wind area II. Therefore the following extreme values of the wind pressure 

need to be taken into account. 

Qp(b) = 1.53 kN/m2 

Qp(h) = 1.62 kN/m2 
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Figure 14 shows the procedure to determine the wind load on a building. 

 

Figure 13 extreme wind pressure 

Figure 14 Procedure wind load according to Eurocode 
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Pressure coefficient for buildings cf is determined based on the pressure on the front side of the 

building and suction on the back side of the building. As the both values do not to be taken extreme, 

according to the national dutch annex, the summation of these factors may be multiplied with 0.85. 

Interpolation between values of H/D<1 and H/d=5 gives: 

 
 

Cpe,10 (D) = +0.8 

Cpe,10 (E) = -0.55 

 

Cpe,10 (D) - Cpe,10 (E) = 1.35 

 

Reduction factor 0.85 gives a pressure coefficient of 1.35 * 0.85 = 1.15 = cf 

 

Cscd = 1.0 for buildings of which the height is less than 4 times the width (direction of wind) 

 

The wind force according to Eurocode 1991-1-4 5.3 (2) equation (5.3) is: 

 

Fw = Cscd * cf * qp(ze) * Aref 

 

In order to calculate the force per m2 this formula is devided by Aref: 

qw = 1.0 * 1.15 * 1.53 = 1.76 (until the height of 72 m) 

 

qw = 1.0 * 1.15 * 1.62 = 1.86 (above the height of 72 m) 

 

This wind load is placed on one side of the building in the FEM model, however, the top 8 stories of 

the building are stabilized by only one core. Torsional effects would be neglected if the load is applied 

Figure 15 Pressure division to take torsional effects into account (figure 7.1) 



 

 

110      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

as an equally distributed load.  To take torsional effects into account, the wind is applied according to 

figure 15 

Pressure front side taking torsion into account: 

0.8*0.85*1.62 = 1.1 

 

Suction back side taking torsion into account: 

0.55*0.85*1.62 = 0.76 

 

Representative loads on floor edge per m1: 

Untill the height of 72 m the load per m1 on the floor edge is: 1.76 * 7.1 m = 12.5 kN/m1 

Untill the height of 72 m the load per m1 on the floor edge is: 1.76 * 4.4 m = 7.7 kN/m1 

Above the height of 72 m the load per m1 on the floor edge is: 1.86 * 4.4 m = 8.2 kN/m1 

 

Torsional effect top part of the building: 

Front side Trapezional form expanding from 0 to 4.8 (1.1 * 4.4) kN/m1 

Back side 0.76 * 4.4 = 3.3 kN/m1 

 

 

 

 

Figure 16 show the FE-model where the wind as calculated is applied in x and y direction. As a result 

from this wind load, extra forces are introduced in the columns present in the bracing system. These 

loads are taken into account. 

4.5 Stability 

Figure 16 Wind loads applied on the FE-model for x and y direction 
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Regarding the stability of the design, multiple bracings systems are designed existing out of steel 

rectangular cross section ranging from 380x50 to 700x50. Within this stability calculation, it was to 

design a building with a amplification factor “n” of larger than 10 such that second order effects could 

be neglected. Figure 16 a shows the location in plan view of the stability frames in x and y direction 

indicated by red lines.  

Diagonals 

 

Since the building is calculated with different frame combinations, the eventual chosen combination 

of the three cores and stability frames in the long façade is checked. Here the diagonals are optimized 

along the height since the normal forces in the diagonals are increasing from the top to the bottom 

due to increasing shear forces introduced by the wind loads.  

Hence, the model is calculated as only the tension diagonals are active in the considered direction. It 

is assumed that no contribution is provided by the compression diagonals as they are assumed to 

buckle in the considered direction see figure 16 b for the checks of the compression diagonals. 

Figure 16 b  furthermore shows where types A and type B diagonals are applied. Types A are the 

700x50 diagonals and type B are the 380x50 diagonals. 

Figure 16a stability system in x and y direction indicated with red lines 
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At the façade the strips applied have smaller dimensions, however the unity checks are at a very safe 

side. This is because the building needs to have a certain amount of stiffness which could only be 

reached by increasing the dimensions of the diagonals. The forces in figure 16 b are the governing 

forces in the situation. 

 

  

Checks according to Eurocode 3 NEN-EN 1993-1-1 6.2.3 (6.6 &6.7)

Diagonals dimension Steel quality λ
-

Ned  (kN) NplRd (kN) NuRd (kN) U.C. A mm
2

Anetto Nbrd (kN) Buckle

A BRFL 700x50 S235 7.60583 3043 8225 7050.24 0.43 35000 27200 67.34 Yes

B BRFL 380x50 S235 7.60583 1826 4465 3265.92 0.56 19000 12600 30.88 Yes

Compression check

Figure 16b Type of stability frame and the location in the plan view 
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Connection of the diagonals 

The connection is checked against shear of the bolts and failure of the plate at the connection where 

the netto cross section is less (due to the gaps of the bolts). Furthermore, for the connection plate the 

same dimensions of the strips are used in order to have the same capacity as in the diagonal itself. 

 

The connection is calculated based upon the forces in the lowest story of the building, where the 

forces in the diagonal are the highest due to wind. Regarding the connection with the BFRL 700 x 50 

strips, eighteen bolts M24 are applied which have a shear capacity of 181 kN per bolt and rupture 

strength of the plate of 417 kN per bolt. Respectively a unity check of 0.94 and 0.41 for this connection. 

Regarding the connection with the BFRL 380x50 strips, eight bolts M30 are applied which have a shear 

capacity of 283 per bolt and rupture strength of the plate of 245 per bolt. Respectively a unity check 

of 0.81 and 0.93 for this connection. 

 

Second order effects 

Due to the first order deflection coming from wind loads. The vertical load of the building generates 

an additional moment. This additional moment then again gives an additional deflection which also 

gives an extra moment etc. This is called the P-∆ effect or 2nd-order effect. It is important that this 

process of increasing deflection due to the previous deflection comes to an end. This can be 

investigated by the relation between the horizontal force and the vertical force acting on the building. 

 

Checks according to Eurcode 3 NEN-EN 1993-1-8 (Table 3.4)

Bolt connection FEd Bolt Type Boltclass n FvRd per bolt (kN)Fvrd totaal u.c. vrd t (plate) S plate FbRd  per boltu.c. brd

(kN) (kN) (kN) (kN)

A 3043 M24 10.9 18 181 3254.4 0.94 50 S235 417 0.41

B 1826 M30 10.9 8 283 2262.4 0.81 50 S235 245 0.93
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The building can be schematized as a resiliently inclined column with horizontal loads “W” and vertical 

loads “q”. Where “W” are wind loads and “q” represent all the vertical loads on the structure and the 

spring  “r” represents the rotational capacity of the foundation. 

 

 

u = 
*
*J�

u0 

 

In this case the n-factor is the amplification factor of the first order deflection and represents the 

relation between the critical load Qk and the real load Q of the building. In order to continue with the 

calculation the rotational stiffness of the foundation is determined by means the simplification shown. 

 

The schematization of the building above represents one stability core, the rotation capacity of all 

stability cores are assumed to be equal. Regarding the foundation an assumptions based on normal 

loads being transferred to the foundation is made with the foundation plan of one frame shown. 

Pile information 320x320C45/55 (Source: Pitbeton) 

Principle of second order effect; source "stabiliteit voor ontwerpers" 
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Kp = 15 000 kN/m 

Fp = 3430 kN 

 

Figure 17 show the analysis performed to determine the total vertical loads in case of fully loaded 

building with maximum safety factor and the situation where no variable load is present and the dead 

load is multiplied with 0.9. As no tension is wanted in the foundation piles. In both cases, compression 

is present. The total piles is calculated by dividing the normal load by the capacity of one pile. 

Cr = rotation capacity of the foundation 

Kp = Stifness of a pile 

Ai = distance of a pile to the rotation center 

Cr = k N ∗  ^ _�� 

Cr = 13.5 * 107 kNm/rad per stability frame 

 

 

 

 

 

  

Figure 17 Extra loads on the columns part of the bracing frame 
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Deflection 

 

The total deflection of the building due to horizontal loads is shown in figure 18 for both x and y 

direction with on vertical axis the storey and on horizontal axis the deflection in mm. 

 

The deflection is checked according to figure 19, where the max slanting of a building is restricted 

according to NEN6702:2001. For buildings with multiple storeys, the restrictions are: 

- Per storey u= h/300 

- Total building u= h/500 

Figure 19 Max slanting of a building according to NEN 6702:2001 

Figure 18  Deflection due to horizontal loads 
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Figure 20 shows that for every storey the requirement regarding max deflection per storey is met. 

Furthermore, the overall deflection of h/500 is also met, which is also shown in figure 20. 

Second order analysis 

 

With every deflection and load known, the eventual amplification factor “n” can be determined. 

W = 10088 kN (Total windforce on the building) 

Q = 998928 kN (Total weight of the building) 

U0 =59 mm (First order deflection in x-direction of the building) 

Ui = 0.25 % of height = 230 mm 

L = 92 m (Total height of the building) 

 

The critical load Qk of the building can then be calculated as: 

Qk = 
`∗a

�b  

Qk = 15730441 kN 

The n-factor becomes with this critical load: 

n= Qk1 / Q = 16 

In the previous assumption with the n-factor of 16 the foundation is assumed to be infinitely stiff. This 

is not the case. In order to take this rotation capacity into account, the critical load of the bending 

resistance and the rotation resistance must be combined according to dunkerley’s formula: 

 
�

cd = 
�

cd� +
�

cd�  

 

In which: 

Qk1 = Critical load due to bending 

Qk2= Critical load due to foundation 

 

The deformation due to shear is not taken into account: 

 

The formula for Qk1 can also be written by terms of EI by rewriting the formula where W (total wind 

load), L (total height of the building) and u0 (top deflection due to wind) to: 

hi/300 hi/300

Storey height (m) ux (mm) uy (mm) ux;ma x (mm) uy;ma x (mm)

7.1 3.3 5.2 23.7 23.7

7.1 4.4 5.7 23.7 23.7

7.1 5.1 6.1 23.7 23.7

7.1 5.8 5.9 23.7 23.7

7.1 6.3 6.4 23.7 23.7

7.1 8 6.2 23.7 23.7

7.1 6.3 5.9 23.7 23.7

7.1 7.4 5.6 23.7 23.7

4.4 4.9 3.6 14.7 14.7

4.4 5 3.5 14.7 14.7

4.4 5 3.4 14.7 14.7

4.4 5 3.1 14.7 14.7

4.4 4.9 3.3 14.7 14.7

4.4 4.9 3.1 14.7 14.7

4.4 4.8 2.8 14.7 14.7

4.4 4.6 2.4 14.7 14.7

Total height (m) utot x utot y h/500 h/500

92 85.7 72.2 184.0 184.0

Figure 20 Deflection per storey in x and y direction and total deflection of the building, limits according to NEN 6702:2001 
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Qk1 = 
`a
�b  = 

e��
a�  

 

EI then becomes : 1.7 * 1010 kNm2 

 

The building can be schematized as a combination of an infinitely stiff bar supported by a rotational 

spring with spring stiffness Cr (rotation capacity of the foundation) and a bar with stiffness EI 

supported by rigid inclination. If so the critical load of the total structure with dunkerley’s formula 

becomes: 

Qk1 = 15730441 kN 

Qk2 = 2Cr / l = 26413043 kN 

Qk = 9858910 kN 

Q = 998928 kN 

n = Qk / Q = 10 

 

With n being 10, the second order effects are for further analysis neglected 

 

 

 

 

5.0 Summary design calculation 

The buildings floors, beams and columns are calculated and fulfil requirements made in ULS and SLS. 

The overall stability of the building is checked regarding deflections and second order effects. 

Furthermore, the extra loads introduced in the columns due to horizontal loads are taken into 

account. This calculation is briefly treated in chapter 3 of the thesis and is often referred to as the 

ULS model without seismic loads taken into account. 

Figure 21 Combination of infinitely stiff foundation and rotational stiffness; 

source; stabiliteit voor ontwerpers 



 

 

119      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 
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Annex B 



Weight calculation Column A1

Length (m) Width (m)
Load kN/m2 

or kN/m
Per. Load (kN)

Total Per.  Load 

(kN)

Var. 

Load 

(kN)

ψ- factor
Total Var. 

Load (kN)

Constructie onderdeel

Roof 12.8 7.2
Variable Load

Roof_Var_Snow 12.8 7.2 75 % 0.56 = 38.71 0.5 19.3536
Floor type

Floor_Per_Roof 12.8 7.2 75 % 1.5 = 138.24
Installations

Roof_Per_Maintanance 12.8 7.2 75 % 1 = 92.16

Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

262.948

15th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 75 % 5 = 345.6 0.5 172.8
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248
Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

363.6328

14th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 75 % 5 = 345.6 0.5 172.8
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248
Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

363.6328

13th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 75 % 5 = 345.6 0.5 172.8
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248
Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

363.6328

12th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 75 % 5 = 345.6 0.5 172.8
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248
Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

368.8248

11th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 75 % 5 = 345.6 0.5 172.8
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248
Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

368.8248

10th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 75 % 5 = 345.6 0.5 172.8
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248
Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

368.8248

9th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 75 % 5 = 345.6 0.5 172.8
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248
Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

368.8248

8th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 75 % 5 = 345.6 0.5 172.8
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248
Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536
Beam type

Beam_HE700B 12.8 2.41 = 30.848
Column type

Column_HD400x463 7.1 4.63 = 32.873 +

529.3594

7th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x463 7.1 4.63 = 32.873 +

529.3594

6th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

% floor field



Column_HD400x463 7.1 4.63 = 32.873 +

529.3594

5th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x463 7.1 4.63 = 32.873 +

529.3594

4th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

560.3864

3th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

560.3864

2nd floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

560.3864

1st floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

560.3864

Totaal in kN 7188.1288 Variable load = Q: 7207.834

Concequence class = CC3 1.3 1.65

= 21237 kN

Extra loads due to wind loads: 3206 kN

σc=Fd/A = 21237492.88

114900

Wind + 0.9 * 

permanent load 

(no variable load) σc=Fd/A = 3263315.92

114900

σc=Fd/A = 24443492.88

114900

To account for uncertainties and buckling a reduction factor is taken into account in the unity check

i= 115.3946571 I= 1530000000 mm4

A= 114900 mm2

Lcr 7100 mm

 λ1= 67.12442898 E 210000 N/mm2

The wind load as a tension force is an unfavourable situation, in order to calculate if the column at that location does not become a tenstion column the variable load is not taken 

into account and the permanent load is reduced with a factor of 0.9 to account for favourable load combinations.

Permanent load = G:

Load ULS on ground level column: Fd= γG x G +  γQ x Q

Permanent + 

Variable

:= 28.40135701 N/mm
2

:= 212.7371008 N/mm
2

Wind + Permanent 

+ Variable

:= 184.8345768 N/mm
2



 λrel= 0.916625729 fy 460 N/mm2

Afgerond 1 yM1= 1

w= 10700000

Choose type of cross section =

Check χ in table

c

knikcurve c 2 0 1.0000

χ= 0.54 3 0.1 1.0000

4 0.2 1.0000

Nbrd= 28541.16 kN 5 0.3 0.9490

6 0.4 0.8970

Ned= 24443 7 0.5 0.8430

8 0.6 0.7850

9 0.7 0.7250

Unity Check = 0.86 10 0.8 0.6620

11 0.9 0.6000

F(euler) 62906 kN 12 1 0.5400

Fed 24443 kN 13 1.1 0.4840

Vergrotingsfactor n= 2.6 14 1.2 0.4340

15 1.3 0.3890

16 1.4 0.3490

Eccentricity 40 mm emin > lc / 300 23.66667 17 1.5 0.3150

emin > d/10 40 18 1.6 0.2840

emin > 10 mm 10 19 1.7 0.2580

20 1.8 0.2350

Extra moment due to e = 977.7397152 kNm 21 1.9 0.2140

22 2 0.1960

M * n/n-1 1599.103799 kNm 23 2.1 0.1800

24 2.2 0.1660

Stress due to moment eccenticity 149.4489532 N/mm2 25 2.3 0.1540

Stress due to wind = 212.7371008 N/mm2 26 2.4 0.1430

27 2.5 0.1320

Wind + eccentricity 362.186054 28 2.6 0.1230

29 2.7 0.1150

Unity check = 385 30 2.8 0.1080

460 31 2.9 0.1010

32 3 0.0950

0.84 <1



Weight calculation Column B1

Length (m) Width (m)
Load kN/m2 

or kN/m
Per. Load (kN)

Total Per.  Load 

(kN)

Var. 

Load 

(kN)

ψ- factor
Total Var. 

Load (kN)

Constructie onderdeel

Roof 12.8 7.2
Variable Load

Roof_Var_Snow 12.8 7.2 75 % 0.56 = 38.71 0.5 19.3536
Floor type

Floor_Per_Roof 12.8 7.2 75 % 1.5 = 103.68
Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536
Beam type

Beam_HE700B 12.8 2.41 = 30.848
Column type

Column_HD400x463 7.1 4.63 = 32.873 +

336.5146

7th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x463 7.1 4.63 = 32.873 +

529.3594

6th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x463 7.1 4.63 = 32.873 +

529.3594

5th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x463 7.1 4.63 = 32.873 +

529.3594

4th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

560.3864

3th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

560.3864

2nd floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

560.3864

1st floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 75 % 12 = 829.4 1 829.44

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 75 % 4.29 = 296.5248

Installations

Roof_Per_System 12.8 7.2 75 % 0.5 = 34.56

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

560.3864

Totaal in kN 4166.1384 Variable load = Q: 5825.434

Concequence class = CC3 1.3 1.65

= 15028 kN

Extra loads due to wind loads: 2641 kN

σc=Fd/A = 15027945.36

114900

% floor field

Permanent load = G:

Load ULS on ground level column: Fd= γG x G +  γQ x Q

The wind load as a tension force is an unfavourable situation, in order to calculate if the column at that location does not become a tenstion column the variable load is not taken 

into account and the permanent load is reduced with a factor of 0.9 to account for favourable load combinations.

Permanent + 

Variable
:= 130.7915175 N/mm

2



Wind + 0.9 * 

permanent load 

(no variable load) σc=Fd/A = 1108524.56

114900

σc=Fd/A = 17668945.36

114900

To account for uncertainties and buckling a reduction factor is taken into account in the unity check

i= 115.3946571 I= 1530000000 mm4

A= 114900 mm2

Lcr 7100 mm

 λ1= 67.12442898 E 210000 N/mm2

 λrel= 0.916625729 fy 460 N/mm2

Afgerond 1 yM1= 1

w= 10700000

Choose type of cross section =

Check χ in table

c

knikcurve c 2 0 1.0000

χ= 0.54 3 0.1 1.0000

4 0.2 1.0000

Nbrd= 28541.16 kN 5 0.3 0.9490

6 0.4 0.8970

Ned= 17669 7 0.5 0.8430

8 0.6 0.7850

9 0.7 0.7250

Unity Check = 0.62 10 0.8 0.6620

11 0.9 0.6000

F(euler) 62906 kN 12 1 0.5400

Fed 17669 kN 13 1.1 0.4840

Vergrotingsfactor n= 3.6 14 1.2 0.4340

15 1.3 0.3890

16 1.4 0.3490

Eccentricity 40 mm emin > lc / 300 23.66667 17 1.5 0.3150

emin > d/10 40 18 1.6 0.2840

emin > 10 mm 10 19 1.7 0.2580

20 1.8 0.2350

Extra moment due to e = 706.7578144 kNm 21 1.9 0.2140

22 2 0.1960

M * n/n-1 982.8057847 kNm 23 2.1 0.1800

24 2.2 0.1660

Stress due to moment eccenticity 91.85100792 N/mm2 25 2.3 0.1540

Stress due to wind = 153.776722 N/mm2 26 2.4 0.1430

27 2.5 0.1320

Wind + eccentricity 245.6277299 28 2.6 0.1230

29 2.7 0.1150

Unity check = 385 30 2.8 0.1080

460 31 2.9 0.1010

32 3 0.0950

Wind + Permanent 

+ Variable
:= 153.776722 N/mm

2

0.84 <1

:= 9.647733333 N/mm
2



Weight calculation Column C1

Length (m) Width (m)
Load kN/m2 

or kN/m
Per. Load (kN)

Total Per.  Load 

(kN)

Var. 

Load 

(kN)

ψ- factor
Total Var. 

Load (kN)

Constructie onderdeel

Roof 12.8 7.2
Variable Load

Roof_Var_Snow 12.8 7.2 100 % 0.56 = 51.61 0.5 25.8048
Floor type

Floor_Per_Roof 12.8 7.2 100 % 1.5 = 138.24
Installations

Roof_Per_Maintanance 12.8 7.2 100 % 1 = 92.16

Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

262.948

15th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 100 % 5 = 460.8 0.5 230.4
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664
Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08

Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

473.9944

14th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 100 % 5 = 460.8 0.5 230.4
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664
Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

473.9944

13th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 100 % 5 = 460.8 0.5 230.4
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664
Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

473.9944

12th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 100 % 5 = 460.8 0.5 230.4
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664
Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

479.1864

11th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 100 % 5 = 460.8 0.5 230.4
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664
Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

479.1864

10th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 100 % 5 = 460.8 0.5 230.4
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664
Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

479.1864

9th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 100 % 5 = 460.8 0.5 230.4
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664
Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

479.1864

8th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 100 % 5 = 460.8 0.5 230.4
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664
Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536
Beam type

Beam_HE700B 12.8 2.41 = 30.848
Column type

Column_HD400x463 7.1 4.63 = 32.873 +

639.721

7th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 100 % 12 = 1106 1 1105.92

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664

Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x463 7.1 4.63 = 32.873 +

639.721

6th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 100 % 12 = 1106 1 1105.92

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664

Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

% floor field



Column_HD400x463 7.1 4.63 = 32.873 +

639.721

5th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 100 % 12 = 1106 1 1105.92

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664

Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x463 7.1 4.63 = 32.873 +

639.721

4th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 100 % 12 = 1106 1 1105.92

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664

Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x744 7.1 7.44 = 52.824 +

659.672

3th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 100 % 12 = 1106 1 1105.92

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664

Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x744 7.1 7.44 = 52.824 +

659.672

2nd floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 100 % 12 = 1106 1 1105.92

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664

Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x744 7.1 7.44 = 52.824 +

659.672

1st floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 100 % 12 = 1106 1 1105.92

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 100 % 4.29 = 395.3664

Installations

Roof_Per_System 12.8 7.2 100 % 0.5 = 46.08

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x744 7.1 7.44 = 52.824 +

659.672

Totaal in kN 8799.2488 Variable load = Q: 9610.445

Concequence class = CC3 1.3 1.65

= 27296 kN

Extra loads due to wind loads: 0 kN

σc=Fd/A = 27296257.36

94810

Wind + 0.9 * 

permanent load 

(no variable load) σc=Fd/A = 7919323.92

94810

σc=Fd/A = 27296257.36

94810

To account for uncertainties and buckling a reduction factor is taken into account in the unity check

i= 112.5028566 I= 1200000000 mm4

A= 94810 mm2

Lcr 7100 mm

 λ1= 67.12442898 E 210000 N/mm2

Wind + Permanent 

+ Variable
:= 287.9048345 N/mm

2

Permanent load = G:

Load ULS on ground level column: Fd= γG x G +  γQ x Q

The wind load as a tension force is an unfavourable situation, in order to calculate if the column at that location does not become a tenstion column the variable load is not taken 

into account and the permanent load is reduced with a factor of 0.9 to account for favourable load combinations.

Permanent + 

Variable
:= 287.9048345 N/mm

2

:= 83.52836114 N/mm
2



 λrel= 0.940186898 fy 460 N/mm2

Afgerond 1 yM1= 1

w= #N/A

Choose type of cross section =

Check χ in table

a

knikcurve a 2 0 1.0000

χ= 0.666 3 0.1 1.0000

4 0.2 1.0000

Nbrd= 29045.9916 kN 5 0.3 0.9770

6 0.4 0.9530

Ned= 27296 7 0.5 0.9240

8 0.6 0.8900

9 0.7 0.8480

Unity Check = 0.94 10 0.8 0.7960

11 0.9 0.7340

F(euler) 49338 kN 12 1 0.6660

Fed 27296 kN 13 1.1 0.5960

Vergrotingsfactor n= 1.8 14 1.2 0.5300

15 1.3 0.4700

16 1.4 0.4180

Eccentricity 40 mm emin > lc / 300 23.66667 17 1.5 0.3720

emin > d/10 40 18 1.6 0.3330

emin > 10 mm 10 19 1.7 0.2990

20 1.8 0.2700

Extra moment due to e = 1091.850294 kNm 21 1.9 0.2450

22 2 0.2230

M * n/n-1 2443.9717 kNm 23 2.1 0.2040

24 2.2 0.1870

Stress due to moment eccenticity #N/A N/mm2 25 2.3 0.1720

Stress due to wind = 287.9048345 N/mm2 26 2.4 0.1590

27 2.5 0.1470

Wind + eccentricity #N/A 28 2.6 0.1230

29 2.7 0.1270

Unity check = 385 30 2.8 0.1180

460 31 2.9 0.1110

32 3 0.1040

0.84 <1



Weight calculation Column D1

Length (m) Width (m)
Load kN/m2 

or kN/m
Per. Load (kN)

Total Per.  Load 

(kN)

Var. 

Load 

(kN)

ψ- factor
Total Var. 

Load (kN)

Constructie onderdeel

Roof 12.8 7.2
Variable Load

Roof_Var_Snow 12.8 7.2 50 % 0.56 = 25.8 0.5 12.9024
Floor type

Floor_Per_Roof 12.8 7.2 50 % 1.5 = 138.24
Installations

Roof_Per_Maintanance 12.8 7.2 50 % 1 = 92.16

Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

262.948

15th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 50 % 5 = 230.4 0.5 115.2
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832
Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04

Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

253.2712

14th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 50 % 5 = 230.4 0.5 115.2
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832
Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

253.2712

13th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 50 % 5 = 230.4 0.5 115.2
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832
Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x10 4.4 1.23 = 5.412 +

253.2712

12th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 50 % 5 = 230.4 0.5 115.2
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832
Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

258.4632

11th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 50 % 5 = 230.4 0.5 115.2
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832
Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

258.4632

10th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 50 % 5 = 230.4 0.5 115.2
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832
Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

258.4632

9th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 50 % 5 = 230.4 0.5 115.2
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832
Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04
Beam type

Beam_HE600B 12.8 2.12 = 27.136
Column type

Column_CHS 508x20 4.4 2.41 = 10.604 +

258.4632

8th floor 12.8 7.2
Variable Load

Floor_Var_FSA 12.8 7.2 50 % 5 = 230.4 0.5 115.2
Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832
Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536
Beam type

Beam_HE700B 12.8 2.41 = 30.848
Column type

Column_HD400x463 7.1 4.63 = 32.873 +

418.9978

7th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 50 % 12 = 553 1 552.96

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832

Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x463 7.1 4.63 = 32.873 +

418.9978

6th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 50 % 12 = 553 1 552.96

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832

Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

% floor field



Column_HD400x463 7.1 4.63 = 32.873 +

418.9978

5th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 50 % 12 = 553 1 552.96

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832

Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x463 7.1 4.63 = 32.873 +

418.9978

4th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 50 % 12 = 553 1 552.96

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832

Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

450.0248

3th floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 50 % 12 = 553 1 552.96

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832

Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

450.0248

2nd floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 50 % 12 = 553 1 552.96

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832

Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

450.0248

1st floor 12.8 7.2

Variable Load

Floor_Var_EB 12.8 7.2 50 % 12 = 553 1 552.96

Floor type

Floor_Per_Hollowcoreslab 12.8 7.2 50 % 4.29 = 197.6832

Installations

Roof_Per_System 12.8 7.2 50 % 0.5 = 23.04

Roof_Per_MEP 12.8 7.2 1.46 = 134.5536

Beam type

Beam_HE700B 12.8 2.41 = 30.848

Column type

Column_HD400x900 7.1 9 = 63.9 +

450.0248

Totaal in kN 5532.7048 Variable load = Q: 4805.222

Concequence class = CC3 1.3 1.65

= 15121 kN

Extra loads due to wind loads: 0 kN

σc=Fd/A = 15121133.2

114900

Wind + 0.9 * 

permanent load 

(no variable load) σc=Fd/A = 4979434.32

114900

σc=Fd/A = 15121133.2

114900

To account for uncertainties and buckling a reduction factor is taken into account in the unity check

i= 115.3946571 I= 1530000000 mm4

A= 114900 mm2

Lcr 7100 mm

 λ1= 67.12442898 E 210000 N/mm2

Wind + Permanent 

+ Variable
:= 131.6025518 N/mm

2

Permanent load = G:

Load ULS on ground level column: Fd= γG x G +  γQ x Q

The wind load as a tension force is an unfavourable situation, in order to calculate if the column at that location does not become a tenstion column the variable load is not taken 

into account and the permanent load is reduced with a factor of 0.9 to account for favourable load combinations.

Permanent + 

Variable
:= 131.6025518 N/mm

2

:= 43.33711332 N/mm
2



 λrel= 0.916625729 fy 460 N/mm2

Afgerond 1 yM1= 1

w= 10700000

Choose type of cross section =

Check χ in table

c

knikcurve c 2 0 1.0000

χ= 0.54 3 0.1 1.0000

4 0.2 1.0000

Nbrd= 28541.16 kN 5 0.3 0.9490

6 0.4 0.8970

Ned= 15121 7 0.5 0.8430

8 0.6 0.7850

9 0.7 0.7250

Unity Check = 0.53 10 0.8 0.6620

11 0.9 0.6000

F(euler) 62906 kN 12 1 0.5400

Fed 15121 kN 13 1.1 0.4840

Vergrotingsfactor n= 4.2 14 1.2 0.4340

15 1.3 0.3890

16 1.4 0.3490

Eccentricity 40 mm emin > lc / 300 23.66667 17 1.5 0.3150

emin > d/10 40 18 1.6 0.2840

emin > 10 mm 10 19 1.7 0.2580

20 1.8 0.2350

Extra moment due to e = 604.845328 kNm 21 1.9 0.2140

22 2 0.1960

M * n/n-1 796.2427342 kNm 23 2.1 0.1800

24 2.2 0.1660

Stress due to moment eccenticity 74.4152088 N/mm2 25 2.3 0.1540

Stress due to wind = 131.6025518 N/mm2 26 2.4 0.1430

27 2.5 0.1320

Wind + eccentricity 206.0177606 28 2.6 0.1230

29 2.7 0.1150

Unity check = 385 30 2.8 0.1080

460 31 2.9 0.1010

32 3 0.0950

0.84 <1
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Annex C 
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Modal response spectrum analysis I 

Figure 1 shows the output of modal analysis I. Here the design calculated in chapter 3 and annex A is 

exposed to seismic loads with a reference peak ground acceleration bases on a location in Groningen 

according to NPR 9998 2015. The figure shows the natural periods for the first 10 vibration modes in 

the 3th column. In addition, the 5th and 6th column show the participating mass for each mode. 

 

Figure 6 Output modal analysis 

Figure 2 shows the output for the modal response spectrum analysis in x and y direction respectively 

Sx and Sy. The total base shear in x direction is shown at the bottom of the graph in respectively the 

column of Fx and Fy. 
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Modal response spectrum analysis II 

Figure 3 shows the output of modal analysis II. Here the design calculated in chapter 3 and annex A 

is exposed to seismic loads with a reference peak ground acceleration bases on a location in 

Groningen according to NPR 9998 2015. In addition, structural improvements are made to the model 

to allow for a higher ductile capacity. The design spectrum is used with a behaviour factor of 3.2 The 

figure shows the natural periods for the first 10 vibration modes in the 3th column. In addition, the 

5th and 6th column show the participating mass for each mode. 

 

Figure 3 Output modal analysis 

Figure 2 Output modal response spectrum analysis 
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Figure 4 shows the output for the modal response spectrum analysis in x and y direction respectively 

Sx and Sy. The total base shear in x direction is shown at the bottom of the graph in respectively the 

column of Fx and Fy. 

 

 

  

Figure 4 Output modal response spectrum analysis 



 

 

136      G. Spits - Design of a data center under induced and tectonic earthquake loading using seismic mitigation methods 

  

 

Modal response spectrum analysis III 

Figure 5 shows the output of modal analysis III. Here the design calculated in chapter 3 and annex A 

is exposed to seismic loads with a reference peak ground acceleration bases on a location in 

Groningen according to NPR 9998 2015. Here seismic base isolators are used, by adding MLRB to the 

design. The figure shows the natural periods for the first 10 vibration modes in the 3th column. In 

addition, the 5th and 6th column show the participating mass for each mode. 

 

Figure 5 Output modal analysis 

Figure 6 shows the output for the modal response spectrum analysis in x and y direction respectively 

Sx and Sy. The total base shear in x direction is shown at the bottom of the graph in respectively the 

column of Fx and Fy. 
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Modal response spectrum analysis IV 

Figure 7 shows the output of modal analysis IV. Here the design calculated in chapter 3 and annex A 

is exposed to seismic loads with a reference peak ground acceleration bases on a location in 

Groningen according to NPR 9998 2015. Here seismic base isolators are used, by adding FPB to the 

design. The figure shows the natural periods for the first 10 vibration modes in the 3th column. In 

addition, the 5th and 6th column show the participating mass for each mode. 

 

Figure 7 Output modal analysis 

Figure 8 shows the output for the modal response spectrum analysis in x and y direction respectively 

Sx and Sy. The total base shear in x direction is shown at the bottom of the graph in respectively the 

column of Fx and Fy. 

Figure 6 Output modal response spectrum analysis 
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Modal response spectrum analysis V 

Figure 9 shows the output of modal analysis V. Here the design calculated in chapter 3 and annex A 

is exposed to seismic loads with a reference peak ground acceleration bases on a location in L’Aquila 

according to NTC’08. The figure shows the natural periods for the first 10 vibration modes in the 3th 

column. In addition, the 5th and 6th column show the participating mass for each mode. 

Figure 8 Output modal response spectrum analysis 
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Figure 9 Output modal analysis 

Figure 10 shows the output for the modal response spectrum analysis in x and y direction 

respectively Sxx and Syy. The total base shear in x direction is shown at the bottom of the graph in 

respectively the column of Fx and Fy. 
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Modal response spectrum analysis VI 

Figure 11 shows the output of modal analysis VI. Here the design calculated in chapter 3 and annex A 

is exposed to seismic loads with a reference peak ground acceleration bases on a location in L’Aquila 

according to NTC’08. In addition, structural improvements are made to the model to allow for a 

higher ductile capacity. The design spectrum is used with a behaviour factor of 3.2 The figure shows 

the natural periods for the first 10 vibration modes in the 3th column. In addition, the 5th and 6th 

column show the participating mass for each mode. 

 

Figure 11 Output modal analysis 

Figure 12 shows the output for the modal response spectrum analysis in x and y direction 

respectively Sxx and Syy. The total base shear in x direction is shown at the bottom of the graph in 

respectively the column of Fx and Fy. 

Figure 10 Output modal response spectrum analysis 
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Modal response spectrum analysis VII 

Figure 13 shows the output of modal analysis VII. Here the design calculated in chapter 3 and annex 

A is exposed to seismic loads with a reference peak ground acceleration bases on a location in 

NTC’08. Here seismic base isolators are used, by adding MLRB to the design. The figure shows the 

natural periods for the first 10 vibration modes in the 3th column. In addition, the 5th and 6th column 

show the participating mass for each mode. 

Figure 12 Output modal response spectrum analysis 
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Figure 13 Output modal analysis 

Figure 14 shows the output for the modal response spectrum analysis in x and y direction 

respectively Sxx and Syy. The total base shear in x direction is shown at the bottom of the graph in 

respectively the column of Fx and Fy. 
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Modal response spectrum analysis VIII 

Figure 15 shows the output of modal analysis VIII. Here the design calculated in chapter 3 and annex 

A is exposed to seismic loads with a reference peak ground acceleration bases on a location in 

NTC’08. Here seismic base isolators are used, by adding FPB to the design. The figure shows the 

natural periods for the first 10 vibration modes in the 3th column. In addition, the 5th and 6th column 

show the participating mass for each mode. 

 

Figure 15 Output modal analysis 

Figure 16 shows the output for the modal response spectrum analysis in x and y direction 

respectively Sxx and Syy. The total base shear in x direction is shown at the bottom of the graph in 

respectively the column of Fx and Fy. 

Figure 14 Output modal response spectrum analysis 
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Figure 16 Output modal response spectrum analysis 


