
 
 

 
 

 

  
 
 

 
 

 
Global Analysis and design of a 
complex slanted High-Rise Building 
with Tube Mega Frame 
 

By 
Hamzah Al-Nassrawi and Grigorios Tsamis 

June 2017 

 

 
 

  

TRITA-BKN. Master Thesis 520 , 2017 

ISSN 1103-4297 

ISRN KTH/BKN/EX--520 --SE 

KTH School of ABE 

SE-100 44 Stockholm 

SWEDEN 

© 2017 
Royal Institute of Technology (KTH) 
Department of Civil and Architectural Engineering 
Division of Concrete Structures 



 
 

 
  



i 
 

Abstract 
 
The need for tall buildings will increase in the future and new building techniques will emerge to full 
fill that need. Tyréns has developed a new structural system called Tube Mega Frame where the 
major loads are transferred to the ground through big columns located in the perimeter of the 
building. The new concept has the advantage of eliminating the core inside the heart of the building 
but furthermore gives countless possibilities and flexibility for a designer. The elimination of the 
central core, plus the multiformity the Tube Mega Frame, can result new building shapes if combined 
with new inventions like the Multi elevator Thussenkrupp developed.  

 
Multi is a new elevator system with the ability to move in all directions apart from vertically. In this 
thesis research of the possible combinations between TMF and Multi was conducted. The building 
shaped resulted is only one of the many possible outcomes which the mix of Multi and TMF can 
have. The building was constructed in a way so the TMF would be the main structural system, the 
building would have inclinations so the multi elevator would be the only elevator appropriate for the 
structure and the height would be significantly large. 
 
The pre-study focused on the inclination and its particularities. The inclination played a significant 
role on how the inner forces were distributed in a structure. Under special circumstances the 
inclination could be even beneficial although inclination could result in axial forces on the slabs so 
the horizontal elements should be designed thoroughly not only for bending or shear but also for 
axial loading. The next phase was experimenting on different simple shaped buildings and 
combinations of them. The conclusions on the simple buildings formed the idea on how the main 
building would be. 

 
The main building was modeled using four different structural systems and their subcategories with 
seven models in total. Totally seven systems were compared in load combinations for wind, dead, 
live, and seismic loads and the global behavior was studied. The model comparison included 
maximum deformations and modes of vibrations. This way the best structural systems were 
discovered for the specific building shape and conclusions on inclination into a structure were made. 
The best structural systems and more reliable in terms of results but also in simplicity of construction 
were chosen to be designed in ETABS. The 50m belt system, the outside braces system and the 
diagrid system were designed. 

 
The design of the buildings was conducted using the American code ASCE /SEI 7-10. In the design two 
different mega columns were used to study how a solid or hollow cross section can affect the global 
behavior. Depending on the structural system the mega column had a major or minor effect on the 
stiffness of the structure. The design of the cross sections was divided in many groups since the 
complex geometry had an impact on how and where forces arised in the structure. The outside brace 
system had the best results in terms of less weight and global stiffness proving that in inclined 
building and columns with the correct bracing and triangulation of elements could extinguish the 
negative effects of inclination and even perform better compared to conventional buildings. 

 
The 50-belt system was furthermore studied in buckling since it was one of the best structural 
systems but with the least bracing, but also the least complex in terms of construction method. The 
automated buckling through ETABS was conducted and a more conservative approach where the 
user is defining the buckling length and support factors was used. In addition, a comparison between 
the user defined factors and global buckling was conducted.  
 
Key words: Tubed Mega Frame, Tall buildings, Inclined structures, Structural Analysis. ETABS. 
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Sammanfattning 
 

Behovet av höga byggnader kommer att öka i framtiden och ny byggteknik kommer att uppfylla detta 
behov. Tyréns har utvecklat ett nytt konstruktionssystem som kallas Tube Mega Frame där de stora 
lasterna överförs till marken genom stora pelare i byggnadens omkrets. Det nya konceptet har 
fördelen att eliminera kärnan inuti byggnadens hjärta, men ger dessutom otaliga möjligheter och 
flexibilitet för en konstruktör. Avlägsnandet av den centrala kärnan, plus mångfalden av Tube Mega 
Frame, kan resultera i nya byggnadsformer i kombination med nya uppfinningar som Multi Lift 
ThyssenKrupphar utvecklat. 

 
Multi är ett nytt hissystem med möjlighet att röra sig i alla riktningar bortsett från vertikalt. I denna 
uppsats genomfördes forskning om möjliga kombinationer med TMF och Multi. Den formgivna 
byggnaden är bara ett av de många möjliga resultaten som blandningen av Multi och TMF kan ha. 
Byggnaden byggdes på ett sätt att TMF skulle vara det huvudsakliga struktursystemet, byggnaden 
skulle ha lutningar så att Multi skulle vara den enda lösning som är lämplig för konstruktionen och 
höjden skulle vara betydligt stor. 

 
Förstudien fokuserade på lutningen och dess särdrag. Lutningen spelar en viktig roll för hur de inre 
krafterna fördelas i en struktur. Under speciella förhållanden kan lutningen vara till och med 
fördelaktig, även om lutning kan resultera i axiella krafter på plattorna så att de horisontella 
elementen måste utformas noggrant, inte bara för böjning eller skjuvning. Nästa fas var att 
experimentera på olika enkla lutande bygg former och kombinationer av dem. Slutsatserna från 
dessa enkla byggnaderna bildade tanken på hur huvudbyggnaden skulle vara. 

 
Huvudbyggnaden modellerades med fyra olika strukturella system och deras underkategorier med 
totalt sju modeller. Hela sju system jämfördes i lastkombinationer med vind last, seismisk last, 
egenvikt, nyttig last och det globala beteendet studerades. Modellens jämförelse inkluderade 
maximala deformationer och vibrationer. På detta sätt upptäcktes de bästa strukturella systemen för 
den specifika byggformen och slutsatser om lutning i en struktur gjordes. De bästa strukturella 
systemen och mer tillförlitliga vad gäller resultat men också avseende enkel konstruktion valdes att 
utformas i ETABS. 50 m Bältessystemet, det yttre Bäcksystemet och Diagridsystemet konstruerades. 

 
Utformningen av byggnaderna utfördes med användning av den amerikanska normen ASCE / SEI 7–
10. I designen användes två olika megapelare för att studera hur en solid eller ihålig tvärsektion 
kunde påverka det globala beteendet. Beroende på konstruktionssystemet kunde megapelaren ha en 
större eller mindre effekt på strukturens styvhet. Tvärsnittens konstruktion var uppdelad i många 
grupper eftersom komplexa geometrin har en inverkan på hur och där krafter uppstår i strukturen. 
Utvändiga stödsystem hade de bästa resultaten när det gäller mindre vikt och global styvhet, vilket 
viste att i lutande byggnader och pelare kunde den korrekta förstärkningen och trianguleringen av 
element skilja de negativa effekterna av lutning och till och med fungera bättre jämfört med 
konventionella byggnader. 

 
50-bältesystemet studerades vidare förknäckning, eftersom det var ett av de bästa 
konstruktionssystemen, men med minst fackverk, men också det minst komplexa med avseende på 
konstruktionsmetod. Den automatiska knäckning analysgenom ETABS genomfördes och ett mer 
konservativt tillvägagångssätt där användaren definierar knäcklängden och stödfaktorerna. 
Dessutom genomfördes en jämförelse mellan de användardefinierade faktorerna och global 
knäckning. 
 
Nyckelord : Tubed Mega Frame, Höga byggnader, Lutande strukturer, Strukturell analys, ETABS.  
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Notations 
 

𝑢 = the displacement 

𝐹 = the load vector 

𝐶 = the damping matrix 

𝐾 = the stiffness matrix 

𝑀 = the mass matrix 

𝑈 = the nodal displacement vector 

𝑢  = the nodal velocity vector 

Ü = the nodal acceleration vector 

ẍ = the ground acceleration 

𝜔𝑛 =the natural circular frequency 

𝑇𝑛 = the natural period 

𝑓 = the natural cyclic period 

𝜔𝑑 = the damped circular frequency 

𝜉 = the damping factor 

𝜔 = the loading natural circular frequency 

𝑘𝑙𝑢= effective length 

𝑘 =factor that depends on end condition of column and condition of bracing 

𝑙𝑢 = length of column 

𝑟= radius of gyration 

Pcr= critical load 

𝐸 =Modulus of elasticity 

𝑙 = Unsupported length of column 

𝑘= Column effective length factor 

Pcr= critical load 

𝑆𝑦= yield strength 
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𝐴= area of concrete 

𝐶= Effective length constant 

𝐼= moment of inertia 

𝑓𝑣 = the frequency of the vortex shedding 

V = the mean wind speed at the top of the building 

St = the dimensionless parameter called Strouhal number for the shape 

D = the diameter of the building  

𝑞= 𝑞𝑧 for windward walls evaluated at height z above the ground 

𝑞= 𝑞ℎ for leeward walls side, side walls and roofs, evaluated at height h. 

𝑞𝑖= 𝑞ℎfor windward walls, side walls. Leeward, and roofs of enclosed buildings and for 
negative internal pressure evaluation in partially enclosed buildings. 

𝐺𝑓= gust- effect factor for flexible buildings. 

𝐶𝑝= external pressure coefficient 

𝐺𝐶𝑝𝑖= internal pressure coefficient 

𝑞𝑝(𝑍𝑒) = the external peak velocity pressures  

𝑞𝑝(𝑍𝑖) = internal peak velocity pressures 

𝑍𝑒= the reference height for external pressures 

𝑍𝑖= the reference height for internal pressures 

𝐶𝑝𝑒= the external pressure coefficients pressures 

𝐶𝑝𝑖 = the internal pressure coefficients pressures 

𝑇 = the fundamental period of the structure 's' 

𝑆𝑎 = Design spectral response acceleration 

𝑆𝑠 = the mapped Risk-Targeted Maximum Considered Earthquake (MCER) spectral response 
acceleration parameter at short period 

𝑆1 = the mapped Risk-Targeted Maximum Considered Earthquake (MCER) spectral response 
acceleration parameter at 1sec period 

𝑇𝑙 = the long-period transition period 
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𝑆𝐷𝑆 = the design earthquake spectral response acceleration parameter at the short periods. 

𝑆𝐷1 = the design earthquake spectral response acceleration parameter at 1 second period. 

𝐹𝑎 = Short period site coefficients  

𝐹𝑣 = 1s period site coefficient 

𝐿= reduced design live load per m2 of area supported by the member 

𝐿0 = unreduced design live load per m2 of area supported by the member 

𝐾𝐿𝐿 = live load element factor 

𝐴𝑇  = tributary area in m2 

{R} is the vector of nodal forces 

[K] is the global stiffness matrix 

{D} is the displacement vector 
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1 Introduction 
 

1.1 Background 
 

According to the United Nations the prognosis about the global population living in urban 
areas will increase from 55% to 66% by 2050.  According to those studies the 
urban areas will receive almost 2.5 billion more inhabitants and the number of mega cities 
(cities with more than 10 million inhabitants) will be 41 cities by 2050 compared to the 28 
today. Furthermore, more than half of global population ,3.9 billion people, live in small 
cities with population between 100.00 and 500.000 inhabitants and those areas will witness 
the highest increase in their population in the future. (United Nations, 2015) 
 
The key of solving this future problem and achieving successful development is going to be 
sustainable urbanization. Since the world's population will be concentrated in cities and 
spreading the urban boundaries has limits, the only way for sustainable development is to 
build higher buildings.  
 
A key factor which shaped the way tall buildings are constructed and the structural 
systems developed so far is the vertical movement of the elevator. The elevator 
systems have developed through the last century and became more efficient although the 
philosophy have not changed much. In the majority of tall buildings, the elevators are 
moving vertically in a big shaft located in the core of the building.  The possibility of an 
elevator that could move not only vertically but also horizontally or diagonally could 
encourage us to think differently in which way tall buildings could be constructed. A new 
concept with those capabilities has been introduced by ThyssenKrupp (Thyssenkrupp, 2017). 
Thus, the vertical approach is not a boundary or a limit and the possibility of 
using inclinations and slanted parts when constructing tall buildings can be introduced.   
 
The idea of constructing slanted buildings is not a new concept.  Even throughout history 
there were cases were buildings had inclined because of soil settlements or structural 
failures and this uniqueness made them landmarks (Pisa Tower, The Burana Tower). 
Nowadays the fascination of slanted buildings has caused new building approaches for 
leaning high rise buildings such as the ''Capital Gate'' in Abu Dabi and the ''Gates of Europe'' 
in Madrid. The main characteristic in the structural systems in those tilted towers is the 
central core.   
 
In this master thesis, the concept of multidimensional elevator movement proposed by 
Thyssenkrupp and Tubed Mega Frame, a structural system developed by Tyrens AB Sweden, 
will be combined so new high-rise building ideas can be formed.   
 

1.2 Aim 

As the idea of having an elevator that can move in vertical, horizontal and diagonal direction 
was developed by Thysseskrupp (Thyssenkrupp, 2017) in combination with the new concept 
of Tube Mega Frame founded by Tyréns AB, a considerable number of new ideas about 
building shapes can be born. Since the limitations of the vertical elevator movement are now 
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eliminated more complex structures can be the outcome and this can be applied into high-
rise buildings. In this master thesis, a basic study of the new shapes that can be formed was 
conducted. A further investigation on buildings consisted of slanted and zig zag shaped parts 
were studied and the most efficient structural systems were compared using finite element 
models.   
 
The global analysis on a complex tall building was an attempt to search for new forms of high 
rise buildings and explore the possibilities of the multidimensional elevator system in 
combination with the Tube Mega Frame structural system.  
 
The structural systems with the best behavior was then designed according to the American 
Design code ASCE 7-10 and further studied for their buckling behavior. 
 

1.3 Case study 

Firstly, a preliminary study of buildings with different shapes and simple inclined models was 
carried out using finite element software SAP2000 and ETABS. This way a first insight on the 
behavior of these building was conducted. Through this preliminary study the basic shapes 
were combined in order to create an optimized shape. This optimized shape was based in 
the structural analysis of the different shapes but also in a basic literature study that 
included architectural and structural reasons which led to the final building. 
 
The next step was the analysis of the optimized building model using the finite element 
software ETABS.  The model was analyzed using different structural systems but the core 
structural element was the mega columns. The different structural systems were analyzed 
combined with the mega columns and the buildings were studied using three main load 
cases, the wind load, the seismic and the live load combined into load combinations 
according to ASCE 7-10. 
 
The structural systems with the best performance were then designed according to ASCE 7-
10 for cross sections of the elements and two structural systems were tested for buckling 
using ETABS Ultimate.  
 

1.4 Assumptions and limitations 

In this Master thesis, there was a number of assumptions and limitations made as a 
consequence of the confined time until the final delivery of the study. The thesis is dealing 
only with the global analysis and preliminary design of slanted structures so some key parts 
of the structures were not studied.   
 
To specify the models both in SAP2000 and ETABs included only the floors, columns and 
shear walls.  Important loads such as installation loads and façade loads which can be 
severely high were excluded from the analysis.   
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In addition to the load limitation it must be mentioned that the wind load models subjected 
in ETABS did not include any wind vortex analysis, although the ASCE 7-10 has a gust factor 
which makes the analysis more reliable. 
 
In the analysis, all the materials of the building were assumed to be linearly elastic. No 
further nonlinear material analysis was conducted. Only the P-Delta effect which is the 
geometric nonlinearity was applied to the models. Furthermore, the effects of shrinkage and 
creep were not taken into consideration.  
 
Furthermore an important limitation was that the time availability did not permit a further 
investigation of the many nodes and intersections where the structural elements are 
connected. Because of the complexity of the buildings those connections were many and 
their performance could have a considerable impact in the structural behavior of the system.  
In the current study those nodes were considered rigid connections.   
 
Another limitation was that the models were not analyzed for construction sequence. This 
could be a major load for the analysis since the complexity of the building and the 
inclinations can cause unexpected load patterns in the construction process.  
 
Lastly there was no detailed design for the structural members of the models. The huge 
amount of members prevented the more thorough design of all specific elements of the 
structure.  
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2 Literature study 
 

2.1 Development of high-rise building 

Throughout history, humanity has always been dreaming to establish tall structures for 
several reasons, including their desire to reach heaven or to show their greatness. Starting 
from the pyramids built by the Pharaohs, and the legendary Tower of Babel in ancient times 
in Mesopotamia currently many old buildings found all over the world to be evidence of the 
efforts to create unmatched buildings. In the modern world, where science and technology 
dominate everything, the concept of building a high-rise structure flourished again at the 
end of the nineteenth century, with varied designs and a wonderful architectural form.  
 
Many inventions have helped to develop the idea of building tall buildings, the invention of 
the vertical elevator in 1853 by the American Elisha Graves Otis was one of the most 
important factors in the development of this concept. Viability of this elevator for quickly 
vertical movement helped people to move between stories effortlessly. Until 1870, cast iron 
and wood was the main materials used in construction of building where walls made of 
masonry had to be so thick in order to be able to carry out the load coming from floors. This 
system limited the height of the building because of the large weight of its components. 
Later, the steel frame system was invited which became as the best solution at that time as 
it much strong system which can tack more load of each floor and therefore the thickness of 
the walls could be reduced where insulation became its main function. This invention has 
helped in the development of tall building by getting taller buildings, increases the usability 
of each floor, and getting lighter inside the building by having windows through the 
building’s façade (Craighead, 2009). 
 
At the end of the nineteenth century, specifically in 1885 the first tall building was born in 
Chicago. The Home Insurance Building considered to be the first tall building that consisted 
of ten-stores with height of 55 m (180 foot). This building designed by the engineer William 
Le Baron Jenney where he used steel frame as the main support system which helps to 
reduce the weight of the building. Figure 2.1shows Home Insurance Building. 
 
Starting from the Home Insurance Building until today's tallest high-rise building Burj Khalifa 
(2009) with total high of 828m, many high-rise buildings were constructed as offices, 
residential buildings, and hotels and in some cases or combinations of those. Although high-
rise buildings, originally built in North America, but it then spread in Europe after World War 
II and then spread around the world where those buildings in turn, provided an attractive, 
sustainable and exciting solutions to a range of contemporary urban issues. Today, High-rise 
buildings occupies a large area in the field of building and construction in several countries 
around the world and it has become urban phenomenon where nations competing to 
achieve the highest highs after it was linked to some cities, now tall building can be seen in 
New York, Chicago, Singapore, Hong Kong, Malaysia, Dubai and others. Figure 2.2 shows 
currently world’s ten tallest buildings according to the height to the top point (CTBUH, 2017). 
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Figure 2.1: Home Insurance Building 
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Figure 2.2: world’s ten tallest buildings according to the height to the top point (CTBUH, 2017) 
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2.2 Definition of High-rise Buildings 
 

There is no standard definition of high-rise buildings, but according to council of tall building 
and urban habitat (CTBUH, 2017) the building can be classified as a high-rise building if it 
satisfied one or more of the following criteria: 

 Height relative to context: the building height in relative to other neighboring 

buildings or in another word it is when the building is clearly taller than surrounding 

buildings. 

 Proportion:  when the building has enough slenderness 

 Tall building technologies: when the building has a special technology system 

because of being tall building for example, the vertical transport technology or 

support system for wind for example braces or outriggers supporting systems.  

From another perspective, the building can be considered as tall building if it has 14 or more 
stories or if it is 50 m (165 feet) or more in height. A super tall building and mega tall building 
are defined as building over 300 and 600 m in height respectively (CTBUH, 2017).   
 

2.3 Tilted and slanted high-rise building until today 
 

Over the last 150 years, high-rise building form subjected to many changes, starting from the 
traditional style of box-shape since 19th until mid of 20th century where many prismatic 
forms were produced around the world. Nowadays, many complex styles and iconic shaped 
such as tilted, curved, twisted building can be seen. Those new shapes were possible 
because of the structural systems developed and the better structural materials available. 
The development of technology such as computers and software used in the design of high-
rise building also have had a fundamental role in facilitating the study and analysis of 
buildings in various forms. Pisa Leaning Tower in Italy is an example of slanted tall buildings. 
The Gate of Europe Towers 1996 in Madrid and the Capital Gate in Abu Dhabi are examples 
of today's slanted tall buildings (Kyoung Sun Moon, 2014).  
 
The main characteristics in all existing tilted buildings is the central core and the elevator 
vertical movement. The central core system considered to be as a stiff system against lateral 
loads especially for high structures but consumes a huge amount of space. The elevator 
shafts inside core are consuming huge amount of space in the center of the building and do 
not let big open spaces inside. Furthermore, the mobility is limited and the energy 
consumption is rising by using many small elevators. Lastly the shape of the building is 
decided mainly by the vertical elevator reducing the possibility of having inclined or more 
complex shapes. On the other hand, the methods by which high buildings are constructed 
nowadays are methods already tested for their reliability, the effectiveness, and the 
construction procedure. 
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2.4 The Multi 
 
One answer to solve the disadvantages and limitations resulted by the current building 
philosophy was given by one of the biggest elevator companies worldwide, ThyssenKrupp. 
The new concept is called ‘’Multi’’ and is the world’s first free rope elevator. In this elevator 
type, there are no shafts in the traditional manner. The design allows the elevator to move 
around the building in both horizontal and vertical directions and diagonally at the same 
time. The mobility and the capacity of traffic is increased and there is a big decrease in 
weight. The positive outcome out of this innovation, except the direct improvements in 
elevator usage, is that this new method permits new building shapes and a whole new 
philosophy in building can be born (Thyssenkrupp, 2017). Figure 2.3 below shows the Multi 
elevator system. 

 

 
Figure 2.3: Multi elevator system (Thyssenkrupp, 2017) 

 
The main question now is to find and propose the most suitable solutions in the structural 
analysis of tall buildings since the new elevator system is going to apply many changes on 
the future building designs. The buildings that will emerge from this new concept can be 
significantly different from the traditional designs for tall buildings. Buildings that will differ 
from the conventional designs not only in structural form but also in shape can propose new 
challenges in structural analysis that were not confronted in the past. New technologies like 
Multi eliminate the problem of having massive core elevator shafts but on the other hand 
this creates the challenge of finding a new solution to achieve structural stability.  
 
Combining the Tubed Mega Frame design and the Multi elevator concept can result a new 
type of construction for tall buildings and buildings in general. Figure 2.4 below shows the 
Tubed mega frame system. 
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Figure 2.4: 3D view of the tubed mega frame system (Svärd & Partovi , 2016) 

2.5 Classification of the complex buildings shape from an architectural perspective 
 

2.5.1 Leaning shape 
 

This category includes all non-orthogonal buildings that can be divided into two types, the 
first one is when the building inclination was not designed from the beginning, instead it 
comes as a result of other influence factors for example The Leaning Tower of Pisa, this 
tower was planned to be orthogonal building but as a result of the soil failure in settlement it 
gets almost 5.5 -degree inclination during the construction of the tower (McCafferty, 2017). 
While the second type of this category is when the inclination was designed from the 
beginning for aesthetic purposes for instance. The 114 m-high Gate of Europe in Madrid, 
Spain designed by architects Philip Johnson and John Burgee in 1996 is another example of 
today’s tilted building. (CTBUH, 2017). Figure 2.5below shows the Leaning Tower of Pisa and 
Gate of Europe towers in Madrid, Spain respectively. 

 
(a) (b) 

Figure 2.5: (a) Leaning Tower of Pisa.   (b) Gate of Europe towers in Madrid, Spain (CTBUH, 2017). 
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2.5.2 Pyramidal shape 
 

It is clear from the name of this category that the form of the buildings is following the 
pyramidal form. Pyramids built by the Pharaohs is the most famous example of this style of 
buildings. While Transamerica Pyramid in San Francisco 260m high designed by William 
Pereira in1972 is another example (CTBUH, 2017). Figure 2.6below shows the Pyramid in 
Egypt and the Transamerica Pyramid in San Francisco respectively 

 

 
(a)    (b) 

 

Figure 2.6: (a) Pyramid in Egypt.  (b) Transamerica Pyramid in San Francisco (CTBUH, 2017). 

 

2.5.3 Twisted shape 
 

The twisted shape was also one of the most attractive forms of construction for architects. The 
twisted shape of the buildings can be obtained through a combination of twisted facades or by 
adding horizontal rotation to the floors around a vertical axis through building height. The Turning 
Torso, Malmö, Sweden, 190m high, 2005 is an example of this concept (CTBUH, 2017). Absolute 
World Towers, Missauga, Canada 2012 with total high 158 m is another example on this style 
(Lagendijk, et al., 2013). Figure 2.7 shows the Turning Torso, Malmö, Sweden   and Absolute 
World Towers, Missauga, Canada respectively. 
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(a)   (b) 

Figure 2.7: (a) The Turning Torso, Malmö, Sweden.   (b) Absolute World Towers, Missauga, 
Canada. 

 

2.5.4 Free shapes 
 

 Aerodynamic forms 
 

The main idea of this design is to reduce the effect of wind load on the building, wind load is 
an important factor when it comes to the design of tall building, ones a building goes higher 
the wind load will be higher as well. Example on this style is Shanghai World Financial Center, 
2008, Shanghai, China. This tower made of composite structural material has a 474-m total 
height with 101 floors to serve as hotel and office building (CTBUH, 2017). Figure 2.8 below 
shows the Shanghai World Financial Center, Shanghai.  
 

 
Figure 2.8: Shanghai World Financial Center, Shanghai, China (CTBUH, 2017) 
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 Dynamic forms 
 

The idea behind this design is the building ability to change its shape thus can get different 
views and attractive building forms. Dynamic Tower or Rotating Tower, Dubai, United Arab 
Emirates, 2020is an example on this form. The building has not finished yet and scheduled to 
be 388m high 80 floors (CTBUH, 2017). Figure 2.9 below shows the Dynamic Tower or Rotating 
Tower, Dubai, United Arab Emirates. 
 

 
Figure 2.9: Dynamic Tower or Rotating Tower, Dubai, United Arab Emirates (CTBUH, 2017). 

 

2.6 Structural systems used in today’s slanted high-rise buildings 
 

Nowadays, the core system is practically the main structural system used in super, complex 
and slanted high-rise buildings. The central core system is located in the center of the 
building and it is the major structural member for vertical and lateral loads. Usually the core 
is combined with another system in order to provide the necessary lateral and vertical 
support.  
 
 The outrigger system 

 

Core systems with outriggers is an extension of the core system and it is very efficient for 
super tall and slender buildings. The central core is connected to columns located at the 
facade with outriggers. The outriggers can be made of steel as a truss or concrete as girders 
and its location determined by the designer at the places where it is needed which may be at 
one or more locations along the building. This way the columns at the facade get involved to 
resist the lateral wind or seismic loads by absorbing axial load coming from the outriggers. 
(Merza & Zangana, 2014). Figure 2.10 below shows the outrigger system principal. An 
example on a complex building based on this system is Shanghai Tower in Shanghai which is 
presented in Figure 2.11 below.  
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(a)    (b) 

Figure 2.10: (a) core in combination with outriggers.  (b) moment with and without outrigger 
system (Ali & Moon, 2007). 

 

 
(a)    (b) 

Figure 2.11: (a) Shanghai Tower in Shanghai (b) outriggers structural system (SEV & TUĞRUL, 2014). 

 

 Core system with diagrid 
 

The core system with steel diagrid is another combination in order to provide the required  
structural support.Diagrid system is an effective system for complex and slanted buildings 
because it effectively contributes to vertical and lateral loading.(SEV & TUĞRUL, 2014). 
An example of this system is the Capital Gate Tower, Abu Dhabi. A 164.6m heigh building has 
advantage, to be the world furthest leaning tower with 18 degree lean. A steel diagrid 
surrounds the concrete core that starts from one side on the base floor and ends up in the 
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other side of the top floor. The core of this buiding was pre tensioned during the 
construction in order to withstand the movement and the stresses caused by the 
overturning of the building(CTBUH, 2012). Figure 2.12 represent the structural system used in 
Capital Gate Tower. 
 

 

 
Figure 2.12: Core system with steel diagrid as a structural system used in Capital Gate Tower 

(CTBUH, 2012). 

 

 Core system with braces 
 

The core system in combination with braces was another system used in slanted tall 
buildings. The majority of the vertical load will take to the ground through the central core 
while the braces will take care of the horizontal forces coming from the lateral load in term 
of compression or tension forces. The lateral load will be resisted by the axial stiffness of the 
braces. There are many type of braces for example X form which is the most efficient and 
used shape in addition there are the K and V forms and many more as presented in the Figure 

2.13 below (Sandelin & Budajev, 2013). An example of this system is the Gate of Europe 
Buildings, in Plaza Castilla Madrid. This building has advantige to be tillted 15 degree from 
the vertical direction and this could be reach by using many innovative methods. The 
structural system consist of a huge concrete core that starts from one side on the base floor 
and ends up in the other side of the top floor plus braces founded in the fram and bake of 
the inclined face keeping the building stable aginst lateral, vertical and gravity load. Figure 

2.14 below represent the structural system used in the the Gate of Europe Buildings, in Plaza 
Castilla Madrid (Winstanley, 2011).  
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Figure 2.13: a) X-brace b) K-brace c) diagonal brace d) V-brace e) knee-brace f) eccentrically-
braced g) Chevron brace (Sandelin & Budajev, 2013). 

 

 
 
Figure 2.14: Core system with braces as a structural system used in the Gate of Europe Buildings 

(Winstanley, 2011). 
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3 Structural mechanics and applied loads 
 

3.1 P-Delta Effect 
 

P-Delta effect, also known as geometric nonlinearity, is a nonlinear effect on a structure 
when the geometry of the structure is altered because of the loads. The P-Delta effect 
involves big lateral forces applied to small displacements which make it a significant effect in 
tall buildings. When those lateral forces are combined with axial loading can cause those 
axial forces to act eccentrically. The deformations caused by P-delta effect can be significant 
and cause second order effects. (CSI Knowledge Bas, 2013).Figure 3.1 illustrates the P-delta 
effect.  

 
Figure 3.1: P- delta effect on a column (CSI Knowledge Bas, 2013). 

There are two kinds of P-Delta effects. The P-δ or small P-Delta effect is associated with local 
deformation relative to the finite element between nodes. P-δ is occurring to slender 
columns and at extremely large displacement values. The P-Δ effect is associated with 
displacements relative to member ends. The P-Δeffect, or Big P-Delta is more critical to 
nonlinear modeling and analysis, since it takes into account the whole structure and this way 
gravity loading will have a more significant impact under lateral loading (CSI Knowledge Bas, 
2013). InFigure 3.2 the P-delta effect is visible in a 2D frame structure. 

 
Figure 3.2:P-delta effect in a 2D frame structure (CSI Knowledge Bas, 2013). 
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3.2 Stiffness theory 
 

To calculate the stiffness of a beam there are elementary cases depending on the end 
supports of the beam. Those cases represent the end-forces which result due to end- 
displacements. Three of the elementary cases can be seen in Figure 3.3 bellow.  
 

 
Figure 3.3: Elementary cases for end-forces caused by end-displacements (Leander, 2015). 

 
It is clear that the beams stiffness is different in different kind of displacements. The 
moment of inertia of the cross section and furthermore the length of the beam affects the 
beam’s stiffness. The bigger the cross section and as a result moment of inertia the higher 
the stiffness. The length of the beam though plays a more significant role since the length's 
exponent in greater than one in some equations (Leander, 2015). 
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3.3 Structural dynamics 
 

Structural dynamics is studying forces and displacements caused by motion and vibrations. 
The fundamental equation on which structural dynamic analysis is based on is Newton’s 
second law. A simple degree of freedom system is shown in Figure 3.4. The equation for a 
simple degree of freedom system is shown in Equation (3-1). 

Figure 3.4: SDOF system with damping (Cook, et al., 2002). 

F − cu − ku̇ = mü      Eq. (3-1) 

Where: 

F is the load  

c is the damping 

k is the stiffness 

m is the mass 

u is the displacement 

u̇ is the velocity 

ü is the acceleration 

 
Since the complexity of a structure has many different degrees of freedom the simple 
equation of motion is not able to describe the system. In this case using finite element 
analysis the equation of motion can be derived using differential equations and result the 
global motion equation as shown in Equation (3-2): 

 

Mü+ Cu + Ku̇ = F      Eq. (3-2) 
Where: 

F is the load vector 

C is the damping matrix 

K is the stiffness matrix 

M is the mass matrix 

U is the nodal displacement vector 

u̇ is the nodal velocity vector 

ü is the nodal acceleration vector 
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Every structural system has different ways of vibrating when a load is applied on it and this is 
dependent on the geometry of the structure, the mass and the stiffness of the system. 
Modal analysis is very important in tall buildings since the lateral loads of wind and 
earthquake can have a significant impact on the structure. In Figure 3.5 a simplified one 
degree of freedom structural system can be seen.  

 
Figure 3.5: Finite element method procedure (Cook, et al., 2002) 

 

In this simplified model, the mass of the structure is concentrated on the slab, the stiffness 
of the system is the stiffness of the two columns and the damping of the structure has been 
idealized. In this case the natural circular frequency, the natural period and the natural cyclic 
frequency can be calculated through the basic Equations (3-3) to (3-6) below. 

 

𝜔𝑛 = √
𝑘

𝑚
     Eq. (3-3) 

 

𝑇𝑛 =
2𝜋

𝜔𝑛
      Eq. (3-4) 

 

ƒ𝑛 =
1

𝑇𝑛
=

𝜔𝑛

2𝜋
     Eq. (3-5) 

 

𝜔𝐷 = 𝜔𝑛√1 − 𝜉2     Eq. (3-6) 

 
 

Where: 

ωn is the natural circular frequency 

k is the stiffness of the system 

m is the mass 

Tn is the natural period 

fn is the natural frequency 

ωD is the damped circular frequency 

ξ Is the damping factor 
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It is obvious that the frequencies of a structure are dependent on the mass, the damping and 
the stiffness, which is affected also by geometry. The first eigenmodes of a building are of 
interest when investigating the dynamic response from wind and seismic load. These are the 
lateral deflection in both directions as well as the rotational mode around the vertical axis. 
When the excitation frequencies of wind and earthquake are close to the natural cyclic 
frequencies the dynamic response of the building will be amplified which will cause the 
deflections to be significantly greater than in other lateral loading. Galloping oscillations, 
flutter, vortex-capture and seismic accelerations are load cases that can cause resonance 
and should be studied thoroughly in dynamic analysis of tall buildings. For a simplified 
undamped structural system, the displacement as a function of natural frequency can be 
seen in Equation (3-7). 
 

𝑢(𝜔) =
ƒ

𝑘

1

1−(
𝜔

𝜔𝑛
)2

     Eq. (3-7) 

 
Where: 

u is the displacement 

f is the natural frequency 

k is the stiffness of the system 

ωn is the natural circular frequency 

ω is the loading natural circular frequency  

  

It can be seen that when the load is applied close to the natural frequency the displacement 
is reaching infinity. 

 
 

 

3.4 Inclined columns 
 

Columns are structural members that carry mainly compression. They carry also bending 
moments in one or both axes of the cross section.  Even though columns are referred as 
compression members, since the main loading is compression, tensile stresses can also be 
produced. 
 
Failure of columns could occur as a result of material failure by initial yielding of the steel, 
initial crushing of the concrete at the compression zone or loss of lateral stability (buckling). 
If a column fails due to initial material failure, it is then considered short or non-slender 
column. As the length of the column increases, the probability that failure will occur by 

buckling also increases. The slenderness ratio 𝑅𝑠 =
𝑘𝑙𝑢

𝑟
is a measure of the type of column. 

According to ACI, if  
𝑘𝑙𝑢

𝑟
< 22the columns is considered short (Assakkaf, 2004).  

 

Where: 
klu= effective length 
k =factor that depends on end condition of column and condition of bracing 
lu = length of column 
r = radius of gyration = I / A 
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The Figure 3.6 bellow shows the different effective buckling lengths for different supports.  

 
Figure 3.6: K factor for different supports (Virginia Polytechnic Institute and State Universit, 2011). 

 

In short columns, the buckling does not need to be considered although when the 
slenderness ratio gets higher the failure mode changes to buckling. Buckling is a mode of 
failure generally resulting from structural instability due to compressive action and is 
producing a deformation of the column. The Euler's buckling load formula (Pcr) which is used 
to calculate the maximum compression load, without eccentric loading, is shown in equation 
(3-8) below.  

 

Pcr =
π2×ΕΙ

(kl)2
     Eq. (3-8) 

 

Where: 
Pcr= critical load 
E =Modulus of elasticity 
l = length of column 
k= effective length factor 

 
For slenderness ratio less than 22 the equation used is Johnson's formula since Euler's 
formula overestimates the columns capacity. The Johnson's formula Equation (3-9) without 
eccentric loading is presented below. At this equation, the reinforcement contribution is not 
included. 
 

𝑝𝑐𝑟 = [𝑆𝑌 − (
𝑆𝑌𝐿

2𝜋𝑘
)
2 𝐶2

𝐸
]𝐴    Eq. (3-9) 

 

Where: 
Pcr= critical load 
E =Modulus of elasticity 
L = length of column 
Sy= yield strength 



23 
 

k=effective length factor 
A= area of concrete 
C= Effective length constant 
 
The appropriate method to calculate the strength of the concrete column is to construct the 
column interaction diagram. A column interaction diagram is a visual representation of the 
combined bending and axial loads that can cause failure. The interaction diagram comprises 
the axial loading on the columns and the moment subjected to it. In Figure 3.7 the main parts 
of an interaction curve are shown.  

 

 
Figure 3.7: Interaction curve (Anik, 2013). 

In the diagram: 
 

 X-axis represents the Bending Moment the column might experience. 

 Y-axis represents the Axial Forces the column might experience. 

 The red line represents column failure. Combinations inside the curve can safely be 

applied to the column. Combinations outside will cause failure 

 eb indicates the load combination will theoretically cause failure in tension and 

compression simultaneously. Above eb the failure is compressive and below 

tensional.  

The shear force in columns is considered mostly in cases of big lateral loading such as 
earthquake and wind. When designing a column is important to determine if the column is 
braced or not braced. This means to determine if the column should be designed to 
withstand horizontal loading or not. If the main lateral loads are absorbed by laterally stiffer 
elements, such as cores or shear walls, then the shear reinforcement can be significantly 
minimized.  

 
Inclined columns are columns where the longitudinal axis of the column is not perpendicular 
to the ground. In general, inclined columns are designed in the same way as vertical columns 



24 
 

with taking into consideration the moments and shear forces the inclination is causing.  In 
the Figure 3.8 bellow some examples of inclined columns are presented.  

 

 
(a)    (b) 

Figure 3.8: (a) Sultan Mizan Zainal Abidin Stadium. (b) A building in USA with inclined columns 
(The Constructor - Civil Engineering Home, 2015). 

For inclined columns, it is important to determine if the element is going to be subjected on 
lateral forces also. So, it is necessary to determine if the column contributes to the lateral 
stiffness of the system or the lateral loads are taken from other structural members.  The 
two types of columns related to lateral loading are braced and unbraced columns. Braced 
columns are the columns where the majority of lateral loads are taken by other structural 
member (core, shear walls). In braced columns the axial, shear and moment loads are 
caused only by the vertical loads acting eccentrically on the top of the column and by the 
self-weight of the inclined member. The unbraced columns are columns where the lateral 
loads are a major loading case except axial loading.  

 

A column with a cross section that lacks symmetry may face torsion buckling (sudden 
twisting) or lateral buckling. Eccentricity, e of the load or defects such as initial bent will 
decreased the column strength. Since the inclination produces more moment the stresses of 
compression and moment will amplify. The inclination is transforming a small amount of 
axial load to become shear and moment.  A simplified sketch in Figure 3.9 explains how the 
internal forces act inside an inclined column. 
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Figure 3.9: Internal forces in inclined columns (Perspectives on the Evolution of Structures, 2017) 

As seen in the figure the inclination is creating a horizontal component which is proportional 
to the axial force and the inclination. This can cause tension or compression to the beams 
and slab the column is connected to.  Those horizontal forces rarely reach high values 
although they must be taken into consideration by the designer.  

 
 

3.5 Applied loads 
 

3.5.1 Wind Load 
 

Wind is the movement or transmission of air masses in the horizontal direction across the 
earth surface. This movement happens as a result of the differences in atmospheric pressure 
where air moves from high-pressure areas to low pressure areas (Svärd & Partovi , 2016). 
The wind movement produces pressures as a horizontal loading on building surfaces that 
should be carefully accounted in the design of high rise buildings. The reaction of the 
building due to the wind horizontal loading depends on the geometry and stiffness response 
of the building. Wind speed is not constant instead it is varying along the height of the 
structure. It has the smallest velocity value down near the ground surface because of the 
friction with the topography of the ground while its velocity increases along the height of the 
building to reach the maximum value at the top where the friction can be neglected. Figure 

3.10  below represent the relationship between the importance of wind load with height. 
When the wind hits the buildings, it causes horizontal movement on the top. This movement 
may not be dangerous, but it may affect the comfort of the residents. Thus, when designing 
a tall building, horizontal movement in the top must be within the limits of human’s 
tolerance. This movement direction depends on building natural frequency which is 
controlled by two factors, the mass and the stiffness of the building (Irwin , 2010). 
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Figure 3.10: Relationship between wind load and height (Irwin , 2010) 

A wind gust is an important factor for the dynamic design of tall building, this phenomenon 
occurs due to the sudden variation in wind velocity due to wind collision with buildings and 
other objects on the earth's surface which lead to decrease in wind speed and the wind to 
have eddies which gives wind its gustiness feature. The wind gust either has static or 
dynamic impact on the building. Dynamic impact will happen only if the wind gust gets its 
maximum value and pass away in total time less than the building's period. While static 
impact can be happening if the wind gust gets its maximum value and pass away in total 
time longer than the building's period (Zhang, 2014). 
 
Usually the effect of wind in the vertical direction is neglected thus two important wind flow 
direction should be considered: along wind and across wind directions. When these two-
wind flow directions hitting the facade of the building, it opens the door for two more 
phenomena to show up. The first one is called fluctuation which occurs in the along wind 
direction and the other is called vortex shedding in the across wind direction.  Figure 

3.11below shows these two concepts when the wind is hitting the structure. Resonance 
phenomenon occurs when the gust period of the wind on along wind direction hitting the 
structure is the same as the natural period of that structure. This phenomenon should also 
be considered which is an important problem that can lead to the collapse of the building 
(Zhang, 2014). 
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Figure 3.11: Wind flow in two directions (Zhang, 2014) 

Vortex shedding phenomena occurs in the cross direction of the wind, this concept happens 
when the wind in quite high velocity stops flowing in two directions around the structure but 
instead it flows to one side of the structure and then flows to the other side leads to 
introducing a new forces and eddies in the wind direction as presented in Figure 3.12below. 
This phenomenon is very usual in tall and slender building. Resonance can also occur in the 
case of across direction, this happens when the frequency of the vortex shedding is the same 
as the frequency of the structure, this problem will lead to building’s vibration in a harmonic 
way in the cross-wind direction (Sandelin & Budajev, 2013). 
 
The frequency of a structure caused by the vortex sheading phenomena can be calculated 
using Equation (3-10) below: 

 

𝑓𝑣 =
𝑉×𝑆𝑡

𝐷
      Eq. (3-10) 

 
Where,  
𝑓𝑣 is the frequency of the vortex shedding in [Hz] 
V is the mean wind speed at the top of the building in [m/s] 
St is the dimensionless parameter called Strouhal number for the shape 
D is the diameter of the building in [m]  
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Figure 3.12: Vortex shedding (Sandelin & Budajev, 2013) 

 Wind load calculation  

There are many design codes used in order to calculate wind load, every code has its 
corresponded methods and parameter. This section introduces the main formulas used to 
calculate wind pressure according to American and European codes (Zhang, 2014). 

 
American Code ASCE 7-10 
Design wind pressure according to American Code ASCE 7-10 can be calculated using 
Equation (3-11) below: 

 
𝑝 = 𝑞𝐺𝑓𝐶𝑝 − 𝑞𝑖(𝐺𝐶𝑝𝑖)     (N/m2)     Eq. (3-11) 

 
Where, 
q= 𝑞𝑧 for windward walls evaluated at height z above the ground 
q= 𝑞ℎ for leeward walls side, side walls and roofs, evaluated at height h. 
𝑞𝑖= 𝑞ℎfor windward walls, side walls. Leeward, and roofs of enclosed buildings and for 
negative internal pressure evaluation in partially enclosed buildings. 
𝐺𝑓= gust- effect factor for flexible buildings. 

𝐶𝑝= external pressure coefficient 

𝐺𝐶𝑝𝑖= internal pressure coefficient 

 
Eurocode EN 1991-1-4:2005 
Eurocode presented Equation (3-12) can be used to calculate wind pressure acting on the 
surface of the structure.  

 
𝑤 = 𝑤𝑒 − 𝑤𝑖 = 𝑞𝑝(𝑍𝑒). 𝐶𝑝𝑒 − 𝑞𝑝(𝑍𝑖). 𝐶𝑝𝑖           (N/m2)    Eq.(3-12) 

 
Where,  
𝑞𝑝(𝑍𝑒) and 𝑞𝑝(𝑍𝑖) are the external and internal peak velocity pressures, respectively.  

𝑍𝑒 and 𝑍𝑖  are the reference height for external and internal pressures, respectively. 
𝐶𝑝𝑒 and 𝐶𝑝𝑖 are the pressure coefficients for external and internal pressures, respectively.  
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3.5.2 Seismic load 
 

Earthquakes are caused by the movement of the tectonic plates on Earth's surface. The 
plates on the lithosphere can suddenly collide or squeeze and a huge amount of energy is 
released in the form of seismic waves.  
 
Seismic waves are travelling inside the Earth's crust or on the surface and there are four 
main types. The compression or P-waves are waves where the particle motion is parallel to 
the propagation of motion. The shear or S-waves are waves where the soil is moving 
perpendicular to the  propagation of motion. Surface or Rayleigh waves are the waves where 
the particles in the soil have an elliptical motion perpendicularly to the ground. And the last 
main type is the Love waves where the particles are moving perpendicularly to the 
propagation of motion with the amplitude horizontal to the ground. Love waves' amplitude 
is much higher than in other waves and it is decreasing with depth. In Figure 3.13 the four 
main seismic waves are presented.  

 

 
 

Figure 3.13: The four main seismic waves (Encyclopædia Britannica, 2000) 

The different wave types affect and load structures in different ways. Usually horizontal 
excitations from waves have the most destructive consequences on buildings. The ground 
movement is trying to oscillate the mass of the building and on the contrary the structure's 
inertia is trying to prevent movement. This is causing lateral forces to act on the building 
from the bottom to the top of the building. 
 
The vertical waves can also have devastating effect on structures although it is not common 
the vertical forces generated by earthquakes to exceed the vertical load capacity of a 
building. On high rise buildings and especially on inclined buildings the vertical loads caused 
by earthquakes are crucial since they are the highest vertical loads. The vertical loads 
increase the chance of collapse since the change in compression and tension on the columns 
can reduce the buckling capacity (Zhang, 2014).  
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When a structure is analyzed for horizontal earthquake effects the dynamic actions coming 
from the soil movement can be idealized-simplified as a group of horizontal loads applied to 
the structure proportional to its mass and height. The loads are applied on the floors which 
are simplified as concentrated masses with only one degree of freedom. In the Figure 3.14 
the simplified dynamic system of a five-story building is shown.  

 

 
Figure 3.14: Five story simplified dynamic system (Architectural Institute of Japan, 2006) 

The equations of motion for a MDOF system is presented in equation 3-13 
 

M[ẍ](t)+ C[ẋ](t) + K[x](t) = - Mẍg(t)  Eq. (3-13) 

 

Where: 

ẍg is the ground acceleration 

ẍ is the relative acceleration vector 

ẋ Is the relative velocity vector 

x Is the relative displacement vector 

C is the damping vector 

K is the stiffness matrix 

M is the mass vector 

t Is the time 

  

As the acceleration of the earthquake acts on the base of the building inertial forces are 
taking place. This is due to the inertial stiffness of the building trying to prevent movement. 
Since the inertial forces are proportional to the mass and stiffness a much stiffer and heavy 
building will be subjected to higher loads in an earthquake. The seismic accelerations are 3-
dimensional and complex although they are studied more simply in one direction. In Figure 
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3.15 a simplified one direction earthquake acceleration is illustrated and the building's 
response. 

 

 
Figure 3.15: Building behavior during ground acceleration (Taranath, 2011) 

 

The way the building will behave when subjected to the earthquake depends on many 
reasons. Since the effect of the earthquake is not an external force the internal forces 
developing inside the structure depend on the height of the building, the mass, the periods 
of the structure, the structural system and the foundations (Zhang, 2014). 
 
When the seismic acceleration coincides, or is close to the structure’s natural vibration 
period then the dynamic effects are increasing. There is a broad number of periods in 
structures and the way an earthquake affects every building differs significantly.  An efficient 
method to measure the accelerations, velocities or displacements resulted from the variety 
of structural periods, for a specific ground vibration, is summing those periods in one graph 
which is named seismic response spectrum in earthquake engineering which is showed in 
Figure 3.16 below. 
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Figure 3.16: The method response spectrum is constructed (Hachem, 2004) 

 

There are many different response spectrum methods for anti-seismic design in different 
countries.  The spectrum is different in every earthquake and also depends in local geology 
although there are similarities between earthquakes and this is allowing the design codes 
globally to standardize the response spectrums.  

 
In the current master thesis, the design code was the American code ASC 7-10. Since this 
code was chosen also for wind load the models were designed using this code's design 
response spectrums. An example of the response spectrum in ASC 7-10 is shown in the Figure 

3.17below. 
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Figure 3.17: Response spectrum in ASC 7 – 70 (Hachem, 2004) 

 

There are four main parts on the diagram and they are described in Equation (3-13) to (3-16) 
below: 

 

𝑆𝑎 = 𝑆𝐷𝑆(0.4 + 0.6 
𝑇

𝑇0
)  0 < 𝑇 < 𝑇0   Eq. (3-13) 

 
𝑆𝑎 = 𝑆𝐷𝑆   0 < 𝑇 < 𝑇𝑠   Eq. (3-14) 
 

𝑆𝑎 =
𝑆𝐷1

𝑇0
   𝑇𝑠 < 𝑇 < 𝑇𝐿   Eq. (3-15) 

 

𝑆𝑎 =
𝑆𝐷1×𝑇𝐿

𝑇2
  𝑇𝐿 < 𝑇   Eq. (3-16) 

 

Where: 
 

T = the fundamental period of the structure 's' 
 

T0 = 0.2 
𝑆𝐷1

𝑆𝐷𝑆
    

Ts= 
𝑆𝐷1

𝑆𝐷𝑆
 

 

TL= is the long-period transition period 
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𝑆𝐷𝑆 =
2

3
Fa𝑆𝑆  = is the design earthquake spectral response acceleration parameter at the 

short periods. 
 

𝑆𝐷1 =
2

3
Fv𝑆1is the design earthquake spectral response acceleration parameter at 1 second 

period. 
 

𝑆𝑆 and 𝑆1 are the mapped Risk-Targeted Maximum Considered Earthquake (MCER) spectral 
response acceleration parameter at short and at 1sec periods respectively. The site class is B 
and the target risk of structural collapse is equal to 1% in 50 years in both parameter (Zhang, 
2014).  

 
The Faand Fv are site coefficients, for short and 1 sec period respectively, and depend on the 
properties of the soil on the construction area. In Table 3.1 and Table 3.2 below the different 
site coefficients for ASC 7 - 10 are presented (Zhang, 2014). 

 
 
Table 3.1: Site Coefficient, Fv in ASCE 7-10 (American Society of Civil Engineers, 2013) 
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Table 3.2: Site Coefficient, Fa in ASCE 7-10 (American Society of Civil Engineers, 2013) 

 
 
 

3.5.3 Live load 
 

The live load is taken from chapter 4 in ASCE 7-10 code. In this master thesis, no study was 
conducted for the building usage so the live load value was chosen 2.4 kN/m which is the 
larger value between the residential and office occupancy values of the code. According to 
ASCE 7-10 chapter 4.7, there can be reduction factors on structural members loaded with 
live load. The formula used to determine if a structural member can be designed for 
reduction is shown below in Equation Eq. (3-17)(Zhang, 2014). 

 

𝐿 = 𝐿0 (0.25 +
4.57

√𝐾𝐿𝐿𝐴𝑇
)    Eq. (3-17) 

Where: 
𝐿= reduced design live load per m2 of area supported by the member 
𝐿0 = unreduced design live load per m2 of area supported by the member 
𝐾𝐿𝐿 = live load element factor, (American Society of Civil Engineers, 2013). 
𝐴𝑇  = tributary area in m2 

 
In this master thesis, the reduction of live loads was performed automatically by ETABS live 
load reduction function according to the ASCE 7-10 code using attribute area method 
(Zhang, 2014). 
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4 Finite Element Method 
 

4.1 Description of finite element method 
 

The finite element method in structural engineering is a numerical method for solving 
complicated problems. The finite element models are an idealizing presentation of the 
physical system studied. The physical model is first mathematically idealized which includes 
the simplification of the system, the identification of structural actions and the identification 
of the subject of analysis in the model.   

 
Next step is the discretization of the model. Discretization of a model is the construction of 
the model by choosing the appropriate elements for every case studied.  Specifically, the 
element amount and types that will be used (linear, shell, solid), the way these elements will 
be assembled and the properties those elements will have (cross sections, material) are 
included in the discretization.  Part of the discretization is also the input of the applied loads, 
boundary conditions and generally input that affects the outcome behavior of the model. 
The elements in a model are connected with each other with nodes where the results are 
extracted through interpolation (Cook, et al., 2002).  
 
The mathematical method the finite element system works is by calculating the 
displacements in the nodes of the system.  This is possible by formulating the equations 
system. Primarily the local stiffness matrix of the of every element is constructed. Then the 
global stiffness matrix is assembled by adding the separate elements' stiffness. When the 
global stiffness matrix is made, the global force vector is formulated which represents the 
external forces acting on the nodes of the system. The boundary conditions are there 
applied and the system is reduced since the displacement matrix is going to be smaller 
(Cook, et al., 2002).  

  
The simplified stiffness equation is presented in Equation (4.1) below: 
 

𝑘 =
𝐹

𝛿
      Eq. (4.1) 

 
Where: 

k = stiffness 
F = force 
δ = displacement 
 

So, the global displacements matrix is formulated as the following Equation (4.2) below:   
    
{𝐷} = [𝐾]−1{𝑅}     Eq. (4.2) 

 
where: 

{R} is the vector of nodal forces 
[K] is the global stiffness matrix 

{D} is the displacement vector 
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Then by using the displacements, it is possible to calculate the resulting forces and stresses 
on the model. 
 
The element types chosen for the model and their sizes are important for the reliability of 
the model.  The geometry and the complexity of the physical model should be considered 
before choosing element size and type. The common elements groups are presented below: 

 
- Element types 

 Spring, bar and beam elements (1D/2D/3D) 

 Plane stress/strain/axisymmetric elements (2D) 

 Plate and shell elements (2D/3D) 

 Solid elements (3D) 

 Interaction elements 

 
When the results are acquired, the finite element model should be tested for convergence. If 
the convergence is not acceptable then the model should be refined or revised from the 
beginning.  Revision is the reconsideration of the way the FE model was constructed from 
the beginning. The modeling approach should be changed. The refined of the model is when 
the model is changing to a more complicated version so the results improve. In Figure4.1 the 
constructing procedure of a finite element model is presented.  
 

 
Figure4.1: Finite element method procedure(Cook, et al., 2002) 
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The combination of elements can improve the level of detail and reliability in the model. The 
increased number and complexity of elements usually increases the accuracy although 
increases also the computing time. Computing time in complicated models can be 
significantly high. If the correct assumptions are made simpler formulations of more 
elements can achieve convergence as well.  

 
 

4.2 Finite Element type description 
 

4.2.1 Frame elements 
 

Frame objects, used to model beams, columns, braces, and truss elements in planar and 3D 
systems, are straight lines which connect two nodes. Biaxial bending, torsion, axial 
deformation, and biaxial shear are all accounted for in the beam-column formulation which 
characterizes frame behavior (CSI Knowledge Base, 2014). The material properties and the 
cross-section properties are assigned then in every frame on the model so software can 
formulate the stiffness matrixes. In Figure4.2 the degrees of freedom in a frame element are 
presented. 

 

Figure4.2: Frame element and DOFs (what-when-how, In Depth Tutorials and Information, 2017) 

 

The stiffness of the cross section in every possible displacement is included in the matrix. 
The stiffness matrix of a frame element in three dimensions is consisted of a 12x12 table 
since there are 12 DOFs. In Figure4.3 bellow a two-dimensional concrete beam stiffness 
matrix with six DOFs is presented. 
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Figure4.3: 2D beam stiffness matrix and DOFs (Svärd & Partovi , 2016) 

4.2.2 Shell elements 
 
A shell has three or four nodes representing an area used to model membranes or plates with 
bending behavior. Shell objects are used to simulate floors, walls, and bridge decks and generally 
structural members that can be designed as surfaces (CSI Knowledge Base, 2012). Shell elements can 
be 4 to 8 node isoperimetric quadrilaterals or be 3 to 6 noded triangular elements. The 4 noded 
elements must be meshed further than the 8 noded elements to achieve convergence Figure4.4 
shows a typical shell element. 

 
Figure4.4: Shell element(Computers and Structures, 2013) 

 

Shell elements can be defined as thick or thin elements. The thin defined elements follow 
the Kirchhoff application, which neglects transverse shear deformation. On the other hand, 
the thick element approach formulation follows the Mindlin/Reissner, which does account 
for shear behavior.  Thick approach should be used when shell thickness is greater than 
approximately 1/5 to 1/10 of the span of plate-bending curvature. Thick element approach is 
recommended because it is usually more accurate, although in design of thinner plates the 

https://wiki.csiamerica.com/display/kb/Modeling+techniques
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shear effect is negligible so thin shell elements can be used because bending is the main 
deformation. In general, the shear deformation becomes significant when ratio between the 
span of plate modeled and thickness is approximately 20:1 or 10:1 (CSI Knowledge Base, 
2016).  

 

4.3 SAP2000 
 

SAP2000n is a finite element software developed by Computers and Structures, Inc. 
specializing in structural analysis. SAP2000 is appropriate to design any kind of structural 
system. In the first part of the preliminary study there will be simplified 2D beam models 
representing inclined tall buildings. SAP2000 is used in this case because the working 
interface is ideal from very simple to very complicated models (Computers and Structures, 
2013). 
 

4.4 ETABS 
 

ETABS finite element software specialized in structural analysis of buildings developed by 
Computers and Structures, Inc. The program has the capability to perform linear and 
nonlinear static analysis but also dynamic analysis. The reason ETABS is chosen to perform 
the main analysis is because the program specializes in tall buildings. ETABS has the 
possibility to apply a variety of predefined wind and seismic loads defined by the main 
structural codes used globally. The finite element models studied in this master thesis are 
complex tall buildings and ETABS can provide the appropriate computational capability 
(Computers and Structures, 2013). 
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5 Pre-study of different slanted buildings 
 

5.1 Introduction 
 

To gain an insight about the possibilities of different inclinations and different shapes that 
can be formed a pre-study wasconducted. The first part of the study was to get involved with 
different angles in a simplified straight model and simple zig-zag models using SAP2000 finite 
element software so an introduction to the tilted buildings was made. Afterwards some new 
simple shaped buildings were introduced and an analysis using ETABS was performed. The 
structural systems used on those buildings were the core structural system and the Tubed 
Mega Frame system. The study was performed so a better understanding of slanted shaped 
buildings was acquired and more knowledge about the behavior of complicated designs was 
gained. The pre-study outcome and conclusions were used so the model in the primary study 
was formulated. The last section of the pre-study was to introduce some basic architectural 
limitations which the inclination of buildings and the new shapes were causing. 

 

5.2 Single inclined and zig-zag inclined simplified model 
 

5.2.1 Single inclined model 
At this stage, a simplified model of a slanted building was studied in different inclinations so 
a first insight of how moment, shear force and axial force was changing as the inclination of a 
building changes. The building consisted of a simple concrete hollow tube. The dimensions 
were 30x30 m with 0.30m of thickness and the length height is 200 m. In Figure 5.1 below the 
simplified model in different inclinations in SAP200 is presented. In Figure 5.2 below the 
change of moment as the inclination increases is presented. 
 
 

 
Figure 5.1: The simplified model in different inclinations in SAP200 
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Figure 5.2: Moment and inclination  

It is obvious that as the inclination increased the moment was increasing as well. The same 
increase was visible in the shear force. The shear force was increasing as the inclination 
increases since the dead load was applied perpendicularly to the axis of the building. In 
Figure 5.3 below the shear - inclination diagram is presented.  
 

 
Figure 5.3: Shear force and inclination 

 

The axial force was working inversely proportional to the moment and the shear force. As 
the building was inclined deeper the axial force in decreasing. This was happening because 
the loads now are not transferred to the ground through the axis of the building and as a 
result they were transformed to shear forces. In the Figure 5.4 below the Axial force - 
inclination diagram is showing the decrease of axial force as the inclination is increased.  
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Figure 5.4: Axial force - Inclination 

5.2.2 Single zig-zag model 
 

The next step in the pre-study was the study of simple zig-zag models. The reason was to 
investigate how the forces and moments were distributed in a more complicated shape. The 
building consisted of two main parts, which were 200 m long each and with dimensions 
30x30 m. The bottom part of the model was inclined in 15 degrees and the top part 
wasvarying in inclinations. In this way correlation between the moment on the base of the 
building and in the corner point where the two parts were connected was studied. In the 
Figure 5.5 to Figure 5.8 below the eight different inclinations are shown and in Table 5.1 to 
Table 5.4 the values of the moment at the base and corner points are presented. 

 

 
(a)    (b) 

Figure 5.5: Moment distribution (a) Top part inclined with 15 degrees. (b) Top part inclined with 5 
degrees 
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Table 5.1: Values of the bending moment at the base and corner points taken from figure 5.5 

Location (a) Top part inclined with 15 degrees (b) Top part inclined with 5 degrees 

Base -18443174 -15385037 
Corner -4610794 -1552657 

 
(a)    (b) 

Figure 5.6: Moment distribution (a) Top part inclined with -5 degrees. (b) Top part inclined with -15 
degrees 

Table 5.2: Values of the bending moment at the base and corner points taken from figure 5.6 

Location (a) Top part inclined with -5 degrees (b) Top part inclined with -15 degrees 

Base -12279724 -9221587 
Corner 1552667 4610793 

 
(a)    (b) 

Figure 5.7: Moment distribution (a) Top part inclined with -25 degrees. (b) Top part inclined with -
35 degrees. 
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Table 5.3:Values of the bending moment at the base and corner points taken from figure 5.7 

Location (a) Top part inclined with -25 degrees (b) Top part inclined with -35 degrees 

Base -6303547 -3614267 
Corner 7528833 10218114 

 
(a)    (b) 

Figure 5.8: Moment distribution (a) Top part inclined with -45 degrees. (b) Top part inclined with 

 -55 degrees 

 
Table 5.4: Values of the bending moment at base and corner points taken from figure 5.8 

Location (a) Top part inclined with -45 degrees (b) Top part inclined with -55 degrees 

Base -1235458 1088 
Corner 12596922 14592979 

 
 

As it is visible in the figures above as the inclination of the top part was increasing the 
moment on the base was decreasing and vice versa. The reason was that as the top part was 
inclining the loads on each side of the base were equalized and the base moment was 
approaching zero. But on the other hand, the corner moment was increasing because of the 
steeper inclination of the top part. On the Figure 5.9 below the corner moment and base 
moment are presented. 
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Figure 5.9: Moments at the base and corner 

 

The point where the two lines are meeting is the point where both the moments on the 
corner and base have the smaller combined value. This means that if the system was 
optimized the problem with the huge moments on the base of the building and on the 
corners, could be minimized. 
 
 

5.3 2D frame study 
 

At this point two simple 2D models (A) and (B) were constructed in SAP2000 in order to get 
an understanding of how forces were channeled into a frame with inclined columns. The 
frame system was a two-story frame with two main columns and two inclined columns on 
the side. The vertical columns on the system were much bigger than the inclined columns so 
the majority of the moments and lateral loads were taken by them. The system was 
subjected to dead load first and then a lateral load on the top of the buildings was applied 
with 50kN magnitude.  The frame properties and the geometry is shown below. Figure 5.10 
below shows the properties of the two simple 2D models (A) and (B) respectively. 

 

 Story height 4 m 

 Width at base 10 and 6 m respectively  

 Width on top 6 and 10 m respectively 

 Vertical columns 1.0x1.0 m 

 Inclined columns 0.5x0.5 m 

 Inclination of columns 26.5 degrees 

 (2D beam) 0.25x1.0 m 
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(A)     (B) 

Figure 5.10: Simple 2D models (A) and (B). 

 

In the model (A) the outside columns were inclined to the center of the building. The axial 
and moment distributions because of dead load are presented in Figure 5.11 and Figure 5.12 
bellow.  

 
Figure 5.11: Axial force distribution due to dead load in model (A) 
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Figure 5.12: Moment distribution due to dead load in model (A) 

 

The big vertical columns were absorbing the majority of the axial loads and this was 
minimizing the axial and moment loads on the inclined columns. The inclined columns were 
only taking a small amount of beam dead load which produce relatively small moment. The 
inside inclination of the columns was causing a compression force on the slabs. Furthermore, 
it is important to mention the in the top sides where the inclined and vertical columns 
connect the compression force was reaching zero. This means that in case of a higher 
building there was a chance of tension on the column in case of lateral loads.  

 
In the next step, model (B) was calculated. Figure 5.13 and Figure 5.14 below are presenting 
the results.  
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Figure 5.13: Axial force distribution due to dead load in model (B) 

 

 
Figure 5.14: Moment distribution due to dead load in model (B) 

 

Also in this case the big vertical columns were absorbing the majority of the axial and 
moment loads and this was minimizing the axial force and moment on the inclined columns. 
The inclined columns were in this model taking some more loads from the top slab and 
combined with their dead load this was causing a higher value of moment.  The outside 
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inclination of the columns was causing a tension force on the slabs especially on the first slab 
since the slab was preventing the buckling of the column outside.   
 
The next stage was to apply a lateral force of 50kN on the frames and see the behavior of the 
models. Figure 5.15 and Figure 5.16 below are presenting the results for the inside inclination 
frames.  
 

 
Figure 5.15: Axial force distribution due to (dead load + lateral load) in model (A) 
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Figure 5.16: Moment distribution due to (dead load + lateral load) in model (A) 

 

When the lateral load was applied on A frame there was a big change in axial forces on the 
inclined columns. The inclined columns contribute more in the structural system now and 
the axial forces increased in compression on the right side and tension on the left. The 
tension on the left side was reached quite quickly for a small load of 50kN. The axial forces 
on the slabs were increasing as well since the lateral force was compressing towards the 
vertical columns and the right inclined one. The moments on this case were taken again from 
the vertical components of the frame and that was why the moments on the inclined 
columns did not change significantly.  

 
On B columned frame, the results are presented below on Figure 5.17 and Figure 5.18. 
 



54 
 

 
Figure 5.17: Axial force distribution due to (dead load + lateral load) in model (B)  

 
 

 
Figure 5.18: Moment distribution due to (dead load + lateral load) in model (B) 

 
 

When the lateral load was applied on the B frame there was a small change in axial forces on 
the inclined columns and vertical columns. The axial force was changing dramatically in the 
slabs since now the lateral load was compressing the top slab. The biggest change was 
observed in the moment distribution where the vertical columns were subjected to bigger 
moments produced from movement of the top slab due to lateral load. The majority of the 
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moments in this case were taken from the vertical columns and the moments on the inclined 
columns did not change dramatically.  

 
It was easy to conclude that the performance of inclined columns could be close to the 
vertical columns if some conditions were present. If the lateral loads were taken from other 
vertical members (cores, shear walls, vertical columns) major load on inclined columns was 
the axial force. Another factor that influences the way inclined columns perform was the 
global geometry. The location of the inclined column on the structure played a big role to the 
amount and type of loading on the column. Furthermore, the floors and horizontal 
components had a significant impact on how the column would behave. In addition, the 
loading eccentricity and direction of loading was also important. Apart from that it must be 
mentioned that the rigidity of the slabs and beams connected to the columns was 
determining the buckling length of the column. In higher buildings where the column lengths 
were high a further research on the effective buckling length was to be performed since a big 
sized column might not be rigidly stabilized by conventional beams.  

 
 

5.4 Modeling of the simple slanted buildings 
 

The simple models studied in SAP2000 pointed out some important aspects of the forces 
inclined tall buildings are subjected to. The major consequence of the inclination was that 
the axial force was not directly transferred to the ground vertically but by the bending in the 
superstructure and shear forces on columns.A way to achieve higher inclinations but at the 
same time build higher buildings with inclined parts was to combine different inclined 
shapes so the lateral stability of the system was increased and to decrease the bending 
moment in the superstructure. 
 
Having inclined structure and combining it with Tubed Mega Frames as a spine to play the 
major structural role could transfer the loads to the ground vertically. At this part of the pre-
study six different buildings were investigated in ETABS. Two buildings used the central core 
in two different inclinations and the other four used the TMF system but had different 
inclinations and shapes. The reason was to see how the combination of different slanted 
parts would work in a TMF system. The basic buildings consisted of the same amount of 
concrete per floor area and floor dimensions. The buildings were subjected to four different 
load combinations of dead, live and wind load. P-Delta effect was included also in the 
analysis. The reaction forces, lateral displacements, periods and modes, floor utilization and 
the occupied area on the ground were the features which this section of the pre-study 
focused on. The simple idea of the combined slanted parts and the TMF as a spine idea is 
easily visualized in Figure 5.19 below where the simple buildings are drawn in 2D. 
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Figure 5.19: 2D shapes in which the red lines are the Tube Mega Columns 

 
 
 

5.4.1 Basic buildings and their properties 
 

 Slanted building with core 
 

This building was a simply slanted tower of 200 m height and 20x20 m floor dimensions. The 
inclination of the building was 6 degrees in only one plane. The structural systems were core 
with outriggers every 25 m. The core started from one side on the base floor and ended up 
in the other side of the top floor. There were also four columns on the four corners of the 
building and big concrete beams as outriggers that connected the columns with the core. 
The core dimensions were 8.0x8.0 m and the wall thickness was 0.50 m. The floor height was 
4 m. The corner columns were solid concrete columns with 1.0x1.0 m dimensions. A 3D 
visualization of the model is shown in the Figure 5.20. 
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Figure 5.20: Slanted building with core 

 

 Slanted building with Tube Mega Frame 
 

This building was identical with the former one with a height of 200 m, 20x20 m floor 
dimensions and the same inclination of 6 degrees. In this case the structural system was a 
Tubed Mega Column system with belts connecting the columns every 25 m. The Mega 
Columns were 3.0x3.0 m wide and have 0.45-m thickness. The floor height was 4 m here as 
previously. The 3D model of the building is shown in Figure 5.21. 

 

 
Figure 5.21: Slanted building with Tube Mega Frame 
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 Simple Zig-zag building with core 
 

The Zig zag building had two parts of 100 m height and 11.5 degrees inclination in opposite 
sides. Similarly, to the other buildings the floor dimensions were 20x20 m. The structural 
system here was core with outriggers using belt walls to connect the core with the corner 
columns. The floor height was 4 m here as well. The core's dimensions were 8.0x8.0 m with a 
wall thickness of 0.50 m. A model of the building can be seen in Figure 5.22. 
 

 
 

Figure 5.22: Simple Zig-zag building with core 

 
 

 Double zig-zag building with Tube Mega Frame 
 

Two zig-zag parts were connected on the base and on the top of this building forming a 
closed shape with a height of 200 m. The two parts had floor dimensions of 20x20 m each. 
The Inclination in this case was 11.5 degrees and the inclinations change direction at 100 m. 
The floor height was 4 m in this case similarly. The structural system consisted of four mega 
columns of 3.0x3.0 m and 0.30m thickness. All the inclined sections had hollow concrete 
columns on the four corners with dimensions 1.0x1.0 m and 0.20m thickness. The 3D model 
can be seen in Figure 5.23. 
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Figure 5.23: Double zig-zag building with Tube Mega Frame 

 

  ''X'' shape building with Tube Mega Frame 
 

The ''X'' shaped building was combination of two different inclined towers connected in the 
center. The inclination of the inclined parts of the building was 11.5 degrees. The height was 
200 m and the floor dimensions were 20x20 m. The structural system included four mega 
columns of 3.0x3.0 m dimensions and thickness 0.30 m and four corner hollows 1.0x1.0 m 
columns on every floor with 0.20m thickness. Similarly, with all buildings the floor height was 
4.0 m. The 3D model is shown in Figure 5.24. 

 
Figure 5.24: The ''X'' shaped building with Tube Mega Frame 
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 Double ''X'' shape building with Tube Mega Frame 
 

The double ''X'' shape was a combination of two simple ''X'' building of 100 m height each 
one on top of the other. The inclined parts of the building had an inclination of 22degrees. 
The height is 200 m and the floor dimensions were 20x20 m. Similar also was the structural 
system which included four mega columns of 3.0x3.0 m dimensions and thickness 0.30 m 
plus the four-corner hollow 1.0x1.0 m columns on every floor with 0.20 m thickness. 
Similarly, with all buildings the floor height was 4.0 m. In the Figure 5.25 the 3D model in 
ETABS is shown.  
 

 
 

Figure 5.25: Double ''X'' shape building with Tube Mega Frame 

 

5.4.2 Results 
 

The analysis of the models was run with P-delta effect because it is already known that in the 
inclined buildings the P-delta effect would have more significant effects. The inclination 
would produce higher displacements in the geometry of the building in the inclined plane.  

 
The applied loads were the dead load, the live loaded and wind. The load combinations were 
the following:  

 (1.2D+1.6L) 

 (1.2D+1.6L+W) 

 (1.2D+W) 

 (1.6L+W) 
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The concrete class was C90/100 according to Eurocode and the applied loads according to 
the American code ASCE 7-10.  
 Maximum displacements 

 

In Figure 5.26 below the buildings story displacement caused by wind load in the x-axis are 
presented. 
 

 
Figure 5.26: The story displacement caused by wind in the x-axis 

It is easy to observe that the buildings that were not combination of slanted parts deformed 
in the x axis which is the plane of tilt. Furthermore, the highest displacements were 

0

10

20

30

40

50

60

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

St
o

ry
 

Displacement (mm) 

Wind displacement x-axis 

Slanted with TMF Simple Zig-zag with CORE

Double Zig-zag TMF 'X' building with TMF

Double 'X' with TMF Slanted with CORE



62 
 

occurring on the single slanted buildings (Slanted building with Core, slanted building with 
TMF and Simple zig-zag building with core).  The maximum displacement occurred in the 
slanted building with TMF and the reason was the absence of a structural element to direct 
the loads vertically to the ground. The displacements in the x axis in the combined shapes 
(Double zig-zag building with TMF, ''X'' shape building with TMF and Double ''X' shape 
building with TMF) was almost 85% smaller than the displacement of the slanted buildings 
and the reason was the cooperation of the slanted parts in the combined shapes. 
 
In Figure5.27 below the buildings story displacement caused by wind load in the y-axis are 
presented. 
 

 
Figure5.27: The story displacement caused by wind in the y-axis 

On the y-axis, there was a change in the buildings’ behavior. The combined shaped buildings 
had bigger deformations. Here the best performance was achieved by Slanted TMF building 
and Slanted building with CORE reaching 550mm of deformation. The next biggest 
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displacement was achieved by the Double Zig-zag building with TMF and is only 610mm, 
9,8% higher than the CORE systems even though the base of the buildings was the same 
though the weight is almost double. The ‘X’ and Double ‘X’ buildings followed deforming 
700mm and 740mm respectively. The Simple Zig-zag building with CORE was last deforming 
1500mm. In the y-axis, the buildings with TMF and combined shapes were performing on 
average 10-15% worse than the CORE Slanted buildings although the weight was much 
more. This means that even in this axis the inclined columns and TMF performed well. 

 
On the other hand, the combined shapes developed displacements in some of their 
structural parts which must be taken into consideration. In Figure 5.28 to Figure 5.30 the dead 
load displacement for the three-single slanted buildings is presented in x-axis (Direction of 
inclination). In the following Figure 5.31 to Figure 5.33 the combined shape buildings (‘X’, 
Double ‘X’ and Double Zig-zag with TMF) story displacement is presented so the points of 
interest are emphasized. The loading here was the dead load. 

 

 

 
Figure 5.28: Story displacement in x axis in the slanted building with core 
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Figure 5.29: Story displacement in x axis in the slanted building with TMF 
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Figure 5.30: Story displacement in x axis in the simple zig-zag building with TMF 
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Figure 5.31: Story displacement in x axis in double zig-zag building with TMF 

In the double zig-zag building with TMF a horizontal displacement occurred in the corner of 
the building. 
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Figure 5.32: Story displacement in x axis in the ''X'' shape building with TMF 

In the ''X'' shape building with TMF a horizontal displacement occurred in the top corners of 
the building. 
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Figure 5.33: Story displacement in x axis in the double ''X' shape building with TMF 

In the double ‘'X'' shape building with TMF a horizontal displacement occurred in the corner 
and top of the building. 

 

In the three buildings that combined slanted shapes those points that horizontal 
displacements are occurring are also the points where the maximum moments occurred. 
Those moments were counteracted partially by the mega columns and by the inclined 
columns that acted as a big truss around the spine of TMC. 
 

 Modes and periods 
 

In the Table 5.5 and Figure 5.34 below the three first Modes are presented with their direction 
of movement. 
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Table 5.5: The three first Modes of the buildings with their direction of movement 

Building 
1st Mode 2nd Mode 3rd Mode 

Period(sec) Direction Period(sec) Direction Period(sec) Direction 
Slanted building 

with Core 
8,862 Y 8,069 X 1,888 X 

Slanted building 
with TMF 

9,059 Y 9,041 X 4,119 RZ 

Simple zig-zag 
building with core 

11,854 Y 9,912 X 1,951 Y 

Double zig-zag 
building with TMF 

8,998 Y 5,379 X 4,418 RZ 

''X'' shape building 
with TMF 

8,998 Y 5,979 RZ 4,898 X 

Double ''X' 
shape building 

with TMF 
9,622 Y 3,815 X 3,527 RZ 

 

The Slanted building with Core had the lowest 1st period among the simply slanted buildings. 
The Slanted building with Core had 2,2% smaller 1st period from the Slanted building with 
TMF and 25% smaller 1st period from the Simple zig-zag building with Core. The same 
sequence was observed in the 2nd period where the Slanted building with Core hadthe 
smallestperiod. On the 3rd mode the CORE Slanted buildings did not experience torsion while 
the TMF Slanted building has 4,119s of torsion vibration period. 
 
In the combined shapes, the first period in the Double zig-zag building with TMF and ''X'' 
shape building with TMF were identical with 8,998s of period and the Double ''X' shape 
building with TMF came next with 7,2% higher first period.  In the 2nd period the stiffest 
system was the Double ''X' shape building with TMF with 3,815s surpassing the other two 
combined TMF buildings by almost 30%. The reason was that the Double ''X' shape building 
with TMF had steeper inclination in the x-axis and this helped the lateral stability on this axis.  
Worth mentioning is that the ''X'' shape building with TMF had torsion as a 2nd mode of 
vibration and not in the x-axis as the rest. On the 3rd mode of vibration the Double ''X' shape 
building with TMF had the best performance with only 3,527s of period. The rest of the TMF 
combined shapes came next with periods 4,418 for the Double zig-zag building with TMF and 
4,898 for the ''X'' shape building with TMF which were 25% and 28% higher than the Double 
''X' shape building with TMF. 
 

Another important thing to be mentioned is that the first periods of the combined buildings 
(Double ''X' shape building with TMF, ''X'' shape building with TMF, Double zig-zag building 
with TMF) were almost the same and even smaller than the simply inclined buildings even 
though their mass was almost double and the width of the buildings was the same. In the 
following Figure 5.34all three periods are visible for every system.  
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Figure 5.34: The three first Modes of the buildings 

In Figure 5.34 above it is clear that the combined shaped buildings hadan equal or better 
performance compared to the simple slanted buildings with the only exception the torsional stiffness 
of the systems that have a core (3rd mode).  
 
In the Figure 5.35 to Figure 5.40 below 3D photos of the first three modes for each building are 
presented. 

 
            (a)                                                                    (b)                                                   (c)  

Figure 5.35: Modes of vibration for Slanted building with core (a) first mode in y-axis (b) second 
mode in x-axis (c) third mode in x-axis. 
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                        (a)                                                                     (b)                                                (c)  

Figure 5.36: Modes of vibration for Slanted building with TMF (a) first mode in y-axis(b) second mode 
in x-axis (c) third mode in RZ-axis 

 
                          (a)                                                        (b)                                                              (c)  

Figure 5.37: Modes of vibration for Simple zig-zag building with core (a) first mode in y-axis(b) 
second mode in x-axis (c) third mode in (RZ+y)-axis. 
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                                  (a)                                                     (b)                                            (c)  

Figure 5.38: Modes of vibration for Double zig-zag building with TMF (a) first mode in y-axis(b) 
second mode in x-axis (c) third mode in RZ-axis 

 
                     (a)                                                  (b)                                                              (c)  

Figure 5.39: Modes of vibration for Single ‘’X’’ shape building with TMF (a) first mode in y-axis(b) 
second mode in RZ-axis (c) third mode in x-axis 
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                                (a)                                                  (b)                                                              (c)  

Figure 5.40: Modes of vibration for Double ‘’X’’ shape building with TMF (a) first mode in y-axis(b) 
second mode in x-axis (c) third mode in RZ-axis 

 

 Dead loads and total floor area 

 
In Table 5.6 below the dead loads are presented, the total floor area of every building and the 
floor weight ratio.  
 

Table 5.6: The dead loads, the stress and the total floor area of every building. 

Building Fz(KN) 
Building's total floor 

area(m2) 
Floor/weight 

ratio 

Slanted building with Core 239872 16600 0.069 

Slanted building with TMF 233512 18200 0.078 

Simple zig-zag building 
with core 

243014 16600 0.068 

Double zig-zag building 
with TMF 

345792 35008 0.101 

''X'' shape building with 
TMF 

340844 35012 0.103 

Double ''X' shape building 
with TMF 

319658 34208 0.107 

 
The Table 5.6above the floor/weight ratio shows the correlation of the dead weight of the 
building and the amount of useful floor. As expected the combined shapes had a higher floor 
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area but also the floor/weight ratio was higher meaning that in inclined building combining 
different shapes could result more useful floor.  It should also be noticed that the combined 
shapes floor area was more than double compared to the simple buildings but the total 
weight is less than double. 
 
 

5.4.3 Architectural considerations 
 

The inclination in buildings influences architecturally the way the building works. The 
inclination can affect the utilization of the floors. As the inclination gets steeper part of the 
floor is not fully usable since the ceiling in not exactly above the floor. In Figure 5.41 below 
the area of the building that is not fully exploited due to inclination is presented. A small 
study in AutoCad was conducted to calculate the effect of inclination on the usable floor 
using the same area but for different floor shapes, the square, the circular and the triangular  
floor. In Figure 5.42 below the utilization of the floor for three different basic floor plans is 
presented.  
 

 
Figure 5.41: The floors’ lost area because of the inclination is shaded  
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Figure 5.42: Floor utilization in different angles. 

From the Figure 5.42 above, we can conclude that the inclination in a circular and rectangular 
floor affected the floor usage almost the same way. The loss of floor usage was less than 
90% in inclinations of less than 15 degrees. On the other hand, the triangular floor was 
affected more as the inclination increased, though for less than 5 degrees inclinations the 
loss was less than 10%. 

 
Two important aspects of inclined buildings and especially the combined shape buildings 
that need to be pointed out is the light sufficiency where the inclined parts meet and the 
importance of privacy when two inclined parts are close to each other. In both ''X'' shaped 
and double zig zag buildings the slanted parts were close to each other and this could cause 
those architectural problems. Architectural interference could be made in the designs to 
solve those problems, although this master thesis did not focus on that.  
 

5.4.4 Conclusions on the pre-study 
 

The purpose of studying different inclined buildings and compare them with designs used so 
far was to see how different slanted structures behave. A first approach in more complicated 
shapes and how they would react in different loading helped to identify the weak points of 
such preliminary buildings.  

 
The Slanted building with CORE had a good performance and proved why the core system is 
used today for inclined structures. Although it had worse stiffness in the x and y-axis 
compared to the ‘’X’’, Double ‘’X’’ and Double Zig-zag building with TMF. The Slanted 
building with CORE though had the best torsional stiffness compared to all buildings. 
 
The Slanted building with TMF had the worst performance compared to all buildings in x-axis 
and torsional vibration mode. On the other hand, in the y-axis (Not the inclination plane) the 
building had the second-best performance. The reason the simply inclined tower with TMF 
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system had so big displacement on the x-axis was that the loads were not transferred 
vertically to the ground. 
 
The Simple Zig-zag building with Core had the worst performance in the y-axis reaching the 
highest deformation. In the x-axis, it was the second worse building after the Slanted 
building with TMF but had the best performance like the Slanted building with CORE in the 
3rd torsion vibration mode proving once more that the core is stiffening the system in 
torsion.  
 
The Double Zig-zag building had the smallest deformation in the x-axis (inclined plane) 
compared to every system. On the y-axis it had the third best performance, barely surpassed 
by the Slanted TMF and the Slanted building with CORE.  
 
The ‘’X’’ building with TMF was the second best in the x-axis identically to the Double ‘’X’’ 
building with TMF after the Double Zig-zag system. The ‘’X’’ building with TMF had the 
disadvantage of having the 2nd vibration mode in torsion. The two ‘legs’ of the building were 
vulnerable to torsion and big moment arise at these locations. The advantage of the ‘’X’’ 
building with TMF was the good floor/weight ratio. 
 
The Double ‘’X’’ building with TMF was one of the best buildings being the second best in the 
x-axis. In the y-axis, the building was the second worst although the deformation was only 
20% higher than the best building in the y-axis. The Double ‘’X’’ building with TMF had the 
smallest torsional period compare to the rest of TMF structures. Furthermore, the Double 
‘’X’’ building with TMF had the highest floor/weight ratio out of the six buildings.  
 
The combination of the inclined parts in one building improved the lateral stiffness of the 
building. The use of Tubed Mega Columns to take all the axial loads minimized the moments 
on the corners and more importantly zeroed the moment at base. On the other hand, there 
were other parts of the structures that big moments developed. The inner corners on the 
openings of the Double Zig zag building with TMF and in the Double ''X'' building with TMF 
developed high moments and displacements.  

 
To summarize we can say that the Double ‘’X’’ building with TMF and the Double Zig-zag 
building with TMF had the best performances in total. The displacements in both axis due to 
wind loading, the vibration modes, the floor/weight ratio and the dead load displacements 
had the best values. It was proven that the Tube Mega Frame combined with inclined 
structural members could work as an extended core and the inclined columns surrounding it 
worked as a truss. That is the reason why the TMF buildings had a very good performance 
even though their weight was much higher than the simple slanted buildings (Slanted with 
Core, Slanted with TMF and Double Slanted with Core). 
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6 Comparison of structural systems 
 

6.1 Introduction 
 

In the main study, a high-rise complex shaped building was proposed. The proposal would be 
based on the pre-study simple inclined buildings. The proposed building included the best 
features of the pre-study buildings so the best performance was achieved and some 
architectural factors were also considered. The main building was then studied with four 
main different structural systems and their subcategories. The four main systems were, the 
Belt system, the Moment Frame, the Brace system and the Diagrid system.  

 
The different structural systems and their subcategories were compared in their 
performance so the best structural systems for this kind of building was concluded. The 
systems were compared for the deformations in x and y axis due to seismic and wind loads. 
Furthermore, the three first periods of eigen modes were extracted so a dynamic 
comparison was also conducted. 

 
The forces at the base were also extracted from the models so the models were also 
compared due to weight. Another reason of extracting the weight was to verify the models. 
The models were compared with hand calculations of dead weight. Another verification 
option was the comparison of the models between ETABS and SAP2000. 

 
Furthermore, the moment and axial contours in the openings of the buildings will we shown 
so an understanding of how the forces were channeled in the structural members and to 
identify points of interest.  
 

 

6.2 Properties and geometry of the proposed building 
 

6.2.1 Buildings geometry 
 

The main building was a combination of the Double ''X'' building with TMF and Double Zig-
zag with TMF buildings of the pre-study. Those two buildings had the best structural features 
in the pre-study compared to the others but also better architectural features. Bellow the 
advantages and disadvantages of Double ''X'' building with TMF and Double Zigzag building 
with TMF will be presented so the chosen features from every building become clearer.  

 

 Double ''X'' building with TMF 
 

Advantages: 

 The smallest x-axis displacement and period 

 The max floor area 

 

Disadvantages: 

 Big displacement and moments on the bottom part (legs) of the building 

 The ground space used is a lot. 
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 Double ''Zig-zag'' building with TMF 
 

Advantages: 

 The smallest y-axis displacement and period 

 Small ground space usage 

 
Disadvantages: 

 Slighter bigger displacement in x-axis 

 Big stress on the ground 

 
In the proposed building the top and bottom of the building were like in the Double Zigzag 
with TMF and the middle of the building was based on the Double ''X'' building with TMF. 
This way the building had close to maximum floor space, smaller horizontal displacements as 
possible, small ground space usage and relatively small displacements on both axis. 

 
The main geometry of the building is 385 m height and 20.0 x 25.0 m base dimensions. A 3D 
model of the building can be seen in Figure 6.1 below. A more detailed drawing of the 
building is available in Appendix A - Building geometry and inclinations. 
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Figure 6.1: 2D and 3D Figures of the building 

The two main parts (legs) of the building remain the same until 200 m height and then the 
floor is gradually decreased on one side varying from 20 m width to 15 m. This had the effect 
of having two different inclinations on every side of each part. The main reason of this 
solution was to decrease the weight of the building on the top so the dynamic effects due to 
weight could be minimized since the building would have almost double the weight a 
building would have with this base.  

 
Since the pre-study buildings had 20x20 m base and the x-axis (short side) had the maximum 
displacement, the x-axis dimension was chosen 25 m since the height of the building is 
higher than in the pre-study buildings. The slenderness ratio was hard to identify in this kind 
of building since the width of the building varies from bottom to top. If total width, in y-axis, 
is divided by height the ratio is 1:7, if base width is divided by height the ratio is 1:20 and in 
x-axis the ratio is 1:15. 
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The inclinations varied from 9o to 14o on the building. Until 200 m height the inclination 
everywhere was 11.3o. Above 200 m the inclinations changed slightly because of the small 
decrease on the floor dimensions. The outside (y-axis) inclination was 11o and above 300 m 
reaches 14o. The inside inclinations (inside the opening) was 13o above 200 m until 300 m 
and then changes to 9o.   
 
The floor configuration on three different stories and the mega column dimensions are 
presented at Appendix A - Building geometry and inclinations. 

 
 

6.2.2 Properties 
 

The main building material in all buildings was concrete of two different strengths. The slab 
concrete class was C30/37 with 30MPa strength and modulus of elasticity 27GPa. The 
columns and mega columns concrete class was C90/100 with 90MPa strength and 44GPa 
modulus of elasticity. The models will be compared including P-Delta effects.  The buildings 
were subjected to wind and seismic loads according to American code ASCE /SEI 7-10 
(American Society of Civil Engineers, 2013).  

 

6.3 Description of different structural system models 
 

In every structural system, the main load bearing structure was the Mega Columns. The Tube 
Mega Columns were included in all structural systems and they played the major structural 
role in the system. The mega columns had dimensions of 3.0x5.0 m and 0.50 m thickness up 
to 200 m height and then the cross-section changed to 2.0x4.0 m and 0.40 thickness to the 
top.  

 
The different structural systems had almost the same concrete amount per floor so the 
comparison for the best structural system is more obvious. The floors had a slab thickness of 
0.25 m. 
 

6.3.1 Brace system 
 

The Brace system consisted of concrete inclined ‘’X’’ diagonals on both axis of the building 
used to stiffen the structural system. The two different versions of brace systems studied 
were the Inside and Outside bracing system. The bracing in y-axis was the same on both 
versions using an ''X'' bracing of 1.0x1.0m diagonals at every 50.0 m. On the x-axis (25m 
plane), the outside system consisted of ''X'' braces on the external side of the building 
connecting the corner columns. On the Inside Brace system through the x-axis the ''X'' braces 
were built inside the building and connect the mega columns directly.  

 
Similarly, to all systems there were also 4 main columns per floor on the perimeter of the 
building. The column dimensions were decreasing as the height was increasing. Up to 200 m 
the corner columns were 2.0x2.0 m solid columns, from 200 to 300 m 1.5x1.5 m and 1.0x1.0 
to the top. The Inside and Outside Brace systems are presented below on Figure 6.2.  
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Figure 6.2: (a) Inside Brace system (b) Outside Brace system 

6.3.2 Diagrid system 
 

The Diagrid system consisted of concrete diagrids of 78o(12o to the ground) angle, 25 m 
height and 5 m width.  The diagrid angles were following the corner columns inclinations at 
the bottom half of the building and get slightly more inclined on the top reaching 75o(15o to 
the ground). The diagrid was made by 0.6x0.6 m cross section columns. The optimized 
diagrid system is changing in inclination varying for small inclinations to bigger ones as 
reaching the top of the building. In this case for simplicity in modeling the inclinations were 
minimized to only two different ones.  

 
Similarly, to all systems except the four Mega Columns there are also 4 main columns per 
floor on the perimeter of the building. The column dimensions were decreasing as the height 
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was increasing. Up to 200 m the corner columns were 2.0x2.0 m solid columns, from 200 to 
300 m 1.5x1.5 m and 1.0x1.0 to the top. The Diagrid system is presented below on Figure 6.3.  

 
Figure 6.3: Diagrid system. 

 
 

6.3.3 Belt system 
 

The belt system used deep shear walls to encircle the building and connect the main 
columns and mega columns together at regular heights. The belts were modeled as frames-
beams connecting the mega columns and columns all together on the perimeter of the 
building. The two different heights where belts were installed on the building are every 50 
and every 25 m. When the belts were installed every 50 m the belt dimensions were 8.0 m 
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high (two floors) and 0.40 m thickness, and 4.0 m high (one floor) and 0.40 m when placed 
every 25 m.  

 
Except the fourMega Columns there were also 4 main columns per floor on the perimeter of 
the building. The column dimensions were decreasing as the height was increasing. Up to 
200 m the corner columns were 2.0x2.0 m solid columns, from 200 to 300 m 1.5x1.5 m and 
1.0x1.0 to the top.  

 
The 25 and 50 m belt systems with the vertical columns on model presented below on Figure 

6.4.  

 
(a)   (b) 

Figure 6.4: (a) Belt 50m system with two story belt walls every 50m height (b) Belt 25m with one 
story belt walls every 25m height 
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6.3.4 Moment frame system 
 

The moment frame system used vertical and inclined columns rigidly connected to beams at 
every floor using the beam and column stiffness. There were two different moment frame 
systems studied, one where the columns were vertical and one where the columns were 
inclined parallel to the building's inclination. In Figure 6.5it can be seen that in the x-axis all of 
the columns on both models were inclined.  

 
Except the four Mega Columns there were also 4 main columns per floor on the perimeter of 
the building. The column dimensions were decreasing as the height was increasing. Up to 
200 m the corner columns were 2.0x2.0 m solid columns, from 200 to 300 m 1.5x1.5 m and 
1.0x1.0 to the top.  

 
In the inclined columns system, the inside columns were 0.6x0.6 m wide and had a spacing 
of 5.0 m between them until 200 m of height and get closer to each other gradually on the 
top ending at 2.5 m of spacing. In the vertical column moment frame the inside vertical 
columns had a spacing of 5.0 m between them. The beams connecting the columns had a 
cross section of 0.80x0.30 m. Every 50 m mega beams with cross section of 4.0x0.40 m cross 
section was used so the mega columns were connected to each other and the sections 
where inclinations were changing were stiffened. The visualization of the two models on 
ETABS is presented on Figure 6.5.  
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(b)   (b) 

Figure 6.5: (a) Inclined Moment frame system (b) Straight Moment frame system 

 
 

6.4 Model configuration and load combinations 
 

Mainly the elements on the models were frame elements. Only slabs were modeled as thin 
shell elements and the main reason was that this way the simplicity of designing the model is 
increased considerably. The geometry of the model was very complicated and the modeling 
of wall elements would add a big amount of computation time but also would be very time 
consuming in modeling. Some parts of the model could be more accurate using wall 
elements although the comparison of systems could be reliable even with frame elements.  
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The slabs were designed as thin rigid shell elements meaning that there were not changes on 
the axial strain. The computation time was minimized considerably this way although a semi 
rigid shell element could be more precise if slabs were about to be designed and investigated 
thoroughly. The shell elements in the models were automatically meshed with a maximum 
mesh size of 1.50 m. 

 
The loads that the models were subjected to were seismic, wind and live loads in seven 
different load combinations according to the American code ASCE 7-10 (American Society of 
Civil Engineers, 2013) (Zhang 2014). The load combinations were: 

 
Load Combinations 

 1.4D 

 1.2D+1.6L 

 1.2D+(L or 0.5 W) 

 1.2D+1.0W+L 

 1.2D+1.0E+L 

 0.9D+1.0W 

 0.9D+1.0E 
Note:  D = dead load, L = live load, W = wind load (ULS), E = earthquake load 
 
The input values on ETABS for seismic and wind loads are presented below inFigure 6.6 and 
Figure 6.7. 

 

 

Figure 6.6: Wind load configuration 
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Figure 6.7: Seismic load configuration 

 
 

6.5 Results and comparison 
 

6.5.1 Deformations and mode shapes 
 

Since the building’s geometry was not the same in x and y axis the deformations will be 
shown for both. The deformations for seismic and wind load combinations will be presented 
for all buildings in both directions. The three first periods and eigenmodes will be shown. 
The P-delta effects were included in this study.  
 
Even though the models were subjected to big lateral loads it is also important to see how 
the forces were distributed due to dead load inside the members. In Appendix B - Inner 

forcesthe axial force and moments are presented to understand how the forces are 
channeled in every structural system. The bottom 200 meters are shown in a plan z-y view 
only, since the top part is similar and since the bigger forces occur in the bottom part. The 
opening in the model is a critical part of the structure since it was the weak point. The 
biggest momentswere located both in the mega columns and in the beams and mega beams 
connecting the rest of the structural members.  

 

 Wind load deformations 

In Figure 6.8 below the story displacement caused by wind load and dead load in the x-axis.  
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Figure 6.8: The story displacement caused by wind and dead load in the x-axis 

In Figure 6.8 abovethe deformations differ widely in the x-axis depending on the structural 
system. The systems using ‘’X’’bracing in x-axis performed better than the rest of the 
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systems. The Bracing and Diagrid systems had almost half of the deformations occurring in 
the belts and moment frame system. The smallest deformation was achieved by the outside 
braced system with the inside system coming next. The outside system though had more 
bracings compared to the inside although the inside system had the advantage of connecting 
the mega columns directly to each other.  

 
The inclined and vertical moment frames performed almost similarly in this axis with the 
tilted frame been slightly stiffer. Big difference can be seen between the belt systems. The 
50m belt deformed almost 220 mm less than the 25m belt system. The reason was that the 8 
m belt walls are connecting the mega columns and produced a stiffer system than the 25m 
belts. Another reason was that the 8m belts were located in the most critical points of the 
model so they minimized the negative effects of inclination.  

 
The geometry of the model was changing on the other axis and the systems also performed 
differently. The deformations on y-axis are shown in Figure 6.9 below. 

 

 
 

Figure 6.9: The story displacement caused by wind and dead load in the y-axis 
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On the x-axis, the Outside brace system had the smaller deformations deforming only 
360mm. The Outside brace system was the second best in the y-axis deforming 720mm 
,80mm more than the Diagrid system. The Outside system had also another important 
feature, the deformations on the opening (legs) of the building were the smallest ones. This 
means that less moment was arising in the mega columns and torsion was minimized.  
 
The Inside brace system had the second-best performance in the x-axis deforming 390mm 
and the third best performance in the y-axis deforming 735mm. The Inside brace system had 
almost identical performance with the Outside brace system. The Inside brace system had 
also less weight compared to the rest of the systems.  
 
The Diagrid system performed very well in both axis. On the x-axis, the deformation was 
425mm being the third best system close to the brace systems and on the y-axis it deformed 
660mm being the best one. The only disadvantage the diagrid had, compared to the brace 
systems, was the biggest deformation on the opening (legs) of the building which caused 
moments on the four mega columns higher than in the Brace systems. 
 
The Belt systems had a big difference in their performance on the x-axis. The Belt 50m 
system deformed 780mm and the Belt 25m system had the worst performance with 
1000mm. The difference between the systems in x-axis was 22% and the reason is that the 
8,0m mega beams connecting the mega columns on the vulnerable points of the structure 
had the advantage. On the y-axis, the opposite behavior between the two systems is visible. 
The Belt 25m system performed better and deformed 850mm while the Belt 50m system 
deformed 890mm. The difference in y-axis was only 4,4% because the 4,0m belts did not let 
the openings (legs) to deform so much since they connect the inclined columns more often.  
 
The Moment Frame systems had the same performance in both axis. In the x-axis, the 
Inclined Moment Frame deformed 825mm and the Straight Moment Frame followed closely 
with 845mm. On x-axis only the Belt 25m system was worse. On the y-axis once again the 
Moment Frame systems had not performed well with the Straight Moment Frame deforming 
885mm and the Inclined Moment Frame being the worst one with 900mm deformation. 
 
The deformations between systems in the x-axis had a wide range. The systems using ‘X’ 
braces and diagrid had deformations between 360mm to 420mm which are half of the 
deformations the Belt and Moment Frame systems had. The same effect can be seen in the 
y-axis. The Brace and Diagrid systems perform better by deforming only half of the 
deformation the rest of the systems have. The reason is that the systems with ‘X’ diagonals 
exploited better the material through transforming loads in axial loading.  
 
Another conclusion is that if we exclude the Belt 25m system deformation in the y-axis, all 
models deformed more in the x-axis. This happened because of the smaller dimension of 
base in that axis which is 20m. Another reason is the opening(legs) which caused 
deformations at those points and this caused generally deformations in the top.  
 
It is important to emphasize that due to the complexity of the geometry ETABS is loading the 
building inside the openings also in the y-axis. The reason is that even though in reality the 
inside plane of the opening would not be subjected to wind ETABS applied the load as if 
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there were two different buildings at this point. This may have resulted higher wind 
displacements in the y-axis  

 
 

6.5.2 Seismic load deformations 
 

The seismic deformations caused by the seismic loading and the dead load of the model in x-
axis are presented below on Figure 6.10. 

 

 
 

Figure 6.10:  The story displacement caused by seismic and dead load in the x-axis 
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In Figure 6.10 above it can be seen that the deformations’ shape was identical to the 
deformations caused by the wind load, although the seismic deformations were 35-45% 
higher compared to Figure 6.8 and Figure 6.9. The systems using ‘X’ diagonal members 
performed better than the rest systems similarly to wind loading. The Brace and Diagrid 
systems had almost half of the deformations occurring in the Belt and Moment Frame 
systems like in the wind loading. The smallest deformation was achieved by the Outside 
brace system with the Inside system coming next. The Incline and Straight moment frames 
performed similarly in this axis. Big difference can be seen between the Belt systems again as 
in the wind loading. The Belt 50m deformed 250 mm less than the 25m Belt system. It can be 
seen that in the deformations the wind and seismic loading in x-axis were affecting the 
building in the same way although with significant difference in the magnitude.  

 
The deformations in the y-axis due to seismic loading on the models is shown in Figure 6.11. 
 

 
Figure 6.11:  The story displacement caused by seismic and dead load in the y-axis 
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Similarly to wind on y-axis, the diagrid system has the best performance and deforms 
706mm.  Following closely were the brace systems with the inside and outside performing 
almost equally deforming around 720 mm. 

 
The belts systems came next varying between 825-880 mm where the 25m belt systems 
performed better. Differently to the wind loading where the 50m belt had a big difference 
with the 25m belt here the difference is slightly smaller. In wind loading the 50m belt system 
had high deformations as the moment frames had.  
 
The moment frames had the worst performance and reached deformations higher than 
950mm. The Inclined moment frame had the highest deformation reaching more than 1000 
mm. In wind loading the difference between the belt and moment frame system was not so 
significant compared to seismic loading.  

 

6.5.3 Maximum deformations and load combinations 
 

The maximum deformations on x-axis but also the load combination that caused them can 
be seen in Table 6.1 below. 
 

Table 6.1: The maximum deformations on the top story of each system on x-axis and the load 
combination that is causing them. 

System Top story displacement [mm] x-axis Load  

Inside braces 562,962 Dead + Seismic 

Outside braces 547,971 Dead + Seismic 

Diagrid system 663,384 Dead + Seismic 

Belts only 50m 1122,54 Dead + Seismic 

Belts only 25m 1349,474 Dead + Seismic 

Straight moment frame  1293,305 Dead + Seismic 

Tiltted moment frame 1296,493 Dead + Seismic 

 

The major load combination in the x axis is the load combination where dead load was 
multiplied with a factor of 1.2, earthquake and live load max combination according to ASC 
7-10 chapter 2.3 (Zhang, 2014). 
 
The maximum deformations on y-axis but also the load combination that caused them can 
be seen in Table 6.2 below. 
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Table 6.2: The maximum deformations on the top story of each structural system on y-axis and 
the load combination that is causing them. 

System Top story displacement [mm] in y direction Load 

Inside braces 737,797 Dead + Wind 

Outside braces 728,923 Dead + Seismic 

Diagrid system 705,759 Dead + Seismic 

Belts only 50m 896,13 Dead + Wind 

Belts only 25m 848,719 Dead + Wind 

Straight Moment frame 958,443 Dead + Seismic 

InclinedMoment frame 1003,287 Dead + Seismic 

 

In the y-axis, the complexity of the shape had as a result different load combinations causing 
the maximum deformation for every system. In the y-axis, the wind also was a major loading 
case causing high deformations. The Inside Brace system and both the Belt systems reached 
higher deformations by the Wind load. The similarity between those three systems was that 
they were the lightest systems comparing to the others Table 6.4. The lighter structure is 
causing less force caused by the earthquake, however the same effect is not happening in 
the x-axis where seismic was the major loading in all models. As mentioned before the wind 
loading in y-axis maybe caused higher deformations compared to a real structure because 
the wind is applied even in the plane inside the openings.  

 

6.5.4 Periods and eigen modes 
 

At this section, the three first periods and eigenmodes would be studied. Both x and y axis 
and the z-axis rotation were the axis where the modes are acting. In the Table 6.3 the three 
first periods and their movement axis are presented.  
 

Table 6.3: The three first periods and their movement axis of each structural system 

 
System 

Mode 1 Mode 2 Mode 3 

Time [s] Direction Time [s] Direction Time [s] Direction 

Inside braces 7,045 Y 6,236 X 3,782 RZ 

Outside braces 7,126 Y 6,131 X 2,495 RZ 

Diagrid system 7,164 Y 7,101 X 2,741 RZ 

Straight moment frame  10,61 X 8,65 Y 4,485 RZ 

Inclined moment frame 10,622 X 8,774 Y 4,158 RZ 

Belts 25m 10,883 X 7,635 Y 4,332 RZ 

Belts 50m 9,275 X 7,797 Y 4,246 RZ 

 

The first period varies from 7,045 s for the inside braces system to 10,883 s for the 25m belt 
system. The second period has a smaller gap variation between systems starting with 6,131s 
for the outside brace system to 8,774 for the tilted moment frame. In the third mode of 
torsion in the z-axis the outside bracing system has the minimum period with 2,495s and the 
maximum period is observed in the straight moment frame with 4,485s. The mode shapes of 
every system are visible from Figure 6.18   to Figure 6.18 below. 
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(a)                                       (b)                                      (c) 

Figure 6.12: Modes of vibration for Inside Brace system (a) first mode y-axis(b) second mode x-
axis (c) third mode Rz 

 
    (a)                        (b)                  (c) 

Figure 6.13: Modes of vibration for Outside Brace system (a) first mode y-axis (b) second mode x-
axis (c) third mode Rz 
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(a)                          (b)                           (c) 

Figure 6.14: Modes of vibration for Diagrid system (a) first mode y-axis(b) second mode x-axis (c) 
third mode Rz 

 

(a)                       (b)                      (c) 

Figure 6.15: Modes of vibration for Straight Moment Frame system (a) first mode x-axis (b) 
second mode y-axis (c) third mode Rz 
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(a)                      (b)                            (c) 

Figure 6.16: Modes of vibration for Inclined Moment Frame system (a) first mode x-axis (b) second 
mode y-axis (c) third mode Rz 

 
(a)                    (b)                      (c) 

Figure6.17: Modes of vibration for Belt 25m system (a) first mode x-axis(b) second mode y-axis(c) 
third mode Rz 
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(a)                           (b)                              (c) 

Figure 6.18: Modes of vibration for Belt 50m system (a) first mode x-axis (b) second mode y-axis 
(c) third mode Rz 

The difference between the periods can be easier to identify in Figure 6.199for first and 
second period. 

 

 
Figure 6.19: 1st and 2nd period of each structural system 
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of the systems. The systems with ‘X’ diagonal members had almost the same 1st period 
around 7.0 s.  The rest of the systems had periods varying from 9.25 to 10.88 s. The worst 
performance for those systems was achieved from the 25m belt system and the best from 
the 50m belt. In the 2nd mode of vibration the periods in all systems were closer to each 
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other. The smallest 2nd period comes from the Outside brace system with 6,131s and the 
Inside brace system comes next with 6,236s. The diagrid system was third with 7,101 s of 2nd 
period. The rest of the systems had periods varying from 7,635-8,774s with the Belt 25m 
system having the smallest one of 7,635s.  

 
An important conclusion when studying the periods of the structures is the direction of 
movement. As seen in Table 6.3 above the Brace and Diagrid systems had a first mode on y-
axis and for the rest systems in the x-axis. The Brace and Diagrid systems were more 
stiffened in the x-axis so the first mode is on the y-axis. On the other hand, on the rest of the 
systems the more stiffened axis was the y-axis where the inclined corner columns were 
increasing stiffness. In Figure 6.20 bellow another comparison was made between the models 
comparing the periods in x and y axis.  

 

 
Figure 6.20: Periods of each structural system in x-axis and y-axis 

 

In Figure 6.20 above the y axis periods were much closer to each other as expected since the 
inclined geometry stiffened the system.  On the other hand, the gap between the periods in 
the x-axis were much higher with around 3sec of difference between the models.  
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The third periods of the models are presented in Figure 6.21 below. 
 

 
Figure 6.21: Third period of each structural system. 

The third period of the models had big differences between the models. The Outside Brace 
and Diagrid systems had smaller periods. The two systems had 3rd period close to 2,5s, which 
compared to the average 3rd period of the rest of the systems, is 37,5% smaller. The reason 
is the Outside Brace and Diagrid systems had the inclined structural members on the 
perimeter of the structure which decreased the torsion. The Moment frame and Belt 
systems had periods between 4 and 4.5 seconds and the small difference was because the 
perimeter members were distributed almost similarly on every model. The Inclined Moment 
frame differs but only slightly since the inclined columns were contributing to the torsion 
stiffness.  

 

6.5.5 Base reactions and model verification 
 

Through Table 6.4below we can see the dead load difference between the models. The Belt 
systems were the lightest models and the Brace systems followed.  The Moment frames and 
Diagrid system were the heaviest ones. The maximum weight difference between the 
models was between the Belt 25m and Inclined moment frame systems which was 9.7%. The 
percentage seems high but even with that difference the performance and comparison 
between the systems could be easily identified.  

 
The model verifications were done through comparing the weight calculated by ETABS and 
comparing it with hand calculations and SAP2000 as presented in Table 6.4. The hand 
calculations were done through Mathcad and are available in Appendix C - Verification of 

model.There was also a second verification of models using SAP2000 to compare the results. 
After the second periods of vibration there was a higher difference with ETABS although this 
is due to the difference in reinforcement in SAP2000. In Appendix D - SAP2000 ETABS 

comparison the results on SAP2000 are presented.  
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Table 6.4: Verification of dead load of each structural system. 

System 
Fz[kN] 

ETABS Hand cal.(%) SAP2000(%) 

Inside braces 998882,4 1.3 0.908 

Outside braces 1023807 1.3 0.912 

Diagrid system 1040622 1.8 1.800 

Belts only 50m 965388,7 0.5 0.901 

Belts only 25m 961102 1.5 1.112 

Straight moment frame 1038732 1.5 1.768 

Inclined moment frame 1064484 0.04 1.737 

 
 

The percentage in difference between hand calculation and ETABS calculation was inside the 
acceptable range so the results could be considered reliable.  
 
The SAP2000 results had an average difference of 1,0% in weight and the percentage of 
difference rises as the periods of vibration were investigated and the reason is the difference 
in reinforcement between columns in SAP2000 and ETABS.  The difference was identified 
after the completion of the main study although the results can be characterized as reliable 
since the comparison of the systems is still valid. The models in SAP2000 had the same 
characteristics, advantages and disadvantages and the conclusions were the same.  
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7 Design of buildings 
 

In the design of buildings, the automated design option in ETABS was used. For every group 
of structural members, the user defined a group of possible cross sections and ETABS was 
calculating the best cross section choice and reinforcement.  

 
There will be three structural systems designed, the Diagrid system, the Belt and the Brace 
structural systems. For the Belts and Brace systems the Outside braced system was design 
and the 50m Belt system since those had the best performance. For a better comparison and 
ease for the design the four mega columns of the building were defined from the user and 
not be designed. This way the structural members for every system were much easier to 
compare with each other since the core structure was kept the same.  

 
All the systems were designed using two different mega columns. The two mega columns 
varied in cross section with one of them being solid and one of them hollow although the 
amount of material was the same in both of them. The solid mega column used had different 
cross section using 3.0x3.0 m cross section and the hollow cross section had a cross section 
of 5.0x5.0 meters cross section with thickness of 0.50 m. The reason of choosing different 
mega columns was to study how the thickness and the type of the columns would affect the 
inclined column cross sections for the design. Since the building geometry was complex and 
inclination produce moments and deformations the variation of mega columns size could 
show how much the mega column type affects the weight and modes of the structure. 

 
The following step was the design of buildings due to buckling. Buckling loads from ETABS 
was used but also user defined buckling lengths. When the buildings were studied on 
buckling for all load combinations the next step was the response spectrum analysis for belt 
and brace system. The base shear and moment graphs were constructed and the 
accelerations caused by the response spectrum in both systems.  

 

7.1 Load combinations 
 

The load combinations used for the design were three combinations used in the analysis of 
the structural systems. For the automated buckling design ETABS Ultimate can perform there 
were three buckling load combinations constructed so the buckling factors are acquired. The 
buckling load combinations were constructed in ETABS by assigning the buckling load case to 
those three-load combination (1.2D+L), (1.2D+L+W) and (1.2D+L+E). This resulted six 
buckling modes and six safety factors for each load combinations. The P-delta in this case 
was included also (Zhang, 2014). The three load combinations used are 2, 4 and 5 presented 
below.  
 
Load Combinations 

1. 1.4D 
2. 1.2D+1.6L 
3. 1.2D+(L or 0.5 W) 
4. 1.2D+1.0W+L 
5. 1.2D+1.0E+L 
6. 0.9D+1.0W 
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7. 0.9D+1.0E 
Note:  D = dead load, L = live load, W = wind load (ULS), E = earthquake load 

7.2 Cross section lists 
 

The cross sections used for the design were grouped depending on the location they are 
placed on the building. For every structural system, all the members are designed except 
mega columns which were defined by the user. Bellow the groups for every structural 
member are presented, the automated cross section list and their location on the model.  
The design tiers (groups) are visible in Figure 7.1 and Figure7.2 below.  
 

 
Figure 7.1: Design Tiers in the z-y plane 

Red: Mega Column design Tier 
Blue:Braces, corner columns, diagrid and moment frame design Tiers 
Green: Mega beam and Normal beam design Tiers 
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Figure7.2: Design Tiers in the z-x plane 

Red: Mega Column design Tier 
Blue: Braces, corner columns, diagrid and moment frame design Tiers 
Green: Mega beam and Normal beam design Tiers 
 

 Mega columns 
 

The mega columns were separated into two groups. The first group was up to 200 m and the 
next one from 200 to 346 m where a smaller cross-section was used since the weight also 
decreases. As explained above, the mega columns designed in two cases, solid concrete 
cross-section and hollow concrete cross-section. The two different mega columns cross-
sections used in the design are shown in Table 7.1 below.  

 

Table 7.1: The two different mega columns sections used in the design 

Mega Column type Tier 0-200m  Tier 200-346m  

Solid Mega column 3.0x3.0 2.5x2.5 

Hollow Mega column 5.0x5.0 (0.50 thickness) 4.0x4.0 (0.45 thickness) 
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 Corner columns 
 

The corner columns in all buildings were divided in four different groups for four different 
height levels. The four levels were(0-100), (100-200),(200-286) and (286-386) m heights.  The 
auto-lists used in ETABS are presented on Table 7.2 below. 
 

Table 7.2: The auto-lists cross-sections used in the design of the corner columns in ETABS. 

Corner columns Cross section (meters) 

Corner columns 1 0.60x0.60 

Corner columns 2 0.80x0.80 

Corner columns 3 1.0x1.0 

Corner columns 4 1.20x1.20 

Corner columns 5 1.30x1.30 

Corner columns 5 1.40x1.40 

 
 

 Braces  
 

The braces were also divided in four groups, including (0-100), (100-200), (200-286) and 
(286-386) m heights. The auto-lists used in ETABS are presented on Table 7.3below. 
 

 
Table 7.3: The auto-lists cross-sections used in the design of the braces in ETABS. 

Brace Cross section (meters) 

Brace 1 0.40x0.40 

Brace 2 0.60x0.60 

Brace 3 0.80x0.80 

Brace 4 1.0x1.0 

Brace 5 1.20x1.20 

 

 Belt walls (Shear walls) 
 

The belt walls for the 50-belt system had a fixed height of two floors (8 meters) and only the 
width of the belt was changing.  Belts were grouped also in two groups, belts between 0-200 
m and group from 200-346. The auto-lists used in ETABS are presented on Table 7.4below. 
 

Table 7.4: The auto-lists cross-sections used in the design of the belt walls in ETABS. 

Belt type Cross section (meters) 

50m system belt 1 8.0x0.20 

50m system belt 2 8.0x0.30 

50m system belt 3 8.0x0.40 

50m system belt 4 8.0x0.50 

50m system belt 5 8.0x0.60 

50m system belt 6 8.0x0.80 

50m system belt 7 8.0x1.0 
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 Beams used in Brace, Diagrid and Moment Frame systems(Normal beams) 
 

Normal beams were used in the bracing system to connect and stiffen vulnerable points on 
the structure like openings and connection points for the braces. Normal beams were 
grouped also in two groups, a group between 0-200 meters and a group from 200-386. The 
auto-lists used in ETABS are presented on Table 7.5below. 
 

Table 7.5: The auto-lists cross-sections used in the design of the normal beams in ETABS. 

Beam type Cross section (meters) 

Beam 1 1.0x0.30 

Beam 2 1.20x0.30 

Beam 3 1.30x0.30 

Beam 4 1.40x0.30 

Beam 5 1.40x0.40 

 
 

 Diagrid sections 
 

Like the braces, diagrid cross sections were also divided in four groups, including(0-100), 
(100-200), (200-286) and (286-386) m heights. The auto-lists used in ETABS are presented on 
Table 7.6. 
 

Table 7.6: The auto-lists cross-sections used in the design of the diagrid in ETABS. 

Diagrid Cross section (meters) 

Diagrid 1 0.40x0.40 

Diagrid 2 0.60x0.60 

Diagrid 3 0.80x0.80 

Diagrid 4 1.0x1.0 

Diagrid 5 1.20x1.20 

 

7.3 Results 

 
The design results were compared to each other in terms of cross sections, base reactions 
and eigenmodes. Every structural system was compared using the two different mega 
columns and also the different systems were compared to each other.  

 

7.3.1 Belt system 
 

The two different mega column types used will be compared. In the Table 7.7below the 
weight and three first modes are presented.  
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Table 7.7: The weight and first three modes of the designed belt system. 

System 

Mode 1 Mode 2 Mode 3 

Fz[kN] 
Time [s] Direction Time [s] Direction 

Time 
[s] 

Direction 

Belts 50m  
(solid M.C.) 

13,319 X 9,832 Y 6,172 RZ 1009692 

Belts 50m 
 (hollow M.C.) 

9,403 Y 9,165 X 4,145 RZ 954849 

 

The weight difference was around 5,5% between the two different designs. The hollow mega 
columns were stiffening the model much more than the solid columns. This had as a result 
ETABS to use bigger cross sections for the corner columns for the solid mega column model. 
The difference in the modes was much bigger in every eigen mode between the two models. 
The difference in the first x-axis mode was almost 4 seconds (29,4% difference) although in 
the second period was almost similar (8% difference).  

 

The cross sections ETABS chose for the corner columns on each height group are presented 
in Table 7.8below.  

 
Table 7.8: The cross sections for the corner inclined columns on each height group chosen by 
ETABs. 

Mega column 
type 

Column Tier 

Tier 0-100 Tier 100-200 Tier 200-286 Tier 286-386 

Hollow M.C. 1.20x1.20 1.00x1.00 1.00x1.00 0.80x0.80 

Solid M.C. 1.40x1.40 1.20x1.20 1.20x1.20 0.80x0.80 

 

The cross sections ETABS chose for the belts on each height group are presented in Table 7.9 
below.  

 
Table 7.9: The cross sections for the belt on each height group chosen by ETABs. 

Mega column type 
Belts Tier 

Tier 0-200 Tier 200-386 

Hollow M.C. 8.0x1.00 8.0x0.40 

Solid M.C. 8.0x0.80 8.0x0.40 

 

The hollow mega columns had a better performance which was causing also smaller cross 
sections both for the belts and the corner columns. It is important to mention that the belts 
and especially the first belt (50m height) was subjected to high shear stresses combined with 
torsion. This was due to the corner columns connecting to the belts and the stresses the 
inclination produced.  
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7.3.2 Brace system 
 

The two different mega column types used were compared also for the braces system. In the 
Table 7.10 below the weight and three first modes are presented.  
 

Table 7.10: The weight and first three modes of the designed braces system. 

System 
Mode 1 Mode 2 Mode 3 

Fz[kN] 
Time [s] Direction Time [s] Direction Time [s] Direction 

Brace 
(Solid M.C.) 

9,936 Y 7,729 X 3,541 RZ 937633,6 

Braces 
(Hollow M.C.) 

9,518 Y 7,761 X 3,157 RZ 930525,9 

 

In this case, differently to the belt system the difference in weight was negligible, only 0.7%.  
The eigen modes times were really close to each other in all three first modes, x and y axis as 
well as torsion mode Rz.  

 

It is more than obvious that in the Brace system the hollow mega columns did not have the 
effect they had in the belt system. The braces stiffened the building enough and the hollow 
mega columns contributed only slightly on the stiffness.  This was the reason why the cross 
sections were the same and as a result the weight of the buildings with only some minor 
changes resulted from the different beams used.  In Table 7.11below the cross section chosen 
are presented.  

 
Table 7.11: The cross sections for the corner inclined columns on each height group chosen by 
ETABs. 

Mega column 
type 

Column Tier 

Tier 0-100 Tier 100-200 Tier 200-286 Tier 286-386 

Hollow M.C. 1.20x1.20 0.80x0.80 1.60x1.60 0.60x0.60 

Solid M.C. 1.20x1.20 0.80x0.80 1.60x1.60 0.60x0.60 

 

As seen in Table 7.11 above between heights 200-286 ETABS chose a cross section of 
1.60x1.60. This was much bigger than the cross section chosen for the same height in the 
Belt system had a big difference with the cross sections between height 100-200 
(0.80x0.80m) and height 286-386 (0.60x0.60m). ETABS made that choice because of the 
lateral wind load on the top part of the building. In specific load case, the wind produced a 
big axial load and moment on that part of the Brace system. When comparing this model to 
the belt model we can see the importance of belts on the most neuralgic parts of the model. 
The belts except stiffening the whole system they directly transferred loads to the mega 
columns and in specific loading cases the lack of beams resulted bigger corner columns in 
the top part in Brace system. Below Table 7.12 shows the cross sections for the braces. 
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Table 7.12: The cross sections for the braces on each height group chosen by ETABs. 

Mega column 
type 

Brace Tiers 

Tier 0-100 Tier 100-200 Tier 200-286 Tier 286-386 

Hollow M.C. 1.00x1.00 0.80x0.80 0.80x0.80 0.80x0.80 

Solid M.C. 1.00x1.00 1.00x1.00 0.80x0.80 0.80x0.80 

 

In the normal beams chosen on the design we can see once more the importance of the 
beams where inclinations change and connection points. In the beginning the normal beams 
where separated into two groups, from 0-200 and from 200-386 meters. The normal beams 
chosen in the auto-list were not adequate in the first beam at 50mheight. The location of 
normal beam at 50m height is available in Figure 7.1andFigure7.2above. This had as a result to 
make a new group for this specific beam location. This again proves the significance of 
beams even in the brace system. Worth to mention is that the ‘’X’’ diagonals in this location 
are not connected to the mega columns directly but only on the corner columns and this 
resulted the normal beam to be bigger at this height. In Table 7.13the cross section chosen 
for the beams are available.  

 
Table 7.13: The cross sections for the normal beams on each height group chosen by ETABs. 

Mega Column type 
Beam Tiers 

Tier 50m (critical) Tier 50-200 Tier 200-386 

Hollow M.C. 2.00x1.00 1.30x1.30 1.60x1.60 

Solid M.C. 2.20x1.00 1.30x1.30 1.60x1.60 

 
 

7.3.3 Diagrid system 
 

The diagrid system was a much more complicated system and especially in the current 
model geometry. The diagrid system has many more thousand elements than the other 
systems and it should be more thoroughly studied. This was not possible since the amount of 
time was not sufficient and that is why the diagrid groups for design were divided only in 
four different height tiers similarly to Brace system. The Table 7.14 presents the three first 
periods for both mega column selections.  

 
Table 7.14: The weight and first three modes of the designed diagrid system. 

System 
Mode 1 Mode 2 Mode 3 

Fz[kN] 
Time [s] Direction Time [s] Direction Time [s] Direction 

Diagrid 
(solid M.C.) 

7,125 Y 6,266 X 2,442 RZ 1215808 

Diagrid 
(hollow M.C.) 

6,871 Y 6,176 X 2,273 RZ 1215041 

 

It is more than obvious that the column type affected only a little the stiffness of the model 
with the hollow mega column having a small advantage of 3,3% in the first mode. The major 
role for the mega columns was to transfer the axial load to the foundation so the lateral 
loads are taken by the diagrids. It is important to mention that the weight of the buildings 



111 
 

was much bigger compared to the other systems reaching 20% higher values. The bigger 
amount of material on the perimeter had as a result the smaller periods for the diagrid 
system. In Table 7.15: The cross sections for the diagrid on each height group chosen by ETABs are 
presented. 

 
Table 7.15: The cross sections for the diagrid on each height group chosen by ETABs 

Mega column 
type 

Diagrid Tiers 

Tier 0-100 Tier 100-200 Tier 200-286 Tier 286-386 

Hollow M.C. 1.20x1.20 0.80x0.80 0.80x0.80 0.60x0.60 

Solid M.C. 1.20x1.20 0.80x0.80 0.80x0.80 0.60x0.60 

 

The diagrid cross sections remained the same in both column types. In Table 7.16 below the 
corner columns of Diagrid system are presented. 

 
Table 7.16: The cross sections for the corner inclined columns on each height group chosen by ETABs. 

Mega column 
type 

 

Corner Column Tiers 

Tier 0-100 Tier 100-200 Tier 200-286 Tier 286-386 

Hollow M.C. 1.40x1.40 0.80x0.80 1.00x1.00 0.40x0.40 

Solid M.C. 1.40x1.40 0.80x0.80 1.00x1.00 0.60x0.60 

 

The only difference in the corner columns between the two mega column types was the last 
group on the top of the building. Here we can also see a small increase in the corner column 
sections at the height 200-286 similar to the brace system design. 

 
Like the braced system also in the diagrid there were some beams located every 50 meters 
where the inclinations change. In Table 7.17 the normal beams are presented. 
 

Table 7.17: The cross sections for the normal beams on each height group chosen by ETABs. 

Normal Beams Hollow M.C. model (m) Solid M.C. model (m) 

Beam 0-200 1.60x0.60 1.60x0.60 

Beam 200-386 1.20x0.30 1.20x0.30 

 
 
 
 
 
 
 
 
 
 
 

 



112 
 

7.4 Buckling design 
 

Since the buildings had inclined columns the effects of buckling become even more 
important. Braces, belts and beams are determining the buckling lengths of columns. ETABS 
has the possibility to automatically determine buckling modes in a structure and combined 
with P-delta effects in elements (locally) can conduct the design. The buckling effect is bigger 
when designing steel compared to concrete and especially in the current model where the 
big mega columns are braced regularly. 

 
In this stage, the model studied was the Belt 50m structural system. The reason was that the 
complexity of the building was less compared to Brace and Diagrid structural systems but 
most importantly because those systems were very well braced and the buckling was much 
less possible to occur compared to Belt system.   Calculating the buckling factors on ETABS 
Ultimate for Diagrid and Braces resulted local buckling only, with very high factors and not 
global factors for the whole structure.  
 
The buckling factors obtained from ETABS are then multiplied with the applied loads. This 
way buckling factors show the probability of buckling to occur when a load is amplified with 
the value of the factor. When the buckling factor caused from a load combination is close to 
one it means there is a high probability of buckling in the structure for this load.  

 
In the buckling design two approaches were studied. First the ETABS buckling load 
combination where ETABS Ultimate calculates the buckling modes and buckling factors and 
the second approach was user based and means that the user defined the unsupported 
buckling length L and support factor K in the model. More specifically the user defined the 
buckling lengths in corner columns and mega columns between belts. This approach was 
more conservative since the stiffness of slabs is not taken into account. Furthermore, ETABS 
automatically divided the elements between the floors, this means that the unsupported 
length of the element is between floors and not between the main structural members 
(braces, belt walls). Although ETABS is defining the support factor K to one meaning that it 
takes into account the connectivity between the elements at every floor in a way that they 
can work as a single element between belt walls or braces.  

 
The buckling design results were compared with the ordinary design which does not include 
buckling load combinations. Furthermore, ETABS buckling design was compared with the 
user defined buckling design. The load combinations used in this stage are the same as 
before. 
 
 

7.4.1 ETABS buckling 
 

In ETABS buckling, the cross sections used were the ones ETABS calculated for the ordinary 
design of the Belt system. Using ETABS Ultimate in the current model the buckling factors 
obtained were determined if the model has high or low probability of global buckling. If the 
factors for this model do not result factors close to 1.0 then the design cross sections are 
adequate for global buckling. 

 



113 
 

The load used are combinations of wind, dead, live and seismic loads.  

 1.4D+1.0L 

 1.2D+1.0W+1.0L 

 1.2D+1.0E+1.0L 
 

The first six buckling factors obtained for the load combinations are presented in the Table 
7.18below. 
 

Table 7.18: The first six buckling factors obtained for the load combinations 

Load combination 
Buckling factor 

Factor1 Factor2 Factor3 Factor4 Factor5 Factor6 

 (1,2D+L) 7,241 7,658 12,309 15,494 16,754 18,499 

 (1,2D+L+E) 7,153 7,657 12,307 15,492 16,555 18,322 

 (1,2D+L+W) 7,202 7,657 12,308 15,493 16,641 18,454 

 
 

The factors have values much higher than one which means that the is a very small 
probability for these kinds of global buckling to occur in the structure. The smaller factor, 
due to seismic plus live load, is 7.153 which means that the load to produce such buckling 
should be 7.153 times larger than the ordinary load combination. Another important 
conclusion is that the factor values are very close to each other even though the load 
combinations are different. The high buckling factors can be also interpreted in a way that 
the design cross sections in normal design are adequate for the model since no factor was 
close to one. The buckling modes are available from Figure7.3 to Figure7.5 below. 
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First mode 

 
Second mode 

Figure7.3: 1st and 2nd buckling modes 

 
Third mode 

 
Fourth mode 

Figure7.4: 3rd and 4th buckling modes 
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Fifth mode 

 
Sixth mode 

Figure7.5: 5th and 6th buckling modes 

 

7.4.2 User defined buckling 
 

The user defined buckling had a more conservative approach since the user manipulated the 
unsupported length and support conditions of elements on the model. This way the user 
excluded the floors' stiffness contribution to the buckling of corner and mega columns. 
ETABS automatically calculates the L (unsupported length) and K factors (support conditions) 
for elements between floors to the value of one since columns are not designed as one 
single element between belts.  In Euler's buckling load Equation(7.1) below can be seen how 
K factor and unsupported length L affects the critical load. 

 

𝑃𝑐𝑟 =
𝜋2𝐸𝐼

(𝐾𝐿)2
     Eq. (7.1) 

 
Where: 

 
Pcr= Critical load 
E = Modulus of Elasticity  
I = Moment of Inertia 
L = Unsupported length 
K = Column effective length factor 
 

The columns were studied as they were single elements between the belts so the 
unsupported length factor which ETABS was calculating as 1 was changed to the number of 
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floors between belts. This procedure was repeated for every element between the belts for 
corner columns and for mega columns. In mega columns though the unsupported length was 
chosen to be more in the openings of the buildings where the mega columns are not 
connected to each other with belts on the y-axis. An example of how this works presented in 
Figure 7.6 below.  
 

 
Figure 7.6: The user defines buckling factors in ETABs 

 
In the Figure 7.6above the unbraced length ratio was chosen 25 as the number of elements in 
this part of the mega column. The effective length factor was chosen everywhere to be 0.65 
since this is the design value for fixed to fixed support conditions between belt walls. This 
way the corner columns and mega columns were separated again in groups with different 
unsupported length factors and different effective length factors.  

 
The model was analyzed and designed so a comparison to the ordinary design of the belts 
system was conducted. In Table 7.19 there is the comparison between the cross sections 
ETABS chose for the two models as well as the systems' dead weight.  
 
Table 7.19: the cross sections of the automated buckling model and the user defined buckling model 
chosen by ETABS as well as the systems' dead weight. 

Section 
Automated 

buckling 
User defined 

buckling 
Difference 

columns 0-50 1.20x1.20 2.40x2.40 300% 
columns 50-100 1.20x1.20 2.30x2.30 267.4% 

columns 100-200 1.00x1.00 1.90x1.90 261% 
columns 200-286 1.00x1.00 1.80x1.80 224% 
columns 286-386 0.80x0.80 1.00x1.00 20% 

Belt 0-200 8.0x1.00 8.0x1.00 0% 
Belt 200-386 8.0x0.40 8.0x0.30 25% 

Dead weight Fz (kN) 954849 1 133316 15.8% 

 

It is obvious how the change in unsupported length and K factor has changed the cross-
section requirements in the model. When the ordinary design cross section was tested with 
the user defined K and L factors the elements were failing due to failure in Euler's critical 
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load. Then the designed analysis was run again and ETABS chose the new cross sections. 
There is a big difference in cross sections now especially in the bottom columns reaching 
almost three times bigger required area for concrete. As getting higher in the building this 
amount changed since the weight is decreasing. The weight difference resulted because of 
the bigger cross sections was 15.8% bigger in the user defined buckling. Figures showing the 
elements of the model failing after changes K and L factors are available in Appendix E - User 

defined buckling failure. 
 
Even though the K and L factors were changed also in the mega columns there was no failure 
due to Euler's buckling load to them. 

 
 

7.5 Response spectrum analysis 
 
In the response spectrum, the Brace and Belt system were studied since they are the two 
most good systems in terms of reliability of results and behavior. The response spectrum was 
constructed for both systems and the results extracted included both x and y axis. The 
results were the story shear and moment and the accelerations at every story of the 
buildings. In Figure 7.7 and Figure 7.8 below the two-different response spectrum for both 
buildings are presented and in Figure7.9 the ETABS configuration for the response spectrum 
depending on damping and soil properties also presented (Zhang, 2014).  
 

 
Figure 7.7:Response Spectrum for Belt System.  
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Figure 7.8:Response Spectrum for Brace System 

 

 
Figure7.9:Response Spectrum parameters on ETABS. (Zhang, 2014) 

 
 

Following the Figure 7.10 shows the shear in every story for the two axes in Belt and Brace 
system respectively.  
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Figure 7.10: Story shear force for Belt and Brace system respectively. 

The shear force in the two systems had slightly different shape because of the big difference 
between the systems on where major structural members are located. In the Belt 50m 
system we can observe that the shear in both axis was the same (lines connect) in the three 
main locations where belt walls connect all structural members.  There was a difference also 
in the two axes in every building. The x-axis shear in Belt system was smaller and on the 
Brace system was the opposite. The stiffer the building in one axis the highest the shear in 
this axis.  
 
Figure 7.11 below represents the moment distribution in both axis in the two systems.  

 
Figure 7.11 Story moment on Belt and Brace system respectively. 
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 The moment distribution in the belts was equal even though the geometry of the building 
was completely different.  The highest moments arised in the Brace system in the y axis 
although the x axis had the smallest moment between the two systems proving how the 
braces stiffened the x-axis compared to Belt 50m system.  
 

The accelerations of the two systems on both directions are shown inFigure7.12 below. 
 

 
Figure7.12: Story acceleration for Belt and Brace system respectively. 

The accelerations remainedalmost the same in both axis in the Brace system and had a small 
difference 100-200mm/s2between the two axis for the Belt 50m system. It is also visible in 
the graphs that the accelerations in all stories were close to each other for both 
axis,especially for the Brace system,and there was not a big difference between the top 
(366m) and bottom structure. The Brace system had slightely smaller accelerations 
compared to the belt system around 10%. For both systems the accelerations were close to 
1000mm/s2for the main body of the building. Usually the maximum accelerations in a high 
rise buildings follow the maximum accelerations coming from the ground movement. So this 
means that the maximum accelerations on the main body of the building (between 0-366m 
height) can experience accelerations close to 1000mm/s2. Those accelerations occur for 
ground vibration periods between 0,1-0,5s periods.The top pyramidal part of the building 
reached almost 3000mm/s2. The top of the building over story 100 had much bigger 
accelerations since there the pyramidal top of the building is located and the main structural 
system did not contribute to the stiffness.  
 
As mentioned before the highest accelerations were caused by ground vibrations between 
0,1s and 0,5s periods. This is a good structural aspect of the building since the major 
accelerations were far away from the first vibration modes of the structure but this could be 
a servisability problem that needs to be studied further. The vibrations with 0,1-0,5 second 
periods can cause significant accelerations to the stories even for small earthquakes.  
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7.6 Comments on results 
 
The design was conducted so the most efficient structural systems would be identified. The 
two different mega columns (Hollow, Solid) had a bigger impact in the Belt 50m system since 
the other systems have the diagrid and braces on the perimeter to take the lateral loads. 

 
The structural system with the highest stiffness and best modal results was the Diagrid 
system. The difference between solid and hollow mega columns was relatively small (6%) 
since the diagrids withstand most of the lateral loading.  On the other hand, the weight 
difference of the diagrid compared to the other systems was more than 20% which is a 
considerable difference. Even though the Diagrid is the heaviest, it was the structural system 
with many possibilities for development. If the design groups were many more the weight 
would be decreased. Furthermore, a Diagrid system would function better with a steel 
diagrid compared to a concrete one. Less weight and freer facade space would be more 
beneficial. 

 
The Brace system similarly to Diagrid behaved almost the same with solid and hollow mega 
columns. The hollow mega columns just had slightly smaller periods of about 4%. The 
difference between the rest systems was that the brace system once more has the smallest 
dead weight with the hollow mega column system weighting only 930525,9 kN. The hollow 
mega column Brace system model was 0.75% lighter from the solid mega column Brace 
system, 23.5% lighter from the Diagrid system with hollow mega columns and 2.5% lighter 
from the Belt 50m system with hollow mega columns. 

 
In the Belt 50m system, the difference between the hollow and solid mega column was 
significant. The 1st period difference was 29.4% and the weight difference was 5.5% less 
than the solid mega column Belt system. Hollow mega columns were the major structural 
member that stiffens the system laterally because of the bigger moment of inertia. 
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8 Discussion, conclusion and further research 
 

8.1 Discussion and conclusion 
 

The building shape in this thesis was the outcome of the possibilities the Tube Mega Frame 
and Multi elevator could provide.  This study was an investigation of how those two concepts 
could be combined although the building shape was the one of the many different 
possibilities. The conductors of this study chose this shape because of its steep inclinations, 
complexity, height and futuristic design. This study was only a small part of the countless 
possibilities TMF and Multi can offer. The main structural system was Tube Mega Columns 
and in this complex building another structural system could not be used. The inclinations 
were a challenging factor and an elevator such Multi with the possibility to move in three 
directions could be the most appropriate.  

 
The complexity of the building required further smaller studies related to inclinations and 
inclined column behavior. The moment, shear and axial loads are not distributed similarly to 
other high-rise buildings. There were many parts of the building were tension is occurred like 
the top parts of inclined columns, locations where high moments arised like on the openings 
of the building and shear combined with torsion on the belt walls where the inclined 
columns connect.  

 
An important feature neglected in this study was material nonlinearity. Effects of cracking in 
concrete were neglected and especially in an inclined building this would have a significant 
impact in the deformations.  

 
Out of the four different structural systems compared the Brace systems and the Diagrid 
system had the best performance. The Brace systems had the advantage of having inclined 
members connecting to each other on the most critical points of the structure. The braces 
were placed in a way so most of the material is exploited because of the triangulation of the 
structural members. The Diagrid system also had a very good performance. The complexity 
of the diagrid system prevented the deeper study of the system. It can be concluded that in 
inclined structures the inclined structural members had the advantage. The Belt 50m system 
did not have the high performance the other systems had although the performed well and 
it has to be mentioned that the Belt 50m system would be the best system to construct since 
is the least complicated. 
 
The strong mega column system in the center of the building was the only possible for a 
building like this. The corner columns especially combined with the bracing system made the 
corner columns and braces to work as a truss system around an extended core formed by 
the four mega columns.  

 
The different structural systems were not compared in floor utilization or facade area. The 
amount of facade area that is used in high rise building is important for architectural 
reasons. Brace system and especially Diagrid system consumed much more façade area 
compared to the Belt systems. 
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A special feature of the model is that on a 20.0x25.0 meters base there was almost double 
the weight compared to a simply tall rectangular floor building. This is one of the main 
reasons that such high periods occur. Those periods and the dynamic accelerations were not 
studied in terms of serviceability limit state. It is possible that high accelerations also will 
occur and the human feeling of motion will be uncomfortable.  

 
The comparison of the different structural systems was completed so the best systems 
would be used in the design study. The Outside Brace and Diagrid systems were used since 
they are the best but also Belt 50m system was used since it was the least complex system 
and performed better than the Moment frame systems. In the design procedure once more 
the Outside Brace system had one of the best performances. The Diagrid system was much 
stiffer although the amount of material was much bigger. The Belt 50m system with the 
hollow mega columns had a surprisingly good performance reaching almost the Brace 
system performance.  
 
Furthermore, in the design it was observed that in the Belt system the belt walls were 
stiffening the system in the most critical points of the structure namely the openings and the 
connection points.  

 
The buckling in this study had two approaches with one of them to be more conservative. 
The reason was to study how the design would be contacted by ETABS in the worst case. 
Compared with the buckling ETABS Ultimate can provide it was obvious that the buckling 
was not probable in the model even though there is a high weight and many vulnerable 
points on the structure.   
 
To conclude we can say that in such a complex shaped building maybe the best structural 
system could be a diagrid made out of steel. The steel would be much lighter and had better 
results. Although this building could have better structural performance if features of the 
Belt and Brace systems were combined. The importance of belt walls was significant in the 
most vulnerable locations of the building and if braces were connecting those locations the 
optimization could be much better. 

 

8.2 Proposed further research 
 

There could be much further research on this subject since this was the first approach in 
such a building. The next step could be a serviceability limit study on the different structural 
systems. Material nonlinearity can be another further step since the building was designed 
purely out of concrete.  

 
Further research could be also conducted in terms of Tube Mega Columns. Different shapes 
and optimization of the columns could be made as well as composite columns. The 
introduction of steel would be a very important study since the complexity of the building 
would result better results when steel was used and especially in specific parts of the 
structure.   

 
Another research could be the modeling of the structure in further detail so aspects of 
interest that were not observable in this study could be identified. The modeling of mega 
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columns as shell elements, the belts modeling as elements or trusses and the study of the 
impact of inclination on slabs could be further studies.  
 
The construction sequence of the building could be another important study since the 
building is complicated and the procedure of construction could be a challenge.  
 
Lastly a study on the accelerations on the structure in terms of serviceability both for wind 
and seismic loading could be another part of the structure where future researchers could 
focus.  
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Appendix A - Building geometry and inclinations 
 

 
 
 
 
 

 
 
 
 
 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A.1: Building geometry and inclinations 
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 Base of building 
 
 
 
 
 
 
 
 

 Floor 13  (height 54m) 
 
 
 
 
 
 
 
 
 

 Floor 22 (height 
100m) 

 
 
 

 
A.2: Building floors at different heights 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

A.3: Mega columns cross-section in global analysis of models 
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Appendix B - Inner forces 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B.1: Axial forces distribution inbase columns and braces in different structural systems. 

max -77.425 kN 
Belts 25m 

max -54.008 kN 
Belts 25m 

max -80.330 kN 
Braces 

max - 68.604 kN 
Diagrid 

max - 25.200 kN 
 Straight M. Frame 

max - 16.930 kN 
Tilted M. Frame 
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Max ± 67,525 kNm 
Belts 25m 

Max ± 109,880 kNm 

 Belts 50m 

Max ± 16.308 kNm 

 Braces 

Max ± 62.889 kNm 
Diagrid 

Max ± 91.682 kNm 
Straight M. Fram 

Max ± 106.484195 kNm 
Tilted M. Frame 

B.2: Moment distribution on the Mega Columns for every structural systems(same scale).
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Appendix C - Verification of model 
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Appendix D - SAP2000 ETABS comparison 
 
 

Table_ D.1: Verification of dead load and first three periods of the Outside braces model. 

 
Table_ D.2: Verification of dead load and first three periods of the Inside braces model 

 
 

Table_ D.3: Verification of dead load and first three periods of the 50m-Belt model 

 
 

Table_ D.4: Verification of dead load and first three periods of the 25m-Belt model 

 
 
 

D.1: 3D picture of the 50m-Belt system in Sap2000. 

 

Outside Braces 

 

Mode(sec) 
Fz (kN) 

1 2 3 

SAP2000 7,534 6,558 3,072 1014555,049 

Difference with 
ETABS (%) 

5,415 6,508 18,771 0,912 

Inside braces 

 
Mode(sec) 

Fz 

 
1 2 3 

SAP2000 7,355 6,635 4,323 989892,503 

Difference with 
 ETABS (%) 

4,215 6,015 12,511 0,908 

Belts 50m 

SAP2000 

Mode(sec) 
Fz 

1 2 3 

9,477 7,777 5,106 956697,377 

Difference with  
ETABS (%) 

2,130 0,257 16,847 0,901 

Belt 25m 

 

Mode(sec) 
Fz 

1 2 3 

SAP2000 10,958 7,518 4,789 1003808,297 

Difference with 
ETABS (%) 

1,225 2,809 8,361 1,112 
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Table_ D.5: Verification of dead load and first three periods of the diagrid model 

 

 
 
Table_ D.6: Verification of dead load and first three periods of the Straight             
moment frame model 

 
 
 
Table_ D.7: Verification of dead load and first three periods of the tilted moment   
frame system model 

 
 

 
 

D.2:3D picture of the Outside Brace system in Sap2000. 

 

 
 
 
 
 

 

Diagrid 

 

Mode(sec) 
Fz 

1 2 3 

SAP2000 7,766 7,882 3,180 1021890,804 

Difference with 
ETABS (%) 

7,749 9,910 13,793 1,800 

Straight moment frame 

 

Mode(sec) 
Fz 

1 2 3 

SAP2000 11,289 9,420 5,292 1004453,844 

Difference with 
ETABS (%) 

6,015 8,173 15,254 3,300 

Tilted moment frame 

 
Mode(sec) 

Fz 

 
1 2 3 

SAP2000 10,877 9,555 4,865 974002,860 

Difference with 
 ETABS (%) 

2,344 8,173 14,530 8,500 
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Appendix E - User defined buckling failure 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E.1: Buckling failure from base to 15

th
 story 

 
 
E.2: Buckling failure from 15

th
story to 28

th
 story 
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E.3: Buckling failure from 28th story to 42th story 

 

 
 
E.4: Buckling from 42th story to 56th story 
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E.5: Buckling failurefrom 56th story to 69th story 

 

 
E.6: Buckling failure from 69th story to 81th story 
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E.7: No failure from 81th story to 101th story 


