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Abstract 

The Tubed Mega Frame (TMF) is a structural system for high-rise building developed by Tyréns AB. 
Compared to conventional structural systems, the TMF is a coreless system that transfers the loads 
through the perimeter of the building instead and in turn enables ability to support new 
architectural shapes and forms of buildings. This thesis covers an initial study of a high-rise building 
with an unconventional shape implementing the TMF system, the Cable-stayed Building, which 
consists of a slanted tower with a cable-supported cantilever.  

The study of the building was divided in to a geometrical study and a cable study. The geometrical 
study was carried out to gain an initial understanding of the global structural behavior by altering 
specific geometrical parameters. The cable efficiency in terms of total vertical forces was 
investigated in the cable study by comparing different cable arrangements, cable diameters and 
prestressing forces for a fixed global geometry. The studies were performed under linear and 
nonlinear static conditions using the finite element software SAP2000 and ETABS.  

The results from the geometrical study showed that the cable efficiency increases in terms of larger 
vertical cable forces with a less inclined building and longer cantilever length. In addition, the results 
showed significant effects of geometric nonlinearities considering P-delta for different geometric 
cases. Furthermore, a study of the axial forces in the mega columns indicated that the most inclined 
building in which no uplifting forces and barely any tension occur along the mega columns, is the 
7° incline with cantilever length 73.4 m. 

As abovementioned, the efficiency of the cables was compared for different arrangements, cable 
diameter and prestressing forces. The results indicated that as the prestressing force increases, the 
efficiency of cables rises more for smaller cable diameter than for larger. Furthermore, the 
comparison of fan- and harp-shape cable arrangements showed that the latter, including three pairs 
of cables, gives the highest cable efficiency relative to the amount of steel required of the cantilever 
bracing system. Nevertheless, the study indicates that the cable forces are inherently dependent on 
many parameters, such as the sag effect considered in the modulus of elasticity and the stress 
inducing temperature, which in turn depends on cable diameter, prestressing force and cable 
arrangement.  

To conclude the study, a modal analysis showed that the Cable-stayed Building is classified as a 
stiff building according to the guidelines from Council on Tall Buildings and Urban Habitat.  

Further research on the structure could be carried out within different areas, as this thesis is only 
an initial study of the structure. For instance, material nonlinearities, dynamic responses of the 
building as well as soil structure interaction, should be investigated further.  

Keywords: Tubed Mega Frame, high-rise buildings, SAP2000, ETABS, cable-stayed structures 
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Sammanfattning 
 

Tubed Mega Frame (TMF) är ett bärande system för höghus utvecklat av Tyréns AB. TMF är, till 
skillnad från nuvarande konstruktioner, ett system utan en bärande kärna som överför laster via 
byggnadens perimeter istället, vilket skapar nya förutsättningar gällande arkitektoniska former på 
höghus. I detta projektarbete genomförs en förstudie på en byggnad med en ovanlig design, 
Snedkabel Byggnaden, bestående av ett lutande torn och en konsol som bärs upp av kablar.   
Studien är uppdelad i en geometrisk analys och en kabel analys. Den geometriska studien syftar till 
att få en uppfattning om hur det globala bärande systemet beter sig genom att variera vissa 
geometriska parametrar. Syftet med kabel studiens är att undersöka kablarnas effektivitet genom 
att jämföra den totala vertikala kabelkraften med olika kabelsystem, kabeldiametrar och 
förspänningar för en fastställd geometri av byggnaden. Statiskt linjära och ickelinjära 
strukturanalyser genomfördes för båda studier i finita element programmen SAP2000 och ETABS.  

Resultaten från den geometriska studien visade att kabel effektiviteten ökar för en mindre lutad 
byggnad och en längre konsol, då kabelkrafterna ökar. Dessutom indikerar resultaten 
anmärkningsvärda effekter vid beaktandet av ickelinjäritet med P-delta för olika globala geometrier. 
En undersökning av axialkrafter i pelarna visar att den mest lutade byggnaden som inte ger upphov 
till upplyftande krafter och knappt några dragkrafter längs pelarna är byggnaden med 7° lutning 
och konsollängd på 73.4 m.    

Som tidigare nämnt undersöktes kablarna effektivitet genom att jämföra olika kabelsystem, 
kabeldiametrar och förspänningar. Resultaten påvisade att med högre förspänningar, desto mer 
ökar kabeleffektiviteten för mindre kabeldiameter än större. Dessutom visade jämförelsen mellan 
solfjäder- och harp-systemet att harp-systemet med tre kabelpar ger stört kabeleffektivitet i relation till 
stålmassan för stagningen i konsolen. Krafterna i kablarna beror i sig till stor del av exempelvis 
elasticitets modulen med hänsyn till kablarnas nedböjning och den spänningsinducerande 
temperaturen, som i sin tur beror på kabeldiameter, förspänning och kabelsystem.  

Avslutningsvis utfördes en modalanalys som visade på att Snedkabel Byggnaden klassificeras som 
en styv byggnad enligt riktlinjer från Council on Tall Buildings and Urban Habitat. 

Ytterligare studier på strukturen kan genomföras inom olika områden, då detta är en förstudie på 
byggnaden. Exempelvis på vidare forskning är att ta hänsyn till materialens ickelinjäriteter, 
byggnadens dynamiska respons samt samverkan mellan byggnad och grund.  

 

 

 

 

Nyckelord: Tubed Mega Frame, höghus, SAP2000, ETABS, snedkabelstrukturer  
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List of notations 
 

A Cross-section area 

a  Horizontal length of cable 

α Coefficient of thermal expansion 

B  Width of the face in x-direction 

B  Width of the face in y-direction 

C  External pressure coefficient 

[d] Vector of node displacements 

∆   Deflection 

E Modulus of elasticity 

E  Equivalent modulus of elasticity 

E  Tangent modulus 

E  Secant modulus 

e  Eccentricity in x-direction 

e  Eccentricity in y-direction 

ε Elastic strain 

ε  Thermal strain 

f   Vertical cable deflection 

[F] Vector of node forces 

ϕ   Inclination of the cable 

G  Gust effect factor 

GC  Internal pressure coefficient 

γ  Weight of the cable 

I Second moment of inertia 

[K] Stiffness matrix 

L Length 
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M Moment 

M  Torsional moment 

p Wind pressure 

P  Leeward face resulting force in x-direction 

P  Leeward face resulting force in y-direction 

P  Windward face resulting force in x-direction 

P  Windward face resulting force in y-direction 

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

q Wind pressure qh for leeward walls, side walls, and roofs, evaluated at height h 

q  Wind pressure qh for windward walls, side walls, leeward walls, and roofs of 
enclosed buildings and for negative internal pressure evaluation in partially 
enclosed buildings 

S Cable force  

ΔS Mean cable force 

Δs Total elongation of cable 

σ Cable stress 

T  Cable tension force 

ΔT Mean cable tension 

∆T Stress inducing temperature 

V Shear force 
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Chapter 1 

Introduction 
 

1.1 Background 
With an increased population growth and a rapid development of communities, high-rise buildings 
have become a symbol of urbanization, social development and economic prosperity in cities 
around the world (Sha et al., 2014). With new inventions in elevator technology, in conjunction 
with greater knowledge in structural engineering and improved design codes, the structural system 
of high-rise buildings has advanced in such a way that skyscrapers are built higher and slender than 
ever before. To give an idea of the current progress, Jeddah Tower in Saudi Arabia is expected to 
reach the unprecedented one kilometer threshold after completed construction in year 2020 (The 
Skyscraper Center, 2017). Another remarkable work in progress is the 111 West 57th Street in New 
York, which will become the slenderest building with a width-to-height ratio of 1:23 after 
completed construction in year 2018, see Figure 1.1 (Willis, 2015). Thus, from the increased 
demands in growing cities together with more structural advanced and effective buildings, the 
number of high-rise buildings has tripled over the past 30 years (King et al., 2012). 

Many of today’s existing high-rise buildings have a structural system that consists of a service 
central core tied together with the perimeter of the building. The core usually holds concrete 
elevator shafts and acts as the main loadbearing element of the building. Due to the interaction 
between the core combined with other structural elements, the high-rise building is provided with 
a structural lateral stiffness against dynamic loading (Choi et al., 2012). However, implementing a 
structural system including a central core reduces the floor area utilization as the elevator shafts 
occupies a large amount of space when the building gets higher. Besides the floor utilization 
drawback, a structural system with a central core has its restrictions for different shapes and forms 
of tall buildings. Since the core allows vertical transportation systems only, most of the existing tall 
buildings are repetitiously standing straight up. Hence, building high-rise buildings with the central 
core might not be the most effective structural system when aiming for future innovative solutions.  

The Swedish engineering firm Tyréns AB has developed a structural system, which implies to 
eliminate the central core in high-rise buildings. The structural system is called the Tubed Mega Frame 
(TMF) and it functions by transferring the loads through the perimeter of the building instead. Due 
to the coreless system, the TMF system increases the floor utilization as well as its ability to support 
new architectural shapes and forms (King et al., 2012). For example, slanting a high-rise building 
with the TMF system can reach remarkable inclinations while retaining a high slenderness ratio. 
Even though the TMF has not yet been applied, the structural system serves nevertheless an 
innovative future for high-rise buildings.  



Chapter 1. Introduction 
 

2 
 

 
 
 
 
 
 
 
 
 
 
 

1.2 Purpose and aim 
The purpose of this thesis is to carry out an initial study on a high-rise building with a new 
unconventional shape enabled by the Tubed Mega Frame concept. The shape is inspired by a 
combination of a tall building and a cable-stayed bridge, hence the name Cable-stayed Building, see 
Figure 1.2. The building is slanted with a height of 257 m and has a slenderness ratio of 1:9.4. 

The thesis is divided into two parts, a geometrical study and a cable study. The geometrical study 
treats the building as a simplified two-dimensional model and a three-dimensional model, in order 
to give an initial understanding of the structural behavior of the building with and without cables. 
The aim is to investigate the effects of varying geometrical and modelling parameters under linear 
and nonlinear static conditions on the structure.  

The cable study aims to investigate the efficiency of the cables depending on varying cable 
arrangements on the building, cable diameters and prestressing forces under nonlinear static 
conditions for a three-dimensional model of the building. The efficiency of the cables is defined 
by estimating the total vertical cable force in relation to the cantilever weight. A comparison of the 
different cases and parameters indicates if any remarkable deviation in cable efficiency occur 
between them.  

 
 

 

 

 

Figure 1.1  Buildings under construction: the Jeddah Tower to the left (The Skyscraper Center, 2017) and the  
111 West 57th Street to the right (Willis, 2015). 
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1.3 Method 

1.3.1 Literature study 
Firstly, a literature study was carried out focusing on conventional high-rise buildings and the TMF 
concept in order to gain information about different structural systems. Since the prototype 
building is slanted, the study of conventional high-rise buildings will also include current structural 
systems in some of today’s existing slanted buildings.  

Besides the structural systems in high-rise buildings, a part of the literature study covers different 
types of cables and cable-supported structures. Furthermore, the nonlinear behavior of cable is 
briefly described, which is then applied to the finite element modelling approach of the prototype 
building.  

Since the analysis of the building is performed using the codes ASCE 7-10 (American Society of Civil 
Engineers) for wind loads and AISC 360-10 (American Institute of Steel Construction) for design of steel 
sections, the wind load calculations and design load combinations are presented.  
 
1.3.2 Geometrical study 
The geometrical study was carried out using the software SAP2000 for the simplified two-
dimensional model and ETABS for the three-dimensional model under linear and nonlinear static 
conditions considering dead and wind load. Live loads were applied to the structure for the 
nonlinear P-delta analysis. The coefficients used for the wind load are based on a previous study 
of TMF high-rise buildings by Zhang (2014) using the ASCE 7-10. However, the parameters 
dependent on the specific geometry of the building should be calculated separately, which has been 
done for the studied prototype building, see Appendix B.  
 
A simplified two-dimensional model was analyzed in order to gain an initial understanding of the 
global behavior of the building. This was carried out by altering geometrical parameters such as 
inclination and length of cantilever. In this case, the simplified model should correspond to the 
three-dimensional model in terms of stiffness. This approach decreases the amount of models to 

Figure 1.2  Initial sketch of the Cable-stayed Building. The structure consists of a slanted high-rise building with a 
cable-supported, liveable cantilever. 
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run and computational time. Nevertheless, a two-dimensional model of the building can be useful 
for preliminary design stage, but a three-dimensional model is required for a more adequate analysis 
regarding interaction between the columns, bracings and slabs in the building.  
 
1.3.3 Cable study 
A non-linear static analysis of the building is performed in ETABS in order to estimate the cable 
efficiency. In this study, the cables were modelled using straight frame elements. Since ETABS is 
a special purpose software developed for multi-story buildings, modelling cables is limited to frame 
elements. However, in order to capture an adequate behavior of the cable, nonlinear properties can 
be assigned to the frame element. For instance, the initial sagging of a cable can be considered by 
assigning an equivalent modulus of elasticity to the cable material. The equivalent modulus of 
elasticity used in this analysis is based on the tangent modulus method, which is derived from a 
parabola shaped assumption of the cable deflection. This method is sufficient when modelling 
cables in general and the errors are relatively small compared with a catenary shaped assumption 
of the deflection (Sundquist, 2010).  
 
Furthermore, a decision was made on whether to model the cables as single frame elements or 
dividing the frame into numerous elements. Since results from a convergence analysis indicates 
that a division of the frame does not give a remarkable influence on the cable behavior in terms of 
global modes, the study was carried out by assigning a single frame element to each cable.  
 
1.4 Limitations 
Since this thesis treats an initial study of a new prototype building, the study will only focus on the 
super structure of the building, which is the main load bearing components. The super structure 
includes mega columns, slabs and bracing system, and excludes for instance internal columns or 
walls. Additionally, the study is limited for a fixed height of the building and placement of the 
cantilever. In the thesis, only the inclination of the building, length of the cantilever and number 
of cables attached are altered in terms of the appearance of the building.  

The study is limited for only dead load and wind load, however, vortex shedding due to wind 
actions is neglected. Live load is applied when analyzing the effects of P-delta only. Other loads, 
for instance loads from façade and installation, are neglected. 

The analyses carried out in this thesis is limited to linear and nonlinear static conditions. Material 
nonlinearity is neglected such as creep, cracking and shrinkage in concrete.  

Finally, since the site of the prototype building is not specified, the soil conditions are not 
considered or modeled in the analysis. The mega columns are assigned pinned boundary conditions 
at the base, which simulates the bending and rotation of the columns and building itself.    
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Chapter 2 

Tall Buildings 
 

2.1 Background 
During the 19th century, the development of tall buildings started off by constructing buildings with 
outer masonry walls as the main load bearing structure (Partovi and Svärd, 2016). This structural 
system was found to be inconvenient because as the number of stories increased, so did the 
thickness of the masonry walls at the bottom. Thus, a large base area was required to build multiple 
story buildings (usually around 5 stories) which partly led to expensive costs. With the invention 
of elevators, a new structural system was developed using steel grids and columns to resist stresses 
and forces arising in the structure, allowing the buildings to grow in height.  

The first building to be called the world's first tall building was the Equitable Life Assurance Building 
in New York (Ho, 2016). It was completed 1870 and with its 40 meters, it was also the first building 
incorporating passenger elevators. However, the term tall building is not precisely defined, but one 
of the claims for a building to be called a tall building according to the standard is that some kind 
of technology (such as a transportation system) should be included. Moreover, the definition of 
tall building is clarified later in this chapter. From the 19th century until the past decades, the factors 
such as advanced elevator technologies and efficient structural systems for high-rise buildings have 
paved the way for a new era of so called skyscrapers. 

The expansion of high-rise buildings around the world has not only arisen from ever-denser cities 
or to increase the commercial return on a development by investing on tall buildings (Wood and 
Oldfield, 2008). The vitality of a city is projected by the architecture of tall buildings and skylines 
with international brand recognition. Nevertheless, the future trends in high-rise buildings are 
predicted to strive for sustainability in terms of integration with new technologies, design and 
operations (Zhang, 2014). 
 
2.1.1 Definition  
According to the Council on Tall Buildings and Urban Habitat (CTBUH), there is no absolute definition 
of what the characterization tall building constitutes.  A tall building is not just about height, but 
rather a building that exhibits elements of tallness in one or more of the following three categories: 
 

a. Height relative to context – A building with a certain height might not be considered a 
tall building in a high-rise city like Hong Kong and Chicago, but in a European suburb, it 
may be perceived as a tall building, see Figure 2.1 a).  

 
b. Proportion – There are buildings that are not particularly high but have a slenderness ratio 

enough to give the look of a tall building. On the other hand, there are buildings that are 
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high but because of their large base/floor area, they are not giving the appearance of a tall 
building, see Figure 2.1 b). 

 
c. Tall building technologies – A building can be classified as tall building if it contains 

technologies such as specific elevator technologies and structural wind bracing as a product 
of height. The technologies may have an attribution as being a product of tall. 

 

To account the number of floors in a building as an indication of a tall building is not sufficient 
due to the change of variation of floor-to-floor height between different buildings. However, 
CTBUH defines a building as super-tall if it exceeds 300 meters in height, and mega-tall if it exceeds 
600 meters. 

The same principle of measuring height of a straight building applies for slanted buildings, meaning 
that the height is measure vertically from the base the top.  
 

2.2 Structural systems in tall buildings 
A high-rise building is mainly subjected to gravity loads and lateral loads caused by wind and seismic 
actions. Since a high-rise building acts characteristically like a freestanding cantilever, the horizontal 
lateral loads on the structure become severe as the height of the building increases. Hence, the 
horizontal stiffness of the structural system in a high-rise building is important in order to provide 
resistance to the loads.  

The main purpose of the structural system in a high-rise building is to transfer the loads through 
other structural components, connected in an efficient manner (Rana and Rana, 2014). There are 
several basic forms of structural systems, which can be combined to achieve the desirable 
performance, see Figure 2.2. For example, in the early 20th century, high-rise buildings were mostly 
constructed with a moment frame system using reinforced concrete (Zhang, 2014). A moment frame 
consists of rigidly connected columns and beams, which provides the advantage of reducing 
bending moment and buckling length of columns. However, the low stiffness of a moment frame 
system produces large displacements when subjected to lateral loads, hence limiting the height of 
buildings. In interest of building higher, the structural systems with cast-on-site concrete shear walls 
was developed and consequently allowed the buildings to become even higher as the walls provided 
sufficient lateral stiffness.  

Figure 2.1  Figure a) illustrates how the height of a building is perceived differently depending on the context, and b) 
illustrates how a building is giving the appearance of tall building depending on the proportions  
(CTBUH, 2016.b). 
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Despite the stiffness provided by the shear wall system, the structural plan was not as flexible as 
desired. Therefore, a combination of the moment frame and shear walls was introduced, the frame-
shear wall system (Zhang, 2014). With a proper number of shear walls placed in the moment frame, 
the structural system achieves enough horizontal stiffness while retaining a flexible structural plan. 
This made the frame-shear wall system applicable in a wide range of buildings as well as heights.   

Nevertheless, along the growth of cities and the striving to build even higher structures, the central 
core system was invented. It has been widely used for constructing high-rise buildings because of its 
resistance to horizontal and vertical loads (Partovi and Svärd, 2016). The core is usually combined 
with other basic structural systems. As an example, the tube in tube system incorporates the core 
combined with an external frame tube with columns and beams. Another example of combining the 
core is the trussed tube system that has an outer bracing system consisting of diagonals attached to 
the corners. This system is more efficient than a moment frame since the diagonal bracing has a 
large effect on the lateral stability of the structure (Partovi and Svärd, 2016).   

Besides the various structural systems, the construction materials utilized is reinforced concrete for 
the core and perimeter columns, whereas outriggers and bracing system consist mainly of steel 
(Zhang, 2014). Furthermore, the development of composite materials as construction material is 
an important subject when aiming for very high buildings because of the advantageous properties 
of steel and concrete.  
  
2.2.1 Structural systems in slanted buildings 
Among the repetitiously straight shaped buildings, some existing high-rise buildings deviate from 
the standard shape. Two of them is the world's first inclined skyscrapers, the twin office buildings 
Puerta de Europa Torre I and II, both constructed year 1996 in Madrid (Winstanley, 2011). The 
purpose of the design of the buildings was to break the linear design concept. Figure 2.3 shows one 
of the two buildings, Puerta de Europa Torre I. Each building reaches a height of 113.8 meters 
with an inclination of 15° (Winstanley, 2011). The structural solution to counteract the overturning 
forces of the towers includes a 60 x 10 x 10 meter concrete counterweight located at the opposite 
side of inclination underground connected to the top by cable. A concrete core strengthens further, 

Figure 2.2  Various structural systems for different number of stories and heights (Rana and Rana, 2014). 
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together with a primary steel diagrid on the perimeter. Secondary vertical and horizontal steel 
members, which can be seen on the façade, strengthens the diagrid and provides a lateral stability.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The twin towers of Puerta de Europa have undoubtedly served an iconic inspiration for the 
following decades. Today, the building that has the title of the world's furthest leaning building is 
the Capital Gate Tower, see Figure 2.4 (CTBUH, 2012). With its 165 meters, the tower has an 18° 
westward lean. The structural system consists of a concrete core that occupies the only vertical 
space available in the profile. Steel beams span in between the core and the surrounding external 
steel diagrid that forms the tower (Schofield, 2012). During construction, a pre-cambered core was 
erected with a slightly off vertical position, which eventually straightened up the tower when the 
floors were added in the opposite side. Hence, the Capital Gate Tower was the first building in the 
world to use a pre-cambered core with a built in lean (Schofield, 2012). Besides the impressive 
structural concept, the architectural design of the building aims to serve as a signature tower to 
reflect the dynamism of the city and to celebrate the human achievement.  
 

Figure 2.3  A picture of the Puerta de Europa Torre I and a section of the building (Winstanley, 2011). 
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2.4 The Tubed Mega Frame  
As mentioned before, the Tubed Mega Frame concept is a new and innovative structural system 
under development for high-rise buildings. The main concept of the TMF is to eliminate the core 
and instead allow the loads to be transferred through the perimeter of the building. There are 
different types of TMF and four of them are shown in Figure 2.5. The TMF implies either mega 
columns or a frame system composing the perimeter of a building.  The mega columns and the 
frame system can be combined with other structural elements such as belt walls, cross walls or 
other bracing systems. Moreover, the previous study by Partovi and Svärd (2016) has shown that the 
TMF is more structural efficient than the core system in terms of deformations and eigenmodes 
with increased height of the building.  

Among the benefits of the TMF, such as effective floor utilization and possibilities for new design 
shapes, there is potential of new transportation technologies to breakthrough in the world of 
skyscrapers. With the TMF system, a building is not restricted to utilize conventional rope-
dependent elevators that move through massive concrete shafts. Thus, the innovative aspect of the 
TMF concept covers more than the structural system itself. 

  
 
 
 
 
 
 

Figure 2.4  The Capital Gate Tower in Abu Dhabi and a section of the building (Schofield, 2012). 
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2.5 The MULTI Elevator system 
An innovative solution for transporting people in tall and various shaped building is the MULTI 
elevator system developed by ThyssenKrupp AG. The MULTI is the world's first rope-free elevator 
based on a linear motor technology that allows vertical, horizontal and diagonal transportation in 
the building (ThyssenKrupp, 2015). The drawback with the conventional passenger elevators is the 
requirement of added shafts as the height increases of a tall building. Thus, the ineffectiveness of 
floor utilization becomes remarkable. Besides the waste of floor space, standard elevators also limit 
the functionality, shape and design of high-rise buildings. Therefore, innovative solutions for 
transporting people efficiently in future buildings is a necessity.  

With the flexibility of the MULTI elevator system, the technology can be incorporated in the 
studied Cable-stayed Building. Since the building is slanted as well as slender, a conventional 
elevator system with shafts would not fit inside the building, as it is not designed with a core system. 
Therefore, an elevator technology equal to the MULTI elevator system is suitable for the building 
as passengers can move in different directions than vertically straight.  

 
 
  

Figure 2.5  Different types of the TMF system (Partovi and Svärd, 2016). 
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Chapter 3 

Cable-supported structures 
 

3.1 Introduction 
Cable-supported structures have been used by humankind from time immemorial. One of the 
oldest examples on cable-supported structure are the liana bridges, which were used to cross rivers 
and ravines. The principle of cable-supported structures is based on utilizing pure tension by using 
the tensile strength of the cable material optimally. No or negligible flexural forces will arise because 
the bearing cables adapt their geometrical shape to the acting load. As the tensile strength is utilised 
across the whole cross-section, slender framework as well as a lower weight allows building longer 
spans. Cables are typically applied as bearing systems for cranes, bridges with longer spans than 
200 m, roof bearing systems in sports arenas and exhibition halls etc. (Sundquist, 2010)   
 
3.1.1 Existing cable-supported structures 
Two of existing cable-supported structure that remind of the Cable-stayed Building are the Montreal 
Olympic Stadium Tower and Puente del Alamillo, in such way they consist of a inclined tower and 
supporting cables.  

The Montreal Olympic Stadium Tower is the highest leaning tower in the world since 1987 when 
the construction was completed with the height of 165 m (Guinness World Record, 2017), see 
Figure 3.1. Due to the mass ratio where the base of the tower has a mass of 145 000 tons while the 
top has a mass of 8 000 tons, the tower is enabled to slant at an angle of 45° (Parc Olympique, n.d). 
The tower supports the retractable roof with 26 cables and 17 edge cables that are anchored at the 
concrete roof, which contains 34 cantilevers that supports the technical ring where the edge cables 
are anchored. All the cables are the type of fully locked coil cables (SBP, n.d).  
 

 

 

 

 

 

 

 

 

Figure 3.1  The Montreal Tower supports the arena roof with cables (Flickr, n.d). 
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Puente del Alamillo is a cable-stayed road and pedestrian bridge built in 1992.  The inclined pylon 
is 134 m high with an inclination of 58° and is the first bridge in the world that is not back-
anchored, see Figure 3.2. The bridge span is 200 m long between the supports and 13 pair of steel 
cables transfer the loads to the pylon. The cables consist of 60 strands each with a 15mm diameter, 
except for the longest cable that consists of 45 strands (Wikiarquitectura, 2017). Hence, the total 
cable diameter is roughly 120 mm while the longest cables have a diameter of 100 mm. The idea 
behind the design is that resultant force along the pylon axis, created by weight of the pylon and 
the main span forces transmitted by the cables, balances with the deck axial force to produce a 
vertical resultant reaction. Because of the force balance, the pylon is not required to be back-
anchored. (Guest et al, 2013) 

 

 

 

 

 

 

 

 

3.2 Wires and cable-strands  
The single steel wire forms the basic element for the modern cables. The main cable consist either 
of a single strand or a bundle of several strands (Sundquist, 2010). Steel wires are often cylindrically 
shaped with a diameter of approximately 5 mm for the main cable in suspension bridges, while for 
cable stayed bridges up to 7 mm. The steel material used in the wires are made of high-strength, 
cold-worked steel and is characterized by its content of carbon, which is higher than the allowed 
content for structural steel. Due to the high content of carbon in cable steel, it is unsuited for 
welding in comparison to structural steel. It is regarded mandatory today to use galvanized wires 
for better resistance against corrosion. Despite the strength of the cable is approximately twice as 
large as high-strength structural steel, the ductility of cable steel is decreased as the strain at breaking 
is one sixth of structural steel. Table 3.1 shows a comparison of cable steel and structural steel. 
(Gimsing and Georgakis, 2012)  
 
 
 
 
 
 
 

Figure 3.2  A drawing of the Puente del Alamillo, Spain (Guest et al, 2013). 
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Table 3.1   Comparison of conventional cable steel and structural steel (Gimsing and Georgakis, 2012).   

 
Conventional cable steel Structural steel 

Unity (5 or 7 mm wires) Mild High strength 

Yield stress ( = 2% proof stress) MPa 1180 240 690 

Tensile strength MPa 1570 370 790 

Strain at breaking % 4 24  
Modulus of elasticity GPa 205 210 210 

 

3.2.1 Seven-wire strand 
The simplest strand for cable-supported structures is the seven-wire strand, see Figure 3.3, which is 
mostly used in tendons for prestressed concrete. The diameter of a seven-wire strand is 15 mm. 
The wires in the seven-wire strand have the tensile strength in the range of 1770 and 1860 MPa 
and the modulus of elasticity for the seven-wire strand is 190 GPa. (Gimsing and Georgakis, 2012)  
 
 

 

3.2.2 Multi-wire helical strands 
The multi-wire helical strand consists of a straight circular core with several layers of wires which are 
directed opposite of helix, see Figure 3.4. The helical strands become self-compacting due to the 
twisting and hence no wrapping around the strand is needed to hold the wires together. Because 
of the twisting, the decrease of the stiffness is further noticeable than for the seven-wire strand, 
giving the helical strand a modulus of elasticity of 170 GPa (Sundquist, 2010). Plastic deformation 
occurs when the strand is subjected to axial tension for the first time, which decreases the modulus 
of elasticity even more. Thus, it is necessary to prestress the strand with a force exceeding the 
maximum tensile force of 10-20 %. (Gimsing and Georgakis, 2012)   
  
 

 

 

 

 

 

 

Figure 3.3  Seven-wire strand (Gimsing and Georgakis, 2012). 

 

Figure 3.4  Multi-wire helical strand used in Lilleaelt Bridge (Gimsing & Georgakis, 2012). 
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3.2.3 Locked-coil strands  
Locked-coil strands entails a core that holds wires with circular cross-sections, similar to the helical 
strand. The difference is that the central core is not only surrounded by circular wires but also by 
layers of wires with a Z-profile and the wires are chosen so their spiral twists interlock with each 
other, see Figure 3.5. The interlocking and the self-compacting ensures of a tighter surface for the 
cable and a small void ratio inside the strand. Therefore, the locked-coil strand is the most compact 
strand of them all. A good corrosion resistance is obtained and therefore only paint is necessary to 
cover the strand. The strength of the wires used in the locked-coil strand is in the range of 1370-
1570 MPa. Locked-coil strands are pre-fabricated and delivered in full length to site, diameters of 
the strands can vary from 40-180 mm. The modulus of elasticity for locked-coil strands is 180 GPa 
which is higher than for helical strands. (Gimsing and Georgakis, 2012) 

 

 

 

 

 

 

3.2.4 Parallel-wire strands and its improvement 
Parallel-wire strand (PWS) is composed by many straight wires, see Figure 3.6i, which are kept in place 
by twisting a steel rope around. An improvement of the PWS is made by wrapping the wires with 
a cover to simplify reeling and unreeling, but also self-compaction due to axial tension. The outer 
layer of high density polyethylene (HDPE) eliminates voids between the wires and the surrounding 
pipe, see Figure 3.6ii. Figure 3.6iii shows an alternative type, the parallel seven-wire strand, where each 
wire is composed by an individual seven-wire strand. The modulus of elasticity for the parallel 
seven-wire strand cables are 190 GPa and the design tensile stress is 800 MPa. (Gimsing and 
Georgakis, 2012)  

 

 

 

 

 

 

 

 

Figure 3.5  Cross-section of a locked-coil strand (Gimsing and Georgakis, 2012). 

 

Figure 3.6  Sections of i) Parallel-wire strand, ii) The improved PWS and iii) Parallel seven-wire strand  
(Gimsing and Georgakis, 2012). 
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3.3 Behavior of the single cable element 
To get a full understanding of the behavior of cable-supported structures, it is vital to know how 
the single cable responds to different loadings. A single cable carries either an axial load or a 
transverse load. When a cable carries an axial load, for instance, the diagonal cable in cable-stayed 
bridges, the behavior could be compared to the tensioned diagonal in a truss, see Figure 3.7. When 
a cable carries a transverse load, for example, the main cable in a suspension bridge, the behavior 
could be compared with a beam, see Figure 3.7.  

 

 

 

 

 

 

 

 

 

A difference in the comparison of a beam or a cable carrying transverse load is the supporting 
conditions. A horizontal beam loaded vertically requires only vertical supports at the ends, but for 
the equivalent cable, support in vertical and horizontal direction is required at the ends, see Figure 
3.8. The horizontal reaction is considerably larger compared to the vertical force in most cases. 
(Gimsing and Georgakis, 2012)        

 
 

 
 

The geometrical shape is significant for cables carrying transverse loads due to the axial force at 
mid-span being inversely proportional to the sag. Hence, a straight cable is unable to carry 
transverse load because zero sag means an infinitely large cable force. However, the only case to 
obtain no sagging is to use a vertical cable. Thus, an inclined cable will result in a sag due to its own 
deadweight. The sag is proportional to the density of the material and inversely proportional to the 
strength. Hence, to assure a small sag the cable material should have a large strength in relation to 
density. (Gimsing and Georgakis, 2012)        

The primary task of the cable is to take up the vertical forces, and the total force is distributed 
among the cables. The moments at the stiffening beam evens out more with increased amount of 

Figure 3.7  Cable elements compared to beam elements (Gimsing and Georgakis, 2012).  

 

Figure 3.8  Reactions at the supports for a beam and a cable (Gimsing and Georgakis, 2012).  
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cables. If the number of cables are dense in a structure, i.e. a small distance between them, the 
cable is often built up by one prefabricated cable. If the number of cables are less dense in a 
structure, each cable is built by a numerous of prefabricated cables due to the requirement of large 
cable cross-section. (Sundquist, 2010) 
 
3.4 Equivalent modulus of elasticity  
Among the complexities of modelling cables is the nonlinear behavior considering the cable shape 
and sag. It becomes more complicated if the finite element software is based on elastic behavior 
for each member. However, the linearization of the force/elongation relation of the cable can be 
simplified by replacing the cable curve with a tangent, giving an equivalent modulus of elasticity 
that accounts for the sag at the point that corresponds to the initial dead load condition (Daniell 
and Macdonald, 2006), see Figure 3.9i. The equivalent modulus of elasticity is derived from a 
parabola shaped assumption of the cable deflection. Nevertheless, the linearization based on the 
tangent modulus can lead to intolerable deviations from the real behavior. The results deviate at 
larger stress variations by either overestimating or underestimating the flexibility of cables 
depending if the tension in the cables is increasing or decreasing. (Gimsing and Georgakis, 2012)     
 
The secant modulus is another approach that can be used if the linearization with the tangent 
modulus is not sufficient. The linearization using secant modulus means that the cable curve 
between point A (initial dead load stress 𝜎 ) and B (dead and live load stress 𝜎 ) will be replaced 
with a secant instead of a tangent, see Figure 3.9ii. The secant modulus contributes adequate cable 
elongation, giving no errors in calculation in relation to the parabola shaped assumption. However, 
the calculations with the secant modulus becomes more complicated than the tangent modulus. 
(Gimsing and Georgakis, 2012) 

 

 

 

 

 

 

 

 

 

 

 

Below, the equivalent modulus of elasticity using the tangent and secant-modulus is derived based 
on Sundquist (2010) and modified according to Figure 3.10.  

Figure 3.9   i) The tangent modulus for cable stiffness, and ii) the secant modulus for cable stiffness  
(Gimsing and Georgakis, 2012). 
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In general, the length of a cable can be calculated as 

L = 1 +
dy
dx

dx ≈
a

cosϕ
1 +

8
3
∙

f
a

cosϕ
(3.1) 

and the cable force as 

S(x) =
T

cosϕ
= T ∙ 1 +

dy
dx

(3.2) 

The elastic strain at an arbitrary point in the cable is 

ε(x) =
ΔS(x)
EA

=
ΔT
EA

1 +
dy
dx

2

(3.3) 

The total elongation is a result of an increase in the tensioning force  

Δs = ε(x) ∙
δS
δx

dx =
T
EA

∙ 1 +
dy
dx

dx −
T
EA

∙ 1 +
dy
dx

dx (3.4) 

The total cable elongation is then equal to the change in cable length given in Eq. (3.1). Note that 
the exact value is not used due to the terms of (dy/dx)2 because they are small if the change in the 
shape adopted by the cable is small, giving the following 

L − L ≈
T − T
EA

(3.5) 

With the approximated values for the cable length in Eq. (3.1), where L = L − L , the following 
equation is obtained 

Figure 3.10  The behavior of a cable during an axial load. 
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Eq. (3.6) can be rearranged and by eliminating small terms, the equation becomes 

Δ
cosϕ

=
a

cosϕ
∙
8
3

f
a

cosϕ
−

f
a

cosϕ
+
(T − T ) ∙ a

cosϕ
EA

(3.7) 

Assumptions are made so that σ = T/A and the weight density of the cables γ  includes extra 
weight from everything in the cable that is not included in the steel area of the cable.  
 

T = σ ∙ A                      T = σ ∙ A (3.8) 
 

f =
(γ ∙ cosϕ) ∙ A ∙ a

cosϕ
8σ A

                     f =
(γ ∙ cosϕ) ∙ A ∙ a

cosϕ
8σ A

(3.9) 

After insertion of the assumptions from Eq. (3.8) in Eq. (3.7), the following is obtained 

Δ
cosϕ

a
cosϕ

=
σ − σ

E
+
(γ ∙ cosϕ) ∙ a

cosϕ
24

1
σ

−
1
σ

(3.10) 

 
The secant modulus is obtained by dividing Eq. (3.10) with (𝜎 − 𝜎 ). 

1
E

=
1
E
+
(γ ∙ cosϕ) a

cosϕ
24

∙
σ + σ
σ σ

(3.11) 

The tangent modulus is obtained for each stress level when 𝜎 = 𝜎 , giving 

1
E

=
1
E
+
γ ∙ a
12σ

(3.12) 

Eq. (3.12) can be re-written as (E = E ) 

E =
E

1 +
γ ∙ a
12σ   

=
E

1 +
γ ∙ a ∙ A

12T

(3.13) 
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Chapter 4 

Structural mechanics and wind loads  
 

4.1 P-Delta effect 
P-Delta effect is a geometric nonlinearity that involves second order effects due to lateral 
displacements on a structure caused by loads. To describe this effect, imagine loading a vertical 
cantilever column with a lateral force V and an axial force P, see Figure 4.1.  

 

 

 

 

 

 

 

 

In traditional static analysis, the lateral deflection Δ would be: 

∆=
ML2

3EI
= {M = V ∙ L} =

VL3

3EI
(4.1) 

 
For linear static analysis, it is shown that the deflection depends on the applied force V. Because 
of the deflected shape, an axial force P would induce a secondary moment PΔ, giving the total 
moment at the base of the column: 
 

M = (V ∙ L) + (P ∙ ∆) = VL + P∆ (4.2) 
 
Hence, the total deflection would rather be closer to: 
 

∆new=
ML2

3EI
=
(VL + P∆)L2

3EI
=
VL3

3EI
+
P∆L2

3EI
(4.3) 

Figure 4.1  A cantilever column with length L, elastic modulus E and second moment of inertia I,  
subjected to an axial load P and a lateral load V. 

 



Chapter 4. Structural mechanics and wind loads 
 

20 
 

The deflected shape of the column has induced secondary moments due to the deviation from the 
initial vertical position. The P-delta analysis approximates the arising secondary effects by iterating 
the value of Δnew (RISA, 2010).  

The P-delta effect is important for tall structures that are undergoing gravity loads and lateral 
displacements caused by, for instance, wind loads. A linear static analysis for a multi-story building 
might severely underestimate the displacements, among other results, if the lateral displacements 
and loads are significant (RISA, 2010). This is noticed by the contribution from the extra term in 
Eq. (4.3) compared to Eq. (4.1), which involves the lateral deflection and the axial loading. 
Therefore, a static global P-delta analysis may be necessary for many structures when accounting 
for the nonlinearities.  

There are two types of P-delta effects, P-δ effect and P-Δ effect, illustrated in Figure 4.2. The difference 
between the two types is that P-δ effect is associated with local deflections between the ends of a 
structural member, whereas the P-Δ effect is associated with displacements in member ends. The 
P-Δ effect should be implemented in designs of multi-story structures, whether static or dynamic, 
linear or nonlinear analysis (CSI Knowledge Base, 2013). 

The methods of applying P-delta in finite element software is described in Section 5.3.5.   

 

 

 

 

 

 

 

 

 

4.2 Wind load  
Wind is an important aspect when designing the structure of a high-rise building because of its 
random loading on the building.  Wind is the motion of air caused by air flowing from high to low 
pressure in the atmosphere. The wind velocity is dependent on the height among other factors. 
Near the surface of the ground, the air motion is opposed and the wind speed reduced by the 
friction of the surface. The wind speed depends highly on the ground roughness since the friction 
between wind flow and obstacles on ground level will cause drag on wind flow (Zhang, 2014). 
Furthermore, the wind speed depends on season as well as topography features.  

The approach regarding wind loading under the design of a structure is recognized differently 
among the codes available. For instance, the Eurocode EN1991-1-4 enables assessment of wind 

Figure 4.2  The P- δ  and  P-Δ  effect  about  a  column  when  subjected  to  axial  and  lateral  loading  and  the  
corresponding bending moment distribution. 
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actions restricted up to a height of 200 m for a building, while the American code ASCE 7-10 does 
not have any height restrictions. 

The design wind pressures for the main wind-force resisting system of a flexible enclosed buildings 
is calculated by Eq. (4.4), taken from ASCE 7-10 Section 27.2.  

p = q ∙ G ∙ C − q ∙ GC (4.4) 

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

q  Wind pressure qh for leeward walls, side walls and roofs, evaluated at height h 
above the ground 

Gf  Gust Effect factor 

Cp  External pressure coefficient 

qi  Wind pressure qh for leeward walls, side walls, leeward walls and roofs of enclosed 
buildings and for negative internal pressure evaluation in partially enclosed 
buildings  

GCpi Internal pressure coefficient 

The Gust Effect factor is dependent on the geometry of the building and should be calculated 
separately for the analyzed building. The calculation of the Gust Effect factor can be found in 
Appendix C. 

In ASCE 7-10, the design wind load is defined as four cases according to Figure 4.3. In the automatic 
wind load pattern in ETABS, the wind cases run as twelve different loadings, see Table 4.1. The 
first case is defined as the full design wind force acting on the projected area perpendicular to each 
principal axis of the structure. The second case is 75 % of the design wind force acting on the 
projected area perpendicular to each principal axis of the structure including a torsional moment. 
The third case is the same as the first case except 75 % of the design wind force is considered. 
Lastly, the fourth case is specified the same as the second case except 56.3 % of the full design 
wind force is considered.  
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Table 4.1  The cases defined in ETABS automatic wind load pattern. 

Case Lateral Force Torsional Moment, MT 

1 PWX + PLX  

1 PWY + PLY  
2 0.75 ( PWX + PLX ) 0.75 ( PWX + PLX )Bxex 

2 0.75 ( PWY + PLY ) 0.75 ( PWY + PLY )BYeY 

3 0.75 ( PWX + PLX )  

3 0.75 ( PWY + PLY )  

4 0.563 ( PWX + PLX ) 0.563(PWX + PLX )Bxex + 0.563(PWY + PLY )BYeY 
4 0.563 ( PWY + PLY ) 0.563(PWX + PLX )Bxex + 0.563(PWY + PLY )BYeY 

 
The eccentricity for the x- and y-principal axis of the structure is calculated as 

ex = ±0.15 Bxex 

ey = ±0.15 Byey 

Figure 4.3  Design wind load cases according to ASCE 7-10. PWX and PWY are the windward face resulting force acting 
on the x- and y-principal axis, and PLX and PLY are the leeward face resulting force acting on the x- and  
y-principal axis. The figures show plan view of a building. 
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4.2.1 Vortex shedding 
For tall and slender structures subjected to wind loads, vortex shedding is an important factor to 
consider when designing the structure. Vortex shedding is the phenomena where the wind 
streamline separates and is displaced on both sides of the structure, see Figure 4.4. At high wind 
speeds, the separation of the wind flow does not occur simultaneously and instead the vortices 
shed from one side to another. This in turn makes the building starts to vibrate in the transverse 
direction.  

 

 

  

Figure 4.4  Overview of vortex shedding (Zhang, 2014). 
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Chapter 5 

Finite element modelling 
 

5.1 Introduction 
The Finite Element Method (FEM) is a numerical system for solving complex problems within a wide 
range of engineering areas. The solutions of the complex problems are described by boundary value 
problems for partial differential equations (Cook, 2002). The partial differential equations usually 
express the description of a space- and time-dependent problem, which is not always possible to 
solve with an analytical method. The FEM constructs an approximation of the equations based on 
the discretization of a model. Discretization means dividing the model into finitely small elements 
assigned material and geometrical properties. The FEM yields the results in the nodes which the 
elements are connected at. The general mathematical expression solved in the FEM for node 
displacement is the following equation 
 

[K] ∙ [F] = [d] (5.1) 
[K] Global stiffness matrix 

[F] Vector of node forces 

[d] Vector of node displacements 
 
Imposing the boundary conditions for the displacements, Eq. (5.1) solves for the unknown node 
displacements [d]. From that, the stresses and reaction forces can be obtained. However, the degree 
of approximation of the results depends on the mesh size, which involves the element type and 
element size. As the mesh becomes refined, the solution of the model converges (Panagiotopoulou 
et al., 2011). Thus, the number of elements and the appropriate element type is sufficient so that 
the results of the Finite Element Analysis (FEA) does not change between models. The choice of 
element type depends highly on the represented structure.  

When performing a FEA, one must have fundamental knowledge of the concept as well as the 
conditions and assumptions for the FE model. Modelling error will arise if the model is computed 
incorrectly or with too many simplifications and assumptions. Furthermore, the choice of mesh 
size is also essential when modelling to avoid numerical errors. Computed values are evaluated at 
Gauss points, meaning the values are obtained inside an element boundary, see Figure 5.1. Values 
outside the point are interpolated or extrapolated. The values should be reasonably accurate if the 
interpolation is done across two boundary elements. However, extrapolating to the edge of an 
element on the edge of the structure can lead to errors such as rapidly changing stress fields if the 
mesh resolution is too low. This is critical because the stresses will probably be at the highest at 
those locations, usually around point loads and supports. (Grieve, 2006) 
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Nevertheless, the advantages of performing a proper analysis with FEM makes it a powerful 
method when solving complex problems. Its versatility makes the user able to obtain meaningful 
information about the behavior of a complex structure with nearly arbitrary loading.  
 

5.2 ETABS and SAP2000 
The FE software used for the analyses in this thesis are SAP2000 and ETABS, both developed by 
Computers and Structures, Inc. SAP2000 is a general-purpose software intended for civil engineering 
structures such as buildings, dams, communication towers, stadiums etc. ETABS is a special 
purpose software developed specifically for multi-story commercial and residential building 
structures, including apartments, hospitals and office towers. Both software includes international 
design codes and ability to analyze a structure with automatic wind and seismic actions (CSI, 2013).  

However, one of the differences between SAP2000 and ETABS is that the former has the option 
to use catenary cable element, which is beneficial when modelling structures that incorporates 
cables. Although ETABS does not have the option of catenary cable element, the cable behavior 
can be captured in some cases by using frame elements for the object, which is described more in 
detail in Section 5.3.4. (CSI, 2013) 
 

5.3 Modelling approach 
In the following sections, a general description of the element types as well as conditions are 
presented, which are further used for the analyses in this thesis.   
 
5.3.1 Shell elements 
The shell element is a type of area object with three- or four-node formulation, and is used to model 
membrane, shell and plate behavior (ETABS Manual). Figure 5.2 shows a 4-node quadrilateral shell 
element with 2 x 2 gauss point integration. The shell element is defined as its thickness being small 
compared to the length and width of the shell.  

 

 

 

 

Figure 5.1  The results within the element are obtained from the integration points - Gauss points.  
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When using shell elements, one can choose the Kirchhoff formulation or Mindlin formulation. The 
Kirchhoff formulation (thin-plate) neglects transverse shearing deformation, whereas the Mindlin 
formulation (thick-plate) includes the transverse shearing deformation. As can be seen in Figure 5.3, 
for the thin-plate formulation, the normal remains normal to the mid-surface but for the thick-
plate formulation, the normal has changed the angle to the mid-surface producing the shear 
stresses. 

 

 

 

 

 

 

As in typical finite element analysis, the shell elements connect to other elements to its corner 
joints. When an element frames into the edge of a shell element instead of the corner joints, there 
will be no connections between the element and the shell. Applying edge constraints specifies that 
elements framing into the edge of a shell element will be connected to the shell. In ETABS, the 
connections between the elements are taken care internally by constraining joints laying along the 
edge of a shell element (CSI, 2013). This makes the shell element move with the edge of another 
element when deforming, see Figure 5.4 and Figure 5.5.  

 
 

 

 

Figure 5.2  Four-node shell element (CSI, 2013).  

 

Figure 5.3  The basic assumption for the thin-plate (Kirchhoff) and thick-plate (Mindlin) formulation. 
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5.3.2 Diaphragm constraints 
When assigning diaphragm constraints to a shell object, the constrained joints will move together 
as a planar diaphragm that is rigid against membrane deformation. However, one can choose to 
assign rigid or semi-rigid diaphragm constraints. The difference is that rigid diaphragms have infinite 
in-plane stiffness properties and hence exhibits neither membrane deformation nor reports the 
associated forces, whereas the semi-rigid diaphragms simulates the in-plane stiffness behavior and 
properties. (CSI, 2013) 

Diaphragm constraints can be used, for instance, when modelling and analyzing concrete floors in 
buildings since concrete floors have sufficiently high in-plane stiffness. When a concrete slab is 
thick enough and membrane deformations due to lateral loading are negligible, the result from 
using rigid diaphragms will produce nearly identical results as with semi-rigid diaphragms. 
Additionally, the rigid diaphragm has the advantage of faster computational time as the stiffness 
matrix reduces. On the other hand, semi-rigid diaphragms are favorably used when significant in-
plane deformation is expected or when it is required by code. (CSI, 2013) 

Figure 5.4  Deformed shape of the structure using shell elements with slab properties modelled without edge 
constraints. 

 

Figure 5.5  Deformed shape of the structure using shell elements with slab properties modelled with auto edge 
constraints. 
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5.3.3 Frame elements 
The frame element is graphically a straight line that connects at two nodes and is used when modelling 
beams, braces, columns and trusses. The element can be described as a combination of a beam 
element and bar element with 12 degrees of freedom in three dimensions, see Figure 5.5. The frame 
element includes the effects of biaxial shear deformations and bending, axial deformation as well 
as torsion. The interpolation between the nodes of the element can be performed linear, quadratic 
and cubic. 

 
 

 

 

 

 

 

In this thesis, straight frame elements were used to model the bracing system, mega columns and 
cables of the prototype building. It is possible to model cable behavior using frame elements for 
specific cases by adding appropriate features to the element under a nonlinear analysis.  
 
5.3.4 Modelling of cables 
The approach of modelling cables can be performed by using catenary cable element or a frame 
element. The catenary cable element models the behavior of a slender cable under its self-weight, 
strain loading and temperature using elastic catenary behavior, and is preferred when the cable is 
very slender or when significant support movement is expected (CSI, 2013). Frame elements are 
appropriate if highly variable loading or material nonlinearity is interesting. However, in order to 
capture the nonlinearities of cables using frame elements, assigning nonlinear properties to the 
material and the cable geometry is sufficient.  

When modelling cables with frame elements, one can reduce the bending stiffness by releasing the 
end moments at the nodes (CSI, 2013). Furthermore, tension-only member is considered by 
assigning the element a compression limit of zero. The property of tension-only member requires 
a nonlinear analysis. Regarding the sag effect of the cables, an equivalent modulus of elasticity can 
be applied to the material of the frame element, which was previously described in Section 3.4.  

Concerning the geometric nonlinearities of cables, large displacement theory and tension stiffening 
(which implies P-delta effects) are to be considered in the analysis when cables are modelled with 
frame elements. Even though large displacements and large rotation effects are modelled, the 
strains are assumed small. (CSI, 2013) 

Furthermore, it is possible to assign a prestressed force to the cable by adding a stress inducing 
temperature to the element (RISA, n.d.). The thermal effect of a heated object is expansion and an 

Figure 5.5  The frame element with local coordinate system (Princeton, 2016). 
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important parameter for the expansion is the coefficient of thermal expansion α. The thermal 
effects cause a thermal strain ε , which can be calculated according to Eq. (5.2). 

ε = α ∙ ∆T (5.2) 

If the object is restricted to expand, thermal forces will arise. The thermal force can be calculated 
by following equation. 

F = A ∙ E ∙ ε = A ∙ E ∙ α ∙ ∆T (5.3)
where 

A Cross-section area 

E Modulus of elasticity 

ε  Thermal strain 

α Coefficient of thermal expansion 

∆T Stress inducing temperature 

Given a desired prestress force, the equation can be back-solved for the required ∆T. The 
temperature load is applied constant throughout the thickness of the cable and hence, produces 
membrane strains. (CSI, 2013). If the sagging of the cables are considered using the equivalent 
modulus of elasticity, it can be applied in Eq. (5.3).  
 
5.3.5 P-delta in SAP2000 and ETABS 
The FE software ETABS and SAP2000 provide the ability to run P-delta analysis on the model by 
specifying the analysis method. The two options provided are a non-iterative method based on 
mass and an iterative method based on load cases. The non-iterative method based on mass is a 
fast and approximate approach in which load is automatically computed from the mass at each 
story of the structure. This method considers P-delta by treating the structure as a simplified stick 
model and the method is recommended to use in cases where no gravity loads have been specified 
to the model.  

Nevertheless, if gravity loads are specified in the model, the iteration based on loads should be 
used as load is computed from combination of static load cases. For instance, this method can be 
applied when the loading considers the dead load case and a fraction of the live load case. (CSI 
Knowledge Base, 2016) 
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Chapter 6 

Geometrical study 
 

6.1 Introduction 
To gain an understanding of the structural performance of the prototype building, a geometrical 
study was carried out under linear and nonlinear static conditions by varying geometric and 
modelling parameters. A geometric parameter study allows investigating the effects of slanting the 
building in various inclinations, as well as changing the length of the cantilever. Besides the 
geometry, an initial study of the cables on a simplified model can give an indication of the cable 
efficiency in terms of influencing the bending moment and weight of the cantilever.  

The geometrical study treats the building as a simplified two-dimensional stick-model in SAP2000 
with corresponding properties as for the three-dimensional structure. Properties such as 
dimensions and stiffness were assigned to the simplified model to capture similar behavior as the 
three-dimensional building. The purpose of simplifying the model as a two-dimensional stick-
model makes the analysis suited for a quick parameter study regarding computational time. 

Furthermore, additional studies were made on the structural behavior of the three-dimensional 
building in ETABS. The behavior of the mega columns were studied depending geometric 
parameters, as well as the effects of geometric nonlinearity assigning P-delta to the finite element 
model.  
 

6.2 Slenderness ratio 
As the shape of the building aims to eliminate the central core, the slant of the building must exceed 
a specific inclination given the base area of 27.3 x 27.3 m2 and the height of 257 m. Thereby, the 
slenderness ratio of the prototype building is 1:9.4. Including a central core of 9 x 9 m in a slanted 
building with base area of 27.3 x 27.3 m2 and height 257 m, the inclination of the building must 
exceed an angle of 4 degrees to eliminate the central core, see Figure 6.1. By that means, the 
slenderness ratio for a slanted building is essential to design without the central core in the 
structural system.   

As a reference, the 432 Park Avenue in New York is a 426 m tall residential building with a base 
area of 28.5 x 28.5 m2, giving it a world record in slenderness ratio for buildings of 1:15. The 
building is constructed with a central core, which has the outer dimensions of 9 x 9 m and  
0.762 m thick walls. (Partovi and Svärd, 2016) 
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6.3 Load input  
When performing the analysis of axial forces in the mega columns and the P-delta effects, wind 
load was applied to the structure together with the dead load. Wind load was applied using the 
automatic wind load function in ETABS. Figure 6.2 shows the input values for the different 
parameters and coefficients. The calculation of the Gust Factor is proceeded in Appendix C. Further 
parameters were taken from Zhang (2014), a previous study about the TMF in high-rise buildings.  

Live load was applied as an uniformly distributed load of 2.5 kN/m2 on the concrete slabs for the 
P-delta analysis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1  The slant of the Cable-stayed Building must exceed an inclination of 4 degrees using the specified 
 dimensions for height and base in order to eliminate the vertical core. 

 

Figure 6.2  The wind load parameters used for the automatic wind load in ETABS. 
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6.4 The geometrical study 

6.4.1 Cantilever length depending on inclination of the building 
First part of the geometrical study analyses a simplified stick-model in SAP2000 corresponding the 
three-dimensional structure without cables, see Figure 6.3. The aim is to study which cantilever 
length and inclination of the simplified model will give minimal bending moment at the cantilever 
in relation to the bending moment at the base. According to traditional static analysis, the bending 
moment at the cantilever will increase as the length of the cantilever extends, and eventually 
counteract the bending moment at the base. Hence, the intersection between the moments at the 
two points indicates at which cantilever length and inclination of the building will give the minimal 
bending moment.   

The simplified stick-model comprises of frame elements assigned a steel box-section with outer 
dimensions as for the three-dimensional structure, 27.3 x 27.3 m. The flange thickness was set as 
0.5 m. The bending moment My was obtained at the points shown in Figure 6.3 for different 
inclinations and cantilever lengths under linear static conditions. No additional load was considered 
but dead load in this case and steel S450 was used.  

 
 

 

 

 

 

 

 

Figure 6.4-6.9 shows how the bending moment distribution My varies for different inclinations and 
cantilever lengths. The number in meters indicates the length of the cantilever in the figures. In 
Appendix A, the graphs for the bending moments in each case can be found. As the optimal 
cantilever length for an inclination of 0° is 0 m, it was decided to study inclinations between  
3°- 13°.  

Figure 6.3  The simplified stick- model of the three-dimensional building without cables.  

 

Figure 6.4 Moment distribution for inclination 3° and different cantilever lengths. 
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Figure 6.5  Moment distribution for inclination 5° and different cantilever lengths. 

 

Figure 6.6  Moment distribution for inclination 7° and different cantilever lengths. 

 

Figure 6.7  Moment distribution for inclination 9° and different cantilever lengths. 

 

Figure 6.8 Moment distribution for inclination 11° and different cantilever lengths. 
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The intersection points are plotted in the graph in Figure 6.10, showing how the length of the 
cantilever varies depending on the inclination of the building in terms of retaining a minimal 
moment at the cantilever and at the base without cables. Table 6.1 summarizes the intersection 
points obtained for the graph.  

 

 

 

 

 

 

 

 

Table 6.1   Obtained intersection points.  

Inclination Cantilever length 

3° 45.7 m 
5° 60.8 m 
7° 73.4 m 
9° 84.7 m 
11° 95.0 m 
13° 104.6 m 

 

6.4.2. Simplified model including cables 
The geometrical study proceeds with the simplified model including cables. Four different cases 
were studied in order to estimate the cable efficiency in terms of reducing the bending moment at 
the cantilever, see Figure 6.11. Since the bending moment at the cantilever is studied with and 
without cables, the main part of the building was assigned fixed properties at its joints, which can 
be seen in the figure below. 

Figure 6.9  Moment distribution for inclination 13° and different cantilever lengths. 

 

Figure 6.10 The cantilever length with corresponding inclinations of the simplified model in terms of retaining a 
minimal moment at the cantilever and at the base. 
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Case 1 represents when the cantilever is subjected to maximum bending moment at the fixed point, 
as there are no cables or supports at the end of the cantilever. Case 2 represents the minimum 
bending moment in which a roller support is placed at its end. In Case 3, a cable is modelled 
attached at the end of the cantilever, whereas two cables are attached in Case 4, one at the end and 
one in the middle of the cantilever. Each case was studied for different inclinations of the building 
and lengths of the cantilever to see how the bending moment is affected. Case 3 and Case 4 are 
expected to experience bending moments between the values obtained for Case 1 and Case 2. The 
efficiency of the cables are considered high if the bending moments for Case 3 and Case 4 
approaches the values for Case 2 rather than Case 1, since the bending moment is reduced closely 
to the minimum case.  

Figure 6.12 shows the general moment distribution at the cantilever for each case. For Case 1 and 
Case 2, the bending moment will remain the same for different inclinations since the moment only 
depends on the length of the cantilever and its stiffness. However, the bending moment for Case 
3 and Case 4 will vary because of the different lengths of cables.  

 

 

 

 

 

 

 

In this study, it is sufficient that the stiffness for the simplified model corresponds to the three-
dimensional model of the building. In order to achieve this, the second moment of inertia was 
calculated for the three-dimensional model and then assigned to the frame elements in the stick-
model. The three-dimensional model is made of steel S450 using mega columns with box-section 
2 x 2 m and flange thickness 0.1 m, and bracing system with box-section 0.8 x 0.8 m and flange 
thickness 0.05 m.   

Figure 6.11  The four cases studied for the simplified model in SAP2000. 

 

Figure 6.12 The general moment distribution on the cantilever in each of the four cases. 
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By assigning point loads to the three-dimensional model, the deflection of the structure was 
obtained. Using the Euler-Bernoulli elementary case equation for a fixed cantilever beam with point 
load, the equation was back solved for I. The second moment of inertia was obtained for the tower 
of the building as well as the cantilever. 

The defection obtained for the tower structure when subjected to two point loads of 10 000 kN 
each is ux = 227.389 mm (see Figure 6.13). With the modulus of elasticity of 210 GPa and the length 
of the structure L = 163.8 m, the second moment of inertia was calculated according to: 

u =
P ∙ L

3 ∙ E ∙ I
=
(10000 + 10000) ∙ 10 ∙ 163.8

3 ∙ 210 ∙ 10 ∙ I
= 0.241982 

I =
(10000 + 10000) ∙ 10 ∙ 163.8

3 ∙ 210 ∙ 10 ∙ 0.241982
= 625.4  m

The second moment of inertia of the cantilever was calculated in similar way using two point 
loads of 10 000 kN and fixed properties assigned to the cantilever according to the Figure 6.14. 

Figure 6.14 Two point loads with 10 000 kN each was applied to the structure and the deflection was obtained to 
-113.236 mm in z-direction.

Figure 6.13 Two point loads with 10 000 kN each applied to the structure. The deflection was obtained to 
ux = 241.982 mm͘ 
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The deflection obtained for the cantilever was uz = -113.236 mm. With E = 210 GPa and L = 50 
m, the second moment of inertia was calculated to 

 

|u | =
P ∙ L

3 ∙ E ∙ I
=
(10000 + 10000) ∙ 10 ∙ 50

3 ∙ 210 ∙ 10 ∙ I
= 0.113236 

 

I =
(10000 + 10000) ∙ 10 ∙ 50
3 ∙ 210 ∙ 10 ∙ 0.113236

= 35.0  m  

Case 1 and Case 2 were analyzed under linear static conditions, whereas Case 3 and Case 4 were 
analyzed under nonlinear static conditions considering P-delta plus large displacements. In order 
to capture a straight cable behavior, a compression limit of zero was set to make the frame element 
act as tension only member.  Additionally, the connecting joints of the frame element were moment 
end released. The frame element was assigned a steel rod section with a diameter of 354 mm, which 
corresponds the doubled area for a diameter of 250 mm to resemble a cable pair. Steel S450 was 
used for the building and cables were assigned a modulus of elasticity of 205 GPa.  

Figure 6.15-6.18 presents the bending moments obtained from the simplified model for the four 
cases. Inclination 0° was included for comparison of cable efficiency with other angles.  

 

Figure 6.15 The bending moments obtained for different cantilever lengths for the four studied cases, shown for the 
simplified model with inclination 0° and 3°. 
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Figure 6.16  The bending moments obtained for different cantilever lengths for the four studied cases, shown for the 
simplified model with inclination 5° and 7°. 

 

Figure 6.17  The bending moments obtained for different cantilever lengths for the four studied cases, shown for the 
simplified model with inclination 9° and 11°. 

 

Figure 6.18 The bending moments obtained for different cantilever lengths for the four studied cases, shown for the 
simplified model with inclination 13°. 
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6.4.3 Vertical cable force in Case 3 compared to reaction force in Case 2 
The cable efficiency was also estimated in terms of cable forces. A comparison between Case 2 and 
Case 3 was performed to indicate how much of the vertical force from the cable is compared to 
the vertical reaction force when applying a support at the end of the cantilever, see Figure 6.19.  

According to Euler-Bernoulli beam theory, a cantilever beam with a roller support at its end will 
experience a reaction force of 3/8 from the total cantilever weight. The vertical component of the 
axial force in the cable was then compared to the reaction force from Case 2. If the vertical cable 
force approaches the same magnitudes as of the reaction force in Case 2, the cables can be 
considered efficient.  

 

 

 

 

 

 

 

 

 

The diagram in Figure 6.20 shows the percentage of the vertical cable force in Case 3 in relation to 
the reaction force at the roller support in Case 2.  

 

 

 

 

 

 

 

 

 

Figure 6.19 The two cases compared to each other in terms of forces. L is the length of the cantilever and q is a 
uniformly distributed load on the beam. 

Figure 6.20   The percentage of the vertical cable force in Case 3 related to the reaction force in Case 2. 
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6.4.4 Axial forces in the mega columns 
For the three-dimensional model, the axial forces in the mega columns were analyzed in ETABS, 
see Figure 6.21. A comparison was made of the axial forces for different cantilever lengths and 
inclinations of the building given in Table 6.1. The aim with the study is to indicate for which 
geometrical cases the mega columns experience tension forces and eventually give rise to uplifting 
forces at the base.  

The prototype building was modelled with a floor-to-floor height of 3.9 m, which is standard height 
for tall buildings intended for office use (CTBUH, 2016.a). One exception is the top floor, which 
has a height 5.25 m. In total, there are 66 stories in which the cantilever consists of 7. The cantilever 
is placed between story 35 and 42. The total height of the building is 257 m.  

 
 
 
 
 
 
 
 
 

 

The structural system consists of four mega columns placed in the corners of the plan and another 
four mega columns in between with the same dimension, see Figure 6.22. The study of axial forces 
in the mega columns were made for both steel columns and reinforced concrete columns 
separately. The sectional area of the columns are box-shaped with an outer dimension of 2 m for 
both concrete and steel columns. The steel mega columns have a thickness of 100 mm. The 
concrete mega columns are reinforced with A615Gr60 bars and covers a total of 1.1 % of the 
cross-sectional area of the column.  

The bracing system consists of an X-braced truss system with steel, whereas the cantilever is braced 
as a Pratt truss system. The complete bracing system is made of steel S450 with a box-section with 
the dimensions 800 x 800 mm and a thickness of 50 mm.   

The concrete slabs have a thickness of 200 mm and a concrete class of C35/45. Table 6.2 
summarizes the dimensions of the mega columns, bracing system and concrete slabs.   

Figure 6.21   Left picture shows an AutoCAD elevation view of the three-dimensional structure and the two right pictures 
shows the extruded model in ETABS with mega columns, braces and slabs. 
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Table 6.2  Each structural element with its dimensions, material and element for FE model. 

Structural element Dimension Thickness Material 
Element in 
FE model 

Mega column 
(concrete) 

2000 x 2000 mm - 
C90/105 + 

reinforcement 
Frame 

Mega column 
(steel) 

2000 x 2000 mm 100 mm S450 Frame 

Bracing 800 x 800 mm 50 mm S450 Frame 
Slabs 27.3 x 27.3 m 200 mm C35/45 Thin - Shell 

 
A linear static analysis was performed in order to obtain the axial forces in the mega columns. The 
shell elements were assigned a rigid diaphragm constraint and a mesh size of 3 x 3 m. As tension 
and uplifting forces are concerned in this case, wind load was applied to the structure to capture 
the critical conditions.  

Figure 6.23 shows the numbering of the mega columns. Due to symmetry, three of the mega 
columns are subjected to the same axial forces as the corresponding columns. The results in Figures 
6.24- 6.28 shows the axial forces due to dead and wind load. Positive and negative axial force 
indicates tension respectively compression forces. 

 

 

 
 

Figure 6.22  Plan view of the floor showing the placement of mega columns. 

Figure 6.23 Labelling of the mega columns.   
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Figure 6.23  Numbering of the mega columns. 

 

Figure 6.24   Axial forces along mega column 1 modelled with reinforced concrete and steel. 

Figure 6.25 Axial forces along mega column 2 modelled with reinforced concrete and steel. 
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Figure 6.26  Axial forces along mega column 3 modelled with reinforced concrete and steel. 

 

Figure 6.27 Axial forces along mega column 4 modelled with reinforced concrete and steel. 
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6.4.5 The P-delta effects on the building 
The final part of the geometrical study covers the P-delta effects of the prototype building. Since 
the building is slanted with a counteracting cantilever, the effects of geometric nonlinearity might 
influence the displacement of the building differently from a straight tall building. The P-delta 
effect was studied for the geometrical cases obtained in Table 6.1. 

The P-delta effects of the building were analyzed considering gravity loads including dead weight 
and live loads, as well as lateral loading from wind actions. Thus, the P-delta effects were iterated 
based on loads with a scale factor of 1 in ETABS.  

The effects of P-delta were only analyzed with steel mega columns, steel bracing and concrete slabs 
for the geometries obtained in the first study in section 6.2.1. 

Tables 6.3 and Table 6.4 presents the results of nonlinear P-delta effects on the top story considering 
dead load (D), wind load (W) and live load (L). Top story displacement designates the lateral 
displacement of the top story relative to the base. Figure 6.29 displays the coordinate system in 
which the displacements are obtained in x-axis.  

Figure 6.28  Axial forces along mega column 5 modelled with reinforced concrete and steel. 
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Table 6.3   P-delta effects on top story displacements ux.  

Case Loads 

Top story 
displacement 

without P-delta 
[mm] 

Top story 
displacement with  

P-delta 
[mm] 

Increase with  
P-delta effect 

[%] 

Inclination 3°,  
Cantilever 45.7 m 

D + W 203 209 3.0 
D + W + L 164 171 4.3 

Inclination 5°,  
Cantilever 60.8 m 

D + W 248 257 3.6 
D + W + L 201 212 5.5 

Inclination 7°,  
Cantilever 73.4 m 

D + W 296 307 3.7 
D + W + L 244 259 6.1 

Inclination 9°,  
Cantilever 84.7 m 

D + W 365 379 3.8 
D + W + L 309 331 7.1 

Inclination 11°,  
Cantilever 95.0 m 

D + W 425 445 4.7 
D + W + L 368 399 8.4 

Inclination 13°,  
Cantilever 104.6 m 

D + W 497 526 5.8 
D + W + L 435 481 10.6 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.29 The coordinate system relative to the building.  
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Table 6.4  P-delta effects on top story displacement with and without live loads. 

 

 
 

 

 

 

 

 

 

 

 

 
 
6.5 Discussion and conclusion of the geometrical study 
Utilizing a simplified two-dimensional model for a parametric study of the global geometry is very 
useful for structures in the preliminary design stage. The results under Section 6.4.1 gives a sufficient 
and qualitative indication of appropriate cantilever lengths dependent on the inclination of the 
building in order to retain minimal bending moments. Since the simplified model (composed by 
frame elements) is assigned a box-section with same outer dimensions as for the three-dimensional 
building, the intersection between the bending moment at cantilever and at base will give same 
results independently on the thickness of the section. Hence, the numerical results obtained for the 
bending moments are irrelevant in this case, aside from the intersections.  

On the other hand, studying a simplified model including cables is more complicated. Not only is 
cable behavior complex to capture, but the stiffness of the simplified model should correspond to 
the three-dimensional building itself. Despite that, the results in Section 6.4.2 shows the expected 
outcome of the simplified model with cables, where the bending moment of the cantilever is 
reduced and the efficiency of the cables increases with extended cantilever length. However, as 
indicated from the diagrams in Figure 6.15-6.18, the cable efficiency is slightly decreased as the 
inclination increases since the values for Case 3 and Case 4 are approaching Case 1.  

Additionally, the comparison of forces in Case 3 and Case 2 leads to the same conclusion as the 
previous study. The diagram in Figure 6.20 indicates that the efficiency of the cables increases as 
the inclination become less steep. For instance, the cables hold 68.6 % and 60.4 % of the reaction 
force in the roller support when the building is inclined 0° and 13° respectively with a cantilever 
length of 80 m.  

Case 

Top story  
displacement  with  

P-delta 
(D + W) 

Top story  
displacement  with  

P-delta  
(D + W +L) 

Difference in 
displacement 

[%] 

Inclination 3°,  
Cantilever 45.7 m 209 mm 171 mm - 18.2 

Inclination  5°,  
Cantilever 60.8 m 257 mm 212 mm - 17.5 

Inclination 7°,  
Cantilever 73.4 m 307 mm 259 mm - 15.6 

Inclination 9°,  
Cantilever 84.7 m 379 mm 331 mm - 12.7 

Inclination 11°,  
Cantilever 95.0 m 445 mm 399 mm - 10.3 

Inclination 13°,  
Cantilever 104.6 m 526 mm 481 mm - 8.6 
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Furthermore, the study of the three-dimensional model shows that the axial forces deviates less 
along the mega columns 2, 3 and 5 for different geometrical cases, than for mega columns 1 and 4 
(see Figure 6.24-6.28). Uplifting forces in the columns might put demand on foundation design. The 
most inclined case, which gives no uplifting forces at the base and barely any tension along the 
column, is the 7° incline with cantilever length 73.4 m, independently on material. By that means, 
further studies on the cables were chosen to proceed for the 7° inclined building with a cantilever 
length of 73.4 m using concrete mega columns.  

Section 6.4.5 shows noteworthy results of P-delta effects including and excluding live loads to the 
model. Table 6.3 and Table 6.4 indicates that applying live loads makes the building lean less on the 
positive x-axis, which is probably explained by the counteracting cantilever and its lever arm. 
Additionally, the results indicates that adding the P-delta contributes to greater effects as the 
inclination and cantilever lengths increases. In conclusion, it is crucial to analyze the effects on the 
structural behavior with P-delta, especially for buildings with unconventional shapes since the P-
delta depends inherently on the geometry.  
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Chapter 7 

Cable study 
 

7.1 Introduction 
The study analyzes the cable efficiency in ETABS on a three-dimensional model of the building 
under nonlinear static conditions. The study deals with varying cable diameters and induced 
prestressing forces applied on different cable arrangements in order to estimate the cable efficiency. 
The aim of analyzing varying cable arrangements is to point out if any remarkable differences in 
cable efficiency arise between them for the Cable-stayed Building.    

The five cable arrangements treated in the main study are shown in Figure 7.1- 7.3. In Case 1, one 
pair of cables are attached to the top of the sides of the building. In Case 2, two pairs of cables are 
included and arranged as fan-shape. Case 3 includes three pairs of cables arranged as fan-shaped. In 
Case 4, two pairs of cables are arranged as harp-shape, whereas Case 5 has a fan-shape of three cable 
pairs. The bracing system in the cantilever is altered to suit the cable arrangement in each case. 

The efficiency of the cables was determined by analyzing the cables forces for each case by varying 
cable diameters and prestressing forces using straight frame elements with steel rod sections. The 
tension forces in which the cables experience in relation to the cable arrangements, cable diameters 
and prestressing forces defines the estimated efficiency. The cables are more efficient if they 
experience larger tensile forces, whereas small tensile forces in the cables indicates a stiff cantilever 
itself. Additionally, the amount of steel needed for the bracing system is estimated, as well as the 
corresponding weight of the cantilever the cables hold.  

The cable diameters analyzed are 250 mm, 350 mm and 450 mm, and prestressing forces of 10 
MN, 15 MN and 20 MN. Besides the study of the cable efficiency, a modal analysis was carried out 
in order to investigate the effects of geometric nonlinearity, as well as additional model 
verifications.  
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Figure 7.1 Left: Case 1 with one pair of cables. Right: Case 2 with two pairs of cables, fan-shape. 

Figure 7.3 Case 5 with three pair of cables, harp-shape. 

 

Figure 7.2 Left: Case 3 with three pair of cables, fan-shape. Right: Case 4 with two pair of cables, harp-shape. 
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7.2 The finite element model 

7.2.1 Dimensions 
From the geometrical study, the inclination of the building and the cantilever length is fixed to 7° 
and 73.4 m respectively. The mega columns are modelled as straight frame elements with a square 
section of 2 x 2 meters. The bracing system in the building is also modelled with frame elements 
assigned a box-section with the outer dimensions of 1000 x 1000 mm and 100 mm as the thickness. 
The slabs are assigned thin-shell elements with a thickness of 200 mm. The cables consist of single 
frame elements with a steel rod section and are modelled with diameters of 250 mm, 350 mm and 
450 mm respectively for each of the five cases. 
 
The floor-to-floor height, location of the mega columns, as well as the placement of the cantilever, 
is the same as for the three-dimensional model in the geometrical study.  
7.2.2 Material properties 
The mega columns consist of reinforced concrete of class C90/105 with a compression strength 
of 105 MPa, modulus of elasticity 44 GPa and a Poisson’s ratio of 0.2. The reinforcement bars are 
of type A615Gr60 and covers in total 1.1 % of the cross-sectional area of the concrete column. 
The bracing system is of steel S450 with a modulus of elasticity of 210 GPa, a Poisson’s ratio of 
0.3 and a coefficient of thermal expansion of 1.17·10-5 °C-1. The slabs are modelled with concrete 
of class C35/45 with a compression strength of 45 MPa. 

Steel is used as material for the cables with a basic modulus of elasticity E = 205 GPa, according 
to Table 3.1 for conventional cable steel. However, the basic modulus of elasticity is recalculated to 
a corresponding equivalent modulus of elasticity Eeq considering the sag effect. The calculations of 
the Eeq are presented in Appendix D based on Eq. (3.13). Since Eeq depends on the mean tensile 
force, horizontal length of the cable and weight of the cable, Eeq was calculated separately for each 
cable dimension and arrangement. 

Furthermore, minimum yield stress of Fy = 1 180 MPa and minimum tensile strength of  
Fu = 1 570 MPa was used for the steel property in cables, taken from Table 3.1. Minimum strength 
is the lower-bound of material nonlinearity response. The effective yield stress Fye and the effective 
tensile strength Fue are calculated according to FEMA 356 Table 5-3 (Federal Emergency Management 
Agency). The factor to translate lower-bound steel properties to effective strength steel properties 
is 1.10 in this case. Hence, the values become Fye = 1 298 MPa and Fue = 1 727 MPa. 

7.2.3 Applied loads 
The loads applied on the model are dead loads and wind load. The wind load is applied as in the 
geometrical study using the automatic wind load patter provided in ETABS. The wind load 
parameters are set as shown in Section 6.3.  

Additionally, a thermal load was assigned to the cables to induce a prestressing force on the cables. 
The uniform temperature change applied to the cables are calculated by using fixed prestressing 
forces of 10 MN, 15 MN and 20 MN for each case. In order to give rise to a prestressing force, 
the stress inducing temperature was set with a negative sign.  
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7.2.4 Modelling approach  
Since the site location is not specified for the prototype building and the soil conditions are not 
considered in this thesis, the boundary conditions of the mega columns are set as pinned. This 
allows the column to rotate at its base point when subjected to forces and bending moments. 

Furthermore, the cables are assigned end moments releases in order to reduce the bending stiffness, 
as well as a zero compression limit. Large displacements are also considered in the nonlinear static 
analysis. 

The concrete slabs are meshed 3 x 3 m and the frame elements are auto meshed at intermediate 
joints and intersecting frames and edges. Furthermore, the concrete slabs are assigned rigid 
diaphragm properties except the slabs in the cantilever, which are assigned semi-rigid diaphragms.   
 

7.3 The cable study 

7.3.1 Model verification 
It is necessary to validate the three-dimensional finite element model before proceeding with more 
detailed and complex analyses. Therefore, a model verification was carried out comparing the mass 
of the structure obtained in ETABS and hand calculation. The hand calculation of the mass of the 
model can be found in Appendix C. The reinforcement bars are neglected in the hand calculation 
but are included in the FE model. Table 7.1 shows the difference between the mass of the structure 
obtained from ETABS and from hand calculation.  

Table 7.1   Verification of the mass of the structure. 

Case ETABS Hand calculation Difference 

Inclination 7 with 
cantilever length 73.4 m 65955229.78 kg 65885755.27 kg 0.997 

 

7.3.2 Cable frame element size 
In order to determine if the cables are to be modelled as single frame elements or discretized into 
smaller elements, a convergence test was carried out. Firstly, the cables were modelled as single 
frame elements and the corresponding period of the first global mode was obtained. Thereafter, 
the cables were modelled with a frame divided into 50 elements in order to see if it contributes to 
any significant difference in modal behavior.  

Table 7.2 shows the periods obtained for the first global modes for Case 3. Case 3 was chosen for 
this convergence test since it consists of six cables in total, which would give more influence on 
the global behavior than fewer cables.  
 
Table 7.2  The difference in periods by dividing the straight frame element into 50 elements. 

Number of 
elements 

Period 
[s] Difference 

1 4.494 
0.996 

50 4.478 
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7.3.3 Cable forces depending on diameter and prestressing force 
In order to calculate the tensional cable forces, a nonlinear static analysis was performed for the 
five different cable arrangements with varying cable diameters and prestressing forces. The tension 
forces in the cables were obtained under dead load and wind load. 

Given the tension forces in the cables, the vertical force component for each cable was calculated 
and summed to give the total vertical cable force for each case, see Figure 7.4. Plotting the total 
vertical cable forces in diagrams dependent on cable diameters and prestressing forces indicates 
whether there are any remarkable differences in cable efficiency for the five cases.  

 

 

 

 

 

 

 

 

 

 

Figure 7.5- 7.7 shows how the prestressing force influences the total vertical cable force for each 
case depending on cable diameters 250 mm, 350 mm and 450 mm.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4  The force in the cable and its vertical force component. The total vertical cable force is a summation of the 
vertical force component for each cable. 

Figure 7.5   Total vertical cable force depending on different cable diameters and cable arrangements for fixed 
prestressing force of 10 MN. 
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Figure 7.8- 7.10 shows how the cable diameter influences the total vertical cable force for each case 
depending on the prestressing forces 10 MN, 15 MN and 20 MN. 

 

 

 

 

Figure 7.6  Total vertical cable force depending on different cable diameters and cable arrangements for fixed 
prestressing force of 15 MN. 

Figure 7.7  Total vertical cable force depending on different cable diameters and cable arrangements for fixed 
prestressing force of 20 MN. 
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Figure 7.8  Total vertical cable force depending on different prestressing forces and cable arrangements for fixed 
cable diameter of 250 mm.  

 

Figure 7.9  Total vertical cable force depending on different prestressing forces and cable arrangements for fixed 
cable diameter of 350 mm. 
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7.3.4 Steel frame design check of the cantilever 
ETABS can check the adequacy of a section of a frame with the requirements of AISC 360 -10 
using the Steel Frame Design/Check function. The program designs and gives the optimal (i.e. least 
weight) cross-sections among defined dimensions of the steel frame. The adequacy of a section is 
defined by the demand/capacity (D/C) ratios for each design load combination, and it checks other 
requirements on a pass or fail basis for given loading conditions. If the capacity remains less or 
equal to the D/C ratio, which is close to 1.0, and if the section passes all the other code 
requirements, the chosen section is considered adequate, or else failed.  

A design check was performed on the steel bracing system of the cantilever with 350 mm cable 
diameter to specify which of the five cases requires least amount of steel. The general design load 
combinations are defined in Section 2.3 ASCE 7-10. However, Table 7.3 presents the load 
combinations used for this analysis, which only considers the dead (D) and wind (W) load. The 
auto-list defined for the cross-section optimization was limited for squared box-sections with an 
outer dimension ranging between 400 – 1800 mm. 

The diagram in Figure 7.11 presents the steel amount obtained for the cantilever after the design 
check for all five cases.  
  
Table 7.3  Load combinations considered for the design check. 

Load combinations according to 
ASCE 7-10 

1. 1.4D 
2. 1.2D ± W 
3. 0.9D ± W 

 

Figure 7.10  Total vertical cable force depending on different prestressing forces and cable arrangements for fixed 
cable diameter of 450 mm. 
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Finally, the total weight of the cantilever with the optimized steel bracing and concrete slabs was 
compared to the tension forces in the cables. Table 7.4 displays how much cantilever weight the 
cables hold in total. The cable are most efficient for the case in which the cables holds the highest 
percentage of the cantilever weight.  

Table 7.4  Percentage of the cantilever weight which the cables hold in total. 

Percentage of the cantilever weight in which the cables 
hold with different prestressing forces 

Prestressing 
force 10 MN 15 MN 20 MN 

Case 1 15.7 % 17.8 % 19.6 % 

Case 2 19.5 % 22.0 % 23.4 % 

Case 3 29.1 % 31.7 % 34.8 % 

Case 4 25.0 % 27.8 % 30.1 % 

Case 5 33.7 % 36.7 % 39.6 % 

 

7.3.5 Modal analysis 
A modal analysis was performed on the building with and without P-delta to investigate the effects 
of geometric nonlinearity. The modal cases considering P-delta effects are based on iteration on 
loads. The iteration takes account for the dead and wind load with load scale factor 1.  

Tables 7.5- 7.9 presents the obtained natural periods for all cases. In Appendix E, the first three 
global mode shapes can be found for all five cases, where the first global mode is in y-direction 
and second in x-direction, whereas the third is torsional.  

Figure 7.11  Total steel amount for the cantilever with varying prestressing forces and fixed cable diameter 350 mm. 
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Table 7.5  Natural periods for case 1 with and without consideration to P-delta.   

Case 1 Modal Analysis  
without P-delta 

Modal Analysis  
with P-delta Difference [%] 

Cable diameter 
[mm] 250 350 450 250 350 450  

Period of 1st  

global mode [s] 4.462 4.470 4.481 4.544 4.552 4.563 1.81 1.80 1.80 

Period of 2nd  

global mode [s] 4.373 4.380 4.390 4.443 4.451 4.461 1.58 1.60 1.59 

Period of 3rd  

global mode [s] 2.484 2.489 2.496 2.507 2.513 2.520 0.92 0.96 0.95 

 

Table 7.6 Natural periods for case 2 with and without consideration to P-delta.  

Case 1 Modal Analysis  
without P-delta 

Modal Analysis  
with P-delta Difference [%] 

Cable diameter 
[mm] 250 350 450 250 350 450  

Period of 1st  

global mode [s] 4.469 4.484 4.503 4.552 4.567 4.563 1.82 1.82 1.85 

Period of 2nd  

global mode [s] 4.380 4.393 4.312 4.451 4.465 4.461 1.60 1.61 1.61 

Period of 3rd  

global mode [s] 2.487 2.495 2.505 2.511 2.519 2.520 0.96 0.95 0.99 

 

Table 7.7  Natural periods for case 3 with and without consideration to P-delta.  

Case 1 Modal Analysis  
without P-delta 

Modal Analysis  
with P-delta Difference [%] 

Cable diameter 
[mm] 250 350 450 250 350 450  

Period of 1st  

global mode [s] 4.494 4.515 4.543 4.578 4.600 4.629 1.84 1.85 1.86 

Period of 2nd  

global mode [s] 4.401 4.421 4.448 4.473 4.494 4.521 1.61 1.62 1.62 

Period of 3rd  

global mode [s] 2.497 2.507 2.520 2.522 2.532 2.546 0.99 0.99 1.02 
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Table 7.8  Natural periods for case 4 with and without consideration to P-delta.  

Case 1 Modal Analysis  
without P-delta 

Modal Analysis  
with P-delta Difference [%] 

Cable diameter 
[mm] 250 350 450 250 350 450  

Period of 1st  

global mode [s] 4.465 4.478 4.494 4.547 4.560 4.577 1.80 1.80 1.81 

Period of 2nd  

global mode [s] 4.377 4.388 4.404 4.447 4.459 4.475 1.57 1.59 1.59 

Period of 3rd  

global mode [s] 2.481 2.488 2.497 2.503 2.510 2.520 0.88 0.88 0.91 

 

Table 7.9  Natural periods for case 5 with and without consideration to P-delta.  

Case 1 Modal Analysis  
without P-delta 

Modal Analysis  
with P-delta Difference [%] 

Cable diameter 
[mm] 250 350 450 250 350 450  

Period of 1st  

global mode [s] 4.467 4.481 4.500 4.549 4.564 4.583 1.80 1.82 1.81 

Period of 2nd  

global mode [s] 4.379 4.392 4.410 4.449 4.463 4.481 1.57 1.59 1.58 

Period of 3rd  

global mode [s] 2.481 2.489 2.499 2.504 2.511 2.521 0.92 0.88 0.87 
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Chapter 8 

Discussion, conclusion and proposed further 
studies 
 

8.1 Discussion and conclusion 
The analysis of cable efficiency was performed by modelling the cables as single frame elements. 
From the convergence test in Table 7.2, it was concluded that dividing the frame into smaller 
elements do not contribute to remarkable difference in global behavior. A division with 50 equal 
elements decreases the period with 0.4 % compared to the single frame element. Despite the 
convergence test carried out for Case 3, the cables contribute insignificantly to the global stiffness 
of the structure. By that means, utilizing single frame elements by taking account for nonlinearities, 
such as the sagging of cables in the Eeq and large displacements, is sufficient for structures with 
cables in an initial stage of design. 

The cable efficiency was analyzed by varying parameters and in general, the results in Figure 7.5-7.7 
indicate that as the prestressing force increases, the efficiency of cables (in form of larger vertical 
forces) rises more for smaller cable diameter than for larger. This is explained by the fact that the 
induced prestress force contributes to larger stresses relative to smaller area. Figure 7.8-7.10 indicate 
that the cable efficiency is increased by larger cable diameter for most of the cases. One exceptions 
is the prestress force of 10 MN and cable diameter of 450 mm, where the cable efficiency is lower 
than for the smaller diameters in Case 1, see Figure 7.5. This can be explained by the heavily reduced 
Eeq as a consequence of its low prestress force relative to the large cable diameter, see Table D.1 in 
Appendix D. Additionally, comparing Case 2 and Case 3 with Case 4 and Case 5, it is concluded 
that the cable efficiency is higher for the harp-shape arrangement than for the fan-shape. This is 
explained by the shorter second and third pair of cables in the harp-shape than for the fan-shape, 
which affects the horizontal length of the cable and in turn gives a higher Eeq. 

Furthermore, Figure 7.7 shows that for a prestress force of 20 MN and diameter of 250 mm, the 
total vertical cable forces rises to same levels as for the other two diameters. This is a result of Eeq 
approaching the basic modulus of elasticity 205 GPa for 250 mm (see Table D.3 in Appendix D), 
meaning that the considered sag of the cable is relatively close to zero because of the high 
prestressing force. However, even though the Eeq is still remarkable reduced for larger cable 
diameters with prestress force 20 MN, the vertical cable force increases yet slightly because of the 
larger cable area. Fundamentally, the cable efficiency in terms of cable force is inherently dependent 
on the Eeq and the stress inducing temperature, which in turn is depend on the prestressing force, 
cable diameter and the horizontal length of the cable. There is a balance between the parameters 
in order to obtain an optimal cable efficiency.  

The results from the design check performed on the steel bracing system shows that the least 
amount of steel is obtained for Case 2 and the highest amount for Case 3, see Figure 7.11. However, 
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the amount of steel depends mainly on the bracing system in the cantilever, which was altered to 
suit the cable arrangement for each case. As the steel members are more densely placed in Case 3, 
the highest amount of steel is required for that case. A more accurate and optimal steel amount in 
the cantilever could be obtained by including various cross-sections in the design check auto-list, 
instead of restricting to box-sections only. The results could also differ if other loads, such as live 
loads, are included in the design load combinations. As a conclusion based on Table 7.4, the cable 
arrangement according to Case 5 give the highest cables efficiency relative to the amount of steel.  

The results from the modal analysis in Table 7.5-7.9 indicates an increase of the periods with  
0.9-1.9 % including P-delta effects, which means that the stiffness of the building is barely increased 
in flexibility. In addition, the periods obtained were compared with a reference range of 
fundamental periods of buildings above a height of 250 m. According to a journal paper by Xu et 
al. (2014), structures with periods below and over the range of 0.3√H − 0.4√H , where H is the height 
of the building, are considered as stiff and flexible respectively. For the Cable-stayed Building, the 
range of periods would be 4.8-6.4 s. Comparing it with the first global mode from the study, which 
varies around approximately 4.5 s, indicates that the prototype building is a stiff structure.  
 

8.2 Proposed further studies 
Since this thesis covers an initial study of the geometry and cable efficiency of the Cable-stayed 
Building utilizing the TMF concept, the analysis relies on several assumptions and simplifications. 
Therefore, further research on the structure must be carried out within different areas. For instance, 
taking account of material nonlinearity such as creep, cracking and shrinkage of concrete is an 
important issue, especially for long cantilever and the behavior of cables. Besides the material 
nonlinearity, an optimal design of the TMF system and geometry of the building could be 
investigated.  

Further research on the dynamics of the building affected by detailed seismic and wind actions is 
required to fully understand the response of the structure. Thus, considering effects and technology 
of damping for the building could be also implemented into the research. Additionally, the soil 
structure interaction should be analyzed, as for now the mega columns are assigned pinned 
connections at the bottom. 

Regarding the cable study, more extensive and in depth analysis can be performed by utilizing the 
catenary elements and thereby take account for the nonlinear shape and initial sag of the cable. The 
vibrations of cables due to vortex shedding is also a critical point of the structure, which should be 
further investigated.  
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Appendix A 

Bending moments for the simplified stick- 
model 
 
The graphs below show the moment distribution obtained at the cantilever and base of the stick-
model. The bending moment is increasing and decreasing depending on cantilever length and 
inclination. The intersection between the two lines shows for which cantilever length dependent 
on the inclination gives minimal bending moment.  

 

 

Figure A.1  The intersection between the bending moment for the cantilever and the base depending on the cantilever 
length for fixed inclination 3° and 5° respectively. 

Figure A.2 The intersection between the bending moment for the cantilever and the base depending on the cantilever 
length for fixed inclination 7° and 9° respectively. 
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The intersection points from the graphs above are plotted in the graph in Figure A.4.  
 

 

 

 

 

 

 
  

Figure A.3  The  intersection  between  the  bending  moment  for  cantilever  and  base  moment  when  the  “stick”- model is 
inclined 11° and 13° respectively. 

 

Figure A.4 The cantilever length with corresponding inclinations of the simplified model in terms of retaining a 
minimal moment at the cantilever and at the base.  
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Appendix B 

The Gust Effect factor according to ASCE 7 -10 
 

The Gust effect factor has been calculated for the wind load in the main wind force-resisting system 
according to ASCE 7-10. The basic wind speed has been assumed to be set as in the Shanghai area, 
and the values given in the Chinese code is for a 10 min interval, therefore a recalculation to a 3 
sec time interval required by ASCE 7-10. The exposure categories are defined in ASCE 7-10 as B, 
C or D, based on surface roughness. The calculations below are based on exposure category B, 
which defines areas such as urban and suburban areas, wooden areas, or any kind of terrains with 
closely spaced obstructions.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Height of the building, m 

 Height above ground level, m 

 Building width, m 

Building width parallel to the wind direction, 
m  

 Floor height, m 

 Basic wind speed, m/s, conversion of 
10min time interval to 3sec time interval  
Building natural period, s, from ETABS 

 

 Fundamental natural frequency, Hz 

 Damping ratio 

 Exposure category (1=B, 2=C, 3=D) 

 Nominal height of the atmospheric boundary 
layer, m, Table 26.9-1 

3-sec gust speed power law exponent, Table 
26.9-1  

Mean hourly wind speed power law exponent, 
Table 26.9-1  

H 257� 

Z 257� 

B 27.3� 

L 27.3� 

HF 3.9� 

V 1.42 29.8� 42.316 � 

P 4.5� 

n1
1
P

0.222 � 

E 0.03� 

expo 1� 

zg 365.76 expo 1if

274.32 expo 2if

213.36 expo 3if

365.76 � 

D3 7 expo 1if

9.5 expo 2if

11.5 expo 3if

7 � 

D
1
4

expo 1if

1
6.5

expo 2if

1
9

expo 3if

0.25 � 
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 Mean hourly wind speed factor, Table 
26.9-1 

 Turbulence intensity factor, Table 26.9-1 

 Minimum height, m, Table 26.9-1 

Integral length scale,m, Table 26.9-1 
 

Integral length scale power law exponent, 
Table 26.9-1  

 Equivalent height, m, Table 26.9-1 

 Peak factor for resonant response, Eq.26.9-10 

Peak factor for wind response, Eq.26.9-10 
 

Integral length scale of turbulence, m, Eq.26.9-9  

Background response factor, Eq.26.9-8  

 Intensity of turbulence, Eq.26.9-7 

Mean hourly wind speed at height z, m/s, 
Eq.26.9-16  

b 0.45 expo 1if

0.65 expo 2if

0.80 expo 3if

0.45 � 

c 0.3 expo 1if

0.2 expo 2if

0.15 expo 3if

0.3 � 

zmin 9.14 expo 1if

4.57 expo 2if

2.13 expo 3if

9.14 � 

l 97.54 expo 1if

152.4 expo 2if

198.12 expo 3if

97.54 � 

H
1
3

expo 1if

1
5

expo 2if

1
8

expo 3if

0.333 � 

zeq zmin 0.6 H� zmindif

0.6 H� 0.6 H� zmin!if

154.2 � 

gQ 3.4� 

gv 3.4� 

Lz l
zeq
10

§
¨
©

·
¸
¹

H

� 242.779 � 

Q
1

1 0.63
B H�
Lz

§
¨
©

·
¸
¹

0.63
��

0.768 � 

Iz c
10
zeq

§
¨
©

·
¸
¹

1
6

� 0.19 � 

Vz b
zeq
10

§
¨
©

·
¸
¹

D

� V� 37.734 � 
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 Values from Eq.26.9-15 

 

 

 Values from Eq.26.9-15 

 

 

 Reduced frequency, Eq.26.9-14 

 Value from Eq.26.9-13 

 Resonant response factor, Eq.26.9-12 

 Peak factor for wind response, Eq.26.9-11  

 Gust effect factor, Eq.26.9-10 

nH 4.6 n1�
H
Vz
� 6.962 � 

nB 4.6
n1 B�

Z
� 0.109 � 

nL 15.4 n1�
L
Vz
� 2.476 � 

Rh 1 nH 0dif

1
nH

1

2nH
2
1 e

2� nH�
§
©

·
¹�

ª«
«¬

º»
»¼

nH 0!if

0.133 � 

RL 1 nL 0dif

1
nL

1

2nL
2
1 e

2� nL�
§
©

·
¹�

ª«
«¬

º»
»¼

nL 0!if

0.323 � 

RB 1 nB 0dif

1
nB
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2nB
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1 e

2� nB�
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ª«
«¬

º»
»¼

nB 0!if

0.931 � 

N1 n1
Lz
Vz
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Rn
7.47N1

1 10.3N1�� �
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3

0.108 � 

R
1
E
Rn� Rh� RB� 0.53 0.47 RL��� �� 0.553 � 

gR 2 ln 3600 n1�� ��
0.577

2 ln 3600 n1�� �
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Gf 0.925
1 1.7 Iz� gQ

2 Q2� gR
2 R2����

1 1.7 gv� Iz��

§̈
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©

·̧
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Appendix C 

Hand calculation of the mass  
 

A model verification is made by comparing the hand calculated mass of the building and the mass 
in the FE model. The reinforcement is neglected in the hand calculations. See Figure C.1 and C.2 
for the different labelling of the bracings used in the hand calculation.     

  
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1  Left figure shows the labelling of views of the building and right shows the bracing of the tower. 

 

Figure C.2  The cantilever bracing at different views. 
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Geometry and properties 

 Vertical height of the building, m 

 Story height of each floor, m 

 Top story height at the cantilever, m 

 Top story height of the building, m  

 Width of the building at base, m 

 Width of the cantilever, m 

 Total stories, m  

 Inclination of the building, rad 

Steel density from ETABS, kg/   
 

 Concrete density from ETABS, kg/   

Mega Columns  

 Amount of mega columns 

 Inclined height of the mega columns, m 

 Width of the mega column, m 

 Depth of the mega column, m 

 Total area of the mega columns,   

 Total volume of the mega columns,  

Bracings  

 Height of the bracings, m 

 Wall thickness of the bracings, m 

 Width of the bracings, m 

 Cross-sectional area of the bracing,     

 Length of the bracing 1 at the side of the tower, m 

 Length of the bracing 2 at the side of the tower, m 

 Length of the bracing at the front of the tower, m 

 Length of the bracing at the back of the tower, m 

 Amount of bracings 1 at the side of the tower 

 Amount of bracings 2 at the side of the tower  

Hbuilding 257� 

hstory 3.9� 

hcanti.top.story 4.3� 

htower.top.story 5.25� 

bbase 27.3� 

bcantilever 100.7� 

nstories 66� 

D 7
S

180
�� 

m3
Us 7849.049� 

Uc 2548.538� m3

nmc 8� 

Hmc
Hbuilding
cos D( )

258.93 � 

bmc 2� 

dmc 2� 

Amc nmc bmc� dmc� 32 � m2

Vmc Amc Hmc� 8.286 103u � m3

hb 1� 

tb 0.1� 

bb 1� 

Ab 2hb tb� 2 bb 2 tb��� � tb�� 0.36 � m2

Lb.t.s.1 20.45� 

Lb.t.s.2 18.09� 

Lb.t.f 19.304� 

Lb.t.b 19.304� 

nb.t.s.1 19 2� 38 � 

nb.t.s.2 19 2� 38 � 
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 Amount of bracings at the front of the tower 

 Amount of bracings at the back of the tower 

 Total amount of bracings in the tower 

 Total Volume of the bracings in the tower,   

 Length of the x-bracing 1 at the cantilever, m 

 Length of the x-bracing 2 at the cantilever, m 

 Length of the x-bracing 3 at the cantilever, m 

 Length of the x-bracing 4 on top of the cantilever, m 

 Length of the x-bracing 4 on the bottom of the 
cantilever, m 

 Length of the x-bracing 5 at the cantilever, m 

 Length of the diagonal bracing 1 at the cantilever, m 

 Length of the diagonal bracing 2 at the cantilever, m 

 Length of the diagonal bracing 3 at the cantilever, m 

 Length of the diagonal bracing 4 at the cantilever, m 

 Length of the straight bracing at the cantilever, m 

 Length of the straight bracing at the top of the cantilever, 
m 

Length of the straight bracing at the bottom of the 
cantilever, m  

 Amount of the x-bracing 1 at cantilever 

 Amount of the x-bracing 2 at cantilever 

 Amount of the x-bracing 3 at cantilever 

 Amount of the x-bracing 4 on the top of the cantilever 

 Amount of the x-bracing 4 on the bottom of the cantilever 

 Amount of the x-bracing 5 at cantilever 

 Amount of diagonal bracing 1 at cantilever 

 Amount of diagonal bracing 2 at cantilever 

 Amount of diagonal bracing 3 at cantilever 

nb.t.f 38� 

nb.t.b 38� 

nb.t nb.t.s.1 nb.t.s.2� nb.t.f�
nb.t.b�

��� 152 � 

Vb.t Ab Lb.t.s.1 nb.t.s.1�
Lb.t.s.2 nb.t.s.2��

���

Lb.t.f nb.t.f��
���

Lb.t.b nb.t.b��
���

§̈
¨
¨
©̈

·̧
¸
¸
¹̧

� 1.055 103u � m3

Lb.c.x.1 17.745� 

Lb.c.x.2 16.5145� 

Lb.c.x.3 16.5145� 

Lb.c.x.4.u 16.045� 

Lb.c.x.4.d 15.24� 

Lb.c.x.5 19.305� 

Lb.c.d.1 35.330� 

Lb.c.d.2 32.861� 

Lb.c.d.3 32.861� 

Lb.c.d.4 31.921� 

Lb.c.s 27.3� 

Lb.c.s.u 76.727� 

Lb.c.s.d 73.4� 

nb.c.x.1 8� 

nb.c.x.2 8� 

nb.c.x.3 8� 

nb.c.x.4.u 4� 

nb.c.x.4.d 4� 

nb.c.x.5 4� 

nb.c.d.1 2� 

nb.c.d.2 2� 

nb.c.d.3 2� 
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 Amount of diagonal bracing 4 at cantilever 

 Amount of straight bracings at cantilever 

 Amount of straight bracing at the top of cantilever 

 Amount of straight bracing at the bottom of cantilever 

 Total bracings in the cantilever 

 Total volume of the bracings in the cantilever,  

 Total volume of the bracings,   

Floors  

 Width of the floor, m 

 Depth of the floor, m  

 Thickness of the floor, m 

 Width of the floor at cantilever, m 

 Number of floor slabs at cantilever 

 Area of the tower floors,   

 Area of the cantilever floors,   

 Volume of the tower floors,   

 Volume of the cantilever floors,   

 Total volume of the floor slabs,   

nb.c.d.4 2� 

nb.c.s 10� 

nb.c.s.u 2� 

nb.c.s.d 2� 

nb.c nb.c.x.1 nb.c.x.2� nb.c.x.3�
nb.c.x.4.u nb.c.x.4.d��

���

nb.c.x.5 nb.c.d.1� nb.c.d.2��
���

nb.c.d.3 nb.c.d.4� nb.c.s��
���

nb.c.s.u nb.c.s.d��
���

58 � 

Vb.c Ab nb.c.x.1 Lb.c.x.1�
nb.c.x.2 Lb.c.x.2��

���

nb.c.x.3 Lb.c.x.3��
���

nb.c.x.4.u Lb.c.x.4.u��
���

nb.c.x.4.d Lb.c.x.4.d��
���

nb.c.x.5 Lb.c.x.5��
���

nb.c.d.1 Lb.c.d.1��
���

nb.c.d.2 Lb.c.d.2��
���

nb.c.d.3 Lb.c.d.3��
���

nb.c.d.4 Lb.c.d.4��
���

nb.c.s Lb.c.s��
���

nb.c.s.u Lb.c.s.u��
���

nb.c.s.d Lb.c.s.d��
���

§̈
¨
¨
¨
¨
¨
¨
¨
¨
¨
¨
¨
¨
¨

©̈

·̧
¸
¸
¸
¸
¸
¸
¸
¸
¸
¸
¸
¸
¸

¹̧

� 521.191 � m3

Vb Vb.t Vb.c� 1.577 103u � m3

bf 27.3� 

df 27.3� 

tf 0.2� 

bf.c 100.7� 

nc 8� 

Af.t nstories nc�� � bf� df� 4.323 104u � m2

Af.c nc bf.c� df� 2.199 104u � m2

Vf.t Af.t tf� 8.645 103u � m3

Vf.c Af.c tf� 4.399 103u � m3

Vf Vf.t Vf.c� 1.304 104u � m3
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Total Mass  
Mass of the mega columns, kg   

 Mass of the floors, kg 

 Mass of the bracings, kg  

 Total mass of the building, kg 

 Total mass of the building from ETABS, kg 

 The calculated error 

mmc Vmc Uc� 2.112 107u � 

mf Vf Uc� 3.324 107u � 

mb Vb Us� 1.237 107u � 

mtot mmc mf� mb� 66734170.282 � 

mtot.ETABS 66922274.37� 

Error
mtot

mtot.ETABS
0.997 � 
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Appendix D 

Equivalent modulus of elasticity 
 

The equivalent modulus of elasticity Eeq is calculated below according to Eq. (3.13) for each cable 
in Case 1-5, see Figure D.1. Table D.1-D.3 shows the obtained Eeq, which in turn gives the stress 
inducing temperatures according to Eq. (5.3) used as prestressing force for the different cable 
diameters.  

 

 

Table D.1  The obtained equivalent modulus of elasticity and stress inducing temperatures for prestress for 10 MN.  

10 MN 250mm 350mm 450mm 

Eeq1 [GPa] 190.6 130.8 57.5 
Eeq2 [GPa] 196.1 152.6 80.4 
Eeq3 [GPa] 199.5 169.7 105.8 
Eeq4 [GPa] 198.0 162.0 93.2 
Eeq5 [GPa] 202.7 189.0 148.4 
  ∆T [℃] 91 68 93 

 

Table D.2  The obtained equivalent modulus of elasticity and stress inducing temperatures for prestress for 15 MN.  

15 MN 250mm 350mm 450mm 
Eeq1 [GPa] 200.5 175.5 116.5 
Eeq2 [GPa] 202.3 186.1 140.5 
Eeq3 [GPa] 203.4 193.1 160.4 
Eeq4 [GPa] 202.9 190.0 151.2 
Eeq5 [GPa] 204.3 200.0 184.2 
  ∆T [℃] 130 76 69 

 

Figure D.1 Labels of cables for all five cases corresponding to each equivalent modulus of elasticity.  
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Table D.3  The obtained equivalent modulus of elasticity and stress inducing temperatures for prestress for 20 MN.  

20 MN 250mm 350mm 450mm 
Eeq1 [GPa] 203.1 191.4 155.2 
Eeq2 [GPa] 203.8 196.6 171.7 
Eeq3 [GPa] 204.3 199.8 183.5 
Eeq4 [GPa] 204.1 198.4 178.3 
Eeq5 [GPa] 204.7 202.9 195.7 

∆T [℃] 171 93 69 

 
The MATLAB script below was used to calculate the equivalent elasticity of modulus and the stress 
inducing temperature. 
 
clear all, clc; 
E = 205e+9; %Basic E-modulus for cables                      
a = [79.35 61.7 48.0 54.3 30.6]; %Horizontal lengths for the five different 
cables  
d = [0.25 0.35 0.45]; %Diameters of the cables 
T = [10e+6 15e+6 20e+6]; %Prestressing forces 
g = 76.9729e+3; %Weight of the cable material 
alpha = 1.17e-5; %Thermal expansion coefficient for steel 
  
Size = zeros(length(d),length(T)); 
[dT, E_eq_a1, E_eq_a2, E_eq_a3, E_eq_a4, E_eq_a5] = deal(Size);   
  
for i=1:length(d) 
    A = (pi*(d(i))^2)/4; 
    for j=1:length(T) 

%Equivalent E-modulus plotted for all cables with consideration 
to the five different cables, the different prestress forces and 
diameters 
E_eq_a1(i,j) = (1/E +  ((g.^2*a(1).^2)/(12*(T(j)/A).^3))).^(-1); 
E_eq_a2(i,j) = (1/E + ((g.^2*a(2).^2)/(12*(T(j)/A).^3))).^(-1); 
E_eq_a3(i,j) = (1/E + ((g.^2*a(3).^2)/(12*(T(j)/A).^3))).^(-1); 
E_eq_a4(i,j) = (1/E + ((g.^2*a(4).^2)/(12*(T(j)/A).^3))).^(-1); 
E_eq_a5(i,j) = (1/E + ((g.^2*a(5).^2)/(12*(T(j)/A).^3))).^(-1); 
%The prestress induced temperature calculated for the cables  

        dT(i,j) = T(j)/(A*E_eq_a1(i,j)*alpha); 
    end     
end 
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Appendix E 

The first three global mode shapes of the 
building 
 

The first three global mode shapes are presented in Figures E.1- E.5. The coordinate axis in the 
figures are displayed as red for x-axis, green for y-axis and blue for z-axis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.2 Case 2. From left; 1st Global mode (y- direction), 2nd Global mode (x- direction) and 3rd Global mode 
(torsional). 

Figure E.1 Case 1. From left; 1st Global mode (y-direction), 2nd Global mode (x- direction) and 3rd Global mode 
(torsional). 
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Figure E.3 Case 3. From left; 1st Global mode (y- direction), 2nd Global mode (x- direction) and 3rd Global mode 
(torsional). 

 

 

 

 

 

 

 

 

 

 

Figure E.4 Case 4. From left; 1st Global mode (y- direction), 2nd Global mode (x- direction) and 3rd Global mode  
(torsional).  

 

 

 

 

 

 

 

 

 

Figure E.5 Case 5. From left; 1st Global mode (y-direction, 2nd Global mode (x-direction) and 3rd Global mode 
(torsional). 
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