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ABSTRACT

There are a lot of building materials used in the building sector such as concrete,
steelandtimber, eachwith its own advantages and disadvantages.a longiime,
timber ha not been seen as a common matdéaabdvanced structures civil
engineering field and architecture fieWith the continuous development of
engineereavood productstimberhas nowadaybecome a more commbnilding
materialusedfor multi-floor buildings

The 20th century witnessed a construction boom in tall buildings worldwide. So far,

the knowledge of how to build a higise building with a timber structure is still

limited. Theawr r ent wor |l dés tallest timber buil din
height of 85m, which is only aboutotee nt h of t he wor |l dés hi ghe:
Khalifa in Dubai.

The main objective of this report is to study and evaluate different building
geometies with main concerns abogatonony, environmentspectind structural
performance o& 200m timber buildingThe building site is assumed to be 30m x
30m and is in Gothenburg with the ground condition of solid rock.

The study divided into two main stepnd was mostly performed in Grasshopper

and Karamba 3D. In the first step two concepts were selected through an evaluation
based on the results of deflection, rental area and building mass of various concepts.
In the second evaluation several criteriase added such as dynamic

performance, base support force and building mass per rental area ratio to find a
promising concept.

The final proposal is a diagrid structure in hyperboloid form and was chioseigh
comprehensivevaluation. This geometiyas significantly better performance
regarding dynamic performancempared to all othetiagrid structures in convex
form and traditional braced franséructurethat has been studietihough providing
much less rentable areas.

Key words: Acceleration, Aerodynamics, Burj Khalifa, Dynamics, Grasshopper,
Karamba3D, Lateral deflection, Mjdstornet, Tall timber buildings, Timber, Timber
connections, Rental area, Stiffness, Wind load.
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Preface

The topic of tall buildings and skyscrapers is very popular ifi¢he of architecture
andengineeringThere is always a demand to research new methods and innovative
processes to build taller angdbreenvironmentally friendly. As future structural
engineers, we would like to contribute what kaeseinvestigated to the constant
development of the construan industry.

This master thesis is our work in the
Building Technology during spring term 2021. The project put a focus on the
possibility of buildinga 200m tower in timber and the feasibilitfyconstructingt.

The project ideingcarried out at theesearch group for Lightweight Structures at the
Department of Architecture and Civil Engineering, Chalmers University of
Technology, Swederstructuralengineergrom the firm VBK are thenitiatorsof this
project, who came up with this topic and have been involved in the entire project.

During this period, we have enrichedrselveswith new knowledge that we can use
in thefuture,and we were very happy to work in this project. Due to the outbreak of
Covid-19 nost of the work habeendonefrom home We aregraeful to VBK who
providedus with workstations and computer software for us to work from home.

First and foremost, we want to thank our supervigordreas Lindel6tfFelicia Flink
andJohanOrnborg,structural engineers fromBK, for their engagement in guiding
us and giving us positive suppaispite their busy schedue also want to give
our thanks to our supervisand examinatoirom ChalmersRobertJockwer for his
informativeadvice during the entire project.

Gothenburg August2021
Lien Trinh and Hong Bang
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1 Introduction

The world we live in is developingyith societyconstantly changing antew
demand€mergng. The population in the world is increasibgt the availableland

area that can be butnis decreasing. In order to maximize the use of land in densely
urbanizedareashigh-rise buildings were constructed. The 20th century witnessed a
construction bom in tall buildings worldwide. Traditionally concrete and steel are the
dominating building materiais the construction of highise buildings. However, in

the recent years sustainable development is an important aspect in the construction
industry andherefore using timber as the main structural mataaabeen a

tendency in modern buildings.

1.1 Background

The number of tall buildings witaheight of over 200 meters completed between
20002020 is 1384, 5 times more than what completed undgrethied 18852000
(Al-Kodmany2 020) . The aver agtep 100kighestbtildimm$ had h e
been increasing in the recent yeagproaching 400rm 2020(CTBUH, 2021) With

the continuing urbanization, building skyscrapers and-higghbuildingss still the
upcoming trend in the construction industry.

The prevailing building materials in higfse building construction,e. concrete,

steel and&omposites or combinations thereafe notenvironmentallyfriendly.

Despite the production with metechnologies makinthem lesharmfulto the
environment than beforemissionf carbon dioxidearestill at a high level.

Especially for tall buildings, with the rise in the height, the dimensions of structural
elementsncreasadramatically becausd the large selweightof the building

meaning that the emission of carbon dioxide per rental floor can be even higher
(SOM, 2013). In comparison with other materials, timber is both renewable and is
formed through an ecological cycle that absorbs cadimxide from the air, making

it a moresustainable substitution for concrete and steel. In addition, the high strength
mass ratio in timber also decreases the loads to the foundation and in this way saves
the foundation materials (Svens, n.d).

A lot of researcland practicdnasbeen done regarding timber buildings. The
appearance of engineered timber products, such aslarossated timber (CLT) and
glued laminated timber (glulaywhich to a large degree enhance the strength of
timber and remdy the weaknesarisingfrom defects and anisotropy, increased the
usage of timber in building construction. However, the usage of timber imestly
limited to lowrise buildings nowadays, as a secondary structural element such as
floor or combined oas a supplement to other main materials. Due to its low stiffness
and strength, the resistartoehorizontal load is relatively low compared to steel and
concrete. Timber also has a low density and mass that makes it more challenging to
build higher dued the problem of poor dynamic performance. So far, the knowledge
of how a tall timber tower performs is still limited. At this time the tallest timber
building in the world is Mjéstornetocated in Norway. It has a height of 85m and is
far from comparable o t he wor | d §Bur Khalifpindsbaiwithai | di ng
heightof 828 m, almost 10 times higher than the highest timber tobrabiamsen
2017
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1.2 Aim

The aim of this project is ttind the appropriate geometrical form with applicable
structural systerfor a 200 m tall timber towewith regards tetructural stiffness and
ease of constructionlhe desigrshould not onhfulfill criteria for lateral deformation
and dynamic criteri@dut alsoprovide as much rental area as possible

1.3 Soope and limitation

The study is limited to the structural behavior in service limit state \SlliSough
the dimensions adhemain structural elements will be estimated in ultimate limit state
(ULS). Furthermorethefollowing assumptions and simplifitans are made:

0 The location is chosen to be central Gothenburg and the environmental data

in Gothenburg is applied throughout the project when nedaedain

category IVaccording to S&N 1991-1-4 is assumed

The entire building will belesigned for commercial use as offices.

Floor slabs and their properties are selected from the existing products in the

market thamayfulfill the requirement for serviceabilitjNo deeper

investigation will be done about this.

The footprint area is liméd to be 30m by 30m and the cad@0mby 10m.

The estimation of sizes is chosen based on experience without check of

architectural requirements.

0 Only superstructure above the ground willdbedied i.e.the connection
between upper structure and founaatwill be given as boundary conditions.
The foundation will not be incorporated.

0 Longterm effects will be discussed only.

O¢ O«

O«

1.4 Method

The analysis wasonductedin Rhino 3D and Grasshopper 3D and its plugin program
Karamba 3DFollowing steps werearried out for this project:

1. Literature study. Theories and previous study about sldndielings
geometries, timber as building material, structural systems and relevant
standards and guidelines were studied.

2. General geometry study. In this early gta@gseries of volume geometries were
generatedhased oriterature study and design workflow. These geometries
wereanalyzeds shell elements by finite element analysis (FEA). The
geometriesverethenassessedndthreegeometrical formsvere selectedof
furtherstructuralstudy.

3. Structuralstudy. Based on earliéiteraturestudy of stabilizing systemthe
selectecconceptsrom the geometry studyverefurthermodelledin structual
systens. The optimization of controlling parametexsch as anglesnd sizes

2 CHALMERS, Architecture and Civil Engineering Mast er 6s Thesis ACEX30



weredone with regarsito static and dynamic performance and compared to
the traditionabraced frameatructure.

4. Suggestiongor feasible connections at critical placesregiven and raghly
designed based on the loads on nodes from the former step.
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2 Theoretical framework

This section consists of general knowledge iaf@mationof high-rise buildings
stabilizing systems and their structub@havior design of geometries and their
modfications,the effect of wind load on a tall building. The theory study of this
project also includes informaticon timber as a building material artd connections
Thedesign process and standaitulst were appliedrealso presented in thgection.
Theoriesand discussions presented in this section are the basis of further study.

2.1 Definition of a high-rise, timber building

The initial step is talefine whata highrise timber buildings. The aim of this project

is to investigate the structure of a 200 m timber tower. Although the height of the
tower has been determined, it is still supposed to be high in the view of structural
design in order to make the study meaningful. On the other hand, a clear definition of
timber building in the view of the application of material is important since timber is
usually used in combination with other materiakspeciallyin high-rise buildings.

2.1.1 Definition of highness of timber building

Thereisnexactd e f i ni t i on -roif s ewth aghedalsefthdefition
varies fromoneculture and context to another. AccordingXouncil on Tall

Buildings and Urban HabitdCTBUH), there are three requirements for a building to
be cl| assi f ieightirelatige toftdniexd, proportiors and building
technology Al-Kodmany 2020).Buildings that have a height the range of 50 to

300 m are considerestall buildings.Meanwhile,supertallbuildings should have a
heightof 300 to 600 m and buildings with a height surpassing 600m are cadigal

tall buildings CTBUH).

Height relative to context means how the building is in compato the surrounding
buildings in a certain place. For examel4story building is not onsidered as a
tall building in a highly urbanized city such as Hong Kong or Chicago but in a
provincial city itmay behigher than the urban norm and bl referred tasatall
building (Al-Kodmany 2020)

However from the structural point of view, it is the absolute height rather than
relative height thatnakessense for the desigguch as an overall height or a height to
minimum plan dimension. The tallabuildingis, the larger the wind load impact on
the buildng. This meanshatwith the rise in height, the wind load increases
dramatically.

CTBUH mentionedhatthat everif a building is very tall bubas a large footprinit

is still not considered as a high building due tgitgportionsSome buildingsre not

that high butarevery slender and still give a vibe of tall building. In structural design,

the proportion is wusually measured as fnAsl el
building is defined as Figure 21.

4 CHALMERS, Architecture and Civil Engineering Mast er 6s Thesis ACEX30



Slenderness Ratio,

SR =h/b

Where,

h h = building height
w = building width
b = building breadth
and where

b<w

Figure2.1 Definition of slenderness ratiMPA & fib,2014)

The slendernegsitiois a basic proportion of the structure amtlencesthe
structuralbehaviorof a high building significantly (Awida, 20)1For a slenderness

ratio largerthan h/8 the requirements dynamic performance can be dominant

during the design procesSlenderness ratios around h/6 or less are more appropriate
and more common in tall buildings (MR fib, 2014).

The last criterion, high building technology in termsedj.,structural sysm and
material] was stated as weakest by CTBUKN-Kodmany 2020). By this, they meant
a building with which heightelated technologies might be suggested to be Righ.
examplea building withspecific vertical transport technologgn still becategorized
asatall building. The number ofloorsis abad measurement for a tall building
because thdimension ofloor-to-floor heightv ar i es wi t h t he buil di ncg
Thereforea buildng of 14 or more storiesr higher than 50n is a threshold for a tall
building. There existsmobviousgap between the slenderneaso of highest
building in prevailing building materials such asncreteand that in timberThe
existing highest timber buildg, Mjostornet,cannotevenbe classifiedas a slender
building with a slenderness ratiarger tharil:10according to the general
classification regardless building materials.

CHALMERS, Architectureand CiviEngi neer i ng, Masterbs Thesis A



At the initial stage of the project, it is important to decidesle@derness ratio for the
200 m timber tower. A few examples of the slenderness ratio from the existing tall
buildings were studied. Fige2.2 shows thevidth heightratios of some popular tall
buildings and the highest timber tower.

Super slender Slender
1:24 1:20 1:15 112 1:10 152 1:23
111 West 57th Street Highcliff 432 Park Avenue  One Madison Park Mjéstornet : short respective long side
438m 252m 425.5m 188m 85.4m
concrete concrete concrete concrete Timber

Figure 2.2 Slenderness ratiof high rise buildings in concrete and that of
Mjostornet

2.1.2 Definition of timber building

Tall buildings can be divided into four categories accortindpebuilding materials

that areutilized forthe mainvertical and horizontal loalearing structura¢lements

concrete, steel, composite and mbstdicture buildingsThefi mai no alst ruct ur
elementgefer tothe primary structural membensherethe secondary structural

elements likehefloor would not beconsideredn classification of a tall building with

regards to structural materiafsccording toCTBUH asteelframedtall building with

concrete slabsestingon steel beams should be called a steel building rather than

mixed. Furthermorea building isdefined asinglematerial when a single material

makes uB5%or moreof the height or the floor area of the buildindgrosteret al,

2016).

To extendhis classification criteria to cover timber buildingg)enmorethan85%
of theheight a floor area of the primary structures are construofexhy kind of
timberthe building can beefered to as ainglematerialtimberbuilding. The light
weight of timber is one of theropertieghatcontributego the poordynamic
performancelt is common tesuplementthe sructure withextramassby using
concretefloor slabsfor better dynamic behavioFor examplethe prefabricated
wooden decks were replaceddoncrete decks for floor 128 on the top part of the
building in Mjdsbrnetto fulfil | the requirements oacceleratiofAbrahamsen2017).
As statedbefore regardles®f the concrete slabs the building can be still classified as
a timber building, thogh the diaphragm actioland themass contributed from the
floor arevery importam for the global structural behaviour.

6 CHALMERS, Architecture and Civil Engineering Mast er 6s Thesis ACEX30



Traditional capentry wooden connectisare not commonly used in modern timber
buildings,especiallyin high-rise buildings.For these weakest pointteelconnection
components such atatesand awel are generally applied@.hereforejt is reasmable
thatthe material used faimber jointsare not included in thelassificatiorcriteria.
(Fosteret al.,2017. Another generadrrangement in timber buildings is that the
lowest floors often up tathefirst or second flograre built in concretdn this case the
whole building should be regded asmixed structurendthe height of theupper
section consisting of only timber can be regardstthe height of singlenaterial
timber structureFor better understandingeral examples aichemesre presented

in Figure2.3.
B steel
P concrete
0 timber
single material building: mixed building: mixed building:
timber timber/steel steel / concrete
composite building: composite building: mixed composite building:

concrete-timber timber-steel concrete-timber/steel-concrete

I ] sinete [ single composite
material material Aliibar-
‘timber’ _ ‘timber’ L iencrata
— building building building
height height height
mixed
mixed mixed composite
structure structure structure —
building = building | building
height _._ height height

Figure2.3 Examples obuilding typology by structural materiaFQsteret al.2017)

CHALMERS, Architectureand CiviEngi neeri ng, Master ds

Thesi s

A



2.1.3 Summary

In this project 200 mis aimed to be thieeight of the singlenaterid timber building.
Thefootprintis assumed to BB0m x 30mandthe prescribed slenderness ra®bis
the startingpoint for the designwhich is notslender according to general
classificationcriteria. Howeverconsidering the materigkopertiedor timbera
height 0f200 mand a slenderness ratio@b6canbe challenging and worth
exploring.Steel connectionand concrete floors slabs will nioifluence thdactthat
the building is a timber buildings long as the primastructural elements, such as
columns beams antbadbearing wallsarein timber. The application of concretm
flooring system willalsonotinfluence the classification of the building. However
from a sustainabilitperspectivehe concrete slabs will be introducexly as
necesarywhen the mass afooden deckss not enough to fulfill dynamic critesi

2.2 Considerationsregarding structural design for high-rise
buildings

Thestructuralconsiderations for a highise building are in principle involved in the
design process fa lowrise building as well. Howevesome of the factonsight be
more critical andequiremore attention when it comesdesign for higkrise
buildings.

2.2.1 Lateral resisting stiffness and strength

With increasingheight ofa building, the load acting on the surface of bthelding
increaseexponentially Apart from this, the cantilever arm from the to groundgets
longerand highrise buildings are usually very slend&he higher théuilding will

be, the more dominathe lateral loads atia@ the design process) relation to gravity
loads.The overturning moment at the basereases by power of 2 and the sway at
the tipincreases by power of 4when the height of theuilding increasesThe limit

of the maximum lateral displacement and the interstory displacement (relative
displacement between adjacent stories) are of great importance regarding not only
comfortdemandsbut alsorequirements related relatingftor example facade
claddingand placement of partition walls.

For a lowrise building in steeup to 10stories the design of structural elements
designedor gravity loadsonly are adequate to resist lateral lodéis: a building
higher than 10 storigbe sizes of the structural elements in the stabilizing system
need to be enlargdd increase the global stiffnesstbie structure to satisfy the
horizontal deflection contro{Balendtra,1993) In the design of th800 m talltimber
building Oakwood Towerthe design wagovernedy the lateral stabilizing system.
(Ramageet al, 2017).

It wasalsopointed out thathe strength and the stiffness of the connections in the

timber structureplays a key role ithe structural behavior and a minor movement in
the connection caweaken the global stiffnesggnificantly.(Ramageet al, 2017).

8 CHALMERS, Architecture and Civil Engineering Mast er 6s Thesis ACEX30



Some ways to improve ¢hateral stiffness are:
1 Increase thenaterial stiffnesparameter& and G
1 Increase the size of tlstructural elements
1 Increase geometal stiffnessandmakeuse of the depth of the buildinfpr
example, place the stabilizimjements around the perimeter of the structure

Despite this &areful designed fornof the building and reduction of the loads can
improve thdateral deflection of the structure.

The net lifting forces in structural elements occurs when the tensile forces caused by
overturning due to horizontal loads exceed gravity load.dEsggnand construction

for structural elements in tension are more complex and diffi€aitconcrete

structures the net uplifing forceis not sotcommonbecause of thhigh weight of

concrete $OM, 2013) Due to thdight-weightnatureof timber the occurrence af

net uplifting force isnore probablelt is important to leaéhs much ofhe vertical

load inb the stabilizing systemm the perimeteas possibléo make use of the self

weight to resist overturning momenfRamage, 2017)n the design tthe prototype
building in the same research conducted by S@M concrete joints gre adoptetb
provideenough ballagb avoid tension$SOM, 2013).

2.2.2 Dynamic behavior

When the building is exposed to tirdepenént loadingsuch asvind loadsand
seismic loadsgynamicsneed to beénvestigatedn detail. For buildingslocatedin
seismiczones seismic actionsan becritical. Theseloadsare dominantrossa
certainspectrum ofrequencies. How atructure behavashder theséoadsdepends
onits natural frequency and damping ratiRamageet al, 2017). When the
structuralfrequencycoincideswith the frequency of the loading, the deflection of the
structue will be amplifiel to the fullestFor a building located ia seismic zone, the
seismic actions are more criticBlueto the low stiffnesshe natural frequency of a
tall and slender building usuallylow, andthe performancef the structurean be
influenced more by wind turbulence thiay earthquakegBalendra, 1993).

Earthquake
spectrum

Wind turbulence
spectrum

Power spectral density

Q001 om

0 1 0
Frequency (Hz)
000 100 0 1 01
Period (s)
Figure 2.4 Examplefrequencies of wind turbulence aadrthquakgBalendra,
1993).
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In a dynamic problem the structusssubjected to botkexternal dynamitoads such
aswind loads andnertiaforceswhich act opposite the external forcbsth of which
vary over timeThe acceleratioin correspondenct the irertia forces are:

QA a a O ab (2.1)
where:
"Qa is the irertia force at height z and time t
a & is the mass of the structure at height z
T o is the acceleratioof the structure dteight z and time t

e e filzt=miie0

|
-h /
!
|
|
|

/

-y

Figure2.5 The structure subjected to dynarteadings(Balendrg 1993).

For thestructural system

~ ~ ~

af o Qf vo (2.2)
where:
a is themass
&) is thevicious dampingoefficient
ko) is thelateral stiffness
T is the lateral displacement
0 6 is the lateral loding

The mass, damping coefficietateral stiffness and thstructural responsef lateral
displacement arkey factas in thedynamic problem of a buildindg.arger mass
lateral stiffness and damping desyorablewhen it comeso the dynamic behavior.
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2.2.3 Gravity resisting system

The gravityweights can help resist theplifting force due to the overturning moment.
One of theconsiderationg designinggravity resisting systenn relation to the

lateral load reistance ido transfer as mch of the gravity loads through the
stabilizing system as possiblleong spangonnecting the core to the perimeter
structureswithoutinterior columns and walls amesired The challengdies in the
design of the floor slabsith large spans while stitheetingrequirementsegarding
dynamic isses.The depth of the floor ight be quitdarge The fixedconnections
betweerfloor elements and thedjacenstabilizingsystemcan make ipossible for
larger spanAnother strategy is to widen the effectivalth of the cordSOM, 2013).

Theunevenshortening of structural elemersisch agolumnsin the perimeter and
the core wallscaused by the vertical logasn cause problem in serviceabilitfhis
can lead to problesifor floorfinishing and cladding detailsMPA & fib, 2014).

2.3 Geometry and modification
This section describes hawe shape of the building playssgnificantrole in the
structural design and the effect of wind load on high buildings.

Due to the high speed of wind on the top of the tall building and the slender
geometrical form, highiise buildings are very subjected to wind load both in static

and dynamic state. The wind force that a higle building subjected are alomgnd,
caused by the wind turbulences directly on the surfaces, and crosswind which can be
induced by vortex shedding.

DD

Wind direction
_— ) Wind direction
_

2D

Along-wind
Torsion

(a) (b)
Figure2.6 The wind loads acting on a building (a) Wind flow (b) The resultant wind
forces

During thestructural design both the alomgnd and crosswind should be taken into
consideration and be designed.fBor a supertall building the oscillations induced by
vortex in the cross direction can be more critiegdhghmandar& Elnimeiri, 2013).
When the wind speed is low it is usually the alemgnd which is dominant. While the
wind speed increases thesswindwill become more and more critical and can
dominate the structural behavior (Xie, 2014).

There are two general waysitoprove the dynamic behavior of higtse buildings.

One is to optimize the building geometry to mitigate the wind loads from the source,
and the other one is to choose proper structural system and improve the global
stiffnessduring the structural desigAlaghmandar& Elnimeiri, 2013).Since the
geometry is very much dependent on the architectural design, the aerodynamic study
is worth to be conducted at very beginning of the design.
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2.3.1 Plan shape and corner modification

Buildings with square and rectangular plan sectiorcanemon becaudiey utilize

the land most efficientlyHowever symmetrical cross sectiolike square,
rectangulargircular,or triangular are most susceptible to winduced vibration
(Elbakheit 2018. Corner modification is a very effective way to decrease thd-win
induced loads on highise building. A rule of thumb is that the modified part should

be at least 10% of the width of the building and in general the corner modification can
contribute to reduce both alowgnd andcrosswindexcitation (Xie, 2014).

Sharp Rounded Chamfered Recessed Finned Slotted

EDQG:\D
SpEne [ ]

Figure2.7 Examples of corner modificatiqilshaer2017)

Chamfer which is 10% of the width of the building can reduce 40% alomg)

response and that of 30% in the cross direction compared to a building with square
section without corner modificatiofplmes2001). Among chamfer, recession and
roundness, roundness is the most effective way to improve the aerodynamic and
dynamic respons&awai, 1998).

2.3.2 Modification in elevation

Modification of the shapes in elevation can influence the architectural design, much
more than local modification around the corn@itserefore this process should be
continuously involved in the architectural design of the building from the very
beginnirg. Some common approaches are for example tapering, setback, twisting and
opening in the building body. The common principle thakesall of these solutions

work is that the change of the shape over the height make the frequency of the vortex
shedding vey over the height as well to avoid theitual excitation (Xie, 2014).

S <
Q
Q

Y P

Basic Tapering Twisting Set-backing Opening

Figure2.8 Example of form modification in elevati@lshaer2017)
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2.3.2.1 Tapering and setback

Tapering means that the widthtbe floor plan section of the building gradually
decreaseesver the height. Tapering is more effective in mitigating vortex shedding in
the crosglirection rather than the effect in the alemond direction. But this might

have a negative impact on the sturetwhen the damping ratio is too low
(Alaghmandar& Elnimeiri, 2013). This is because the narrowing to the top and the
decrease in mass close to the tip can caxsessivecceleration, which is not
expected with consideration to the comfort issue (X04,4). Therefore poth effects
needto be includedSetbackinvolves asimilar structural concept and principle as
tapering analsothe risk for increased acceleration.

2.3.2.2 Twisting

Twisting is another effective way to reduce wind effect. (®@14) showedhat the
effectivity increases with the increase twisting degrees. Considering the difficulty for
facade claddingl20 degrees with opening on the top camab@ptimal choice.

2.3.2.3 Opening

Opening can helpo reduce both the wind loads in the alemind direction and

vortex shedding. The opening can let the wind turbulence through the solid building
body and release the surface pressure. Opganegommonlyplaced near the top of
the building and the winddiw will be disrupted to improve the dynamic performance
(Irwin, 2009).

2.3.3 Consideration regarding structural stiffness

Apart from the aerodynamic effect, the geometry of buildings can influence the
structural stiffness as welteometriesvith circular sectionhavethe same stiffness

in all direction unlikegeometries witlsquare sections. Tapering or setback may
improve the aerodynamic response but the decrease in the structural stiffness need
be considereds well.

2.4 Structural systems fortall building s

CTBUH describes four main types of structural systems for tall buildings: shear and
frames system, interacting system, partial tubular systems and tubular systems. These
can be further divided into interior and exterstructures, depending on which kind

of primary lateral load resisting system a building has. Interior structures can be
created by forming columns and beams in the core that are stiff enough to resist wind
forces. The core is usually an elevator shathenrhiddle of the building, saving a lot

of open areas for each floor. Interior structures can be divided into rigid frames, shear
wall hinged frames, shear wall or frame interacting systems and outrigger structures.

Interior structures have two commormpés of lateral load resisting system, mornent
resisting frames and shear trusses or shear wall sylst&xterior structures, the

columns and beams instead of being inside the core are placed at the perimeter of the
building and form a hollow, rigid tubé&at is as strong as the core but much lighter
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Exterior structures can be divided into tube structure, diagrid structure, space truss
structures, super frames and exoskeleton stru¢ilir& Moon, 2007.

2.4.1 Rigid frame

A rigid frame system is an interiomrgtture with a momemntesisting frame. This

system consists of horizontal girders and vertical columns that are rigidly connected
together in a planar grid form, segure2.9. The dimension of the columns in this
system depends mostly on the gravity ®add vertical loads. However, to ensure the
lateral stability of the building the dimensof the horizontal girders depend on the
stiffness of the framd-or a concrete constructiamrigid frame, the most economical
span is8-9m (MPA & fib, 2014).
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Figure 2.9 Typical gan ofa frame stucture

2.4.2 Shear wallsystem

The whole system behaves like vertical cantilevers that are fixed at thétlimse.
common that shear waldseplaced in the middle of the buildiras the service core.
Concretecore and stedramed core are two of the most common core sys(Ems
2018).1t can alsdbe coupled shear walls whicéfersto morethan two shear walls
being connected by beams or slaldse overall stiffness of the system exceeds the
summation of indiidual stiffnesgAli & Moon, 2007).

Figure 210 Typical gan ofshearwall- hinged frame structureith core
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2.4.3 Shear wall and frame interaction system

Shear wall and frame interactions systeiers to theeombination of twesystems,

the shear walbystemand the frame systerithe frame can berayid frame or semi
rigid frame.One advantage of this systenthatthelarge lateral displacement caused
by moment deformation can be effectivedgtrained by the frame systemwhich

the shear deformatictominates (Ali & Moon, 2007).

‘

|
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Figure 211 Combined effect dfraced frame and cor@li & Moon, 2007).

2.4.4 Outrigger system

The outrigger system has a core that behaves like a cantiByvegidly connecting
the core and thexterior systemghe overturning moment in the core can be
decreasedColumns in the perimeter helpsrsist the overturning moment by
compressiornn the leewardgndtension in the windward, see Figure 2.12.

Wind direction

Figure 212 Outrigger systenwith steelkrussbelt as outigger

Two typical outrigges are steel outrigger consisting of truss systechconcrete
outrigger in form of deepeams or walldJsually,the outrigger belt can take as high
as one flooand another disaduagage is thathe connection of the trusses to the core
walls can be very complicated to ensure the éffea,2018).
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2.4.5 Tube system

One type of exterior structure is the tube system. By designing the building as a
hollow cantilever perpendicular to tigegound it can resist lateral logdsaking use of

the full depth of the building and obtain maximusogietrical stiffnessThere are

four subcategories of this system: framed tube, braced tube, bundled tube and tube in
tube.

2.4.5.1 Frame tube

The hollow cantilever can be constructed by placing the columns on the exterior of
the buildings closely together and rigidly connectethwieep spandrel beams. This
results in a rigid frame that is dense and strong along the edges of the biliitéing.
typical distance between the column4 is- 4.5m (MPA & fib, 2014). By

introdudng bracing members, the columns in the perimeter candre sparsely

placed than the simple frame tube, called braced Rin&lings in braced tube can
reach up to 300m economica(lylPA & fib, 2014).

N
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Figure 2.13 Elevation of a braced tube
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The shear lag effect is a serious issue in framegystem which can make the
exterior tube not work as a true cantilever. The columns close to the corner are
subjected to larger stresses than those in the middle of theT$mantrodudion of
the diagonal braces can help to redistribute the strésse$igher stressed corner
columns to the lower stressed inner colungRs, 2018).

[H Al 4
g moment g moment

]

Wind load

s
Web Wind load /

(@) (b)

Figure 2.4 The illustration of shear lag effect in frame tube system (a) Frame tube
works as a true cantilever; (b) The stressethe corner columns are
increased due to the shear lag eff€Eu, 2018)

2.4.5.2 Bundled tube

A smaller tube system connected together asumiteis calledbundled tube. By

providing cross walls or cross frames in the building the strength and stiffness of the
building increasg and it is possible to have wider column spacing in the tubular
walls. To furtherenhance the stiffnessissesould be addedAli & Moon, 2007)
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2.4.5.3 Tube in tube system

Combined with a interior tube, in formsfocore, the structural stiffness of tube
system can furth@ncrease. With a tube tube system, the effective height of
buildings can bapproximatéy 80 storiegAli & Moon, 2007).

2.4.5.4 Diagrid system

One structural system that is becoming popular is diagrid systeardiagrid system
mostof thevertical columns are removed and given larger spacing. This system is
structurally efficient as a tubular system. The diagonal components in a diagrid
system can take both gravity loads and lateral loads because their triangulated
arrangement is distribwe and uniform. This system can resist the lateral shear by
axial forces in the diagonal components, but one drawback is the complicated joints
between diagonal membeBiagridsystem on the facade can dominate the
architectural expregm. Therefore good communication with the architects is
important during the design procgBoake,2014).Two very famousarchitectures in
diagrid system ar80 St Mary Axen LondonandPoly InternationaPlazain Beijing.

2.4.6 Spaces trusstructure

Spaces trusstructure is a modified version of braced tubésciv also includes
diagonals that connect the exterior to the interior. The distinction of a spaces truss
structure is that some diagonals penetrate inside the building, while in a braced tube
system the digonals connecting the corner columns are located on the perimeter of
the building.Space truss structurensosty usedin building with large span (Fu,

2018). Ondypical buildingutilizing aspace truss systemttse Bank of China Tower

in Hong Kong.

2.4.7 Super frame structure

A super frame consists of mega columns er@dja girdersThis system isigidly

connected by multistory trusses atevery 15to 20 stériést i s an i deal str
super tall buil dingso and i mtoffstruetsral st | at er
mat eri al 0. 1995).8omg ex&mplds of this systeme the 56storey tall

Parque Central Complex towers in Venezuela@AdC Towerin Beijing.

2.4.8 Exoskeleton

In exoskeleton structures the latel@dd resisting system is locatedtside the facade
of the building. An example of this system is the Hotel de las Artes in Barcé€oea
advantage of this system is that fire proofing is not a serious problem because the
system is located outside the building line. However, thermalnsipa, contraction
and weather protection should still be conside¢atl.& Moon, 2007)
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2.4.9 Classification and considerationgegarding timber buildings

Fazlur Khan has developed and updated the diagrams of classification of structural
systems fohigh-rise buildings in relation to the height regarding structural efficiency,
for both steel and concrete constructions in 1969, 1972 and 1973&. kAdon, 2011)

Supertall buildings with slenderness larger than 7 will perform very poor in resisting
turning moment caused by the wind, especially for timber constructions. One
potential solution for building high timber buildings is to put the stabilizing structural
system on the fagade, making use of the building depth to enhance the global
stiffness, andt the same time try to lead as much gravity load to the exterior
stabilizing system as possible. (Ramage, 2017). Taking away the interior columns
and loadcarrying walls can be one approach. The diagrams of exterior structures in
Figure2.16shows alsoHat the steel braced tube without interior columns can be built
50 stories higher than that with interior columns.
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Concrete Steel Tube in Concrete Steel Steel Exo-Skeleton Steel Concrete Steel Braced Space Super
Framed Framed Tube Braced Braced Diagrid Bundled Bundied Tube w/o Truss Frame
Tube Tube Tube Tube Tube Tube Interior

Columns

Figure2.16 Exterior structures (Ali & Moon, 2011)

The exterior structurethat carefficiently be built as high as 60 stories are tube
structures, space truss and super frame for concrete and steel buildings. Such tube
structures can be for example framed tube, braced tube, diagrid and bundled tube.
Ramage (2017) argaéhat tubes, diagrid and megraisses could be considered for
high-rise timber buildings.

CHALMERS, Architectureand CiviEngi neer i ng, Master®» Thesis

A



2.5 Timber as a building material

In recent times, timber is one of the most common building materials in construction
especially in buildings because itasvironmentally friendly and has moderately high
strength. Timber construction has variety in form and is very aesthetically pleasing
with regardto architectural character. Despite all the advantages, timber is an
anisotropic material which means it ldiferent properties in different directions
(Swedish Wood, 2016 It is also moisture dependent and is sensitive to rot and
insects. Structural engineers always need to verify that the chosen timber materials,
dimensions, and structural systems fulfiltak requirements regarding functionality,
durability and maintenance. This section describes more about timber properties such
as how it is affected by moisture and creep. Several recommended timber products
and timber connections for a tall building ateo introduced in this section.

2.5.1 Property of timber

2.5.1.1 Timber mechanical properties

In timber the effect of the natural characteristic such as knots, spiral grain, juvenile
wood, and reaction wood decides its grade and stréSgtadish Wood, 2016)

Timber isananisotropic material which meatigtit has different properties in
different directios. These directions are defined as longitudinal, tangential, and
radial. In practice, there are two main directions which are irapbtd consider in
design: parallel to the grain and perpendicular to the grain.

L — longitudinally
T — tangentially
R — radially

Figure2.17 Three directions invood Figure 2.13n Design of timber structures
Volume 1 $wedish Woo®016)
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The strength of timber depends on the abgisveertheload and the grain direction,
seeFigure2.18 Timber has its highest strength when subject to load parallel to its
grain direction. The strength of wood in compresgiarallelto the grain is very high
however when the load is too high thieréis start to buckle, and timber will have a
ductile behaviour. In compression perpendicular to the grain the shape of the wood is
crushed and deformed at low forces, therefore the strength of timber in this loading
direction is very low. In tension perpdioular to the grain timber has its lowest

strength. Timber has high strength in tension parallel to the grain but if failure occurs
it will be very brittle.

Compression

Bending

!

Strength in
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o= Angle a between load and grain direction

Figure2.18 Strength in compression, bending and tension

Timber has a lot of advantages sada high strength per weight ratio, it is a very

light material compared to concrete and steel. In fact, the density of wood varies

between 170 kg/Ato 1200 kg/m. Meanwhile the density of concrete is

approximately 240@g/m? and the density of steel@ound 785Kg/me. The light

weight of timber eases the transportation, construction and i=itheceundation

work but also is a problem in building dynamics and vibration because the lower the

mass, the | ower the buildingds inertia and

2.5.1.2 Influence of moisture

Timber is a hygroscopic material and is affected by the moisture content around it
(Swedish Wood, 2016pPepending on the moisture content and environment, timber
can either adsorb or desorb the moisture content. The strength aof tiedreases

with increasing moisture content, which is why timber needs to dry before being used
as a building material, séggure2.19 Timber can be dried in a large kiln or solar

kiln where humidity and moisture content can be controlled. If the areisbntent

is above the fiber saturation points (FSP) then the strength of timber is almost
constant but if the moisture content is under FSP then the strength of timber increases
with increasing moisture content. The compression strength of timber iaffexted

by the moisture content, meanwhile the tension strength of timber is almost
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independent of the moisture content. Changes in moisture content in wood leads also
to dimension change and the danger of being attack fungi attack may also increase.
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Figure2.19 Modulus of elasticity of timber related to change of moisture content
2.5.1.3 Influence of creep

Creep is defined as the extra deformation increase with time under constant load
(Swedish Wood, 2016) his time dependent deformation can be divided into three
parts, elastic, delayed elastic and viscous deformation. The elastic deformation occurs
directly after a load is applied to a structure. After that the deformation will grow
slowly under a constatoad, consisting of both delayed elastic and viscous
deformation. The delayed elastic deformation is reversible in time while the viscous
deformation is irreversible and remains the same under loadingigsse 2.20

There are also some external factors that affects creep such as temperature, load
direction, stiffness, knots, and moisture content.
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Figure2.20 Creep curvelLoading and deformation over tinféigure 2.23 in
Design of timber structurégolume 1 (Sedish Wood2016)
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2.5.2 Wood product for tall buildings

There has been a huge development in the world of engineered wood products (EWP)
to overcome the drawbacks of sawn timber. With EWP it is possible to produce
almost all kind of shapes and sizes dependmthe design demar{@wedish Wood,

2016) The largest disadvantage of sawn timber is its deviations such as knots,
reaction wood and grain angle, but these deviations can be decreased with EWP. The
problem with lack of old growth timber can be solved bing lower quality wood to
produce EWP with desired quality. EWP atsoless affected by moisture dependent
deformation likeshrinkageand it is easier to control its strength and elasticity
properties.

High buildings are subject to larger |leatierefore the primary components are
usually larger and have higher strength. A building consists of many parts and each
part has different requirement in terms of strength and size. Depending on the
application in buildings, a combination of timber produwill be better. There are
three common primary components for timber buildings: solid timber, glued
laminated timber (glulamgnd crossaminated timber (CLT).

Structural timber is also known as solid timber which normally is up to 6m long and
245 mmhigh. The strength grading of solid timber grades each timber into different
strength class from C14 to C40. The number of the indicates the bending strength
parallel to the grain of the timber. For example, C14 means that the timber product
has a bendingtrength of 14MPa. In Sweden only C14 to C35 are available in the
market. Solid timber can even be longer if finger jointing is applied.

Glulam is the oldest of the engineered wood products. Glulam is made of small timber
laminates bonded together wallhesives and finger joints. All the lamination is

oriented in the same direction and all grains are parallel to the longitudinal axis.
Glulam can be homogeneous or consist of different strength graded lamellas which is
called combined glulam. Due to thkigg process, it is possible to match the

lamination quality to the level of design process and therefore glulam can have bigger
dimensions and more shapes than solid timber. The largest available dimension of
glulam in the market is 2m x 2m and 30m ldngt

Cross laminated timber is also called (CLT) and has lamellas oriented in different
directions and often is used in stabilizing walls or slabs. Each layer of lamella in CLT
is placed perpendicular to the layer above and below it. Depending on theddgmelan
design the number of layers can be 3, 5 or 7. One important thing is the two outer
layers of CLT always have the same direction and better strength. The dimension of
CLT available can be up to 500 mm thick, 3 m wide and 24 m long.

Laminated venedumber or LVL is made of veneers which are usually 20 to 90 mm
thick and made from spruce or pine and glued together either in perpendicular
direction or in the same direction. LVL has high bending, tension, compression
strength and has high stiffness aswell as shear strength. LVL is available in
dimension up to maximum 3m wide and 24m long.
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2.5.3 Connection in timber buildings

Timber elements need to be connected to each other to form a functional structural
system. Timber connections affect the strudtbedavior of the structural system.

There are three types of timber joints: traditional timber joints, dowel joints and glued
joints. The stiffness of timber joints depends on the number of fasteners, density of
the timber, the fasteners diameter and gfpkasteners i.e. glue, nail, screw, bolt.etc

2.5.3.1 Dowel joints

This is the most common type of joint in timi{&wedish Wood, 2016)n dowel

joints forces transfer through shear. Predrilled holes are required or not depending on
the type offastenerandthis might weaken the structure because of the reduction in

the cross section. Dowssire divided in five subgroups including nails, screws,

dowels, nails plates and bolts

0 o
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Figure 2.2l Different types of timber connect®(@) Hexagon head wood screw,
(pre-drilling required), (b) Countersunk head wood scrg{@) Double
threaded wood screwd) Dowel, (e) Nail plate (f) Punched metal
plate fastener(g) Bolt, (h) Bolt with washer and n Swedish Wood,
2016)
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When a dowel joint is | oaded it can fail i
theory. The assumpt i on lasticrbehdvohobfasterensimis t he o
bending and rigieplastic behavior of the timber in embedding. Rigléstic behaior

means that neither lateral nor axial deformation takes place at low value of loading.

2.6 Other considerations

This sectiorgives information about otheonsideratiorthatare also important when
working with timber materiah buildings

2.6.1 Fire safety

Fire escape and fire resistance are two important aspects to ensure safety in case of
fire accidents. For the former one, proper design of escape stairs and path need to be
included in early design of plan layout. For the latter one the structeraéets and

joints need to have adequate resistance during the resistance time. 90 minutes is
usually the requiremenivhile 120 minutes can be required for more important

elements. For Oakwood Tower all the primary structural elements like columns,
beamsand walls are designed to have a resistance time of 120 minutes (Ramage et al.,
2017). Considering the height up to 200m, the resistance time of 120 minutes might
be practical for this design.

For timber, a charring layer close to the surface will be éataiue to exposure to the

fire, which will contribute to insulate the cross section in the core. The burning rate
should be regarded as constant (SIS, 2009). Fire resistance should be designed
following the procedures in SEN19951-2 and SSEN19911-2. The resistance

time, the resulting capacity of the effective cross section and the temperature should
be verified. The effective cross section can be calculated by the simplified method and
be calculated by the initial cross section area subtracted byfé¢totivef charring

depth. The charring depth can be calculated by expre2s3on

Q Q 5 Q0 (2.3
where:
Q is theeffective charringlepth
Q is thedesign nominatharring depth
QQ is thedepth of the weakened layer

The values of kand dare given in Section 4.2.2 in §3N19951-2 and the

calculation procedures for the nominal charring depth in 3.4.3. Since the fire design is
not the focus in this project the design details willlm®{presented here. However, the
fire design for structural elements is of great importance.
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1: Initial surface of the structural meber
2: Border forresidual cross section
3: Border foreffective cross section

Figure 2.22 lllustration of theresidual cross section and effective cross section.
Figure 4.1 in SEN19951-2 (SIS, 2009).

In strategymega structural members are better than a great number of elements of
small size since the percentages of the remaining cross section are lastyerctaral
members of large sizes, compared to those with small sizes, if the effective depth is
the same for all. It was mentioned that the large sizes mega truss elements for the
timber building Oakwood Tower have great significance in fire resistararadge et

al., 2017). With regards to the shape of the structural members a design principle
applied in the timber tower research project led by SOM (2013) is to use simple
shapswith high volume to surface ratié square cross section is preferred rather
than rectangulalhe design strategy for structural members regarding the fire safety
can be to choose:

1 Mega structural members
1 Members with large volume to surface area rdtioexamplemembers in
square cross section

Penetration and smokentrol, sprinkle system, escape space etc. regarding fire safety
should be included during the design process. Fire retardant paints and covering of the
joints should be given consideration.

2.6.2 Soundand vibration issues of the floor

The low mass of timbarancauseacoustic problems for wooden floor elements. CLT
floor elements exist on the market which, when combined with sound insulation and
sound absorption layersan handle sound issues and satisfy sound requirements for
residential housing and offidauildings. The investigation to ensure that the floor
slabs supported by the external structure and core walls without columns can fulfill
the dynamic requirements are not included in this thesis, but by study of existing
timber buildings and CLT producis the market, a span up to 10m is possible.
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2.6.3 Daylight

A simple rule of thumb regarding the daylight in design is that the window area
should be at least 10% of the floor areas (Boverket, 2019). In general, when the depth
of the room, i.e.the distance &'m the windows to the deepest walls, is smaller than

5m, adequate daylight can be expected. In the range between 5m to 10m, the daylight

can partly reach. Deeper than 10m, the condition of the daylight can be regarded as
bad. (Ibrahim & Hyman, 2005). Torsplify the analysis, a design with maximum
depth of 10m was considered as acceptable in this thesis.

2.6.4 Vertical transportation

Transportation within a highse building relies heavily on the vertical transportation
system consisting of elevator and staits. A proper design of the number of

elevators and what floor each of them can reach can greatly improve the efficiency of
transportation. Calculation of the requiramberof lifts, lift speed and waiting time

etc. by a lift specialist is required already in the early stage of the design process
(MPA & fib, 2014).

In terms of accessibility, according to Boverket, the national board of housing,
building, andplanning of Sweden, the main rule is that for buildings with more than
one floor there must exist one elevator that provides enough space for a person with
wheelchair and assistant. For buildings with more than 4 floors, at least one rescue
elevator that &n fit stretchers is required. The required size for this kind of elevator is
1.1x2.1m. For buildings with more than 10 floors at least two such elevators are
required. (Boverket, 2011). For office buildings, there might be additional
requirement on the z2 of elevators with consideration to rush hours.

Turning Torso, the current tallest building in Sweden where most of the floors are
used for residence and a few commercial usages, is provided with 5 elevators. In a
previous investigation of the 200 m twer tower, various shapes of cores with 8
elevators and with minimum space of 2 m at the opening were studied. (Gyllensten &
Modig, 2020). A core of approximately 10 m by 10 m should be feasible and was
adopted in this thesis.
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2.7 Structural design

The structural members should be designed both for ultimate limit state (ULS) and
service limit state (SLS).

2.7.1 Design ofthe structure andthe structural components in ULS

In the ultimate limit state, the structural components should be designed ieprov
sufficient capacity, verified according to Eurocode and EKS1Apjpendix Ethe
relevant procedures can be found.

Some of he main ways to improve the structural performance in ultimate limit state
are:
1 Optimize the building geometry to reduce tbads acting on the building
1 Optimize thegeometryand structural systems to avoid shearftagnore
evenly distributedtresses
1 Optimize thebuilding geometrnyand structural systems to makd fise of the
building depth to improve thglobal stiffness
Optimize the cross section of structuramponents
Usematerials with highestrength
Make use of the strengpiarallel to the gramwhich isusually the strongest
direction for timber
1 Avoid buckling ofthe structural components ensure full use of structural
resistance

== =4 A

2.7.2 Design of the structureand the structural components in SLS

In the design for service limit state the serviceability of the building should be
controlled. The deformation and dynamic problem are two of the isgues that can
cause damage of netructural elements, comfort problems and difficulties in
usability, appearance and so on.

2.7.2.1 Limitation for global deformation

Horizontal deformation is crucial for higise buildings. The horizontal

displacement athe building and the relative story displacement can affect the fagade
cladding. This limitation needs to be confirmed with the facade engineers. In practice
values between h/300 and h/500 have been used before (MPA & fib, 2014).
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0

u: the maximum horizgal displacement of building
ui: the horizontal displacement over one floor

Figure2.23 Definition of horizontal displageent. Figure Al1.2 in SEN1990. (SIS,
2002)

For the limitation h/500, the horizontal displacement of a building of 28@culd be
limited to 400 mm, where for each floor it is about 6.5 mm.

The horizontal displacemeatf a building isa sum of that from bending deformation,
shear deformation argkeformation of joints.

Theapproaches to improve the structural behavior with regards to the global
deformation are for example:
9 Use stiffer material with higher modulus of elasticity and shear modulus
1 Optimize building geometries and structural systems as mentioned before to
improve ULS performanceo increase the global stiffness of the structure
9 Stiffen joints and decrease joint slip
1 Decrease the loads which trigger the horizontal displacements

2.7.2.2 Limitation for deflectionsfor beams

Both theinstantaneous and final deflectiansluding creegor beans need to be
controlled.

Table2.1 Limitations for deflections for beams. Table 7.2 iRE»$1995.

Winst wner.ﬁn Win
Beam on two (/300 to ¢/500 11250 to (/350 ¢/150 to /300
supports
Cantilevering /150 to (/250 11125 to /175 (/75 to /150
beams
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The verification should be conducted according to Eurocode. In this thesis the
deflection of the individual structural components iscmtsideredandthefocus is
on the global behavior.

2.7.3 Dynamic designin SLS

The design and criteria to achieve satisfying vibrakiehaviors in the service limit

state shall consider the receivers, which can be categorized as the structure, the

building content, and the comfort of users. The detailed criteria are specified in the

same international standards-E5%-10137 which is applicable for Swedish standards

as well. Regarding the comfort of users, the peak acceleration is a very important
variable, the usersodéo sensibility to it wvar
2008). The guidance for human response to wmadiced motions is attached in

Appendix Cin SSI1S0O-10137.

Figure2.24shows the eauation curves fowind-induced vibrationsor buildings in
horizontal direction$or oneyear return periodvherecurve 1is for office buildings
and curve2 for residential buildingsr he peakacceleration othe target floor should
notexceedhe evaluation curves in the structural direction (in along wind and cross
wind directions) andh torsion.The peak accel&tion intorsion should be

recalculated tohe trarslationaltorsional aceleration as I 0, wherei isthe
distance to the torsional center and 0 is theangularacceleration in torsion$(S,
2008).

0,3
0,21

0,2 N

0,15
014 || \\ : /
e~
T~

0,1
0,08 - ~.

0,06 ~

0,04
i

0,02 -
0,06 0,1 02 03 05 1 2 3 5 f,

A: thepeak acceleration nt/s
fo: the first natural frequendylz

Figure2.24 the evaluation curves favind-induced vibrationsCurve 1 foroffice
and curve 2 for residencéSIS, 2008).
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The wind velocity for 1 year return period can be determined by the following
equation according to ISO 6897 (SIS,2008):

Yy g p ™OE AgeHp — (2.3
where:
Y is thenumber ofyears setto 1 year for theevaluation of comfort criteri:
T is the characteristicvalue of the reference wind velogitgiven in
EKSL1

The pealacceleratiortanbe determined by¥quation(2.4) according tdEKSL1.

(I‘) d TQ Ql d (2'4)
where:
A o is the peak acceleratipeeeAppendix F
ko) is the peak factor, calculated by expresgiory) in Appendix B
. Q is the standard deviation of thecelerationcalculatedoy expressior

(G.2) inAppendix F
Thecomplete calculation procedure can be found in AppeRdir the calculation
for peak acceleration, the valtgr the mechanic damping of 9% was applied.

The mass, damping coefficient,daal stiffness and the structural response of lateral
displacement are key factors in the dynamic problem of a building. Larger mass,

lateral stiffness and damping are favorable when it comes to the dynamic behavior.

For improvement of the dynamic behawiptihe most efficient ways summarised by
Gyllensten & Modig (2020) are:

- Increasemass whetthe eigenfrequenag smaller than 1Hz
- Introduce damping when the eigenfuency is between 1Hmd 2Hz
- Increase the structursatiffness when theigenfrequency is tgerthan2Hz
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3 Geometry study

In this section variougolumegeometries werenodeledand thestructural behavior
consumed materi@ndobtainedrentalareawerecompared, among which one
promising alternative was selected for furteudy.

The research process is shown in Fighifebelow. The procedures labeled with
dashed lines present theometry generation method and geometries created for
analysis. Those witholid lines stand foanalysis conductedhere those in red are
finite element analysis.

- -
" - " -~

- ~ - ~

_ — —General method t6° ~ ~ _ _ — ~Special method to~ ~ ~ _

~ - _generate geometries - = - te-a _generate hyperboloid - = =
- - - -

-
-'-n., - . -

ﬂ

Enolutionary design to find
the optimized geometry

\

I Yo I 2
: 1 optimized geometry | : 25 selective geometries ! : 1 hyperboloid :
I ) ]

! I I I o I ! |
! ? I ! ‘ | ! |
| . ] I L | I |
| | | see 1 ! 1
'____.[____J N, J - |____J

FEA g

=

Evaluation

Figure3.1 Work process$or geometry study

The general method was applied to paraimaly control all geometries expect the
special hyperboloid, presented in Section 3.1. By this method countless geometries
can be created and it is not possible to manually study all of them. By the
optimization algorithnmGalapagossee in Section 3.4, With its evolutionary design,

the inputs parameters that govern the shape can be optimized for minimum defection.
Due to the large amounts of computation that occur during the evolutionary process,
the structural model was simplified to have only poet load on the top edge, which
differs from the real situation where the wind load is exponentially distributed over

the height. The best solution that causes minimum tip displacement was kept for
further study, see Section 3.4. Apart from this, 25 geaes combined with various
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facade curvature and plan sections were manually selected for study to get a deeper
and more intuitive understanding, see Section 3.5.

Hyperboloid geometry can in theory be a promising one due to the potential for

straight loa pathslt hassurfaces thaaredoubly ruledandfor each point on the
surfacethere are alwaysvo crossing straight lindbat lie on the curved surfac&his

was generated in its own special way and one applicable case was chosen, see Section
3.6.

Thereafter all thes27 geometries will beralyzed with FEM with distributed wind
loads. The result will beompared and evaluated according 82aes of criteriasee
Section3.7 and SectioR.8.

3.1 Parametric volume geometry

As discussed in Section 2.3, square plans with various roundness of corners were
chosen to be investigated. Volume geometries were determined by the combination of
shapes in plan and facade curvature.

.+_

Facade
shape

Figure 3.2 Geometries as combination of a plstmape and a facade contour, where
the plan shape is chosen from squares with rounded corners. When the
radius is equal to 15 the plan is circular. The facade contour is either
hyperbolic or linear in the height direction.

Since the geometries are conteollby the parameters it is possible to make
investigations into all potential geometries within the domain, rather than the
predetermined geometries presented above. The controlling parameters and geometry
generating process are illustrated in Figure 3.3.
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200m

v
A
Vi

h1

<> < O P

Plan shape — Scale down —p Lift upto a certain ~ ——» Loft the curves to
the shape to levels generate the

three curves geometry

r:  radius of the rounded corner
s1: scale of the in- between curve
s2: scale of the curve on the top
h1: height of the in- between curve

Figure3.3 Parametrized geometry. The generation of the geometry is determined
by four parameters: roundness of the corners, scales of upper two
controlling curves and height of the curve in the middle.

Several examples are presentetbdews:

| | :
=] ! |
S : - !

. : l

: |

: : o
’/I—\“\ /’I_- ~ PR Pl -
r. 6 r: 9 r: 15 r: 15 r: 0
s1:0.9 sl:1 sl:1 s1:0.83 sl:1
s2:0.8 s2:0.8 s2:0.8 s2:0.95 s2:1
h1:100 h1:0.01 h1:120 h1:52 h1:20

Figure3.4 Several examples geometries and the corresponding parameters
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3.2 Structural model

Though in reality the structural behavior of a hrgge building, subjected to both
gravity load andexpmentialdistributed wind load, is quite cghicated, several
simplifications can be made in this early stage to simplify the evaluation.

3.2.1 Simplified structural model

As discussed in Section 2.4, the external system is supposed to resist the lateral load
as a cantilever beam. The modelling of the complex stabilizing structure was
simplified to a tubal structure. Also, in this early stage, the precise load and material
properties are not essential, as long as different alternatives of geometries can be
sufficiently compared to each other. For a cantilever beam with identical cross section
along axis and constant stiffness El, the lateral stiffness of the structure can be
reflected to a great extent by the end deflection. In the present case when the stiffness
varies over the height due to the various geometries and the wind load is not evenly or
linearly distributed over the height, the structural behavior can be mordecorBpt

the global stiffness can be still reflected by the maximum horizontal displacement at
the top and/or the average horizontal displacement.

The wind loads act directly on the enveloping surfaces of the building by the wind
pressure, varying fromiwdward side to the leeward side. In this study it is the global
structural behavior that is interesting rather than the local effect, therefore a resulting
wind force on each diaphragm floor is sufficient to estimate the global structural
response. Sincie wind loads increase over height and the cross section of the
building geometry varies, the interaction will be more complére result will be

more reliable if the distributed wind forces over height can be more precisely
estimated, rather than simimid as being uniformly distributed. The structural model
was therefore simplified to a tubal shell structural connected by stiff floor slabs with
distributed wind forces anchored at each floor level (see Figure 3.5(b)).

PLAN

L7777 77

777777777777
(a) (b)
Figure 3.5 Simplified structural model. A tubal structure (of square cross section as
an example here) subjected to (a) a lateral point load. (b) Distributed
point loads on each floor. Tretructure is fixed at the base.
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The evolutionary design requires significant computing resource because of the great
number of models that need to go be run through. In order to avoid overly long
computation times for this, the structure is further sifigalito have a single point

load applied on the top edge of the structure in the mass screening of parametric
geometries during the evolutionary design, see Figure 3.5(a). By this all the other
diaphragm floor slabs, except the one on the top where thelpad acts on to

efficiently activate the bending deformation, can be neglected and the number of
meshes included will decrease dramatically, saving large amounts of computation
time. Note that this model will only be used to get a single optimized gfepinom

the mass screening in the evolutionary design. The optimized geometry obtained from
this process will thereafter be further analyzed with all other geometries according to
the structural model with exponentially distributed wind forces, see é&g&(b).

The influence of the simplification in evolutionary design has been controlled, see in
Appendix GL. This simplification might be a good balance between the precision and
computation efficiency.

3.2.2 Properties of elements

The slabs werassumed to be so rigid that the point load will be transferred axially to

the flanges and be carried mainly by the bending of the tube, not by the deformation

of the slabs themselves. In order to achieve this effect, a fictive slab with a very small
thickress and | arge modulus of elasticity was
slab was set to O to avoid the influence of transverse deformation.

E

tl////////é/////////

Figure 3.6 Floor slabs If the thickness of the slab is small enough #wednodulus
of elasticitylarge enough, the bending stiffness El can be sufficiently
small compared to the axial stiffness E, so that the load can be regarded
to be carried only by the axial resistance.

For the tubal structure, usage of isotropic material is sufficient to evaluatetyes,

though for a truss or frame structure the stiffness in different directions can differ.

Since both shear deformation and lateral bending deformation are involved the

relative bending stiffness and shear stiffness may influence how the strudtavede

globally. There is uncertainty as to what extent this will affect these slender

geometries, where bending dominafBse equivalent membranréo ungés modul us
and shear modulusr diagrid trussesvith given angles and sizes of truss members
wereapplied in this study, by usimgdi agri d structure equival en
me mbr ane (Shi&Zhaong@a@l9).
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The equivalent membrane modulus for trusses can be calculated from:

o — (3.2
0o — (3.2
where:

is the equivalent modulus of elasticity

is the equivalent Shear modulus

is theaxial modulus of elasticity the truss beam

is the area of cross section of the truss beam

is the width shown in Figure 3.7

is the angle of diagrid element, shown in Figure 3.7
is the equivalent thickness of the membrane element

~| 81050

The angle and height beeFigure3.7,for calculation ar@assumed to be 65 degrees

andthe height over two floorapproximates.4m. The cross section of the truss

element is assumed to be 2nNote that theactuale qui val ent Youngés mooc
shear modulus variester the design of truss systenterelativebending respective

shear stiffness iaffecteddominantly by the angles of diagrids.

Figure 3.7 lllustration of deformation odliagrid element and equivalent membrane
element. (a) Axial deformation (b)Shear deformafi®hi &Zhang,
2019)
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3.2.3 Load

Only wind loads were included in structural models for geometry study.

The wind loads applied on the top was calculated accordiByltd9911-4. The
wind force acting on a structure can be calculated by the expression:

O OOIMN a D (3.3
By discretization:
0 0O Bl a b (3.4)
where
Www is the structurdactor, set to 1 in thistudy
W is the forcecoefficient, seeAppendix A
n a is the peak velocity pressuat reference height,zsee Figur&.8
0 is the referencareaof thestructure or structure elemestee Figurd.9
H#H
i ECAC = A() B
>
b L >
———>
F——>
F——
h hstri;{ Tzezzstrip qp(Z)=qp(Zsmp)§>r
TP gamg,n)
b
t :

Figure 3.8 Distribution off & over height
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Figure 3.9 lllustration of discretization of the reference area.

It was observed that the force coefficient and the reference area differ with regards to
varying geometries. When the discretization method is applied to handle the peak
velocity pressure that varies over height, the distribution of peak velocity and
discretized strip area, as seen in Figure 3.9, together will cause different effect on
wind forces on different geometries. For building in form of cylinder the peak

velocity pressure can affect even the force coefficient, meaning that the force
coefficient vares in height. To simplify the calculation this effect was ignored, and
force coefficient was calculated with a constant building width 30m. Apart from this
the structural factor was set to 1 for all geometries. The detzledlation ofwind

loads can & found inAppendix B

The calculation of the force coefficient with regards to different cross sections was
conducted in line witfEN 19911-4, seeAppendix A with mentioned simplifications.
The followingvalues was adopted for wind load calculation.

Figure 3.1 Force coefficient for modifications of cross section

Cross section: roundness radius of cornel Force coefficiento
0-3(square with sharp ends) 1.4

3-6 1

6-14 0.7

14-15 (circle) 0.5
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In the calculation with only ondividual point load on the top enfdr evolutionary
design themagnitude of point load was calculated as:

"0 wd» 00 (3.5
where
"9 is a basiavind load
W is the force coefficiendefined inEN 19911-4
® is theratio ofthereference aret that of abenchmark reference area.,

30m x 200m

-

200m

[ A,:30mx200m
1A

1
1
1
1
1
I
1
1
1
1
1
1
1
1
1
1
1
]
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
J

Figure 3.10 lllustration of the reference area of a structure and the benchmark
reference area

® is defined as
0 — (3.6)

where0 is the actual reference value while is thebenchmarkeference areaf a
building with dimension 30m x 30m x 200irg., 6000n%, seeFigure3.10above.
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3.3 Finite elementmodels for the general analysis

The parametric geometric models built in Grasshopper were then further developed
and assembled to finite element models with the belaramba 3D A convergence
study was conducted. The models were verified by comparison to hand calculations.

3.3.1 Structural elements

The structure includes a tubal structure and slab elements. Both are modeled as shell
elements in FEM models as seerFigure3.11

—
——
——
| e
| Smere—
e
e
b

Eleme rslabs

Figure 3.11 Structural elements in FE model for the geometry analysis

The features of both the tubal structure and slabs were modeled in line with the
principles described in Section 3.2.2. Theoretically the stiffness of Element 2 (top
slab/floor slabs) should befinite large. However, excessively large values of this
can lead to unreliable results due to numerical errors in the FE calculation.

Cross sections and material properties for respective structural elements shown in
Table 3.2were applied showing a reliable structural response.

Table3.2 Cross sections and materials ftructuralelements
Element 1:External tubal structure
Crosssection  Shell constanf50 cni
Material E: 10480MPa G: 2278MPa
Element 2 Slab(s)
Cross section  Shell constanfl cm]
Material E: 1056000MPa  &2500MPa
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3.3.2 Boundary condition

The boundary conditions are presented as follovigguare 3.12

Figure3.12 Suport conditionswherenodeson the bottom aréxed in %, y- and z
direction.

The nodes on the bottom are constrained from displacement in, at and z
directions.
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3.3.3 Loads

The loadsacting alonghex directionand in diagonalvere considered'he

magnitudeof the load wasissignedsdescribe in Sectiorn3.2.3 Since element 2,

i.e., theroof slab on the tdfloor slabswereconstructed tivehawe like a rigid body

by assigninganappropriatanaterial the concentratedbads can be transferred to the
shellelement uniformly This was examined by the results where no evideat
deformationwas observedrhe transition of the nodes included in the same slabs are
the sameThereforetheintroductionof a single pointoadon thetop edgéeachfloor
slabin the FE modetanbe sufficientto simulate the globaleformations.

. -

Figure3.13 Loadsappliedin FEM model

CHALMERS, Architectureand CivViEngi neering, Masterd43% Thesis A



3.3.4 Mesh

The quality of the mesh is important in the FE analysis, affecting not only the speed
of the calculation process, but also the precision of the result. In Karamba 3D,
interaction between different parts of the model is based on the common nodes. In
order Pbr the model to perform globally as a whole, it is essential that the tube and the
slabs are rigidly connected by common nodes. Therefore, the peripherical nodes on
the tubal element located at each floor level should be included in the nodes for slabs
aswell.

The shell elements for the tube and slabs were converted to meshes by the component
mesh brepsmaking it possible to mesh from given points, common nodes that sit at

the connection of elements. The size of meshes are mainly controlled by mesh
resolution where 1m was used.

Meshes for the tubal structural were generateMbgh Surfacevhich can pecisely

control the number of quad elements in each local direction. A convergence study for
the models with the top slab and the tubal structure was carried out and can be seen in
Appendix @., showed that a mesh size of 1m is sufficient for this tyserotture.

Figure 3.14 Example of common nodes for the top slab and the tubal structure. The
same arrangement was used for other slab elements as well to ensure
good interaction between them

3.3.5 Verification of FE models

From the results it was observed that the displacemenadl tbe nodes on the top

slab are identical, meaning that the slab works as a rigid body as expected. The FE
models was verified by comparing end displacement to hand calculation of
displacement of cantilever beam with both circular and square constasisextion,
subjected to a point load. The verification shows that the result of deflection from
hand calculation is slightly smaller than that from FEA. This can be explained by the
fact that in hand calculation only bending deformation and not sheandsion was
included. The deviation is smaller than 5% for both cases and can be regarded as
within tolerance, seAppendix G.
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3.4 Evolutionary design

The dgometric componenBalapagosn Grasshopper was run to get an optimized
geometry.

3.4.1 Optimizing algorithm

Galapagoss a plugin tool for generative design. There are two inputs that must be
defined in order to run it:

Thegenome: variableghat generate various objeéts analysis
The fitness function: parametethat need to be optimized (maximized or minimized)

Genome
1 Fitness @ %

L™
Figure 3.15 Evolutionary computation component from Grasshopper

In the present analysis the genomesrasé, s2 and hl, as shown in Fig8rdand
thefitnesstarget is the end horizontal displacement on the top

There are two different optimizing algorithms inst@alapagos They are

evolutionary solver and annealing solver, where the former oneseadn this

process genetic populations in the next generation are generated mainly from a given
number Abesto populations in theyfor mer
computation are presentedfigure 3.16.

Galapagos Editor

Options Solvers Record
Generic
Fitness = Minimize i
Threshold

Runtime Limit [ | Enable

Max. Duration

Evolutionary Solver

Max. Stagnant 50

Population 20
Initial Boost 2 X
Maintain 5 %
Inbreeding |+ 7 5 %

Figure3.16 Settings for eMationary computation in Galapagos

ge
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3.4.2 Description of themodels used in geometry optimization

As mentioned beforghe evolutionary design requires large computational resources.
The FEM model for evolutionary design, showrFigure 3.17, consists of one tubal
structure (Element 1) and a rigid top slab (Element 2).

One single point load on the top (see Figure 3uid) applied to save the
computation time. Shape effect was included, and basic load value applied is 500kN.
The final wind load included in calculation is according to equation (3.5).

One mistake would be that the loads in the diagonal direcigposd to be the

weak directionwas not included and in theory for the building with square section
should have much worse structural performanitke regards to lateral displacement.
On the other hand, the wind acting on the structure is smaller in thendlatjeection

as well and the effect of the shape factor was supposed to be included in the
optimization process. Later analysis showed that for all geometries chosen for
analysis, including the optimized one from evolutionary design presented in Figure
3.23, the horizontal displacement is not significantly larger when the structure is
subjected to wind forces in diagonal direction than that in x direction when the same
magnitude of wind forcewasapplied and the omission of this may not significantly
influence the result from this section.

Element 2

Element 1

Figure3.17 Structural elements in FEM model for evolutionary design
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Lx yL'x }

Figure3.18 Loadsin FEM model for evolutionary design

Due to the lack of the time to update andue the study of this part, the materials
assigned for this part differ from those in the subsequent geretyisis.

The material properties presented in TablevBe appliedThe materiaproperties
adoptedor the tubal structure corresponds that of steel. This corresponds with a truss
module with a size of approximate 1.6x1.6m and angles of 83 degrees. The assumed
h, see in Figure 3.8, is height over 2 floors.

Figure 3.3 Material properties for tubal structure and the top slabawolutionary
design
Element 1:Tube |
Cross section  Shell constant [50 cm]
Material E: 210000MPa G: 807/@VPa
Element 2 Slab
Cross section  Shell constant [1 cm]
Material E: 210108MPa G: 10510"°MPa

It is observed that thdifferent assignment ahaterial propertieand loadsnfluence
themagnitude of deflections but tifluence on the relativdeflections between
different geometries are quite mingeeAppendix Cl. The resulfrom this part can
be regarded as reliable.

Unlike in the general analysis of all geometries, the tubal shell element was
transformed to meshed loyesh surfacahile there is only one set of common nodes
aligned with the connection curves betnehe top slab and the tube, by which the
pattern of meshes will be more under control and regularly placed. The density of
meshes is controlled by the number of quads elements in each local direction. The
guads later were divided into triangular elements

The corresponding mesh size is 1m for the tube. Convergence study can be found in
Appendix D2.
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Figure3.19 Mesh densityThe mesh resolution was set to 1m

The mesh on the top slab was generatelllégh Brepsn order to incorporate the

nodes on the top edge of the tube for rigid connection between them. A mesh size of
2m was deemed to be sufficient and therefore applied to further speed up the
optimization pocess.

Figure 3.20 Mesh density of top slab. Mesh resolution
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3.4.3 Optimized geometry
A total of 11 generations were develope@ialapagosy the evolutionary solver.

ﬂ

(AAORON 7

N122A4AEA87%9A0 14
[

Figure3.21 Fitness over generations

The fitness over generations in Fig@r@1labove showed that the fitness values

among populations is approaching convergence already at generation 3. The genetic
properties and the fitness are stable over generationiB generation 8 the extreme
fithess on the lower side drops dramatically levtiine rest of the fithess values among
the same generation are still centralized. By checking the value and the visualized
model in Rhino, the structure deforms in the opposite direction to the force load,
which might come from the singularities, leadioegnvalid results The fault source is

of large probability due ttheextremearge elastic modulus of the top slab

Theparameters r, s1, s2 and h are fluctuating around a spemifuerged/alue. The
corresponding parameters and results after awdarefsh study are:

Table3.4 Parameters and results for the optimized geometry from evolutionary

design
Parameter Result
r | sl | s2 | hl | Displacement| Average displacement ol Rental area
at top floor all floors [m?]
[m] | [-] | [-] | [m] [m] [m]
6 1 /08| 44 0.001199 0.000457 48054
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Figure 3.23The optimized geometry from evolutionary design

The aim of this study is only to find optimized geometries through a mass screening
of parametric geometries. For later comparison this optimized one will be further
analyzed with the same material and loads and together with? all other geometries to
ensue the comparability. Some of the examples extracted from different generations
can be found in Appendig5.
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3.5 Typical geometries

A series of geometries were created in line with the method described in Section 3.1.

These geometries are numbered in Figure 3.24 where thosesantieeolumn share
the same facade shape and those in the same row have common plan section.
Controlling parameters for these geometries can be found in Table 3.5 and the
perspective view of the geometries can be found in Appeditlix

M m -

1 6 1 16 21
() 2 7 12 17 22
F 3 8 13 18 23
Cj 4 9 14 19 24
O 5 10 15 20 25

Figure 3.24 Numberng of representative typicgeometries

Table3.5 Parameters for modelling of 25 typical geometries

sl

s2

hl

Model 1

Model 2

Model 3

Model 4

Model 5

Model 6

Model 7

Model 8

Model 9

Model 10

0.83

0.95

52

Model 11

Model 12

Model 13

Model 14

Model 15

= = =
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Model 16
Model 17
Model 18
Model 19
Model 20
Model 21
Model 22
Model 23
Model 24
Model 25

1 0.8 0.01

0.9 0.8 100

= =
Hlolow|olf|o|o|wo

3.6 Hyperboloid

With the method for generation of geometries described in Section 3.1, most concave
shapes will be included. However, there must be continuous straight line that connects
the top and bottom plans for a concave shape to ppexiioloid.In fact a

hyperboloid with a doubly ruled surfabas twaodistinctlinesin each point on the

surfacelt is not always ensured that hyperboloids are included in the analysis.
Specifically for the evolutionary design presente&attion 3.4 because concave

shapes have generally worse structural behavior with regards to the lateral
displacement, which was optimized for, therefore some gene features such as smaller
waist (smaller value of s2) might not be inherited and lost duh@génerations. To

make sure that hyperboloid, which might be potentially structurally effective because
of the straight load path down to the ground, will be included in the analysis, these
geometries are generated as an individual family.

Figure 3.25 Example of geometry of hyperboloid and its continuous lines
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Generation procedure:

1. Create a circle with radius of 15m, inscribed in the ground limitation of
30x30m.
Copy and move the circle to 200m in heightl{zction) and scale by a scale
factor.
Rotate the circle generated in step 2 by a given degrees.
Divide both the circles into a given segments.
Connect the corresponding diving points of the two circles together.
Create lofted surface through the set of lines created in step 5.

N

o gk w

The scale factor given in step 2 and the rotation degrees in step 3 are important with
regards to how the geometries look like, for example, how small the waist will be.
With the same circles on the ground plan and top plan, a larger rotation will regult i
narrower waist.

One of the difficulties for hyperboloid buildings is the narrow waist and the curvature
along fagade, which may render some spaces on some floors unusable. With the space
limitation for the design (30x30x200m), there are not manycelso The one selected

for analysis has parameters:

Table 3.6 Parametes for the investigated hyperboloid geometry
Scale factor | 0.8
Rotation 1.7

Figure 3.26 The selected hyperbolical geometry for further investigation
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3.7 Resut

The linear elastic FEA (Finite element analysis) was condud@euinpared to non
linear analysis the linear elastic analygiquires less computation&sources

The 25 geometriesom Section 3.5, the geometry of hyperboloid fr8ection 3.4
and the optimized one out of evolutionary design from Sectioarg.&hodelledvith
distributedwind loads andhe results are presented here below.

3.7.1 Rental area

Within the group with the same facade contour, the rentable area drops with
increasing floor plan radius as expected. The building of identical plans (facade
featured with straight lines, model5) provides most rentable space where the largest
is 55000 M and smallest with round plan 44008. The convex (model 215 and

model 1620) and the trapezoid (model 2b) come after. The concave (model®)
provides observable less areas where even largest one in square plan provides less
than 40000 rh The hyperboloid, as a special case of these, has only space for 22000
m?. The optimized gometry obtained from evolutionary design is a special case for
convex group, providing slight less than 50000 m

60000

50000

40000

30000

20000

10000

0
\0\

\\,mﬂaueb«voojq'\,m%u

Rental area [m?]

b@ b@ b@ @ ?; ?;

« *‘\° *“° *“0 S @‘\v @ T @E’Q@b@@b@@&@b@@b@@ &S $°O$
Figure3.27 Rental areaThe rental areas showede only for comparisgn
communication areas such ssrvice cores arecluded.
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3.7.2 Mass and mass per area

The masses presented in this section is only a parameter to compare different

geometries and are not related to consumption of building materials for the structure.
The figure below shows that the mass of material decreases within each category
when the cmersare increasinglyounded. Between categories the straight shapes
with constant section over height consumes most and concaves shapes least. The
special case of concave geometries hyperboloid requires least material of all

geometries, which is only 86 of that for the geometry 1, the straight square one.

However, if the factor of the usable areaosisideredthe mass of material per rental
area for hyperboloid stands on top of all, due to the dramatic drop in the enclosed

space and areas. The optisdzgeometry from evolutionary design has a mass per
unit area that is one of the lowest ones.
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Figure 3.28 Mass of consumed timber and mass per rental area
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3.7.3 Lateral displacementwith consideration to structural stiffness
under equalloads

It is observed that geometries with square section are stiffest, decreasing with
increased rounding of corneixcept for the concave geometries, those with facade
curved inwards which has significantly lower stiffness, the differences in maximum
displacement between those that share the same section are small compared to
differences for those that have common éecaurvature, which are approximate 0.06
m and 0.02 m. The hyperbolgi@rforms byfar the worst among all and the

optimized one is one of those that has highest stiffness. The best one is the straight
facade with square section.

0,3

0,25

o
]

Average displacement

=@=—Top displacement

Horizontal displacement [m]
(=]
[
[%;]

k=l
[

0,05

0
A B OO . o o D S Ay Ay RIS
?}Q}Z\\,\’\,\’\/\\,\‘\\‘\\’\,\’\,\\\\\"v\’\,\’\,\'\/\’L'Lo\ 2%

FFFFFFFEFITFTFELFFSL P’e’{o ,\)6‘

S
>
“‘@“‘é‘@‘*@@*\v@@@@@@@@@@@@@@@ o8

J 4l

N D o
ENOLCSIOEY

Figure 3.29 Lateral displacement with consideration to structural stiffness, under
constant loads

The same trend can be observed with regards to the avdisgggacementhough

there are some marginal changes in ranKirge best one is geometry 16 followed by
geomety 11.The worst onés however still thdwyperboloid one.
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3.7.4 Lateral displacement with consideration to both structual

stiffness and aerodynamicsunder loads varyingbetween
geometries

The geometrjas great impact on the wind loads thetion the structuras well To

include this effectthe lateral displacemeswf the geometries were studied with
inclusion of forcefactors

It is clearly observed that within each category the horizontal desplewt decreases
dramatically when the radius of roundness of corners increases from 0 to 6. The
geometries have lowest horizontal displacements when the radius of the roundness of
corners are 6 m and when the cross section is circular. Those with radlinsare

slightly higher than those of 6 m because of continuous decrease in second moment of
area due to decrease of the plan area while the applied form factor is kept the same
Compared between categories the concave geometoeek 6 - 10, see Figur8.24,

have obviously worse performance in lateral stiffness.
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Figure 3.30 Lateral displacement

The optimized one has both smallest maximum displacement and average
displacement and proved to be the best geometry regarding lateral deformation. The
hyperboloid one is ntonger atthe bottom of the list. The worst ones are those with
square section arttlis is because of the largest wind loads on these forms.
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3.8 Evaluation

The different geometries are compared, evaluated, and selected for further structural
analysis. Involved criteria for the evaluations are lateral displacement which reflect
the stuctural stiffness and aerodynamic effect, total rental areas, footprint area, and
ratios such mass per area, and stiffness per consumed material which reflects the
material efficiency and structural efficiency.

3.8.1 Evaluation criteria

Theevaluation criteria involved are:

1 Rental area. The reason for and precondition of erecting skyscrapers is the
scarcity of land resources. It is desiredjéd asmuch useful area as possible.
Therefore, rental area is a vemyportant criteriorfor prelimnary design.

1 Mass of consumed material per rental area. This parameter reflects the price
for unit rental area. For the constructor, the economy and costing are of great
importance. However, in terms of urban planning more usable area might be
given priorty rather than the unit cost.

i Stiffness per unit material. Stiffness per consumed material is an index to
measure the material and structural efficiency. Since the structural stiffness is
to a great extent reflected by the lateral displacement, recifyroekited, the
multiplication of mass of consumed material and deflection with identical
winds load is used to measure this.

1 The displacements undearious wind load including aerodynamic
consideratiortanreflectlateraldisplacement othe structure m real cases.

Thevarious criteria are compared to each othenaeighing factors are obtained and
presented as in Tab&?7.

Table3.7 Evaluation criteria andveighing factors

Evaluation criteria 1|1 2| 3| 4| Total Bizlglrg
factor
Rental area 1 2111 4 17%
Mass of building material per rental are| 2 | 2 11 4 17%

Multiplication of mass of building
material and lateral displacementunde| 3 | 3 | 3 2 8 33%
constant wind loads

Lateral displacement under wind loads

. . : 4 1313]|2 8 33%
varying with geometrical shapes

Note If a criterionis less importanthan anotheiit receivesl point;If a criterbnis of the
same importancas anothelit receives? points;If a criterionis more important than another,
it receives3 points.
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3.8.2 Primary evaluation

The geometriewith their performance were evaluated accordingh®weighed
criteria presented in Tab&7.

3.8.2.1 Rental area

The rental areas were normalized by dividoyghat of geometry 1IThe maximum
normalized area is 1 for model 1 and the minimumis®e4 for the hyperboloid.
Thereafter a scale betweetblvas given to each according the normalized rental
areg see Tabl€6.1 andTableC6.2 in Appendx C6.

3.8.2.2 Mass of building material per rental area

The mass of required building material per refagakach proposal is presented in
Figure3.28in Section 3.7.2 abové&he details about theormalization and scaling
arepresented iTableC6.3andTableC6.4in AppendixC6.

3.8.2.3 Structural stiffness per mass material

The structural stiffness per mass material can be reflected byultiplitation of
mass of building material and lateral displacement under constant wind Tdeds
lateral displacement can be found Fig@&9in Section3.7.3.Figure3.31showsthis
factor for all alternativesl'he detailson normalization and scaling are presented in
TableC6.5and FigureC6.6in AppendixC6.
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Figure3.31 Structural stiffness related tmit mass of building materials

3.8.2.4 Lateral displacement

Lateral maximum displacement wind |@aslith aerodynamic effect included@he
result of this for all alternativas presented in Figurg30in Section 3.74. In Table
C6.7 and TableC6.8in AppendixC6 the detaiéd informatiorabout the normalization
and scalindor further evaluation can be found.
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3.8.2.5 Evaluation

The prmary evaluation for various geometries is presented in Ta8le

Table3.8 Primary evaluation of the geometrical design

Criterial| Criteria 2| Criteria 3| Criteria 4
17% 17% 33% 33%
Model 1 5 5 5 3 4.66
Model 2 5 5 5 4 4.83
Model 3 5 5 5 5 5
Model 4 5 5 5 5 5
Model 5 4 5 4 5 4.5
Model 6 3 3 4 1 2.99
Model 7 3 3 4 2 3.16
Model 8 3 3 3 4 3.17
Model 9 3 3 3 3 3
Model 10 2 3 1 4 2.34
Model 11 5 4 5 3 4.33
Model 12 5 5 5 4 4.83
Model 13 4 5 5 5 4.83
Model 14 4 5 5 5 4.83
Model 15 3 4 4 5 4
Model 16 4 4 5 3 4.16
Model 17 4 5 5 4 4.66
Model 18 4 5 5 5 4.83
Model 19 4 5 5 5 4.83
Model 20 3 4 4 5 4
Model 21 4 4 5 3 4.16
Model 22 4 4 5 4 4.33
Model 23 4 4 5 5 45
Model 24 3 4 5 5 4.33
Model 25 2 4 3 5 35
Hyperboloid 1 1 1 3 134
Optimized 4 5 5 5 4.83

From the primary evaluatioBeometry3 and 4are the bedbllowed by geometes2,

12,13, 14 18, 19 and the optimized one from evolutionary desggometry 3 and 4
have thebest performance with regards to all the criteria while Geometry 18, 19 and
theoptimized geometry obtained from the evolutionary design has slighikr
points regeding the real area.
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3.8.3 Secondary selection

All geometries that have higstescoredrom the primaryevaluationhaverounded
corners The facade iotherwise straightver height or curved outwardSince
geometry 13, 14, 18, 19 and the optimized areof similar shapandare likely to
have similar structa behaviorthe optimized one whicts subjected temallest
lateral displacementas selectetb be further studies.

Thestraight onegeoméry 3 and geometry win the highespoints becausthey have
relatively good performance in all aspedtewever, not best in any of them
Compared to thee 5 convex onethey havanuch larger rental arsaln terms of the
urbandevelopmenscarcity of urban landt is likely to take araisedconstuction
pricedue to more materiglonsumptionto make full use of the land. Instead of
geometry 3 and with roundedcorners the geometry 1 with straight facade and
rectangular sectiowhich uses the land to fullestyas selected. This one welsosen
as a benchmark buildirfgr further comparisordesigredwith atraditional braced
frame

The hyperboloid onbas not showed any advantage in any aspects irptrisof
geometry study wittmembrane structurén theory thisgeometry should bef great
efficiencydue to theexistingstraight load pathHowever, wherhe slendestructure

is simplified toamembranelement it is not guaranteed that theatbwill travel

down throughthese straight lines as expect€uh the other handnother important
criterion for ahigh-rise buildingthat is not included in the evaluation process is the
peakacceleration. Because of the widenepl part, the hyperboloid is supposed to
havegood dynamic performance. It is therefavorth totake thisshape further tthe
next step
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4 Stabilizing structure study

In this chapter the external tubal structuréhafshell will be further transformeidto
astabilizing structural system consistiofidiagrid trusses or braced columgsr
practicalreasons, aore wall is introduced as well, which is necessary to carry the
gravity load whileto some degreeontributingto the resistance to lateral load as well.
The main parameters investigated thiesize of modules and angles between

elements in the truss sgs. Apart from the rentarea, additionatriteria for

evaluation of alternatives are introduced, such as consumed timber material per floor
area, lateral drifts whicteflects structuradtiffness, natural frequency and peak
acceleration. To make diffent alternatives comparable, the lateral displacement at
the top is kept at the similar level close to the requirement in SLS when selecting sizes
of the cross section.

4.1 Geometries toinvestigate

Fromearlier studythreegeometries are taken into the figthnvestigation These are
a traditionalstraight building irsquare plan thatasmost rental argaatapered
building with balancedesult between rental area dateralstiffnessand a
hyperboloidwhich might potentiallyprovidethe bestresultswith regards to lateral
stiffnessbecause of thpotential existencef straight loadbaths

(@) (b) (©

Figure4.1 Geometriegor structuralstudy(a) Cuboid for beshmark structure in
braced framgb) Conve geometry (c) Hyperboloid
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4.2 Structural models

4.2.1 Structural models

All models investigated in this stage consitan external diagrid structuegthe
perimeter a service core constructedasall structure and floor slabk a diagrid
structural systenthetriangular compositions are essential, making the structure
stable.Therefore pbeams that tie together diagrid trusses are inclidadous wind
loadscdculated according to Eurocode act on each floor slab as a poirditaadthe
focus of this study is the global structural behavior.

o
g0

AAN]
AAA
‘A'A'A'lé
AA'A'A

Figure 4.2 Structural model
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4.2.2 Structural elements

4.2.2.1 Floor

In the buildingMjostornetthe prefabricated wooden floor elementa8 from
manufactureMoelvenwereused, designed for imposed load 2kKywith load

carrying depth o480 mmand590 mmfor the whole floor. The density of tHg&a8is
172kg/n?. (Moelven n.d). Martinsson has before produced wooden floor elements
consisting of CLT glued together with glulam beams where full interaction between
themcan be considered. The maximum span for thiis.A depth of500 mmis
required for a span df0 m.(Sidén 2017).

Table 4.1 Dimensions and tolerance of cassette floor element type MBK from
Martinsson(Engelmark2005)

Dimension [m] [mm]
Length 2-12 +2
Width 0.324 2
Depth 0.3-0.65 12

Table4.2 The

characteristic

Youngos

mo dul

for the two types of this kimaf floor elements(Engelmark 2005)

Floor type Shear modulus G | Elastic modulus & | Elastic modulus &
[N/mm?] [N/mm?] [N/mm?]

MB73 500 6200 6700

MB65 500 5200 7800

According toSvenska Tricassette flooelementswvith load-carrying depth of 510mm
havea self-weight 0f92kg/m2, correspondintp adensityof 180kg/m?, which is

close to that off ras.

Thetotal depth and weight of the floetements consists of not only leadrrying
part, but alseound isolatiormand coveringApart from this, the dimensions and the
load-carrying beam#or the specific large span which need to fulfill the vibration
criteriacannoteadly be estimateéxactl. Moreover, the plan layout the partition
walls will influence theotal weight acting on the floorsegarded adistributed over
the floors In this projecthe density of the flooof 356kg/m? is assigned as material
property This may seem lightut has bee deemed acceptable for the purposes of the
project.Considered the floor slabs as a whole where the floor composite will be
placed in both two directions, the elastic modulus is regarded as isotropic to

6500MPa.
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4.2.2.2 Core wall

Cross laminated timber of C3fpadetimber is considerefbr use.The elastic
modulus parallehndperpendicular téhegrain are 12GPa and 0.4GPespectively.
The elastic modulus of the whole composite varies due to the arrangement and
thickness of eaclayer. A valueof 7360MPawas assumed in each direction.

Thickness of the load carrying part waeliminary estimateth ULS wherethe dead
load of the main structure, snow load and imposed load are included. 50% of the
gravity load wagonsideredo be carried by the core wall since tientionis to let
the external structure iime perimeter be relatively stiffer and carry the horizontal
load. It is also beneficial to let the stabilizing structure carry ashigravity load as
possibe. In reality the core wall will contributea part of resistance to horizontaad
In all models theore walls are modelled as a sheément 0600 mm which is
largerthan that estimated for only caimg 50% gravity load.

4.2.2.3 Truss and beam

Glued laminated timbeof type GL30h wasised.The crosssectionsof boththe
truses and beams that tie them togethereset to besquare Szes included in the
calculationwerechoserby the builtin cross section optimizaticagorithm
OptCroSedn Karamba 3D in UK. Thosefloors withinindividual band of triangles
are grouped togethevrith regard tahedimensions of thé&russes. Regarding beams,
all beamdor thestoriesweregroupedogetherto beassigred withan identical cross
section.

4.2.2.4 Material properties in finite element model

Thematerial properties used in the modelling are listed bebaye. tolimitations of

the softwareonly onecommon strength value can be defirfiedtimber in
compression, tension and bendifigecompression and bending strength for GL30h
Is 30MPa. However, the strength of 24MPa, whictinésstrength for tension, was
assigned in the moderhis will lead to the design always on the safe sidethed
utilization calculated by the prograof trusses ircompressior20% higherthanit is
supposed to hevhich need to beevised to get a more precise estimation.

Table 4.3 Material used in the finite element model
Floor slab: Cassette floorcomposite
E1 E> G Density fk fq
6500MPa | 6500MPa 500MPa | 358kg/nt 24MPa | 11.5VPa
Core wall: Cross laminated timber: CLT C30
Ex E> G Density fi fg
7360MPa 736MPa 750MPa 500kg/nt 24MPa | 11.9viPa
Truss & Beam: Glued laminated timber: GL30h
E1 E> G Density fi fq
13600Pa 13600Pa 650 490kg/n? 24ViPa | 11.5MPa
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4.2.2.5 Joint

With consideration tonakinguse of the axial stiffness of timber the connection is
expected to ndransferbending moment, that is to say, as pinned joints. However
sincethe modelling of pinned joinis somewhatomplicatedtheyaremodelledas

fixed in this study. It was concluded that the influence of how joints are modelled are
guite minor in mostasesvhen it comes to the tubal structure of diag@yllensten

& Modig, 2020).

4.2.3 Boundary conditions
Fixed movement in all directions for the nodes on the groseel Figure 4.2.

4.2.4 Loads

Selfweight, imposed load and wind loads are incorporagslfweight was
calaulated by the program from the uggven density of materialdlote thatin
Karamba 3D the grétational accelerations setas 10n/s. However this is regarded
as precise enoudhbr engineeringalculationgPreisinger2016)

The wind load wasalculated according to Eurocode 1984 and the Swedish
standard EKS11 and coded in the inbuilt Python component in Karamba 3D. The
shape factor used for the wind calculation was simplified to use the same values
drawn in ChapteB.

According to EN 19941-4 and EKS11hebuilding is designed for officaseand
imposed for this category 8KN/n?. The reduction factor is chosem0.7.This is
modelleda s filsdaedflbor slabswhere the load will bassignedavenly to all
the node®n therelevant shell element for slabisis observed thahe imposed load
is assigned to nodes the boundaryin connection tadjacent elements, which
differs from thereal case.

4.3 Cross section optimization

The cross section of trussedl be optimizedand designedn ultimate limit state. As
mentioned before there are two caled needo be checked:

1 Compressiomn ULS wherethe imposed load ignfavorable
1 Tension in ULS where the imposed load is favorable

Thebuilt-in optimization componer®ptCroSeavas used, where the useanisleto
setthedesiredimit of maximum displacement and/or maximum utilization of
structuralelements. The algorithm is an iterative procedure and can automatically
select the most appropriateoss sections of beams and shells. Cross seatiamnder
from smallest to the largest is given by the user. The computing prodedure
determining the appropriate cross section is as follows:

1. Start from the initial (smallest) cross section anthpute the sectional forces at a
number of points along all beams.

2. For each element or grouped element, select the first sufficient cross section from
the userdefined cross section or the same material family.
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3. The process stops if the largest cross eads not sufficient or the maximum
stepof iterationsas an inputs reached.

Since the compressionassumedo be more critical, # cross section was optimized
first for the load case with imposed loasl unfavorabland the maximun utilization

was seto 1. In Karamba 3D the compressional and tensile utilization is determined
by the ratio of the axial stress to the given material strengtmexdionecdbefore the
compression strength is undervalued, the real strength is 20% thghahe given

one, meaning that the utilization of the compression strength should be corrected by
decreasing 20%.

After the preliminaryoptimization conducted by the algoritfdptCroSecthe
capacity in bendingespectivecompressiomn ULS, andthe bucklingwerechecked
according taSSEN19951, both with and without imposed loador all trusses and
columns The dimensions of the design increases untdaches the requirement.

4.4 The benchmark building

In order to have an intuitive understandindiofv well thestructure performa
braced frame structure with core walls is studied as a benchmark building for
comparison.

) r Corner column: 50x50cm
Bracing truss:  50x50cm

Corner column: 50x50cm
Bracing truss:  70x70cm

Corner column: 70x70cm
Bracing truss:  70x70cm

u | Corner column: 90x90cm
Bracing truss:  90x90cm

Corner column: 110x110cm
Bracing truss:  90x90cm

Corner column: 130x130cm
Bracing truss:  110x110cm

Corner column: 150x150cm
Bracing truss:  110x110cm

Corner column: 170x170cm
Bracing truss:  110x110cm

Figure4.3 Traditional braced frame structure
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The cross section of vertical columns between spans, corners columns and bracing
trusses are optimized in the same wayodpgimize Cross Sectian ULS wherecases
both with and without imposed loads are checked. The corner columns are grouped
over the sam floors as the bracing members during the optimization while span
columns are grouped within individual floor only.

Dimensions of the incorporated structural members anch#ssare presented in
Table4.4and e result of performance is summarized in Tabte

Table 44 Designof the structural membeend the corresponding mass of timber

Structural parts Size Mass
Floor Dimension[cm]
1-8: 110x110
9-16: 110x110
17-24: 110x110
Bracings 2532 90x90 935.7tons
3340 90x90
41-48; 70x70
49-56: 70x70
57-62 50x50
Floor Dimension[cm]
1-8: 170x170
9-16: 150x150
17-24: 130x130
Corner columns | 25-32 110x110 494 .6tons
3340 90x90
41-48: 70x70
49-56: 70x70
57-62 50x50
Floor Dimension[cm]
1-19: 130x130
Span columns | 20-35: 110x110 1953.6tons
36-46: 90x90
47-62: 70x70
Floor All floors 50cm 8878.4tons
Core wall All floors 80 cm 3200tons
Spandrel beam All floors 30x30cm 333.4tons
Table4.5 Performance of the braced frame structure
Displacement [mm] 273
Natural frequency [Hz] 0.41
Peak acceleratioof top floor[m/s?] 0.08
Rental Area [rf 49600
Mass fong 18520.7
Base moment [KNm] 108810
Basehorizontal reaction force [kN] 9633
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4.5 Convexgeometry

The convex geometry modslillustrated in Figure 4.4t hasacoreinside the
building and the diagrid structuom edge of the buildingThemo d epladhas a
shapeof a rounded square
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Figure4.4 Diagrid structureof the convex building
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4.5.1 Parameters

Triangle modules are the fundamental elements in a diagrid system, where the
inclined columns carry both horizontal and vertical lodde key parameters areet
angle of inclination and the size of the triangular module, meaning how many floors
there arewithin the height of thériangle

Size of module:
how many floors
within one triangle

Figure4.5 Sudied parameters

Someof thecombinationsare notpossible tduild in reality. For example, while the

anglecan beaslargeas 85 degrees, small sizes will gimsufficientspace between

joint points, especially when theAnsi ze of
excessivelydense trussonfigurationwill decreasdight transmissionOn the

contrary when the trusseare too sparsbeams with too largspanswill be required,

which isneithereconomic to buildhor structurallyefficient.

After checking the modeldesignedvith optimized cross sectionsome of the cases
are presented for study of the influence of these two facksn Tablet.6. They
are namedby the angle followed by the sizd¢ modulesSince thdacadesare curved
theangles vary in height

Table4.6 Truss patterns and thaesign of structural members

Patterns Properties Dimensions
Name Angle Size of Optimized cross section of | Thickness | Beanmjcm]
[degree] module truss elements for different | of core
[number | floors walls [cm]
of floors]
85deg4 85’ 4 1-32: 70x7Cm 50cm 25x25m

33-52: 55x55cm
52-62: 40x4C&m

85deg8 85 8 1-32: 85x85cm 50cm 25x25cm

3348 70x70cm
49-62: 55x55cm
85degl6 | 85 16 1-32: 115x115cm 50cm 40x40cm

3348 85x85cm
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4962 70x70cm
80deg2 80 1-24: 70x70cm 50cm 25x25cm
2546: 55x55cm
47-62: 40x40cm
80deg4 80 1-24: 85x85cm 50cm 25x25cm
25-40: 70x70cm
41-56: 55x55cm
57-62: 40x40cm
80deg8 80 1-8: 130x130cm 50cm 25x25cm
9-16: 115x115cm
17-32 100x100cm
3340: 85x85cm
41-56: 70x70cm
57-62 55x55cm
75degl 75 1-8: 70x70cm 50cm 55x55cm
9-36: 55x55cm
37-58: 40x40cm
59-62 25x25cm
75deg2 75 1-12: 85x85cm 50cm 25x25cm
13-30: 70x70cm
31-48: 55x55¢cm
49-62: 40x40cm
75deg4 75 1-16: 115x115¢cm 50cm 25x25cm
17-24: 100x100cm
2532 85x85cm
3344 70x70cm
45-60: 55x55cm
61-62: 40x40cm
70degl 70 1-6: 85x85¢cm 50cm 55x55¢cm
7-20: 70x70cm
21-40: 55x55cm
41-59: 40x40cm
60-62: 25x25cm
70deg2 70 1-4: 115¢115m 50cm 25x25cm
5-14. 10x100cm
15-24: 85x85cm
25-34: 70x70cm
35-50: 55x55cm
51-62: 40x40cm
65degl 65° 1-14: 85x85cm 50cm B55x55cm
15-26: 70x70cm
27-44:. 55x55cm
4558: 40x40cm
59-62: 25x25cm
65deg2 65° 1-4: 13x130cm 50cm 25x25cm
7-12: 115¢115cm
17-20: 10x100cm
2328 85x85cm
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31-40:; 70x70cm
37-50; 55x55cm
4360 40x40cm
57-62 25x25cm
59degl 59 1-3: 115¢115¢cm 50cm 70x7@m
9-14: 10x100cm
19-24. 85x85cm
27-32 70x70cm
3545: 55x55¢cm
45-56: 40x40cm
57-62: 25x25cm
59deg2 59 1-8 145¢145cm 50cm 25x25cm
5-16: 13x130cm
15-24: 115115m
21-28: 10x100cm
27-36: 85x85cm
33-44: 70x70cm
37-52: 55x55cm
43-62: 40x40cm
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4.5.2 Results

The results for the listed patterns are compared and analyzed.

45.2.1 Lateral deflection

Themaximum lateral displacement decreases as the angles decrease from 85 degrees
to around 59 degreed/hen the angle reaches 59 degraad the size afiangular
moduleis 1, the displacement approaches the lowest \@lG&2mm.lt is also

observed thahte deformation pattern changes from obvious shear deformation to

bending deformation when the anglecreasedVVhen the angles dragownto 70
degreeslmost purédending deformatiaare observed

Figure 4.6
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Compared to the braced frame structaltehe diagrid structures have better
performance in terms of lateral displacemé@iite lateral displacement for the braced
frame structure is as large 283mm, but even this is far from the required limitation
of 400mm.

Another observation is th&dr thediagrid structures witthe same angle, the smaller
the size othetriangular module the smaller therizontal displacement is. This
reflects thatlenser structures provide larger structural stiffness globally.
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Figure4.7 Mass of consumed material and maximum lateral digotent
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4.5.2.2 Dynamic behavior

The natural frequemesof the lowest mode for thesavestigated timber structures

vary between 0.3 to 0.9 he combination of eigenfrequencies and peak accelerations
at thetop floorare plotted in Figurd.8below.lIt is showed that all these proposals
fulfill the comfort criterium for officebuildingswith regards to the dynamiehavior,
where the braceddme structure hagorst performance.

0.2 m 85deg-4
m 85deg-8
85deg-16
80deg-2
@ B80deg-4
~ ® 80deg-8
L 75deg-1
e 0.1 P 75deg-2
< K‘ A 7sd:g-4
0.08 70deg-1
— ° “-‘"‘"‘-_-.. 70deg-2
'i_'.h‘u 4 65deg-1
0.06 =% # 65deg-2
g T 59deg-1
0.05 L
@ 59deg-2
# braced frame
0.04
0.03
0.02
0.3 0.4 0.5 0.6 0.7
f0 [Hz]
Figure4.8 Eigenfrequency and peak acceleratfondesigns for theonvex
geometries.

For those with similar angle, tlieenser structures give a slightly betignamic
performanceThis coincides with the result that denseuctures are globally stiffer
when it comes to thiateral displacement in Section 4.5.2A1lot of the convex
structuresare very close teatisfyingthecriterionfor residential buildings as wlel
Severakexamples aréhe structures 85deg80deg2and 59degl, which lie on the
curve for residential building3.he structure 75degl, 65degand 70degl are below
the curve Consideringheuncertainty due to the joints,is hardto draw the
conclusion that they fulfill the requirement for residence
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4.5.2.3 Mass of consumed timber and Rental area

The rental areéor all structural alternatives of the geometiilestuates around?2
000 nt due topolygonizationof plans near the corner whéme density of trusses
vary. However they can be regardedaishe same levelherefore, its influence on
the ratio of comsumed material per rental area can be almost neglectable.

1,60E+07 400,0
1,40E+07 350,0
L 20E407 \_/\/\/\/\/\ 3000 _
=
1,00E+07 2500 W
E s
@ 8,00E+06 2000 £
(10 [
= 3
6,00E+06 150,0 o
.
4,00E+06 100,0
2,00E+06 50,0
0,00E+00 0,0

& %&’5"’ &% Q&"" Q&"" Qb@"" (,}b@"" %5?9" %b@% 0&’9" Q&’?" %&% %&’9" op@"" q&""

. Truss Wall Floor Beam ==e==Total mass w==\ass perarea

Figure4.9 Mass of structuraélementsand the whole structure

The proposals that require least construction matey@&lsinit rental areare80deg8
and75deg4 at 283k¢m? and285kgm?, respectivelyThe materialised for the

diagrid truss systems are also lowest for these two alterndtivesebservedhat the
material consumption for truss systems has a great influente cankings

regardingthe totalmassof the timber material and even the material amount per area.
When it comes to the braced frame structvnéch providesa total rental area of

46 600m?, it consumes 3kg/m?, which is6% more thamne that needs most timber
among all the convex structureghich is 59degl. This is al82% more than

80deg8, the best ormenong all convex ones.
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4.5.2.4 Reaction force atfoundation

Due to thedifference in the geometries, the braced frame strutdsgbjected to
more wind loads than the convex onBscause of thighe bending moment and
horizontal reaction force at the foundation karger for the braced framed structure.
For all the convex structures, the difference is not that sleae the bilding
geometries are almoite same.

One observation is that the overturning moments are resisted mostly byternal
structural systems, both for the diagrid structures and the braced frame stfmture.
the diagrids witrangkes 70 degrees or evemaller,morethan 90% of the moments

are resisted by the external structudgsart from this, the densstructures have
relatively stifferexternal structures and these resists more moments than the sparse

ones which has a same angle.
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Figure 410 Distribution of overturning moment resisted by external structure and
internal structure.
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When it comego shear resistance, the core wallay amore important ra,
especially for the diagrids with larger angles. Thisasause thenoreinclined
columns, or trusses with smalkemglescan resist also shear forces
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Figure4.11 Distribution of horizontal force resisted by external structure and the
internal structure
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4.6 Hyperboloid

Onespecialfeature ofthe hyperboloid geometry is that there are always straight paths
down to the ground and a straight load path is considerstuasurallyefficient. In

order to keep the continuous straight load path which makes the geometry efficient,
the angles of trusses are fixed to the generation method of the geometry. Due to the
limitation of the ground plan and the height, thisneot much flexibility in choosing a
hyperboloid geometry where it is still possible to make use of the floor areas.
Therefore, only one shape is appropriate with regards to the floor area &wech
andwill be studied. In order to make it mgoeactical the geometry is scaled up by
multiplying the radius of circles by 1.3, leading to an average width of 27.3m, which
is lower than 30m. In the perspective of structure\asgllimpact,the structurdas

a similar slendernesss other geometries and is regarded as comparable.

i
1
\

Figure4.12 An example of the hyperbolastructure
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4.6.1 Parameters

Sincethe angle is bound to the geometry, it is not possibédténangles of the truss
system without changing the geometri€sereforepnly the density of trusses will be
studied.Thisis controlled bythe number of dividing pointsvhich determines how
many triangular module®r crossingoints, there areround one floor.

Figure 4.13 Parameterof hyperboloidstructure

4.6.2 ULS design and optimization

The density of the trusses is controlled by the number of dividing pSiatse as
previously the optimization algorithr®ptCroSeavas used to obtain the cross

sections of trusses over floors. The outer beams are kept of the same dinfdresion.

designsandstresses thereafter were verified accordmgurocode following
procedures presited in AppendiE. The stresses of the trusses can be found in
AppendixG.

Thedesignfor each cases presented in Tablé.7.

Table 4.7 Designof the structural members

Number of | Wall Cross section o] Optimized cross section of trusses
Name Dividing thickness | beams different floors
points
1-7: 100x10@&m
8-24:; 85x85m
hypl 10 25-35: 70x7@m
36-46: 55x55m
47-62: 40x40cm
1-10: 85x85%m
50cm 2Ex25em 11-31: 70x7@&m
hyp2 15 32-43: 55x55m
44-52: 40x40cm
53-62: 25x25cm
1-22 70x7C@&m
hyp3 20 2341 55x55%m
42-56: 40x40cm
57-62 25x25cm
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1-16: 70x7C&m
hyp4 o5 17-38: 55x55%m
39-55: 40x40cm
56-62 25x25cm
1-8: 70x7C&m
hyp5 30 9-36: 55x55%m
37-44: 40x40cm
4562: 25x25cm
4.6.3 Result

4.6.3.1 Lateral displacement

The lateral displacement decreases as theityeof trussescreasedor the
hyperboloid diagrids, all of whicare below 200mnilhe hyperboloids turn out to be
better than the braced frame structure regarding lateral displacement.

0,3

e P 1
£ ” hyp2
=
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@

o

@« 0,15
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©

[

E —hypS

e
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=d=hraced frame

0,05

1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61

Floor

Figure 4.4 Lateral displacements for the hyperboloid structures and the braced
frame structure for all stories

Due to the good sheagsistance of diagrid structures, the bending deformation
governs the structural behavior.

Thedisplacemenhasa negativerelatiorshipto the massof timbersfor the
hyperboloidstructuresThe morematerialconsumedthe densetthe structureis and
thelessthe structuredeforms However,the bracedramestructuredeformsmore,
eventhoughi t n@asss higherthanthe hyperboloidstructuresin terms of
deformationthe hyperboloidsarebettersolutionsthanthe traditionalbracedframe
structure.
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Figure 4.15 Mass of consumed material and maximum lateral displacement

4.6.3.2 Dynamic behavior

All the designdor the hyperboloid geometshowgood dynamic performanc&hey
all fulfill not only the comfort criteria for offickuildingsbut alsofor residential

buildings.The natural frequencies of the lowest mode for the hyperboloid diagrid

systensvary in therange between 0.31 to 0.8&.
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Figure 4. Eigenfrequency and peak acceleration for designs for the hyperboloid
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4.6.3.3 Mass and rental area

The difference of rental aréavery minor, varying between 315167 and31534m?,
which can be neglectedhe slight increasa material fortrussegesulted inan
increased mager floor areaThe change is arouridkg persquare meter.
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Figure4.17 Mass of structural elements and the whole structure
By chamging from the braced frame structure to hyperboloid diagrid structures, 77

97kg timber material can be savied each unit floor area. The hyperboloid structures
are more material efficient.
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4.6.3.4 Base support force

Due toaerodynamicsall hyperboloid structuresre subjected to relatively low
horizontalloadsand bending momemtiused by windThebending moment dhe
connection witlthe foundationis about36% compared to that dhe braced frame
structure incuboidgeometry Over 80% of the momeiis resistecby the external
diagrid systems rather than the core wall for all hyperboloid strucflineseforethe
core can be significantly smaller in hyperidl structureso increase the total

rentable areapecially onthe levels where the building has steallestwaist
1,20E+06

1,00E+06

8,00E+05

Moment [kNm]

6,00E+05
4,00E+05

N I I I I I I
0,00E+00
hyp1 hyp2 hyp3 hyp4 hyp5 Braced fram

B Mext B Mint

Figure4.18 Distribution of overturning moment resisted by external structure and
internal structure.
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Figure 4.9 Distribution of horizontal force resisted by exters#éiucture and the
internal structure.
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Unlike the diagrid structure in convex forntsese inthe hyperboloid form make a
good contribution to resist shear forces as vidglarly 50% of thdnorizontal reaction
forces go to the externdiagrid structures.

4.6.3.5 Discusson

Overall, all the candidates in thgsoup of hyperboloid structurésmvestable
performance. They shosignificantly better behavior in terms of dynamimsmpared
to both the convex structuraad the traditional frame structurhe material
efficiency isquite highaswell. Thelargestdisadvantage is thaecrease in the rental
area.

For further design, the inclination of the trusemasards the center on the upper part
over the waismightincrease the ristor buckling of the floor slabs, which need to be
carefullyevaluated and designéddne of these candidates is chosen for further
design.
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4.7 Evaluation
All the structures in three different geometrical forms waraluated together.
4.7.1 Criteria

The criteria used for the evaluation are presented in Table 4.8. They were compared to

each other regarding the importance and a pmetweenl-3 was assigned to the
criteria in each comparison.

Table 4.8 Evaluation critera and the weighing factors

Weighting
Evaluation criteria Total points | factor
Lateral displacemen| 1 4 16%
Dynamic behaviour | 2 8 32%
Mass/rentable area | 3 5 20%
Base support force | 4 8 32%
Total point 25 100%

Note:If one criterion is less important than another, it dgieint; If one criterion is
of same importance it ge2spoint; If one criterion is more important than another, it
gets3

Sinceall models should fulfilkherequiremenbf deflectionsmaller tham0 cm
lateral displacemer$ less important in this evaluation but still the smatherlateral
displacementtte better thetructuralefficiency. Dynamicand base support forege
moreimportant becauseney aretherequirements that should bdfilled for every
tall building. Mass and rentable area ratifect the economic and sustainah$pect
of the building The smaller the mass per rentable aredetb&timber material that
could be used and therefore the smaller impact on the environment.
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4.7.2 Summarized resultsfor evaluation

The values of the results fall the alternatives that were compared and evaluated are
summarized in this section.

4.7.2.1 Lateral displacement

In generaldenser diagrid structuresych as 75degl, 70degl, 65deg2, 65degl,
59degl59deg2in convex formand hyf and hyp4n hyperboloid hasmallest lateral
displacement, which is smaller than 150mm. The braced frame striscture

significanty worse, with a lateral displacement approaching 300mm, see Figure 4.20.
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Figure4.20 Maximum horizontal displacement for all proposals

4.7.2.2 Mass timber per unit area

Regarding mass timber for per unit area, the best solutio®®deg8, 75degand
hypl There is a weakendthat between the alternativesth same angleshemore
sparse theliagridsystemis the less materias consumegerunit areaThe brace

frame structure consumes most material among all, see Hdiire
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Figure4.21 Mass of consumed material for unit rental area for all proposals
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4.7.2.3 Base moment

The diagrid structures in hyperboloid foaresubjected tdhe least overturning
moment. The structures in convex foamesubjectedo overturning momestwhich
are almostwice as large as that for the hyperboloids #r@doverturning moment for
the braced frame structuresightly more thar8 times as large as that for the
hyperboloids see Figure 4.22.
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Figure4.22 Overturning moment for all proposals

4.7.2.4 Dynamic behavior

The dynamic behavior for all the proposalsummarized in Figure 4.28he peak
acceleratiomatural frequency points follédhe hyperboloid structurdee far below
the curve for residential buildisgnd some of the convex structures [a&legl,
65degl and 70degl fulfill the requirement for residential buildinggjimelty. All
other convex structures fulfill the requirement for the office buildingnot
residential useThe braced frame has worse dynamic performance but stillisatisf
the comfort criterion fooffice buildings, see Figure 4.23.
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Figure 4.23 Dynamic performance for all proposals
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4.7.3 Evaluation

The results shown in Section 4.7.2 wevaluatedaccording tacriteria and their
weighting factors presented 8ection4.7.1. A scalingscorebetween 13 was
assigned to each alternative and the results for the evalaagipresented in Table
means finot goodo,

4.9.The grade scale from3 ,
A b e t Talder4® shows that the three modwelp2, hyp3, hyp4 and hyp5 have the

highest score.

where 1

Table 49 Preliminary esaluationof designs

Lateral

Dynamic

Mass/rental

Base

displacemen{ behavior area moment Total
85deg4 3 2 2 2 2.16
85deg8 2 2 3 2 2.2
85degl6 1 2 3 2 2.04
80deg2 3 2 3 2 2.36
80deg4 2 2 3 2 2.2
80deg8 2 2 3 2 2.2
75degl 3 3 2 2 2.48
75deg2 3 2 3 2 2.36
75deg4 3 2 3 2 2.36
70degl 3 2 2 2 2.16
70deg2 3 2 3 2 2.36
65degl 3 3 2 2 2.48
65deg2 3 2 3 2 2.36
59degl 3 3 1 2 2.28
59deg2 3 2 2 2 2.16
hypl 2 3 3 3 2.84

1.32

To choose a final concept, another comparison between the three modeladeas
Sincethe limitation of lateral deformation and the dynamic comfort criterion were

fulfilled by alarge marginthey ardessvaluable tdbe included in the further

evaluation Instead mass of timber consumegmkrunit rental area and the overturning

momentacting on the structure are the two critefsgmed to be most importahie

to economicaspectsLess timber used means lower dostthe superstructurehile a

lower overturning momemheans that the dimensions of the foundation can be
smaller, also reducing cossmong the four alternatives thlave highest point,

hyp2 consumes st timber per rental area atite overturning mment is smallest at

the same time, see Table 4.9.
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Table 410 Secondaryealuationof designs

Base moment

2

Mass/aredgkg/m?] [kNm]
hyp3 287 314178
hyp4 292 319 036
hyp5 297 321 790

Therefore, hyg is themostpromisingproposalccording tahe evaluation It is also
the best on&vith regards tdire safetydue to havinghe largest dimensions of the
trusses.
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5 Preliminary structural design

The proposaHyp2, the diagrid structure in hyperboloid geometry wighddviding
points isaccording to the comprehensive evaluation in Chaptiee ghost promising.

5.1 Design of structural members
The geometrical features and design details are presented in Figure 5.1.

Truss cross sections:

25x25cm
40x40cm Top View
55x55cm
Geometry properties:
Ground plan: circle in radius of 19.5m
Top plan: 15.6m (scale factor 0.8 to ground plan)
Waist plan: circle in radius of 11.4m
Service core: 10x10m
Rotation of the top circle: 1.7
___ 70x70cm |
Beams in perimeter: 25x25cm
Thickness of core walls: 50cm
| ___85x85cm |

Figure5.1 Review of the winning proposal

5.2 Joints

How the trusses are joined together in a diagrid system plays a domiasitiol
regards to the stiffness and how the structure behaves. The joints are aimed to be
modelled as hinged at the crossing of two trusses while fixed or to great extent fixed
at connections between floors within one triangular module. In earlier stugyrttse

are modelled as fixed, truss elements modelled as beam elements, due to the
complication of adjustments of joints iflaramba 3Dand in order to make all the
structures comparablBurthermorefixed jointsgive a lower horizontal displacement
than he pinned jointsseechapter 5.2.1In reality, iigid joints arevery expensivéo
construct On the other hand, modelling joints as totally fixed might lead to the design
beingon the unsafe side.
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5.2.1 Deviations/risk due to joints

In order to getperception of deviations and risks arising from joints, the study where
all the truss members are modelled as,baot transferring moment,agconducted
for the winning proposal.

Under characteristic SLS load combination, the maxindisplacement at the top and
natural frequency of the lowest mode at top floor for Byyith all joints fixed and all
joints pinned are as in Tabtel

Table5.1 Maximum displacement and natural frequency for hyp3 with fixed joints
respective pinned jots, in SLS

Maximum Natural Peak
displacement | frequency of | acceleration
[mm] the lowest of the top
mode [Hz] floor [m/s7]
Fixed joints 1701 0.33 0.039
Pinned joints | 203.3 0.3 0.0

With pinned jointsthe structurexhibitsa slightly lower natural frequency and
slightly higher peak acceleration at the top fldut the dynamidehavios of both
joints satisfy the requirement for even the residential buildifigse. maximum
displacement is increaség 26.8%, from 170mm to 203nm. The real displacement
may liesomewheren betweerin therealstructure Both values of lateral
displacement are fdrdow the comfort criteria of 400mm.

When it comes to the strength of the structure, the maximum utilization of the truss
elements in both compression and tension decraadehe utilization of the core

walls increase by contrast. Thieflectsthe fact that the diagrid structure péth
together is less stiff than a fixed connected ané more loads are carried by the
interior core In thereal casethickerwalls are required.

Table5.2 Utilization of carrying capacity of truss elements and core walls when the
joints are fixed respective pinned, in ULS

Truss, Truss, Core walls,
Maximum Maximum maximum
utilization, utilization, compression
tension compression
Fixed joints | 23% 80% 68%
Pinned joints | 4.6% 63% 80%
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5.2.2 Design of joints

For the erection of trusgdementsa certainamount ofmoment resistance of joinis
needed during construction, even though the trussestaneledto carry loads by
axial strength in desigi.o avoidsplittingin timberjoints, smaller dowels are
preferred and the distance between dowels should be louglemccording to

Eurocode 5, otherwise brittle failuneay occuiin the connection. Splitting in wood is

common and happens because timber has low strength perpendicular to the grain and
the dowels are close to each other. To minimize spljtiogels sbuld also be
mounted in a line parallel to the grain.

Table5.3 Maximum sectional force of trusses in diagrid system, in ULS

Truss
Section Floor Compression force

[kN]

S1 1-10 57873

S2 11-31 44534

S3 3243 22439

S4 44-52 9396

S5 5362 2759

A proposal for lhe design for timber truss connecsos slottedin steel plates timber

connectioras shown irFigure 5.2 and the steel plates are protected from fire. From
the result inTable 5.3a hand calculation for timber truss connection in diagrid system
was performed in Mathcad aRtjure 5.3 andFigure 5.4 illustrates how it will look.

Figure5.2 Conceptuabesignof joints

A steel tubas welded with steelplates amglconnecédwith the timber trusses

through bolts. The steel platesehidden inside the timber trusses
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Figure5.3 Design of the critical joints

The fasteners aghosen to b30 and is th&0mm is the maximurbolt diameter
for this connectioraccording to Eurocode. Total there ar€&0 bolts in each
connection. The numbef steel elementsisidethetimber truss can aldeeincreasd
to two dependhg on the thickness of the trusghe timber trusseareconnectédto the
concrete element by a connection cablegluedin rod connectiomnd thiskind of
connection can also be used for tmmnection between the timber trusd-igure 5.3

Figure5.4 Details of the joints
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5.3 Overview of structural performance

The overall structural performance of the proposal is summarized in Table 5.4.

Table 5.4 Overviewperformance of the wining structure

Fixed jointed | Pinned jointed
Mass 8936tons
Rental area 315347
Mass per area 283.4kg/ m?
Footprint area 1195 nt
Building width 39m
Foundation moment 310MNm
Maximum vgrtlcal 4. 4mm 57 7mm
deformation
Maximum hotlzontal 170 1mm 203.3nm
deformation
Eigenfrequency of 0.33H7 0.30Hz
structure
Peak acceleration 0.039n/8 0.042m/s
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6 Discussion

The topic of this thesis is the study of geometries and feasibility of a 200m timber
building. Though ertain limitationsabout the buildinguch as the location of the
building etc.were madehowever, the inclusion cd great number of criterend
perspective and thecompicatedinterface of the geometry and the structural systems
made this researajuite broacand complex. Due tbmited time and knowledge in
modelling some of th&actorsthat might to some degree affect the results and
conclusionsnight not have been includddading to uncertaintiesThe final proposal
that has been put forwareasbased onlte investigations made in this thesis.

6.1 Slenderness and comparability

One of the mosimportant issues in this project is the comparabditg thisran
through all the proceskl order tomakethe alternativesascomparables possible,
one crucialimitation that was made fromte very beginning is that the design will be
limited to a space of 30x30x200@n one hand, thapproval of footprint land is
usually the staimg point of all the desigsand the urban lands are usually planimed
rectangular planThe study of existing skyscrapers shows 8tat is a common
width of skyscrapers. On the otheand,having the same width and height metresg
all the investigatedlternatives will have the same slendermass, which is
consideed as a dominant factor the structural view.

The slenderness ratio of a building is definedhishieight of the building divided by
thesmaller base widtitHowever slenderness is only usealihdicate the potential
structure behavior ahthe real structural behavior is more based on the ratfeeof
height of the building to the smaller width of thiabilizing systenfMPA & fib,

2014) When the footprint plais fixedto a squaregeometrically, theircular section
alreadyhas asmalleg second moment of area, which plays a key rolafslender
structure where the bending behavior domindtes naturalthat the global lateral
stiffness s inherentlyweaker than that with square sectioff.he possibilityfor the
circular section to have a bettateral behavior lies in the aerodynamics. Therefare
precise estimation dhe decreasm the wind loadss more important in this case
than the othersAlso, the effect of variation of width over height is metlly reflected
by the notiorof aslenderness ratio.

Figure6.1 Three geometries witthe same slenderness ratimt visually and
structurally theydiffer in lateral stifiness

The obtained results shaiso that the @tain gructural models of a same geometry
might perform better than some athergeometriedut not all of them. This means
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thatone geometrgannotbe unconditionally better than another when it comékdo
lateral deformation but depends very much onsiieific structural designs
including dimensions of structural membdrey densky they are placed etc. During
theliterature study it waalsoobserved that due to tlagferent limitatiors, for
example a same total floor area or a same footprinteiceaand different design
details, the comparison tko identicalstructural systesican lead talifferent
conclusions.

6.2 Simplifications and design codes

Some simplificationsvere made during the calculatioride wind loads applied were
calculated ifine with Eurocode. However, for simplificatiome force factor only
considerghe shapes of the section and the variation over the height is not included
where the base width was used through the calculatlua means that tHeads on
thegeometries with narrowed sections over height were overestimated.

According to Eurocodehereduction factothat decrease with the increasetia

ratio of radius of roundness of corners for rectangular sections to the width of the
section decreases tihr/b reaches 0.2 and remains unchanged after Medning

that when the radius of the roundness is larger thantbe reduction of the wind
loadswill be the same as when the radius of the roundness of the cisrierdn
reality, wind loadsarelikely todecreasgradually all the way withincreasing
roundness of cornerantil the section became circular.

Apart from ths, the calculation procedures for wind turbulemt&urocode are valid

only for structureslesigredup to 200m. The height dfie studied structure in this

thesis reaches exactly thepgplimit. For design of skyscrapetise wind tunnel

method is a common way to determimmd loads and theinfluenceon building
geometriesUsually,the results from wind tunnel test shows lesser wivah that
calculated from Eurocod®eeper study needs to be done to estimate difference in the
aerodynamic effect on different geometries.
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6.3 The three geometries

The studyof the structural models of the three geometiies,the bracedrame
structure in cuboidyussstructure in the convex form and thgperboloid form with
continuoudruss down shows that they share both similar and differentrésatu
Figure6.2below illustrates the force patterns for each geomelmn they are
subjected only to the horizontal loads.
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Figure6.2 Force patters for hyperboloid diagrid with continuous patignvex
form with diagrid truss and bracddame structure

For thebraced frame structure, the vertical columnssailgected to axial forces
caused by bending while the megjagonal bracinglementselp to resist shear
deformation.The diagrid structures applied for both the convex form and the
hyperboloid forncan carry both moment and shear for@me speciabehavior for
the hyperboloid topology is that theadscantransferstraight dowrthrough the
continuous patko the groundin terms of materiatfficiency, it is preferredhat the
loads are transferred axiallywhich isalsothe case whereertical columis are
subjectedo bendingWhen thdoads act on the truss an anglewhich deviates from
the direction parallel to the fiberhe strength of the cross sectioeed to be
redued.

It was observed #t forall thesedesignghe sizes of structural elements are governed
by the capacity of cross sectiofts ULS load combinatios rather than the control for
lateral deflectionsWhen thestructural components were designed to provide enough
resistancén ULS, the tip displacements for all alternativesrateehlowerthan the
requiredh/400under SLS load combinationsll the hyperboloid structures fia
similarand muclbetterbehavior regarding lateral displacemantlvibration.

When it comes to dynamic behavidge to theuncertaintiesn the structural damping
for slender timber buildings like thii,is hard to concludeshetherall alternatives
satisfied the requiremésior comfort.In the calculatiosa 9% structural damping
was appliedwhich is a recommended value for timber structwi¢h mechanic
connectionsccording to the old Swedish handbook for snow and wind loads
(Boverket,1997). Thissecommended valusoincideswith the ranges%-12% for
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timber bridges according 8N19911-4. The hyperboloid structures hatiee best
dynamic behavioof all while the braced frame structuaee theworst.

6.4 The hyperboloid

The hyperboloid form tuedout to be the best soluti@tcording to thevaluation
Onesignificantdisadvantagef thisform is theamount ofusable volumgand areas.
The form isstrongly structurelependenandnot closely related to thenclosed
spaceln somecasesthe decreased volume is not a problem ancesanbe
preferred, because,dbr examplelessheating deman(Reid, 2013).The
hyperboloidgrid shellor shellstructure are commdior structuresuch as coling
towers in powestatiors, water towes thatlifts mass on the top of the structui@/
towers, sightseeing towstetc.In the view of structural efficiency, whehe
maximum usable areamst a key factorthe hyperboloid fornrequiredeast material
costand decreasdhe selfweightto read a @rtain height, whiclwasalso verified
by this study.The mass of timber consumed foaced frame structure is about 32%
more than that fonyperboloid form (type hyp). Note thathe hyperboloid geometry
was scaled b{.3, meaning that the diameteratifthe floorsis amplified by 30%,
and this indicatethat thegrossmaterial wasncreased and material per unit area
might be decreased, compared to the hyperboloid thahbaame base widths
other geometries. The reason why the hyperbolmid dependgighly on the
remarkably better dynamizehavior

The narrowest floor hasradiusof 11.4m, with a distanceangingfrom 4.3to 6.4m
from the shaft to the facad&€he limited floor plans might lead to difficulty in
employing the waist floorS'hese floors capotentiallybe usedor cafeerias,
sightseeing etc. There apossibility that thenyperboloid geometry can be scaled up
even more. This might caupeoblens with daylightprovisionfor thefloors with
largest width on the downsidbut there is potential that these flsagan be used as
garags or shopping ma#i whichhave lowrequiremerg on daylight.Also, theexact
size of the geometries investigdare not that precise. Fexamplewhenchecking
the net floor areas, the thickness of the shaft wedlsnot considered.

As mentioned beforghe hyperboloid geometry is structedtependent, meaning that
the properties of thgeometry for example how narrow the waist isgoverned by
the properties such as rotation degrefesontinuous path®8y fixation in boththe
height andwidth, the aailablehyperboloid geometries that can work as a building
that amsat providingadequate rental floors rather than a tower, are quite limited.
this project only one workablmsewas investigatedl' he existing hyperboloid
structureshnormally haveawiderbase and arstockier The wider base is also one
important factor that makes hyperboloid a stable struciine curvaturef the
investigated hyperboloid geometrgnnotvary significantlybecause of thigmitation
of the building width and thesability of the floors, which leado a relativéy
narrowerbase The benefit from the wie base is somehow not obvious in this
geometry.

Due to the trusses that are inclined inwancthe upper parcompressia in the floor
slabscannotbe avoidedDue to the detailed design tfe floor slabthere isarisk of
bucklingof floor elementsvith large spaa On theperimeter, the truss elements are
anchored at each floand the buckling length ose to the floor height, which is
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approximatéy 3.2m. The dimensions of the trusses will not lead to buckling so far.
Tensile forces wilarisein some trusseshen themposed load does natt Tensile
forcesareundesiablebecause thdesignof tension intimber trusseand the uplifting

of thestructurecan be complicatednd risky Some measures that may be necessary
to eliminate tensile forces amore massesn top floorswhich improvesdynamic
performance at the same tinoencrete cover on floors tmprove dynamic behavior
of floorsor concrete connections dirgcon the perimeter structues what SOM did

in its timber tower research proje&QM, 2013.

To increasdhe geometrical stiffness the lateral load is supposed to be resisted mostly
by the external structuree., the truss systein the perimeter, and a soft core was
desiredIn the studycore walls with constant thicknesss#0mmover height for all
models was studied. For the winning propdsad2 with fixed connectiongheresult
shows thaB5% of the overturning momend50% of the horizontal forceme

resisted by th@erimeter structure

Due to the difficulty of modelling joints, theints have been boffixed, whenthe
truss elements were definedlmsamsandpinnedwhen the truss elements were
modifiedto act as bard heintertion of modelling jointsn connectios of the
triangular noduleas pinned anthe trusses for one side of the triangular module as
continuoushas notbeencarried out Therealresults ofhorizontaldeformationdie
between those obtained with fixed gridnedjoints, between 170mm and 203mm.

6.5 Long term effecton structure

Both the strength and stiffness of timloan be influenced by moisture. The lower the
moisture the material is exposed tie higherthe strength anstiffness areSince
timber is @ anisotropianaterial the mechanical properties are influenced in different
degrees when loadéd different directionsAll the structural members are supposed
to be designetb carry load in the fiber directioithe changes of compressiand
tensionstrength parallel to thigber direction is 5%espective?.5% and4% for

bending whenthe moisture content is changed by.IPlae modulus oélasticity

parallel to thdiber direction changes by 1.5¢ven&t Tra, 205). Timeis another
factor that influenethe mechanical material propertiebhe strength is weakened

with increased loadingme. Forstrength modification with regasdothe combined
effectof moistureandloading durationthe factor kodis denotedService clas®

with permanent loadinggas assmed, leading ta decrease in strength by 40%.

Thelong-term deformation or creageformationis importantto be considered in the
design of timber structureBor engineered wood products (EW#g creeping may

be different for different types @roducts and some of the EWP may creep more than
sawn timberin acomposite structure where different parts creeps to different degrees
the creep is importarfibr the stress analys{Svenskt Tra, 203). But this is

especially important when it comesttte serviceability of the buildingreep factor

Is used to take this is into consideratiovhichshows theatio of creepdeformation

to instantaneous deformatiorhe value of this i9.8 for Glulam (glued laminated

timber) and solid timbefEN19951-1, 2004).

For a 200m timber toweapart from thesertical déormation of the floor slabshe
design of which is not included in this project, the vertical deformati@tro€tural
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members that carry gravity loadgght influence the free Ight of the floorsThe
vertical deformation presented in Tabldis themaximum nodal deformation in
perimeter among all thiéoors, butthe longterm effect has not been included yet. But
even tlough the creep factor eonsideredan increase 0R0% of the deformatiorio
approximatéy 3 cmdueto longterm effecs is not muchForadesign like thiswhere
the floors are supported by the trusses in the perimeter and the core waksfitad
deformation of the core wall elementsdeo beconsideredn longtermas well
because of the risif inclination of floors which may make it hair serviceability.

6.6 Joints

The performance of joints will greatly influence the global behavior of a slender
timber structure, not only the gtiess but also dynamic response. For simplification,
when comparing different solutions, the nodes were moda#iedid, moment
resistant andisregardinghe slip in joints. This does not coincide with the realistic
constructions. Moment resistant timber joints are expensivenagitt not be

economic and at the same time it is not on the safe side in design to consider the joints
as moment resistant espadty to full degrees. Regarding the rigidity by fully filling
the voids at joints careduce some dhe slip.One the other hand certainamount

of ductility of the structure is desired. Since timber is a brittle material, the seuctur
can fail withoutany obvious indication aralcertain degree of ductility allows load
redistribution and deformations before the structure coliapse

6.7 Potential error source

A seriesof simplificatiors weremade throughouhe studywhich may influence the
reliability of the results. One of those is thiEfness and slipf jointsas mentioned in
Section 6.6How muchthis simplificationinfluencesthe resuls such as deflection
anddynamic behavior is uncertaiaspecially for various geometrigsthe slipin

joint affect different geometries tthe same extertheresults of comparison of
different geometriesan still beregarded aseliable.

Another error source lies in the wind loa8smplifications in the calculation of wind
loads, disaissedn Section 6.2makes it differ slightly from the real casespecially
for thosegeometries with variable width over heights. But theésestimated to be
minor. The simplification oflistributed load over the heigtat a point load on the top
of the structure in the evolutionary design in geometry study by shell structamdse
another potential error source related to assignment of winds. Cal2& Appendix
C4 shows thathe ranking of geometries regarding horizontal displacenngafer
distributed loads differs from that under one single point |Bailit was observed
also thathedifference inrankingfor each geometrig limited to usually theplaces in
theadjacentegionandthose change place has almost close displaceifieat.
consequence of this is that there might be some lggttenetries thas notselected.
But considering that theptimizing process isvolutionaryand the good genes of
thosebest solutions are inherited still to the next generationeghidted gemetry
might be similaiglobally but minor difference in parameters. The optimigedmetry
from this evolutionary design will thereafter still be analyzed with distributed wind
loads.
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Some of the uncertainties comes from the assignment of material prof2uties)

the geometry studwith shell structurest was observed that whémeratio of the
modulus of elastic and shear modulus changegethéts of ranking regarding to
lateraldisplacementiuctuates margindJ. For the evaluation, the results whetastic
modulus and shear modulusd#rivedandequivalent ta triangular trussodule

over two floors with a height of approximate 6.4here the trusses are inclined at an
angleof 65 degreewiith cross section areln principle the material can be assigned
to various combinatiedependhg on how the trusseareconstructedTheresult

might be different idifferentmaterialpropertiesare assigned.

In order to builddiaphragm floortheslabsarethin andhavea large elastic modulus
which is ten times that of the shell tubal structdi@sis regarded as sufficient and
has been verified by the ejunodaldisgdacement for each slabn the analysis with
trusses whex core walls are included as wedl,simulate the real structural response
to compare with the design criterthg material properties aretrieved from
prefabricateclements from markekn generalthe floor behaves atiaphragnbut

the interaction btween slabs and walsxd even the caentrated stresses caused by
the points load anchalleon each floor slamight influencein someuncontrolled way.
The precise mechanical properties of walls and slabs are dependeeatpsacise
design of corresponding elements.

Apart from thisthe strength of timber will be weakened when it is subjected to loads
which is not parallel to the fiber direction. Thigeet of thiswas neglected. This may
influence different structures to different degresspecially for those where bending
deformation's moredominant. For the winning hyperboloid structutes horizontal
loadsarecarried all the way down to the gmudialongthe straight path, the decrease

of strength raised in the angle between loading and fiber direction is minjmized
caused only by theertical loads.

At last,thoughregular verifications andhecks have been made throughout the
modelling and computatignhere might still bsome manual mistakes that have not
been observed.he project covers a wide scoped agreat numbeof models are
involved, more times needed tget rid ofall unexpeatd mistakes and errors

6.8 Improvementand future work

In the stage opreliminary designa promising proposahas beemut forward and the
sizes of primary structural elemethigve been estimateatcording to the sectional
forces Thestructure can be improvedrough theollowing strategies
1 Thering beams can be optimized by grouping them into primary and
secondary beamshere the primary ring beams refer to thtyss connect
inclined columngtrussespnd transfer them into triangle modules.
1 Additional masseg;oncrete coveon the floors or as condeejoints to
eliminate theprobable occurrence of talesforces in the truss elements.
9 The structural elements can be replaced by stiffeduds that exist irthe
market orspeciallyconstructed

For the detailed desigand verification of individual structural elements @aodnake
the proposal buildabj¢here areseveraworkssitill left to be completed=or example:
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Calculatethe detailed wind pressure on #eveloping facade surface

Fire design for the structural elements

Robustness of the loadhrryingstructural system

Detailed design and verification afl or most criticaimembersaccording to

EN19951-1in compressionrad combination compression and bending

1 Verification of globaldeformation and deformation of individual elemeints
service limit statencluding longterm effect

1 Detailed design and optimization of the joints with regards to strengths,

stiffness, and ductility

= =4 —a 9

6.9 Software

Thesoftwaregrasshoppers a flexide digital toolfor building parametd models.

New forms will be generated when the governing parameters varies. Together with its
plug-in Karamba 3Dit is quite easy to assemble FEiWdels andonduct FEAThe
prograns alsoprovide a series of optimizatiaigorithms, among whicavolutionary
design toolGalapagosandcross section optimiz&dptCroSeavere used. These tools
make the optimization proces®re efective.

The Pythorcomponents a very uséul tool andmakes itflexible to set loadsvho are
closelyrelated to thenodelled geometries.

Oneinconvenience withiKaramba 3Dis that itusesanother unit system that is used

for the inputs and outputs, rather than the IS (International system of units) base units
Extra attention and care needed wheputting in important input datét has

happened thatery wrong results werobtained due tthe mixup of unitsand all the
computation needed be repeated.

Finally, Karamba 3Dis most applicable and easidst analyzng steel structures
sincesome algorithm such &3ptiCroSecetc. are based on Eurocode 3 for steel
structuresFor timber structurg the design can be regarded only asfarence and
the verificationof capacity and risk for bucklinig needed to be done manually.
Pythorrcomponenis a good supplement tool hekedo the verification. In addition, it
is currentlynot possible tgive differentstrength in differendirection for an
anisotropic material such as timber
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7 Conclusion

The study shows that 200m timber tower igrobablypossibleto be built interms of
structural behavigras long as thstiffness and crassections of the structural
elementsare sufficientThe structural solutions fail the thee geometries with
optimized cross sectiothe requirements for serviceabilye fulfilled, where the
braced frame structuteas relatively worse dynamic performance.

Due to the light selfveight, additional masses might be needelold down the
structure and to avoid thensile force®n the windward side of the building this is
notdesired

Thereare uncertaintiearising fromthe connections with stiffness and joint skjich
wasnot modeled and included in the calculatiégtow this will influencethese
structuralized structuras uncertain Furtherstudy is needed tdraw a moe precise
conclusion.

The diagrid structureis convex and hyperboloid foreremore materiaéffective
and stiffer per mass material comparethi® straighbraced frame structufer this
200m timber tower. Thdynamic performances dramatically better as well,
especiallyfor the hyperboloid formApart from thelow selfweight, the winning
proposabwith its speciahyperboloid form$avegoodaerodynamic featusand the
overturningmomentis much smaller thafor othergeometries and have less
requiremerd for the design othefoundation.

Onesignificantdisadvantage of thisroposal is théargeland use Theutilization

ratio of the land is lowThoughless construction materied consumed, hether the
proposal issconomical build isincertain.The construction of a round building can be
more complicated than a square sechanhthe truss columns aligned in straight line
makes this easierHowever, the construction of a round floor slana$ common and
Is more complicatedl'o make the construction effective and cheap, further
investigation of this kind floor slabs neededindto find ways to make themble to

be prefabricated and connected on sitenieasy way.

In the initialgeomety study with membrantibal elementan observation is thébr
such a fgh building, compared t@erodynamic effectheinfluence of theslight
change ifacadecurvatureon deformation is little. A more efficient way tesigna
high-rise building is to find a googeometryaccording to aerodynansand
therafterto find the most efficientstructural system for.itt is also prova thatthe
depth of building hagreat influence istructuralbehavior,and it is a good way to
improvethe structural behavidor tall timber building byutilizing theexternal
structue system around the facade.
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8 Further research

To makeit feasible to build 200m timbeythe joins need to be investigatedore
deeply Rigid joints with tolerance for adequadectility is necessary.

Structural dampingate for a 200m timbdyuilding is notcertain. Underestimation of
thismay lead taverdesign if the dynamic issue is most critical for the designthe
optimizationof a material effective structure, a more precise estimation and study in
this is needed.

Apart fromthis uncertaintynvolved in the study, one potentialpological design
which is structural effectives that with angles of trusses aligned with qmimcipal
stresses, small@n the top to resist shear deformation and changes successively to
vertical which is more efficient to resist moment. Due to the time limitahiswas

not included in this study but is worth to be investigated.
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Appendix A Estimation of force coefficient

The force coefficierstfor rectangular sections with shagmd roundedornersare
calculatedaccording to Sectioid.6 in EN199-1-4. The force coefficient fazircular
cylindersis calculatedaccording to Section 7i8 EN19911-4.

The width of the building is assumed to be unifawer height for all geometries.
Terrain categoryV is assumedThelocation is assumed to be Gothenburg toed
reference wind speéd was obtained frorkKS11.

The surfacef the structure was assumed to be planed timtberugh it might
probably be covered largely by glass. Howeteh e r e sahdwtsigificdnd n 6 t
differences.

TableA.1 Input width and height of the building
b 30m
h 200m

Theforce coefficiens for various geometriasere calculated to

TableA.2 Forcecoefficients for certaiigeometries
Rectangular sections
Sharp corners r=3 r=6
1.45 1.09 0.72 0.55 |

Circular cylinder

The values of force coefficients applied in the FEA modeds

TableA.3 Forcecoefficients applied in FEA

Roundness of sectios rectangles Force coefficiento
Sharp corners:-8 1.4
Rounded corners:8 1
Rounded corners:-64 0.7

Circle: 1415 0.5

The calculation procedures are attached below, where numberexpEssions and
figures are referred to those in EN19B4 and EKS11.
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The height of the building: | : 200

The width of the building: b: 30r

Calculation of force factor for rectangular section

¢t = Co® Y|
Cp: 2. when b=d

For a square crossection with rounded corners (Let b=30m in this case)

r: 2 Y3: 8.7

r>¢ Yig: ®:

[ minQ&%o,mQ =9.333 for |>=50m, rectangular
C +

y| : 8.6 Assume solidity ratio 1

Therefore for a square section:

Without roundness of corners: G ¥ =1449
With roundness r=3 St %09 9,3 =1.087
With roundness r=6 S B0 G = 0.724

Calculation of force factor for cylindral section

¢t = Q|
k - 8
k: €.0018n for glass 5 =53 10
m
Vi@ 25—
b s
r: 4.25@ dp : ;;®®b2 = 390.62%a
m3
Zo: Anm Zmin - 207 For terrain category IV
z: £=200m
° .0.07
a o Q
ki : ©.1992——0 =0.234
c0.05n+

b

Co: V' :erG)O@b = 31.039;11
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(7.9

(Figure 7.23)

(Figure 7.24)

(Table 7.16)

(Figure 7.36)

( Table 7.13)

( Figure G4 EKS 11)

(Table 4.1)

(4.5)

(4.4)

(4.3)
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ly: = =0.189
~az0
Coah;;p—()
20+
Set kp: =

s soa 2
g far 2%%)@@»2%8%8 @, =128# 10°Pa
¢ c¢hs =

29

. ’ P _ e ol

Vze. T —45325;
2 bQ

n: asa0 °L Re: = =9.065 10°
S n

Cig: 9.6

| minde. 78k 7R = 4,667
m ¢ b =+

For circular cylinder

yrp: 8.6

A(;\fw: :GfOQI’ =0.456
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( NOTEZ2 for Figure 7.28)

(7.15)

( Figure 7.28)

( Table 7.16)

( Figure 7.36)
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Appendix B Calculation of characteristic wind loads

The wind loadsvere calculated in line with EN199t4 andESK11 and programed
in Pythorcomponent in Grasshoppdl the expressions and figures in this
Appendix are retrieved froliN199%1-4 and ESK11The method of discretizatiayf
the sectiorwas applied.

Force oefficients appliedn the calculation was estimated in Appendix

The width of the building is assumed to be uniform over height for all geometries.

Terrain category IV is assumed. The location is assumed to be Gothenburg

The wind force acting othe structure or structural elements were calculated by the

expression: o
O WA a o (B.1)

By discretization:

0 VOB a d (B.2)
where:
W is the structural factor
W is the force coefficient, estimated according to Apperdisimplified
asuniform over the height
n & is the peak velocity pressure at reference hemghte was defined
according to Figur®.1
0 is the referene area of the structure or structural elements, see F
B.2.
b
f R —
>
—————— >
b e
>
>
F——>
[
h hstripI _T_Ze=zstrip qp(z)=qp(zstrip)§
TEP g @mq,0)
b
t° :

FigureB.1 Rekrenceheight zfor structure when h>2hn the calculatiornze=200
whenh>170m z= 3 0  w h e nz=theh8ightnofeach floor when
30m<h0170m.(EN19911-4)

The reference aramas calculated by expression:
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~

5 TEXD (C.3)

where:
&) is thewidth of thestructural elemenivarying overheight
b is thelength of thestructural elementgonsidered athe height of one
floor
Figure B.2 lllustration ofdiscretization othe reference ared he reference area

was dividednto subareasvhere the length of eadt equal to the height
of onefloor. The peak velocity pressure acting &, has areference
height zi.

The peak velocity pressure was determibgd

n a

where:

"Od
® &
®

p Q& OJ0& b a a 3T (B.4)

is thepeakfactor

is theturbulence intensity at height z

is theroughness factor at height z

is theorographyfactor at height ztaken as 1

is theair densitytaken as 1.25kg/f

is the reference wind spe&tbm/s forGothenburg

TableB.1 Terrain parameters for category IV

) Im
. 10m
L 200m
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Roughness factor

Peak factor

(B.5)
(B.6)

Qae a a a
Qae— a a

® &
® &

According to EKS11.For constructioraffected by dynamic effect:

where:

where:
€ h
Y
5

50m:

£ (B.7)

ko) ca g Y

or Q=3 which is larger

is the peak factor
is theup-cross frequency

is theaveraging time for the mean velocity, T=600s

' €0 —— mdtDa (B.8)
is theestimatechatural frequency adtructure

is thefactor for resonate response
is thefactor for background response

Estimation of the fundamenthdteral frequency of mukstory buildings higher than

€nr — Hz (B.9)
8 — - 8 8 —
0 Q (B.10)
is theheight of the building
is thereference heightyer=10m
Y ——— (B.11)
spec

istheKarma n 6 s wi ndtruemner gy
is thesize factor regardintghe width of the building
is thesize factor regarding the height of the building
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—

is themechanical damping
is theaerodynamic damping

J—

0o — (B.12)
T

® is theunitless factoand

%) i (B.13)

0 @) is themean wind velocityat the height and:

a4 0ada’ (B.14)
%o - (B.15)
%o - (B.16)

When themodal deflectias areconstant for each height h and which is the most case,
thelogarithmic decrement a&ferodynamiclamping can be estimated by:

T (B.17)
where:
&) is theforce coefficient, fromAppendix A
a is theequivalent masger unit length for the upper third of the buildir
for floor 40- 62 in this calculation
3 is theestimated lowst eigenfrequency of the building
I a is themean wind velocity at heiglit T@®3Q a

" is the air density1.25kg/nd

The value of was chosen af.0% out of the recommendedalue for timber
constructionwith mechanical connection frothe old handbook for snow and wind
loads published by Boverket (1997). In EN19911, this value for timber bridges is
between 0.0®.12. There is much uncertiyn about the precision but the
underestimatiof this value will lead to a larger end factor and larger wind loads, the
design will be on theade side.

TableC.2 Recommendedilues ofthe mechanical damping for differenct

constructionsaccording to the old Swedislandbook for wind and snow
loads(Boverket, 199y
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Typ av kenstruktion

Om

Metallkonstruktioner, t. ex. stalskorstenar, utan instal-
lationer och sekundéara delar uttver manteln

Metallkonstruktioner, t. ex. stalskorstenar, med instal-
lationer och sekundara delar utbver manteln

Fackverksmaster’ med
- svetsade 16rband eller friktionsférband

0,015 < &, <0,02

0,02 € 8, 0,03

0,015

- skruvféirband 0,02 € &, 20,06
Betongkonstruktioner, t. ex. betongskorstenar 0,03 € §,,, £0,05
Héga husbyggnader med stalstomme O £0,06
Hoéga husbyggnader med betongstomme O < 0,09
Murverkskonstruktioner Oy £0,20
Trakonstruklioner utan mekaniska férband Oy < 0,06
Trakonstruklioner med mekaniska férband Oy < 0,09
Turbulence intensity
O —F— «a a a (B.19
04 —5— 4 & (B8.19
where:
Q is theturbulence factor, 1
W is theorography factor, 1
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Appendix C1 Geometry study: Perspective view of the
25 typical geometries
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Appendix C2 Geometry study: Convergence studyfor

FEM analysis

A convergence study with regards to the mesh sizes were conduatéioe models

with only a singlgpoint on the toptheratio of number of quads in verticahd
peripheral direction was kept to 5/3 to keep the proportion of element sides to be 1.
The resolution of slabs was chosen to be 1m.

Convergence stuelsfor both the average nodal displacements for the whole structure

and the top displacement in foraeting direction wreconducted, with regards to the

mesh resolution of the tube. The study shows that the convergence error for the top
displacement is already lower than 5% with resolution around 8m while the average
displacement begins to converge when the resolution is approaching 2m. For the mesh
with resolution of 2m the errors drop down to lower than 1%. Meshes with size 2m is
sufficient for the analysis. While the resolution changing from 1m to 0.5m there are

almog no differences in the results for both average and maximal displacement.
Meshes with size 1m (Number of quads 200 x 12&ewhosen for the calculation.

0,003
0,0028
0,0026
0,0024
0,0022

0,002
0,0018

0,0016

Maximum displacement [m]

0,0014
0,0012

0,001

Figure C2.1 Convergence study for maximum displacement, for models with one

A& 1C

o-——0 ®
o = “
=
e ® S
2 a 2 2
p — —— ¥ 3
0 100 200 300 400 500

Number of quads in height

singleload on tke top
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0,0014 —&— Model 8

—&— Model 9
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0,0004 —&— Model 23

0 50 100 150 200 250 300 350 400 450 —e— Model 24
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Figure C2.2 Convergence study fawveragedisplacement, for models with one
single load on the top

0,0018

0,0012

0,001

’

0,0008

Average displacement [m]

0,0006

For the structural models withistributed loads over the height#here the slabs on all
the floors are supposed to be modeRecause all the nodes on the boundaries of the
slabs need to hiacluded in the element of the tufi full interaction, theneshes for
the tube were generated by the compomédesh brepsBeause of this thaizes of
meshes on the tube are limitedthg height of each floor lev8l2m It was proved that

a mesh resolution of 1m for bastabs and the tube ssifficientto get reliable results.
Take model 25 for examplas shown in figure C2.3.

0,07

0,06 e ——
0,05
0,04
0,03
g 0,02

[y

0,01

32 16 8 4 2 1

Mesh size for slabs

Maximum horizontal displacement

Mesh size for the tube: 1m Mesh size for the tube: 2m
Mesh size for the tube: 3m

Figure C2.3 Convergence study fonaximundisplacement, foModel 25with
distributed loads over all storiaggarding mesh size for slabs
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0,07
0,06
0,05
0,04
0,03
0,02
0,01

3 2 1

Mesh size for the tubal element [m]

Maximum horizontal displacement [m]

e [\/lesh size for slabs: 32m === N\esh size for slabs:16m
Mesh size for slabs:8m Mesh size for slabs:4m
= \lesh size for slabs:2m == Nesh size for slabs:1m

Figure C2.4 Convergence study fonaximundisplacement, foModel 25with
distributed loads over all stories regarding mesh size for the tube

From the example of Model 25 it is observed that whemmesh resolution fa&labs is
equal or smaller thaBm the resultsanverge already. This is the same cases for all
other models as welln the FEM analysigshe mesh resolution for boglabs and the
tube were set to 1m, which can be consideréticientto get reliable results.

A & 12 CHALMERS, Architecture and Civil Engineering Mast er 6s Thesis ACEX30



Appendix C3 Geometry study: Verification of FE
models

Hand calculation was done to chegkhetherthe FE models are correctly builThe

lateral displacements were calculated for building, regarded as a beam subjected to
bendingwith square respective circular cross section when they are subjected to a point
load of 1400kN respectivVeO0kN.

TableC3.1 Comparison of the results from hand calculation amlohF

Cross section F I u beam | u FEM | Difference
1. 30x30m 1400 | 9-10° | 1.97510%| 2.10° -1.2%
Square t: 50cm
2. d: 30m 500 | 5-31C° | 1.19810% | 1.2510° -4.2%
Circle | t: 50cm

The differencesf the results from hand calculation and FEM analysiseualer than
5%. The results from hand calculation are sligemaller in both cases. This can be
explained by thaih the hand calculation the shear deformation was ignored.

Other control like the reaction force and the loacdksng on the structure has als@be
checked for both the models with one single pamatlandlistributed loads.

The sumup of the reaction forces and the foundation moment from FE models and the
hand calculation wereompared as well to make sure the model were ctyrieailt.
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Appendix C4 Geometry study: Control of the validity
of the simplified modelsin evolutionary design

In the evolutionary design, different structural models and different materats
applied If the results differ too much from tlgeneral method, the optimizatioill

not be as reliablas it supposed to be due to this further simplificatiomodelling.
Since the optimized geometry from the evolutiondegign process will thereafter be
analyzed together with all other models in the general way again, the only
consequence is that thereght be other better geometries wharie missedHow
these factors affect the results of optimizai®assessed in this appendix.

TableC4.1 Differenceassignment ithe loads and material properties fgeneral
analysis ancevolutionary design

Material property
Load E G
Modell_mgfor general D|st_r|buted load acting on all 10480 MPa 2278MPa
analysis stories
Specn‘_lc modelhr!g for Point load on the top story 210000MPa 80760MPa
evolutionary design

FigureC4.1 shows how this difference in modelling leads to different results in
maximum horizontal displacemem/hen the 25 typical models modeled in the same
asfor evolutionary design, the curve for displacement shifts downwards. This is
probably because ofélargemodulus of elasticity that was assigned in the
evolutionary design.

0.000 0.000

0.000

0.000

e
=
=1
=]

0.000
0.000

0.000

0.000
0.000

Displacement at top foor for serie 2-3 [m]
Displacement at top floor for serie 1 [m]

=
=)
=}
S

0.000

0.000

0.000 0.000

FR DDA DA
R N iy
T T T T P T T T T T T T TS

SUIRCI UGN E
e\e\a\a\e\e\e\v}b@\\‘f

Analysis with general modelling ==@==Evolutionary design

FigureC4.1 Themaximum diplacement for 25 typical modeilden they are
modeled in the same way as the general analysisviueth modeled in
the same wagsfor the evolutionary design
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Sinceit is the relative values of the lateral displacement, or the comparison between
different geometrigsthat ismore interesng, the 25 alternatives are ranked in Table
C4.2 below.

TableC4.2 Ranking of 25 geometriegth regards to the two different ways
Analysis for
evolutionary
design
Model 18| Model 13
Model 3 | Model 18
1i5 Model 13| Model 3
Model 20| Model 15
Model 5 | Model 20
Model 15| Model 5
Model 23| Model 23
6i 10 | Model 25| Model 14
Model 19| Model 19
Model 4 Model 4
Model 14| Model 25
Model 24| Model 24
11715 | Model 17| Model 12
Model 2 | Model 17
Model 8 Model 2
Model 12| Model 22
Model 10| Model 8
16i20 | Model 22| Model 10
Model 9 Model 9
Model 16| Model 16
Model 1 Model 1
Model 11| Model 11
21i25 | Model 7 | Model 21
Model 21| Model 7
Model 6 Model 6

General

Ranking analysis

The ranking in Tabl€4.2 shows that the different way to model in the evolutionary
design carslightly influence theexactranking placeshut in generithe influence is
guite minor.Only the place for Geometry 25 changes equal or more than 3 places.
Since during the@rocess of the evolutionary design, the trehd properties of good
genesrather than the exapairameters plays a more importaoie as well, this
simplification andderivation in modelling for the evolutionadesign can be
accepted
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Appendix C5 Geometry study: Resultsfor

evolutionary optimization

Table C5.1 Design examples from different generations

c Displacement Area Geometry-controling parameter
‘% op Normallzed
?g displacemen Normalized top Average average Normalized  Footprint Minimim  Maximum , a s1 52
3 It displacement  displacement displacement JRental area rental area area Floor area Floor Aread|
0,001209 T,000 0,000511 1,000 48164 1,00 348 559 866 | 6309 44,0 L0l 080
0,001209 1,000 0,000516 1,010 48423 1,01 848 572 866 6,316 430 1,01 081
0,001212 1,002 0,000511 1,000 47847 0,99 847 546 867 6,309 440 1,00 0,79
0,001212 1,002 0,000511 1,000 47832 0,99 847 546 865 6,418 430 1,01 079
10 0,001212 1,002 0,000512 1,002 48103 1,00 847 559 865 6,414 450 1,01 0,80
0,001213 1,003 0,000513 1,004 48097 1,00 847 559 865 6,416 43,0 1,01 080
0,001214 1,004 0,000511 1,000 47770 0,99 860 565 864 6,436 42,0 1,00 0,80
0,001215 1,005 0,000513 1,004 48069 1,00 846 558 864 6,465 44,0 1,01 0,80
0,001218 1,007 0,000516 1,010 48178 1,00 831 550 865 6,411 44,0 1,02 0,80
0,001283 1,061 0,000531 1,039 44213 0,92 865 561 865 6,409 44,0 0,96 0,80
0,001211 1,002 0,000511 1,000 27843 0,99 847 546 365 6,4 430 1,01 0,?
0,001211 1,002 0,000512 1,002 48114 1,00 847 559 865 6,309 450 1,01 0,80
49 0,001214 1,004 0,000518 1,014 48352 1,00 847 572 864 6,433 430 101 081
0,001212 1,002 0,000512 1,002 48111 1,00 847 559 865 6,396 440 1,01 080
0,001213 1,003 0,000518 1,014 48376 1,00 847 572 865 6,396 440 1,01 081
0,001215 1,005 0,000519 1,016 48608 1,01 847 585 864 6,443 410 1,01 0,82
. — e e e — —~— .
3 0,001427 1,180 0,000524 1,025 48943 1,02 831 589 865 6,385 450 1,02 083
0,001427 1,180 0,000617 1,207 46300 0,96 648 505 848 7,818 43 1,11 0,86
— — — — — —
2 0,001221 1,010 0,000524 1,025 48943 1,02 831 589 865 6,385 45 1,02 083
0,002005 1,658 0,000844 1,652 37214 0,77 402 230 778 11,91 49 1,32 0,7
e o e e — — S
1 0,001262 1,044 0,000546 1,068 49095 1,02 794 604 860 6,842 55 1,04 086
0,002415 1,998 0,001089 2,131 37275 0,77 283 240 836 8,664 163 136 084
0,001262 1,044 0,000546 1,068 49095 1,02 794 604 860 6,842 55 1,04 0,86
0,003743 3,096 0,00137 2,681 27440 0,57 893 310 893 2,764 99 0,61 0,72
° 0,022247 18,401 0,007689 15,047 29030 0,60 50 50 751 13,7 1 1,41 0,85
0,002579 2,133 0,00174 3,405 37011 0,77 241 144 855 7,205 169 1,29 0,66
0,002012 1,664 0,000768 1,503 29637 0,62 727 357 727 14,181 140 0,73 0,7
0,001598 1,322 0,000689 1,348 42819 0,89 534 366 836 8,664 163 1,04 0,79
Examples from generation 0

Smallest top displacent its generation

Mesh size: U: 100 V:60 Resolution of mesheslain:1

Largest top displacement in its generation

TableC5.2 The optimizedjeometry from evolutionary design done with help of
Galapagos and the adjusted one lzhea it

Parameter Result
r[m] | a[m] s1[-] s7-] u_avim] |u_maxm] A [m?]
The optimizedyeometry
from optimization by 6,32 | 430 | 1,01 0.8 0,000516| 0,0012 48423
Galapagos
Theadaptedyeometnybased | ¢ |, | 1 | g | 0,000457| 00011 | 48052
on theoptimized geometry

In the evolutionary design, sparser mestfean are applied to save computation time.

Convergence study showbat both the maximum displacement and the average
displacemenineshes are fine enough.

A& 16
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Appendix C6 Geometry study: Normalization and
scaling of the results for pimary evaluation

The value®f the rental areg masses of mataticonsumed for unit arestructural
stiffness per mass material and the lateral displacement for all alterrvagirees
normalized bybeing divided by thosef Geometry 1 Thereafter eacgeometry will

begivena scale according to the copesdingnormalized values. The scales for the

normalized values and the scafggen for each geometry are presented in TaBI4
to TableC6.8 below.

TableC6.1 Scale faatrs for rental areas

Normalized rental area

Scde

0.4-0.52

0.52-0.64

0.647 0.76

0.761 0.88

0.88i 1

QB WIN|F

TableC6.2 Scales for all geometries related to the rental area

Rental area | Normalized Scale
[m? value
Model 1 55 800 1 5
Model 2 55 321 0,99 5
Model 3 53 884 0,97 5
Model 4 51 489 0,92 5
Model 5 43 825 0,7 4
Model 6 39 477 0,71 3
Model 7 39 137 0,70 3
Model 8 38 119 0,68 3
Model 9 36 425 0,65 3
Model 10 31003 0,56 2
Model 11 49 934 0,89 5
Model 12 49 505 0,89 5
Model 13 48 218 0,86 4
Model 14 46 075 0,83 4
Model 15 39 217 0,70 3
Model 16 49 070 0,88 4
Model 17 48 649 0,87 4
Model 18 47 385 0,8 4
Model 19 45 280 0,81 4
Model 20 38 540 0,69 3
Model 21 45 622 0,82 4
Model 22 45 231 0,81 4
Model 23 44 056 0,7 4
Model 24 42 098 0,75 3
Model 25 35832 0,64 2
Hyperboloid 22 572 0,40 1
Optimized 48 245 0,86 4
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TableC6.3 Scale faabrs formass of material per unit area

eometries related to the mass of material per unit area

Normalized masef material per areq Scale

1.0-1.03 5

1.031.12 4

1.121.20 3

1.201.29 2

1.291.37 1

TableC6.3 Scales for all
Mass per area| Normalized Scale

[kg/m?] value
Model 1 129,1 1,00 5
Model 2 124,6 0,97 S
Model 3 122,2 0,95 5
Model 4 121,9 0,94 3)
Model 5 129,1 1,00 )
Model 6 153,2 1,19 3
Model 7 1479 1,15 3
Model 8 145,1 1,12 3
Model 9 144,7 1,12 3
Model 10 153,3 1,19 3
Model 11 135,8 1,05 4
Model 12 131,0 1,01 5
Model 13 128,5 1,00 S
Model 14 128,2 0,99 )
Model 15 135,8 1,05 4
Model 16 137,0 1,06 4
Model 17 132,2 1,02 5
Model 18 129,7 1,00 )
Model 19 129,4 1,00 5
Model 20 137,0 1,06 4
Model 21 142,1 1,10 4
Model 22 137,1 1,06 4
Model 23 134,5 1,04 4
Model 24 134,2 1,04 4
Model 25 142,1 1,10 4
Hyperboloid 177,4 1,37 1
Optimized 128,3 0,99 5

TableC6.5 Scale faabrs forstiffness per mass material

Normalized stiffness per mass mater| Scale
1-1.17 5
1.171.36 4
1.361.56 3
1.561.75 2
1.751.95 1
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TableC6.6 Scales for all geometries related to #iéfness per mass material

Mass-displacemer, Normalized Scale
[-10Pkg-m] value
Model 1 4,93 1,00 5
Model 2 4,98 1,01 5
Model 3 5,16 1,05 5
Model 4 5,47 1,11 5
Model 5 6,56 1,33 4
Model 6 6,52 1,32 4
Model 7 6,60 1,34 4
Model 8 6,84 1,39 3
Model 9 7,25 1,47 3
Model 10 8,64 1,75 1
Model 11 4,86 0,99 5
Model 12 4,92 1,00 5
Model 13 5,09 1,03 5
Model 14 5,40 1,10 5
Model 15 6,47 1,31 4
Model 16 4,80 0,97 5
Model 17 4,85 0,98 5
Model 18 5,03 1,02 5
Model 19 5,33 1,08 5
Model 20 6,39 1,30 4
Model 21 5,09 1,03 5
Model 22 5,15 1,04 5
Model 23 5,34 1,08 5
Model 24 5,65 1,15 5
Model 25 6,77 1,37 3
Hyperboloid 9,60 1,95 1
Optimized 4,98 1,01 5

TableC6.7 Scale faabrs forlateral displacement

Normalizedmaximum displacemen

Scale

0.52-0.68

0.680.84

0.841.01

1.01-1.17

1.171.33

RINWl~O

TableC6.7 Scales for all geometries related to th&eral displacement
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maximumdisplacemeni{ Normalized Scale
[m] value
Model 1 0,096 1,00 3
Model 2 0,072 0,75 4
Model 3 0,055 0,57 5
Model 4 0,061 0,64 5
Model 5 0,058 0,60 5
Model 6 0,128 1,33 1
Model 7 0,096 1,01 2
Model 8 0,073 0,76 4
Model 9 0,081 0,85 3
Model 10 0,077 0,80 4
Model 11 0,088 0,92 3
Model 12 0,067 0,70 4
Model 13 0,051 0,53 5
Model 14 0,056 0,59 5
Model 15 0,053 0,56 5
Model 16 0,088 0,91 3
Model 17 0,066 0,69 4
Model 18 0,050 0,52 5
Model 19 0,056 0,58 5
Model 20 0,053 0,55 5
Model 21 0,093 0,97 3
Model 22 0,070 0,73 4
Model 23 0,053 0,56 5
Model 24 0,059 0,62 5
Model 25 0,056 0,59 5
Hyperboloid 0,083 0,87 3
Optimized 0,050 0,52 5
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Appendix D Combination of loads

Thedesign loadsor ultimate limit state andewiceability limit state are calculated in
principle of EN1990.The loads included are dead weight, imposed load and wind
loads.

Fundamental combinationin ULS

O [ k0 [ & &0 f,whereQ p (D.1)
Charagteristic co~mbination in SLS
O ULOEF T RO R, WhereQ p (D.2)

where G is permanent loahd0 is the main variable load ard is other variable
loads.

TableD.1 Partial safety factors for ULS and SLS

ULS SLS
Permanent Variable Permanent Variable
actionl actionl action’ actionl
Favorable 1 0 1 0
Unfavorable 1.35 1.5 1 1

Reduction factof
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Appendix E ULS design of structural elements of
timber

The members are assumed to be designed to be subjected to only stresses in the
direction parallel to the grain direction. The general design principle is that the design
load should be smaller or edqua the design capacity. This candiecked by

comparing thestresses caused by design load and the design material stidregth.

capacity of the structural members should be verified according to ENl129bhe

stresses are calculated from the sectional forces, such as moments, compressive forces
and tensile forces, extracted from finite element analysis dokaitaynba 3D The

calculation was done iGrasshopper

E.1 Designstrength

o o Kk (E.1)
where
Q is the desigrstrength
yis is thecharacteristic value of the strength
o) is the modification factor related to tHead duration and moisture
content
i Is thepartial factor for material property

TableE.1 Recommended valsior[ for solid timber and glued laminated timber
according to Eurocode 5

Material i
Solid timber 1.3
Glued laminated timber 1.25

Service class 2 and permanent action is assumed.

TableE.2 Recommended valsitor 'Q  for solid timber and glued laminated
timberaccording to Eurocode 5

Material | Service Load-duration class
class Permanent action

Solid

timber 2 0.6

Glued

laminated 2 0.6

timber

E.2 Design for trusses, beams andolumns

Tension parallel to the grain

» ki ARR (E.2)
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» Ah is the design tensile tress along the grain
A is the design tensile strength along the grain

Compressionparallel to the grain

» bR ARR (E.3)
where:
» BR is the design compressive tress along the grain
i is the design compressive strength along the grain

Combined bending andaxial compression

- 20— (E4)
hh hh hh
ik ~ i f Ak
Rk Q Ak i P (E:5)
where:
» FR is the design compressiggess along the grain
A is the design compressive strength along the grain
» RE-A RBR are the design bending tresses about the principal axes
i . AERp are the design bending strengths along the grain
E =0.7 for rectangular sections for solid timber, glued laminated tinr
and LVL
=1 for other cross sections or for other wdmabsed structural
products
Shear
LA (E.6)
where:
t is the desigrsheartress
A is the design shear strength

For members in bending, the influence of cracks is taken into account by using
effective width.

© E (E.7)
E =0.67 for glued laminated timber
=1 for other wooden products
A is the actual width of the cross sections of the members

Stability for columns and trusses subjected to either compression or combined
compression andbending
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Poo—= _hh (E.9)

_ 5 = % (E.9)
where:
_ R are the slenderness ratios corresponding to bending alaoig y
1 5,1 are the slenderness ratios corresponding to bending alaig z
Qi is the characteristic strength in the direction along the grains
Og is the modulus of elasticity parallel to the grains

When both_  and_  are smaller than 0.3, no check corresponding instability
need to be checked. AccordingSwedish Woo(R016):

. — (E.10
- (E.1))
Q — (E.12)
Q - (E.13)
where:
_} are the slenderness ratios corresponding to bending abaud &
axes
E,E are the radius of gyration aboutand xaxes
a is the effective buckling length in compression.
‘0,0 is the second moment of area aboudryd zaxes
A is the area of the cross section

The calculation shows that tihelative slenderness ratio for all members about both y
and zaxes are smaller than 0.3 and therefore no member is subjected to the risk of
instability. This is because large cross sections are required to resist the combined
wind loads and gravity loadsd at the same time the members are anchors at each
floor levels, meaning a short buckling length. Therefore, no further verification due to
instability is needed.

F.3 Design forcore walls

The core walls are supposed to be constructed with CLT30 memitene the loads
are considered to b@orneby the directions parallel to the grains. (Swedish wood,
2019). For structural design of a CLT component, the compressive, tensile and
bending stresses for layers in both directions need to be verified.

The cae is subjected to the gravity loads and the wind loads, which are mainly

carried by the layers with grain parallel to the vertical directions by bending and
compression along the grain direction and shear resestglabally. Since the focus of
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this studylies in the exterior structural system and the main purpose of the core is to
carry the gravity loads, though it will contribute to the stabilizing. For sfneption

the wall members are treated as a homogenous component as a whole and no detailed
design of the layers are includednAdentical cross section of 500mm for diagrid
structures and 800mm for the braced frame structure was chosen and the design in
plane compressivensile strengths was assumed to be 11.5MPa in both directions.

The core wallsvere modeled as shadlement inrKaramba3D and as isotropic

material. Because in a CLT member only layers with grains in the |ainggiu

direction areassumedo carry loads, the real design thickness mighiabee asmuch

as those mentioned.

The calculation of stresses and utilization of shklments irKaramba 3Dis based

on the von Mises stresses, which is applicable for steel material and is not really the
case for timber material, where the stresses in each direction need to be verified.
However this can give some insight in the magde of the stresses.

The sectional forces can be extracted from the results of FEM analysis conducted in
Karamba3D. For design the stiffness and the strength capacity can be influenced not
only by the timber material, but also the total number of layers in the surface layer
direction and the cross direction, as well as the thickness of them. These can be
designed out of the sectional forces in each direction obtained from the finite element
analysis. The design process for CLT element follows the procedures presented in
Section3.3.5 inThe CLT handboogublished by Swedish Wood (2017).

Check of buckling in walls

For the members subjected to the compression or combined compression bending
there is risk for bucklinglt is better to avoi@ccurrence of buckling during the dgsi
for higher utilization of the total capacity of the cross sections.

Ny=F,- b,

LWILIL) Vo<§ N

1:—)y 7 | ‘"

AN

Ty

T ‘5‘ ~

b,
FigureE.1 CLT wall element subjected to axial compression and benBiggre
3.27 in The CLhandbook (Swedish Wood, 2017)

No further checks neeedto be done if the relative slenderness ratioy, is equal or
smaller than 0.3.
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where:

S'I:n 9 l_:rn:h

is the effective radius of gyration aboutaxis
is the buckling lendt

is the effective moment of inertia aboutaxis
is the net cross section area alorgxs

is in meter and as shown in Figufel

are the slenderness ratios corresponding to bending alaoig y
is the characteristic strength in the direction along the grains
is the modulus of elasticity parallel to the grains

The connections between elements in vertical directions are supposed to be fixed and
supposed to be supported by the floor slabs. The buckling length is assumed to be the
floor height multiplied by a factor of 0.8 is set to 10m. According to the
calaulation, the relative slenderness ratio is about 0.256. There is no risk of buckling.
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Appendix F Calculation of peak acceleration

The calculation of the peak acceleration follows the procedures given by EKS11.

® &« Q3 «a (F.1)
where:
W Q is the peak acceleration
ko) is the peak factor, calculated by expres&onin AppendixB
, O is the standard deviation of the acceleration

The standard deviation of tlaeceleration is calculated by expression:

” d Fl (F'Z)
where:
‘0Q is thewind turbulence intensity &he heighth
Y is thefactor for resonance response, see equaBahljin Appendix
B
n Q is themean wind velocitypressure at the height h
b is thewidth of the building
W is theforce factor, sedppendix A
%o is thefirst mode shape
m is themass per unit length of the tag3 of the building
%o, - (F.3)
where:
z is theheight for the top flogrtaken as 200m in calculation
Q is theheight of theheight of the building
, is the exponent for mode shape for structure fixed to the ground
n Q =" Q (F.4)
where:

” Is the air density, 1.25kgfm
TQ is the mean wingpeed at the height bee equatiorB.14) in
Appendix B
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Appendix G Stresses foitrusses/columns for
structural proposals

G.1The convex structures
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