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ABSTRACT

This research is about the efficiency of usingeaddht types of wind bracing and
with different steel profiles for bracing membew fmulti-storey steel frames.
ETABS software was used to obtain the design shésmand bracing systems with
the least weight and appropriate steel sectioncsetfe for beams, columns and
bracing members from the standard set of steelossctThe design loads are
specified in BS 5950 (2000). The serviceability itistate included in the design
problem is achieved by limiting the overall and emmediate storey lateral
displacement in the building to height/300 as djetiby the code. Bracing
members are considered to be made of UniversaleAsggtion [Equal Angle (EA)
and Unequal Angle (UA)], Rectangular Hollow secti@®@HHF), Circular Hollow
section (CHHF) and I section [Universal Column (UQhis research presents the
design of steel structure subjected to wind loadiardouildings up to 5, 10, 15 and
20 stories with symmetrical plan and section, asgtnical plan and section,
symmetrical plan and asymmetrical section and asgtmoal plan and symmetrical
section steel frame buildings with different bragisystems such as cross, zipper
and knee bracing at the core and central bay dftiiueture. From this research it is
concluded that Rectangular Hollow Section zippeachry produces the lightest

frame among the others.

Keywords: Braced steel frames; Bracing systems; Wind lodtlsjght of steel

elements; Lateral displacement.



OZET

Bu argtirma cok katli ¢elik cercevelerde hangi tip rizga¢ sisteminin daha etkili
calisabilecgini ve bu bg sistemlerinde kullanilan celik profilleri inceleknégin

yapilmstir.

Bu amacla celik cerceve tasarimi icin ETABS prograailaniimis ve tasarima en
uygun profiller programda yer alan standard tabttda secilmytir. Kiris kolon ve
bag sistem elemanlari icin secilgtir. Tasarimda kullanilan yukler ingiliz celik

standardi BS5950 (2000)’den alirgim.

Bu kodun onerdii her kat igin yatay oteleme limiti olan kat yuk$gk/ 300 her bir
katin ve tim binanin yatay otelemesini kisitlamgak kullaniimstir. Boylece yatay
yonde gerekli sdanmstir. Bag sistem elemanlari icin kébend, dikdortgen ve

daire profil ve I-profil kolon kullanilmtir.

Bu argtirmada 5, 10, 15 ve 20 katl simetrik plan ve #gasimetrik plan ve kesiti
simetrik plan ve asimetrik kesiti, asimetrik pla@ simetrik kesiti olan, celik yapilar
tasarlanmygtir. Gobginde ve orta acikliklarinda farkh pasistemleri kullanilmy,

ornesin capraz, ters V ve gmerkezli bglanms celik yapilar tasarlanrtir.

Elde edilen sonucglar goultusunda dikdértgen profil kullanilan ters V ga

sisteminin tim sistemler arasinda en hafif cercievendigi gorulmustdr.

Anahtar kelimeler: baslanms celik ceregeve, asistemleri, rizgar yukleri, celik

elemanlarin grliklar; yatay 6teleme
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CHAPTER 1

INTRODUCTION

Most of the tallest buildings in the world haveedtstructural system, due to its high
strength-to-weight ratio, ease of assembly and figdtallation, economy in transport to
the site, availability of various strength levelsnd wider selection of sections.
Innovative framing systems and modern design methadproved fire protection,

corrosion resistance, fabrication, and erectiohnegies combined with the advanced

analytical techniqgues made possible by the usemibpaters.

1.1 Objectives and Research Approach

The study of wind has become an important issueefineers and the most costly
cause of damage to light weight steel-framed residlestructures. In the US, wind is
the most costly cause of damage to buildings. “FrI®86 to 1993 extreme winds
caused extensive damages cost $41 billion in idscatastrophe losses as compared to
$6.8 billion for all other natural hazards combihgl]. Keeping this problem in mind,
the designer must design the structure so thabuilavneither fail nor deform under any
possible loading conditions and have to considerpassible layouts in structural
systems that might satisfy the requirements ofptfogect. Structures must be designed
with an adequate factor of safety to reduce théadviity of failure. The design loads
specified by the codes are generally satisfactoryrfost buildings. However, designers

must decide whether these loads can be appliedhdospecific structure under



consideration. Buildings have various types of plastories or heights, bracings, steel
profiles for members and the braces can be in rdiftelocations due the varying

direction and velocity of the wind. By consideritigese dissimilarities, dynamic loads
that occur on the structures, then different designd analysis may be required for

buildings.

The floors of buildings are typically supported bams which then are supported by
columns. Under dead and live loads that act véigiclownwards (gravity load), the

columns are primarily subjected to axial compress$aces. Since columns carry axial
loads efficiently in direct stress, then they woublave relatively small cross sections

which are desirable condition since owners wamhéximize usable floor space.

When lateral load, such as, wind load acts on &lingi, lateral displacements occur.
These displacements are zero at the base of thiriguand increase with height. Since
slender columns have relatively small cross sesfitheir bending stiffness is small. As
a result, in a building with columns being the oslypporting elements, large lateral
displacements can occur. These lateral displacenoamnt crack partition walls, damage
utility lines, and produce motion sickness in oanig (particularly in the upper floors

of multi-storey buildings where they have the gesaeffect).

To limit lateral displacements, structural designeften insert, at appropriate locations
within the building, structural walls of reinforcenlasonry or reinforced concrete (shear
walls) or add different types of bracings betweetuimns to form deep wind trusses
which are very stiff in the plane of the truss. Sédracings, together with the attached

columns and horizontal floor beams in the planetled bracings, forms a deep



continuous, vertical truss that extends the fuiliyheof the building (from foundation to
roof) and produces a stiff, lightweight structuedément for transmitting lateral wind

forces into the foundation.

It is very important to identify areas of the bung where floor loads such as dead and
live loadsare lower (and material costs can be reduced) sea avhere wind pressures
on the cladding are higher (and the building'stgaded reliability can be increased) in
order to get optimal structural design and to desigple and diagonal members which

are bracings, required lateral stability on thactre of the building.

The aim of this research is to compare the behandrsteel weights of 5, 10, 15 and
20 stories buildings with symmetrical/asymmetripddns and sections subjected to
wind loads in two different directions. These stuses resist wind through concentric
braces made of different steel profiles and locat#ter at the core or central bay at the
perimeter of the steel framed structure. Thereforeyiding steel braces would increase
the safety of buildings by resisting the wind loa@eel braced frames are often

economical way of providing lateral stability fomildings.

Use of different plans and storey heights for sfeaie buildings was the method
preferred for analysis and design. The computemwsoé, ETABS was used to for the

analysis and design to save time and minimize ritoese



1.2 Overview of Dissertation

This thesis is composed of five chapters and aofiseferences and appendices at the
end. The present chapter has provided the motivado this research. Chapter 2
summarizes current state of the art with regarddbavior of different concentric
braced types with a broad literature review thascdbes the importance of wind
loading performance assessment of multi-storeyl stg@eictures due to damages
occurred on different buildings. Wind loads applmd different storey with different
brace types and steel profiles at different locetion this study are described and
discussed in Chapter 3. In Chapter 4, the repraseatmodel frames of the current
steel building are described along with the detafseach elements weight and
structural displacements. Chapter 5 presents tha omnclusions of this dissertation

with suggestions for future research.

The Appendices A to D give all the necessary det@iilthe column, beam and brace
weights and their overall total weights. In additilateral displacements in X and Y
directions for structures with different storey é&s; bracing types, steel profiles and
different bracing locations on symmetrical/asymmeatr plans and sections are also

given in these appendices.

Appendix E gives all the information needed on wimading for factolS;, external

pressure coefficientS,, for vertical walls and, terrain and building factor.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

The literature review revealed that, as expecteztetwas very few reported research on
bracing systems for wind loading. Instead literatteview indicated that eccentric and

concentric bracing were mainly provided for earticuloading.

Some countries are located in the earthquake ashere the buildings are designed to
resist earthquake loads. Other countries, suchSagdadlifornia), the most costly cause
of damages on buildings are as a result of extnemd storms included hurricanes and
tornados. A hurricane commonly occur during lateswer and early fall along coastal
regions of the Atlantic and the pacific Oceans wspdeds in excess of 33m/s. They can
carry wind speeds in excess of 62m/s over a patithvaf 75km. Tornados generally
have much smaller foot prints than hurricanes,lyaggceeding 1.60km in width with
path lengths less than 15km although some havelé@d\as for as 450km. They can
include wind speeds exceeding 90m/s but the lowalyihity of occurrence make them
much less of a concern than hurricanes. Due tontheh larger area covered by
hurricanes, they normally cause twice the damaga tbrnados in any one year and

over 160 times the damage of severe winds(<33rhJs) [



Steel moment-resisting frames (SMRFs) have beeth eseensively for many years in
regions of high seismicity. At one time, rivetednoections were common in such
frames. However, since 1950’s, the connections lmeen fabricated using welds or
high strength bolts which are easier to install anavides more predictable clamping
force. Fully-Restrained (FR) moment frames withoeel connections were believed to
behave in a ductile manner, bending under eartreglagding. As a result, this became
one of the most common types of construction usednijor buildings in areas subject
to severe earthquakes. However, the January 17 MNe@thridge (U.S.) and January

17, 1995 Hyogo-Ken Nanbu (Kobe, Japan) earthquetkasged this belief [2].

The poor performance of welded steel beam-colummnections led to numerous
investigations, including the SAC Project (SAC, @R9The SAC Joint Venture was
formed by Structural Engineers Association of @afifa (SEAOC), the Applied
Technology Council (ATC), and the Consortium of brsities for Research in
Earthquake Engineering (CUREE). The main purpoghisfundertaking was the need
for understanding the reasons for the occurrencebrdfle fractures in welded
connections during 1994 Northridge earthquake. Hemnbore, the SAC project

provided new guidelines for design to avoid sudtilerbehavior in future earthquakes.

Although no lives were lost in the Northridge eqrtbke as a result of poor
performance of steel frame buildings, the subseguespection and repair of the
damaged steel buildings were very costly. The ntoshmon methods used for the
repair of steel buildings are upgrades of the imidial connections and addition of steel

braces, or addition of energy dissipation systeZhs |



In the wake of this event, earthquake-resistasigieguidelines for steel frames in
high-seismic regions changed significantly. In tHissertation, practices which were
prevalent before 1994 will be referred to as prethadge designs, and those after

1994 will be referred to as post-Northridge deg@jn

The current state-of-the-art with regard to behawiodifferent types of braced frames

is also described in the following sections.

2.2 Braced Frames

The lateral load resisting system in braced framgwovided by braces which act as
axially loaded members in a vertical truss arrarg@m“A structural steel building

frame, including interconnected vertical and hantab columns and beams is furnished
with bracing against wind and seismic forces” [Bl.traditional braced frames, the
braces are the structural fuses. They yield inibenand absorb energy. However, the
braces buckle in compression leads to a sudden dbsstiffness and progressive

degrading behavior which limits the amount of egefigsipation.

“Braced frames were originally designed to resistddoading” [4]. Virtually none of

the lateral load is carried by the beam-column ectians in a braced frame; rather, the
system relies on the axial forces developed irbitcing members. Bracing systems
advanced in the 1960s and 1970s in terms of seigpptications and have long been
regarded as an economical alternative to momeniefsadue to the reduced material

requirements and ease of fabrication and erectsulting in lower labor costs. These



systems also provide an efficient restriction dédal frame drift which was realized

following the 1971 San Fernando earthquake [4].

Connections in Braced frames are generally designdze simple connections. With
respect to geometry, braced frames are dividedtimtocategories: Concentric Braced
Frames (CBFs) and Eccentric Braced-Frames (EBFsgomling to their behavior,

these two falls into the category of buckling- peted braced frames.

In the following sections, the literature on coriceally braced frames (CBFs) in steel
structures is reviewed, describing the Knee, zigp®at X or cross wind bracing and

their behavior; therefore, EBF practice will notdiscussed in this dissertation.

2.3 Concentrically Braced Frames

For many years, the Concentrically Braced FrameBFEL have been used in steel
construction. Steel CBFs are strong, stiff and iteyjcand are therefore ideal for lateral
load resisting framing systems. In order to hawehbst performance from a CBF, the

brace must fail before any other component of tamé does [5].

CBFs are systems where braces are placed as diagomdaced to form an X (or cross
bracing) or as V or inverted-V (or chevron bracirgg) that their points of action
coincide. CBFs can undergo complete truss actiomctwigives them high initial
stiffness. However, beyond the linear-elastic rathgy behave as brittle because once

buckling of the compression braces occur and ievwad by yielding of the tension



braces at the same storey level, as a result thetwte cannot resist the lateral forces

[6].

2.3.1 Cross Bracing

In construction, Cross Bracing is a system in whilidigonal supports intersect. The
cross bracing is usually seen with two diagonapsugs placed in an X shaped manner.
X bracing is the simplest and possibly the most mom type of bracing which have

been used for many years [7].

The diagonal braces can also be placed as sucth#yacover more than one storey of

a building (Fig 2.1)

/N

Figure 2.1: Typical configurations of CBFs with X lracing.

2.3.2 Zipper Bracing

“Diagonal and chevron systems can provide largadastrength and rigidity but do not

provide great ductility as buckling of the diagadtads to rapid loss of strength



without much force redistribution” [8]. The loss stfength in chevron system is due to
the unbalanced vertical forces that arise at tmmections to the floor beams due to the
unequal axial capacity of the braces in tension @mrpression. In order to prevent
undesirable deterioration of lateral strength c¢ thame, very strong beams, much

stronger than would have been required for ordileagds are needed to resist this
redibuition, in combination with

potentially significant post-buckling force

appropriate gravity loads [7].
Thus conventional concentrically braced steel fmn@annot re-distribute large
unbalanced vertical forces caused by brace buckhngugh the system. In order to

limit the inter-storey drifts using efficient stiiéss and strength, new braced steel frame
configurations are developed. The zipper frameegghed to distribute the unbalanced
vertical forces along its height using the zippelumn, a vertical structural element

which has been connected to the gusset platesdaspan of beams starting from the

first to the top storey of the frame (Fig 2.2) [9].

(b) Zipper frame

(a) Conventional braced frame
Figure 2.2: Comparison of the collapse mechanism drload-displacement

relationships for zipper and conventional braced fames [7].
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However, the inelastic behavior of the entire frasteongly depends on the brace
hysteresis and the interaction of the zipper cokindue to the nature of the geometry,
the braces provide most of the lateral stiffnessl uhey buckle. Once the braces
buckle, a large reduction in the brace stiffnedsagiuse drastic force re-distributions in

the frame [9].

The zipper frame configuration was first proposgdihatib in 1988 (cited in [9]), the
frame has the same geometry as the conventionalr@hdraced frame (Fig 2.3a),
except a vertical structural element, the zippduron, is added at the beam mid-span

points from the second to the top storey of then&dFig 2.3b).

In the event of lateral loading, the compressioacérin the ground will buckle. The
unbalanced vertical force will then be transmittetbugh zipper column to the mid-
span of the second floor beam. The zipper colunihmabilize the stiffness of all the
beams and the remaining braces to resist this anbadl vertical load. Nearly
simultaneous brace buckling over the height of ildlmg will result in a more uniform
distribution of damage, instability and collapséeTreduced lateral load capacity and
softening during force deformation response of tipper frame, lead to the
modification of the conventional zipper frame bygrigasing the brace sizé the top-
storey braces. This configuration is named as swguk zipper frame as shown in

fallowing page, Figure 2.3c [9].
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(a) Cevron braced frame (b) Zipper braced frame (c) Suspended zipper
braced frame

Figure 2.3: Configuration of inverted V braced frame systems [9].

2.3.3 Knee Bracing

A new structural system for lateral load resis&atl structures is called the knee brace
frame (KBF), which is a new kind of energy dissipgtframe that combines excellent
ductility and lateral stiffness. Diagonal bracesichhprovide the lateral stiffness have
been connected to the ductile knee members. The &eenent will yield first during a
severe lateral loading so that no damage occutsetmajor structural members and the

rehabilitation is easy and economical (Fig 2.4)[10 A

i —F

Figure 2.4: Configuration of Knee braced frame sysms
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The CBF is much stiffer than the Moment Resistingnke (MRF), but it cannot meet
the ductility requirement due to the buckling oé thrace. KBF have enough ductility

and also achieves excellent lateral stiffness PF.

2(](} T T T T T T T T T T T T T T T T

A Buckling point of diagonal brace
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Figure 2.5: Performance comparisons of framed.0].

Under the action of the lateral force at point Ag(R2.4), the knee member will yield.
Plastic hinges in the connections of knee to colame knee to beam, and the midpoint
of the knee will develop simultaneously and theudtire turns into the energy
dissipating stage of the knee, which means thatbiflaee system has reached its
ultimate bearing capacity, and the succeeding $telild be carried by the main frame
until further plastic hinges occur in the columnstlee beam, after which a secondary
energy dissipating stage occurs. Obviously, by m@aKull use of the first stage of
energy dissipation, the major structural members siavive a severe lateral loading

without receiving any permanent damage as shoviallowing page, Figure 2.6 [10].
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Figure 2.6: Lateral force-displacement curve of KBH10].

The structure could have maximum lateral load tasce if the knee bracing and

inclined brace were parallel to the diagonal offthene, that means:

Bz Hz
X=——=— (Eqn 2.1)
B H
Whichx is between 0.15 and 0.5 (Fig 2.7) [10].
B
By B
, Point A4 F
s
=3
/ [#4

L]

Figure 2.7: Configuration of Knee braced frame sysms|[10].
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Figure 2.8 shows the force displacement curvesashés with differenk values. By
decreasing the value greatly increases the ultimate structuralribgacapacity and
ductility. The ultimate load reducesagicreases, at the same time, the ductility tend to
decrease. With further increasing»gfthe lateral stiffness of the structure in thestta
stage appears somewhat small and the safety ofidigg structural members is difficult

to control. Therefore, it is better to choosef 0.15 to 0.30 [10].

S0F
60)

40

Load at point 4 (kN)

i L

L ; L I L | S L L i i i i
{ 20 40 60 S0

Shift at point A (mm)

Figure 2.8: Force-displacement curves of frames witdifferent x values[10].

In order to have lateral stiffness, large crosgtiees are usually chosen for brace
members. This is not only costly but also it ididiflt to construct and there is waste of
material. But, the KBF can be built by using sn@tiss section knee elements. From
Figure 2.9 increasing the cross section of therned brace members cannot improve

the lateral stiffness of the structure. So for esop and convenience of construction,
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the cross sectional area of brace members of KBEIdibe small rather than large in

order to satisfy the requirement of stability [10].
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Figure 2.9: Force-displacement curves of frames witdifferent brace sections [10].

In a building, since the length of beams and colsiroannot be changed easily, the
lateral behavior of the frame can be improved tgloadjusting the knee elements and
the cross sectional dimensions of beam and colurAssthe main frame element,
changing the cross section area of column is muate reffective than changing the

beam (Fig 2.10 and Fig 2.11) [10].
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CHAPTER 3
METHODOLOGY

3.1 Introduction

Forces from gravity, wind and seismic events angosed on all structures. Forces that
act vertically are gravity loads. Forces that amtizontally, such as wind and seismic,
require lateral load resisting systems to be boild structures. As lateral loads are
applied to a structure, horizontal diaphragms (8oand roofs) transfer the load to the

lateral load resisting system (Fig 3.1) [7].
Gravity loads (Dead and Live loads)

Al

e

rec .

loads (Wind OF mp)
seicmic loads)
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Vertical reactions
Figure 3.1: Transformation of loads on a structure
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Design of steel structural systems of multi-stdoenidings with lateral forces is one of
the most complex and time consuming tasks for stratengineering. To fulfill this,
the lateral load resisting system in frames, amviged by braces which act as axial
load members in a vertical truss arrangement. -Braeled frames are recognized as a
very efficient and economical system for resistizgral forces. Braced frame systems
are efficient because framing members resist priynaxial loads with little or no

bending in the members until the compression brectdge system buckle.

One of the most difficult and important parts o tthesign process is the determination
of an appropriate configuration of a structuralteys for a given building. In the
structural analysis conducted by ETABS softwaresioer 9.2.0, dead, live, and wind

loads (BS5950-2000) [11], as well as their combamatare considered.

Using outputs from the ETABS software produces mpdete and detailed structural
design. In this research ETABS software providdaesof 576 designs, including the
total weight, weight of braces, weight of beamsjght of columns and maximum
lateral displacement of whole structure for fiven,tfifteen, and twenty stories steel

structure.

The values of the total weight of structural systdmve been used to compares their
designs. First, the total weight of a structuradtegn is one of the measures of its
efficiency. Secondly it is a good estimator of tost of a structural system. Finally, the

most appropriate bracing type and its optimal llecetan be obtained.
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3.2 Types of Braces and Steel Brace Profiles

The structural elements are designed using segevaps of sections for three different
kinds of braces, including cross bracing, zippachrg and knee bracing (Fig 3.2). Four

types of steel brace profiles were used:

1. Universal Angle section [Equal Angle (EA) and Unabangle (UA)],
2. Rectangular Hollow section (RHHF),
3. Circular Hollow section (CHHF),

4. | Section [Universal Column (UC)]

Typical bracing members include Angles, Channekst&gular and Circular Hollow

Sections. Hollow sections are a common selectiomateral bracing members because
of their efficiency in carrying compressive loadgieater strength and ductility

requirements, their improved aesthetic appearandebacause of the wide range of
section sizes that are readily available. EA andha#&e the unsymmetrical shape and
they may cause simultaneous biaxial bending abotit principal axes and as result
failure. UC is heavier than other steel sectioresluess bracing members, but commonly
used because of its low cost and can reduce latisplacement caused by lateral

loading.

VAN A A VAN AN VAN

Cross Bracing Zipper Bracing Knee Bracing

Figure 3.2: Three types of braces
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One type of steel section for beam [Universal BgamB)] and column [Universal

Column (UC)] for all structural system were useahirBritish steel sections (BSS).

Braced Frames (Fig 3.2) are usually designed viftiple beam-to-column connections
where only shear transfer takes place but may amtaty be combined with moment
resisting frames [12]. In braced frames, the beath@lumn system takes the gravity
load such as dead and live loads. Lateral loads asovind and earthquake loads are
taken by a system of braces. Usually bracings theetere only in tension and buckle
easily in compression. Therefore in the analysidy the tension brace is considered to

be effective. Braced frames are quite stiff andenagen used in very tall buildings.

3.3 Location of the Braces

In this research, to compare different types otésan different locations of a structure
with different number of stories, the braces asc@tl in central bay and in the core of
the structure with secondary beams in Y (or X) diom. There are various ways in
which the vertical wind bracings can be locatea ibuilding. Location depends partly
on the size of building, plan and section arrangemand lateral loads. While locating
bracings one needs to make sure that it will al®vent any possible torsion on the
building due to asymmetry. So it was decided tateche bracings at the core and
central bay of the perimeter of the building. Boftthese locations are fairly common
in practice. However, there is no claim that thasethe best locations for bracings in
general. Due to limited time for this research ¢hdecations were considered

appropriate.
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While all the design in this research consistshoé¢ bays, the braces which are located
at the two sides of the frame will cover the wallsd therefore not leaving space for
windows or openings. Thus the possible locationsrates are in core and central bay

as shown in the following page in Figure 3.3.

e - = k- o =

=i =: = hi:2 =i ;2
| | r————>"—"=— l
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | L - |

e =: = i e 2

== — & : == & &

() (b)
Figure 3.3: Dotted lines on plans are the locationof the braces at (a) central bays,
(b) core.
3.4 Modeling

This chapter is considered as a four stage prodédss.first stage is to identify the
configuration of a symmetrical plan and symmetrgattion of steel structural system

(Fig 3.4).
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The second stage is to identify the configuratioh ao symmetrical plan and

asymmetrical elevation of a steel structural systéim 3.5).
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Figure 3.5: Second type of frame model (a) Symmetal plan, (b) Asymmetrical

elevation
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The third stage is to identify the configurationasf asymmetrical plan and symmetrical

elevation of a steel structural system (Fig 3.6).
Pl - -

3.75m

3.75m

* 3.75m

T

l % 1 Bmi
L 4I7 m/
& Em #—fm—A—4m—+ PN PN PN o },m/,ij
# 18m + £ &m #F—Om—a—4m—+ "/
(a) (b)
Figure 3.6: Third type of frame model (a) Asymmetrcal plan, (b) Symmetrical
elevation

The fourth stage is to identify the configuratiom an asymmetrical plan and

asymmetrical elevation of a steel structural systeim 3.7).
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Figure 3.7(a): Fourth type of frame model with twodifferent view of an
Asymmetrical elevation
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Figure 3.7(b): Fourth type of frame model with twodifferent view of an
Asymmetrical plan with two different views.

In these four cases, it has been assumed thatrigsithave three bays and they have
similar total length and width of 18 meters andhall/le same ground floor height of 4

meters and normal floor height of 3.75 meters.

For each structure categories that have been dsdusome storey level has been
assumed. Wind tunnel testing is advisable on mglslihigher than 22 stories (10 stories
in hurricane areas) or where the building or strreets an unusual shape or construction
methodology. Thus highest storey level in this aesle is 20 stories. To find out the
wind effect on structures, these structures haa deeded into categories of 5, 10, 15

and 20 stories.
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3.5 Wind Loading

The site wind speeWls on a structure depends on the basic wind spégdhe shape

and stiffness of the structure, the roughness aofilgo of the surrounding ground and

the influence of an adjacent structure [13].

V&=Vp S SSS (Eqn 3.1)

1.

2.

3.

The basic wind speéd,, which has been selected in this research as 80 m/
The altitude factofs, takes account of general level of the site ab@zelevel.
Where in this research the average slopes of thangris not exceed 0.05
within a kilometer radius of the site, the facBishould be taken as 1.0.

The direction factosy may be used to adjust the basic wind speed to peodu
wind speeds with the same risk of being exceedeahinwind direction. The
values are given in Appendix E for all wind directs. If the orientation of the
building is unknown or ignored, the value of theedtion factor should be taken
as 1.0 for all.

The seasonal fact@& may be used to reduce the basic wind speed fadibgs
which are exposed to the wind for specific sub ahperiods, in particular for
temporary works and building construction. Normafpctor S should be
calculated as 1.0 when wind loads on completecttsires and buildings with
the following exceptions which has been considandtis research:
Temporary structures.

Structures where a shorter period of exposuredavind may be expected.

Structures where a longer period of exposure tavind may be required.

27



4. Structure where greater than normal safety is requi
« The probability factoiS, has a value of 1.0 or less. Structural designieosild
only use a probability factor of less than 1.0hiéy wish to amend the standard

design risk. Using a probability factor of 1.0 repents a once in 50 year risk.
The effective wind speed is calculated from:
V=V, xS, (Egn 3.2)
The effective wind speed is converted to dynamessgureds using the relationship:
=k V& (Eqn 3.3)

Wherek is 0.613 in Sl unit (N/mand m/s) an&, is terrain and building factor [13].

A typical distribution of wind pressure on a mudtorey building is shown in Figure 3.8

in the following page.

| |/
‘1 L 1 Sideward
face

Airflow
lines ~———ou.

|
|
| AR
Wind : R } |
| L
| I
| I f
| H
N ' H
N I H
Windward Leeward \\ | H
face face - -
(@) (b) L

Figure 3.8: Typical wind load distribution on a multi-storey building in (a) plan
view and (b) elevation view
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The wind pressure increases with height on the wamd side of a building where wind
pressure acts inward on the wall. On the otheretlsides the magnitude of negative

wind pressure (acting outward) is constant witlghe{Figure 3.8).

The pressure coefficients for windward, leeward ailgward faces are given in for a
building with B/H<1, are given in BS6399 [14] where B is the inwagptth of the
building and H is the height of the building in &ig 3.9 at following page (Appendix

E). 0.2B Wind
Suction (1.3) Wind Suction (0.8)

{ | |
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. B ==  Suction

»
L
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Direction -~ _ “ _ " ' _ N '
(0.8) L b J
—>
> y J
™ w==ﬂ===ﬂ=
0.2B Wind ‘Wind Suction (0.8)

Suction (1.3)

Figure 3.9(a): Pressure coefficients for windwardleeward and sideward of a
structure for wind blowing from X direction [14].
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Figure 3.9(b): Pressure coefficients for windwardleeward and sideward of a
structure for wind blowing from Y direction [14].

3.6 ETABS

ETABS is a sophisticated, yet easy to use, extrgm@lverful, special purpose program
developed expressly for building systems, analgsid designETABS analyses and
designs building structures through a model thatrésted by using the graphical user

interface.
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Designer should define as many named static loa€scas needed. Typically, separate
load case definitions would be used for dead |dad, load, static earthquake load,
wind load, snow load, thermal load, and so on. kod#dat are needed to vary
independently, for design purposes or because wfthey are applied to the building,

should be defined as separate load cases.

ETABS allows for the automated generation of stitieral loads for either earthquake
or wind load cases based on numerous code spéiafisalf wind as the load type has
been selected, various auto lateral load codes\aiable. Upon selection of a code
which is BS 6399-95 (for this study), the wind loagform is populated with default

values and settings, which may be reviewed aneé@dty the user [15].

3.7 Loading

The un-factored dead, live and wind loads that wwed in the structural design of

selected building shapes are given in Table 3.1.

Table 3.1: Load magnitudes used in all cases.

Load parameter Values
Dead load 5 R/kn?
Perimeter wall loading 3.5 kN/mz?
Live load &8/m2
Wind load
Wind speed 30 m/s
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The dead and live loads will not affect the lateliaplacements and they are used for all
the designs. When self weight of slabmposite with a steel deck is 24 kN/mnd
assuming slab height being average of 100 mm, tirermead load will be 2.4 kN/mz2,
assuming another 2.6 kN/m2 for the floor finishben the total dead load can be
rounded up to 5.0 kN/m2 and if the building is amssd to be an office building then for

live load 3.5 kN/m2 is used.

3.8 Load Combinations

The design load combinations are the various coatioins of the load cases for which
the structure needs to be checked. According t@$&950-2000 code, if a structure is
subjected to dead load (DL), live load (LL) and &vilwmad (WL) and considering that

wind forces are reversible, the following load canaltions may need to be considered:

1.4 DL

1.4DL+16LL
1.0DL+1.4 WL
1.4DL+1.4WL

12DL+1.2LL+1.2WL
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3.9 Deflections and Design

In addition to the design considerations alreadgoduced it is necessary to put some
limitations for the maximum deflection of the steélucture. The maximum horizontal

deflection is given by [16]:

MaxD = Ll
300 (EgnB.4

Where MaxD is maximum horizontal displacement eekstructure and H is the height

of the structure in millimeters. Thus the maximuispthcements are:

63.3 mm for & storey

125.84 mm for 19 storey

188.34 mm for 18 storey

250.84 mm for 26 storey

In this study, the structures are designed to Hateral displacement within these

limits.

In following page, Figure 3.10 shows ETABS softwarelysis for the deflection due

to wind loads from X and Y directions.
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Figure 3.10: Deflection due to wind loads from (aX direction and (b) Y direction.

In the following pages Figure 3.11 shows the desiggults of 3 dimensional five
stories, symmetrical plan and section with RHHSssrbracing in the central bay of

structure.
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3.10 Second Order P-Delta Effects

Typically design codes require that second ord®eRa effects be considered when
designing steel frames. The P-Delta effects comm two sources. They are the global
lateral translation of the frame and the local defation of elements within the frame.
When you consider P-Delta effects in the analytkis, program does a good job of
capturing the effect due to tledeformation, but it does not typically capture éfiect

of the 6 deformation (unless, in the model, the frame eld@ni broken into multiple

pieces over its length) (Fig 3.12) [15].

| A ~J

[~ -
Original position of Final deflected
frame element position of frame
shown by vertical element that
line \ includes global

lateral translation, A,
and the local
deformation of the

o element,d
Position of frame

element as a result
of global lateral
translation, A,
shown by dashed —
line

Figure 3.12:The total second order P-Delta Effects on a framde@ment caused by
both A and o.

In ETABS software there are two types of designsiecondary P-Delta effect. One of
them is iterative based on load combinations winake been time consuming to use
for 576 different structures and the other typaas-iterative based on mass which has

been used for some of the designs in this studgl€Ta1).
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Table 3.2: Lateral displacement in X and Y directims and weight of columns,

beams, braces and overall weights of different staiures with and without P-Delta

effect.

Without using P-Delta effect

- Lateral Displacement (mm Weight (ton)
Structural Descriptions —— —
X direction | Y direction | Column | Beam | Brace| Total
5 Stories, ce.:ntral bay AS cros's bracing 36 35 14.6 687 | 151 | 985
for symmetrical plan and section
5 Stories, central bay RHHS zipper bracing
for asymmetrical plan and symmetrigal 6 17.4 19 594 | 1.8 | 80.3
section
AV SIS, CAMEIEY (15 GREs Rell) | em o 200.7 158.6 | 273.4 | 93.9 | 525.9
for symmetrical plan and section
20 Stories, central bay CHHS zipper
bracing for symmetrical plan and 160.5 188.2 165.4 | 248.6 | 21.5 | 435.5
asymmetrical section
Using iterative P-Delta effect
5 Stories, cgntral bay AS cros_s bracing 36 35 14.6 689 | 151 | 936
for symmetrical plan and section
5 Stories, central bay RHHS zipper bracing
for asymmetrical plan and symmetrigal 6 175 19 59.6 1.8 | 80.4
section
20 Stories, (.:entral bay IS cros_s bracing 190 3 203.7 1586 | 2725 | 939 | 525
for symmetrical plan and section
20 Stories, central bay CHHS zipper
bracing for symmetrical plan and 161.8 189.8 165.7 | 248.6 | 21.5 | 435.8

asymmetrical section

Table 3.1 shows the 5 and 20 stories cross ancerzip@cings at the central bay of

structure with different brace steel profile angdyof frame models. It can be

concluded that the 5 stories with and without Pt®effect 0.1 to 0.3 percent difference

in weight of the structure. But in 20 stories thare 0.4 percent difference in weight

and 0.8 percent in lateral displacement. The efféthe consideration of P-Delta non-

iterative based on mass is so small that can baregn Therefore, P-Delta effect is not

considered in the analysis of the frames in thid\st
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CHAPTER 4

ANALYSIS AND DESIGN

4.1 Introduction

This chapter provides detail on the analysis argigdeof the four types of structures
given in chapter 3, symmetrical plan and sectiosymanmetrical plan and section,
symmetrical plan and asymmetrical section and sytmoaé plan and asymmetrical
section. The objective is to find out which bractypes, steel profiles and the location
of them are more feasible and efficient in ordeh&we minimum weight provided by

structural system.

4.2 Symmetrical Plan and Section

The following are the details of the structuralteys and the design considerations for

the multi-storey buildings:

Number and total length of bays: 3 bays (18 m)

e Structural stories and heights: 5 stories (1918)stories (37.75 m), 15 stories
(56.5 m) and 20 stories (75.25 m)

* Baywidth: 6 m

» Types of braces: cross, zipper and knee brace
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» Spacing of the secondary beams: 3m

* Location of the braces: center of the bays anteatore of the structure

» Loads: dead, live, wind loads and perimeter walblings

» Steel profiles for columns and beamdniversal Column sections (UC),

Universal Beam sections (UBye adopted for columns and beams of the frame

respectively

* Wind direction: X and Y directions (Fig 4.1).

=)

Wind in X
Direction
(0.8)

0.2B Wind
Suction (1.3)

i

|

Wind Suction (0.8)

i

I

0.2B Wind

3

o e e

{

= —

{

Wind Suction (0.8)

Suction (1.3)

=
Winuad
= Suction
(0.3)
—>

Figure 4.1(a): Building plan layout indicating simde frame with pinned
connections with wind in X direction with suctionsfor symmetrical plan and

section [14].
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Figure 4.1(b): Building plan layout indicating simple frame with pinned
connections with wind in Y direction with suctionsfor symmetrical plan and
section[14].

Only two wind directions are considered, sincelibgding have symmetrical plan and
section. According to BS 6399 [14] for each, X andlirection wind load, there are
three other directions of wind suctions (leeward aitleward). The magnitude of dead,

live and wind loads used in analysis and designbeafound in chapter 3, Table 3.1.
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* Four types of steel profiles were used as braomegnbers: Universal Angle
section (UA), Rectangular Hollow Section (RHS), ddiar Hollow Section

(CHS) and | Section (IS) or Universal Column (UC)

» Connections: simple frame structure where beamotanmn, beam to beam,

brace to beam/column are pinned connections anoched are continuous

Also by referring to chapter 2 (section 2.1.3), #mee braced structure can have a
maximum lateral load resistance, if the brace matlon is parallel to the diagonal of

the frame, hence:

_BZ _HZ
B TH 2

Where, in this study all values ®fare 0.2m for knee braced structures.

Symmetrical structural systems are considered tm ltkis category. The analysis and
design of braces which are located in the centrgé land core of the structure are given

in the following sections.

* Number of columns, beams and cross or knee brasgectively: 80, 165, 40
(five stories), 160, 330, 80 (ten stories), 240,420 (fifteen stories) and 320,
660, 160 (twenty stories)

* Number of zipper braces: 56 (five stories), 116 @wories), 176 (fifteen stories)

and 236 (twenty stories).
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All the details of the columns, beams, braces aratadl structural weights and lateral

displacements in both X and Y directions for edchcsure are given in Appendix A.

4.2.1 Perimeter Central Bay Bracing

Four different steel profile sections were usedtf@ bracing system to analyze and
design the symmetrical plan and section buildingsh Viive, ten, fifteen and twenty

stories (Fig 4.2).

4.2.1.1 Central Bay Cross Bracing
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Figure 4.2: Symmetrical Plan and Section with cental bays cross bracings
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Table 4.1 shows the weight of columns, beams, bracel whole structure (tone) of
such buildings and also the percentage increaseebat maximum and minimum
weight of 5, 10, 15 and 20 storey levels and stmattelements for different bracing

sections.

Table 4.1: Weights of columns, beams, braces andabby having different steel
brace sections for cross bracing in the central bagf structure for symmetrical
plan and section.

Brace Sections/No. of Storie 5 10 15 20
m %\ Angle section 14.6 Failed Failed Failed
£ £ | Rectangular Hollow section 15.8 45.7 93.3 162.3
§ %’ Circular Hollow section 13.9 45.0 92.6 160.6
= | section 13.6 44.3 92.7 158.6
Difference between max and min (%) 16.2 3.2 0.7 2.3
= | Angle section 68.7 Failed Failed Failed
% % Rectangular Hollow section 68.4 136.1 203.1 269.2
s 2 | Circular Hollow section 69.3 137.6 204.7 271.6
= | section 69.0 137.6 205.4 273.4
Difference between max and min (%) 1.3 1.1 1.1 1.6
= | Angle section 15.1 Failed Failed Failed
§ % Rectangular Hollow section 4.2 9.4 15.8 22.7
g %’ Circular Hollow section 4.2 9.2 18.8 33.6
= | section 16.6 48.5 73.2 93.9

Difference between max and min (%) 295.3 427.2 363.3 313.6

= | Angle section 98.5 Failed Failed Failed
< :‘% Rectangular Hollow section 88.5 191.3 312.3 454.2
= %’ Circular Hollow section 87.4 191.8 316.1 465.8

= | section 99.1 230.4 371.4 525.9
Difference between max and min (%)| 13.4 20.4 19.0 15.8
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The weightsof columns and beams when different bracing sestiare used ai
approximately the same (Table 4 while the weight of steel profiles for bracings

changing. The weights of bracings are generallycirolling factor for theoverall
total weight of structures. The percentage diffeeesim weight between the maximt
and minimum overall total weights of five, tentdéi&n and twenty stories are 13.4, 2
19 and 15.8percent respectivelylt is also worth mentioning that theare large
differences between maximum and minimum brace weiof all four steel profiles i
five to twenty stories. The percentage differentebrace weightsare 295.3, 427.2,
363.3 and 313.6 percetUnfortunately, some of the steel frames vUniversal Angle
section braces for ten, fifteen and twenty ston@ge been failed due to lack of capa

and stress. The highest change in weight in batbcs for 1™ storey building

Figure 4.3 represents lateral displacements in X ¥amlirections fors5™, 1d", 15" and

- 20storey
Sstore!
re

etrical plan and

a7
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According toTable 4.1 and Figure 4.3 tifollowing are the results of the analysis

designs:

* According to Table 4.1the minimum weight of beams, braces and ove
structure forall 16 strutural designs is achieved bRectangular Hollov
Sections (RHS) but surprisingit caused the heaviesblumn weightsin all
stories.On the other hand, RHS has tmaximum lateral displacement in
direction forfifteen and twenty storie

 The maximum lateral displacement in Y directiis when Circular Hollow
Sections (CHS is used as bracing member. It also achi the maximum

lateral displacement in X direction for five and &ories
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* | Sections (IS) provides minimum column weights anaximum beam, brace
and total weights but with the minimum lateral dég@ment in X and Y

directions.

4.2.1.2 Central Bay Zipper Bracing

Zipper bracing is used instead of the cross braiirthe central bay of the frame (Fig

4.4).
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Figure 4.4: Symmetrical Plan and Section in centrabay zipper brace

The structure total weight and the weights of calapbeams and braces are given in

table 4.2 and the lateral displacement in X andrgctions are given in Figure 4.5 (a)

and 4.5 (b) respectively.
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Table 4.2: Weights of columns, beams, braces andtab by having different steel
brace sections for zipper bracing in the central by of structure for symmetrical
plan and section.

Brace Sections/No. of Storie 5 10 15 20
m %\ Angle section 15.7 Failed Failed Failed
£ £ | Rectangular Hollow section 16.5 46.8 96.2 162.0
§ %’ Circular Hollow section 14.2 44.8 93.1 158.3
= | section 14.9 47.7 96.3 164.7
Difference between max and min (%) 10.7 6.5 34 4.0
= | Angle section 65.5 Failed Failed Failed
% % Rectangular Hollow section 65.7 129.7 193.3 254.5
@ 2 | Circular Hollow section 64.2 130.0 192.2 253.8
= | section 64.2 130.2 193.6 255
Difference between max and min (%) 2.3 0.4 0.7 0.4
= | Angle section 5.3 Failed Failed Failed
§ :‘% Rectangular Hollow section 1.8 4.5 7.9 12.7
g % Circular Hollow section 2.3 5.1 10.2 17.5
= | section 5.9 19.4 42.2 56.7
Difference between max and min (%) 227.8 331.2 434.2 346.5
= | Angle section 86.6 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 83.9 181.0 297.4 429.1
= %’ Circular Hollow section 80.6 179.9 2955 429.7
= | section 85.1 197.2 332.1 476.5
Difference between max and min (%) 7.5 9.6 12.4 11.0

There are significant differences among the weightifferent braces (Table 4.2). The
highest percentage variation between the maximuahtta minimum overall weights is
for 15" storey building. The highest variation of beam amwdumn weight among
different types of brace is for"5storey buildings, which is 2.3 and 10.7 percent

respectively.
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Table 4.2 indicates failu due to lack of capacity and stress for §fe 10", 15" and

eel frames of A

7203t0rey
Sstore!
re

7203torey
store’

an

Figure 4.5: Lateral displacement (mm) in (a) X direction (b) Ydirection for
symmetrical plan and section, central bay zipper bace.
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The following are the observations from Table 4@ &igure 4.5:

* Rectangular Hollow Sections (RHS) zipper bracedtesys achieves the
minimum weight. However, for 20 storey it causes the maximum lateral

displacement in X direction.

* On the other hand, | Sections (IS) zipper bracestiesy generally achieves the
maximum weight for brace, column and total weighalb steel sections in five
to twenty stories and it has the minimum lateraptiicement in X and Y

directions.

» The CHS zipper braced system has the minimum bveral weight and

maximum lateral displacement in X direction forefjten and fifteen stories.

4.2.1.3 Central Bay Knee Bracing
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Figure 4.6: Symmetrical Plan and Section central baknee bracing
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Figure 4.6 shows the central bay knee bracing ucdesideration. Table 4.3 gives the
total weight and weight of columns, beams and lsraeel Figure 4.7 gives the lateral
displacement in X and Y directions for buildinggsiwfive to twenty stories with knee

bracing in the center of bays.

Table 4.3: Weights of columns, beams, braces andtab by having different steel
brace sections for knee bracing in the central bayf structure for symmetrical
plan and section.

Brace Sections/ No. of Storie 5 10 15 20
. § Angle section 19.8 Failed Failed Failed
£ < | Rectangular Hollow section 19.8 51.8 100.0 170.2
§ %’ Circular Hollow section 16.5 47.9 98.2 166.3
= | section 172 | 489 | 980 | 1633
Difference between max and min (%) 20.0 8.1 2.0 4.1
= | Angle section 68.9 Failed Failed Failed
% % Rectangular Hollow section 68.6 136.7 203.9 271.0
@ 2 | Circular Hollow section 67.8 135.6 202.4 267.9
= | section 68.1 136.2 203.2 269.1
Difference between max and min (%) 3.2 0.8 0.7 1.2
= | Angle section 7.3 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.4 5.9 10.5 16.0
g %’ Circular Hollow section 25 6.2 115 19.3
= | section 5.6 15.5 30.8 50.8
Difference between max and min (%) 204.2 162.7 193.4 217.5
<= | Angle section 96.1 Failed Failed Failed
IS % Rectangular Hollow section 91.0 194.4 3144 | 4572
= %’ Circular Hollow section 86.9 189.8 312.2 453.6
= | section 91.0 200.7 332.0 483.2
Difference between max and min (%) 10.6 5.7 6.3 6.5
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Table 4.3 showsoticeable differences in total weight and the \wesgof braces fo
different steel brace sections. The variation betw¢he maximum and minimu
weight is 10.6 to 5.7 percent for total weights &@dl.2 to 162.7 percent for braci
weights. As for the wights of beam and column, the highest and lowasiaton

tivel

-7

~~ 20storey
15store

ore'

7_203torey
store’

a

direction for
symmetrical plan and section, central bay knee bras.
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For symmetrical plan and section with knee bracedhés Table 4.3 and Figure 4.7

indicates the following:

* The lightest weight for the bracing system for stibries is achieved when
Rectangular Hollow Sections (RHS) is used for trecimg system. On the other
hand it has maximum column and beam weight andaflocases maximum

lateral displacement in X direction.

 The maximum brace and total weight of all steeltieas for ten to twenty
stories is achieved when | sections (IS) are usdat@acing members. The IS has
minimum lateral displacement in X and Y directian &ll stories.

* When Circular Hollow Section (CHS) is used for lmngc members, the
minimum total weight for all stories and minimumlwmn weight for five, ten
and fifteen stories were achieved. On the othed@HS has maximum lateral

displacement in Y direction for ten, fifteen andetwy storey buildings.

4.2.2 Core Bracing

4.2.2.1 Core Cross Bracing

The provision of adequate lateral stiffness, adaimsd forces is a major concern in the
design of multi-storey buildings. Lateral displacement of atorey structures
increases exponentially with building heights andlees the amount of steel needed to
keep displacement within acceptable limitkere are a large number of possibilities in
the layout arrangement of the bracing system. Amihege, cross type bracings for

each floor, zipper or knee type bracings in cenb@ay and core of structure are
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commonly used in practicé this stagehe three-bay steel frames shown in Figure 4.8
and Table 4.4 is considered to demonstrate theteffecross bracing in the core of the

structural systems in the optimum design of steehés.
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Figure 4.8: Symmetrical Plan and Section core crodsracing.

According to Table 4.4, some of the steel frameh Vingle section braces for five, ten,

fifteen and twenty stories have been failed duadk of capacity and stress.
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Table 4.4: Weights of columns, beams, braces andehoverall total by having
different steel profiles for cross bracing in the ore of the structure for
symmetrical plan and section.

Brace Sections/ No. of Storie 5 10 15 20
m ’g\ Angle section Failed Failed Failed Failed
£ £ | Rectangular Hollow section 15.4 43.8 87.9 149.5
§ %’ Circular Hollow section 14.8 43.3 87.3 148.0
= | section 134 41.7 83.3 143.0
Difference between max and min (%) 15.0 5.0 5.5 4.5
= | Angle section Failed Failed Failed Failed
% % Rectangular Hollow section 68.5 136.1 202.8 269.3
@ 2 | Circular Hollow section 68.2 136.7 203.6 270.0
= | section 68.4 136.4 204.5 271.7
Difference between max and min (%) 0.4 0.4 0.8 0.9
= | Angle section Failed Failed Failed Failed
§ :‘% Rectangular Hollow section 4.3 10.0 16.3 23.0
g % Circular Hollow section 4.6 12.4 23.3 37.0
= | section 19.1 52.1 93.7 127.8
Difference between max and min (%) 344.2 421.0 475.0 455.6
= | Angle section Failed Failed Failed Failed
IS ‘E’ Rectangular Hollow section 88.2 190.0 307.2 441.8
= %’ Circular Hollow section 87.6 192.4 314.2 455.0
= | section 101.0 230.3 381.6 542.5
Difference between max and min (%) 15.3 21.2 24.2 22.8

In Table 4.4, there are dramatic differences amibregtotal weight and weights of
braces while the steel brace sections are chandihgse variations between the
maximum and minimum weight is 15.3 to 24.2 perdentotal weight and 344.2 to 475
percent for bracing weight. In fact the result leége extremely changes in total weight

are because of changes occurring on brace weigbtsever, the differences between

57



maximum and minimunbeam and column weights for all fosteel sections are

20storey
ore’

20storey
tore’

gt et e o ot e (e e ey e (g s e oemen s ey« diFECTION fOr
symmetrical plan and section, core cross bra.

According to Table 4. and Figure 4.9the individual designs within the grc of the
symmetrical plan and secti with core cross braced framesn be described

follows:
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» The lightest weight of beam, brace and total oVeislgenerally for the
Rectangular Hollow Sections (RHS) bracing systemmweler, column weights
are the heaviest with this system and it causemtremum lateral displacement

in X direction.

* The maximum | Sections (IS) bracing system is belarace and total weight
and the minimum lateral displacement in X directiand maximum in Y

direction.

* On the other hand, Circular Hollow Sections (CH&cing system caused the

maximum lateral displacement in X direction.

4.2.2.2 Core Zipper Bracing

Zipper bracing system is used instead of the cboasing in the core of the structure

(Fig 4.10).
S
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Figure 4.10: Symmetrical Plan and Section core zigy bracing.
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Table 4.5: Weights of columns, beams, braces andehoverall total by having
different steel sections for zipper bracing in thecore of the structure for
symmetrical plan and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 15.7 Failed Failed Failed
£ £ | Rectangular Hollow section 16.0 47.0 89.5 149.5
§ %’ Circular Hollow section 15.0 43.5 88.2 149.2
= | section 15.0 47.8 94.4 156.2
Difference between max and min (%) 6.7 9.9 7.0 4.7
= | Angle section 62.0 Failed Failed Failed
% % Rectangular Hollow section 62.2 126.6 190.6 252.9
@ 2 | Circular Hollow section 63.1 125.8 188.5 251.7
= | section 63.5 127.3 188.6 250.6
Difference between max and min (%) 2.4 1.2 1.1 0.9
= | Angle section 6 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.3 5.4 8.5 13.1
g % Circular Hollow section 2.5 6.3 10.3 15.3
= | section 7.8 20.6 34.8 56.6
Difference between max and min (%)| 239.0 281.5 309.4 332.0
= | Angle section 84.0 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 80.5 179.0 288.6 4155
= %’ Circular Hollow section 80.6 175.7 287.0 416.2
= | section 86.3 195.7 317.8 463.4
Difference between max and min (%) 7.2 11.4 10.7 115

There are noticeable differences in weights of égsaand overall total weights for
different steel brace sections. The variation betwihe maximum and minimum brace
and total weight is 332 to 239 percent and 11.3.Bopercent respectively. The steel

frames with Angle section braces for ten, fifteen &wenty stories were failed due to
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lack of capacity andver stress. However, for'5storey building caused the lows
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symmetrical plan and section, core zipper brac.
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According to Table 4.5 and Figure 4.11 the follogviare the summary of results for

core zipper braced frames:

* RHS zipper bracing system provides the minimum éraeights for core
located zipper brace system. CHS bracing systenthieasiinimum total weight
for 10" and 1% stories frames due to achieving minimum columngvesi.
However, CHS bracing systems causes the maximwraladisplacement in X

and Y directions.

* On the other hand, the maximum weight for brace awerall total for all
frames is achieved by IS bracing system and it edhibe minimum lateral

displacement in both X and Y directions.

4.2.2.3 Core Knee Bracing

Figure 4.12 shows the building with core knee brgaystem under consideration.
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Figure 4.12: Symmetrical Plan and Section core knderacing.
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Table 4.6 and Figure 4.13 gives the steel weighdslateral displacements in X and Y

directions for various bracing systems respectively

Table 4.6: Weights of columns, beams, braces andehoverall total by having
different steel sections for knee bracing in the ¢e of structure for symmetrical
plan and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 17.9 Failed Failed Failed
£ £ | Rectangular Hollow section 18.1 48.8 96.4 161.6
§ %’ Circular Hollow section 16.7 48.8 96.3 160.6
= | section 16.9 49.0 96.4 160.8
Difference between max and min (%) 8.4 0.4 0.1 0.6
= | Angle section 67.1 Failed Failed Failed
% % Rectangular Hollow section 67.7 134.4 200.2 266.2
s 2 | Circular Hollow section 66.6 132.8 197.4 261.5
= | section 66.6 132.2 196.8 261.1
Difference between max and min (%) 1.6 1.7 1.7 1.9
= | Angle section 7.5 Failed Failed Failed
% £ [ Rectangular Hollow section 2.5 6.2 107 | 164
g %’ Circular Hollow section 2.7 6.3 11.2 17.2
= | section 5.9 15.3 25.9 38.3
Difference between max and min (%)| 200.0 146.8 131.2 133.5
= | Angle section 92.5 Failed Failed Failed
< :‘% Rectangular Hollow section 88.3 189.4 307.4 444.1
= %’ Circular Hollow section 86.1 187.8 304.9 439.3
= | section 89.3 196.5 319.1 460.2
Difference between max and min (%) 7.4 4.6 4.6 4.7
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Table 46 indicates the failure of knee braces made ofeanigl the core of tl structure

for all steel frames except fo" storey steel frame.
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Figure 4.13(a): Lateral displacement (mm) in X diretion for symmetrical plan and
section, core knee brace
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Figure 4.13(b): Lateral displacement (mm) in Y direction for symmetrical plan
and section, core knee brace
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According to Figure 4.13, knee brace which is ledah the core of structure is the only

bracing system in symmetrical plan and section Wisiguses lateral displacement in X

direction while wind is blowing from Y direction dnlateral displacement in Y

direction while wind is blowing from X direction.

Table 4.6 and Figure 4.13 indicate the followingcome for the core knee braced

frames:

RHS bracing system achieves the lightest weightHerbracing system for all
buildings. On the other hand it causes the maxinbeam weight for 18 and
20" stories building and maximum lateral displacemianX direction for all
buildings. RHS bracing system also causes the manihateral displacement in

Y direction while wind is blowing from the X diraon.

The maximum brace and total weights of all building achieved when IS
bracing system is used. In terms of lateral dispiaent, this system causes the
minimum lateral displacement in both X and Y direas.

CHS bracing systems achieved the minimum beam wsigBHS bracing
systems has approximately the same brace weigRH& bracing systems, but
it has the minimum beam and brace weight, therefoeehieved the minimum
total weight. On the other hand it has the maximateral displacement in Y
direction and the maximum displacement in Y dimttiue to the wind blowing

from X direction.
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4.2.3 Comparison of Symmetrical Plan and Section

The conducted research has revealed the importaricelata visualization in
evolutionary design. An evolutionary design supptwtl allows researchers and
engineers to produce thousands of designs. Theredoolutionary design opens new
ways for different structural design concepts. his tsection, the designs of different
brace types and steel profiles in five, ten, fifteend twenty stories tall buildings
subjected to the same uniformly distributed winadimg and same blanket of dead and

live load will be compared.

Ninety six steel designs were carried out to find which type of brace is the most
efficient and economical as far as the lateral ldgments in X and Y directions and
the steel weight of buildings are concerned. Assailt, the brace weight appears to be
the main parameter affecting the total weight afhestructure. Figure 4.14 gives the
comparison of maximum IS and minimum RHS brace Wtsigf cross, zipper and knee

bracing in the central bay and in the core of teelsstructures.
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Figure 4.14:Comparison of (a) maximum brace weights (b) minimunbrace
weights (ton’ for symmetrical plan and section
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According to these results, generally the maximund minimum brace weights we

achieved when IS arlRHS were used as bracing members, respect

From Figure 4.14 (a), core cross bracing has theirman weight. Whilst the centr:
bay cross bracing hase maximum weight when compared to the resulth®frest o
central baybracings. On the other hand central bay zipperithgabas the minimur

brace weight.

According to the cost of purchasing steel sectiba,RHS has one of the highest c«
due toits manufacturing procedure. Hence, IS has the dbwest of all. The ste
sections of each element have been designed inssu@y to have maximum capac
ratio and minimum weights and cost. However, itidtidoe kept in mind that the cost
any stucture is not only determined by the weight of memsbbut other paramete

such as fabrication, erection, types of connectiomsld contribute to the final co

rm™m
1 A i

20storey
15storey
10storey
itore!

. . , cement (mm) in
X dir ection for symmetrical plan and section
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Figure 4.15(b): Comparison of minimum (I Section) lateral displacenent (mm) in
Y direction for symmetrical plan and section

Figure 4.15 (a) and (b) shows minimum lateral displacement in X and Y direcs

respectively where |&tions were used as bracing mem.

From Figure 4.15 (aand (b, central bay and core knee bracingyehthe maximum
lateral displacement iboth X and Y directions for all the stes except for 20 storie
building. On the other hand minimulateral displacement in X and dfrectiors belong
to the corecross bracing syste. In fact, central bay crodsracing has the minimui

lateral displacement in and Y directions among all central Hanacing systen.

Overall, there is higher lateral displacement idiMection due to columns being subj

to bending about their minor a
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4.3 Asymmetrical Plan and Section

The main objective of a structural design is toatgea structure that safely
accomplishes its function. In civil engineeringldisteel braced frame is a widely used
structure. Its popularity comes from the varietystéel section sizes and the shapes
which is used for varying types of braces in actre. Generally, steel braced frame is
not only designed to sustain the gravity loads, ibug also capable of resisting the

horizontal loads to ensure the stability of theicture.

The following are the details of the structuralteyss and the design consideration for

multi-storey buildings:

Number and the total length of bays: 3 bays (18 m)

e Structural stories and heights: 5 stories (1918)stories (37.75 m), 15 stories

(56.5 m) and 20 stories (75.25 m)

e Bay widths: 8m, 6m, 4m (X axis) by 7m, 3m and 8mafys)

* Types of braces: cross, zipper and knee brace

* Four types of steel profiles are used as braciegnbers: Universal Angle
section (UA), Rectangular Hollow Section (RHS), ddiar Hollow Section

(CHS) and | Section (IS) or Universal Column (UC)

» Location of the braces: center of the bays anteatore of the structure,

* Loads: dead, live, wind load and perimeter waltliogs (Table 3.1)
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» Connections: simple frame structure where beamotanmn, beam to beam,

brace to beam/column are pinned connections anuined are continuous

o Steel profiles for columns and beams: Universal u@wl sections (UC),
Universal Beam sections (UB) are adopted for coliamd beams of the frame

respectively

* Spacing of the secondary beams: 3m (X axis), 3¥6@x(s)

* The value of x for all knee braced structuresn®.2

* Number of columns, beams and cross or knee braspectively: 67, 109, 40
(five stories), 142, 234, 80 (ten stories), 217,320 (fifteen stories) and 292,

484, 160 (twenty stories)

* Number of zipper braces: 56 (five stories), 116 @tories), 176 (fifteen stories)

and 236 (twenty stories)

Since the speed and direction of wind are alwaysngimg, the exact direction of
pressure or suction applied by winds onto the #ireds difficult to determine. Thus,
some assumptions have been made for each asymaheilam and section of the
structure. These assumptions are in such a wayeHudt structure is exposed to wind

loads in X and Y directions (Fig 4.16).
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Figure 4.16: Simple frames with pinned connectionand direction of winds (top
view plan) for asymmetrical plan and section

« Maximum allowable displacement: 63.3 mm fdistorey, 125.84 mm for 10

storey, 188.34 mm for IBstorey, 250.84 mm for 30storey

Wind in X and Y directions were considered in edekign. In spite of the fact that the

plans and sections of the structures are not synuakteach case has been analyzed
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and designed in ETABS software according to twodaoads W (W, andW,) and W

(WxandWy) for core and central bay cross bracings (Tabig 4.

Table 4.7: Total weight of core and central bay cres bracings (a) W and (b) W,
for asymmetrical plan and section.

W, Brace Sections/No. of Storie 5 10 15 20
Central bay cross bracing
= | Angle section 82.4 Failed Failed Failed
T :‘% Rectangular Hollow section 76.7 178.0 301.0 490.2
= %’ Circular Hollow section 75.1 182.0 323.2 506.4
= | section 85.1 216.4 384.4 571.2

Core cross bracing

= | Angle section 81.4 Failed Failed Failed
I % Rectangular Hollow section 72.0 173.0 341.1 493.6
P g” Circular Hollow section 77.0 181.3 321.6 489.0
= | section 89.0 215.1 372.3 533.3
(a)
W, | Brace Sections/ No. of Storie 5 10 15 20

Central bay cross bracing

= | Angle section 82.2 Failed Failed Failed
T :‘% Rectangular Hollow section 77.0 178.0 292.7 468.3
= %’ Circular Hollow section 76.2 182.3 301.2 499.0

= | section 87.0 218.3 368.2 569.7

Core cross bracing

= | Angle section 81.0 Failed Failed Failed
I j‘% Rectangular Hollow section 71.4 173.7 300.0 499.5
= %’ Circular Hollow section 77.0 181.1 314.8 448.5
= | section 89.0 216.5 360.6 522.0

(b)
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As a result comparing the core and central baysctwacings, the total weight of

structures were generally higher when structure® webjected to wind W

Asymmetrical structural systems are generatedignditegory, the details of wind load

(W») for the central bays and core cross bracing arensho Figure 4.17.
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Figure 4.17(a): Building layout indicating wind in X direction with suctions for
asymmetrical plan and section
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Figure 4.17(b): Building layout indicating wind in Y direction with suctions for
asymmetrical plan and section

Since the weights of bracings are generally theroimg factors of the overall total
weight of the structure and maximum lateral disphaent in X and Y directions
achieved when | sections are used as bracing meirthen from this point onwards the
details of the column and beam weights and latiisglacements for each structure are

given in Appendix B.
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4.3.1 Perimeter Central Bay and Core Bracing

Figure 4.18 shows central bay bracings and coreiriga for asymmetrical plan and

sections structures.
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Table 4.8 shows the weight of braces and the te¢gdiht of the whole structure (ton)
for varying number of stories and brace types atraébay and core with different steel

profiles for braces subjected to wind load 1;JW
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Table 4.8: Weights of braces and the overall totalveight of different brace types and brace sections the central bay and core of structurefor
asymmetrical plan and section.

Asymmetrical Plan and Section

Central Bay Cross Bracing

Central Bay Zipper Bracing

Central Bay Knee Bracing

= Brace Sections/No. of Stories 5 10 15 20 5 10 15 20 5 10 15 20
® _ | Angle section 12.4 | Failed| Failed | Failed | 5.0 11.1 | Failed | Failed | 5.9 | Failed | Failed | Failed
i é Rectangular Hollow section 2.9 7.0 16.0 35.6 2.0 4.9 13.5 35.0 2.2 5.1 14.2 33.2
n% Circular Hollow section 3.2 11.0 26.9 45.4 2.7 7.7 19.6 38.0 2.4 7.2 16.3 37.2
| section 14.4 48.0 89.6 1210 ] 7.1 23.9 56.6 84.4 6.8 23.3 43.3 67.9
Difference between max and min (%) 396.5 | 585.7| 460.0 [ 239.9 | 255.0| 388.0 [ 319.2 [ 141.0 | 209.0f 357.0 | 205.0 | 104.5
% Angle section 82.4 | Failed| Failed | Failed | 77.0 | 176.7 | Failed | Failed | 81.0 | Failed | Failed | Failed
g ’g Rectangular Hollow section 76.7 | 1779 301.0 | 490.2 | 77.6 | 171.0 | 290.5 | 4705 | 82.8 | 173.8 | 304.1 | 496.3
g < | Circular Hollow section 75.1 | 181.7| 323.2 | 506.4 | 73.5| 1726 | 294.7 | 471.8 | 78.8 | 178.2 | 307.4 | 500.2
= | section 85.1 | 2164 3844 | 571.2 | 746 | 191.3 | 343.9 | 5358 | 82.0 | 196.7 | 330.5 [ 524.3
Difference between max and min (%) | 133 | 216 | 277 | 165 | 56 | 119 | 184 | 138 | 51 | 132 8.7 5.6
Asymmetrical Plan and Section Core Cross Bracing Core Zipper Bracing Core Knee Bracin
= Brace Sections/No. of Stories 5 10 15 20 5 10 15 20 5 10 15 20
B _ | Angle section 13.3 | Failed| Failed | Failed | 5.4 11.5 | Failed | Failed | 6.0 | Failed | Failed | Failed
i é Rectangular Hollow section 3.3 8.8 29.2 46.3 2.3 6.5 19.0 43.8 3.0 7.0 16.2 43.1
n% Circular Hollow section 5.3 14.7 33.2 54.7 4.4 11.2 31.8 57.7 4.0 10.2 26.5 63.3
| section 18.0 52.1 89.4 120.0 | 10.0 | 29.7 63.1 96.7 | 10.8 | 30.5 55.6 89.0
Difference between max and min (%) 4545 | 492.0| 205.0 | 160.0 | 335.0] 346.0 [ 232.0 | 121.0 | 260.0] 336.0 243 106.5
% Angle section 81.4 | Failed| Failed | Failed | 72.9 | 167.6 | Failed | Failed | 78.0 | Failed | Failed | Failed
g %\ Rectangular Hollow section 719 | 173.0( 341.1 | 4936 | 71.2 | 168.6 | 298.6 | 483.2 | 76.6 | 168.6 | 298.8 | 488.2
g < | Circular Hollow section 76.6 | 181.3| 3216 | 489.0 | 71.0| 171.3 | 3144 | 503.8 | 74.3| 1755 | 311.0 | 519.2
= | section 88.8 | 215.1| 372.3 | 533.3 | 80.0 [ 196.0 | 354.7 | 552.1 | 80.3 | 200.3 | 342.7 | 543.0.
Difference between max and min (%) | 235 | 244 | 16.0 90 | 12.7| 170 [ 190 | 142 | 80 | 19.0 14.7 11.2




4.3.2Comparison of Asymmetrical Plan and Sectio

Structural design optimization of steel frames gelhe requires selection of ste
sections for its beams, columns and braces fromiserede set of practicall
available steel sectidiables. This selection should be carried out imsauegvay tha
the steel frame has the minimum weight or costewtiie behavior and performar

of the structure is within the limitations descdldgy the code of practic

In this section, @a resulof using different steel brace types and theirlseetions
designsthe brace and column weigtappears to béhe main parameter affectii
the total weight of each structuFrom Table 4.8, Figure 4.1flves the comparisc
of the maxmum (1S) andthe minimum (RHS) brace weiahts of cross, zipper

tur
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10store'
e

symmetrical
plan and section
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Figure 4.19(b): Comparison of minimum brace weights (ton for asymmetrical
plan and section

According to these results, generally the maximumd eninimum brace weigh

were achieved when IS aRHS were used as bracingembers, respective.

From Figure 4.19 (adnd (b, core and central bay cross bracgenerall* has the
maximum weight. On the other hand central knee bracing and central bay zip|
bracing has theminimum brace weighwhen IS and RHS are used bracing
member respectivelyin fact, core knee bracing has the minimbrace weight

when compared to rest core bracings.



There are some differers betweerateral displacement in X and Y directs. At
this gage, they cannot be divided into maspecific ways for maximum an
minimum lateral displacemes for any of sections. But approximate maxim

value of displacement belongs to RHS and minimumSo

Figure 4.20 andrigure 4..1 show the minimum lateral displacement in X ant

directions respetively where | Sections were used as bracing mes.

r

¥ - 20storey
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N

Figure 4.20: Comparison of minimum (I Section) lateral displacenent (mm) in
X direction for asymmetrical plan and section



From Figure 4.20¢entral bay knee bracing has the maximum latesglacement il
X direction and core knee brace has the maximurerdhtdisplacement in .
direction. On the other hand minimum lateral displaent in X direction belongs

the core and central bay crosace.
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Figure 4.21:Comparison of minimum (I Section) lateral displacenent (mm) in
Y direction for asymmetrical plan and section

Figure 4.21 represents the minimum lateral displacement in Madion which |
Sectionsis used as bracing mem. The minmum lateral displacements in

direction for five, to fifteen stories are centiahy and corecross bracin. In



addition, core zipper brace has the minimum latdigpplacement in Y direction for

twenty stories.

Overall, there is higher lateral displacement irdivection due to columns being

subject to bending about their minor axis.

4.4Asymmetrical Plan and Symmetrical Section

The resistance of tall buildings to wind as well tas earthquake loads is an
important part of the design of the structural eyst that evolve by the continuous
efforts of structural engineers to increase buddineight while keeping the

deflection within acceptable limits and minimizitige amount of materials.

The following are the details of the structuralteys and the design consideration

for the multi-storey buildings considered in thisdy:
* Number and the total length of bays: 3 bays (18 m)

e Structural stories and heights: 5 stories (19 h9),stories (37.75 m), 15

stories (56.5 m) and 20 stories (75.25 m)
* Bay widths: 8m, 6m, 4m (X axis) by 7m, 3m and 8mafis)
* Types of braces: cross, zipper and knee brace

e Spacing of the secondary beams: 3m (X axis), 3¥bm@x(s)



e Four types of steel profiles are used as braciegibers: Universal Angle
section (UA), Rectangular Hollow Section (RHS), ddiar Hollow Section

(CHS) and | Section (IS) or Universal Column setigUC)

« Location of the braces: center of the bays anbetore of the structure

» Connections: simple frame structure where beanohanm, beam to beam,

brace to beam/column are pinned connections anoint™ are continuous

» Steel profiles for columns and beams: Universalu@w sections (UC),
Universal Beam sections (UB) are adopted for colirand beams of the

frame respectively

* The value of x for all knee braced structures: 0.2m

* Number of columns, beams and cross or knee braspectively: 75, 125,
40 (five stories), 150, 250, 80 (ten stories), 228, 120 (fifteen stories) and

300, 500, 160 (twenty stories)

* Number of zipper braces: 56 (five stories), 116 (&tories), 176 (fifteen

stories) and 236 (twenty stories)

* Loads: dead, live, wind load and perimeter walldings (Table 3.1)

Since the speed and direction of wind are alwaymgimg, the exact direction of
pressure or suction applied by the wind to thecttine is difficult to determine.

Thus, some assumptions for each asymmetrical plarctsre have been made.



These assumptions are in such a way that eachwstus exposed to wind loads in

X and Y directions (Fig 4.22).

« Maximum allowable displacement: 63.3 mm fdfstorey, 125.84 mm for

10" storey, 188.34 mm for 15storey, 250.84 mm for 30storey

Two wind directions (X and Y) were considered icledesign. Despite the fact that
plans of the structures are not symmetrical, exgerament has been analyzed and
designed by ETABS software for two wind loads W, andW,, and W, (W and

Wy) on structures with cross bracings at core amgatral bay (Table 4.9).
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Figure 4.22: Simple frames with pinned connectionand direction of winds for
asymmetrical plan and symmetrical section



Table 4.9: Total weight of core and central bay crss bracings (a) W and (b)

W, for asymmetrical plan and symmetrical section.

W, Brace Sections/No. of Storie 5 10 15 20
Central bay cross bracing
= | Angle section Failed Failed Failed Failed
< SO’ Rectangular Hollow section 80.8 180.1 320.5 518.9
= %’ Circular Hollow section 83.1 186.1 329.0 530.9
= | section 102.8 227.5 382.7 582.2
Core cross bracing
= | Angle section Failed Failed Failed Failed
< SO’ Rectangular Hollow section 78.3 177.0 301.8 490.5
= %’ Circular Hollow section 81.2 181.2 311.7 495.7
= | section 96.0 221.6 365.7 750.6
(a)
W, | Brace Sections/ No. of Storig 5 10 15 20
Central bay cross bracing
= | Angle section 86.3 Failed Failed Failed
T \% Rectangular Hollow section 80.6 180.1 301.2 518.8
= % Circular Hollow section 83.6 186.0 308.2 531.0
= | section 101.9 227.0 363.4 583.0
Core cross bracing
= | Angle section Failed Failed Failed Failed
IS % Rectangular Hollow section 78.4 177.0 292.3 454.2
2 % Circular Hollow section 81.3 181.4 302.6 467.8
= | section 96.0 222.2 354.7 527.0
(b)

As a result of cross bracings being placed at tine and central bay of structure, the

total weights of the structures were high when ectieid to W (Fig. 4.23).
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Figure 4.23(a): Building layout indicating wind in X direction with suctions for
asymmetrical plan and symmetrical section
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Figure 4.23(b): Building layout indicating wind in Y direction with suctions for
asymmetrical plan and symmetrical section

Since the weight of bracings are generally the rodiitig factor of the overall total
weight of the structure and maximum lateral Dispfaent in X and Y directions is
achieved when | section is used as bracing memtyas, from this point onwards
the details of the column and beam weights anddhatisplacements for each

structure are given in Appendix C.
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4.4.1 Perimeter Central Bay and Core Bracing

Figure 4.24 shows central bay bracings and corerga for asymmetrical plan and

symmetrical sections structures.
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Figure 4.24: Asymmetrical Plan and Symmetrical Seain central bays (a) cross
(b) zipper (c) knee bracings.
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Figure 4.24: Asymmetrical Plan and Symmetrical Seain core (d) cross (e)
zipper (f) knee bracings

Table 4.10 shows the weights of braces and théwatights of the whole structure
(ton) for varying number of stories and brace typesentral bay and core with

different steel profiles for braces subjected tadMioad 1 (W).



Table 4.10: Weights of braces and the overall totaveight of different brace types and brace sectianin the central bay and core of structurefor
asymmetrical plan and symmetrical section.

Asymmetrical Plan and Symmetrical

Central Bay Cross Bracing

Central Bay Zipper Bracing

Central Bay Knee Bracing

Section

= Brace Sections/No. of Storie 5 10 15 20 5 10 15 20 5 10 15 20
8 __ | Angle section Failed [ Failed | Failed | Failed 4.7 10.2 | Failed [ Failed 5.2 Failed | Failed | Failed
i é Rectangular Hollow section 3.0 7.2 16.4 41.3 2.0 4.6 12.5 29.3 2.0 5.0 11.2 29.7
g Circular Hollow section 4.0 12.5 27.7 52.7 2.4 7.0 18.3 35.8 2.3 6.4 14.7 32.0

| section 215 54.3 79.8 106.5 6.5 27.3 57.0 83.0 6.0 22.6 39.0 69.0
Difference between max and min (%)| 617.0 | 654.0 | 386.5 | 158.0 | 225.0 [ 493.5 | 356.0 [ 183.3 | 200.0 [ 352.0 | 248.2 | 132.3
E,, Angle section Failed | Failed | Failed | Failed | 78.8 179 | Failed | Failed | 89.8 | Failed | Failed | Failed
§ %\ Rectangular Hollow section 80.8 180.1 | 320.5 | 518.9 80.3 174.4 | 294.0 | 477.4 87.8 183.3 | 308.5 | 505.4
g <= | Circular Hollow section 83.1 186.1 | 329.4 | 5309 | 77.3 | 173.3 | 296.6 | 478.2 | 85.2 180.5 | 308.5 | 502.1
= | section 102.8 | 2275 | 3827 | 582.2 | 78.0 | 201.3 | 338.3 | 527.3 | 84.8 198.7 | 329.6 | 537.2
Difference between max and min (%)| 27.2 | 26.3 19.4 12.2 4.0 16.0 | 15.0 | 10.5 6.0 10.0 6.8 7.0
Asymmetrical glei?tiigd Symmetrical Core Cross Bracing Core Zipper Bracin Core Knee Bracing
= Brace Sections/No. of Storieg 5 10 15 20 5 10 15 20 5 10 15 20
S _ | Angle section Failed [ Failed | Failed | Failed 4.8 Failed | Failed [ Failed 5.3 Failed | Failed | Failed
i é Rectangular Hollow section 3.4 9.0 17.4 46.3 2.3 6.5 20.5 68.3 2.3 7.0 19.0 80.8
g Circular Hollow section 4.0 135 27.4 51.0 3.3 11.2 29.8 46.0 3.8 9.9 30.5 102.8

| section 16.2 53.4 82.2 260.8 7.5 31.4 55.1 78.2 10.4 30.8 48.4 118.0
Difference between max and min (%)| 376.5 | 494.0 | 372.4 | 463.3 | 226.0 | 383.0 | 168.8 70.0 352.2 | 340.0 | 154.7 46.0
E,, Angle section Failed | Failed | Failed | Failed | 80.2 | Failed | Failed | Failed | 84.6 | Failed | Failed | Failed
§ 75\ Rectangular Hollow section 78.3 177.0 | 301.8 | 490.5 81.5 169.8 | 311.5 | 530.7 84.7 178.4 | 320.2 | 562.5
,g < | Circular Hollow section 81.2 181.2 | 311.7 | 495.7 77.4 | 175.7 | 323.5 | 488.3 82.3 175.7 | 332.1 | 575.0
= | section 96.0 221.6 | 365.7 | 750.6 | 80.7 | 199.0 [ 339.5 | 524.1 | 86.3 203.5 | 353.2 | 583.8
Difference between max and min (%)| 22.6 | 25.2 21.2 53.0 5.3 17.2 9.0 8.6 4.8 15.8 | 10.3 3.8




4.4.2Comparison of Asymmetrical Plan and Symmetrical Sawon

For high rise buildings located in the regions vehéigh winds are commo
designers must give high priority to the prelimindesign phase to select structt
system andteel sections for its beams, columns and b that resist lateral loac
efficiently. Theseselectioils mustbe carried out in such a way that the steel fr
has the minimum weight or cost while the behaviat performance of the structt

is within the limitations described by the codegpdctice

Figure 4.25 givethe comparisoiof maximum and minimum brace weights of crc

zipper and kneeracing typesin the central bay and in theore of the steel

ctriintiirne
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Figure 4.25(b): Comparison of minimum brace weights (ton for asymmetrical
plan and symmetrical section

According to these results, generally the maximumd eninimum brace weigh

were achieved when IS aRHS were used as bracing members, respeci

From Figure 4.25 (a)entral bay ancore cross bracing has the maximbrace
weight. On the other handinimum brace weight is belonging to central baye
brace. In fact, coreippel bracing has the minimum weigihen compared to tr

results ofcore located brace

Figure 4.25 (b) giveshe minimum brace weight t brace members which he

RHS as bracingnember. The heaviest brace a weight for fivetém and fifteen t



twenty stories belongs to core cross bra and core knee bracing respecti, and
the lightestbrace weigl belongs tocentral bay zipper bracing. Minimum cc
bracings belongs tooce zipper bracdor five to ten stories and core cross brac

for fifteen to twenty storie. In addition, maximuneentral bay brace is cross br:

There are some differers betweerlateral displacement in X and Y directs in
this stage, they cannot divided in specific wayor maximum and minimum later
displacement for any othe sections. But approximate maximum value

displacement belongs to RHS and minimum fot

Figure 4.26(a) and (b) shows the minimum lateral displacemenX and Y

directionsrespectively where | Sections were used as branember.
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Figure 4.26(a): Comparison of minimum (I Section)ateral displacement (mm)
in X direction for asymmetrical plan and symmetrical sectio.
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Figure 4.26(b): Comparison of minimum (I Section) lateral displacenent (mm)
in Y direction for asymmetrical plan and symmetrical sectio.

From Figure 4.26a), central bay knee braciifor five to fifteenstories and centr:

bay cross bracing for ™

storey has the maximum lateral displacement ir
direction. On the other hand minimum lateral dispraent in X direction belongs

the core cross brace.

Overall, there is higher lateral displacement irdirection due to columns beir

subject to bending about their minor a



4.5 Symmetrical Plan and Asymmetrical Section

If optimization can be considered as the searchifer“perfect design”, different
techniques may be used to be able to reach thmaptipoint. Certainly this point
cannot be reached, because it is impossible tcagedptimum design under all
points of view; however it is the idea or assumptilbat may give the best position
of different types of braces in different locatiarfssteel structures to determine the
optimum weight and lateral displacement when tmactire is exposed to wind

loads.

The following are the details of the structuralteys and the designs considerations

for the multi-storey buildings:
* Number and the total length of bays: 3 bays (18 m)

e Structural stories and heights: 5 stories (19 h9),stories (37.75 m), 15

stories (56.5 m) and 20 stories (75.25 m)
e Bay widths: 6m
« Types of braces: cross, zipper and knee brace

* Four types of steel profiles are used as braciegibers: Universal Angle
section (UA), Rectangular Hollow Section (RHS),ddiar Hollow Section

(CHS) and | Section (IS) or Universal Column satigUC)

» Location of the braces: center of the bays anteatbre of the structure



e Connections: simple frame structure where beanohenm, beam to beam,

brace to beam/column are pinned connections anohne are continuous

« Steel profiles for columns and beams: Universalu@uwl sections (UC),
Universal Beam sections (UB) are adopted for beants columns of the

frame respectively

» Spacing of the secondary beams: 3m

* The value of x for all knee braced structure: 0.2m

e Number of columns, beams and cross or knee brasgectively: 70, 139,
40 (five stories), 150, 304, 80 (ten stories), 2888, 120 (fifteen stories) and

310, 634, 160 (twenty stories)

 Number of zipper braces: 56 (five stories), 1161 (&tories), 176 (fifteen

stories) and 236 (twenty stories)

* Loads: dead, live, wind load and perimeter walldings (Table 3.1)

Since the speed and direction of wind are alwaymngimg, the exact direction of
pressure or suction applied by wind onto the stmgcis difficult to determine. Thus,
some assumptions for each symmetrical plan and msymtal section structure
have been made. These assumptions are in such thataach structure is exposed

to wind loads in X and Y directions (Fig 4.27).
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Figure 4.27: Simple frames with pinned connectionand direction of winds (top
view plan) for symmetrical plan and asymmetrical setion.

« Maximum allowable displacement for each storey:3681m (5'storey),

125.84 mm (10 storey), 188.34 mm (iBstorey), 250.84 mm (Z0storey)

Two wind directions (X and Y) were considered ircleaesign. In spite of the fact

that sections of the structures are not symmefrieath experiment has been



analyzed and designed for two designs exposed waab W (W, andW,, and W

(WxandWy) for core and central bay cross bracings (Tatdé .

Table 4.11: Total weight of core and central bay ass bracings (a) W and (b)
W, for symmetrical plan and asymmetrical section.

W, Brace Sections/No. of Storie 5 10 15 20
Central bay cross bracing

= | Angle section 85.0 Failed Failed Failed
T :‘:o/ Rectangular Hollow section 79.6 188.8 311.0 449.7
= %’ Circular Hollow section 77.0 189.4 317.4 464.7

= | section 92.0 234.4 403.0 570.0

Core cross bracing

= | Angle section Failed Failed Failed Failed
< \% Rectangular Hollow section 77.3 184.1 301.2 436.0
2 % Circular Hollow section 75.8 186.0 309.4 453.2

= | section 90.7 227.3 392.0 552.4

(a)
W, Brace Sections/No. of Storie 5 10 15 20
Central bay cross bracing

= | Angle section 85.2 Failed Failed Failed
T \% Rectangular Hollow section 80.0 19.0 311.0 450.0
= % Circular Hollow section 76.9 189.6 316.6 464.6

= | section 92.7 234.4 400.3 570.0

Core cross bracing

= | Angle section Failed Failed Failed Failed
< SO’ Rectangular Hollow section 77.3 185.0 301.3 436.0
2 %’ Circular Hollow section 77.3 187.0 308.8 455.0

= | section 90.3 226.0 391.7 553.2

(b)




As a result comparing the core and central bayschoscings, total weight of

structures were generally equal when structuregestda to W and Ws.

Symmetrical plan and asymmetrical section struttsyatems are generated in this
category, the details of wind load (Wor the central bays and core cross bracing

are in Figure 4.28.
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Figure 4.28(a): Building layout indicating wind in X direction with suctions for
symmetrical plan and asymmetrical section
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Figure 4.28(b): Building layout indicating wind in Y direction with suctions for

symmetrical plan and asymmetrical section

Since the weights of bracings are generally therotimg factors of the overall total

weight of the structure and maximum lateral disphaent in X and Y directions

achieved when | sections are used as bracing menthen from this point onwards

the details of the column and beam weights anddhatisplacements for each

structure are given in Appendix D.
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4.5.1 Perimeter Central Bay and Core Bracing

In this stage the symmetrical plan and asymmetigseation building with cross,
zipper and knee bracing in the central bay and obtee structures were used for

analyses and design (Fig 4.29).
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Figure 4.29: Symmetrical Plan and Asymmetrical Seain central bays (a) cross
(b) zipper (c) knee bracings.
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Figure 4.29: Symmetrical Plan and Asymmetrical Sean core (d) cross (e)

zipper (f) knee bracings.

Table 4.12 shows the weight of brace and wholecttra for varying number of

stories and brace types with different steel pesfiit central bay and core subjected

to wind load 1 (W).



Table 4.12: Weights of braces and the overall totaleight of different brace types and brace sections the central bay and core of structurefor

symmetrical plan and asymmetrical section.

Symmetrical Plan and Asymmetrical

Core Cross Bracing

Core Zipper Bracing

Core Knee Bracing

| Section
= Brace Sections/No. of Stories 5 10 15 20 5 10 15 20 5 10 15 20
8 __ | Angle section Failed | Failed | Failed | Failed | 6.0 | Failed | Failed [ Failed 7.3 Failed [ Failed | Failed
z é Rectangular Hollow section 4.2 10.5 17.0 25.8 2.6 6.4 9.5 14.0 3.3 6.6 11.0 17.0
C%S Circular Hollow section 4.2 13.0 25.2 44.0 3.8 8.2 13.8 21.0 3.8 9.3 15.3 22.0
| section 18.4 56.8 109.3 | 145.0 8.5 27.5 48.0 83.3 9.8 21.3 39.8 57.2
_Difference between max and min (%) | 338.0 | 441.0 | 550.0 | 462.0 | 227.0 | 329.7 | 4053 495.0 | 197.0 | 222.7 261.8 236.5
% Angle section Failed | Failed | Failed | Failed | 72.6 | Failed | Failed Failed 83 Failed | Failed Failed
g 75\ Rectangular Hollow section 77.3 184.0 | 301.2 | 436.0 | 71.0 | 1744 | 2854 413.2 79.5 177.3 | 295.8 435.0
g < | Circular Hollow section 75.8 186.0 | 309.4 | 453.2 | 71.0 | 1748 [ 289.0 419.0 75.0 180.5 | 303.2 438.2
= | section 90.7 227.3 | 392.0 | 5524 | 75.0 [ 196.0 | 328.6 494.2 82.0 1948 | 325.5 470.6
Difference between max and min (%) [ 19.6 | 235 | 300 | 267 | 56 | 124 15.0 19.6 10.7 9.8 10.0 8.2
Symmetrical Plsagcggg Asymmetrical Core Cross Bracing Core Zipper Bracing Core Knee Bracing
= Brace Sections/No. of Stories 5 10 15 20 5 10 15 20 5 10 15 20
§€ Angle section Failed | Failed | Failed | Failed | 6.0 Failed | Failed Failed 7.3 Failed | Failed Failed
Q £ | Rectangular Hollow section 4.2 10.5 17.0 25.8 2.6 6.4 9.5 14.0 3.3 6.6 11.0 17.0
‘g Circular Hollow section 4.2 13.0 25.2 44.0 3.8 8.2 13.8 21.0 3.8 9.3 15.3 22.0
| section 18.4 56.8 109.3 | 145.0| 8.5 27.5 48.0 83.3 9.8 21.3 39.8 57.2
_Difference between max and min (%) | 338.0 | 441.0 | 550.0 | 462.0 | 227.0| 329.7 | 405.3 495.0 | 197.0 | 222.7 261.8 236.5
E,, Angle section Failed | Failed | Failed | Failed | 72.6 | Failed | Failed Failed 83 Failed | Failed Failed
§ Tg Rectangular Hollow section 77.3 184.0 | 301.2 | 436.0 | 71.0 | 1744 | 285.4 413.2 79.5 177.3 | 295.8 435.0
,g < | Circular Hollow section 75.8 186.0 | 309.4 | 453.2 | 71.0 | 1748 | 289.0 419.0 75.0 180.5 | 303.2 438.2
= | section 90.7 | 227.3 | 392.0 | 552.4 | 75.0 | 196.0 | 328.6 494.2 82.0 1948 | 3255 470.6
_Difference between max and min (%) | 19.6 | 23.5 30.0 26.7 5.6 12.4 15.0 19.6 10.7 9.8 10.0 8.2




4.5.2Comparison of Asymmetrical Plan and Symmetrical Semn

Figure 430 (a) and (b gives the comparison of maximughSection)and minimum
(Rectangular Hollow Sectionbrace weights of cross, zipper and | bracing types
for 5, 10, 15and 20 storey buildini in the central bay and core dhe steel structures

respectively.

Figure 4.3 (a) and (b) gives the minimum lateral displacemerX and Y directiongl

Section) respectively.

20storey
15storey
Ostore
re'

/mmetrical plan

aliu asyilinnicuival ocuuuvll
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From Figure 4.30 (a),emtral ba cross bracing has the maximum we whilst the core
cross bracing has highest weiwhen compared to the result of tbere bracings. On
the other hand central bizipper brace for 5 and 10 stories masimum brace weigl

and core knee brace has the minimum brace weight™" and 28' storie«.
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Figure 4.31:Comparison of minimum (I Section) lateral displacenent (mm) in (a)
X and (b) Y direction for symmetrical plan and asymmetrical sectio.
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From Figure 4.31 (a) and (b) indicate that, cenia and core knee brace has the
maximum lateral displacement in both X and Y dits. On the other hand minimum
lateral displacement in X and Y directions beloogthie central bay and core cross

bracing.

Overall, there is higher lateral displacement idi¥ection due to columns being subject

to bending about their minor axis.
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CHAPTER 5

RESULTS AND CONCLUSION

5.1 Results

This study compares the results of the analysisdasign of multi-storey steel frames
with different bracing systems in terms of theeedtweights and lateral deflections. The
ETABS software allows the member grouping and $eléw® required steel sections for
beams, columns and bracing members from a setamidatd steel sections. This
approach is practical due to the fact that it aggplserviceability and strength

requirements for the frame as specified in BS 5950.

Result indicate that the zipper bracing systemhatdore and central bay of structure
with Rectangular Hollow Sections steel profile proés the lightest frame among those
considered in this study (Fig. 5.1) and, the cord eentral bay cross bracing with |
Sections achieved the heaviest frame (Fig 5.29.dtso observed that cross bracing and
zipper bracing systems do not provide as much dhtdisplacement in X and Y
directions as the knee bracing system with | Secsteel profiles in such frames.
However, the minimum lateral displacement achiewden | Sections were used as
cross bracing members at core and central baywétates in X and Y directions (Fig

5.3 and Fig 5.4).
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Figure 5.1: The lightest brace weight for core and central bayipper bracing with
Rectangular Hollow Sections steel profile (tor.
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Figure 5.2: The heaviest brace weight for core and central bagross bracing with |
Sections steel profile (ton).

Figure 5.1 shows thacore zipper bracing for asymmetrical plan and syiniced
section has the maximum weight whilst the centegt bipper brace foasymmetrical
plan and sectiohas the maximum weiglwhen compared to the result central bay
bracings. On the other hand e and central bay zipper brace sgmmetrical plan an

sectionhas the minimum brace weig
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Figure 5.3: The minimum lateral displacement in X direction for core and central
bay cross bracing with | Sections steel profile (mj.

Figure 5.3 and 5.4 shows the minimum lateral disgi@ent in X and Y directior
respectively. Central bay cross bracing for symmetrical plan as®ttion anc
asymmetrical plan and symmetrical sectioive maximum lateral displacement in
direction while core cross bracing for asymmetriglain and section and asymmetri

plan and symmetrical sdon have minimum lateral displacement in X direc.
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Figure 5.4: The minimum lateral displacement in Y directior for core and central
bay cross bracing with | Sections steel profile (mi).

Core cross bracing for symmetrical plan and sect@on symmetrical plan ar
asymmetrical section have minimum lateral displaa@ in Y direction Comparing
Figure 5.3 and 5,4there is higher lateral displacement in Y dir@ctdue to column

being subject to bending about their minor .
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5.2 Conclusion

The following are the conclusions drawn from thguits obtained from this research.

1. Universal Columns are heavy sections. Therefors; thade the bracing system
heavy particularly for the low rise buildings wihand 10 stories. However, for
the 15 and 20 stories buildings since the demandorfacing against lateral

loads is more than their steel weight efficiencyeneigher.

2. Higher than required capacity of universal colunaiso controlled the lateral
deflections in both X and Y directions better thiwe other steel profiles.
However, it should be pointed out that lateral etfbns for all other bracing
sections were also less than the allowable by B&80. So this can only be
an added benefit in case a particular structursilgderequires bare minimum of

lateral deflections.

3. Universal Angles did not perform well in compariséo other profiles.

Therefore, it should not be considered for builgdingore than 5 stories.

4. Hollow sections are known to be strong profileshbfor axial loads and torsion.
At the same time comparatively lighter than theeotlsteel sections. This
research indicated once again that hollow sectioofilps, circular and
rectangular, generally performed well. Rectangiialow section being the

better one in terms of steel weight.
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5. Results also indicated that there is a relationbetween the shape of the plan
layout and the weight efficiency of the steel syste Symmetrical plan and
section provided the lightest section whilst asyrrmo@& plan and section
caused the heaviest central bay bracing and thenrasyrical plan and
symmetrical section caused the heaviest core lyaammong all the bracing
types. So clearly there is a link between the bigaeveight efficiency and the
layout of projects. Therefore, if engineers wanbtild an economical structure
then the advice is that they should try to keepyimmetrical, if not then be

ready to deal with steel profile variations.

5.3 Future Recommendations

The following are the recommendations for futurgesech work:

1. Locating bracings at corner points and any othea an the building with more

than three bays.

2. More buildings with different plans and sections ¢& analyzed and designed

to expand on the variety in real life.

3. Use of iterative and non-iterative P-Delta effect.

4. Use of other types of brace sections.

5. Considering high rise structures, skyscrapersdgiras with more stories).

6. Use of different direction of wind on structures.

117



REFERENCES

[1] Ronald W. Wolfe (1996)Wind Resistance of Light-Frame StructurésSDA,

Forest Service Forest Products Laboratory.

[2] William J. H. (Ed.). (2000)A Policy Guide to Steel Moment-frame Construction

Structural Engineers Association of California.

[3] Salvadari G., Baron Melvin L., Levy Matthys P. (B)./Bracing for structural steel

building framesUnited States: New York.

[4] Bruneau, M., Uang, C. M., and A. Whittaker. (199Buctile Design of Steel
Structures The McGraw-Hill Companies, Boston, Massachus¢®BN 0-07-008580-

3.

[5] Charles R. and Dawn L. (200Performance of concentrically braced frames under

cyclic loading.University of Washington.

[6] Roeder, C.W., Popov, E.P., 19B:centrically braced steel frames for earthquakes

Journal of Structural Div ASCE, 104(3):391-412.

[7] AISC. (2002).Designing With Structural Steel — A guide For Atebis.American

Institute of Steel Construction, Inc. Chicago, IL .

118



[8] Goel, V. & Pirolli, P. (1992)The Structure of Design Problem Spacgsgnitive

Science, Vol. 16, No. 3, pp. 395-429.

[9] Yang T.Y., Stojadinovic, B. and Moehle, J. (2008Ybrid Simulation Evaluation of
Innovative Steel Braced Framing Systdfighth National Conference on Earthquake

Engineering, San Francisco, CA, USA.

[L0] HUANG Z, LI Q, CHEN L. (2004)Elastoplastic analysis of knee bracing frame
Department of Civil Engineering, Shanghai Jiao Tahgversity, Shanghai 200030,

China. 6A(8):784-789.

[11] BS 5950: Part 1: 2000, Structural use of steelwarksuilding. Code of practice
for design in simple and continuous constructiast, folled sections. British Standards

Institution, London (UK).

[12] AISC. (1991).Design Guide for Low- and Medium-Rise Steel Bugdidmerican

Institute of Steel Construction, Inc. Chicago, IL.

[13] BS 6399: Part 2: 1995, Loading for Building3ode of practice for wind loads.

British Standards Institute, London (UK).

[14] M.R. Willford, A.C. Allsop (1990)Design guide for wind loads on unclad framed
building structures during construction8uilding Research Establishment Report.

London (UK).

[15] ETABS Integrated Building Design Software: Qmuers and Structures, Inc.

(CSI), Berkeley, California, USA, 2003.

119



[16] E.S. Kameshki , M.P. Saka. (200Genetic algorithm based optimum bracing
design of non-swaying tall plane frameBepartment of Civil and Architectural

Engineering, University of Bahrain, PO Box 3203& Town Bahrain.

120



APPENDICES

121



APPENDIX A

Tables and Figures A give the weights of structatainents and lateral displacement in
X and Y directions for symmetrical plan and secibrthe central bay and core bracing

respectively.

Table A.1: Weights of columns, beams, braces andttd by having different steel
brace sections for cross bracing in the central bapf structure for symmetrical
plan and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 14.6 Failed Failed Failed
£ £ | Rectangular Hollow section 15.8 45.7 93.3 162.3
§ %’ Circular Hollow section 13.9 45.0 92.6 160.6
= | section 13.6 44.3 92.7 158.6
Difference between max and min (%) 16.2 3.2 0.7 2.3
= | Angle section 68.7 Failed Failed Failed
% % Rectangular Hollow section 68.4 136.1 203.1 269.2
s 2 | Circular Hollow section 69.3 137.6 204.7 271.6
= | section 69.0 137.6 205.4 273.4
Difference between max and min (%) 1.3 1.1 1.1 1.6
= | Angle section 15.1 Failed Failed Failed
§ :‘% Rectangular Hollow section 4.2 9.4 15.8 22.7
g %’ Circular Hollow section 4.2 9.2 18.8 33.6
= | section 16.6 48.5 73.2 93.9
Difference between max and min (%) 295.3 427.2 363.3 313.6
= | Angle section 98.5 Failed Failed Failed
< :‘% Rectangular Hollow section 88.5 191.3 312.3 454.2
= %’ Circular Hollow section 87.4 191.8 316.1 465.8
= | section 99.1 230.4 371.4 525.9
Difference between max and min (%)| 13.4 20.4 19.0 15.8
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0 X 100
=
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2
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Brace sections— 5 storey 10storey 15storey 20storey
=—&—Angle section 3.6
Rectangular Hollow sectign 5 33.2 95.2 200
== Circular Hollow section 6 35.1 94.2 192.5
=>6=| section 3.8 28.1 86 187.2
== Max 64 126 190 251
(a)
e 300
E
= 250
c
£ .S 200
S8
g .= 150
5O
L2 > 100
0 c
< 50
g
Brace sections 3 5 stvorey 10storey 15storey 20storey
=—&—Angle section 3.5
Rectangular Hollow sectia 5.1 33.2 97.6 205.9
== Circular Hollow section 6.2 37.2 99.7 212.2
=>6=| section 3.6 30 93 200.7
== Max 64 126 190 251

(b)

Figure A.1: Lateral displacement (mm) in (a) X direction (b) Y direction for

symmetrical plan and section, central bay cross bz
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Table A.2: Weights of columns, beams, braces and total by hang different steel
brace sections for zipper bracing in the central bg of structure for symmetrical
plan and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 15.7 Failed Failed Failed
£ £ | Rectangular Hollow section 16.5 46.8 96.2 162.0
§ %” Circular Hollow section 14.2 44.8 93.1 158.3
= | section 14.9 47.7 96.3 164.7
Difference between max and min (%) 10.7 6.5 34 4.0
= | Angle section 65.5 Failed Failed Failed
% i’ Rectangular Hollow section 65.7 129.7 193.3 254.5
@ 2 | Circular Hollow section 64.2 130.0 192.2 253.8
= | section 64.2 130.2 193.6 255.0
Difference between max and min (%) 2.3 0.4 0.7 0.4
= | Angle section 5.3 Failed Failed Failed
§ \E/ Rectangular Hollow section 1.8 4.5 7.9 12.7
g % Circular Hollow section 2.3 5.1 10.2 17.5
= | section 5.9 19.4 42.2 56.7
Difference between max and min (%) 227.8 331.2 434.2 346.5
= | Angle section 86.6 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 83.9 181.0 297.4 429.1
= % Circular Hollow section 80.6 179.9 295.5 429.7
= | section 85.1 197.2 332.1 476.5
Difference between max and min (%) 7.5 9.6 12.4 11.0
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=&— Angle section 3.5
Rectangular Hollow sectia 6.4 35.4 99.7 2134
== Circular Hollow section 6.8 39 105.7 225.4
=>=| section 3.9 31.1 97.3 213.2
== Max 64 126 190 251

(b)

Figure A.2: Lateral displacement (mm) in (a) X direction (b) Y direction for

symmetrical plan and section, central bay zipper bace
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Table A.3: Weights of columns, beams, braces andt&d by having different steel
brace sections for knee bracing in the central bayf structure for symmetrical
plan and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 19.8 Failed Failed Failed
£ £ | Rectangular Hollow section 19.8 51.8 100.0 | 170.2
§ %’ Circular Hollow section 16.5 47.9 98.2 166.3
= | section 17.2 48.9 98.0 163.3
Difference between max and min (%) 20.0 8.1 2.0 4.1
= | Angle section 68.9 Failed Failed Failed
% % Rectangular Hollow section 68.6 136.7 203.9 271.0
@ 2 | Circular Hollow section 67.8 135.6 202.4 267.9
= | section 68.1 136.2 203.2 269.1
Difference between max and min (%) 3.2 0.8 0.7 1.2
= | Angle section 7.3 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.4 5.9 10.5 16.0
g % Circular Hollow section 2.5 6.2 115 19.3
= | section 5.6 15.5 30.8 50.8

Difference between max and min (%) 204.2 162.7 193.4 217.5

= | Angle section 96.1 Failed Failed Failed
IS :% Rectangular Hollow section 91.0 194.4 314.4 457.2
= %’ Circular Hollow section 86.9 189.8 312.2 453.6

= | section 91.0 200.7 332.0 483.2
Difference between max and min (%) 10.6 5.7 6.3 6.5
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S
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Brace sections 5 storey 10storey 15storey 20storey
== Angle section 7.5
Rectangular Hollow sectign 12.7 48.4 115.3 234.1
== Circular Hollow section 12.5 48.6 118.5 235
=>&=| section 9.97 42.3 108.7 220.4
==ie=Max 64 126 190 251

(b)

Figure A.3: Lateral displacement (mm) in (a) X direction (b) Y direction for

symmetrical plan and section, central bay knee brae
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Table A.4: Weights of columns, beams, braces andt&d by having different steel

brace profiles for cross bracing in the core of thestructure for symmetrical plan
and section.

Brace Sections/ No. of Storie 5 10 15 20
m ’g\ Angle section Failed Failed Failed Failed
£ £ | Rectangular Hollow section 15.4 43.8 87.9 149.5
§ %” Circular Hollow section 14.8 43.3 87.3 148.0
= | section 134 41.7 83.3 143.0
Difference between max and min (%) 15.0 5.0 5.5 4.5
= | Angle section Failed Failed Failed Failed
% i’ Rectangular Hollow section 68.5 136.1 202.8 269.3
@ 2 | Circular Hollow section 68.2 136.7 203.6 270.0
= | section 68.4 136.4 204.5 271.7
Difference between max and min (%) 0.4 0.4 0.8 0.9
= | Angle section Failed Failed Failed Failed
§ \E/ Rectangular Hollow section 4.3 10.0 16.3 23.0
n% % Circular Hollow section 4.6 12.4 23.3 37.0
= | section 19.1 52.1 93.7 127.8
Difference between max and min (%) 344.2 421.0 475.0 455.6
= | Angle section Failed Failed Failed Failed
IS ‘E’ Rectangular Hollow section 88.2 190.0 307.2 441.8
= % Circular Hollow section 87.6 192.4 314.2 455.0
= | section 101.0 230.3 381.6 542.5
Difference between max and min (%) 15.3 21.2 24.2 22.8
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(b)

Figure A.4: Lateral displacement (mm) in (a) X direction (b) Y direction for

symmetrical plan and section, core cross brace.
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Table A.5: Weights of columns, beams, braces and total by hang different steel

brace sections for zipper bracing in the core of th structure for symmetrical plan
and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 15.7 Failed Failed Failed
£ £ | Rectangular Hollow section 16.0 47.0 89.5 149.5
§ %’ Circular Hollow section 15.0 43.5 88.2 149.2
= | section 15.0 47.8 94.4 156.2
Difference between max and min (%) 6.7 9.9 7.0 4.7
= | Angle section 62.0 Failed Failed Failed
% % Rectangular Hollow section 62.2 126.6 190.6 252.9
@ 2 | Circular Hollow section 63.1 125.8 188.5 251.7
= | section 63.5 127.3 188.6 250.6
Difference between max and min (%) 2.4 1.2 1.1 0.9
= | Angle section 6.0 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.3 5.4 8.5 13.1
g % Circular Hollow section 2.5 6.3 10.3 15.3
= | section 7.8 20.6 34.8 56.6
Difference between max and min (%) 239.0 281.5 309.4 332.0
= | Angle section 84.0 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 80.5 179.0 288.6 4155
= %’ Circular Hollow section 80.6 175.7 287.0 416.2
= | section 86.3 195.7 317.8 463.4
Difference between max and min (%) 7.2 11.4 10.7 115
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Figure A.5: Lateral displacement (mm) in (a) X direction (b) Y direction for
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Table A.6: Weights of columns, beams, braces and total by hang different steel
brace sections for knee bracing in the core of staiure for symmetrical plan and
section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 17.9 Failed Failed Failed
£ £ | Rectangular Hollow section 18.1 48.8 96.4 161.6
§ %’ Circular Hollow section 16.7 48.8 96.3 160.6
= | section 16.9 49.0 96.4 160.8
Difference between max and min (%) 8.4 0.4 0.1 0.6
= | Angle section 67.1 Failed Failed Failed
% % Rectangular Hollow section 67.7 134.4 200.2 266.2
@ 2 | Circular Hollow section 66.6 132.8 197.4 261.5
= | section 66.6 132.2 196.8 261.1
Difference between max and min (%) 1.6 1.7 1.7 1.9
= | Angle section 7.5 Failed Failed Failed
§ :‘% Rectangular Hollow section 25 6.2 10.7 16.4
g % Circular Hollow section 2.7 6.3 11.2 17.2
= | section 5.9 15.3 25.9 38.3
Difference between max and min (%) 200.0 146.8 131.2 133.5
= | Angle section 92.5 Failed Failed Failed
IS :% Rectangular Hollow section 88.3 189.4 307.4 444.1
= %’ Circular Hollow section 86.1 187.8 304.9 439.3
= | section 89.3 196.5 319.1 460.2
Difference between max and min (%) 7.4 4.6 4.6 4.7
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Figure A.6 (b): Lateral displacement (mm) in Y direction for symmetrical plan
and section, core knee brace.
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APPENDIX B

Table B.1 represents the weight of structural elgme&hen subjected to wind Mbr
central bay and core cross bracing. Table B.2 agdr& B.1 give the weights of
structural elements and the lateral displacementsand Y directions for asymmetrical

plan and section of the central bay and core bga@apectively.

Table B.1: Beam, column, brace and total weight syécted to W, for (a) central
bay and (b) core cross bracingor asymmetrical plan and section.

W, Brace Sections/No. of Storie 5 10 15 20

. § Angle section 17.7 Failed Failed Failed

£ < | Rectangular Hollow section 22.2 58.6 105.5 204.7

§ %’ Circular Hollow section 20.6 58.0 103.7 221.0
= | section 21.2 572 | 1028 | 2180
= | Angle section 52.0 Failed Failed Failed

% % Rectangular Hollow section 52.0 112.2 172.2 231.5

@ 2 | Circular Hollow section 52.0 112.4 172.2 231.7
= | section 52.0 112.7 173.4 232.7
= | Angle section 12.4 Failed Failed Failed

% £ | Rectangular Hollow section 2.8 7.2 150 [ 320

g %’ Circular Hollow section 35 12.0 25.3 46.3
= | section 14.0 48.5 92.0 119.3
= | Angle section 82.2 Failed Failed Failed

< % Rectangular Hollow section 77.0 178.0 292.7 468.3

= %’ Circular Hollow section 76.2 182.3 301.2 499.0
= | section 87.0 218.3 368.2 569.7

(a)
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W, Brace Sections/No. of Storie 5 10 15 20

. § Angle section 15.5 Failed Failed Failed

= < | Rectangular Hollow section 15.7 53.0 107.8 216.6

§ %’ Circular Hollow section 19.3 53.7 107.0 170.0
= | section 184 | 500 | 956 | 168.0
= | Angle section 52.0 Failed Failed Failed

% % Rectangular Hollow section 52.2 112.2 172.2 231.7

@ 2 | Circular Hollow section 52.0 1123 | 1727| 2328
= | section 52.2 113.0 174.0 233.2
= | Angle section 13.2 Failed Failed Failed

§ j‘% Rectangular Hollow section eils 8.6 20.0 51.2

g %’ Circular Hollow section 5.8 15.0 35.2 45.6
= | section 18.2 53.5 91.0 120.8
<= | Angle section 80.8 Failed Failed Failed

I :% Rectangular Hollow section 71.4 173.7 300.0 499.5

= % Circular Hollow section 77.0 181.0 314.8 448.5
= | section 88.8 216.5 360.6 522.0

(b)
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Table B.2: Weights of columns, beams, braces and total by hang different steel
brace sections for cross bracing in the central bapf structure for asymmetrical
plan and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 18.0 Failed Failed Failed
£ £ | Rectangular Hollow section 21.7 58.7 112.7 | 2231
§ %” Circular Hollow section 19.8 58.5 124.4 229.6
= | section 18.6 55.7 121.8 217.3
Difference between max and min (%) 20.5 5.4 10.4 5.7
= | Angle section 52.0 Failed Failed Failed
% i’ Rectangular Hollow section 52.1 112.2 172.0 2315
@ 2 | Circular Hollow section 52.0 112.2 171.9 231.3
= | section 52.0 112.7 172.9 232.8
Difference between max and min (%) 0.2 0.4 0.5 0.6
= | Angle section 12.4 Failed Failed Failed
§ \E/ Rectangular Hollow section 2.9 7.0 16.0 35.6
n% % Circular Hollow section 3.2 11.0 26.9 45.4
= | section 14.4 48.0 89.6 121.0
Difference between max and min (%) 396.5 585.7 460.0 239.9
= | Angle section 82.4 Failed Failed Failed
IS % Rectangular Hollow section 76.7 177.9 301.0 490.2
= % Circular Hollow section 75.1 181.7 323.2 506.4
= | section 85.1 216.4 384.4 571.2
Difference between max and min (%) 13.3 21.6 27.7 16.5
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Figure B.1 (a): Lateral displacement (mm) in X diretion for asymmetrical plan
and section, central bay cross brace.
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Table B.3: Weights of columns, beams, braces and total by hang different steel
brace sections for zipper bracing in the central bg of structure for asymmetrical
plan and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 23.7 60.0 Failed Failed
£ £ | Rectangular Hollow section 26.2 58.9 112.4 | 2156
§ %’ Circular Hollow section 22.0 58.4 110.7 213.6
= | section 18.9 58.9 121.7 230.8
Difference between max and min (%) 38.6 2.7 9.9 8.0
= | Angle section 48.2 105.8 Failed Failed
% % Rectangular Hollow section 49.4 107.1 164.5 219.8
@ 2 | Circular Hollow section 48.7 106.5 164.3 220.3
= | section 48.6 108.4 165.6 220.6
Difference between max and min (%) 1.6 2.4 0.8 0.4
= | Angle section 5.0 11.1 Failed Failed
§ :‘% Rectangular Hollow section 2.0 4.9 113.5 35.0
g % Circular Hollow section 2.7 7.7 19.6 38.0
= | section 7.1 23.9 56.6 84.4
Difference between max and min (%)| 255.0 388.0 319.2 141.0
= | Angle section 77.0 176.7 Failed Failed
IS ‘E’ Rectangular Hollow section 77.6 171.0 290.5 470.5
= %’ Circular Hollow section 73.5 172.6 294.7 471.8
= | section 74.6 191.3 343.9 535.8
Difference between max and min (%) 5.6 11.9 18.4 13.8
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Table B.4: Weights of columns, beams, braces and total by hang different steel
brace sections for knee bracing in the central bapf structure for asymmetrical
plan and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 21.0 Failed Failed Failed
£ £ | Rectangular Hollow section 26.9 53.0 | 1128 | 226.4
§ %’ Circular Hollow section 23.7 57.5 117.6 230.0
= | section 23.0 60.0 114.2 225.1
Difference between max and min (%) 28.0 13.2 4.2 2.2
= | Angle section 54.0 Failed Failed Failed
% % Rectangular Hollow section 53.7 115.6 177.1 236.7
@ 2 | Circular Hollow section 52.7 1135 173.5 233.0
= | section 52.1 113.3 173.0 231.3
Difference between max and min (%) 3.6 2.0 2.4 2.3
= | Angle section 5.9 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.2 5.1 14.2 33.2
g % Circular Hollow section 2.4 7.2 16.3 37.2
= | section 6.8 23.3 43.3 67.9
Difference between max and min (%) 209.0 357.0 205.0 104.5
= | Angle section 81.0 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 82.8 173.8 304.1 496.3
= %’ Circular Hollow section 78.8 178.2 307.4 500.2
= | section 82.0 196.7 330.5 524.3
Difference between max and min (%) 5.1 13.2 8.7 5.6
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Table B.5: Weights of columns, beams, braces and total by hang different steel
brace sections for cross bracing in the core of sicture for asymmetrical plan and
section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 15.9 Failed Failed Failed
£ £ | Rectangular Hollow section 16.4 522 | 1401 | 2155
§ %’ Circular Hollow section 19.3 54.1 116.0 202.0
= | section 18.8 50.2 109.8 180.5
Difference between max and min (%) 21.4 7.8 28.5 19.4
= | Angle section 52.1 Failed Failed Failed
% % Rectangular Hollow section 52.1 112.0 171.8 231.8
@ 2 | Circular Hollow section 52.0 112.4 172.4 232.2
= | section 52.0 112.8 173.1 232.9
Difference between max and min (%) 0.2 0.7 0.8 0.5
= | Angle section 13.3 Failed Failed Failed
§ :‘% Rectangular Hollow section 3.3 8.8 29.2 46.3
g % Circular Hollow section 5.3 14.7 33.2 54.7
= | section 18.0 52.1 89.4 120.0
Difference between max and min (%) 454.5 492.0 205.0 160.0
= | Angle section 81.4 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 71.9 173.0 341.1 493.6
= %’ Circular Hollow section 76.6 181.3 321.6 489.0
= | section 88.8 215.1 372.3 533.3
Difference between max and min (%) 23.5 24.4 16.0 9.0
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Table B.6: Weights of columns, beams, braces andté by having different steel
brace sections for zipper bracing in the core of aiicture for asymmetrical plan
and section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 18.8 48.5 Failed Failed
£ £ | Rectangular Hollow section 20.2 51.6 | 109.0 | 2115
§ %’ Circular Hollow section 16.6 50.4 112.5 218.7
= | section 19.7 56.1 121.7 227.7
Difference between max and min (%) 21.7 15.7 11.6 7.6
= | Angle section 48.7 107.5 Failed Failed
% % Rectangular Hollow section 48.7 110.4 170.5 227.8
@ 2 | Circular Hollow section 50.0 109.7 170.1 227.4
= | section 50.3 110.2 169.8 227.7
Difference between max and min (%) 3.3 2.7 0.4 0.2
= | Angle section 5.4 11.5 Failed Failed
§ :‘% Rectangular Hollow section 2.3 6.5 19.0 43.8
g % Circular Hollow section 4.4 11.2 31.8 57.7
= | section 10.0 29.7 63.1 96.7
Difference between max and min (%) 335.0 346.0 232.0 121.0
= | Angle section 72.9 167.6 Failed Failed
IS ‘E’ Rectangular Hollow section 71.2 168.6 298.6 483.2
= %’ Circular Hollow section 71.0 171.3 314.4 503.8
= | section 80.0 196.0 354.7 552.1
Difference between max and min (%) 12.7 17.0 19.0 14.2
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Table B.7: Weights of columns, beams, braces andté by having different steel
brace sections for knee bracing in the core of stature for asymmetrical plan and
section.

Brace Sections/Storey 5 10 15 20
m %\ Angle section 18.0 Failed Failed Failed
£ £ | Rectangular Hollow section 19.6 45.8 106.6 | 211.0
§ %’ Circular Hollow section 17.7 52.0 110.4 223.9
= | section 17.2 56.8 113.3 222.0
Difference between max and min (%) 13.9 9.2 6.3 6.1
= | Angle section 54.0 Failed Failed Failed
% % Rectangular Hollow section 54.1 115.8 175.9 234.2
@ 2 | Circular Hollow section 52.7 113.3 174.0 232.0
= | section 52.2 113.0 173.8 232.0
Difference between max and min (%) 3.6 2.5 1.2 0.9
= | Angle section 6.0 Failed Failed Failed
§ :‘% Rectangular Hollow section 3.0 7.0 16.2 43.1
g % Circular Hollow section 4.0 10.2 26.5 63.3
= | section 10.8 30.5 55.6 89.0
Difference between max and min (%) 260.0 336.0 243.0 106.5
= | Angle section 78.0 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 76.6 168.6 298.8 488.2
= %’ Circular Hollow section 74.3 175.5 311.0 519.2
= | section 80.3 200.3 342.7 543.0
Difference between max and min (%) 8.0 19.0 14.7 11.2
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APPENDIX C

Table C.1 represents the weight of structural efésmevhen subjected to wind Mbr
central bay and core cross bracing. Table C.2 agdré& C.1 give the weights of
structural elements and the lateral displacementsand Y directions for asymmetrical

plan and symmetrical section of the central bay@ord bracing respectively.

Table C.1: Beam, column, brace and total weight suyécted to W, for (a) central
bay and (b) core cross bracing for asymmetrical pla and symmetrical.

W, Brace Sections/No. of Storie 5 10 15 20

m %\ Angle section 13.8 Failed Failed Failed

£ £ | Rectangular Hollow section 16.7 52.2 106.2 | 2375

§ %’ Circular Hollow section 19.0 52.8 104.0 238.4
= | section 20.7 52.4 102.2 2354
= | Angle section 61.2 Failed Failed Failed

% i’ Rectangular Hollow section 61.0 120.7 180.6 240.0

@ 2 | Circular Hollow section 60.6 1207 | 180.6 |  240.0
= | section 60.6 120.7 181.4 240.3
= | Angle section 11.3 Failed Failed Failed

§ :‘% Rectangular Hollow section 3.0 7.2 14.5 41.3

g %’ Circular Hollow section 4.0 125 23.6 52.7
= | section 20.6 53.8 79.8 107.2
= | Angle section 86.3 Failed Failed Failed

IS ‘E’ Rectangular Hollow section 80.6 180.0 301.2 518.8

= % Circular Hollow section 83.6 186.0 308.2 531.0
= | section 102.0 227.0 363.4 583.0

(a)
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W, Brace Sections/No. of Storie 5 10 15 20

m ’g\ Angle section Failed Failed Failed Failed

£ £ | Rectangular Hollow section 14.0 47.0 95.0 184.5

§ %—’:j Circular Hollow section 16.3 46.8 95.6 180.7
= | section 19.3 46.8 88.8 181.6
= | Angle section Failed Failed Failed Failed

% i’ Rectangular Hollow section 61.0 121.0 181.0 240.5

@ 2 | Circular Hollow section 61.0 121.0 181.0 240.6
= | section 60.6 121.2 182.5 241.0
= | Angle section Failed Failed Failed Failed

§ :‘% Rectangular Hollow section 3.5 9.0 16.4 29.2

g %’ Circular Hollow section 4.0 135 26.2 39.5
= | section 16.0 54.0 834 104.4
= | Angle section Failed Failed Failed Failed

I ‘E’ Rectangular Hollow section 78.4 177.0 292.3 454.2

= %’ Circular Hollow section 81.3 181.4 302.6 467.8
= | section 96.0 222.2 354.7 527.0

(b)
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Table C.2: Weights of columns, beams, braces and total by hang different steel

brace sections for cross bracing in the central bapf structure for asymmetrical
plan and symmetrical.

Brace Sections/ No. of Storie 5 10 15 20
m ’g\ Angle section Failed Failed Failed Failed
£ £ | Rectangular Hollow section 16.8 52.2 123.7 237.5
§ %—’:j Circular Hollow section 18.3 52.8 121.2 238.4
= | section 20.7 52.5 122.0 235.4
Difference between max and min (%) 23.2 1.1 2.0 1.3
= | Angle section Failed Failed Failed Failed
% ;E/ Rectangular Hollow section 61.0 120.7 180.4 240.0
@ 2 | Circular Hollow section 60.7 120.7 | 1805| 2400
= | section 60.6 120.7 181.0 240.3
Difference between max and min (%) 0.5 0.0 0.3 0.1
= | Angle section Failed Failed Failed Failed
§ \E/ Rectangular Hollow section 3.0 7.2 16.4 41.3
o% %’ Circular Hollow section 4.0 125 27.7 52.7
= | section 21.5 54.3 79.8 106.5
Difference between max and min (%)| 617.0 654.0 386.5 158.0
= | Angle section Failed Failed Failed Failed
I ‘E’ Rectangular Hollow section 80.8 180.1 320.5 518.9
= %’ Circular Hollow section 83.1 186.1 329.4 530.9
= | section 102.8 227.5 382.7 582.2
Difference between max and min (%) 27.2 26.3 19.4 12.2
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Figure C.1 (a): Lateral displacement (mm) in X direstion for asymmetrical plan
and symmetrical, central bay cross brace.
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Table C.3: Weights of columns, beams, braces and total by hang different steel
brace sections for zipper bracing in the central by of structure for asymmetrical
plan and symmetrical.

Brace Sections/ No. of Storie 5 10 15 20
. § Angle section 15.5 51.0 Failed Failed
£ £ | Rectangular Hollow section 19.0 51.7 105.6 | 216.7
§ %’ Circular Hollow section 16.0 48.3 103.4 211.3
= | section 13.6 55.7 105.0 212.5
Difference between max and min (%)| 39.7 15.3 2.1 2.5
= | Angle section 58.7 117.7 Failed Failed
% i’ Rectangular Hollow section 59.4 118.0 176.0 231.4
@ 2 | Circular Hollow section 59.0 118.0 | 1748| 2310
= | section 58.0 118.3 176.3 231.7
Difference between max and min (%) 2.4 0.5 0.8 0.1
= | Angle section 4.7 10.2 Failed Failed
% £ [ Rectangular Hollow section 2.0 46 125 | 203
g %’ Circular Hollow section 2.4 7.0 18.3 35.8
= | section 6.5 27.3 57.0 83.0
Difference between max and min (%) 225.0 493.5 356.0 183.3
<= | Angle section 78.8 179.0 Failed Failed
IS % Rectangular Hollow section 80.3 174.4 294.0 477.4
= %’ Circular Hollow section 77.3 173.3 296.6 478.2
= | section 78.0 201.3 338.3 527.3
Difference between max and min (%) 4.0 16.0 15.0 10.5
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Table C.4: Weights of columns, beams, braces and total by hang different steel
brace sections for knee bracing in the central bapf structure for asymmetrical
plan and symmetrical.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 21.7 Failed Failed Failed
£ £ | Rectangular Hollow section 23.0 53.4 | 111.0 | 2295
§ %’ Circular Hollow section 20.6 51.2 110.6 227.7
= | section 17.4 54.0 107.5 226.0
Difference between max and min (%) 32.2 5.5 3.2 1.5
= | Angle section 62.9 Failed Failed Failed
% % Rectangular Hollow section 92.8 125.0 186.3 246.3
@ 2 | Circular Hollow section 62.2 123.0 183.2 242.3
= | section 61.5 122.0 183.0 242.0
Difference between max and min (%) 2.3 2.4 1.8 1.8
= | Angle section 5.2 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.0 5.0 11.2 29.7
g % Circular Hollow section 2.3 6.4 14.7 32.0
= | section 6.0 22.6 39.0 69.0
Difference between max and min (%) 200.0 352.0 248.2 132.3
= | Angle section 89.8 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 87.8 183.3 308.5 505.4
= %’ Circular Hollow section 85.2 180.5 308.5 502.1
= | section 84.8 198.7 329.6 537.2
Difference between max and min (%) 6.0 10.0 6.8 7.0
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Figure C.3 (a): Lateral displacement (mm) in X direstion for asymmetrical plan
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Table C.5: Weights of columns, beams, braces and total by hang different steel

brace sections for cross bracing in the core of sicture for asymmetrical plan and
symmetrical.

Brace Sections/ No. of Storie 5 10 15 20
m ’g\ Angle section Failed Failed Failed Failed
£ £ | Rectangular Hollow section 13.9 47.0 103.4 | 203.7
§ %’ Circular Hollow section 16.2 46.8 103.4 204.3
= | section 19.2 46.8 101.6 231.2
Difference between max and min (%) 38.0 0.4 1.8 13.5
= | Angle section Failed Failed Failed Failed
% % Rectangular Hollow section 61.0 120.8 181.0 240.5
@ 2 | Circular Hollow section 61.0 121.0 181.0 240.5
= | section 60.6 121.3 182.0 258.6
Difference between max and min (%) 0.7 0.2 0.5 7.5
= | Angle section Failed Failed Failed Failed
§ :‘% Rectangular Hollow section 3.4 9.0 17.4 46.3
g % Circular Hollow section 4.0 13.5 27.4 51.0
= | section 16.2 53.4 82.2 260.8
Difference between max and min (%) 376.5 494.0 372.4 463.3
= | Angle section Failed Failed Failed Failed
IS ‘E’ Rectangular Hollow section 78.3 177.0 301.8 490.5
= %’ Circular Hollow section 81.2 181.2 311.7 495.7
= | section 96.0 221.6 365.7 750.6
Difference between max and min (%) 22.6 25.2 21.2 53.0
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Table C.6: Weights of columns, beams, braces andt#&b by having different steel
brace sections for zipper bracing in the core of sficture for asymmetrical plan
and symmetrical.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 17.7 Failed Failed Failed
£ £ | Rectangular Hollow section 20.6 426 | 1106 | 2277
§ %’ Circular Hollow section 14.5 44.8 114.8 204.6
= | section 13.5 48.6 106.0 209.3
Difference between max and min (%) 52.6 14.0 8.3 11.3
= | Angle section 57.7 Failed Failed Failed
% % Rectangular Hollow section 58.7 120.7 180.2 234.7
@ 2 | Circular Hollow section 59.6 119.6 179.0 237.6
= | section 59.6 119.0 178.4 236.5
Difference between max and min (%) 3.3 1.4 1.0 1.2
= | Angle section 4.8 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.3 6.5 20.5 68.3
g % Circular Hollow section 3.3 11.2 29.8 46.0
= | section 7.5 31.4 55.1 78.2
Difference between max and min (%) 226.0 383.0 168.8 70.0
= | Angle section 80.2 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 81.5 169.8 3115 530.7
= %’ Circular Hollow section 77.4 175.7 3235 488.3
= | section 80.7 199.0 339.5 524.1
Difference between max and min (%) 5.3 17.2 9.0 8.6
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Table C.7: Weights of columns, beams, braces andt&b by having different steel
brace sections for knee bracing in the core of stature for asymmetrical plan and
symmetrical.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 16.9 Failed Failed Failed
£ £ | Rectangular Hollow section 20.0 46.8 117.0 | 2305
§ %’ Circular Hollow section 17.0 43.5 119.6 231.0
= | section 15.6 50.9 124.0 225.1
Difference between max and min (%) 28.2 17.2 6.0 2.7
= | Angle section 62.3 Failed Failed Failed
% % Rectangular Hollow section 62.4 124.5 184.3 251.2
@ 2 | Circular Hollow section 61.5 122.2 182.0 241.3
= | section 60.3 121.8 181.0 240.8
Difference between max and min (%) 35 2.2 1.8 4.3
= | Angle section 5.3 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.3 7.0 19.0 80.8
g % Circular Hollow section 3.8 9.9 30.5 102.8
= | section 10.4 30.8 48.4 118.0
Difference between max and min (%) 352.2 340.0 154.7 46.0
= | Angle section 84.6 Failed Failed Failed
IS :% Rectangular Hollow section 84.7 178.4 320.2 562.5
= %’ Circular Hollow section 82.3 175.7 3321 575.0
= | section 86.3 203.5 353.2 583.8
Difference between max and min (%) 4.8 15.8 10.3 3.8
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APPENDIX D

Table D.1 represents the weight of structural el@m&hen subjected to wind Mbr
central bay and core cross bracing. Table D.2 agdr& D.1 give the weights of
structural elements and the lateral displacemen¥$ and Y directions for symmetrical

plan and asymmetrical section of the central balycme bracing respectively.

Table D.1: Beam, column and total weight subjectetb W, for (a) central bay and
(b) core cross bracingor symmetrical plan and asymmetrical section.

W, Brace Sections/No. of Storie 5 10 15 20

m %\ Angle section 14.0 Failed Failed Failed

£ £ | Rectangular Hollow section 19.7 56.0 103.0 | 166.2

§ %’ Circular Hollow section 17.0 54.0 101.5 164.2
= | section 154 49.8 100.5 162.5
= | Angle section 57.0 Failed Failed Failed

% % Rectangular Hollow section 56.8 124.4 192.0 259.5

s 2 | Circular Hollow section 56.7 124.6 192.4 260.2
= | section 57.0 126.3 194.5 262.5
= | Angle section 14.0 Failed Failed Failed

§ :‘% Rectangular Hollow section 3.5 9.3 16.0 24.3

g % Circular Hollow section 3.0 11.0 22.7 40.2
= | section 20.0 58.3 105.3 145.0
= | Angle section 85.2 Failed Failed Failed

IS % Rectangular Hollow section 80.0 190.0 311.0 450.0

= %’ Circular Hollow section 77.0 189.6 316.6 464.6
= | section 92.7 234.4 400.3 570.0

(a)

175



W, Brace Sections/No. of Storie 5 10 15 20

m ’g\ Angle section Failed Failed Failed Failed

£ £ | Rectangular Hollow section 16.5 50.7 92.7 151.7

§ %—’:j Circular Hollow section 15.7 48.6 92,5 150.8
= | section 15.6 46.4 89.2 146.4
= | Angle section Failed Failed Failed Failed

% % Rectangular Hollow section 56.6 1238 | 1914 | 2583

@ 2 | Circular Hollow section 56.7 124.5 191.6 258.6
= | section 56.7 125.4 193.7 261.2
= | Angle section Failed Failed Failed Failed

% £ [ Rectangular Hollow section 4.2 106 | 172 | 260

g %’ Circular Hollow section 4.8 14.0 24.7 45.5
= | section 18.0 54.3 108.7 145.6
= | Angle section Failed Failed Failed Failed

I ‘E’ Rectangular Hollow section 77.3 185.0 301.3 436.0

= %’ Circular Hollow section 77.3 187.0 308.8 455.0
= | section 90.3 226.0 391.7 553.2

(b)
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Table D.2: Weights of columns, beams, braces and total by hang different steel
brace sections for cross bracing in the central bapf structure for symmetrical
plan and asymmetrical section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 13.8 Failed Failed Failed
£ £ | Rectangular Hollow section 19.0 55.5 103.0 | 166.2
§ %’ Circular Hollow section 16.3 53.5 101.5 164.3
= | section 14.3 49.5 99.8 162.4
Difference between max and min (%) 37.7 8.0 3.2 2.3
= | Angle section 57.0 Failed Failed Failed
% % Rectangular Hollow section 56.7 124.3 192.0 259.2
@ 2 | Circular Hollow section 56.8 124.6 192.5 260.2
= | section 57.2 126.0 194.5 262.7
Difference between max and min (%) 0.9 1.4 1.3 1.3
= | Angle section 14.0 Failed Failed Failed
§ :‘% Rectangular Hollow section 4.0 9.0 16.0 24.3
g % Circular Hollow section 4.0 11.2 23.4 40.2
= | section 20.5 58.8 108.7 145.0
Difference between max and min (%) | 4125 553.4 579.4 496.7
= | Angle section 85.0 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 79.6 188.8 | 311.0 | 449.7
= %’ Circular Hollow section 77.0 189.4 3174 464.7
= | section 92.0 234.4 403.0 570.0
Difference between max and min (%) 195 24.0 29.6 26.7
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Table D.3: Weights of columns, beams, braces and total by hang different steel
brace sections for zipper bracing in the central bg of structure for symmetrical
plan and asymmetrical section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 19.4 Failed Failed Failed
= = Rectangular Hollow section 18.2 57.0 103.8 167.6
§ %’ Circular Hollow section 17.6 55.5 102.3 165.4
= | section 14.4 58.8 115.2 186.5
Difference between max and min (%) 34.7 6.0 12.6 12.7
= | Angle section 52.0 Failed Failed Failed
% % Rectangular Hollow section 55.2 121.0 184.8 249.0
@ 2 | Circular Hollow section 53.2 120.2 184.5 248.6
= | section 52.2 122.0 186.5 250.0
Difference between max and min (%) 2.3 1.5 1.1 0.6
= Angle section 5.7 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.3 5.5 9.0 13.6
g % Circular Hollow section 2.5 8.4 15.8 21.5
= | section 8.0 20.4 48.0 87.6
Difference between max and min (%) 247.8 270.0 433.3 544.0
= Angle section 77.2 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 75.7 183.5 | 297.7 | 430.2
= %’ Circular Hollow section 73.3 184.0 302.6 435.5
= | section 74.7 201.4 350.0 524.2
Difference between max and min (%) 5.3 9.7 17.6 21.8
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and asymmetrical section, central bay zipper brace.
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Table D.4: Weights of columns, beams, braces and total by hang different steel
brace sections for knee bracing in the central bayf structure for symmetrical
plan and asymmetrical section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 22.5 Failed Failed Failed
= = Rectangular Hollow section 28.4 53.0 100.2 168.0
§ %’ Circular Hollow section 22.3 58.0 105.0 170.4
= | section 21.0 57.0 104.2 169.4
Difference between max and min (%) 35.2 9.4 4.8 1.4
= | Angle section 59.0 Failed Failed Failed
% % Rectangular Hollow section 58.3 127.4 196.0 266.0
@ 2 | Circular Hollow section 57.0 126.0 194.0 261.2
= | section 56.5 127.3 195.0 261.3
Difference between max and min (%) 4.4 1.1 1.0 1.8
= Angle section 7.2 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.7 6.2 11.0 16.8
g % Circular Hollow section 4.0 10.0 15.0 23.2
= | section 8.2 24.6 46.0 69.0
Difference between max and min (%) 203.7 296.8 318.2 310.7
= Angle section 88.7 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 89.3 186.7 | 307.0 | 451.0
= %’ Circular Hollow section 83.4 194.0 314.0 454.8
= | section 85.6 209.0 345.3 499.7
Difference between max and min (%) 7.0 12.0 125 10.8
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Figure D.3 (a): Lateral displacement (mm) in X direstion for symmetrical plan and
asymmetrical section, central bay knee brace.
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Figure D.3 (b): Lateral displacement (mm) in Y direction for symmetrical plan
and asymmetrical section, central bay knee brace.
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Table D.5: Weights of columns, beams, braces and total by hang different steel

brace sections for cross bracing in the core of sicture for symmetrical plan and
asymmetrical section.

Brace Sections/ No. of Storig 5 10 15 20
m ’g\ Angle section Failed Failed Failed Failed
£ S | Rectangular Hollow section 16.5 49.7 927 | 1517
§ %’ Circular Hollow section 15.0 48.0 92.7 150.8
= | section 15.5 45.3 89.0 146.0
Difference between max and min (%) 10.0 9.7 4.0 3.9
= Angle section Failed Failed Failed Failed
% % Rectangular Hollow section 56.6 124.0 191.4 258.3
@ 2 | Circular Hollow section 56.7 124.6 191.5 258.5
= | section 56.8 125.2 193.8 261.4
Difference between max and min (%) 0.3 0.9 1.2 1.2
= Angle section Failed Failed Failed Failed
§ :‘% Rectangular Hollow section 4.2 10.5 17.0 25.8
g %’ Circular Hollow section 4.2 13.0 25.2 44.0
= | section 18.4 56.8 109.3 145.0
Difference between max and min (%) 338.0 441.0 550.0 462.0
= Angle section Failed Failed Failed Failed
I :% Rectangular Hollow section 77.3 184.0 | 301.2 | 436.0
= %’ Circular Hollow section 75.8 186.0 309.4 453.2
= | section 90.7 227.3 392.0 552.4
Difference between max and min (%) 19.6 235 30.0 26.7
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Figure D.4 (a): Lateral displacement (mm) in X direction for symmetrical plan and
asymmetrical section, core cross brace.
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Figure D.4 (b): Lateral displacement (mm) in Y direction for symmetrical plan

and asymmetrical section, core cross brace.
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Table D.6: Weights of columns, beams, braces andt#&b by having different steel
brace sections for zipper bracing in the core of sticture for symmetrical plan and
asymmetrical section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 16.2 Failed Failed Failed
£ £ | Rectangular Hollow section 17.5 51.0 946 | 1536
§ %’ Circular Hollow section 15.5 50.0 95.0 154.0
= | section 14.7 51.0 99.3 166.3
Difference between max and min (%) 19.0 2.0 5.0 8.3
= | Angle section 50.3 Failed Failed Failed
% % Rectangular Hollow section 51.0 117.0 181.3 245.6
@ 2 | Circular Hollow section 51.8 116.6 180.2 244.0
= | section 52.0 117.6 181.2 244.6
Difference between max and min (%) 34 0.8 0.6 0.6
= Angle section 6.0 Failed Failed Failed
§ :‘% Rectangular Hollow section 2.6 6.4 9.5 14.0
g % Circular Hollow section 3.8 8.2 13.8 21.0
= | section 8.5 27.5 48.0 83.3
Difference between max and min (%) 227.0 329.7 405.3 495.0
= Angle section 72.6 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 71.0 174.4 285.4 413.2
= %’ Circular Hollow section 71.0 174.8 289.0 419.0
= | section 75.0 196.0 328.6 494.2
Difference between max and min (%) 5.6 12.4 15.0 19.6
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Figure D.5 (a): Lateral displacement (mm) in X direstion for symmetrical plan and
asymmetrical section, core zipper brace.
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Figure D.5 (b): Lateral displacement (mm) in Y direction for symmetrical plan
and asymmetrical section, core zipper brace.
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Table D.7: Weights of columns, beams, braces andt#&b by having different steel
brace sections for knee bracing in the core of staiure for symmetrical plan and
asymmetrical section.

Brace Sections/ No. of Storie 5 10 15 20
m %\ Angle section 19.0 Failed Failed Failed
£ £ | Rectangular Hollow section 19.7 46.8 93.8 160.0
§ %’ Circular Hollow section 15.3 49.0 99.0 161.8
= | section 16.6 51.5 97.7 161.5
Difference between max and min (%) 28.7 10.0 5.5 1.1
= | Angle section 56.7 Failed Failed Failed
% % Rectangular Hollow section 56.5 124.0 191.0 258.0
@ 2 | Circular Hollow section 55.8 122.2 188.8 254.4
= | section 55.6 122.0 188.0 252.0
Difference between max and min (%) 1.9 1.6 1.6 2.4
= Angle section 7.3 Failed Failed Failed
§ :‘% Rectangular Hollow section 3.3 6.6 11.0 17.0
g % Circular Hollow section 3.8 9.3 15.3 22.0
= | section 9.8 21.3 39.8 57.2

Difference between max and min (%) 197.0 222.7 261.8 236.5

= Angle section 83.0 Failed Failed Failed
IS ‘E’ Rectangular Hollow section 79.5 177.3 | 2958 | 435.0
= %’ Circular Hollow section 75.0 180.5 303.2 438.2

= | section 82.0 194.8 325.5 470.6
Difference between max and min (%) 10.7 9.8 10.0 8.2
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Figure D.6 (a): Lateral displacement (mm) in X direstion for symmetrical plan and
asymmetrical section, core knee brace.
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Figure D.6 (b): Lateral displacement (mm) in Y direction for symmetrical plan
and asymmetrical section, core knee brace.
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APPENDIX E

Table E.1 direction factos. Table E.2 and Figure E.1 give External presssure
coeficientsC,e for vertical walls and key to wall pressure respety and Table E.3

terrain and building factor [13].

Table E.1: Direction factor Sy

Direction (Degree) | Direction Factor Sy
0° North 0.78
30° 0.73
60° 0.73
90 East 0.74
12¢ 0.73
150 0.80
180 South 0.85
210 0.93
240 1.00
270 West 0.99
300 0.91
330 0.82
360 North 0.78
NOTE. Interpolation may be used within this Table
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Figure E.1: Key to wall pressure data.

Table E.2: External presssure coeficient€,. for vertical walls

Vertical wall face

Span ratio building

Vertical wall face

Expoare case

BH<1 | B/H>4 Isolated Funnelling
Windward face +0.8 +0.6 Side face Zone A -1.3 -1.6
Leeward (rear) -0.3 -0.1 Zone B -0.8 -0.9
face Zone C -0.4 -0.9
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Table E.3: Factor S, for standard method

Site in country Site in town, extending> 2km upwind from the site

. Closest distance to sea (km . Closest distance to sea (km

Effective H, (m) 0 5 10 zioo) Effective H, (m) 5 10 2 1(00 )
<2 148 | 140 | 1.35| 1.26 | <2 1.18 1.15 1.07
5 165 | 162 | 157 | 145 |5 1.60 1.45 1.36
10 1.78 | 1.78 | 1.73 | 1.62 | 10 1.73 1.69 1.58
15 185 | 185 | 1.82 | 1.71 |15 1.85 1.82 1.71
20 190 190 | 1.89 | 1.77 | 20 1.90 1.89 1.77
30 196 | 196 | 1.96 | 1.85| 30 1.96 1.96 1.85
50 204 | 204 | 204 | 1.95 |50 2.04 2.04 1.95
100 212 | 212 | 212 | 2.07 | 100 2.12 2.12 2.07

NOTE 1. Interpolation may be used within each table
NOTE 2. Value assumed a diagonal dimensiebm.
NOTE 3. IfH, > 100m use the directional method.
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