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ABSTRACT

Construction of vertical geometric irregular buildings is very common due to space,
architectural and functional constraints. This paper is concerned with the behaviour of
various vertical geometrical irregularities of symmetric and asymmetric setback by
different types of bracing. For this study twenty five story buildings 12 modeling have
been analyzed considering different types of vertical geometric irregularities and different
steel bracings using response spectrum analysis with the help of ETABS 2015 software.
The response of the these setback structures are obsereved with lateral displacement, story

drift, shear force and bending moment.

From addition of X type brace, V type brace and Inverted V type brace shows that use of
X-type of bracing is found more efficent and significantly contributes to the structural

stiffness and reduces the maximum interstorey drift and lateral displacement of the frames.

This study may help the practicing engineers to improve and understanding about seismic
susceptibility of setback buildings, and using steel bracing is one of the advantageous

concepts which can be used to strengthen or retrofit the existing structures..

Keywords: symmetric and asymmetric setback, Steel Bracing, RC building, Response

Spectrum Analysis.
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1. INTRODUCTION
1.1. Background

The presence of set-backs at specific levels of the elevation is a very common kind of
vertical geometrical irregularity in building structures which needed for aesthetic
architecture requirements and brings sufficient daylight and ventilation for the lower storey
in an urban locality with closely spaced high rise buildings. But, damage is generally
happens at location of this structural setback present in the building systems. Therefore
these Structural systems with geometrical irregularity need resistance mechanism
especially in areas of high seismic regions to sustain its stability without sudden collapse.
By the addition of bracing systems, load will be transferred out through the frame and
passes on to the braces. The potential advantages of using concentric steel bracing are their
high strength, stiffness, economical, occupies less space and adds much less weight to the
existing structure. For this study X bracing, V bracing and Inverted V bracing are used and
find out which bracing is more effective in resisting lateral deformation by considering an

12 storied irregular and regular RC building.

1.2. STATEMENT OF THE PROBLEM

In the past and present time, most of the reinforced concrete structures designed with
vertical geometric irregularity for many purposes. But they were not considering the effect
of setback for lateral forces. Therefore, Structures which have such kinds of geometric
irregularity should be study the behaviour and response by seismic load with different
bracing types. So, Seismic Behavior of High-rise Building having Symmetric and
Asymmetric Setback with Steel bracing has become an important topic to answer these

problems.

1.3. Objectives

Design codes have not given particular attention to the setback building form. The main
objective of this thesis is to compare and evaluate the effectiveness of different types of
bracing systems in reinforced concrete (RC) multi-storeyed building with different setback
along the elevation of high rise buildings under earthquake loads. The goal of this research
is to study the seismic behaviour of RC building with vertical geometric irregularities with

different types of bracing.
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The salient objectives of the present study have been identified as follows:

1. To perform a comparative study on reinforced concrete moment resisting frames
(MRF) of 25 stories with bracing and to identify the most efficient and suitable
lateral loads resistant steel bracing, with different configuration of setback.

2. Comparison between regular and vertical irregular building on the basis of shear
force, bending moment, storey drift, and node displacement with and without

different bracing systems.

3. To investigate the most efficient types of bracing for seismic responses of RC

framed regular and vertical geometric irregular structures.

1.4. Scope of the Study

The present study is limited to RC multi-storeyed building frames with only vertical
geometric irregularity was studied. Setbacks building with 25 stores with different degrees
of irregularity are considered. The buildings Column was modelled as fixed to the base.
The contribution of infill wall to the stiffness was not considered however, Loading due to
infill wall was taken into account. The analysis was done using Response Spectrum
Method corresponding to Zone IV in Adama city. The plan asymmetry arising because of
the vertical geometric irregularity strictly calls for three-dimensional analysis to account
properly for torsion effects. This is not considered in the present study. The study considers
on concentrically types of bracing systems having a structural resistance capacity for
lateral loads. The axes of the members are made to align concentrically at the joints. And
also comparison between un-braced and braced is made. The study doesn’t consider any
aesthetical effects of the bracing for provision of doors and windows. Soil structure

interaction effects are not considered.
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1.5. Methodology

The steps undertaken in the present study to accomplish the above-mentioned objectives

are as follows:

1. Carry out extensive literature review, to establish the objectives of the research
work.

2. Select an exhaustive set of regular and model setback building 3D models with
different heights (1 to 25 storeys), for G+25 story with a symmetrical plan
configuration of square shape provided with 8 x 8 bays assuming bay width of 5
and 3 m in both horizontal direction and different irregularities (limit to 12 setback
3D models with brace and without three types of bracing).

3. Analyse each of the 12 building models, using all the major dynamic analysis of
response spectrum analysis.

4. Comparison the result of seismic analysis at different location of setback with
inverted V-bracing, V-bracing and X-bracing.

5. Presentation of all the results prepared in the form of graphs and tables.

1.6. Thesis Organization

This thesis is divided into five chapters:

Chapter 1: Gives a general introduction with theoretical background, methodology,
objective and scope of the study and organization of the thesis.

Chapter 2: briefly reviews on behaviour of setback reinforced setback building, criteria
for setback buildings, classifications of structural system, lateral load resisting system and
steel bracing systems in RC structure are considered.

Chapter 3: discusses about the modelling type, modelling software and loading
consideration in the modelled buildings.

Chapter 4: discusses about the analysis result of modelling with bracing and without
bracing and give discussion for shear force, bending moment, joint displacement and inter-
story drift ratio values for the highlighted column.

Chapter 5: The main conclusion and recommendations that can be drawn from the current

Studies are summarized, and also suggestions for future studies are outlined.
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2. LITERATURE REVIEW

2.1. Seismic Behaviour of Setback Reinforced Concrete Building

Reinforced concrete is an adaptable construction material widely used in the construction
of high rise structures in the recent time. The number of 100 tallest building constructed
using steel has reduced by at least 15% each decade since 1970. By the end of 2010, only
22% of the tallest building was steel. Of these approximately 50% are constructed with

concrete and most of tall building were built for office purpose. [1]

The behaviour of a multi-storey RC framed building during strong earthquake motions
depends on the allocation of mass, stiffness, and strength in both the horizontal and vertical
planes of a building. The occurrence of a setback in the building results in sudden
reductions of the floor area, which in turn results in change of mass and stiffness along the
building height. In multi-storeyed RC framed buildings, damage from earthquake ground
motion generally initiates at locations of structural weaknesses present in the lateral load
resisting frames. There are many examples of failure of buildings in past earthquakes due

to such vertical discontinuities in the world.

Many investigations have been performed to understand the behaviour of irregular
structures as well as setback structures and to find out method of improving their
performance. Buildings with irregular structural configurations are subjected to severe
damage than simple regular buildings during earthquakes in high seismic zones.

Particularly buildings over 18 stories having a setback are more affected by lateral load. [2]

There are four aspects of reinforced concrete buildings that architects and design engineers
work with to create the earthquake-resistant design of a building, namely seismic structural
configuration, lateral stiffness, lateral strength and ductility, in addition to other aspects
like form, aesthetics, functionality and comfort of building. Lateral stiffness, lateral
strength and ductility of buildings can be ensured by strictly following most seismic design
codes.

Buildings with rectangular plans and straight elevation stand the best chance of doing well
during an earthquake, because inertia forces are transferred without having to bend due to
the geometry of the building. But, buildings with setbacks and central openings offer
geometric constraint to the flow of inertia forces; these inertia force paths have to bend
before reaching the ground. Even though, reinforced concrete buildings are more rigid
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buildings, when vertical geometric irregularity occurs it becomes flexible than regular one.
And also they display more lateral displacement and story drift than regular buildings. But

it can be controlled by providing lateral support mechanism like bracing structures.

Joining steel bracing directly to concrete frame is easy to construct and incurs little cost.
However, the connection should be strong enough to satisfy transfer the load between the
brace and frame. Based on the test result indicated a considerable increase in the in-plane
strength of the concrete frame due to steel bracing. As an overall conclusion it is noted
that, with proper connection between the brace and frame, the steel brace could be a
feasible alternative or supplement to shear wall in concrete framed building in seismic

area. [3]
a) Failures occurred during the past earthquakes

A building structure may collapse or suffer severe damage under the action of seismic
forces due to sudden change in mass, stiffness and strength along vertical. The presence of
structural irregularities triggers the structural collapse. A typical example of the
detrimental effects that these discontinuities can induce is in the case of building with a
setback. Inspection of earthquake damage of actual building has shown that the structure
system with setbacks is one of the serious problems during severe earthquake ground
shaking. The next subsections give examples of building failures that have occurred during
the past earthquakes due to presence of setbacks.

b) Failure of setback structures

The setback structures are quite common in modern buildings as evident from existing
realistic buildings. The failure of structures during previous earthquakes has been reported
by researchers [4] as shown from Figures 2.1. This section describes the particular
behaviour of TO 9 G+23 building during Chile earthquake 2010.

Also and figure 2.2 it is shown another good example on how setback structure is

susceptible for collapse.

Detail over view of figure 2.1 is (a) West side view, (b) East side view, (c) South side view
and close-up of deformed axis, (d) Plan view, (e) Details of the main collapse at story 12,

(f) Damage in short columns in axis 1A, (g) Overall condition of the 21st storey.

5|Page



Figure 2.1 Overview of building TO-9:
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Figure 2.2 Partial collapse of o 'Higgins office tower in Chile [2]

Assessment of the performance of building structures during past earthquakes suggests
that vertical geometric irregularities are one of the important causes of damage during
occurrence of an earthquake. Setback structure may occur due to irregular distribution of

mass, stiffness and strength along the height of the building.

2.1. Criteria for Setback in Buildings with
Code Perspective

Setback buildings are characterised by staggered abrupt reductions in floor area along the
height of the building, with resulting drops in mass, strength and stiffness. This setback
affects the mass, strength, stiffness, centre of mass and centre of stiffness of setback
building. Dynamic characteristics of such buildings differ from the regular building due to
changes in geometrical and structural property. Because of these behaviour all design
codes defines plan irregularity and vertical irregularity as two major types of irregularity.
Vertical geometric irregularity or Setback building is one among the vertical irregularity

defined in two codes as follow:
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EURO CODE- 8 AND EBCS EN-8 [5&6]

Euro code 8 (EC 2004) and Ethiopian Building Code Standard 8(EBCS EN 2013) design

guidelines contain criteria for classification of vertically regular and irregular structures,

where a structure is defined as being “irregular” when the ratio of one of the quantities

(such as masses or strength) between adjacent stories exceeds a minimum prescribed value.

For a building to be categorised as being regular in elevation, it shall satisfy the following:

When setbacks are present, the following additional conditions apply:

a)

b)

For gradual setbacks preserving axial symmetry, the setback at any floor shall be not
greater than 20 % of the previous plan dimension in the direction of the setback as
shown in Figures 2.3 (a) and (b).

For a single setback within the lower 15 % of the total height of the main structural
system, the setback shall be not greater than 50 % of the previous plan dimension as
illustrated in figure 2.3 (c). In this case the structure of the base zone within the
vertically projected perimeter of the upper stories should be designed to resist at least
75% of the horizontal shear forces that would develop in that zone in a similar
building without the base enlargement.

if the setbacks do not preserve symmetry, in each face the sum of the setbacks at all
stories shall be not greater than 30 % of the plan dimension at the ground floor above
the foundation or above the top of a rigid basement, and the individual setbacks shall

be not greater than 10 % of the previous plan dimension as illustrated in figure 2.3 (d).
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Figure 2.3 Criteria for regularity of buildings with setbacks

2.2. Structural Systems

There are different types of tall building structural systems, and the various ways of
classifying them. The structural system on a building must resist both gravity and lateral
loads (i.e. wind, earthquake). As the height of the building increases, the lateral loads begin
to dominate the structural concepts. Most structural systems have been shown to have
optimum building heights, or rather, optimum height-to-width ratios. Figure 2.6
schematically compares some frequently used concrete systems on the basis of structural
efficiency (as measured by weight per square foot of the system versus height of the
building). It is extremely difficult to create a classification system that succeeds in isolating
consistent criteria for tall building structural systems. This is due to the large number of

possible variables connected with high-rise structures, such as the number of stories,
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building material, framing system, load resistance properties, etc. Tall buildings
themselves are diverse in nature of usage, location, geometric shape and architectural
design. This indicates some in the difficulties in arriving at an accurate method for
classifying high-rise structures. After consideration of the various structural classification
schemes developed and available in literature, three general approaches can be identified:

these are:-

a) Loading-oriented classification (a listing of tall building structural members and
subsystems by the load they resist, i.e., lateral and vertical).

b) material-oriented classification (a listing of tall building structural systems by their
main structural material), and

¢) Framing-oriented classification (listing tall building structural systems by their

framing method).

2.2.1. Loading-oriented classification

This classification was developed by [1]. It groups "building blocks™ based on a listing of
vertical load resisting members, horizontal load resisting subsystems, and combination
systems. The items grouped together to form the vertical resisting members include
columns, bearing walls, hangers, and transfer girders. The items grouped together to form
the lateral load resisting members include moment resisting frame, braced frame, shear
walls, and combination systems. Items grouped under combination systems are tubes and
core interactive structures, and are called "combination™ because they usually are required

to resist both lateral and vertical loads.

On the other means structural systems classify as internal structure and external structure
based on the distribution of the components of the primary lateral load-resisting system
over the building as shown in figure 2.4 and figure 2.5 [7]. A system is categorized as an
interior structure when the major part of the lateral load resisting system is located within
the interior of the building. Likewise, if the major part of the lateral load-resisting system
is located at the building perimeter, a system is categorized as an exterior structure. It
should be noted, however, that any interior structure is likely to have some minor
components of the lateral load-resisting system at the building perimeter, and any exterior
structure may have some minor components within the interior of the building. This
classification of structural systems is presented more as a guideline and should be treated
as such. It is imperative that each system has a wide range of height applications depending
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upon other design and service criteria related to building shape, aspect ratio, architectural
functions, load conditions, building stability and site constraints. [7]
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Figure 2.5 Exterior structures[7]

2.2.2. Material-Oriented Classification

Material-oriented classification uses by [8] to discuss the different responses of various
steel, concrete and mixed structural systems to lateral loads.
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Figure 2.6 Comparisons of structural system in concrete[8]

2.2.3. Framing-Oriented Classification

This approach attempts to classify tall building structural systems by a description of the
structural framing system. This framing-oriented classification scheme is one that separates
the structure into three categories: the structural framing system, the bracing system, and

the floor framing system [9].

2.3. Lateral Load Resisting Systems

Lateral load resisting systems are structural elements which resist seismic, wind and
eccentric gravity loads. They are structural elements that provide its basic lateral strength
and stiffness, and without which the structure would be laterally unstable. A number of
structural systems provide the varying architectural needs are available in concrete as well
as steel. The confrontation of high rise buildings to earthquake is the main determinant in
the formulation of new structural systems that develop by the continuous efforts of
structural engineers to increase building height while keeping the deflection within

acceptable limits and minimizing the amount of materials.

Loading-oriented classification scheme organizes the structural components with the
lateral load resisting members include moment resisting frame, braced frame, shear walls,
and combination systems. The following sections present an overview of the behaviour of

various lateral load resisting members based on these structural classification schemes [1].
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2.3.1. Moment resisting -Rigid frame structures

Moment resisting frame, also called moment frame or rigid frame, is a structure that
utilizes moment resisting connections between columns and girders throughout its

perimeter to resist the lateral loads applied

In buildings up to 20 stories in RC and up to 30 stories in steel, frame action usually takes
care of lateral resistance except for very slender buildings. For buildings with over 20
stories in reinforced concrete frame and over 30 stories in steel, the rigidity of the frame
system remains mostly insufficient for lateral sway resulting from wind and earthquake
actions and it needs huge dimensions of frame beams and complex connections are

required that the usage of a moment resisting frame gets uneconomical. [8-12].

So according to these literature reviews it is better to use steel brace with RC building over

20 stories.

2.3.2. Braced frame system

The braced frame is a common system employed to resist the significant lateral loads that

exceptionally tall structures are subjected to.

The advantages of braced frames from a structural engineering standpoint are vast. Braced
frames carry the lateral forces in an axial manner (through the diagonal elements) rather

than through the bending of elements which is highly inefficient.

The largest drawback for braced frames is that the scheme is obstructive and significantly
reduces openings within bays. The large bracing covers a significant part of the bay

windows.

Rigid frame systems are not efficient for buildings taller than 20 stories reinforced concrete
frame and over 30 stories in steel, because lateral deflection due to the bending of columns

causes the drift to be too large.[10].

In itself the braced frame is not economical if the buildings size is above 20 to 30 floors
but combined with another system, such as the moment frame, it can become more
effective. If the braced frame, or shear walls, and a rigid frame are combined, it produces a
greater amount of lateral stiffness. This is because of the way the two systems react to the

horizontal loads. With the moment frames shear deformation and the bracing’s bending
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deformation the combined deformation is more efficient. A braced rigid frame structural in
Tube Mega Frame Concept system is most efficient when between 40-60 stories. [12]

On the other ways according to [9], four over-all groupings of structural systems have been
identified. These are the bearing wall system, the core system, the frame system, and the
tube system. Each system has inherently different lateral load resistant properties and thus

tends -to be "efficient” over different height regions are observe below:-

The bearing wall system due to the self-weight of the structural components (solid concrete
or masonry), usually becomes inefficient (cost of the structural system versus its height)
above the 15-30 story range of height.

The tube system can be thought of as a spatial frame with all the vertical elements
positioned at the exterior. The range of height efficiency is influenced by the type and
amount of bracing employed in the tube, but in general, a tube structure is considered the

most efficient for the tallest buildings (60 stories and greater).

The efficiency of the frame system depends upon the rigidity of the connections and the
amount and position of bracing. Stiffening can be achieved through a solid core, shear
walls or diagonal bracing. As more bracing is incorporated into the spatial frame, the range
of efficient height is increased. The upper limit is in the range of 60 stories.

Based on [9] framing system classification, Bracing Subsystems are five categories that
bracing is efficient. The first categories (numbers storeys 11-20) are Frame Bracing One
Plane, (numbers storeys 21-30) are Frame Bracing Two Planes, (numbers storeys 31-40)
are Core Braced (Two Directions), (hnumbers storeys 41-50) are Core With Hat\Belt Truss

and (numbers storeys 51-60) are Core Braced and Hat/Belt Truss.

2.4. Steel Bracing Systems in RC structure

One of the most suitable choices in design and improvement of reinforced concrete frames
is using steel bracings. The bracing systems can be grouped according to their location in
the reinforced concrete frames as internal or external and according to their connection

style as eccentric or concentric bracing system. [13].

Based on [3] investigation carried through a series of tests conducted on number of steel
braced model. The test result indicates a considerable increase in the in-plane strength of
the frame due to steel bracing. As an overall conclusion it is noted that, with proper
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connection between the brace and the frame, the steel bracing could be a viable alternative

or supplement to shear wall in concrete framed buildings in seismic area. [3]

2.4.1. External Bracing System

In external bracing system, the steel trusses are introduced to the exterior frames of the

building.
The model bracing scheme consists of X-braces that were continuous across two stories.
The braced model is shown schematically in figure 2.7. [14]
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Figure 2.7 Schematic of the model bracing scheme[14]

Bracing system elements attached to the side faces of the concrete columns also increased
column shear capacities significantly. The lateral capacity of the strengthened frame was

governed by brace buckling and eventual connection failures and column shear failures.

This study recommends that the designer must consider the failure mechanism of the
original frame under lateral deformations. The bracing system can improve the frame
strength and stiffness, but cannot change the frame mode of failure. The weak column —
strong beam frame leads to an unwanted mode of failure so this type frame should be
transferred into a strong column — weak beam frame. This can be achieved by
strengthening the columns or by weakening the beams. The first option is feasible, but
costly. However weakening the beam is attractive because of its simplicity. The aim of the

weakening is to decrease the beam flexural capacity enough to guarantee that under lateral
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loading hinges will develop in the beams before the failure of the column. This can be
succeeded by coring or cutting beams. Because of the ductility of the flexural hinges,
lateral strength was improved or increased slightly. Inelastic behaviour was transferred
from the columns to the beams, thus preventing column damage and increasing the energy

dissipation capacity of the frame.

2.4.2. Internal Bracing System

In internal bracing system, steel trusses or bracing members are introduced to the empty
space enclosed by columns and beams of reinforced concrete frames. The effectiveness of
using internal steel trusses to retrofit existing reinforced concrete frames was investigated
by a number of researchers. They state that such a method allows upgrading the seismic

capacity of existing structures. [3] and [16]

The testing program was determined the effectiveness of different diagonal bracing
arrangements to increase the lateral load capacity of the existing concrete frames and
observe the relative behaviour of tension and compression braces. In order to reduce the
buckling tendency of the compression brace in the X-brace system, the two diagonal braces
were also connected to each other at their cross-point by a steel plate. The connection to
the frame is done by welding the braces to the sides of a steel plate which is welded to an
equal angle positioned and pre-cast at the corners of the frame. The connection details are

shown in Figure 2.8.

(a) (b

Figure 2.8 Connection detail of; (a) the steel brace to concrete frame, (b) the steel cross
braces to each other.[3]

2.4.3. Eccentric and Concentric Bracing Systems

As it is mentioned the bracing system can also be classified as eccentric and concentric

bracing systems. Each of these systems has some advantages as well as disadvantages.
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Eccentric Bracings reduce the lateral stiffness of the system and improve the energy
dissipation capacity. Due to eccentric connection of the braces to beams, the lateral
stiffness of the system depends upon the flexural stiffness of the beams and columns, thus
reducing the lateral stiffness of the frame. The actions are transferred to the braces by
bending and shear in an active link. This link prevents buckling of the braces. The active
link is one of the most important members of this bracing system, and this member has to
be designed to remain elastic at low load levels, and to deform in elastically during
overloading of the structure. So, the system dissipates large amounts of energy. Different
researchers proposed comparisons of the efficiencies of different forms of eccentric
bracings. [17] and [20]

By using eccentric bracing, the forces are transferred to the brace members through
bending and shear forces developed in the ductile steel link. Different brace patterns were
used. These patterns can be V-bracing (a), K-bracing (b), X-bracing (c), and Y-bracing (d),

as shown in figure 2.9.
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Figure 2.9 Various types of eccentrically steel bracing frames. (a) V-bracing, (b) K-
bracing, (c) X-bracing, (d) Y-bracing[17]

In this study, the most important points were that steel brace members should be designed
to behave elastically when subjected to an earthquake loading and the connection between
the vertical shear link and the reinforced concrete frame should have sufficient capacity to

transmit forces when subjected to seismic loads.

The seismic performance of non-ductile RC buildings with eccentric steel bracing of
inverted Y type is investigated. 10, 15 and 20 storey buildings are analysed by using
pushover analysis. In RC frames, the concrete beams are incapable of performing as a
ductile link for the steel bracing system that is inserted in the frame bays. A vertical steel

shear link may be introduced by the inverted Y bracing pattern. [20]

In his investigation inverted Y type of bracing with shear link is used on RC frame. The

link assumed to acts as cantilever. Connection between link and beam is considered as
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fixed and the connection between brace members and link is treated as pinned one. The
deformation of the steel bracing system in eccentric bracing frame results mainly from the
link yielding while the deformation of the RC frame is developed mainly by the formation
of the plastic hinges in the frame members. The inelastic hinging system shown in figure

2.10 represents one possible failure mechanism.

W 90-y

Figure 2.10 Eccentric braced frame (EBF) and behaviour of EBF. [20]

Finally he proposed that EBF reduces all the seismic hazards efficiently hence EBFs are
well suitable for seismic regions till 15 storeys and Increased area of bracing makes
building stiffer and reduces ductility and energy absorption capacity of building and

increased link length is vice-versa.[20]

Concentric braces also improve strength and stiffness, but the energy dissipation capacity
and inelastic behaviour remain poor due to the buckling of the diagonal brace.
Concentrically braced frames have suitable lateral stiffness to prevent relative drift due to
lateral load impacts resulting from earthquake. Such braces are part of relatively stiff
systems and compatible with common needs of architecture with varied forms as shown
Figure 2.11. Concentrically braced frames are used in different forms such as cross,
diametric VV-shape, Chevron (inverted-v), K shape, etc. Those types of braces have not any
link length between the connection points of bracing and beams that differs from
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eccentrically bracing type. The concentric bracings increase the lateral stiffness of the
frame, thus increasing the natural frequency and also usually decreasing the lateral drift.

Generally, the use of steel concentrically bracing systems instead of Shear walls provides
lower stiffness and resistance for a structure but it should not be forgotten that such a

system has lower weight and more useful for architectural purposes.

Different researchers proposed comparisons of the efficiencies and compatible with
common needs of architecture of different forms of concentric bracings. [18-19]

For this research paper emphasis is given for concentrically types. These are X-bracing,
inverted V-bracing and K-bracing with vertical geometrical irregularity building

arrangements with similar cross section for comparison purpose.
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Figure 2.11 Different types of concentrically braced frames
2.5. Brace Layout Effect and brace-frame

connection

Laying out the bracings has an important effect on the lateral load resistance of reinforced
concrete frames. Creation of some undesirable weak links must be avoided in the process.

From structural point of view, it may be desirable to brace as many bays of the frame as
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possible, so that increases in strength and the stiffness are distributed uniformly. However,
cost and functional considerations may limit the number of the braced bays. An exterior
bracing system is also advantages because of the torsional behaviour of the structure under
earthquake effects. Increasing the exterior bracing maximize the structural symmetry and
the torsional resistance. However, if only the exterior frames are strengthened, the slabs
have to be strong enough to carry the additional seismic shear to exterior frames.

The effect of the distribution of the steel bracings over the story height on the rehabilitation

of the reinforced concrete frame building was investigated by different researchers.

From all arrangements, bracing in middle of frame of building have the lowest time period,
minimum story displacement and Minimum drift compared to other cases. And also
Bracings at corners have higher time period and maximum story drift when it compare to
the middle bracing arrangement. [21-22]

Brace—frame connection also has an important effect on the lateral load resistance of
reinforced concrete frames. Creation of some undesirable weak links between frames must
be avoided in the process. The advantage of joining steel bracing directly to the concrete
frame is that the connection is easy to construct and incur little cost. However, the
connection should be strong enough to safely transfer the load between the brace and the
frame. This should be true for both connections, set-up during the constraction of concrete
frame and connections constructed after the construction of the frame. A number of
connection arrangmentes of both types are shown in the Figure 2.12 is a) And (b)
connection arrangement for frame under construction; (c) and (d) connection arrangement

for existing frames.The connection appeared to be capable of carring large loads. [3]
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Figure 2.12 detail of some practical brace-frame connections:

2.6. Discussions on Previous Research

The presence of structural irregularity changes the seismic response and the change in the
seismic response depends upon type of structural irregularities. Structural irregularities
seen in above literatures are on regular and vertical geometric irregularities of building. On
comparing research works regarding regular and vertical geometric irregularity brace
structure, it was found that large numbers of research works were conducted on regular
building but, no one investigators did on the behaviour of vertical geometric irregularities
with different bracing types.
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3. MODELING OF STRUCTURAL SYSTEMS

3.1. Introduction

The study in this thesis is based on basically on linear dynamic analysis of symmetric and
asymmetric setback reinforced concrete buildings with three types of concentric bracing
models using response spectrum method based on EuroCode-8, 2004. Equivalent lateral
force procedures may be used to determine the distribution of design forces in regular
buildings, while linear dynamic analysis is required for setback structures. By requiring
different levels of analysis for regular and setback structures, the building codes imply that
the nature of the dynamic response is different for the two types of buildings. The first part
of this chapter presents a summary of various parameters defining the computational

models, the basic assumptions and the building geometries considered for this study.

3.2. Computer Modeling

For the analysis work, minimum of twelve models with two types of setback irregularity
and one regular high rise reinforced concrete frame building (G+25) floors are made to
know the most efficient bracing type and the realistic behavior of these building during
earthquake. These buildings were modeled using ETABS 2015 Integrated Software for
Structural Analysis and Design [24]. ETABS is a powerful program that can greatly
enhance an engineer's analysis and design capabilities for structures. There are two main
groups model of structural components. These are the reinforced concrete building and
three types of steel bracing system in bay of reinforced concrete frame which is attached to
joints of the frame. A linear response spectrum analysis was conducted using Euro code 8-
2004 and EBCS EN -8 versions of 2013.

3.3. Description of the Building Structure

In this study, one office buildings with twenty five stories is selected. Starting from first
floor up to twenty floors of building, geometric irregularity in elevation exists with a
variety of heights. The structural system used for these buildings is taken as concrete
moment-resisting space frames (MRSF) and inverted V-bracing, V-bracing and X-bracing
system, and the soil type is considered as class B. The ductility class of the building is
taken as “medium”, (DM). Furthermore, the design acceleration has been taken as 0.15¢g

which corresponds to that used for very high seismic zone (Zone 4) in EBCS EN-8, 2013.
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For higher story building above sixteen stores 8 bay configurations should be preferred
because they have generally lesser values of critical seismic parameters. [2] Thus In this
study, A G+25 story reinforced concrete building of 8X8 bays have been considered for
investigating the effectiveness of these three types bracing in regular and setback
irregularity models. The length and width of the building is 36m regular in plane. Height of
all story is 3.2m and width of bays are 3m and 5m habitually use in Ethiopia. Preliminary
sizes of structural components are assumed by experience. The assumed size of columns in
this building is 600 x 600 mm and the size of beams is 300 x 500 mm. For consideration of
diaphragm action Diaphragm is assigned at each floor. The floor diaphragms are assumed
to be semi-rigid. The building models are studied in seismic zone IV of Adama city
Ethiopia. Later on different types of steel bracings are provided on the outer periphery of
the models on all the four sides and analyzed. The non-structural element and components
that do not significantly influence the building behavior were not modeled. The main
beams rest centrally on columns to avoid local eccentricity. The effect of soil structure
interaction is ignored in analysis. The columns are assumed to be fixed at the ground level.
The height to width ratio of the buildings is taken to be one for equal treatments of lateral

load in all setback arrangement and bracing.
Two types of structural configuration are studied.

1. Reinforced concrete multi-story building regular and different setback
irregularities without bracing system.
2. Reinforced concrete multi-story building regular and two types of setback

irregularity with X-bracing, V-bracing and inverted V-bracing systems.
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Figure 3.1 Floor plan with position of bracing and highlighted column (HC) of the RC
building.

Location of different steel bracings are shown in figure 3.1 sited in the same location for

all story building types in order to differentiate the behaviour of setback building with
different types of bracings in high rise structures.

Three different concentric types of braces have been implemented in twelve frames with
25-storey at the same location. These three types of bracing V-bracing, inverted V-
bracing, and X-bracing are provided within the frame two bays.

The information of setback frames geometry for the twelve models including regular

building are shown with different percentage of setbacks. For this study one symmetric
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setback equal to 50 % of the previous plan dimension sited at first floor to the lower 15 %
of the total height of the main structural system and setback equals 30% of the previous
plan dimension sited at fourth floor above 15 % of the total height of the main structural

system.

Notations of these 12 models are:

R = regular building model without bracing

RV=regular building model with V-bracing

RC=regular building model with chevron bracing

RX= regular building model with X-bracing

S= symmetric setback building model with setback ratio equal to 50% without bracing
SV=symmetric setback building model with V-bracing

SC= symmetric setback building model with chevron bracing

SX= symmetric setback building model with —bracing

A=asymmetric setback building model with setback ratio equal to 30% without bracing
AV= asymmetric setback building model with \V-bracing

AC= asymmetric setback building model with chevron bracing

AX=asymmetric setback building model with X-bracing

HC=highlighted column that taken to compare lateral displacement and inter story drift

ratio values with different bracings.
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Figure 3.4 SX (symmetric setback with X-bracing)

3.4. Materials used for the modeling of

Structural System

Table 3-1 Assumed Loading consideration and data in ETABS software for this study

SI No. Contents Description

1 Grade of Concrete C-30

2 Young’s modulus of 29000MPa
Concrete, E

3 Density of Concrete 25 kN/m”®

4 Poisson’s ratio of Concrete 0.2

5 Grade of Steel S-400

6 Young’s modulus of Steel 200000 N/mm?
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7 Density of Steel 78.5 kN/m®

8 Poisson’s ratio of Steel 0.3

9 Slab thickness 0.15m

10 Bracing section 150x150x15mm

11 Floor finish 2 kN/m?

12 Live load on Roof 2 kN/m?

13 Live load on Floor 3 kN/m?

14 Wall load 12.5 kN/m?

15 Earthquake load As per the code provision

For analysis of these RC building different loading is considered. These are self-weight of
the structure, external wall load, live load, and earthquake loads are considered. The slab
load in this study is loaded on beam by transferring live load and dead load separately.

These loads and dimensions of the frame are taken by assuming the building is to produce
similar service at each level of the floors systems and in order to select the most effective
types of bracing in the modeled vertical geometric irregularity. Because the main target of
the study is to evaluate and identify the effectiveness of bracing in vertical geometric

irregularity buildings and the behavior of geometric irregularity with seismic load.

3.4.1. Earthquake analysis

The lateral load analysis of this study is based on Euro code 8 design manuals on ETABS
concrete design preferences. This is due to the new EBCS EN version of 2013 is not
having national annex on ETABS. But all the inputs data’s are based on EBCS EN 2013.

Response spectrum method is used for analysis of these models and minimum required
modes considered. Modal combination implemented using CQC method. The response
spectrum is simply a plot of the peak or steady-state response (displacement, velocity or
acceleration) of a series of oscillators of varying natural frequency, which are forced into
motion by the same base vibration or shock. The resulting plot can then be used to pick off
the response of any linear system, given its natural frequency of oscillation. One such use
Is in assessing the peak response of buildings to earthquakes. Response spectra can also be
used in assessing the response of linear systems with multiple modes of oscillation (multi-
degree of freedom systems), although they are only accurate for low levels of damping.

Model analysis is performed to identify the modes, and the response in that mode can be
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picked from the response spectrum. This peak response is then combined to estimate a total
response. The earthquake spectrum, on the other hand, is an average of a number of
earthquake records modified for site specific conditions and then smoothed out for design

purposes which are specified by the appropriate building code.

EBCS EN 2013 suggests two different design spectrums. If deep geology is not accounted,
the recommended choice is the use of two types of spectra: Type 1 and Type 2. If the
earthquakes that contribute most to the seismic hazard defined for the site for the purpose
of probabilistic hazard assessment have a surface-wave magnitude, Ms, not greater than
5.5, it is recommended that the Type 2 spectrum is adopted. And for the more seismically
active regions Type 1 spectrum is adopted. In this study, Typel design spectrum is selected
in order to notice the effect of earthquake on vertical geometric irregular building and
bracing systems which may give maximum lateral displacement. In addition, there are also
different parameters that are considered as an input for analysis. From which behaviour
factor (q) is one factor that affect the analysis result. According to EBCS EN 2013 for
regular structural systems, the behaviour factor g should be taken with upper limits to the
reference values which are given in Table 3.2. But if the building is non-regular in
elevation the upper limit values of q listed in Table 3.2 should be reduced by 20%.

The upper limit value of the behaviour factor g, to account for energy dissipation capacity,

shall be derived for each design direction as follows:

q = qo KW = 1.5---------mmmmmmmmmme o (3.1)

Table 3-2 Basic value of the behavior factor, q,, for systems regular in elevation

STRUCTURAL TYPE DCM DCH
Frame system, dual system, coupled wall system 3.00/01 4.5a,/04
Uncoupled wall system 3.0 4.00/01
Torsionally flexible system 2.0 3.0
Inverted pendulum system 1.5 2.0
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When the multiplication factor ay/ay has not been evaluated through an explicit calculation,
for buildings which are regular in plan and Multi-story, multi-bay frames or frame-

equivalent dual structures in this study use: oy/al=1.3.

The factor k,, reflecting the prevailing failure mode in structural systems with walls shall
be taken as: 1.00, for frame and frame-equivalent dual systems.

For this study the following parameters are considered for earthquake analysis as per Euro
code 8-design of structures for earthquake resistance using ETABS version 2015.

Table 3-3 General Parameters considered during Analysis

S.No Parameters Values
1 Design Ground Acceleration, ag/g 0.15g
2 Design spectrum type 1
3 Ground type B
4 Behaviour factor 3.9 for regular MRF

3.12 for irregular MRF

6 for regular MRF with concentric
bracing

4.8 for irregular MRF with

concentric bracing

5 Accidental eccentricity 0.05

3.4.2. Structural Regularity

For the purpose of seismic design, building structures are categorized into being regular or
non-regular. The distinction as regular or non-regular in plan or in elevation or in both has
implications on the Structural modeling, method of analysis and values of behaviour factor

being as:-

e The structural model, which can be either a simplified planar model or a spatial

model;
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e The method of analysis, which can be either a simplified response spectrum
analysis (lateral force procedure) or a modal one;
e The value of the behaviour factor g, which shall be decreased for buildings non-

regular in elevation see table 3.4.

With regard to the implications of structural regularity on analysis and design, separate
consideration is given to the regularity characteristics of the building in plan and in

elevation Table 3.4.

Table 3-4 Consequences of structural regularity on seismic analysis and design

Regularity Allowed Simplification Behaviour factor
plan | Elevation Model Linear-elastic Analysis (for linear analysis)
yes | yes Planar Lateral force Reference value
yes | no planar Modal Decrease value
no | yes spatial Lateral force Reference value
no |no spatial Modal Decrease value

It is very important to know the regularity of structure before analysis is started. In this
study the building is regular in plan that satisfies the following criteria of EBCS EN 2013

provisions:-

» With respect to the lateral stiffness and mass distribution, the building structure
shall be approximately symmetrical in plan with respect to two orthogonal axes.

» The slenderness A = Lmax/Lmin Of the building in plan shall be not higher than 4,
where Linax and Lnin are respectively the larger and smaller in plan dimension of the

building, measured in orthogonal directions.

But, it is not regular in elevation in order to study the behaviour of vertically geometric
irregularity with lateral seismic load by taking first setback dimension according to criteria
of Euro code 8 or EBCS EN 2013 below:-

» When gradual setbacks preserving axial symmetry, the setback at any floor equal to

20 % of the previous plan dimension in the direction of the setback.
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» For a single setback within the lower 15 % of the total height of the main structural
system, the setback equal to 50 % of the previous plan dimension.

» if the setbacks do not preserve symmetry, or when the setback preserve
asymmetric setback in each face the sum of the setbacks at all stores equal to 30 %
of the plan dimension at the ground floor above the foundation or above the top of a
rigid basement, or when the individual setbacks equal to 10 % of the previous plan

dimension.

3.5. Design Method for Bracing Systems

Concentric braced frames shall be designed so that yielding of the diagonals in tension will
take place before failure of the connections and before yielding or buckling of the beams or

columns.

Braced-frame members are designed to resist the forces specified by the building code
based on the type of structural system selected and the location of the building site relative
to various faults and seismic source zones, as determined from seismic risk or zonation

maps.

All bracing connections are required to be capable of resisting the maximum expected
force that could be delivered to them by the bracing configuration. The design intent is that
the strength of the brace frame components (beams, columns, connections) be larger than
the expected maximum capacity of the brace member. By ensuring this, the failure of a
braced-frame system is intended to be controlled by yielding and buckling of the braces

only, not the other elements of the frame.

According to euro codes in structures of more than two stories the non-dimensional

slenderness of diagonal members should be:

13 <A< 2mmemme (3.2)

in frames with X bracings.[25] For the section to be safe, the yield resistance Npjrq Of the
bracing diagonals should be greater than the axial tension force Ngg computed under the

seismic action effect: Npirg >Ngq.[25]

In order to satisfy a homogeneous dissipative behaviour of the diagonals, it should be
checked that the maximum value (Qmax) does not differ from the minimum value (‘Qnin) by

more than 25%.
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The over strength factor to apply the capacity design criteria is calculate by:

L E— eeeeeeee (33)

Where
NEd = Niq, 6 + 1.1 * NEd, E * Yo * Qg----------------- (3.5)

And Npi,rq is the design buckling resistance of the beam or the column in accordance with
EN 1993, taking into account the interaction of the buckling resistance with the bending

moment defined as its design value in the seismic design situation:
MEed = MEdq,6 + 1.1 * y,, * MEq, E * (Qp--------------- (3.6)

The connections of diagonal members to the structure have to provide adequate over
strength to permit the development of the expected dissipative mechanism.
For fillet weld or bolted non dissipative connections, the following expression should be
satisfied:

Ria = o, * 1.1 % Ry, ra = Ru, g -ememeeeeev (3.7)
As Per UBC manual width-thickness ratios of brace must fulfill with requirements for

compact members as defined by: [26]

b 65

TS gy (3.8)
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4. ANALYSIS OF RESULTS AND DISCUSSION

All the 12 building models with different setback irregularities are analyzed for linear
dynamic behavior using commercial software ETABS 2015. This chapter presents the
analysis results and relevant discussions. According to the objectives of the present study,
the results presented here are focused nodal displacements, shear force, bending moment
and drifts of the highlighted column (HC) that are determined and observed for a
comparison of different bracing results. The lateral displacements, inter-story drifts ratio
and action force of RC regular frame and setback irregularity with and without bracing
have been analyzed in X direction is presented in the next section. The results of braced
RC buildings are compared each other with various types of steel bracings and compared

with un-brace one and bare frame.

4.1. Results

4.1.1. Lateral displacements in selected column

The lateral displacements of regular building, symmetric setback building equal to 50% of
the previous plan dimension sited at first floor to the lower 15 % of the total height of the
main structural system and asymmetric setback equals 30% of the previous plan dimension
sited at fourth floor above 15 % of the total height of the main structural system by taking

the highlighted column are presented in Table 4.1 and figure 4.1 and figure 4.2.

The results are compared with that of buildings with various types of bracings. It can be
observed that the maximum lateral displacements are reduced due to the presence of

bracings

Table 4-1 Maximum lateral displacement in (mm) for the highlighted column in X

direction

story | R RC |RV |RX |S SC |SV |SX | A AC | AV | AX

26 533 [ 324 | 337 | 318 | 591 | 216 | 231|214 | 511 | 233|246 | 231

25 528 | 318 | 331 | 311|586 | 210|224 | 207 | 507 | 229 | 242 | 226

24 522 | 311 | 324 | 304 | 579 | 203|217 | 200 | 501 | 224 | 236 | 221

23 515 [ 304 | 316 | 296 | 571 | 196 | 209 | 192 | 493 | 217 | 229 | 213

22 506 | 295 | 308 | 288|560 |188 | 201|184 | 484 | 209 | 221 | 206

21 495 | 286 | 299 | 278|548 | 180|193 |1/6 | 472 | 201|213 | 197

34|Page



20 483 | 277 | 289 | 269 | 534 | 172|184 | 168 | 459 | 193 | 204 | 189
19 469 | 266 | 278 | 258 | 517 | 164 | 175|159 | 444 | 184 | 195 | 180
18 454 | 255 | 266 | 247 | 500 | 155|166 | 151 | 427 | 175|185 | 170
17 438 | 243 | 254 | 235|480 | 146 | 156 | 142 | 409 | 165 | 175 | 161
16 420 | 231 | 242 | 223 | 459 | 136 | 147 | 132 | 388 | 155 | 165 | 151
15 401 | 218 | 228 | 210 | 436 | 127 | 137 | 123 | 367 | 145|154 | 141
14 380 | 204 | 214 | 196 | 411 | 117|127 | 113 | 344 | 134 | 143 | 130
13 359 | 190 | 200 | 182|386 | 108 | 116 | 104 | 319 | 124 | 132 | 120
12 336 | 176 | 185 | 168 | 358 | 98 | 106 | 94.2 | 293 | 113 | 120 | 109
11 312 | 161 | 170 | 154 | 330 |88 |96 |84.6|266 | 102|109 | 98.1
10 287 | 146 | 154 |139 300 (78 |86 | 752|238 |91 |97.3|87.4
9 262 | 130 | 139 | 1241269 (69 |75 |65.8|209 |80 |85.8]76.8
8 235 [ 115 | 123 | 109 | 237 |59 |65 |56.7|179 |69 |74.4]66.3
7 208 [ 100 | 107 |94 |[205 |50 |56 |[47.9]149 |58 |63.1]|56

6 181 |85 |91.2|80 [171 |41 |46 |39.4|119 |48 |52 |46

5 153 | 70.2 | 758 |66 |137 |33 |37 |31.3|894|38 |411|36.2
4 124 | 559 160.7 |52 |103 |25 |28 |23.8|646|28 |31.2|27.3
3 9541422 46.1|39 |69.1|18 |20 [16.9|483 |22 |239|209
2 66.7129.2321|27 |372|11 |13 |[106|33.2|15 |16.7 145
1 387172119 |16 |132 |54 |64 |536|19.2 (8.8 |9.73|8.44
0 13.7 1646 |7.16 | 6 458 |21 |24 |206|6.81|31 |347|3.01
base |0 0 0 0 0 0 0 0 0 0 0 0
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Figure 4.1 lateral displacement values of each bracing types for regular and symmetric
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Figure 4.2 lateral displacement values of each bracing types for regular and asymmetric
setback story Building
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4.1.2. Inter-story drift ratio in selected column

Table 4-2. inter-story drift ratio (%) for the highlighted column in X direction

Story | R RC |RV |RX |S SC |SV |[SX | A AC | AV | AX
26 015|019 {019 |02 |0.17 |02 |0.22 |[0.22 |0.16 | 0.41 | 0.24 | 0.24
25 02 022 (022|023 023 022|023 023|021 |0.39 |0.25|0.25
24 0.25 | 0.24 | 0.25 | 0.25 | 0.29 | 0.23 | 0.25 [ 0.24 | 0.28 | 0.36 | 0.28 | 0.28
23 03 |0.26 (027 (027|035 |024 |026 | 0.25|035|035 |03 |03

22 034 1029 |03 |029 041 025|027 |0.26 | 0.41 | 0.33 | 0.32 | 0.32
21 039 (031032 |031|047 | 026 |0.28 | 0.27 | 0.46 | 0.33 |0.34 | 0.34
20 044 1033 | 034 {033 053|027 {029 |0.28 | 052 |0.35|0.36 |0.35
19 0.48 | 0.36 | 0.36 | 0.35 | 0.58 | 0.28 | 0.3 |0.28 | 0.57 | 0.36 | 0.38 | 0.36
18 0.53 | 0.38 | 0.38 | 0.37 | 0.63 | 0.29 | 0.3 |0.29 | 0.62 | 0.38 | 0.39 | 0.38
17 05704 |04 (039|068 |03 |031 029 067|039 041 |0.39
16 0.61 | 041 |042 | 041 |0.73 |03 |032 |03 |0.72 041 042 |04

15 065 (043 | 044 | 042 |0.78 |031 {032 |03 |0.77 | 042 | 0.43 | 041
14 0.68 | 044 | 045|044 |082 | 031 ({032 |03 |0.81|043|0.44 042
13 0.72 {046 | 047 | 045|086 | 031 {033 |03 |0.85|043 |045 042
12 0.75 1047 | 048 {046 |09 |031 (033 |03 |0.89 |044 |045 042
11 0.78 | 0.47 | 049 | 0.46 | 094 |0.31 | 032 |03 |092 | 044 |0.45 |0.42
10 0.81 | 0.48 | 049 (047 {097 |03 |032 |03 |096 |044 |0.45 |0.42
9 0.83 1048 |05 |047 |1 03 |032 (029 | 098 | 043 [0.45 |0.42
8 0.85 048 |05 |0.46 |1.03 |0.29 |0.31 |0.28 |1.01 | 0.43 |0.45 | 041
7 087 | 047 | 049 | 046 | 105|028 |03 |0.27 |1.02 | 043|045 041
6 0.88 | 046 | 0.49 | 044 | 1.07 |0.27 |0.29 | 0.25 | 1.02 | 0.44 | 0.46 | 0.42
5 089 | 045 | 047 {043 | 108 | 025 (027 | 024 | 089 |04 |043 |0.38
4 09 043|046 {041 107 023 025|022 056|028 |03 |0.27
3 09 (041 044 (038 |1 021 1024 |02 |049 | 025|027 |0.24
2 0.88 | 0.38 {041 | 035 |0.76 | 0.18 | 0.2 |0.17 | 0.47 | 0.24 | 0.26 | 0.23
1 0.78 1033 {037 | 031 {027 |0.11 | 012 |01 |043 |0.22 |0.24 |0.21
0 043 |02 |022 019 |0.14 | 0.06 | 0.08 | 0.06 |0.24 | 0.13 | 0.15 | 0.13
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Figure 4.3 Inter story drift ratio of each bracing types for regular and symmetric setback
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story Building
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4.1.3. Shear force in selected column

Table 4-3. Maximum shear forces in column in kN for the highlighted column

story | R RC |RV |RX |S SC |SV |SX | A AC | AV | AX
26 7521944 1979|101 | 70.5| 758|753 | 78.9 | 65.9 | 68.8 | 66.7 | 68

25 67.3 | 76.7 | 79.3 | 80.7 | 55.5 | 58.7 | 59.1 | 59.9 | 55.6 | 57.1 | 57.2 | 58.4
24 86.2 |87 |895/90.1|635|628|63 |641|64 |61.6 618|628
23 9911926 |95 |95 |695|639|643 |65 |72.3|645|648 654
22 113 199.1|102 | 101 | 774|654 | 658 |66.2 | 79.2 | 66.3 | 66.6 | 66.9
21 126 | 105 | 108 | 106 | 854 | 66.7 | 67.2 | 67.3 | 85.7 | 67.8 | 68.2 | 68.2
20 138 | 111 | 114 | 112 |93 |67.9|68.4|68.3|924 |69.3|69.8 |69.4
19 151 | 117 | 120 | 117 | 100 | 68.9 | 69.6 | 69.2 | 99.2 | 70.7 | 71.3 | 70.6
18 163 | 123 | 125 | 122 | 108 | 69.8 | 70.6 | 69.9 | 106 | 72.1 | 72.8 | 71.8
17 174 | 128 | 130 | 127 | 115 | 70.6 | 71.5 | 70.5 | 113 | 73.4 | 74.2 | 72.9
16 185 | 132 | 135 | 131 | 122 | 712|722 |70.9 | 120 | 745|754 | 73.8
15 196 | 136 | 139 | 135 | 128 | 716|728 |71.2|126 | 754 | 76.5 | 74.6
14 205 | 140 | 143 | 138 | 135 | 718|731 713|132 |76.1|773|75.1
13 215 | 143 | 146 | 140 | 141 | 717 | 732|711 138 | 765|779 | 753
12 223 | 145 | 148 | 142 | 147 | 714 | 731|706 | 143 | 76.6 | 78.2 | 75.3
11 230 | 146 | 150 | 143 | 152 | 70.8 | 72.6 | 69.9 | 148 | 76.4 | 78.1 | 75

10 237 | 146 | 151 | 143 | 157 | 699|719 |68.9 | 152 | 75.8 | 77.8 | 74.2
9 243 | 146 | 151 | 142 | 162 | 68.7 | 709 | 675|157 |75 |77.1|732
8 248 | 144 | 150 | 140 | 166 | 67.1 |69.6 | 65.9 | 161 | 73.8 | 76.2 | 71.9
7 252 | 142 | 147 | 137 | 170 | 65.2 | 67.9|63.8 | 165 | 73.4|76.2 | 713
6 255 | 138 | 144 | 133 | 173 | 629 | 659|614 | 155 | 67.7 | 70.8 | 65.6
5 256 | 133 | 140 | 127 | 177 | 60.1 | 63.4 | 58.6 |221 | 103 | 108 | 101
4 257 | 126 | 134 | 120 | 181 |57.2 | 60.9 | 555|121 | 69.9 | 73.6 | 68.5
3 256 | 118 | 127 | 111 | 184 |52.4|56.1 |50.3 |165 |87.1|92.7 | 85

2 254 | 109 | 118 | 101 | 227 | 64.4|71.1|60.2|139 | 722 |78.1|70.2
1 251 | 101 | 113 |90.7 |45 |28.2|315|29.4|132 | 655|719 635
0 247 | 128 | 142 | 121 | 108 | 49.1|57.1 | 2.06 | 127 | 3.13 | 66.7 | 58.4
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4.1.4. Bending moment in selected column

Table 4-4. Maximum bending moment in column in kNm for the highlighted column

story | R RC |RV |RX |S SC |SV |SX | A AC | AV | AX

26 89.3 | 119 | 123 | 129 | 956 | 102 |99 | 102 | 90.5|89.4 |87 | 885

25 913|116 | 120 | 123 | 86.3 | 90.5 | 91.2 | 94.1 | 83.3 | 86.2 | 84.1 | 85.4

24 117 | 129 | 133 | 135|96.1 |95 |955|98 |88.1|851 852|872

23 139 | 139 | 143 | 143 | 99.5|97.6 | 98.2 | 100 | 99.7 | 94.2 | 94.6 | 96.3

22 161 | 149 | 153 | 153 | 106 | 100 | 101 | 102 | 112 | 99.8 | 100 | 102

21 182 | 159 | 163 | 162 | 117 | 103 | 103 | 104 | 122 | 104 | 104 | 105

20 203 | 169 | 173 | 171|129 | 105 | 106 | 106 | 131 | 106 | 107 | 107

19 224 | 179 | 183 | 179 | 141 | 107 | 108 | 108 | 141 | 109 | 110 | 109

18 243 | 188 | 192 | 188 | 153 | 109 | 110 | 109 | 152 | 111 | 112 | 111

17 262 | 196 | 201 | 196 | 165 | 110 | 112 | 111 | 162 | 114 | 115 | 113

16 280 | 204 | 209 | 203|176 | 112 | 113 | 112 | 174 | 116 | 117 | 115

15 298 | 212 | 216 | 210 | 188 | 113 | 115 | 113 | 185 | 118 | 120 | 117

14 314 | 218 | 223 | 216 | 199 | 114 | 116 | 114 | 195 | 120 | 122 | 119

13 330 | 223 | 229 | 220 | 210 | 115 | 117 | 114 | 206 | 121 | 123 | 120

12 344 | 228 | 233 | 224 | 220 | 115 | 117 | 114 | 215 | 122 | 125 | 121

11 357 | 231 | 237 | 227 | 230 | 115 | 117 | 114 | 225 | 123 | 125 | 121

Sy
o

369 | 233 | 239 | 228 | 239 | 114 | 117 | 113 | 233 | 123 | 126 | 121

380 | 233 | 240 | 228 | 248 | 113 | 116 | 112 | 243 | 122 | 125 | 120

389 | 232 | 240 | 226 | 257 | 112 | 115 | 110 | 254 | 121 | 124 | 118

396 | 229 | 238 | 223 | 265 | 110 | 114 | 108 | 275 | 122 | 126 | 119

402 | 225 | 234 | 218 | 273 | 107 | 111 | 105 | 270 | 110 | 114 | 106

406 | 219 | 229 | 210 | 283 | 104 | 109 | 102 | 503 | 214 | 224 | 208

409 | 210 | 221 | 201 | 306 | 101 | 106 | 98.1 | 256 | 128 | 134 | 125

413 | 200 | 212 | 190 | 347 | 92.7 | 979 | 89.4 | 268 | 137 | 145 | 133

424 1188 | 201 | 176 | 578 | 134 | 148 | 124 | 238 | 120 | 130 | 117

472 | 185 | 205 | 166 | 104 | 614 |69 |615|245 | 118 | 130 | 115

Ol | N W A~ O O N oo ©

669 | 328 | 363 | 307 | 250 | 113 | 133 | 112 | 337 | 157 | 174 | 151
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4.2. Discussions

4.2.1. Discussion on lateral displacement

Comparing the results obtained for top lateral displacement in X direction for G+25

regular, symmetric and asymmetric setback storied buildings, it can be found that the X

and inverted V type bracing system reduce the lateral displacement significantly. The

variation of displacements and the percentage reduction in displacement for the braced

frame in comparison to that of un-braced frame is presented. From the table below shows

that the addition of X type bracing will reduce maximum lateral displacement in the

symmetric setback models. Maximum displacement is seen in this S-model. The reduction
varies from 40.4% to 63.7% by the use of X type bracing, 39.3% to 63.4% by using

chevron type bracing and 36.7% to 60.9% by the use of V type bracing for both regular

and irregular modeling. We can see there is a reduction of 63.7% in the Model-S by using

X type steel bracing.

Table 4-5 Comparison of percentage reduction of maximum displacements in X direction

(mm)
Un-brace | Chevron | % reduced V-brace % reduced X-brace % reduced
model brace compared to compared to compared to
un-brace un-brace un-brace
R *RC R * RV R * RX
R RC *C 100 |[RY Y 100 | RX " 100
533.0412 | 323.808 | 39.25 337.3982 | 36.70 317.6971 | 40.39
S sC $+S5C, 100 | SV $*SV 100 | SX $*SX 100
S S S
590.7192 | 216.4705 | 63.35 230.9448 | 60.90 214.0262 | 63.76
A AC A*AC*100 AV A*AV*lO0 AX A*AX*100
A A A
510.5718 | 233.219 | 54.32 246.3822 | 51.74 230.6364 | 54.82

4.2.2. Discussion on story drift

Story drift of the models are also reduced by the addition of steel bracings as shown in the

table2 and figure 4.3 and figure 4.4 above. For comparison purpose in this study maximum

inter story drift ratio is considered. From the table4.6 below shows that the addition of X

type bracing reduced maximum inter-story drift ratio in the symmetric setback models (S).
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Maximum inter story drift ratio is seen in model-S. The reduction for setback irregular
models and regular models varies from 52.08% to 77.97% by the use of X type bracing,
49.82% to 76.84% by the use of chevron bracing and 47.03% to 74.78% by using V type
bracing. We can see there is a reduction of 77.97% in the model-S (symmetric setback
model) by using X type steel bracing. Maximum inter story drift ratio for setback irregular
model (without bracing) is above setback area after two and three story for symmetric
setback and asymmetric setback respectively. And for regular models it is between 2nd
floor and 4th floor. This shows the frame structure deflects when there is sudden increase
of bending.

Table 4-6 Comparison of percentage reduction of maximum inter-story drift ratio in X
direction (mm)

Un-brace | Chevron | % reduced V-brace | % reduced X-brace % reduced
model brace compared to compared to un- compared to
un-brace brace un-brace
R xR R xRX
R RC R*RC . 100 |RV RV 100 | RX " 100
R R
0.8939 0.4486 | 49.82 0.4735 47.03 0.4283 52.08
S SC S*SC*100 SV S*SV*loo SX S*SX*loo
1.0785 0.2498 | 76.84 0.272 74.78 0.2375 77.97
A AC A>|<AC*100 AV A*AV*100 AX A*AX*100
A A A
1.0181 0.4373 | 57.05 0.4634 54.48 0.4169 59.05

4.2.3. Discussion on column shear force and bending moment

For comparison purpose in this study column shear force and bending moment near the
irregularity (at 2" story for model S and at 5™ story for model A) are considered for the
selected column and presented in Table 4.7 to Table 4.10. The reduction of shear force and
bending moment are compared with that of selected column near setbacks with various
types of bracings. It can be seen that the bracings decrease the bending moments and shear
forces in columns and it increase the axial compression in the columns to which it
connected. Since reinforced concrete columns are strong in compression, it may not pose a
problem to retrofit in reinforced concrete frame using concentric steel bracings. It seen
that the bending moment and shear force values are smaller for the regular and setback
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irregular buildings with X types of bracing systems. We can see there is a reduction of
shear force and bending moment by 73.44% and 78.57% respectively in the model-S

(symmetric setback model) by using X type steel bracing.

Table 4-7 Comparison of percentage reduction of sudden increase shear force in X

direction for symmetric setback at 2nd story

Un- Chevron | % reduced V- % reduced X- % reduced
brace brace compared to | brace | comparedto |brace | compared to
model un-brace un-brace un-brace

R xRC R xRV R+« RX
R RC *C 100 | RV Y 100 | RX " 100
253.98 |108.962 |57.10 118.25 | 53.44 100.91 | 60.27
S sC $*5C 100 |SV | S*SV 100 | SX S*SX 100

S S S

226.67 | 64.36 71.61 71.12 | 68.62 60.2 73.44

Table 4-8 Comparison of percentage reduction of sudden increase shear force in X
direction for Asymmetric setback at 5TH story

Un- Chevron | % reduced V-brace | % reduced X- % reduced
brace brace compared to compared to brace | compared to
model un-brace un-brace un-brace

R = RC R * RV R * RX
R RC % 100 |RY R 100 | X 100
256.24 132.7 48.21 139.6 45.52 127.1 | 50.40
A AC A>«<AC*100 AV A*AV*100 AX A*AX*100

A A A

221.2 103.15 53.37 108.22 | 51.10 100.7 | 54.50
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Table 4-9 Comparison of percentage reduction of sudden increase bending moment in Z

direction for symmetric setback at 2nd story

Un- Chevron | % reduced V- % reduced X-brace | % reduced
brace | brace compared to brace | compared to compared to
model un-brace un-brace un-brace
R xR R *xRX

R RC R*RC * 100 RV * RV * 100 RX - * 100
424.24 | 187.59 55.78 201.14 | 52.58 175.68 | 58.58
S sC S*¥SC, 100 |SV |S*SV 100 | SX $*SX 100

S S S
578.48 | 134.35 76.77 147.92 | 74.42 123.97 | 78.56

Table 4.10 Comparison of percentage reduction of sudden increase bending moment in Z

direction for Asymmetric setback at 5th story

Un- Chevron | % reduced V- % reduced X-brace | % reduced

brace brace compared to brace | compared to compared to

model un-brace un-brace un-brace

R*R R xRV R *RX

R RC *RC * 100 RV - * 100 RX - * 100

406.27 | 218.57 |46.20 228.66 | 43.71 210.5 48.18

A AC AxAC 109 | AV A=AV 100 | AX A*AX 100
A A A

502.54 | 213.9 57.43 224.23 | 55.38 208.13 | 58.58
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5. CONCLUSIONS AND RECOMMENDATIONS
5.1. CONCLUSIONS

High rise buildings with vertical setback irregularity have not given attention in previous

researches. In the present study, a detailed analytical study of setback building with

different bracing types has been carried out to decrease these shortcomings. In the present

study, an attempt is also made to find which type of bracing is effective to resist lateral

deformation in a regular multistoried RC framed building and vertical geometric irregular

building.

Following conclusion can be representing from the obtaining results:

>

When preserving symmetric vertical configuration with setback equal to 50 % of
the previous plan dimension at first floor at center of building of model-S, it seen
sudden increase of shear force and bending moment of the column. And by using
X-bracing it can be reduced the sudden increase action forces above 73.44%
compared to un-braced models.

Lateral displacement and inter story drift ratio increases as vertical geometric
irregularity present in the building. As a result sited of such irregularities affects the
performance of the building.

The maximum reduction in the lateral displacement and inter story drift ratio occurs
after the application of X-bracing system for all regular and irregular models.

The building frames with X- bracing and chevron bracing system have almost
equal values of minimum possible bending moments and shear force in
comparison to V type of bracing systems.

As it is seen from graphs and tables, the behavior of each bracing doesn’t change as
the regular building changes to different vertical geometric irregularity i.e. for the
three types of building models, X-bracing performs better. The next favorite is
chevron bracing. V-bracing has lesser efficiency it compares from two types of
bracing to resist lateral displacement and inter story drift ratio

From the above conclusions it is clear that the use of vertical geometric irregular
configuration will cause greater damage to the structure during earthquakes. Hence
addition of steel bracings is most efficient and improves its lateral load carrying

capacity.
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5.2. RECOMMENDATIONS FOR FUTURE
STUDY

» In this present study analysis is based on the linear static response spectrum
analysis. This is not sufficient to study the nonlinear behaviour of the structure. To
know the complete behaviour of the structure with irregularity from linear stage to
the collapse stage, nonlinear dynamic analysis study is required. Hence there is
scope for future work to study the behaviour irregular shapes both plan and vertical,

by performing nonlinear dynamic analysis by considering torsion effect.

» In this study only considered that the seismic behaviour of vertical geometric
irregular structure with bracing. It can be study the seismic behaviour for vertical
geometric irregular structures together stiffness irregularity and mass irregularity

with geometric irregularity with bracing for future study.

» The present study is limited to seismic behaviour reinforced concrete (RC) multi-
storied building with different setbacks. There is a future scope of study on seismic

behaviour of steel structure having vertical irregularity.

46|Page



REFERENCES

1. CTBUH (Council on Tall Buildings and Urban Habitat. Structural System
Categorizations for Tall Buildings, 1961-2010.

2. S.Varadharajan. Effect of Vertical Irregularity in RC Framed Buildings in Severe
Seismic Zone 2014.

3. Maheri M. R. and Sahebi A. “Use of steel bracing in reinforced concrete frames”,
Eng. Struct., 1997.

4. Penelis, G.G., Sarigiannis, D., Stavrakakis, E., and Stylianidis,K.C. (1978), —A
statistical evaluation of damage to buildings in the Thessaloniki, Greece earthquake
of June 20, 1978l, In Proceedings of the 9th world conference on earthquake

engineering, Thessolanki Greece V11 (1989), pp. 187-92.

5. EBCSS, Ethiopian building code of standard for design of structures for earthquake
resistance, Ethiopia, 2013.

6. Eurocode 8: Design of structures for earthquake resistance, 2004.

7. Mir M. Alif and Kyoung Sun Moon, Structural Developments in Tall Buildings:
Current Trends and Future Prospects, 2007.

8. Khan, F.R. Evolution of structural systems for high-rise buildings in steel and
concrete. In J. Kozak (Ed.), Tall Buildings in the Middle and East Europe:
Proceedings of the 10th Regional Conference on Tall Buildings-Planning, Design
and Construction. Bratislava: Czechoslovak Scientific and Technical Association,
(1973).

9. daniel w. falconer and lynn s. beedle, earthquake resistance of high-rise systems
classification of tall building systems, 20 May 1984.

10. Taranath B. Steel, concrete & composite design of tall buildings. New York:
McGraw-Hill Book Company; 1998.

11. Ali, M.M. Integration of structural form and aesthetics in tall building design and
the future challenges, 1990.

12. Christian Sandelin and Evgenij Budajev. The Stabilization of High-rise Buildings
an Evaluation of the Tube Mega Frame Concept, in December 2013.

13. MEHMET AGAR. Strengthening of reinforced concrete frames by using steel
bracing, 2008.

14. Bush T. D., Jones E. A. and Jirsa J. O. “Behaviour of RC frame strengthened using

structural steel bracing”, Proc. ASCE, J. Struct. Eng., 1991.
47|Page



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.
26.

Badoux M. and Jirsa J. O. “Steel bracing of RC frames for seismic retrofitting”,
Proc. ASCE, J. Struct. Eng., 1990.

Youssef M. A., Ghaffarzadeh H. and Nehdi M. “Seismic performance of RC
frames with concentric internal steel bracing”, Eng. Struct., 2007.

Ghobarah A. and Abou Elfath H. “Rehabilitation of a reinforced concrete frame
using eccentric steel bracing”, Eng. Struct.

Viswanath K.G et.al, Seismic Analysis of Steel Braced Reinforced Concrete
Frames, 2010.

Akhila Lekshmi N. H, Dynamic Analysis of an Irregular RC Building with
Different Bracing Systems, 2013.

Gunderao V Nandi Seismic Behaviour of Reinforced Concrete Frame with
Eccentric Steel Bracings, 2015.

Shachindra Kumar Chadhar. Seismic behaviour of reinforced concrete building
frame with steel bracing system using various arrangements, 2015.

Abhijeet Baikerikar. Seismic Analysis of Reinforced Concrete Frame with Steel
Bracings, 2014.

Prakash, V., Powell, G., Campbell, S., DRAIN 2D User’s Manual V 1.10,
University of California at Berkeley, USA, 1993.

ETABS 2015 Integrated Software for Structural Analysis and Design

Raffaele Landolfo, Seismic design of steel structures, October 2014.

Roy Becker, S.E., Seismic Design of Special Concentrically Braced Steel Frames,
November 1995

48 |Page



49|Page



I|Page



