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Abstract:

Tall building developments have been rapidly increasing
worldwide. This paper reviews the evolution of tall build-
ing’s structural systems and the technological driving force
behind tall building developments. For the primary structural
systems, a new classification — interior structures and exterior
structures — is presented. While most representative structur-
al systems for tall buildings are discussed, the emphasis in
this review paper is on current trends such as modeling and
analysis. Consideration of site specific lateral loading due to
wind or earthquake loads along with vertical gravity loads is
important for finding the behavior of the tall buildings. The
design of tall buildings essentially involves a conceptual de-
sign, approximate analysis, preliminary design and optimiza-
tion, to safely carry gravity and lateral loads. Analysis and
design of buildings for static and dynamic forces is a routine
affair these days because of availability of affordable com-
puters and specialized programs which can be used for the
analysis. Finally, the future of structural developments in tall
buildings is envisioned briefly.

Keywords: Shear wall, Framing, Diagrid structures, Exte-
rior structures, Interior structures, Outrigger systems, Dual
Structural , Structural systems, Tall buildings, Finite Element
Method
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Art and Analysis of high-rising building

1.0 Introduction

Tall buildings emerged in the late nineteenth century in the United
States of America. They constituted a so-called “American Building Type,”
meaning that most important tall buildings were built in the U.S.A.

The function of tall buildings has been as commercial office buildings.
Other usages, such as residential, mixed-use, and hotel tower developments
have since rapidly increased. Tall building development involves economics,
technology, aesthetics, politics, and municipal regulations[1, 4, 10, 11, 14].

# City Number of Percentage
skyscrapers
1 Asia 12,730 69%
2 North America 3,659 20%
3 Europe 888 5%
4 South America 637 3%
5 Oceania 433 2%
6 Africa 136 1%
Total 18483

Table 1 Tall Buildings in Regions (2020, based on most active cities in the
regions reported in Emporis.com).

Many tall buildings are built worldwide, especially in Asian countries,
such as China, Korea, Japan, and Malaysia. Based on data published in the
1980s, about 49% of the world’s tall buildings were located in North America.
The distribution of tall buildings has changed radically with Asia now having
the largest share with 69%, and North America’s at 20% (Table 1). This data
demonstrates the rapid growth of tall building construction in Asian during
this period while North American construction has slowed. In fact, nine of the
top ten tall buildings are now in Asia and only one, One World Trade Center
is in North America, NY, USA. In the middle east the high-rising building is
going to increase from time to time, the state is look as in Table2.
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Country Height>50m Percentage
1 UAE 3969 70.5%
2 KSA 315 6%
3 Bahrain 120 2%
4 Qatar 340 6%
5 Oman 20 0.3%
6 Kuwait 280 5%

6%

7 Lebanon 340
8 Syria 60 1.1%
9 Iraq 100 1.7%
10 Jordan 80 1.3%
11 Yemen 7 0.1%

TOTAL 5631

Table 2. Middle east country for high-rise building, height above 50m

2.0 Developments of Structural Systems
Structural development of tall buildings has been a continuously

evolving process. There is a distinct structural history of tall buildings similar
to the history of their architectural styles in terms of skyscraper ages Figure
1. These stages range from the rigid frame, tube, core-outrigger to diagrid.

The primary structural skeleton of a tall building can be modeled as a verti-
cal cantilever member with its base fixed in the ground. The structure has to
carry the vertical gravity loads and the lateral load. The building must there-
fore have adequate shear and bending resistance and must not lose its vertical
load-carrying capability.
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Figure 1 Historical brief of tall building in the world

The floor framing system usually carries almost the same gravity
loads at each floor, although the girders along the column lines need to be
progressively heavier towards the base of the building to carry increasing
lateral forces and to augment the building’s stiffness.

The column sizes increase progressively towards the base of the build-
ing due to the accumulated increase in the gravity loads transmitted from the
floors above. Further to this, the columns need to be even heavier towards
the base to resist lateral loads. The net result is that as the building becomes
taller and the building’s sway due to lateral forces becomes critical, there is
a greater demand on the girders and columns that make up the rigid-frame
system to carry lateral forces.

If we assume the same bay sizes, the material quantities required for
floor framing is almost the same regardless of the number of stories. The
material needed for floor framing depends upon the span of the framing ele-
ments, that is, column-to-column distance and not on the building height. The
quantity of materials required for resisting lateral loads, on the other hand,
is even more increased and would begin to exceed other structural costs if a
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rigid-frame system is used for very tall structures. This calls for a structural
system that goes well beyond the simple rigid frame concept. Based on his
investigations Khan argued that as the height increases beyond 10 stories, the
lateral drift starts controlling the design, the stiffness rather than strength be-
comes the dominant factor, and the premium for height increases rapidly with
the number of stories. Following this line of reasoning, Khan recognized that
a hierarchy of structural systems could be categorized with respect to relative
effectiveness in resisting lateral loads for buildings beyond the 20- to 30-story
range (Khan, 1969)[19].

3.0 Classification of Tall Building Structural Systems.

Building types and elements Alberti (1992)[6] does mention the ex-
istence of various building types that has developed from the original shelter
as specialization of functions. Generally buildings divided into two types:
Public buildings with several functions, sacred as well as profane, and private
buildings divided into two groups- those foremost citizens and those for com-
mon citizens Figure 2.

These different aspects are referred to as building systems. Beedle
(1980)[9] defines four distinct building systems: Loading Systems, Physical
Systems, Functional Systems, and Building Implementation Systems. These
are seen in Figure 3. Under the “Physical Systems” heading are such i terns as
foundation systems, structural framework, mechanical and service systems,
and electrical systems. In general, the structural system of a building is a three
dimensional complex assemblage of interconnected structural elements. The
primary function of the structural system is to effectively and safely carry
all the loads which act upon the building, and to resist sway by providing
adequate stiffness. The structural system physically supports the entire
building, and with it, all the other various building systems
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Figure 2 Types of buildings and elements

For the purpose of research, it is desirable to categorize the different aspects
of tall buildings.

Loading Systems

Gravity
Temperature
Earthquake
Wind
Fire
Accidental Loading
Functional Systems
Utilization Parking
Ecological Ownership, Financing
Site Operation
Esthetics Maintenance
Space Cognition Management

I 2020 (g9 - palin ) (g pdial g g1 31 kel 235 S5l ALY Anals I




Art and Analysis of high-rising building
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Figure 3 Tall Building Systems (Beedle, 1950)[9]

Fazlur Khan in 1969 classified structural systems for tall buildings relat-
ing to their heights with considerations for efficiency in the form of “Heights
for Structural Systems” diagrams [19,21].

Khan [17, 21] uses a material-oriented classification to discuss the different
responses of various steel, concrete and mixed structural systems to lateral
loads.(see Table 3).

Steel Structural Systems Concrete Structural Systems
1. Rigid Frame 1. Frame
2. Shear Truss Frame 2. Shear Wall
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3. Shear Truss Frame with Belt Trusses 3. Frame-Shear Wall

. 4. Framed Tube 4. Framed Tube
5. Column Diagonal Truss Tube 5. Tube-in-Tube
6. Bundled Tube 6. Modular Tube

7 . Truss Tube without Interior Columns
Table 3 High rise structural systems (Khan, 1974)

This marked the beginning of a new era of skyscraper revolution in terms
of multiple structural systems. Later, he upgraded these diagrams by way of
modifications [20, 21](Khan, 1972, 1973). and developed these schemes for
both steel and concrete Figure 4 and 5. (Ali, 2001; Ali & Armstrong, 1995;
Schueller, 1986)[3, 7, 27]. Khan argued that the rigid frame that had domi-
nated tall building design and construction so long was not the only system
fitting for tall buildings.
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Figure 4 Classification of tall building structural systems by Fazlur Khan(steel).
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Figure 5 Classification of tall building structural systems by Fazlur Khan

( concrete).

Because of a better understanding of the mechanics of material and
member behavior, he reasoned that the structure could be treated in a holistic
manner, that is, the building could be analyzed in three dimensions, supported
by computer simulations, rather than as a series of planar systems in each
principal direction. Feasible structural systems, according to him, are rigid
frames, shear walls, interactive frame-shear wall combinations, belt trusses,
and the various other tubular systems [22].

Lu (1974)[24] has presented a classification using the same basic
approach, namely, a listing of vertical load resisting members, horizontal load
resisting subsystems, and energy dissipation systems. This arrangements is
shown in Table 4. A more detailed listing of lateral load resisting subsystems
is included, which clearly indicates the myriad of combinations of lateral load
resisting subsystems employed in the design of tall buildings.
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Gravity Load Resistant
Systems

Lateral Load Resistant Systems

1. Horizontal (floor) Framing

1. Moment Resistant Frame

2. Vertical Framing

2. Shear Wall or Truss

a). bearing walls

3. Combined Frame and Shear Wall or
Truss

b). hangers

4. Moment Resistant Frame with
Stiffening Features

c). load transfer girders

5. Core Structure

6. Framed Tube

7. Combined Framed Tube and Core
Structure

8. Framed Tube with Stiffening Features

9. Other Tube Structure

Table 4 Structural Systems (Lu, 1974)

Drosdov and Lishak (1978)[13] developed a classification that
categorizes the variety of existing structural systems into four primary load

bearing systems and six secondary (combination) load bearing structures as

seen in Table 5.

Primary Structural Systems

Secondary (Combination) Structural
Systems

1. Framed systems (Frame)

1. Frame-Braced System (Frame &
Wall)

2. System with Flat Walls (Wall) | 2. Frame System (Frame & Core)

3. Core-Trunk System (Core)

3. Frame-Envelop System (Tube &
Frame)

4. Envelop-Type System (Tube)

4. Trunk-Wall System (Core & Wall)

5. Cellular System (Tube & Wall)

Table 5 STRUCTURAL

SCHEMES (Drosdov, Lishak, 1978)
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The six secondary systems are, in fact, combinations of the four
primary structures as shown in Figure 6. This classification is part of a study
of the dynamic response of different tall building structures.

Figure 6 Classification of Structural Systems of Multi-Story Buildings
(Drosdov, Lishak, 1978)

In Schueller’s (1977)[28] classification, primary emphasis is given to visual
and descriptive analysis of the structural systems (see Table 6). He lists 14
separate tall building structural systems in an attempt to adequately represent
the spectrum of tall building structures.

. 2. Cores and 3. Self Supporting
1. Bearing Walls Bearing Walls Boxes
4. Cantilevered Slab 5. Flat Slab 6. Interspatial
7. Suspended 8. Staggered Truss | 9. Rigid Frame

12. Belt-Trussed Frame

10. Core and Rigid Frame | 11. Trussed Frame and Framed Core

13. Tube-in-Tube Bundled Tube .14
Table 6 Common high rise structures (Schueller, 1975)
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Structural systems of tall buildings can be divided into two broad catego-
ries: interior structures and exterior structures. This classification is based
on the distribution of the components of the primary lateral load-resisting sys-
tem over the building. 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 build-
ing perimeter, and any exterior structure may have some minor components
within the interior of the building.
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Number of Stories
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Figure 5 Exterior Structures: effectively resist lateral loads by systems

at building perimeter
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Tables 7 and 8 summarize the details of the systems in each category.
In addition, Figure 4 and 5 show the concept of each system diagrammatically.
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 upon other design and service criteria related to
building shape, aspect ratio, architectural functions, load conditions, building
stability and site constraints. For each condition, however, there is always an
optimum structural system, although it may not necessarily match one of those
in the system’s tables due to the predominant influence of other factors on the
building form. An exterior structure may be combined with an interior one,
such as when a tubular frame is also braced or provided with core-supported
outriggers and belt trusses, to enhance the building’s stiftness[10, 12].

Interior Structures

The two basic types of lateral load-resisting systems in the category of
interior structures are the moment-resisting frames and shear trusses/shear
walls. These systems are usually arranged as planar assemblies in two princi-
pal orthogonal directions and may be employed together as a combined sys-
tem in which they interact. Another very important system in this category is
the core-supported outrigger structure, which is very widely used for supertall
buildings.

The moment-resisting frame (MRF) consists of horizontal (girder)
and vertical (column) members rigidly connected together in a planar grid
form. Such frames resist load primarily through the flexural stiffness of the
members (Kowalczyk, Sinn, & Kilmister, 1995)[23]. The size of the columns
is mainly controlled by the gravity loads that accumulate towards the base
of the building giving rise to progressively larger column sizes towards the
base from the roof. The size of the girders, on the other hand, is controlled by
stiffness of the frame in order to ensure acceptable lateral sway of the build-
ing. Although gravity load is more or less the same in all typical floors of a
tall building, the girder sizes need to be increased to increase the frame stiff-
ness. Likewise, columns already sized for gravity loads need to be slightly
increased to increase the frame stiffness as well. MRFs can be located in or
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around the core, on the exterior, and throughout the interior of the building
along grid lines.

Braced frames are laterally supported by vertical steel trusses, also
called shear trusses, which resist lateral loads primarily through axial stiffness
of the members. These act as vertical cantilever trusses where the columns act
as chord members and the concentric K, V, or X braces act as web members.
Such systems are called concentric braced frames (CBF). Eccentric braced
frames (EBF) have, on the other hand, braces which are connected to the floor
girders that form horizontal elements of the truss, with axial offsets to intro-
duce flexure and shear into the frame [26]. This lowers stiffness-to-weight
ratio but increases ductility and therefore EBFs are used for seismic zones
where ductility is an essential requirement of structural design. Braced frames
are generally located in the service and elevator core areas of tall buildings.
The frame diagonals are enclosed within the walls[15].

Reinforced concrete planar solid or coupled shear walls have been
one of the most popular systems used for high-rise construction to resist
lateral forces caused by wind and earthquakes. They are treated as vertical
cantilevers fixed at the base. When two or more shear walls in the same plane
are interconnected by beams or slabs, as is the case with shear walls with
door or window openings, the total stiffness of the system exceeds the sum
of the individual wall stiffnesses. This is so because the connecting beam
forces the walls to act as a single unit by restraining their individual cantilever
actions. These are known as coupled shear walls. Shear walls used in tall
office buildings are generally located around service and elevator cores, and
stairwells. In fact, in many tall buildings, the vertical solid core walls that
enclose the building services can be used to stabilize and stiffen the building
against lateral loads

Rigid frames may be combined with vertical steel trusses or reinforced
concrete shear walls to create shear wall (or shear truss)-frame interaction
systems. Rigid frame systems are not efficient for buildings over 30 stories
in height because the shear racking component of deflection caused by the
bending of columns and girders causes the building to sway excessively. On
the other hand, vertical steel shear trusses or concrete shear walls alone may
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provide resistance for buildings up to about 10 or 35 stories, respectively,
depending on the height-to-width ratio of the system (see Table 4).
Outrigger systems have been historically used by sailing ships to help resist
the wind forces in their sails, making the tall and slender masts stable and
strong. The core in a tall building is analogous to the mast of the ship, with
outriggers acting as the spreaders and the exterior columns like the stays. As
for the sailing ships, outriggers serve to reduce the overturning moment in the
core that would otherwise act as pure cantilever, and to transfer the reduced
moment to the outer columns through the outriggers connecting the core to
these columns (Figure 6).

=
—_—
e
—_—
—_—
| L—Momenl in core with
3 \ outrigger bracing
—_— \a—Momem in core without
~—Leeward \ oufrigger bracing
— columns in
compression
—_—
Windward
—_— columns in
tension

77777777777 77777777

Figure 6 Core-supported outrigger structures.

The core may be centrally located with outriggers extending on both
sides or in some cases it may be located on one side of the building with
outriggers extending to the building columns on the other side (Taranath,
1998)[29].

The outriggers are generally in the form of trusses in steel structures,
or walls in concrete structures, that effectively act as stiff headers inducing
a tension-compression couple in the outer columns. Belt trusses are often
provided to distribute these tensile and compressive forces to a large number
of exterior frame columns. The belt trusses also help in minimizing differen-
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tial elongation and shortening of columns. Outriggers can also be supported
on megacolumns in the perimeter of the building. Although this structure is
primarily an interior system, the belt trusses or megacolumns offer a wider
perimeter, thus resisting the lateral push of the building’s ‘feet’ spread.

For buildings between about 30 to 70 stories, steel braced cores or re-
inforced concrete core walls are generally effective for resisting lateral loads.
However, for greater heights, the resistance of the core systems to bending
caused by overturning becomes progressively inefficient. Moreover, a core
system with its highly slender attribute can generate excessive uplift forces
in the core columns and high overturning forces on the foundation system.
In reinforced concrete cores, excessive wall elements where large net tensile
forces develop can easily cancel the inherent efficiency of concrete in com-
pression. Likewise, in steel cores, excessive welded or bolted tensile splices
could greatly reduce the ease of erection and fabrication. The core-outrigger
system alleviates this problem. Some other advantages of the core-and-outrig-
ger system are that the exterior column spacing can easily meet aesthetic and
functional requirements, and the building’s perimeter framing system may
consist of simple beam-column framing without the need for rigid-frame-type
connections.

For supertall buildings, connecting the outriggers with exterior mega-
columns opens up the fagade system for flexible aesthetic and architectural
articulation thereby overcoming a principal drawback of closed-form tubular
systems. In addition, outrigger systems have a great height potential up to 150
stories and possibly more. The principal disadvantages are that the outrig-
gers interfere with the rentable space and the lack of repetitive nature of the
structural framing results in a negative impact on the erection process. How-
ever, these drawbacks can be overcome by careful architectural and structural
planning such as placing outriggers in mechanical floors and development of
clear erection guidelines. The outrigger systems may be formed in any com-
bination of steel, concrete and composite construction. Because of the many
functional benefits of outrigger systems and the advantages outlined above,
this system has lately been very popular for supertall buildings all over the
world.
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Art and Analysis of high-rising building

Exterior Structures

The nature of building perimeters has more structural significance in
tall buildings than in any other building type due to their very tallness, which
means greater vulnerability to lateral forces, especially wind loads. Thus, it is
quite desirable to concentrate as much lateral load-resisting system compo-
nents as possible on the perimeter of tall buildings to increase their structural
depth, and, in turn, their resistance to lateral loads.

The tube is one of the most typical exterior structures, which can be
defined as a three-dimensional structural system utilizing the entire building
perimeter to resist lateral loads. The earliest application of the tubular no-
tion is attributed to Fazlur Khan, who thought of this concept in 1961 (Al
2001)[7] and designed the 43-story DeWitt-Chestnut Apartment Building in
Chicago, completed in 1965, the first known building designed as a framed
tube. The introduction of tube systems has been revolutionary since for the
first time the three-dimensional response of buildings was directly exploited
to advantage departing from the conventional rigid frame system consisting
of rigidly connected planar beam-column grids. Tubular forms have several
types depending upon the structural efficiency that they can provide for dif-
ferent heights. In a framed tube system, which is the basic tubular form, the
building has closely spaced columns and deep spandrel beams rigidly con-
nected together throughout the exterior frames. Depending upon the struc-
tural geometry and proportions, exterior column spacing should be from 1.5
to 4.5m on centers. Practical spandrel beam depths should vary from 0.6 to
1.2m. As shown in Figure 7, for a framed tube subjected to lateral loads,
the axial forces in the corner columns are the greatest and the distribution is
non-linear for both the web frame (i.e., frame parallel to wind), and the flange
frame (i.e., frame perpendicular to wind). This is because the axial forces in
the columns toward the middle of the flange frames lag behind those near the
corner due to the nature of a framed tube which is different from a solid-wall
tube. This phenomenon is known as shear lag. The purpose of optimal design
of a framed tube is to limit the shear lag effect and aim for more cantilever-
type behavior of the structure within reasonable and practical limits (i.e., by
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achieving a cantilever deflection of 50 to 80 percent of the total lateral sway
of the building).
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Figure 7 Shear lag

A braced tube is a variation of the framed tube and was first applied
on the 100-story John Hancock Center of 1970 in Chicago (Ali, 2001)[5,
7]. This concept stems from the fact that instead of using closely spaced
perimeter columns, it is possible to stiffen the widely spaced columns by
diagonal braces to create wall-like characteristics. The framed tube becomes
progressively inefficient over 60 stories since the web frames begin to behave
as conventional rigid frames. Consequently, beam and column designs are
controlled by bending action, resulting in large size. In addition, the cantilever
behavior of the structure is thus undermined and the shear lag effect is
aggravated. A braced tube overcomes this problem by stiffening the perimeter
frames in their own planes. The braces also collect gravity loads from floors
and act as inclined columns. The diagonals of a trussed tube connected to
columns at each joint effectively eliminate the effects of shear lag throughout
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the tubular framework. Therefore, the columns can be more widely spaced
and the sizes of spandrels and columns can be smaller than those needed for
framed tubes, allowing for larger window openings than in the framed tubes
(Khan, 1967)[18].

A bundled tube is a cluster of individual tubes connected together to
act as a single unit. For very tall structures, a single framed tube is not ad-
equate, since the width of the building at its base should be large to maintain
a reasonable slenderness (i.e., height-to-width) ratio such that the building is
not excessively flexible and does not sway too much. The system efficiency
is considerably diminished in a single framed tube of enormous height due
to shear lag effect. For such a structure, the three-dimensional response of
the structure could be improved for strength and stiffness by providing cross
walls or cross frames in the building.

The 110-story Sears Tower completed in 1974 was the first bundled
tube structure in which nine steel framed tubes are bundled at the base, some
of which are terminated at various levels along the building’s height with two
tubes continuing between the 90" floor and the roof. Such flexibility of orga-
nizing the floor areas, from very large at the base to much smaller at the top,
gave the bundled tube system an added advantage. The bundled tube concept
also allowed for wider column spacing in the tubular walls, which made it
possible to place interior frame lines without seriously compromising interior
space planning of the building. The bundled tube system thus offers great
freedom in the architectural planning by creating a powerful vocabulary for a
variety of existing building forms. Figure 8 shows the bundled tube concept
as it was applied to the Sears Tower (Ali, 2001)[1, 4, 7]. A bundled tube build-
ing in concrete is One Magnificent Mile of 1983 in Chicago. In this multi-use
building, it was possible to assemble the individual tubes in any configuration
and terminated at different heights without loss of structural integrity. By car-
rying the idea of bundled framed tubes further, it is possible to add diagonals
to them to increase the efficient height limit. In addition, it is worth noting
that to behave as a bundled tube the individual tubes could be of different
shapes, such as rectangular, triangular or hexagonal as is demonstrated by this
building.
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The stiffness of a framed tube can also be enhanced by using the core
to resist part of the lateral load resulting in a tube-in-tube system. The floor
diaphragm connecting the core and the outer tube transfer the lateral loads to
both systems. The core itself could be made up of a solid tube, a braced tube,
or a framed tube. Such a system is called a tube-in-tube, an example of which
is the 52-story One Shell Plaza of 1971 in Houston, Texas. It is also possible
to introduce more than one tube inside the perimeter tube. The inner tube in a
tube-in-tube structure can act as a second line of defense against a malevolent
attack with airplanes or missiles.

A diagrid system is another type of exterior structure. With their struc-
tural efficiency as a varied version of the tubular systems, diagrid structures
have been emerging as a new aesthetic trend for tall buildings in this era of
pluralistic styles. Early designs of tall buildings recognized the effectiveness
of diagonal bracing members in resisting lateral forces. However, while the
structural importance of diagonals was well recognized, the aesthetic poten-
tial of them was not appreciated since they were considered obstructive for
viewing the outdoors. Thus, diagonals were generally embedded within the
building cores which were usually located in the interior of the building.

A major departure from this design approach occurred when braced
tubular structures were introduced in the late 1960s. For the 100-story tall
John Hancock Center in Chicago, the diagonals were located along the entire
exterior perimeter surfaces of the building in order to maximize their structural
effectiveness and capitalize on the aesthetic innovation. This strategy is much
more effective than confining diagonals to narrower building cores. Despite
the clear symbiosis between structural action and aesthetic intent of the
Hancock Tower, this overall design approach has not emerged as the sole
aesthetic preference of architects. However, recently the use of perimeter
diagonals — thus the term “diagrid” — for structural effectiveness and lattice-
like aesthetics has generated renewed interest in architectural and structural
designers of tall buildings.

The difference between conventional exterior-braced frame structures
and current diagrid structures is that, for diagrid structures, almost all the
conventional vertical columns are eliminated. This is possible because the
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diagonal members in diagrid structural systems can carry gravity loads as
well as lateral forces due to their triangulated configuration in a distributive
and uniform manner. Compared with conventional framed tubular structures
without diagonals, diagrid structures are much more effective in minimizing
shear deformation because they carry shear by axial action of the diagonal
members, while conventional tubular structures carry shear by the bending of
the vertical columns and horizontal spandrels (Moon, 2005)[25].

The diagrid can be compared with another prevalent structural system,
the outrigger structures. Properly designed, an outrigger structure is effective
in reducing the overturning moment and drift of the building. However, the
addition of the outrigger trusses between the shear core and exterior columns
does not add lateral shear rigidity to the core. Thus, tall buildings that em-
ploy outrigger systems still require cores having significant shear rigidity.
The diagrid structure provides both bending and shear rigidity. Thus, unlike
outrigger structures, diagrid structures do not need high shear rigidity cores
because shear can be carried by the diagrids located on the perimeter, even
though supertall buildings with a diagrid system can be further strengthened
and stiffened by engaging the core, generating a system similar to a tube-in-
tube.

Other types of lateral load-resisting systems in the category of exte-
rior structures include space trusses, super frames and exoskeleton. These
have been occasionally used for tall buildings.

Space truss structures are modified braced tubes with diagonals con-
necting the exterior to interior. In a typical braced tube structure, all the diago-
nals, which connect the chord members — vertical corner columns in general,
are located on the plane parallel to the facades. However, in space trusses,
some diagonals penetrate the interior of the building. Examples include the
Bank of China Tower of 1990 by I. M. Pei in Hong Kong.

Assuperframe is composed of megacolumns comprising braced frames
of large dimensions at building corners, linked by multistory trusses at about
every 15 to 20 stories. The concept of superframe can be used in various ways
for tall buildings, such as the 56-story tall Parque Central Complex Towers
of 1979 in Caracas, Venezuela and the 168-story tall Chicago World Trade
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Center.

In exoskeleton structures, lateral load-resisting systems are placed
outside the building lines away from their facades. Examples include Hotel
de las Artes in Barcelona. Due to the system’s compositional characteristics,
it acts as a primary building identifier — one of the major roles of building
facades in general cases. Fire proofing of the system is not a serious issue
due to its location outside the building line. However, thermal expansion/
contraction of the system, exposed to the ever-changing outdoor weather,
and the systemic thermal bridges should be carefully considered during
design[10].

4. Models of structural systems

Reinforced concrete (RC) high-rise buildings designed to resist
vertical loads in general, and checked on the seismic loads, in particular,
adopted structural systems in the design to resist the forces of earthquakes
consist of [Figure 8.] :

1. Shear Walls System.

2. Moment - Resisting Frame System.

3. Dual System is the system that contains together frames and shear
walls.

In couple system, shear walls were presented as central reinforced
concrete core of the stairs and lifts, which were favorite to resist the shear
forces in general in the regular structures and private due to its symmetry and
placed in the centre of the structure, and if the shear walls were insufficient
to resist the shear forces caused by earthquakes, the additional shear walls are
added to give structural system appropriate stiffness to resist the horizontal
forces in both directions [2, 8].

There are many types of structural systems, resistance to the
forces of earthquakes, and structural systems which previous referred to it
considered more systems used in the design of public and private structures,
but in the design of RC high-rise buildings, can we adopt certain structural
system without the other and generalization use in the design of RC high-
rise buildings whatever the number of stories, type of foundation soil and
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regardless of whether this system achieve the economic cost of the building
required designing it, and what if one of these systems achieve economic
cost of the multi-storey building without the other, whether those buildings
are similar to or different from each other in the number of storeys, type of
foundation soil. To answer these questions and study the problem at hand the
following models of RC high-rise buildings was imposed, as shown in Figure
9:

- Structural models for RC high-rise building consisting of 10-storey, structural
systems in it are:

Frames system (F).

Shear Walls system (SW).

Couple system (C)(Dual System).

5. Characterization of the Problem

Two architectural plans of the structure of RC high-rise buildings are
supposed for D. The first dose not contain shear walls, as shown in Figure 9,
for F, SW and C system and for 10 storey. Analysis was done by STAAD-
pro.

A L}
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Frames system (F) Shear Walls system (SW) Couple system (C)
Figure 8: some of supposed structural models for three structural systems (E,SW, C)

Geometric characteristic of the Problem
- Structure regular RC high-rise building is supposed

(the architectural plan is symmetrical for axes x and y).
- The structure floor area is 30x30m2 for 10storey.
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i

Figure 9. architectural plan of related models to F-SW-C systems and for 10 storey.

- Height of storey is 3.5m.

- The thickness of floor slab is 15cm.

- The structural systems are: F-SW-C.

- Seismic zone 2C and therefore the seismic zone factor is Z=0.25.

- The importance factor of construction is [ =1.

- Overstrength Factor R, so we have: frames system, R=8 and shear walls
system, R=4.5 and In couple system, R is determined according to the frames
contribution percentage in bearing base shear forces.

- Yield strength of steel for longitudinal reinforcement =.

- Yield strength of steel for cross-sectional reinforcement for shear walls and
= for stirrups in beams and columns.

- Characteristic compressive strength of concrete =21MPa(the amount of
cement is 350kgf/m3 in

control concrete case and 400kgf/m3 in non-control concrete case).

- To simplify the problem, it is assumed that all columns have square cross-
section with initial dimensions

begin from 50x50cm and 50x60cm for beams.
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- Dead load on all slabs is assumed and live load

6. The results, Conclusion and Summary
We take in consideration internal forces and the result was inserted in table 9

System Frame(F) Shear Wall (SW) Dual System (c¢)
LC LC LC
5DEAD 5DEAD
Axial Force | Max Fx |~/ 0% | 4124.50 | 1 EQTX | 5520.64 | = 0\ .7 | 3839.19
kN
[IN] Min Fx | 2 EQ-X | 1453.15 | 1 EQ+X | 5520.64 | 1 EQ+X | -593.89
, 5DEAD 5DEAD
Torsion | MaxMx | °/ 01 % | 5.656 | 2EQ-X | 32.01 | 7 0" | 74.04
moment 5 DEAD 5 DEAD
kN i ; - B}
[kNm] Min Mx |~/ 'O 5.66 | 1EQ+X | -3201 | °) o % | -74.63
Bending | Max Mz | 1 EQ+X | 655.75 | 2EQ-X | 627.41 | 1EQ+X | 348.77
moment
[kNm] Min Mz | 2 EQ-X | -655.75 | 1 EQ+X | -627.41 | 2 EQ-X | -348.77

Table 9 Maximum and Minimum forces in Systems F-SW-C

- The axial load in frame system increase about 10% than in system C
(Dead load).

- Torsion moments in all systems is so small, where bending moment is
dominated by component of earthquake in direction X.

- The value of moment in frame system increase about 53% than Dual
System. At the end this table explain that system (c) is the best system
to carry lateral load.

- Tall buildings present special challenges to design & construction.

- The challenges from seismic loads can be addressed through innovative
design concepts.

- Moving forward, more complex & taller buildings will be conceived
& constructed.

- Structural engineers have the biggest contribution to make in making
buildings safe & economical.
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