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Abstract — The demand of tall buildings has increased over
the past one or two decades. Reasons behind the sudden
demand is the popularity of tall buildings, tourism, economy
of the country, infrastructure boost, science and technological
knowledge, etc. Another reason for increase in tall buildings
is the availability of land and population emigration of rural
to urban. The main issues of tall buildings are shear-lag effect
with increase in height, aerodynamic wind effects, seismic
hazard, public hesitation. Due to increased shear-lag in
tubular tall buildings with increased height, there is a shift in
the structural system to more advanced systems like diagrid,
buttressed core, outrigger, Mega-tube, etc. In India still some
of the buildings are constructed with shear-wall frame system
or central core wall system are used. For this purpose, the
review paper focuses on the tubed-type system that could
possibly replace the traditional shear-wall system for tall
buildings in India. Various key issues have been identified in
the papers and are mentioned in the review for the tubed type
system. The review on the topic creates a sea of opportunities
for Indian construction industry, which have been heavily
relied. on shear-wall type system for buildings. The very thick
shear walls (of the order of 450mm to 600mm), length of the
order 1.5 to 2m, concrete grade of M40 to M70 becomes
uneconomical after certain height of the structure. Emphasis
should be to create stable structures with not just focus on
material and thickness of members, but also the structural
system.

Keywords: Structural System, Tubular System, Bundled-
Tube Structure, Braced Tube, Tube-In-Tube Structures, Tall
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I. INTRODUCTION

A principal characteristic of the tall buildings is their quality
of tallness (Mir M. Ali, et. al. 2022). Tall buildings are of
greater importance to any nation. They serve the purpose of
great pride and an embodiment of great power. Any nation
having large number of tall buildings indicate the extent of
development in various sectors. Generally, the main purpose
of any tall building is to accommodate a large number of
people in a small available area. With the increasing
immigration from small towns and villages to larger mega-
cities, tall building serves the purpose with ever increasing
public requirement. As per Statistica Research Department,
till March 2023, there are 1910 buildings greater than 200m
completed or under-construction globally (Figure 1). With
the increasing immigration from small towns and villages to
larger mega-cities, tall building serves the purpose with ever
increasing public requirement. Hence, India needs improved
and better infrastructure, especially for the fast-moving
economy, while also considering the sustainability aspects
and also, considering various aspects of public interest.
Moving forward with this, the Government of Gujarat has
amended the GDCR (General Development Control

Regulations) in 2020. Recently as per the Ahmedabad Mirror
dt. 14/12/2023, there will be MOUs signed with certain
foreign groups for development of tall buildings. With urban
population up to 60% in 2035 from present 40%, it will also
contribute to the Gujarat’s GDP. The present study mainly
focuses on the comparison of bundled-tube type structural
system with shear-wall frame system for tall buildings in
India. While most of the buildings, under construction or
completed recently are using shear wall type system in
Ahmedabad, Gujarat, central shear wall core system is widely
utilized in Mumbai, Maharashtra. Six different building plans
(originally designed with shear-wall frame system) are
modelled and analysed with bundled-tube system.
Comparison is drawn between the two systems considering
various parameters and are presented.

A. Current scenario of tall buildings

Fig. 1: Number of Tall buildings per country, Statistica
Research Department, March 2023.

H. Takabatake et. al. [1] studied the various types of
structural forms used in tall buildings. They considered
completed as well as under-construction buildings during the
time of writing the draft. Five high-rise buildings in the
world, which were tallest in the height and assumed to
constructed until 2020, are as follows:

Jeddah Tower (Saudi Height 1,008 m and 167
Arabia): storeys.

Burj Khalifa (Dubai): Height 828 m and 163
storeys.
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Suzhou Zhong Nan Center Height 729 m and 138
(China): storeys.

Wuhan Greenland Center Height 636 m and 119
(China): storeys.

Shanghai Tower (China): Height 632 m and 127
storeys.

Table 1: Top five High-Rise Buildings till 2020

Ali and Kodmany [2] presented the detailed study of
different structural systems for tall buildings where the
architects and engineers can collaboratively work on
structural systems. They mentioned different modern and
futuristic systems such as advanced tubular systems, super
frames, diagrids, and concrete core systems. The authors
concluded that height-based structural system charts had
allowed engineers build tall buildings with less material
usage.

B. Council on Tall Buildings and Urban Habitat and Indian
Standard Code

The council on tall buildings and urban habitat (CTBUH), a
nonprofit organization formed in 1969 and headquartered in
Chicago as a resource for the engineers, working in tall
buildings construction. According to CTBUH, there is not
exact definition for tall building. Instead, they have given
certain following categories for tallness: (a) Height relative to
context, (b) Proportion, and (c) Tall building technologies
(“CTBUH Criteria for Defining and Measuring Tall
Buildings, 2009) [3].

The definition of tall buildings changes from
country-to-country and region-to-region. Basic definition of
tall building can be summarized as the building with such a
height in which the wind loads govern the design parameters.
As per IS 16700: 2023 [25], the RC buildings with height
greater than 50m, but lesser or equal to 250m. This standard
does not consider buildings near seism genic fault areas.

C. Bundled-tube system of tall buildings

In the design of tall buildings, the tubular system is one of the
stiffer lateral stability systems. Tubular systems act as vertical
cantilever. This gives the tubular system a very high lateral
load resistance. In early 1960s, Bangladesh born American
practicing structural engineer, Mr. Fazlur Rahman Khan had
suggested the idea of using tube type system as structural
form in tall buildings. Some of his designed buildings are 43-
storey DeWitt Chestnut Apartment in Chicago, Sears Tower
with nine bundled-tubes in Chicago
(https://en.wikipedia.org/wiki/Tube_(structure)).  Tubular
structures were classified further into different types: framed-
tube, braced-tube, tube-in-tube, bundled-tube, and hybrid
tube systems.

Bundled-tube is one of the tubed structural systems
in which the structure looks as if one or more tubes are tied
together or what we call as bundled together. More tubes
bundled together is stiffer than one single tube structure.
Single tube system loses its efficiency after certain height as
width of the building is high, resulting in shear-lag in the
structure. A bundled-tube system is more suitable where
closely spaced columns are not an issue. The structure can
also be called as multi-cell tubes, which can be stopped at any
height without compromising the integrity of the structure.
The torsional loads are easily resisted by the closely spaced

columns. Since the bundled-tube consists of various tubes, it
is possible to achieve different plan layout configurations
(Bungale S. Taranath, 2010) [4]. As per the Indian Standard
code IS 16700: 2023, the plan shape of tubular structures
must be regular with the length to width ratio not more than
2. Another important point is that for the column spacings in
tubular buildings. It recommends the column spacing should
preferably not more than 5m. Following is the real-life
examples of bundled-tube system:

Fig. 2: Sears Tower, Chicago

1) Sears Tower / Willis Tower, Chicago

Sears Tower (now Willis Tower) is a skyscraper office
building in lllinois, Chicago (Figure 3). It opened for general
public in 1973 and construction completed in 1974. It has 110
floors and a height of 1450 feet (442m). Welded steel frames
form vertical tubes that support each other, to limit the
aggression of the lateral loads.

Due to variation of the height of all the tubes, it
disrupts the large air currents and vortex shedding, helping to
dissipate the wind energy, which ultimately results in reduced
stresses on the structure due to wind. The building is modular
in plan, with nine 75 sq. ft., column free units. It was world’s
tallest building till 1996.

2) One Magnificent Mile, Chicago

It is a mixed-use retail, office and residential skyscraper in
Illinois, Chicago completed in 1983 (Figure 4). The 57-storey
building has four hexagonal reinforced concrete tube
structures of different heights linked in a bundled
configuration. Each tube has a sloping roof. Each tube is
designed with two 90-degree and four 45-degree corners.
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Fig. 3: One Magnificent Mile, Chicago

As the building becomes taller, about more than 60
storeys, tubular structure becomes inefficient due large lateral
deflection [5]. The main villain is the shear-lag effect. In
order to fight this large deflection with increased height is by
providing bundled-tube [6]. A tubed structure may be
modeled as a continuum-or-a collection of discrete members
connected to each other. Once the building is represented as
a tube, it is-analyzed as a thin-walled tube and its shear-lag
effect maybe large [7]. While considering preliminary design,
certain points need to be taken care of for optimum design
such as:

— Design Issues. (Weight/unit area, stresses, stiffness, etc.)

— Height to width ratios.

— Dimensions of structural elements. (Beams, columns,
walls, etc.)

— Floor structural type and design

— Shear Lag effects.

The cost of the systems depends on its structural
weight. However, for optimum design of tall buildings,
equivalent 10 storey model will lead to optimum design [8].

A parametric study was conducted which included
column and beam dimensions as parameters to assess lateral
force effects and shear-lag behaviour. The authors concluded
that: (a) The large depth beams improves the quality of force
transfers between column and middle column flange frames,
its impact is minimal on overall building and storey drifts, and
(b) At the upper storeys, more than 80% of the storey
overturning moment was resisted by the perimeter flange
frames, while at the lower storeys, approximately 40%,
resisted by the flange frames. This significant contribution
from the frames indicates that the tube action is excellent for
lateral strength [9].

D. Shear-Lag effect

During lateral loading of the tube structures, the structure
bends under these loads due to the flexibility of the beams.
This results in unequal distribution of the stresses in
connected columns. This phenomenon is known as shear-lag
effect. The positive shear-lag occurs mostly at the lower
storey heights, the negative shear-lag occurs near the top. The
phenomenon of negative shear-lag has been observed in

tubular buildings [10], [11]. Negative shear-lag originates
from positive one and counteracts it. Deformations occur in
the floor slabs and interior secondary beams, which results to
the Euler-Bernoulli beam theory being invalid. One such
study was carried out to understand the variation of shear-lag
with the height of the structure and plan geometry [12]. They
concluded that the transformation of shear-lag from positive
towards negative usually happens near to 33% of the building
height, measured from the bottom. With the increase in the
plan dimension on which the lateral load acts, the
transformation of positive to negative shear-lag occurs at
higher storeys of the structures.

The effect of plan geometry on shear-lag effect on
tubular tall buildings was carried out by Moghadasi et. al.
[13] , with seismic and wind load applied separately.
Rectangular, hexagonal, and triangular shaped building
models were used for the study (Figure 5). The hexagonal
shaped tubular building had reasonable type of behaviour
against the lateral loads. The average positive and negative
shear-lag was 28.76%, and 25% less in hexagonal shaped
building, respectively. Ultimately, it would result in more
economical and lighter design.

e
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Fig. 4: Rectangular, triangular, and hexagonal plan in
tubular buildings.

To understand the effect of shear-lag (Figure 6) in
tall buildings with different types and angle of braces (Figure
7), Gaur and Goliya [5] created different models with
different bracings and one without bracings. The results were
compared and graphically represented in variation of shear-
lag ratios. They concluded the cross or x-type bracing was at
par for lateral deflection.
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Fig. 5: Shear-lag effect in tubular buildings
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A Review on Bundled-Tube as Structural System in Tall Buildings
storey building for their research paper and have considered
SAP 2000 software for the detailed Finite Element Analysis.

and GA parameters [16]. The authors have considered a 50-
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Fig. 7 (a): Actual tubular structure, and (b) Converted to
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equivalent tubes.
To study the frequency to tubular buildings with
corner.

pyramidal angles at top, Babaei et. al., 2021, considered 24
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(@) Actual structare

chamfered corner, (c) hexagon corner, and (d) curved

Fig. 8: Tubular buildings with (a) rectangular corner, (b)

models with different tubular systems with three pyramidal
angles of 0, 1.23- and 2.45- degrees at top, with three different
heights (40, 55, and 75 storeys respectively). The results of
model for the presented method were matched with the
numerical method formulations done in MATLAB. The
research suggested with the constant structure stiffness,
higher frequency. Increasing the pyramidal angle means the
reduction of elements which impart stiffness to the structure,
resulting in the reduction in natural frequency. Increased time
period of the structure is a cause of concern. The building

behaves in a more flexible manner.

higher the pyramidal angle of a structure, it would have
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zag type, and slant-type bracings, respectively

NModel 0

Fig. 6: Five buildings with no bracings, X-type, K-type, zig-
Inelastic response of tubes structure, designed with reinforced
concrete and subjected to strong ground motion was studied.
stiffness to the system. The conclusions included: (a) The
behavior of the two-dimensional model of the framed tube is
tube, it is necessary to introduce increased damping into the
higher modes of vibration [14].

alternative to determine the natural frequency of tubular tall
buildings for preliminary analysis. The tower was idealized
as a cantilever beam with flexural rigidity and shear rigidity,
El and GA respectively (Figure 8). The proposed formulae
have been validated with three-dimensional frame analysis
using FEM [15]. Approximate formulae for dynamic
response of the tubular building structures using D’
Alembert’s principle and applying compatibility conditions
on the deformation are derived. The proposed formulae
matched with the approximate finite element model, but main
source of errors occurred in the approximation to derive El

close approximation to that of the three-dimensional
structure. (b) To evaluate the dynamic response of framed

E. Estimating natural frequency and seismic behavior
The tube was assumed to be a hollow tube with rectangular
cut-outs. This type of system causes an increase in the lateral
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Table 2: Natural frequencies (rad/second) calculated by presented methods in models with different types of tube

The two utmost important design requirements for
structural design of tall buildings are strength and stiffness
criterion, and every tall building with large height-to-width
aspect ratios, lateral stiffness generally governs the design
[17]. Once a tall building of a certain height is optimally
designed with the three different structural systems to meet
the same stiffness requirement, the amount of structural and
rebar steel used for each structure is calculated and compared
to investigate the structural efficiency between the systems.
Table 3 shows the comparative structural efficiency between
three different tubular structures (steel tall buildings); braced-
tube, framed-tube, and bundled-tube.

A comparative study was conducted to study the
efficiency of steel tall buildings, based on lateral stiffness of
the structure. Braced-tube, outrigger, and diagrid structures
of 40, 60, 80, and 100 stories were optimally designed. The
author concluded that in all-steel structures, outrigger
systems were not found as efficient as the tubed system
(braced tubes) or diagrids. The bundled-tube system reduced
the issues of shear-lag that was a concern in outrigger and
braced-tube. Although, the efficiency of the outrigger system
can be increased with the use of composite structures, with
reinforced concrete. However, if saving material and
generating structural expression is the goal, the study showed
that diagrids and braced tubes were better options [18].

Steel
- Storeys Structural | usage
Building | Year | oiontwidth) | System | in
psf.
John Hancock Braced-
Center, 1969 100 (7.9) 29.7
. Tube
Chicago
World Trade
Center Framed-
(Demolished), 1972 110 (6.9) Tube 370
NY
Sears Tower, Bundled-
Chicago 1974 109 (6.4) Tube 33.0
Table 3: Amount of structural steel used per square foot of
floor area.

F. Aerodynamic/Wind Action on tall buildings

Aero-elastic instabilities are common in uniform buildings
with square or rectangular plan-shaped structures due to the
presence of sharp corners and edges, resulting in rolling
motion induced by large vortices. Various Codal provisions

such as Indian Standard 1S 16700: 2023 describes the plan
geometry as rectangular or elliptical. However, it also
mentions the use of sharp corners, projected balconies, etc. in
the design and the use of anemometers and accelerometers to
measure the wind speeds, and acceleration. But majorly, no
other detailed methods are mentioned for controlling or
mitigating the wind induced effects on tall buildings. The
study on the effect of dynamic wind on various plan-shaped
buildings using computational fluid dynamics (CFD), at an
angle of 0° - 90°, at an interval of 15° [19] is done.

It was observed that Model-B was subjected to
maximum wind pressure at 0° (20% more). However, in
Model-D, less wind induced pressure was observed. The two
main factors that need to be considered to reduce the dynamic
response of the tall buildings: (a) Improvement in structural
system to increase structural stiffness, and (b) Damping
sources [20] . Other precautionary measures to mitigate the
effect of wind are:

— Aerodynamics or Geometric modifications. [21]
— Tapering. [22]

—  Setback.

— Porosity or openings. [21]

—  Twisting.

—  Chamfered corner.

—  Corner roundness.

G. Environmental impact of tubed tall buildings

Mavrokapnidis et. al. studied the environmental impact of the
structural systems used in the tall buildings. They studied it
with the help of embodied energy and CO2. Life cycle energy
analysis (LCEA) and life cycle carbon emissions analysis are
the basic assessment tools of the environmental behaviour of
buildings in their life cycle, utilized by the authors. They
utilized six different models of 3600m2 floor area, 69 storey
or 192 meters height with different combination of structural
system of concrete and steel. It was observed that the tube
structures have less CO2 emissions (thousand tonnes) and
energy consumptions (thousand Joules) than diagrid or
outrigger [23].
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Fig. 9: CO2 emissions (thousand tonnes of CO2) and
structural elements contribution (%) for the five structural
systems

Fig. 10: 3D models and plan views of the five structural
systems: a) Tube in Tube - Concrete, b) Braced Tube -
Concrete, ¢) Braced Tube - Steel, d) Diagrid — Steel and e)
Outrigger — Steel

To understand the importance of these results, it was

worth noticing that 30 thousand tonnes of CO2 are emitted
annually by 6500 passenger vehicles (EPA.gov, Greenhouse
Gas Equivalencies Calculator.), while 300 TJ of energy is
consumed by 300 Boeing 747 when crossing the Atlantic
Ocean (www.theworldcounts.com Energy Use in the World).

Straight 1 deg./floor 2 deg.foor
Fig. 11: 60-story braced tube structures of various twisted
rates.
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Fig. 12: Energy consumption (in TJ) and the five structural
system contribution (%)

H. Technological advancements in tubed tall buildings

With more and more technological innovations going on
around the world, the tall buildings are also not far behind.
With increase in the demand of luxurious and ultra-luxurious
buildings in metropolitan cities and increased cost of land,
more and more tall buildings are being planned and
constructed around the world. The race of being the
superpower around the globe inspires the nations and the
engineers to do something out of the box, something unique
to sell. Among such buildings, innovations are being done in
shape, sizes, cladding, architecture, etc. Kyoung Sun Moon
[24] did a parametric study for the following two types of new
innovations in tall buildings.

1) Twisted Towers

Tubed and diagrid structures are modelled with rate of
rotation of 0°, 1°, and 2° per floor, respectively. Plan
dimensions were kept 36 x 36 meters, with 60 storey height
with typical storey height of 3.9 meter. As the rate of twisting
increased, the building’s lateral stiffness was observed to
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decrease, and, consequently, its deflection increased. The
stiffness reduction rate increased more severely in braced
tubes than in diagrids, as the rate of twisting increases.

Rate of Twist | O 1 2
(degrees/floor)

Maximum Braced 44.0 48.3 53.8
lateral Tube

Displacement | Diagrid 46.6 46.8 50.4
(cm)

Table 4: Maximum displacements of the twisted towers
shown in Figure

2) Tilted Towers

Tilted towers are not only susceptible to lateral loads, but also
to the gravity dead and live loads due to the eccentricity that
is generated due to the tilt in the building. Different systems
such as braced tube, diagrid and outrigger systems induced
with the tilt, were compared with their respective straight
towers. 60-storey towers were used in the study with an offset
at 20 storeys.

Fig. 13: 60-story tilted towers of diagrid, braced tube and
outrigger systems with an offset of 20 floors.

Maximum Lateral Displacement at the Top
(cm)
_ T|IteAd Tower _ Straight

Gravity | Wind | Combined Towers
Diagrids 62.5 46.5 109.0 46.6
Braced- | 597 | 459 | 1056 44.0

Tube
Outrigger 53.9 34.6 88.5 47.8
Table 5: Maximum displacements of the tilted towers shown
in Figure

Il. SUMMARY AND CONCLUSION

The research and development in the field of high-rise and
tall buildings has matched the pace of new emerging
technologies since the past 2-3 decades. To match the rise of
urban population and the race for becoming economic and
tourism superpower, there is a rise of new and upcoming tall
buildings in abroad as well as in India. Though the technology
and engineering of tall buildings has reached in very

advanced stages in developed countries like US, UAE, etc.,
the growth of such buildings in India has also started.
Engineers, consultants and designers are delivering various
projects with 50 to 60 storey in cities like Mumbai,
Bangalore, Hyderabad, Delhi, Gurgaon. Although these cities
have such tall buildings, shear-wall frame system is used as
the lateral load resisting system. Along with large shear-
walls, the sizes of columns have also increased
systematically, ranging from 1.5m to 2m. Such massive
columns and thick shear walls, that too with high grade of
concrete (up to M70) results in reduced open space and high
cost to bear. This ultimately results in the sharp increase in
pricing of property to the buyers. Hence, just as in western
countries, buildings in India must also be form-based design
instead of strength-based design. Mostly the tubed type
buildings are constructed in developed countries and now, it
must be utilized in India as well. Tubed type buildings are
suitable for heights up to 350 to 400 meters, after which its
efficiency reduces significantly due to shear-lag effect. This
paper is used to study for suitability of bundled-tube type
structures for tall buildings in India. The findings of the
previous papers mentioned earlier in the paper are
summarized below:

—  Shear-lag effect is the main phenomenon that affects the
efficiency of tubular tall buildings. The effect increases
in the order of frame-tube, tube-in-tube, braced-tube, and
bundled-tube, respectively. Due to the presence of more
than one tubes in bundled-tube, the lateral stiffness of the
structure increases significantly with reduced shear-lag
up to certain. Tubular structures are significant only up
to 400 meters height. After which, it is recommended to
use outrigger or diagrid structural system. It also worth
of study to know that change from positive to negative
shear-lag occurs at approximately 33% height of the
structure, from bottom to the top.

— Shear-lag is reduced on using bracing system in tall
buildings, with x-type of bracing being the best among
single-inclined, K-type, and zig-zag bracings. The
bracing between 45° to 63.4° is best for resisting the
lateral load and its subsequent deflection.

— The shear-lag ratio was also introduced to evaluate the
magnitude of shear-lag effect. It is the ratio of maximum
stress at corner of the flange panel to the middle of the
panel. Also, the best plan geometry for minimum shear-
lag effect was found to be hexagonal, among square,
triangle, and hexagon.

—  The study on the effect of wind on tubular type buildings
was carried out. The tubular building with rounded
corner is found out to be attracting less wind pressure as
compared to sharp or offset corners.

— D’Alembert’s principle was used to obtain the equation
of dynamic response of tubular tall buildings, which were
then verified using finite element modelling. Analytical
calculations of the proposed equations are usually done
in advanced software, which use coding. This makes the
solution of the non-linear equations easy and less time
consuming.

— Increased in the pyramidal angle in tubular tall buildings
causes the reduction in lateral load stiffness in the
structure. This results in the reduction of the natural
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frequency of the structure and ultimately, the structure
may be prone to low frequency earthquake, susceptible
for tall buildings.

—  The environmental impact of the tall buildings is also one
of the major factors in today’s world. With countries
around the world are moving towards carbon neutrality,
so is the field of construction and engineering. Engineers
and consultants are also considering the structural
systems based on the individual factors such as its carbon
footprint, steel usage, water and resources usage, etc. as
per the location of the projects.

— Many recent innovations in the tall building industry are
significant with the types of buildings, such as twisted,
tilted, facade innovations, combination of two structural
systems, etc. These type of innovative buildings helps a
corporate or a nation to cement its place among one of
the best.

There has been limited research in the area of cost
comparison between different structural systems that may be
useful for construction companies and engineers for their
projects, according to their location. There has been a
consistent demand of tall buildings in developed countries
and an increasing demand in India. With India developing
very fast, close to become third largest economy in the world,
the building infrastructure must also meet the requirements of
the developers as well as the clients. Hence, future
investigations require to include the cost aspect in their
research  which  will enable the stakeholders in the
development. Many innovative projects can be started with
tubular structural systems, with different architectural design,
fagade, etc. Even within the bundled-tube system many plan
geometries are possible which can provide the building with
sustainable design as well as the architectural beauty. At the
height range of 100 to 200 meters, bundled-tube system can
be an excellent choice for tall buildings with improved
stiffness and reduced shear-lag as compared to framed-tube
or tube-in-tube systems. Also, some special requirements can
also be done to consider the dynamic wind effects using some
special facade or some innovations within the structural
system.
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