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Abstract: Tall buildings structural system has evolved a lot in
recent times. Nowadays, a new system is being in the building as
two parts namely exterior system and interior core. The exterior
system will belocated in the perimeter of the structure whereasthe
inner core located at the center which mainly accounts for the
transfer of gravity load and the exterior system takes care of
lateral loads rather than gravity load. The exterior shell isnothing
but a diagonal grid which are effective as both gravity and lateral
support to thetall buildings and this structural system is named as
Exoskeleton. This exoskeleton diagrid structures imparts greater
stiffness and lateral stability to the slender tall buildings. The
objective of this study is to obtain a shape efficient lateral load
resisting exoskeletal system using diagrid elements. Hence, the
steel exoskeleton structures are analysed separately for both wind
and seismic loads using ETABS 2015. 72-story structurewith plan
area of 2500 m? adopted with different base plan (octagonal,
rectangular and triangular shapes) with aspect ratio less than 5
has analyzed and designed. Gust factor method is adopted for
wind loading since the tall structure undergoes vibration for
various acceleration of the wind. The Gusts factor various from
119 to 2.11 in the design. Several analytical studies were
conducted for different base plan with various diagrid angles and
then this paper focus on abtaining a shape effective structure with
optimal diagrid angles say 55.5, 65.7, 77.8 degree under adverse
loading condition. Moreover, this work is done by considering
following parameters say interstory drift, shear absorbing
performance, the behaviour of inner core and outer shell.

Keywords: Aspect Ratio, Base shear, Diagrid Structure, Gust
factor method, Story drift.

I. INTRODUCTION

The rapid urbanization puts constant pressure on limited land
spaces which have considerably influenced the construction
industries. The very high cost of land drives the industries to
look up for vertical extension rather than horizontal crawling.
The vertical extension of the building requires various design
consideration that has to be incorporated. The building with
less storey exhibit rigid behaviour rather thetall buildingsare
highly flexible. This flexibility can be measured by drift of
the building.

When the height of the building increases the lateral load
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resisting system has to be provided along with the gravity
load carrying system. One of the up trending field in
imparting high lateral stiffness to the building is exoskeletal
structures. Exoskeleton structures are buildings that are
supported by a members that exists outside of the primary
enclosure, thus being expressed on the exterior of the
building. Diagrid are the typical example of the exoskeleton
structures since the diagonal members are situated in the
building fagade to transmit both the gravity and lateral loads
to the substructure, by their well-defined system of
triangulation of beams that may be of straight or curved and
horizontal rings. These diagrid members may be of any
materials say concrete, steel, timber, etc. which are
articulated to form a complex system of diagonal members
with optimized diagrid angles.

Diagrid is one such form of trussyet it is an upgraded idea
of braced tube structure. In braced tubesthe lateral stiffnessis
provided by the bracings but in diagrid structures the
diagonal members provides maximum bending resistance
and rigidity. In one way or the other it resembles the braced
tubes yet it imparts greater advancement in the performance
and design. The mega-diagona members in the diagrid
structures are widely spread to cover the entire building
facade so asto eliminate the conventional vertical columnsin
the structure to provide greater lateral stiffness. The stiffness
of the diagrid elements in lateral direction is much required
not only for the static loads but also for the dynamic loads.
This lateral iffness provides greater resistance in both
leeward and windward direction. The lateral motion in
leeward side is mainly because of vertex shredding. This
phenomenon occur mostly in leeward direction rather in
windward direction.

Another critical condition which commonly occur in
structureis Lock in condition. This condition mainly occur in
stiffer building since tiffer building will have very high
frequency. But diagrid structure will have impeccable
stiffnessdueto its diagonal members. Thisvery high stiffness
lead to very high frequency which will be highly impossible
to occur in practical condition hence it will be very difficult
for such condition to occur in diagrid members thus leading
to aresistance design for that.

II. DIAGRID ANGLE

The diagrid, the geometry of every single modulus majorly
influences the load transferring mechanism. The movement
of stories in building. It governs globa shear, bending
rigidity, internal axial force distribution. The diagrid module
isof diamond in shape and they are classified in to four major
categories.
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They are small modules (2-4 stories), mid-size modules (6-8
stories), large modules (more than 10 stories) and irregular
modules. And aso a maor role is played by the angle
between the diagona members in establishing greater
gtiffness to the buildings. The structural design of diagrid
structures with only diagonal members is substantially
influenced by the angle of diagonals. The optimized diagrid
angle have to be chosen for reduced material usage in the
structure. The best suited angle for the column to effectively
resist the bending is 90° while 35° for maximum shear
resistance. Thus the optimal range for the diagrid element to
effective resist both will lie between this ranges. In diagrid
structures, the steeper diagrid angles towards the building
corner provides greater bending rigidity. The short buildings
of low aspect ratio behave like a shear beams and sky
scrapers with very high aspect ratio behaves like bending
beams. Fig.1. shows 8 storey diagrid with 60 degree diagrid
angle.

—\ LOADING
—/ DIRECTION

Fig 1: 8 storey diagrid with 60 degree diagrid angle

The diagrid transfers the gravity load by the triangulated
diagonal members as that of like truss elements and these
diagonal members imparts greater redundancy. Thusformsa
efficient gravity load transfer. The lateral loads are mainly
transferred by the moment transfer to the diagonal members,
the flange members under go either afull compression or full
tension whereas the web members undergo compression at
the face which is nearer to the flange undergoing
compression and tension near the flange undergoing tension.
In shear loading the membersthat transfersthe load ismainly
the web members, this loading is transferred by the
compression of one member and tension of other member in
the same module. The diagrid members also undergoes
non-apex loading at the interface between the members and
the stories.

I11. LITERATURE REVIEW

Kyoung sun moon et al (2011), studied the variation of
geometric design of diagrid and itsinfluences on the behavior
of structure. In this study, a 60 storey building with atypical
dimension of 36 x 36m with 18 x 18 m inner core is
considered. They studied three different types of diagrid
arrangement such as twisted, tilled and free form towers for
the above mentioned structure and also they studied the
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performance and efficiency of the variations adopted. A
detailed parametric studies has been done by changing angle
of tilting, rate of twisting, and density of diagrid at varies
level of the structure. They concluded the study with
following outcome that the top storey drift of the structure
with tilled arrangement shows less displacement rather than
other types.

Khushbu Jania et al (2013), made a study on structural
design of tall building is governed by lateral 1oads due winds
and gravity load. These loads are resisted by interior or
exterior structural systems. They analyzed and designed a 36
storey diagrid building with regular floor plan of 36 x 36m.
The analysis and modelling are done using ETABS software.
The diagrid angle is kept uniform. The interior frame is
designed only for gravity load. The loading along and across
winds are considered. They studied the behaviour of different
storied buildings and compared the performance in terms of
time period, top storey displacement and inter storey drift.
From this study, it is clearly understood that the lateral loads
are taken care by diagrid elements and the gravity loads are
taken by internal column or interna core of the building.
From these points, it is evident that the internal columns
should be designed only for gravity loads and diagrids can be
designed for lateral loads occurring to the system.

Kyoung sun moon et al (2014), proposed a methodology for
preliminary design of the diagrid structure by considering the
optimal angle, corner column and lateral stiffness of the
diagrid for various height of the building. The diagrid angleis
varied for 60, 42 and 20 storey building at two different
scenario, considering corner column and not considering it.
For the building of aspect ratio ranging from 5 to 7 while the
lesser aspect ratio is not considered because their
performance is affected by strength of the building. It is
concluded that decrease in aspect ratio decreases the optimal
diagrid angle by 10° because the influence bending to lateral
displacement is decreased as the height of the building
decreased.

IV. DESIGN OF STRUCTURE

In this paper, a 72 storey height building of 2500 m? plan area
adopted for the diagrid structure of three different base plan,
say rectangular, octagonal and triangular because of their
geometrical stability. There are three different types of
module are adopted between the angle of maximum bending
and shear rigidity. These modules encloses two, three and
four storey. The diagrid angles adopted for rectangular base
plan structure are 55.5°, 65.15° and 70.85°, for octagona
structure  57.76°,67.77° and 72.5°, for triangular structure
53.33°,63.60°,69.58°. This condition are applied for two
cases - with and without corner columns and it isimpaired to
quantify stiffness offered by the corner columns to the
structure. Theinterna core of the building is 25% of the total
area of the building and the beam spans about 5 m in spacing
of 9 m. Thethickness of floor dab istaken as 100 mm and the
height of the storey is3.6 m.
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The dynamic loading offered by the wind in the windward
directioniscalculated by Gust factor method according to IS:
875(111)-1987. The finite element based software ETABS is
used to model, analysis and design of this structure.

The supports are assumed to be fixed. The static and dynamic
analysis is done by assuming the column element as truss
elements. Thetypical plan of octagonal, square and triangular
structuresis shown in Fig.2, Fig.3 and Fig.4 respectively.
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Fig.2. Octagonal plan with diaphragm
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Fig.3. Square plan with diaphragm
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Fig.4. Triangular plan with diaphragm

Based on the direction of loading, the faces act as either web
or flanges plane. The diagrids are assumed to be pin ended.
Hence, the complexity is reduced by smply calculating the
cross sectional properties of the members rather than
calculating any flexural properties. The flexura properties
may lead to the determination of various nonlinear
parameters which is avoided completely. Therefore, the
members can be designed only for the axial forces.

The diagrid members are assumed to be pin ended. So that
they will be subjected to only axial forces and transverse
shear forces. Diagrids members are assumed to be in flange
plane or web plane and it is based on the direction of loading
subjected by the member. This idealization of pin ended
members greatly reduces the analyses burden since this
assumption totally neglects the flexural activity of the
member thusit also avoids secondary effects dueto it.

The design methodology proposed by Moon et al (2007)
directly calculates the member dimensions required to be
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incorporated. They limited the maximum lateral
displacement to be 0.52 m. They proposed a formula which
accounts the number of diagrids on each plane accounts of
shear force, moments, diagrid length, bending rigidity,
curvature, width of the building.

Tall structures are then analysed by considering it as
cantilever beam from the ground. Then, the deflection at the
top, isgiven by Connor (2003) which isoverall summation of
product between transverse shear strain and height to the
building along with the product of curvature and squared
product of height of the building. The maximum overall
deflection of the building is generally assumed to be 500 by
the height of building.

V. NUMERICAL INVESTIGATION

The wind load and gravity loads are combined and assigned
to the structure in ETABS software. From the results taken
from it, the members ae designed as per
IS 800-2007. The yield strength of the steel is taken as 345
N/mm?. The sizes of thetypical diagrid members selected are
for the first 19 stories, 825 mm pipe section with 50 mm
thickness, from 20" storey to 36" storey 675 mm pipe
sections with 50 mm thickness., from 37" storey to 50™
storey 750 mm pipe section with 25 mm thickness, from 50
storey to 60" storey 525mm pipe section with 25 mm
thickness, from 60" storey to 70" storey 450 mm pipe section
with 25 mm thickness, from 70™ storey to 80™ storey 375 mm
pipe section with 12 mm thickness.

And for al stories, ISWB 600 is used for the beam section
with aplate section of 25 mm placed on the top and bottom of
the member. The internal columns adopted are 2200 mm x
2200 mm up to 19" storey and 2000 mm x 2000 mm, 1800
mm x 1800 mm, 1650 mm x 1650 mm, 1500 mm x 1500mm
(from 20™ storey to 80" storey) to the above mentioned storey
for the change of diagrid members.

VI. RESULT AND DISCUSSION

Thetaller building exhibits more like bending beam so it has
to be designed more for flexural action and it shows more
bending deformation. The short building behaves morelike a
shear beam. The time period of the buildings are given
inTablel

Table-l: Time period

Square base Octbaagscgnal Triangular base
Xdirection=3.29 | X direction = X direction =
S 3.15s 2.93s
Y direction=3.29 | Y direction = Y direction =
S 3.15s 2.89s

The force coefficient of the buildings are Cfy, y (square) =
1.75, Cfy,y (octagonal) =1.2, Cfy (triangular) = 1.297 (loading
along base of the triangle) Cfy (triangular) = 0.866 (loading
along apex of thetriangl€). These buildings are assumed to be
situated at the location which is under category IV (terrain
with numerous large closely spaced obstruction above 25 m).
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The background factors are 0.1607 sguare base, 0.1732 for
octagonal base and 0.42 for triangular base in both the
direction. The size reduction factor ranged from 0.0125 to
0.07 for sguare base, 0.02 to 0.073 for octagona base and
0.005 to 0.047 for triangular base. The gust factor ranges
from 1.911 to 2.167 for square base, 1.937 to 2.087 for
octagonal base and 1.630 to 1.792 for triangular base. The
shear force for every 10 storey is given in Table Il. These
loads are applied to the center of diaphragm. The analyze of
load combination as specified in IS 875 (111) — 1987. The top
storey displacement undergone by sguare, octagonal and
triangular structures are listed in Table 111, Table IV and
Table V respectively.

Table-ll: Shear force

Storey Square | Octagonal Triangular
Number [ nxy [ Inxy (kN) Inx Iny
(kN) (kN) (kN)
10t 150.33 103.08 103.21 158.66
20t 281.66 193.13 193.43 292.48
30t 369.90 253.64 253.84 384.16
40t 471.65 323.41 325.3 278.78
50t 506.30 347.17 342.73 526.05
60t 564.53 387.10 386.89 559.48
70t 622.2 426.65 426.89 616.15
Table-111: Square base Top storey displacement
Diagrid | Condition | Top storey Targeted
angle displacemen | displacemen
t t
55.55 Column 0.5110 0.5184
55.55 No column 0.5199 0.5184
65.15 Column 0.5101 0.5184
65.15 No column 0.5199 0.5184
70.85 Column 0.5195 0.5184
70.85 No column 0.5273 0.5184

Table-1V: Octagonal base Top storey displacement

Diagrid Condition Top storey Targeted
angle displacemen | displacemen
t t
57.76 Column 0.5138 0.5184
57.76 No column 0.5241 0.5184
67.77 Column 0.5161 0.5184
67.77 No column 0.5217 0.5184
72.50 Column 0.5216 0.5184
72.50 No column 0.5304 0.5184
Table-V: Triangular base Top storey displacement
Diagrid | Condition | Top storey Targeted
angle displacement | displacement
53.33 Column 0.5161 0.5184
53.33 No column | 0.5192 0.5184
63.60 Column 0.5012 0.5184
63.60 No column | 0.5194 0.5184
71.58 Column 0.5102 0.5184
71.58 No column | 0.5203 0.5184
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The effect of column and without considering column for
sguare, octagonal and triangular structures is studied. The
following results has been drawn based on the analysis.

1) Itishighly clear that the buildings the optimum angle for
the triangular structureis 63.60°, square is 65.15° , octagonal
is 67.77°. And aso buildings with triangular plan shows
higher stiffness when compared to others. This is mainly
because of the reduced coefficient of force that acts on the
structure.

2) The triangular structure shows about 11.2% greater
stiffness when compared to the other profiled structures.

3) The corner column produces greater stiffness to the
structure. The column-less building requires about 10% more
steel to counteract the deflection of building caused for the
absence of column.

4) On considering the aesthetic appearance of the building
and free office area, the column less condition can be
adopted, yet that also deflects with the permissible limit for
the optimal angle.

VIlI. CONCLUSION

This paper mainly deals with 72 storey building analysis and
design under three different structures with floor area of 2500
m2 isconsidered. ETABS software is used for modelling and
analysis of structure. Load distribution in diagrid system is
aso studied. From the study it is well known that the
structure with triangular base plan shows greater stiffness
when compared to other. And also the optimal angles for
considered structures are presented and their variations of
response for different diagrid angles are also dealt in detail.
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