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Abstract In this study, a hybrid outrigger system for
lateral load resistance, consisting of a conventional
outrigger and a virtual outrigger at two distinct floors, has
been considered. The behavioural response of hybrid
outrigger system varies with outrigger arm length
variation, thickness of core and outrigger thickness.
Frequency content of ground motions is a significant
parameter that influences the dynamic behaviour of the
structure and is used to express the damage caused in the
structure due to earthquake. This study analyses the effect
of high, intermediate, and low frequency content of
earthquakes on the behavioural response of hybrid
outrigger system assessed using the dependent parameters
namely roof displacement, absolute maximum inter-storey
drift and base shear for variations in thickness of core,
outrigger arm length and outrigger thickness. Analytical
models of heights 140m, 210m, and 280m having 40, 60
and 80 storeys respectively, are considered for the current
study and the dynamic behaviour of the models are
assessed using non-linear time history analysis. From the
results, it is analysed that with increase in frequency
content, there is a substantial change in the response
values of the dependent parameters and, the sensitivity of
the structure to frequency content enhances with an
increase in the height of the building.

Keywords  Hybrid Outrigger System, Frequency
Content of Earthquakes, Parametric Response, Time
History Analysis, Ratio of Stiffness of Core to Stiffness of
Outrigger

1. Introduction

As the earthquake loads can generate undesirable
damage to the structures, it’s required to minimize the
effect of lateral loads using structural members which can
act as lateral load resisting systems. Outriggers are one
such lateral load resisting system which can mitigate the
damage caused in the building due to the lateral loads.
They can be classified as virtual and conventional
outrigger. The distinction between virtual and conventional
outriggers can be made based on how the external columns
and core wall are connected. With the aid of a couple
created by the induction of compressive force in the
leeward column and tensile force in the windward column,
the conventional outriggers attempt to counteract the
bending moment acting in the core wall [1-3] which in turn
decreases the structure’s lateral deformation. In
conventional outriggers, the core wall and exterior
columns are connected directly which limits the amount of
space available at the outrigger floor level. Thus, to
overcome these situations of space constraint, virtual
outriggers were introduced which transmit the moments
induced in the core wall to the exterior columns through
floor diaphragms indirectly [4, 5]. The assembling of
virtual outriggers can make the structure cost-effective
compared to the conventional outriggers as that floor
eliminates the problem of space restriction due to outrigger
arms. When compared to virtual outriggers, conventional
outriggers' direct connection improves their effectiveness
in lowering the lateral load response [4, 6]. A considerable
amount of research on concrete outrigger systems,
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according to prior literature assessments, has only been
done on outriggers with belt truss/wall, conventional
outriggers, virtual outriggers, facade riggers, and
outriggers with dampers. The study of conventional and
virtual outrigger in the same structure, which serves as a
hybrid outrigger system, is understudied in the literature.
Thus, a lateral load resistance system known as the hybrid
outrigger system (HOS) is introduced, which features one
virtual and one conventional outrigger at two distinct floor
levels. Hybrid outrigger system takes into account both the
spatial effectiveness of the virtual outrigger system (VO)
and the improved behavioural efficacy of the conventional
outrigger system (CO) in decreasing lateral deformations.
Figure 1 gives an illustration of the hybrid outrigger system
showing the CO and VO at two separate floor levels. This
study considers a reinforced concrete outrigger and core to
lower the cost of connection in complex connectivity
between steel or composite outriggers and concrete core
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Figure 1. A 2-Dillustration of Hybrid Outrigger System

Ground motions are mostly described using the
frequency content and amplitude of the motions in seismic
risk assessment techniques [8]. From the past research, the
structural system'’s dynamic response is greatly receptive to
ground motion's frequency characteristics [9, 10, 11].
Different dominant frequencies in ground motion have
been found to be a very significant factor which explains
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the structural response during an earthquake [12, 13]. The
earthquake’s frequency content which can influence the
dynamic behaviour of structural members can be utilized to
express the damage caused during strong ground motions
[14, 15]. The parameters that generally affect the motion of
various frequencies are peak acceleration and peak velocity
[16]. Even though there are few scalar factors that can be
used to characterise the earthquake’s frequency content
[14], it can be well related to the ground motion's peak
acceleration to peak velocity ratio [16]. The ground
motions can be classified as low (FC < 0.8), intermediate
(0.8 <FC <1.2) and high (FC > 1.2) based on the frequency
content (FC) [16, 17].

Several studies considered core stiffness, outrigger arm
length, outrigger stiffness, floor diaphragm stiffness, width
and structural height as various factors that can affect the
behavioural response of outriggers [18-22]; while varying
these parameters, the response of the models with
outriggers can be assessed from the responses of base shear,
base bending moment, inter-storey drift, axial reactions in
columns and core, roof displacement, vibration period,
roof acceleration and frequency [23-27].

Thus, the behaviour of HOS is investigated for variation
in core stiffness, outrigger arm length and outrigger
stiffness at wvarious outrigger positions for high,
intermediate, and low frequency content of earthquakes in
this study. The outrigger positions are varied along the
building height with respect to their relative height of the
outrigger for all the formulated B values which is
considered as core stiffness to outrigger stiffness ratio.
ETABS programme is used to analyse the aforementioned
models, and the dynamic response of the structure for
various ground motions are studied using fast non-linear
time history analysis. The behavioural response of the HOS
is assessed based on the responses of base shear force,
absolute maximum inter-storey drift, and displacement at
roof for various models of 40, 60 and 80 storeys. From the
analysis results, a comparative study for each response
with increase in frequency content of earthquakes are
investigated at each outrigger level for the considered 3
values. The procedure for the analysis is given in detail
under section 2.3.

2. Parametric Analysis

2.1. Parametric Definitions and Outrigger Positions

A dimensionless parameter named 3 represented as ratio
of stiffness of core to stiffness of outrigger [1] is taken as
per equation (1). The independent parameters considered
in this study are combined to frame the below equation,
where I, is the core moment of inertia, I, is outrigger
moment of inertia, H is building height, E is concrete
modulus of elasticity and d is building width. As HOS
consist of both conventional and virtual outriggers, their
moment of inertia is calculated individually and taken into
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account in the equation as Pco and Pvo. Their
corresponding values calculated as per equation (1) for all
the three building heights considered are given in Table 1.
For each variation of the B values in Table 1, the outrigger
locations are varied along the building height as per the
positions given under Table 2.
b e (

In Table 1, SI. No. 1-4 studies the HOS behaviour for
variation in thickness of core (t....) with the building
width d maintained as 35 m and thickness of outrigger t,
as 800 mm. SlI. No. 5-8 studies the HOS behaviour for
variation in outrigger arm length having 2.5 m increment
starting from 8.5m to 16m which in turn increases the
building width from 35m to 50m and with the thickness of
core and outrigger in those models maintained as 405 mm
and 650 mm respectively. SI. No. 9-12 studies the HOS
behaviour for variation in thickness of outrigger
incremented from 500 mm to 950 mm in 150 mm increase
with outrigger arm length and thickness of core
maintained as 40 m and 535 mm respectively. To provide
spacious foyers common in tall buildings, the lower
outrigger level is started from the 5" storey in all the
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considered models, and the relative heights of CO and VO
for 40, 60 and 80 storeys are given under Table 2. The
spacing between the virtual and conventional outrigger is
maintained as H/3 for all the models and this interval is
chosen from a preliminary study performed. The procedure
of preliminary study in selecting interval as H/3 and the
corresponding relative outrigger positions as per Table 2
are given in John and Kamath [28]. Figure 2 manifests the
3-D view of HOS and a sample plan at outrigger floor level
for Bco —40 = 190.1 and its corresponding PBvo —40 = 8.9
and the term |, indicate the outrigger arm length. The
increment in outrigger arm length (Io) in turn increases the
width of the building from 35m to 50m. The seismic
behaviour of the structure with CO below the VO and for
VO below the CO is taken for the study as the behaviour of
both patterns would be different when seismic analysis is
performed. In Table 2, the abbreviations and their
corresponding CO and VO positions marked in italics have
VO below the CO and the remaining positions refer to CO
below the VO. The behaviour of the HOS is studied for the
variations in Table 1 with the outrigger locations being
varied as per Table 2 for various frequency content of
ground motions which are explained under section 2.2.
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(a) Plan at outrigger floor
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Figure 2. Plan at the level of outrigger for fco — 40 = 190.1 and its Bvo — 40 = 8.9 along with a 3-D view of HOS
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Table 1. Design variables for the formulation of Bco and Byo [28]

Calculated B values for models of 40, 60, and 80 storeys

Sl. No. teore (MM) d(m) t,(mm)
Beo- 40 Bvo - 40 Bco- 60 Bvo - 60 Beo - 80 Bvo - 80
1 405 35 800 128.7 6.9 85.8 4.6 64.4 34
2 535 35 800 166.3 8.9 110.9 5.9 83.2 4.4
3 680 35 800 206.3 11.0 137.6 7.3 103.2 5.5
4 850 35 800 250.6 13.4 167.1 8.9 125.3 6.7
5 405 35 650 158.4 6.9 105.6 4.6 79.2 34
6 405 40 650 181.0 6.9 120.7 4.6 90.5 34
7 405 45 650 203.7 6.9 135.8 4.6 101.8 34
8 405 50 650 226.3 6.9 150.9 4.6 113.1 34
9 535 40 500 304.2 8.9 202.8 5.9 152.1 4.4
10 535 40 650 234.0 8.9 156.0 5.9 117.0 4.4
11 535 40 800 190.1 8.9 126.7 5.9 95.1 4.4
12 535 40 950 160.1 8.9 106.7 5.9 80.0 4.4

Table 2. Floor Locations of outrigger in models of 40, 60 and 80 storey based on its relative height [28]

Conventional Conventional

Storey count ?zg}ir%gir Abbreviation outr?g.ger Virtal (-)L.Jtrigger outrigge_r _relative \r/eilr;:ileou;;ii?i?;r
position position position P
40 13 1-40-sq-B 5 18 0.125 0.450
2-40-sg-p 15 28 0.375 0.700
3-40-sg-B 25 38 0.625 0.950
4-40-s0-p 18 5 0.450 0.125
5-40-sg-p 28 15 0.700 0.375
6-40-sg-f 38 25 0.950 0.625
60 20 1-60-sq-p 5 25 0.083 0.417
2-60-sg-B 15 35 0.250 0.583
3-60-sg-B 25 45 0.417 0.750
4-60-sg-B 35 55 0.583 0.917
5-60-sg-p 25 5 0.417 0.083
6-60-sg-5 35 15 0.583 0.250
7-60-sg-$ 45 25 0.750 0.417
8-60-sg-$ 55 35 0.917 0.583
80 27 1-80-sq-B 5 32 0.063 0.400
2-80-s0-B 15 42 0.188 0.525
3-80-sg-B 25 52 0.313 0.650
4-80-sg-B 35 62 0.438 0.775
5-80-sg-B 45 72 0.563 0.900
6-80-sg-$ 32 5 0.400 0.063
7-80-sg-5 42 15 0.525 0.188
8-80-sg-$ 52 25 0.650 0.313
9-80-sg-$ 62 35 0.775 0.438

10-80-sg-p 72 45 0.900 0.563
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2.2. Model and Loading Details

For this investigation, symmetrical models having floor
heights of 3.5m and concrete compressive strengths of 60
MPa are used. Analysis is carried out using finite element
programme ETABS. As per IS codes the dead loads are
assigned [29] and live loads are assigned as 3.5 kN/m?on
floors and 1.5 kN/m? on roofs [30]. The super dead loads
on floors are taken as 1.5 kN/m? [29] and the related
gravity loads are intended to be carried by the frame
elements. For all the models, the column and beam sizes
are 2.5m x 2.5m and 1m x 1m respectively, to maintain a
consistent mass source. Typical slab thickness of 160mm is
assumed for slabs except in mechanical floors which is
taken as 250mm due to the substantial loads [31, 32]. For
consistency, core wall’s breadth b is maintained at 18m in
all the studied models, and tcore is adjusted accordingly
while maintaining the floor area to core wall area ratio a
constant. The following assumptions are made regarding
the structure: (a) It is assumed to be linearly elastic with
uniform sectional properties, (b) only axial forces are
applied to the columns, (c) connectivity is assumed to be
rigid between core and outrigger and between the core and
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the foundation.

The ground motions selected are as per the frequency
content classifications of low, intermediate, and high, and
spectrum matching is performed to stimulate the design
event with a 0.05 damping ratio in type 2 soil and seismic
zone 3. The outriggers and the core wall are created as wall
sections with shell-thin modelling. Beams and columns are
referred to as frame elements, whereas slabs are described
as shell-thin elements. Semi-rigid diaphragms are used to
approximate actual in-plane stiffness characteristics and to
transmit force in the slabs connected to the VO. When
performing dynamic analysis using time history analysis,
known earthquakes' PGA (Peak Ground Acceleration) was
chosen based on their frequency and magnitude content.
Spectrum matching was then done to stimulate a design
event by matching the functions to a target response
spectrum with soil type 2 and 0.05 damping ratio. The
ground motions and the design spectrum may result in
inelastic response of the structure, therefore, non-linear
time history analysis is performed.

Table 3. Details of selected Earthquakes for Time History Analysis

Earthquakes selected for Time History Analysis Magnitude P((; ;A‘ Fn?/;; F:;?nligfy clzrsi?fl:g:tciﬁn
El Centro Array-9 - 5/19/1940-Imperial Valley-02 in x axis 6.95 -0.28 -0.3 0.93 Intermediate
El Centro Array-9 - 5/19/1940-Imperial Valley-02 in y axis 6.95 -0.21 -0.36 0.58 Low
El Centro Array -5, 1979-Imperial Valley-06 in x axis 6.53 -0.51 -0.49 1.04 Intermediate
El Centro Array -5, 1979-Imperial Valley-06 in y axis 6.53 -0.38 -1 0.38 Low
San Francisco- Golden Gate Park, 1957 in x axis 5.28 0.085 0.028 3.03 High
San Francisco- Golden Gate Park, 1957 in y axis 5.28 0.095 0.04 2.37 High

16 —— Selecetd Egs matched to target response spectrum
% 14 —— Mean Spectrum of Egs matched to target spectrum
g 1.2 Selecetd Eqs
g 1 —— Mean Spectrum of selected Eqs
S 0.8 - - =Target response spectrum
2 0
I
5 0.6
&
2 0.4
©
3
2 0.2
Q.

0 e — e —
0 2 4 6 8 10 12
Period (s)

Figure 3. Target response spectrum matched to the time history curve of selected earthquakes.
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The three ground motions selected are given in Table 3
with their corresponding Peak Ground Acceleration (PGA)
and Peak Ground Velocity (PGV) values in x and vy
direction along with their frequency content classifications.
The low, intermediate, and high frequency classes of
ground motions having major, strong, and moderate
magnitudes are chosen. The time history curve of
chosen earthquakes matched to the intended response
spectrum is shown in Figure 3. Three ground motions
namely EI Centro Array-9 - 5/19/1940- Imperial Valley-02,
El Centro Array -5, 1979-Imperial Valley-06 and San
Francisco- Golden Gate Park, 1957 in x and y direction are
chosen for the dynamic analysis using time history method
and their details with the corresponding magnitude are
given in Table 3. Frequent earthquakes have
low-acceleration amplitude with return period 50-100
years [33] or a moderate magnitude less than 6 [34].
Therefore, from the chosen ground motions, San
Francisco- Golden Gate Park, 1957 in x axis and y axis can
be classified as frequent earthquakes and, ElI Centro
Array-9 - 5/19/1940- Imperial Valley-02, and El Centro
Array -5, 1979-Imperial Valley-06 along x axis and y-axis,
can be classified under non-frequent earthquake records.

2.3. Procedure for Parametric Analysis

Behavioural analysis of the chosen models for the
factors taken into account is the basic purpose of
parametric analysis. The study considered variations in
core stiffness, outrigger arm length, outrigger stiffness and
building height as independent variables and they are
combined to form a dimensionless parameter termed .
The B values shown in Table 1 are calculated as per
Equation 1, assuming practical design values for the
independent parameters considered. According to the
locations shown in Table 2, the outrigger positions are
varied along the building height depending on their relative
height positions for all twelve B values to perform the
parametric analysis. The behaviour of HOS is investigated
for variation in the above independent variables at various
outrigger positions for high, intermediate, and low
frequency content of earthquakes for all the three building
heights having 40, 60 and 80 storeys. ETABS software is
used to develop and analyse a total of 324 models, and by
using responses from the absolute maximum inter-storey
drift, base shear force, and roof displacement recognised as
the dependent factors in this work, the models dynamic
responses are obtained for the selected earthquakes. The
details of the ground motions selected are given under
Table 3 in section 2.2. As the dynamic response of the
structural system is greatly receptive to the ground
motion’s frequency characteristics, a comparative study for
each response with increase in frequency content of
earthquakes are investigated at each outrigger level for the
considered P values. This is performed for all the three
building heights and the obtained results and inferences are
illustrated under section 3.

Analysis on the Behaviour of Hybrid Outrigger System in Relation to the Frequency Content of Earthquakes

3. Analysis Results

According to the hybrid outrigger system's analysis
results for variations in outrigger arm length, outrigger
stiffness and core stiffness, it was found that the dependent
parameters varied with earthquake frequency content. With
an increase in height of the building and variation in the
position of outrigger, the dependent parameters showed
variation at various frequency contents of the earthquake.
Table 4 shows a sample numerical data of roof
displacement and absolute maximum inter-storey drift with
increase in frequency content of earthquake for considered
B values taken into account when analysing outrigger
behaviour for increase in thickness of outrigger for
outrigger position 1-40-sg-p in 40-storey models. From
Figure 4 and Figure 5 which portrays the graph for the
values in Table 4, it can be observed that with increase in
outrigger thickness, the roof displacement and absolute
maximum inter-storey drift values are found to reduce, and
with increase in frequency content of earthquakes the
responses initially increased, reached a maximum and then
reduced, portraying an inverted U shape graph. Similarly,
from the responses obtained from all the dependent
parameters for various earthquakes considered, the effect
of earthquake’s frequency content on the performance of
hybrid outrigger system is portrayed below for all the three
building heights.

3.1. Effect of Frequency Content of Earthquakes on the
Behaviour of Hybrid Outrigger System for 40
Storey Models

From the analysis results of 40 storey models, graphs
showing the relationship between response of HOS and
increase in frequency content for variation in core
thickness, thickness of outrigger and length of outrigger
arm is plotted under each outrigger location. Figure 6
shows the graph between increase in frequency content and
roof displacement for considered values of B taken into
account when analysing outrigger behaviour for increase in
thickness of outrigger (Table 1 — SI. No. — 9 to 12) for each
outrigger position mentioned in Table 2. Similar graphs for
each outrigger locations are plotted between increase in
frequency content vs. {absolute maximum inter-storey
drift, shear force at base and displacement at roof} for
considered values of B taken into account when analysing
outrigger behaviour for increase in thickness of core (Table
1 — SI. No. — 1 to 4), increase in frequency content vs.
{absolute maximum inter-storey drift, shear force at base
and displacement at roof} for considered values of § taken
into account when analysing outrigger behaviour for
outrigger arm length increase (Table 1 — SI. No. — 5 to 8)
and increase in frequency content vs. {absolute maximum
inter-storey drift and shear force at base} for considered
values of P taken into account when analysing outrigger
behaviour for increase in thickness of outrigger (Table 1 —
SI. No. — 9 to 12). Due to the brevity of content, the
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remaining 48 graphs are not illustrated below but the
inference from them is given in Table 5, 6 and 7. From
Figure 6, it can be observed that with increase in outrigger
thickness, the roof displacement values are found to reduce
because of the improved stiffness offered by the structure
on increment of sizing of outrigger, and with increase in
frequency content of earthquakes, the peak displacement
initially increased, reached maximum and then tends to
decrease for all outrigger positions, thus, portraying an
inverted U shape graph. The higher displacement was
found at the intermediate frequency range of earthquake
which infers that when outrigger thickness is increased the
structure is more sensitive to roof displacement at the
intermediate frequency range of earthquake ground
motions. The higher PGA, PGV and PGD (Peak Ground
Displacement) for the EI Centro Array -5-Imperial Valley
have caused the roof displacement to increase compared to
other ground motions.

3.2. Effect of Frequency Content of Earthquakes on the
Behaviour of Hybrid Outrigger System for 60
Storey Models

From the analysis results of 60 storey models, graphs
showing the relationship between the response of HOS and
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the increase in frequency content for variation in core
thickness, thickness of outrigger and length of outrigger
arm are plotted under each outrigger location. Figure 7
shows the graph between the increase in frequency content
and base shear for considered values of P taken into
account when analysing outrigger behaviour for the
increase in the thickness of core (Table 1 — SI. No. — 1 to 4)
for each outrigger position in Table 2. Similar graphs for
each outrigger locations are plotted between the increase in
frequency content vs. {absolute maximum inter-storey
drift and displacement at roof} for considered values of 3
taken into account when analysing outrigger behaviour for
the increase in the thickness of core (Table 1 — SI. No. - 1
to 4), increase in frequency content vs. {absolute
maximum inter-storey drift, shear force at base and
displacement at roof} for considered values of B taken into
account when analysing outrigger behaviour for the
increase in outrigger arm length (Table 1 — SI. No. — 5 to 8)
and increase in frequency content vs. {roof displacement,
absolute maximum inter-storey drift, and shear force at
base} for considered values of B taken into account when
analysing outrigger behaviour for the increase in the
thickness of the outrigger (Table 1 — SI. No. — 9 to 12).

Table 4. Sample numerical representation showing the relationship between frequency content vs. roof displacement and absolute maximum
inter-storey drift for considered B values taken into account on analysing outrigger behaviour for increment in thickness of outrigger for outrigger

position 1-40-sq-f in 40 storey models

B values B values
Frequency 304.17 ‘ 2339 ‘ 190.11 ‘ 160.09 304.17 233.90 190.11 160.09
content Roof Displacement (mm) Absolute maximum inter-storey drift
0.38 20.61 20.20 19.98 19.76 0.000207 0.000204 0.000202 0.000201
0.58 21.36 21.16 21.10 21.05 0.000218 0.000217 0.000218 0.000217
0.93 20.65 20.55 20.40 20.20 0.000206 0.000206 0.000205 0.000203
1.04 26.88 26.77 26.75 26.74 0.000264 0.000264 0.000264 0.000263
2.38 24.77 24.55 24.17 23.96 0.000252 0.000252 0.000249 0.000249
3.04 21.29 21.29 21.30 21.32 0.000246 0.000246 0.000247 0.000247
e 30417 2339 190.11 160.09
Poly. (204.17) Poly. (233.9) Poly. (190.11) Poly. (160.09)
28 0.00027
27 8 gogoo2s |
E 26 e, %0.00025 : -
g 2 * %o.oooza
£ 24 g
s £ 0.00023
= 23
& £ 0.00022
T 22 Rk S .
5 g £ 0.00021 -
2 21 . . g ‘
20 % 0.0002
19 é 0.00019
0 0.5 1 1.5 2 25 3 35 (o] 0.5 1 1.5 2 25 3 35
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Figure 4. Graph showing the relationship between frequency content Figure 5. Graph showing the relationship between frequency content
vs. roof displacement for the values in Table 4 vs. absolute maximum inter-storey drift for the values in Table 4
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Figure 7. Graph showing the relationship between frequency content vs. base shear for considered values of B taken into account when analysing
outrigger behaviour for increase in thickness of core
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Due to the brevity of content, the remaining 64 graphs
are not illustrated below but the inferences from them are
given in Table 5, 6 and 7. From Figure 7 the base shear is
tending to be lower in most of the outrigger locations for
Golden Gate Park- San Francisco-1957 iny axis because of
its lowest PGD compared to other ground motions
considered. From Figure 7 it can be observed that with an
increase in core thickness, the base shear values are found
to increase because of the increased weight of the structure
due to the core thickness increase, and with an increase in
frequency content of earthquakes the base shear initially
decreases and then increases portraying a U shape graph.

3.3. Effect of Frequency Content of Earthquakes on the
Behaviour of Hybrid Outrigger System for 80
Storey Models

From the analysis results of 80 storey models, graphs
showing the relationship between the response of HOS and
the increase in frequency content for variation in core
thickness, thickness of outrigger and length of outrigger
arm are plotted under each outrigger location. Figure 8
shows the graph between the increase in frequency content
and absolute maximum inter-storey drift for considered
values of B taken into account when analysing outrigger
behaviour for an increase in outrigger arm length (Table 1
— SlI. No. — 5 to 8) for each outrigger position in Table 2.
Similar graphs for each outrigger location are plotted
between the increase in frequency content vs. {absolute
maximum inter-storey drift, base shear and displacement at
roof} for considered values of B taken into account when
analysing outrigger behaviour for an increase in thickness
of core (Table 1 — SI. No. — 1 to 4), increase in frequency
content vs. {base shear force and displacement} for
considered values of f taken into account when analysing

Analysis on the Behaviour of Hybrid Outrigger System in Relation to the Frequency Content of Earthquakes

outrigger behaviour for an increase in outrigger arm length
(Table 1 — SI. No. — 5 to 8) and increase in frequency
content vs. {roof displacement, absolute maximum
inter-storey drift and shear force at base} for considered
values of  taken into account when analysing outrigger
behaviour for increase in outrigger thickness (Table 1 — SI.
No. — 9 to 12). Due to the brevity of content, the remaining
80 graphs are not illustrated below but the inferences from
them are given in Table 5, 6 and 7. As observed in Figure 8,
with an increase length of outrigger arm, the absolute
maximum inter-storey drift values are found to enhance
because the increase in outrigger arm length in turn
increases the width of the structure leading to increased
lateral deformations. With an increase in frequency content
of earthquakes, the absolute maximum inter-storey drift
initially increases and then reduces, but, for higher B values,
the response values are exponentially found to increase in
the majority of the cases which infers that when outrigger
arm length is increased the structure is more sensitive to
inter-storey drift at the high frequency range of earthquake
ground motions. Even though the lateral deformations
increase due to the enhancement in length of outrigger arm,
the stiffness offered by the increased I, is significantly high
compared to lower I, models and other dependent
parameters increment, which infers that higher I, can
provide supplementary stiffness when compared to an
increment in core thickness and outrigger thickness.

3.4. Inference Based on the Results Obtained for
Building Heights of 40, 60 and 80 Storeys

The effect of earthquake’s frequency content on the
response of hybrid outrigger is analysed and the results
from the graphs plotted are given in Table 5, 6 and 7.
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Figure 8. Graph showing the relationship between frequency content vs. absolute maximum inter-storey drift for considered values of f taken into
account when analysing outrigger behaviour for increment in length of outrigger arm
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The Table shows how the hybrid outrigger behaves
when core thickness, outrigger thickness and the length of
outrigger arm is varied at each outrigger position and also
the graph trend with increase in frequency content for all
the three building heights having 40, 60 and 80 storeys. It is
seen that with an increase in frequency content, there is a
substantial change in the response values and also with an
increase in height of the building, that trend is varying.
When the core and outrigger thickness of HOS are
increased the roof displacement and the absolute maximum
inter-storey drift decreased, which reflects that the
performance of HOS can be enhanced on increasing the
thickness of core and outrigger dimension but due to the
increase in its structural overall weight, the shear force at
base tends to increase. On increasing the core wall
thickness, the performance of outriggers is enhanced due to
the increased structural stiffness offered by the core and
outriggers connected to them. On increasing the outrigger
thickness, the performance level tends to improve due to a
greater reduction in bending moment at the outrigger level
which in turn reduces the lateral deformations of the
structure. Further, it is noticed that the values of all three
dependent parameters increase when the outrigger arm
length is increased, which is due to the increase in the
overall weight of the structure. The increase in outrigger
arm length increases the overall width of the building
which correspondingly increases the overall weight of the
structure. This increased weight cause variation in lateral
deformation but when comparing the percentage reduction
of the lateral deformations namely roof displacement and
absolute maximum inter-storey drift ratio offered by higher
I, to a model without outriggers, the outrigger performance
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is found to be enhanced and better when compared to
models with an increase in core thickness and outrigger
thickness. It is visible here that the response trend is getting
reversed with an increase in storey height when core
thickness is increased, which shows that the height of the
building is sensitive to frequency content. The
unfavourable influence on the building generated by the
rapid nature of ground motion's and the enhanced lateral
response that results from height increase may be the
source of this reversal in trend. It is also visible that the
change in the trend of the curve is happening at the
intermediate frequency which can be due to the resonance
and in cases where the natural frequency is not met, the
trend is almost stagnant. When the length of outrigger arm
is increased, similar trend is seen in all three building
heights in the case of roof displacements and absolute
maximum inter-storey drift but, got reversed for base shear
with an increase in height. When outrigger thickness is
increased, the dependent parameters showed a similar
trend for all the three heights except for base shear values
in 60 storey models where there is an epistemic uncertainty
and also, the curve varied in a stagnant manner which
showed that when the variation in thickness of outrigger
system is concerned the effect of frequency content is not
that sensitive to height and response parameters. It is also
noticed that the behavioural response of the HOS is varying
in different positions of the outrigger system which shows
that there is an optimal position for the HOS and the
position can vary with the frequency content of earthquake.
Further assessment was done to analyse the behaviour of
them and is published in John and Kamath, 2022.

Table 5. Effect of frequency content of earthquakes on the behavioural response of HOS in 40, 60 and 80 storey models when core thickness (t;oe) is

increased.
Independent Dependent parameters
Storey P t
arameters Roof displacement Absolute maximum inter-storey drift Base shear
Increase in t;yre Decreases Decreases Increases
: . . . Increases and then
40 Increase in Decreases and then increases Decreases and then increases portraying a -
frequency content  portraying a U shape graph U shape graph decreases portraying an
inverted U shape
Increase in togre Decreases Decreases Increases
60 . Increases and then decreases . Decreases and then
Increase in . . Increases and then decreases except in two . -
portraying an inverted U shape L - : increases portraying a U
frequency content positions having lower core thickness.
graph shape graph
Increase in t.,.,  Decreases Decreases Increases
Increases and then reduce like a
80 Increases and then decrease except for the Decreases and then

Increase in
frequency content

flattened inverted U curve
portraying an almost stagnant
curve

higher core thickness where its
exponentially decreasing

increases portraying a U
shape graph




Civil Engineering and Architecture 11(6): 3505-3519, 2023

3517

Table 6. Effect of frequency content of earthquakes on the behavioural response of HOS in 40, 60 and 80 storey models when outrigger arm length (/o)

is increased.

Dependent parameters

Independent
Storey P t
arameters Roof displacement Absolute maximum inter-storey drift Base shear
Increase in lo Increases Increases Increases
Increases and then decreases Decreases and then increases
40 . . Increases and then decreases at highest beta  at higher beta value but
Increase in at highest beta value and - -
frequency content  almost stagnant at lower value and for lower beta values it decrease  increases and then decreases
q y values g and then increase but in a stagnant manner in a stagnant manner for
lower beta values
Increase in lo Increases Increases Increases
Val re alm nan .
_a uesarea O.St stagnant Values are almost stagnant with a very flat
60 . with a very flat inverted U - . .
Increase in shape and curve is declinin U shape and for lower position at highest Decreases and then increases
frequency content for fhe highest B value at 9 length of outrigger arm the values shows portraying a U shape graph
gle declining pattern
lowest position
Increase in lo Increases Increases Increases
Almost stagnant with
80 Increase in flattened inverted U curve and  Increases and then decreases but the curve ~ Almost stagnant with a
frequency content it seems to increase for values s inclining upwards for higher beta values  flattened inverted U shape

having higher length of
outrigger arm

in all the positions

curve

Table 7. Effect of frequency content of earthquakes on the behavioural response of HOS in 40, 60 and 80 storey models when outrigger thickness (t,)

is increased

Dependent parameters

Independent
Storey P ¢
arameters Roof displacement Absolute maximum inter-storey drift Base shear
Increase in t, Decreases Decreases Increases
40 Increase in Increases and then decreases Increases in majority of cases but
- . . Increases and then decrease for
frequency portraying an inverted U decreases at the highest frequency .
o higher frequency content
content shape graph content for two lower positions
Increase in t, Decreases Decreases Increases
60 Increase in Increases and then decreases -
. . Decreases and then increases
frequency (inverted U shape but almost A flattened inverted U shape curve ortraving a U shape aranh
content flattened) P ying pe grap
Increase in t, Decreases Decreases Decrease slightly
80 Increase in Increases and then decreases . Increases and then decreases with
- - Increases and then decreases with an .
frequency with a flattened inverted U . an inverted U shape curve and
inverted U shape curve .
content shape curve reverse curve at lower position

4. Conclusions

This study analyses the effect of the frequency content of
earthquake on the response characteristics of a hybrid
outrigger system in terms of roof displacement, absolute
maximum inter-storey drift and base shear for variations in
thickness of core, outrigger arm length and outrigger
thickness in 40, 60 and 80 storey building heights. The

results conclude that:

a) With an increase in frequency content, there is a
substantial change in the response values of roof
displacement, absolute maximum inter-storey drift
and base shear, and the sensitivity of the structure to

frequency content enhances with an increase in the

height of the building.
b)

c)

When core thickness is increased the trend of the
curve got revered with an increase in the height of the
building, and at the intermediate frequency range the
curve pattern showed a change in trend which
reflects the responsiveness of the structure to the
frequency content of earthquake.

When outrigger thickness is increased the response
pattern is almost similar for all three building heights
following an inverted U shape except for the base
shear values in 60 storey models.

d) When the outrigger arm length is increased, the



3518

response pattern for roof displacement and absolute
maximum inter-storey drift had a similar pattern and
a reverse trend for the base shear with an increase in
height.

e) In the majority of the models, the roof displacement
and absolute maximum inter-storey drift showed an
increase in its response values at low frequency
content till the intermediate frequency range and
then showed a reduction in the response values at the
higher frequency content of ground motions, and an
inconsistent trend is visible for base shear which can
be because of the adverse impact caused due to the
randomness in the nature of ground motion.
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