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Abstract Outriggers are regarded as a structural compo-
nent which can effectively lessen the reactions generated by 
lateral loads in tall buildings. Depending on the connectivity 
between the core and the peripheral columns, the outrig-
ger system can be divided into virtual outrigger system and 
conventional outrigger system (COS). The hybrid outrigger 
system (HOS) has one conventional outrigger and one vir-
tual outrigger at two distinct floor levels. This study gives 
a comparison of optimal position and performance between 
COS and HOS based on formulated performance index 
criterion (PIC) for building heights of 140, 210, 280 and 
350 m by considering variations in stiffness of the outrigger 
belt wall and beam, the stiffness of the building’s core, the 
height of the structure and the length of the outrigger arm 
under static wind and equivalent static earthquake load. The 
outrigger behaviour assessed using PIC takes into account 
the combined response of displacement at top, absolute 
maximum inter storey drift ratio and acceleration response 
at the roof. Based on PIC, performance of both COS and 
HOS at their evaluated optimal position are compared, and 
is found that HOS are less effective than COS. Therefore, 
to enhance the performance of HOS to be in par with COS, 
an optimization study is performed by increasing the axial 
stiffness of column, stiffness of outrigger, and stiffness of 
slab while maintaining the increase in total concrete volume 
of the structure a minimum. From the findings, PIC values 

of HOS  (PICHOS) for 40 to 100 storeys exhibits an increase 
of 10 to 1.1, 20.2 to 2.2 and 12.5 to 1.9% for variation in 
core thickness, length of outrigger arm, and outrigger thick-
ness, respectively, compared to PIC values of COS  (PICCOS). 
For  PICHOS to be comparable with  PICCOS, increase in the 
total concrete volume of HOS reduces from 1.4–16.5 to 
0.6–2.5% as the model’s height increases from 40 to 100 
storeys, respectively, suggesting that the HOS with marginal 
increase in total concrete volume can perform effectively for 
taller structures.

Keywords Hybrid outrigger system · Conventional 
outrigger system · Performance index criterion · Parametric 
analysis · Comparative analysis · Optimization study

Introduction

The outrigger design principle is often used in the con-
struction of tall buildings. The outrigger system has 
become increasingly relevant due to its capacity to enhance 
the building’s behaviour performance under seismic and 
wind stimulation. Extending from the load-resisting core 
to columns on the building’s facade, outrigger walls are 
connected. Depending on the connectivity between the 
core and the peripheral columns, the outrigger system can 
be divided into virtual outriggers and conventional outrig-
gers. Space restriction at the level of outrigger and chal-
lenges in architectural planning is a limitation in conven-
tional outriggers due to its direct connection between the 
core wall and exterior columns. Virtual outriggers were 
created as an option to solve these challenges; they trans-
fer moments indirectly through floor diaphragms [1]. The 
vertical belt wall obtains the equivalent horizontal couple 
from the semi-rigid floor diaphragms and changes it into 
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a vertical couple before transmitting it to the columns, 
and this movement lessens the core’s bending moment [1]. 
Conventional Outriggers (CO) which connects the core 
and outer columns directly with the outrigger arms, cre-
ates compression forces and tension forces in the leeward 
columns and windward columns, respectively to transfer 
forces bringing down the core moment [2–4]. The con-
ventional outrigger offers a superior reduction in lateral 
deformation compared to the virtual outrigger because 
conventional outriggers have the arms directly connected 
between the columns and the core [1, 5]. Virtual outrig-
gers (VO) can be installed to solve space related issues 
created by conventional outrigger arms, allowing the floor 
to be occupied and increasing cost efficiency. A novel 
system called the hybrid outrigger system with one con-
ventional and one virtual outrigger at two different floor 
levels is designed in this study, taking into account both 
the improved performance of conventional outriggers and 
the space effectiveness of virtual outriggers.

In order to lower the connection costs in complex con-
nectivity between composite or steel outriggers and concrete 
core, a reinforced concrete outrigger and core are considered 
for the analysis in this study [6]. According to the wind and 
seismic loading circumstances, different structural systems 
has different ideal placements [7]. The position of the out-
riggers is seen to be affected differently by the response 
and stiffness parameters which is taken into account. The 
optimum location of the outrigger varies depending on 
the response parameter considered to assess the behav-
ioural characteristics of the structural system. While vary-
ing the stiffness parameters, the outrigger response has 
been accounted considering values of base shear reaction, 
moment at the base, displacement at top, inter storey drift 
ratio, acceleration response at the roof, column forces, time 
period and frequency [8–15]. This study is based on a per-
formance index criteria (PIC) which takes into account the 
combined response of displacement at top, inter storey drift 
ratio and acceleration response at the roof. The formula-
tion of PIC is explained in Sect. (Procedure for analysis and 
evaluation of optimal position using Performance Index 
Criterion (PIC)). The Performance index criterion is used 
to assess structure’s overall response than to analyse each 
dependent parameter separately [16–18].

A considerable amount of research on concrete outrig-
ger systems, according to prior literature assessments, has 
only been done on conventional outriggers, facade riggers, 
virtual outriggers, outriggers with belt truss/wall, and out-
riggers installed with dampers. The study of conventional 
and virtual outriggers in a single structure, which is phrased 
Hybrid Outrigger System (HOS) in this research work, is 
understudied in the previous literature. When comparing 
hybrid outrigger systems to Conventional Outrigger System 
(COS), conventional outrigger systems efficiency would be 

better; however, the behavioural performance of the HOS 
can be improved by altering the proportions of the structural 
components.

In this study, the stiffness of the outrigger belt wall and 
beam, the stiffness of the building’s core, the structural 
height and the length of the outrigger arm are considered 
as the stiffness variables used to examine the behaviour of 
HOS and COS. The above-mentioned independent factors 
are represented by a dimensionless parameter β, taken as 
the relative stiffness ratio between core and outrigger. The 
optimal placements under static wind and equivalent static 
earthquake loads are calculated for a total of 12 β values, 
taking the PIC into account for both COS and HOS, and a 
comparison of optimal locations and performance based 
on PIC between HOS and COS is carried out. However, 
hybrid outriggers are less effective than conventional out-
riggers with the same structural component dimensions 
due to their reduced rigidity at the virtual outrigger floor 
of HOS which has an indirect force transmission mecha-
nism. Therefore, a study on the enhancement of the per-
formance of HOS is carried out by increasing the bending 
stiffness of slabs, axial stiffness of columns, and bending 
stiffness of outriggers by certain folds for the formulated 
β values keeping the increase in total concrete volume 
of the structure a minimum. The behavioural analysis is 
performed for four different heights of 140, 210, 280 and 
350 m having 40, 60, 80 and 100 storeys in a finite element 
software, ETABS. The parametric analysis and their cor-
responding results are given under Sects.  (‘Methodology’) 
and  (‘Analysis Results’) respectively.

In [16], the authors have studied the static and dynamic 
behaviour of hybrid outrigger system based on stiffness 
of core, stiffness of outrigger beam and belt wall, length 
of the outrigger arm, and height of the building as vary-
ing parameters, and investigated on optimal positions of 
hybrid outrigger system under wind and earthquake loads. 
In [17], authors have investigated the influence of vari-
ation in the column area on hybrid outrigger system for 
wind and seismic loads. In [18], authors have discussed 
the influence of slab structure on the behavioural analysis 
of hybrid outrigger system.

This study is an extension work of the author’s initial 
study on hybrid outrigger system [16]. From the results of 
the previous studies [16–18] it can be inferred that HOS 
can be utilised as an efficient lateral load resisting system. 
But, when comparing the performance of HOS to the COS, 
the COS shows an improved lateral load resistance. As 
the COS has direct transfer of forces, its performance in 
reducing the lateral loads will be better compared with 
HOS. Therefore, a study is required to quantify how 
much the COS is better compared with HOS in terms of 
its lateral resistance. Thus, this study quantifies and com-
pares the efficiency of both the outrigger systems using 
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a performance based analysis, and also portrays how the 
performance of HOS can be enhanced to be comparable 
to COS using an optimization study.

Methodology

Parametric Definitions

The independent parameters considered for this research 
are stiffness of core and outrigger, outrigger arm length and 
structural height. These factors are varied over a specific 
range and the analysis is done for those variations. The 
independent factors stated above are consolidated to form 
a dimensionless factor termed β considered as the ratio of 
relative stiffness of core to relative stiffness of outrigger [2] 
and is formulated as in Eq. 1, where, E is concrete elastic 
modulus, I

core
 and I

o
 being moment of inertia of core and 

outrigger respectively, d being the width of the considered 
model and H being the total structural height.

The expressions to calculate the moment of inertia 
of core, conventional outrigger and virtual outrigger is 
explained in John and Kamath (2022) [16]. As the hybrid 
outrigger has both conventional and virtual outrigger, the 
moment of inertia of VO and CO are calculated separately 
for the formulation of the β values. By altering the width of 
the building d, outrigger thickness to, and core thickness tcore 
across a defined range, 12 values for the parametric analysis 
are produced. For consistency, the breadth of the core wall b 
is kept at 18 m for the models studied, whereas tcore is altered 
accordingly while maintaining a constant ratio of area of 
floor to area of core wall. The design variables shown in 

(1)� =

EI
core

EI
o

∗
d

H

Table 1 are used to calculate the values of βCO and βVO for 
the four building heights considered.

Locations Where Outriggers are Placed 
for the Evaluation of Optimal Positions

In order to provide for spacious foyer areas, the lowest level 
for the base outrigger is set for all models at the fifth story. 
The separation between the lower and higher outrigger is 
set for all models at H/3, where H is the height of the struc-
ture. A pilot study was performed for calculating the interval 
between CO and VO which is explained in John and Kamath, 
2022 [16]. The optimal separation gap is obtained as H/3 and 
the analysis’s findings corroborated those found in earlier 
studies by Smith and Coull, 1991; Patil and Sangle, 2016; 
Moon, 2016; Samarakkody et al., 2017; and Che and Zhang, 
2018 [2, 13, 19–21]. Table 2 lists the floor placements for the 
40, 60, 80, and 100 storey models under consideration, along 
with their respective relative heights for both conventional 
and virtual outrigger.

Six placements of the hybrid outrigger are selected for 
models with 40 stories. The CO is below the VO in the first 
three sets, which are italicised (1–40-sq, 2–40-sq, 3–40-
sq) but VO is below the CO in the next three sets, bolded 
(4–40-sq, 5–40-sq, 6–40-sq). Similarly, in 60, 80, and 100 
storey models, hybrid outriggers contain 8, 10, and 14 
locations, respectively, with the first 4 locations in 60, 5 
in 80, and 7 in 100 storey models representing CO below 
VO (italicised) and the remaining locations for VO below 
CO (bolded). In conventional outrigger model the same 
position is adopted replacing virtual outrigger with another 
conventional outrigger. Therefore, the positions marked in 
bold are not applicable for conventional outrigger models. 
The outrigger positions are varied along the height of the 
building placing the outriggers at the positions mentioned in 
Table 2 and the optimal positions based on PIC is evaluated 
for the formulated β values in Table 1.

Table 1  Variables (assumed values) for βCO and βVO used in practical design [16]

Sl. no t
core

 (mm) d (m) t
o

(mm)
β values for the studied models

βCO—40 βVO—40 βCO—60 βVO—60 βCO—80 βVO—80 βCO—100 βVO—100

1
2
3
4
5
6
7
8
9
10
11
12

405
535
680
850
405
405
405
405
535
535
535
535

35
35
35
35
35
40
45
50
40
40
40
40

800
800
800
800
650
650
650
650
500
650
800
950

137.79
182.09
231.57
289.69
169.59
193.82
218.05
242.27
332.97
256.13
208.11
175.25

7.35
9.71
12.35
15.45
7.35
7.35
7.35
7.35
9.71
9.71
9.71
9.71

91.9
121.4
154.4
193.1
113.1
129.2
145.4
161.5
222.0
170.8
138.7
116.8

4.9
6.5
8.2
10.3
4.9
4.9
4.9
4.9
6.5
6.5
6.5
6.5

68.9
91.0
115.8
144.8
84.8
96.9
109.0
121.1
166.5
128.1
104.1
87.6

3.7
4.9
6.2
7.7
3.7
3.7
3.7
3.7
4.9
4.9
4.9
4.9

55.1
72.8
92.6
115.9
67.8
77.5
87.2
96.9
133.2
102.5
83.2
70.1

2.9
3.9
4.9
6.2
2.9
2.9
2.9
2.9
3.9
3.9
3.9
3.9
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Modelling Details and Loading Conditions

The benchmark model has a core wall that is 18 m wide and 
no outriggers placed. Figure 1a shows the floor plan at CO 
level of βCO-40 = 332.97 and respective βVO-40 = 9.71. Fig-
ure 1b and c shows the 3-D view for HOS and COS model. 
The length of outrigger arm is represented by lo, and for 
35 m wide models it is 8.5 m and is incremented from 8.5 
to 16 m in 2.5 m increment varying the width of the model 
from 35 to 50 m in the models considered for this study.

Along both x and y axis, the models are symmetrical 
and are analysed in a finite element software, ETABS. 
The individual storey height is assumed to be 3.5 m and 
the compressive strength of concrete is taken as 60 MPa. 
The loads are defined as per IS codes. The models are 
subjected to static wind and earthquake loads (EQ). Slab 
thickness at outrigger level is taken as 250 mm to carry the 
higher loads of outriggers [22–24] and other floors has a 
typical slab thickness of 180 mm.

Table 2  Relative outrigger 
positions for 40, 60, 80 and 100 
storey models [18]

Number of 
storey’s

Interval between 
outrigger

Abbreviation CO floor 
location

VO floor 
location

CO relative 
location

VO rela-
tive loca-
tion

40 13 1–40-sq 5 18 0.125 0.450
2–40-sq 15 28 0.375 0.700
3–40-sq 25 38 0.625 0.950
4–40-sq 18 5 0.450 0.125
5–40-sq 28 15 0.700 0.375
6–40-sq 38 25 0.950 0.625

60 20 1–60-sq 5 25 0.083 0.417
2–60-sq 15 35 0.250 0.583
3–60-sq 25 45 0.417 0.750
4–60-sq 35 55 0.583 0.917
5–60-sq 25 5 0.417 0.083
6–60-sq 35 15 0.583 0.250
7–60-sq 45 25 0.750 0.417
8–60-sq 55 35 0.917 0.583

80 27 1–80-sq 5 32 0.063 0.400
2–80-sq 15 42 0.188 0.525
3–80-sq 25 52 0.313 0.650
4–80-sq 35 62 0.438 0.775
5–80-sq 45 72 0.563 0.900
6–80-sq 32 5 0.400 0.063
7–80-sq 42 15 0.525 0.188
8–80-sq 52 25 0.650 0.313
9–80-sq 62 35 0.775 0.438
10–80-sq 72 45 0.900 0.563

100 33 1–100-sq 5 38 0.05 0.38
2–100-sq 15 48 0.15 0.48
3–100-sq 25 58 0.25 0.58
4–100-sq 35 68 0.35 0.68
5–100-sq 45 78 0.45 0.78
6–100-sq 55 88 0.55 0.88
7–100-sq 65 98 0.65 0.98
8–100-sq 38 5 0.38 0.05
9–100-sq 48 15 0.48 0.15
10–100-sq 58 25 0.58 0.25
11–100-sq 68 35 0.68 0.35
12–100-sq 78 45 0.78 0.45
13–100-sq 88 55 0.88 0.55
14–100-sq 98 65 0.98 0.65
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The slabs are given a super dead load of 1.5 kN/m2, a live 
load of 3.5 kN/m2, and a live load of 1.5 kN/m2 on the roof 
[25, 26]. The IS codes [27, 28] are utilised to calculate the 

wind speed, pressure coefficients, and seismic zone factor 
on the assumption that the structure is located in Mumbai. 
The seismic zone and wind speed are 0.16—III and 44 m/s, 

(a) Floor plan at outrigger        (b) 3-D view of HOS               (c) 3-D view of COS

Fig. 1  Plan at the floor level of outrigger and 3-D view for conventional and hybrid outrigger system

Analyse HOS and COS 
models in ETABS software

Obtain responses from ISDAMR, DSPROOF and ACLRROOF to calculate PIC 
for wind and EQ loads as per EQ. 2 and 3, respectively

Evaluate optimal position based on PIC for 
HOS and COS

For all  variations, compare PIC value of the evaluated 
optimal position models for HOS and COS

If PICHOS > PICCOS

Perform optimization study to 
reduce PICHOS comparable to

PICCOS

Increase axial stiffness of column and 
bending stiffness of outrigger several times

Increase bending stiffness of outrigger and 
slab several times

Select model satisfying PICHOS PICCOS with least increase in total concrete volume 
compared to corresponding COS model as the optimised model, for each  variation

Fig. 2  Flow chart showing optimization procedure used in the investigation
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respectively. Shell-thin modelling is used to design the out-
riggers and core wall as wall sections. Frame elements is 
used to represent beams and columns and shell-thin elements 
are defined for slabs. Semi-rigid diaphragms are defined to 
the slabs linking the outrigger walls in order to simulate 
real in-plane stiffness characteristics and the transmission 
of force through beams and slabs attached to the VO walls. 
Static wind and equivalent static earthquake analysis are 
performed on all models in accordance with IS standards.

Procedure for Analysis and Evaluation of Optimal 
Position Using Performance Index Criterion (PIC)

In this research work, both the considered outrigger sys-
tem’s behaviour is analysed using a set of parameters, and 
from the analysis findings, the system’s optimum location 
is determined. The core stiffness, stiffness of outrigger belt 
wall and beam, the width of the building are varied within 
a certain range as in Table 1 and those are formulated to 
give a dimensionless parameter termed β. For these β vari-
ations, the hybrid and conventional outrigger system struc-
tures are modelled. Four different heights are considered 
for the comparison. Heights of 140, 210, 280 and 350 m 
having 40, 60, 80 and 100 storeys are considered for the 
analysis. The location of the outriggers are varied along 
the structure height as per the floor positions mentioned 
in Table 2 for each β variation. A total of 684 models are 
analysed using ETABS software. The modelling details 
and loading conditions are given in Sect. (‘Modelling 

details and loading conditions’). The models are analysed 
for static wind and equivalent static earthquake loads. The 
behaviour of hybrid and conventional outrigger system is 
assessed based on the responses from absolute maximum 
inter storey drift ratio  (ISDAMR), displacement at the roof 
 (DSPROOF) and acceleration at the roof  (ACLRROOF). The 
 ACLRROOF is calculated for the wind loads alone using 
IS 875-3-2015 [27]. Once the responses from the above 
dependent parameters are obtained, the optimal position 
for both hybrid and conventional outrigger system based 
on PIC is evaluated.

John and Kamath, 2022 [16] outline the steps involved 
in determining the ideal location based on PIC. Equa-
tions 2 and 3, respectively, provide the equations for cal-
culating the performance index for wind and EQ loads.

The limit values for  DSPROOF,  ACLRROOF, and  ISDAMR 
are determined using codes IS 16700 [29] and IS 456 [30], 
and are taken to be H/500, 250 mm/s2, and 1/400, respec-
tively for wind loading, and H/500 for  DSPROOF [31, 32] and 
1/250 for  ISDAMR [29] for EQ loads. The results of the analy-
sis performed for each model under each load and outrigger 
position serve as the numerator values. Equations 2 and 3 

(2)

PIC
wind

=
ISD

AMR

ISD
AMR limit

+

DSP
ROOF

DSP
ROOF limit

+

ACLR
ROOF

ACLR
ROOF limit

(3)PIC
EQ

=
ISD

AMR

ISD
AMR limit

+

DSP
ROOF

DSP
ROOF limit

Table 3  Percentage reduction values under wind loads in 40 storey models for β values considered in studying the increase in outrigger thick-
ness

COS HOS Dependent parameters Outrigger positions of
HOS

Outrigger positions of COS

βCO-40 βCO-40 βVO -40 1–40-sq 2–40-sq 3–40-sq 4–40-sq 5–40-sq 6–40-sq 1–40-sq 2–40-sq 3–40-sq

332.97 332.97 9.71 ISDAMR 20.05 32.97 39.46 42.1 29.19 27.03 44.32 50.81 41.08
DSPROOF 33.8 42.98 42.5 42.67 43.06 37.41 46.44 51.18 45.96
ACLRROOF 27.18 33.94 35.55 33.00 35.44 33.89 35.12 40.15 39.33
BMbase 44.12 36.87 29.37 37.75 30.39 25.80 50.44 38.94 30.14

256.13 256.13 9.71 ISDAMR 21.08 34.59 40.54 43.78 29.73 27.57 45.41 51.89 41.62
DSPROOF 34.53 44.04 43.49 43.91 44.06 37.99 47.82 52.43 46.84
ACLRROOF 27.80 34.70 37.27 33.75 36.25 34.71 35.93 41.22 40.34
BMbase 45.96 37.81 29.83 38.68 30.83 26.00 52.18 39.83 30.55

208.11 208.11 9.71 ISDAMR 21.62 35.68 41.08 44.86 30.27 28.11 46.49 52.97 42.16
DSPROOF 35.12 34.83 44.24 44.81 44.84 38.43 48.87 53.37 47.50
ACLRROOF 28.04 35.35 37.94 34.36 36.96 35.56 36.71 42.06 41.25
BMbase 42.10 32.76 23.82 33.69 24.88 20.50 48.81 34.87 44.55

175.25 175.25 9.71 ISDAMR 21.62 36.22 41.62 45.11 30.81 28.65 47.03 54.05 42.70
DSPROOF 35.61 45.34 44.85 45.35 45.46 38.78 49.72 54.12 48.02
ACLRROOF 28.37 35.81 38.10 34.94 37.68 36.70 37.24 42.82 42.01
BMbase 48.34 39.13 30.47 39.99 31.45 32.90 54.61 41.05 31.12
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are then used to compute the PIC values for each model. 
Acceleration is one of the dominant factors in tall buildings 
which can affect the human sensation to vibrational motion. 
The acceleration effect is considered in the PIC calculation 
for wind loads (Eq. 2) as their occurrence is very frequent, 
but not in the case of earthquakes (Eq. 3), as they are non-
frequent. From the results, the models with outriggers had 
lower values and the control or benchmark model has the 
highest PIC value. Therefore, from the various outrigger 
positions for each β variation, the location with the lowest 
PIC value is chosen as the optimal location. This is done 
for each β variation under each load for 40, 60, 80, and 100 
storey for both hybrid and conventional outrigger models.

Performance investigation based on PIC between 
HOS and COS is conducted once the optimum position 
determined by PIC had been identified. To improve the 

performance of hybrid outrigger system, an optimization 
study with minimal increase in total concrete volume of 
the structure has been conducted where the PIC for HOS 
 (PICHOS) has been reduced to the PIC for COS  (PICCOS) 
by increasing the stiffness of independent parameters. For 
investigating the performance between HOS and COS, 
the performance index values,  PICwind and  PICEQ for the 
obtained optimal position model based on PIC are com-
pared. For instance, taking a particular β value, the  PICwind 
at the optimal position obtained for HOS is compared to 
the  PICwind for COS at its optimal position. The better per-
formance would be portrayed by the one with lower PIC 
values. This is done for both wind and EQ loads. The models 
with HOS at their optimal position has a higher  PICwind and 
 PICEQ value compared to the COS at its optimal position. 
Therefore, to enhance the performance of HOS, the axial 

(a) ISDAMR under wind load (b) ISDAMR under Static EQ load    

(c) DSPROOF under wind load (c) DSPROOF under Static EQ load

Fig. 3  Comparison between conventional and hybrid outrigger system in terms of  ISDAMR and  DSProof at their optimal position for 40, 60, 80 
and 100 storey models
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stiffness of column, bending stiffness of outrigger beam and 
slab are varied to bring down the PIC values of HOS compa-
rable or lesser than the values of COS under both wind and 
EQ loads. This is performed for all four building heights.

Various trail models are analysed by increasing the stiff-
ness parameters for the  PICHOS to be in par with  PICCOS 
and the one which gives the least increase in total concrete 
volume is taken as the optimized model. The percent-
age increase in total concrete volume of the structure and 
increase in stiffness parameters are accounted for the com-
parison study. The results of optimal position based on PIC 
and comparison between HOS and COS is given under Sect. 

(‘Analysis Results’). Figure 2 provide a flow chart for better 
clarification of the procedure followed for the optimization 
study used in this investigation.

Analysis Results

Performance Comparison Between Hybrid Outrigger 
System and Conventional Outrigger System

To analyse the efficiency of hybrid outrigger system over 
conventional outrigger system, the percentage reduction in 

(a) Mode 1 of COS-Period- 2.079s     (b) Mode 2 of COS-Period- 2.072s   (c) Mode 3 of COS-Period- 1.162s

(d) Mode 1 of HOS-Period- 2.181s      (e) Mode2 of HOS-Period- 2.177s    (f) Mode 3 of HOS-Period- 1.159s

Fig. 4  Mode shapes and corresponding time period of building with COS and HOS for βco – 40 = 175.25
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the values of  ISDAMR,  DSPROOF and  ACLRROOF are com-
pared for both systems placed at the same floor level keeping 
the bench mark model as the model with core wall alone. For 
instance, Table 3 shows a comparison of percentage reduc-
tion in the dependent parameters for β values formulated for 
increase in outrigger thickness under wind loads for 40 sto-
rey models under various outrigger positions as in Table 2.

The benchmark model considered is model with core wall 
alone and the response of the HOS and COS is compared to 
the benchmark model response so as to calculate the percent-
age reduction values. The values marked in bold shows the 
maximum reduction in the responses for both COS and HOS, 
and is visible that the COS offers a better performance when 
compared to HOS models. Base bending moment  (BMBASE) 
is also compared in Table 3. Similar performance pattern is 

noticed for other heights as well. Comparing all the building 
heights, the optimal position evaluated for conventional out-
rigger system is nearly obtained at 1/3rd and 2/3rd position 
of the building height and is close to the optimal locations 
obtained for COS from the previous research studies [2, 13, 
19–21]. It is also noticed that the performance of COS is 
slightly better than the HOS because of the increased stiff-
ness of conventional outrigger arms.

Figure 3 gives a comparison between conventional and 
hybrid outrigger system in terms of  ISDAMR and  DSPROOF at 
their optimal position under wind and earthquake loads for 
40, 60, 80 and 100 storey models. On comparing the results 
of HOS to COS from 40 to 100 storeys, the percentage 
increase in the values of  ISDAMR,  DSPROOF and  ACLRROOF 
for HOS are within 12.5–1% for tcore and to variations, but a 
percentage increase of 22–1% is observed for lo variations. 
This is because of the increased relative stiffness of core to 
outrigger and reduced aspect ratio. But, incorporating hybrid 
outrigger system can make the structure more economical 
as the virtual outrigger can eliminate the problem of space 
obstruction due to outrigger arms, thus utilizing that floor 
for occupants. Once the responses from the above depend-
ent parameters are obtained for all the building heights, the 
optimal position for both hybrid and conventional outrigger 
system based on PIC is evaluated.

The mode shapes of the models with COS and HOS have 
been studied. The natural period of fundamental torsional 
mode of vibration is not exceeding 0.9 times the smaller of 
the natural periods of the fundamental translational modes 
of vibration in each of the orthogonal directions in any of 
the cases. The Fig. 4 gives sample representation of the first 
three mode shapes of COS and HOS for βco – 40 = 175.25 
having position at 2–40-sq. Similarly, for other models, 
vibration in mode 3 is not exceeding 0.9 times smaller of 
natural periods in orthogonal directions (mode 1 and 2).

Optimal Positions of Hybrid Outrigger System Using 
Performance Index Criterion (PIC)

The response values of the dependent parameters  ISDAMR, 
 DSPROOF and  ACLRROOF is computed for both COS and 
HOS under both wind loads and equivalent static earth-
quake loads in 40, 60, 80 and 100 storey models. Once the 
response values are computed, the PIC for wind and EQ 
loads are calculated using the Eqs. 2 and 3. Table 4 gives a 
sample representation of  PICwind in both HOS and COS for 
βCO − 60 = 91.9 and βvo − 60 = 4.9. From the PIC values, 
the one which is giving the least PIC is taken as the optimal 
value and the position corresponding to that is regarded as 
the optimal location of the outrigger for that particular β 
value. The optimal location based on  PICwind for the struc-
tural systems compared are marked in bold under Table 4 for 
reference. Figure 5 gives a representation of the variation in 

Table 4  Sample representation of  PICwind for βCO − 60  = 91.9 and 
βvo − 60 = 4.9

Outrigger location ISDAMR DSPROOF (mm) ACLR-
ROOF 
(mm/s2)

PICwind

Hybrid outrigger system
CONTROL 0.000261 45.89 84.72 0.553
1–60-sq 0.000245 42.16 81.61 0.525
2–60-sq 0.000237 40.60 80.10 0.512
3–60-sq 0.000227 40.78 79.84 0.507
4–60-sq 0.000244 41.90 79.55 0.516
5–60-sq 0.000229 40.58 80.37 0.510
6–60-sq 0.000237 40.82 79.93 0.512
7–60-sq 0.000242 41.97 79.99 0.517
8–60-sq 0.000254 43.40 80.45 0.527
Conventional outrigger system
1–60-sq 0.000229 39.75 79.89 0.506
2–60-sq 0.000225 38.88 78.72 0.497
3–60-sq 0.000223 39.77 78.47 0.498
4–60-sq 0.000245 41.55 78.88 0.512

Fig. 5  Representation of variation in PIC for various outrigger posi-
tions in HOS and COS for the  PICwind values in Table 4
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PIC for various outrigger positions in HOS and COS for the 
 PICwind values in Table 4.

From the Fig. 5, it’s visible that the PIC for HOS is 
greater than the values of COS which infers that, the perfor-
mance of conventional outrigger system is better than the 
hybrid outrigger system. Even for other β values and build-
ing heights, the PIC for HOS is higher than the COS under 
both wind and EQ loads because of the increased stiffness 
offered by conventional outrigger system. After computing 
the optimum location of COS and HOS based on PIC for all 
the building heights, comparison of HOS and COS is per-
formed. Figures 6 and 7 gives the optimal location of both 
the outrigger under wind and earthquake loads respectively, 
for all the four building heights. From Fig. 6, it’s visible that 
the HOS has a higher optimal location than the COS for all 
the four building heights and the VO above the CO in HOS 
gives a better performance for reducing the deformations 
against wind loads because higher mass of CO at the top in 
HOS can lead to larger deformation of the structure.

From Fig. 7, which represents the optimal location under 
EQ loads, the COS system has a higher optimal position than 
the HOS in 60, 80 and 100 storey models and HOS above 
COS in 40 storey models. Once the optimal location based 
on PIC is evaluated, the PIC value for each β value at their 

corresponding optimal location is compared for both HOS 
and COS.

From the model results, the PIC values of HOS is higher 
than that of COS, and for a comparison the percentage 
increase in PIC between both the outriggers are analysed. 
Figure 8a and b shows the percentage increase in the values 
of PIC under wind and EQ loads respectively. The rise in 
PIC is significantly greater for higher lo models since the 
stiffness of COS increases considerably with the increase 
in lo and is discernible for both the loads considered. The 
percentage rise in PIC is almost stagnant with increase in 
thickness of outrigger and diminishes slightly with rise in 
thickness of core under both loads considered for the study. 
Therefore, there is a need to improve the performance of 
HOS to make it comparable to the behavioural performance 
of COS.

Optimization Study for Improving HOS Performance 
in Comparison to COS

To improve the performance of hybrid outrigger system, an 
optimization study with minimal increase in concrete vol-
ume has been conducted where the PIC of HOS  (PICHOS) has 
been reduced to the PIC of COS  (PICCOS) by increasing the 
stiffness of column, outrigger and slab in HOS. Maximum 

(a) 40 storey  (b) 60 storey

(c) 80 storey  (d) 100 storey

Fig. 6  Comparison of optimal location based on  PICwind in both COS and HOS for 40, 60, 80 and 100 storey models
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performance or resistance of the lateral deformation happens 
when the outrigger is placed at its optimal position.

Therefore, the PIC values corresponding to HOS and 
COS at their optimal position have been taken for the com-
parative study. The study has taken four different heights of 
140, 210, 280 and 350 m. For each β value considered as per 
Table 1, the  PICCOS and  PICHOS have been compared, and 
the  PICHOS has been reduced to the  PICCOS by increasing 
the stiffness of the system. This is performed for both wind 
and EQ load. Table 5 shows a sample calculation of the 
PIC values for βCO = 169.59 and corresponding βVO = 7.35 
(40 storey model) at their optimal position. The values of 
independent parameters of COS for βCO − 40 = 169.59 and 
βVO − 40 = 7.35 under wind and EQ loads are shown, and for 
the same model parameters hybrid outrigger system has been 
modelled and the response at its optimal position evaluated 
is marked in italics in Table 5.

The stiffness of independent parameters in HOS has 
been modified several times to get one with least increase in 
concrete volume having a comparable PIC value with COS 
under both the loads. From Table 5, under wind loads, it’s 
noticeable that the total increase in concrete volume is 2.59% 
for increase in axial stiffness in column and bending stiff-
ness of outrigger, and is 6.8% for increase in only bending 
stiffness of outrigger and slab. The total increase in concrete 

volume is observed to be higher when bending stiffness of 
outrigger and slab is enhanced keeping the axial stiffness of 
column unvaried. This effect is visible for other analysed 
models as well.

Under EQ loads, the  PICHOS can be reduced only with 
increase in axial stiffness in column and a moderate increase 
in bending stiffness of outrigger. An increase in stiffness of 
slab and outrigger alone led to increase in the total seismic 
weight which couldn’t reduce the  PICHOS values effectively. 
A parameter termed Stiffness Magnification Factor (SMF) 
is used to quantify the increase in stiffness parameters con-
sidered in this optimization study. SMF has been calculated 
by taking the ratio of each stiffness parameter in the opti-
mized HOS model to the respective stiffness parameter of 
the base COS model. For instance, in Table 5 (column-5), 
1370 mm × 1370 mm is the dimension of the column in the 
optimized model and 1250 mm × 1250 mm is for the base 
COS model. The ratio of the axial stiffness between these 
two column dimensions is obtained as 1.1, which is termed 
as SMF of 1.1 for column axial stiffness.

From Table 5, it’s noticeable that the  PICwind has been 
reduced from 0.3840 to 0.3633 with a SMF of 1.1 for col-
umn axial stiffness and SMF of 1.08 for outrigger bend-
ing stiffness, and  PICwind has been reduced from 0.3840 to 
0.3628 with a SMF of 3.08 for outrigger bending stiffness 

(a)  40 storey (b) 60 storey

(c) 80 storey (d) 100 storey

Fig. 7  Comparison of optimal location based on  PICEQ in both COS and HOS for 40, 60, 80 and 100 storey models
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and SMF of 1.4 for slab stiffness. Increasing the axial stiff-
ness of column and stiffness of outrigger alone led to a lesser 
value of total concrete volume increase compared to outrig-
ger and slab stiffness increase. The  PICEQ is seen to reduce 
from 0.1645 to 0.1505 with a SMF of 1.18 for column axial 
stiffness and 1.08 for outrigger bending stiffness in Table 5. 
Similarly for other β values, an optimization study has been 
conducted to make the PIC values for both COS and HOS 
comparable. Several times increase in the stiffness of col-
umn, outrigger and slab has been performed and the one 
with least increase in total concrete volume having a com-
parable PIC value with COS is evaluated as the optimized 
model under both wind and EQ loads.

Figure 9a gives a pictorial representation of the percent-
age increase in total concrete volume of the structure under 
wind loads on increasing the axial stiffness of column and 
outrigger stiffness alone. Figure 9b gives a pictorial repre-
sentation of the percentage increase in total concrete volume 
of the structure under wind loads on increasing the outrig-
ger and slab stiffness alone. Figure 9c shows the percentage 
increase in total concrete volume of the structure for various 
β values when only the column and outrigger stiffness are 
increased under EQ loads.

From Fig. 9, it can be noticed that with increase in height 
of the model, the percentage increase in concrete volume 
decreases except in few models of 60 and 80 storey. For 

(a) Percentage increase in the values of PICwind when comparing HOS to COS under wind loads

(b) Percentage increase in the values of PICEQ when comparing HOS to COS under EQ loads

Fig. 8  Percentage increase in the values of PIC when comparing HOS to COS under wind and EQ loads
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40-storey models which studies the behaviour of outrigger 
when core thickness tcore is incremented, the total volume 
of concrete increase varied from 2.63 to 1.4% under wind 
loads when column and outrigger stiffness is increased 
(Fig. 9a), from 7.33 to 3.19% when only the outrigger and 
slab stiffness is increased under wind loads (Fig. 9b), and 
5.91 to 3.93% only the column and outrigger stiffness is 
increased under EQ loads (Fig. 9c). For 100-storey mod-
els which studies the behaviour of outrigger when core 
thickness tcore is incremented, the total volume of concrete 
increase varied from 0.5 to 0.59% under wind loads when 
column and outrigger stiffness is increased (Fig. 9a), from 
1.24 to 1.3% when only the outrigger and slab stiffness is 
increased under wind loads (Fig. 9b), and 0.77 to 0.72% 
only the column and outrigger stiffness is increased under 
EQ loads (Fig. 9c).

Comparing the aforementioned percentage values, it’s 
noticeable that the 100-storey models has a lower % value 
for total volume of concrete increase. This pattern is also vis-
ible for other models which study the behaviour of outrigger 
when the length and thickness of the outrigger is increased. 
This infers that the hybrid outrigger system’s ability to resist 
the lateral deformation is improving for taller structures 
when compared with COS.

Considering all the building heights under both loads, 
when the length of the outrigger arm lo is increased, the 
COS showed a better performance due to increased stiffness 
of the outrigger arm when compared with models with tcore 
and to increase. Therefore, for the performance of HOS to be 
comparable with COS, higher stiffness parameters need to be 

addressed and so the increase in total volume of concrete is 
rising when the lo is increased. Under wind loads, compar-
ing Fig. 9a and b, it’s noticed that the increase in concrete 
volume has higher values for models with outrigger and slab 
stiffness alone increased (Fig. 9 (b)) than for models with 
only the column stiffness and outrigger stiffness increased 
(Fig. 9 (a)). This infers that the increase in axial stiffness of 
column and bending stiffness of outrigger gives an effective 
performance for hybrid outrigger system.

In the case of EQ loads, without increasing the axial col-
umn stiffness, the  PICEQ of hybrid outrigger system isn’t 
effectively reducing to the  PICEQ of COS, so the graph 
between percentage increase in total concrete volume for 
increase in outrigger and slab stiffness alone is not por-
trayed. For models which study the behaviour of outrigger 
for increase in tcore and to, it is found that when tcore and to is 
increased, the increase in total concrete volume is not giving 
a significant variation while considering a particular height, 
but when the height of the model is increased from 40 to 
100 storeys in 20 storey increment, a significant variation is 
obtained which can be noticed from the Fig. 9a, b, c.

Figure 9 illustrates the minimum increase in total con-
crete volume for the HOS performance to be on par with 
the COS performance under both wind and EQ loads while, 
Figs. 10, 11 and 12, demonstrate the increase in individual 
stiffness parameter for the same. The x-axis shows the vari-
ation of tcore, lo and to, while the y-axis displays the variation 
in column, outrigger, or slab stiffness in terms of SMF.

Figure 10a displays the SMF obtained for column stiff-
ness and Fig. 10b for outrigger stiffness to optimize the HOS 

Table 5  Sample calculation of the PIC values for βCO − 40 = 169.59 and corresponding βVO − 40 = 7.35 (40 storey model) at their optimal posi-
tion

*—Original model parameters
*↑—Improved model parameters

βCO − 40 = 169.59 and βVO − 40 = 7.35 Conventional outrigger Hybrid outrigger

Wind load EQ load Wind load EQ load

Independent parameters * * *↑ *↑ * * *↑
Column size (mm) 1250*1250 1250*1250 1250*1250 1370*1370 1250*1250 1250*1250 1470*1470
Slab thickness (mm) 180 180 180 180 180 180 180
Core wall thickness (mm) 405 405 405 405 405 405 405
Outrigger thickness (mm) 650 650 650 700↑ 2000↑ 650 700↑
Mechanical slab thickness (mm) 250 250 250 250 350↑ 250 250
Dependent parameters
Displacement at top,  DSPROOF (mm) 14.9 23.6 16.49 15.36 15.92 28.131 14.16
Absolute maximum Inter storey drift ratio,  ISDAMR 0.000128 0.000211 0.000145 0.000137 0.000141 0.000256 0.000119
Acceleration at top,  ACLRROOF (mm/s2) 64.81 – 66.85 63.41 62.208 – 62.62
PICwind 0.3630 – 0.3840 0.3633 0.3628 – –
PICEQ – 0.1500 – – – 0.1645 0.1505
Volume increase in HOS model compared to COS 

(%)
− 0.43 2.59 6.80 − 0.43 5.26
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performance to be on par with the COS performance under 
wind loads. As mentioned earlier, increasing column and 
outrigger stiffness alone resulted in a lower increase in total 
concrete volume than compared with models with increase 
in slab and outrigger stiffness alone.

From Fig. 10a, it’s visible that with increase in height of 
the storeys, the SMF for column stiffness is reducing and it 

is the least for the highest storey models. It’s also noticeable 
that SMF for column stiffness has more significant variation 
for models where lo is increased. In 40 storey models with 
lo 16 m on each side (building width 50 m), there is a SMF 
of 1.29 for axial stiffness of column and only SMF of 1.02 
in 100 storey models which shows that, for higher storey 
models the SMF for column stiffness has reduced. When 

(a) Percentage increase in total concrete volume of the structure when only the column and outrigger
stiffness is increased under wind loads

(a) Percentage increase in total concrete volume of the structure when only the outrigger and slab stiffness
are increased under wind loads

(c) Percentage increase in total concrete volume of the structure when only the column and outrigger
stiffness is increased under EQ loads

Fig. 9  Percentage increase in total concrete volume of the structure for various β values when the independent parameters are varied
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comparing individual storey heights, the SMF for column 
stiffness for variation in tcore and to is found to be nearly 
stagnant or not much variation is observed when compared 
with models where lo is increased.

From Fig. 10b, it’s visible that with increase in height 
of the storeys, SMF for outrigger stiffness is stagnant for 
variation in tcore and to. Only the column stiffness is varied 
accordingly to reduce the  PICHOS with a moderate increase 
in the outrigger stiffness for getting minimum increase in 
total concrete volume but, in cases of lo increase (models 
having 40, 45 and 50 m), significant increase in the outrigger 
thickness along with axial stiffness of column, led to a mini-
mum total concrete volume increase. In 40 storey models, 
with lo 16 m on each side (building width 50 m), there is a 
SMF of 1.69 for bending stiffness of outrigger and SMF of 
only 1.08 for lo 8.5 m on each side (building width 35 m).

For 50 m models, with SMF of 1.08 for outrigger stiff-
ness and significant increase in column stiffness, the total 
concrete volume is rising and so trails with a significant 
variation in outrigger stiffness along with column stiffness 

increase led to the minimum increase in total concrete vol-
ume for an effective performance of hybrid outrigger sys-
tem. This significant variation in outrigger stiffness along 
with column stiffness increase is working only for models 
having larger widths but in other models having 35 m and 
40 m, moderate increase in outrigger stiffness and significant 
increase in column stiffness led to the minimum increase in 
total concrete volume.

Figure 11a and b shows the SMF for stiffness of the out-
rigger and the slab, respectively, for the comparison study 
under wind loads. Results from Fig. 11a and b take into 
account models whose stiffness changes are made to the slab 
and outriggers alone to bring HOS performance in line with 
COS performance. Increasing stiffness of the outrigger and 
the slab alone led to a rise in total concrete volume when 
compared with models having increase in stiffness of the 
outrigger and the column alone.

From Fig. 11a, it’s noticed that a consistent pattern is not 
visible in the case of increase in outrigger stiffness for vari-
ation in the height of the models or in the individual stiffness 

(a) Variation in column stiffness when only the column and outrigger stiffness in the models are increased

(b) Increase in outrigger stiffness when only the column and outrigger stiffness in the models are increased

Fig. 10  SMF for column and outrigger stiffness when only the column and outrigger stiffness in the models are increased under wind loads
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parameter, but increase in outrigger stiffness is compara-
tively more for models where lo is increased compared with 
models where tcore and to is varied. This inconsistent varia-
tion is due to significant rise in total concrete volume when 
the slab stiffness is increased. Therefore for optimizing the 
total concrete volume to a minimum for an effective perfor-
mance of HOS, trials has been done with significant increase 
in outrigger stiffness and moderate increase in stiffness of 
slab.

The increase in outrigger stiffness alone did not effec-
tively help in reducing the  PICHOS but with increase in stiff-
ness of the outrigger and the slab together helped in reduc-
ing the  PICHOS with a minimum increase in total concrete 
volume. From Fig. 11b, it’s visible that the SMF for stiffness 
of the slab did not have much effect when the height of the 
model is increased for variations in tcore and to except for 
40-storey models. Comparatively, a decrease in slab stiffness 
is seen to be effective in the case of 40 storey models when 
tcore is increased, a stagnant effect when to be increased and 
rise in the slab stiffness for lo increase. An increased slab 
stiffness with height is visible when lo is incremented.

Figure 12a and b display the SMF for column and outrig-
ger stiffness, respectively for the comparison study under EQ 
loads. Figure 12a shows that the SMF for column stiffness 

tends to reduce as storey height increases, and it is the lowest 
for 100-storey models.

For getting minimal increase in total concrete volume 
under EQ loads, axial column and outrigger stiffness alone 
is incremented. It is noticed that for increased width of the 
model, a higher axial stiffness with a moderate increase 
in outrigger stiffness reduced the  PICHOS comparable to 
 PICCOS, but the concrete volume drastically increased. To 
eliminate that drastic rise in concrete volume, trails are made 
to have a significant increase in the outrigger stiffness along 
with the column stiffness. It is seen that, for models with 
higher lo or width of the building, a significant increase in 
outrigger and column together gives least total concrete vol-
ume increment.

For instance, in 60-storey models, with lo 16 m on each 
side (building width 50 m), a SMF of 1.37 for column stiff-
ness and a SMF of 1.08 for outrigger stiffness gives a 14% 
increase in total concrete volume when compared with the 
volume of COS base model, but a SMF of 1.11 for column 
stiffness and a SMF of 3.69 for outrigger stiffness gives only 
7% increase in total concrete volume. Thus, for obtaining 
minimal increase in total concrete volume for models study-
ing variation in lo (models having lo 11, 13.5 and 16 m or 
corresponding width of the buildings as 40 m, 45 m and 

(a) Increase in outrigger stiffness when only slab and outrigger stiffness are increased under wind loads

(b) Increase in slab stiffness when only slab and outrigger stiffness are increased  under wind loads
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Fig. 11  SMF for outrigger and slab stiffness when only slab and outrigger stiffness is increased under wind loads
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50 m) under EQ loads, drastic rise in SMF for outrigger 
stiffness with a significant increase in column axial stiffness 
is performed and this can be observed from Fig. 12a and b, 
lo variation results.

This significant variation in SMF of outrigger stiffness for 
getting minimal increase in total concrete volume is also vis-
ible in the results of 80 and 100-storey models where to is 
varied. From Fig. 12a and b, in models where tcore is varied, 
significant increase in column stiffness and moderate increase 
in outrigger stiffness gave an effective performance for all 
the building heights considered. Thus, Figs. 9, 10, 11 and 12 
briefly explains the evaluated SMF for the individual stiffness 
parameter and the total concrete volume increase for the HOS 
performance to be on par with the COS performance under 
both wind and EQ loads.

Conclusion

Hybrid outrigger system adopts collectively behavioural effi-
cacy of conventional outrigger system and space efficiency 
of virtual outrigger system. COS shows an improved resist-
ance to lateral deformations compared to HOS. This study 

quantifies and compares the efficiency of both COS and 
HOS using a performance based analysis, and also portrays 
how the performance of HOS can be enhanced to be compa-
rable to COS using an optimization study. The optimization 
study performs various trials for each β variation to improve 
HOS’ performance by raising the stiffness parameters, while 
keeping the increase in total concrete volume of the structure 
to a minimum. The results of the analysis lead to the subse-
quent conclusions.

• In the 60, 80, and 100 storey models for the EQ loads, the 
COS system’s optimum position is higher than the HOS, 
while in the 40 storey models, the HOS optimum position 
is higher than the COS system. In the case of wind loads, 
HOS has a higher optimal placement than COS for all 
four building heights.

• A higher  PICwind and  PICEQ value is found in the models 
with HOS compared to the COS system in their opti-
mum position proving the improved resistance capacity 
of COS to lateral loads. PIC values of HOS for 40 to 
100 storeys exhibits an increase of 10 to 1.1, 20.2 to 2.2 
and 12.5 to 1.9% for variation in core thickness, length 

(a) Increase in column stiffness when only column and outrigger stiffness are increased under EQ loads

(b) Increase in outrigger stiffness when only the column and outrigger stiffness are increased under EQ loads

Fig. 12  SMF for column and outrigger stiffness when only the column and outrigger stiffness are increased under EQ loads
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of outrigger arm, and outrigger thickness, respectively, 
compared to PIC values of COS.

• Increase in total concrete volume under wind and EQ loads 
are greater for models with enhanced outrigger and slab 
stiffness than for models with increased column and out-
rigger stiffness. The increase in total concrete volume for 
 PICHOS to be at par with  PICCOS under wind loads varied 
from 1.4 to 9, 1.15 to 3.1, 0.98 to 5.6% and 0.9 to 1.51% in 
40, 60, 80 and 100 storeys, respectively in models where 
column and outrigger stiffness alone is increased, and from 
3.2 to 13.8%, 2.7 to 3.9%, 1.6 to 5.7% and 1 to 2% in 40, 
60, 80 and 100 storeys, respectively in models where slab 
and outrigger stiffness alone is increased. The increase in 
total concrete volume for the same under EQ loads varied 
from 3.9 to 16%, 1.6 to 3.8%, 2.2 to 5.2%, and 0.7 to 2.5% 
in 40, 60, 80 and 100 storeys, respectively for models where 
column and outrigger stiffness alone is increased.

• For  PICHOS to be comparable with  PICCOS, increase in 
the total concrete volume of HOS reduces from 1.4–
16.5% to 0.6–2.5% as the model’s height increases from 
40 to 100 storeys, respectively, suggesting that the HOS 
with marginal increase in total concrete volume can 
perform effectively for taller structures.

The study is limited to uniform material proper-
ties, cross-section and sizes for the structural elements 
throughout the height of the building. Study pertaining 
to the reduction in cross-section of the vertical elements 
at higher levels has to be performed to analyse the practi-
cal implementation of HOS in taller structures. Further, 
connection detailing of outrigger to the core and columns 
has to be addressed for proper implementation of HOS in 
taller structures.
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