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Abstract- In high-rise structures, ensuring the lateral stability of
the building is crucial to safeguarding the welfare and safety of
occupants. The design must consider lateral deformations to
prevent collapse and structural failure. Second-order (P-A)
effects, induced by simultaneous axial compressive forces and
bending moments on structural members, should be controlled.
In designs, lateral displacements and secondary bending
moments due to the P-A effects on members need to be taken
into account. If a structure is subjected to lateral loads, the
stability index of each story, which is the main criterion for
structural stability, is used to assess the influence of second-
order effects on the structure’s height. This study examines the
impact of bracing configurations and module arrangements on
the stability index of high-rise tube-in-tube structures in the
presence of second-order effects. Three types of bracings -X,
chevron, and eccentric- are used, and all models are analyzed
with and without the inclusion of P-A effects. The results indicate
that adding bracing reduces the stability index of the tube-in-
tube structure significantly, with chevron bracing having the
most substantial impact. This study suggests that the coefficient
for displacement modification proposed by ASCE7-05 (for
braced stories) provides accurate estimations for final
displacements in high-rise buildings.

Keywords: Tube-in-Tube System, Stability Index, High-Rise
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1. INTRODUCTION

In designing structural members subjected to concurrent axial
compression forces and bending moments, second-order (P-
A) effects resulting from lateral deformations must be
considered. These effects, induced by axial loads, produce
additional bending moments and can significantly influence
structural stability (Figure 1).

For structures under lateral loads, the primary bending
moment in the i*"story denoted M;, results from both the
shear force acting on the story and the secondary moment
arising due to the P-A effect, denoted as AM;. This secondary
moment AM; is calculated based on the axial force P; and the
lateral displacement AW;, as expressed by the relationship:

M; = P« AW; (1)
M;=Vi*xh; (2)
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Furthermore, the stability of a story can be quantified by its
stability index, 8;,which serves as an essential criterion in
high-rise structural stability analysis. Ensuring adequate
lateral stiffness for buildings exposed to lateral forces
becomes paramount, as excessive deformation can
compromise structural integrity and occupant safety. To this
end, understanding and controlling the stability index in high-
rise structures, particularly when using advanced systems like
tube-in-tube configurations, is essential. The ratio of the
secondary moment AM; (arising from the P-A effect) to the
primary moment M; is known as the stability coefficient of
the story.

o ==, ©®

M; VL

In this context, AW; represents the initial lateral displacement
at the i*"story, determined by the ratio of the story shear V; to
its lateral stiffness. Consequently, the final displacement is
defined as:

AW;

A =
t 1-6;

“)

The coefficient serves as a conversion factor from the

displacement obtained in the first-order analysis to the final
displacement of the structure. This coefficient was also
examined by Gupta and Krawinkler in 1999. Here,
0; represents the stability index derived from the first-order

analysis[1].

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org

International Journal of Engineering Research & Technology (IJERT)

| SSN: 2278-0181
Vol. 13 Issue 11, November 2024

Published by :
http://lwww.ijert.org

Original position of frame
element shown by vertical

line —“\

|« Final deflected position of the
frame element that includes the
global lateral translation, A, and
the local deformation of the

Position of frame element
element, &

as a result of global lateral
translation, A, shown by
dashed line 5

Fig -1: P.A and P. § Effects
In current seismic design codes, stability indices are used to
adjust the design forces for members based on each story’s
stability index. For tall buildings, achieving adequate
stiffness, particularly lateral stiffness, is a crucial aspect of
structural design. At the ultimate strength limit, lateral
deformations must be controlled to prevent structural collapse
from P-A effects[2], [3].
In this study, second-order analysis is applied to 72-story
structural models with an H/B ratio of 8.16. Six tube-in-tube
models with varying bracing configurations are analyzed,
incorporating P-A effects. The results are then compared to
those of a baseline 72-story tube-in-tube model, evaluating
the stability index relative to the braced and unbraced tube
systems.
The tube-in-tube system offers improved stability by
integrating an inner core with an outer tube, which is
especially effective in distributing lateral forces across both
structural components. Studies have shown that tube-in-tube
systems reduce the shear lag effect and manage second-order
effects more effectively than conventional moment-resisting
frames, leading to higher stability and reduced material usage
by up to 30% [4], [5].
Further, high-rise buildings are sensitive to dynamic effects
such as wind and seismic forces. Second-order effects, like P-
A and P-§, significantly impact the overall stability of these
structures, necessitating the inclusion of innovative bracing
configurations and load-distribution techniques to enhance
resilience under these forces[6], [7].
This study aims to evaluate the stability coefficient of tube-
in-tube high-rise buildings under different bracing systems,
assessing the influence of second-order effects on structural
stability. By comparing models that consider and ignore P-A
effects, the research seeks to identify optimal configurations
for minimizing lateral displacements and maximizing
stability, in line with ASCE7-05 recommendations. This
work ultimately contributes to refining design practices for
sustainable, resilient high-rise buildings in urban
environments.

2. LITERATURE REVIEW

The current body of literature on high-rise building behavior
covers a broad spectrum of architectural and structural
perspectives, with particular attention to sustainable design
and innovative structural forms. While many studies focus on
architectural and environmental considerations, research in
structural dynamics, particularly regarding tube and tube-in-
tube systems, provides valuable insights for understanding
the complex behavior of high-rise buildings. This section
highlights key advancements and findings in recent years
related to high-rise structures, encompassing both
architectural innovations and engineering solutions.

IJERTV 1315110085

Although some of the reviewed literature may not be directly
related to the present study, it offers relevant background for
analyzing high-rise building behavior under various
conditions.

Moon (2007) explored the advantages and disadvantages of
high-rise building systems, detailing criteria based on current
design  methods, architectural considerations, and
environmental conditions. One aspect examined was the
impact of geometric configuration on optimizing structural
weight. The study demonstrated that the angle of braces
relative to the horizontal axis is a primary factor in steel
weight consumption, with an increase in bracing angle up to
69 degrees reducing the steel weight, after which the weight
increased[1]. In another study, Moon (2005) examined recent
advancements in the implementation and control of high-rise
building systems, introducing a new classification termed
internal and external systems[8]. Rahgozar and colleagues
(2010) studied simplified relationships for the approximate
analysis of high-rise buildings with a truss cap form. By
minimizing the total energy of the structure, they formulated
equations to calculate lateral deformation and total axial force
under three loading patterns and compared the results with
SAP2000. The findings confirmed a minimal error
percentage relative to analytical results[9]. Reyes and Chopra
(2011) conducted an incremental load analysis on high-rise
buildings by applying two simultaneous components to a
three-dimensional building. As a proposed method, they
introduced the Practical Multi-Point Adaptive (PMPA)
incremental loading method, demonstrating that its outputs
were as accurate in nonlinear analysis as spectral analysis
results in linear analysis. However, linear spectral analysis
caused relative displacements on lower floors of high-rise
buildings to be calculated as significantly less than actual
values[10].

Lu and Jiang (2011) analyzed and applied response control
for high-rise structures in Mainland China. Several notable
buildings in China were constructed at a reduced scale in
laboratory environments and subjected to testing. Moreover,
the performance of control systems, such as ATMD and
controlled viscous dampers, was assessed by adjusting initial
stiffness with displacement|[11].

Liu and colleagues (2011) evaluated the structural
performance of super-tall buildings during construction.
Their findings revealed that performance levels vary at
different construction stages and that the position and timing
of truss cap installation can significantly improve seismic
performance during construction[12]. Wang and colleagues
(2011) assessed the seismic performance of columns located
on transition floors in high-rise buildings through laboratory
studies. The results indicated that the applied load pattern
affects the ductility and failure mechanism of the specimens,
with columns exhibiting acceptable behavior under
monotonic loading. Additionally, SRC columns met the drift
control criteria against applied seismic forces[13].
Saadatpour and Kamkar (2011) studied simplified
relationships in the approximate free vibration analysis of
high-rise buildings to calculate the primary vibration
frequency in a tube-in-tube structure with a concrete core and
truss cap. They compared the results for three different
models with SAP2000, confirming minimal error percentages
relative to analytical results, attributing the error to shear lag
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phenomena[14]. Spence and Gioffre (2011) proposed an
algorithm for optimizing reliability in  high-rise
buildings[15].

Maleki-Nejad and Rahgozar (2012) studied simplified
relationships for calculating approximate vibration frequency
and mode shapes in high-rise buildings with a tube-in-tube
structure with dual truss caps. Using energy methods and
Hamilton’s principle, they derived the entire structure’s
equation and solved it by variable separation, comparing the
results with SAP2000. The findings confirmed a minimal
error range (1-15%) relative to analytical results[16].
Kheyroddin and colleagues (2007) studied the effect of
various braced tube structural configurations on shear lag,
eventually proposing an optimal relationship for determining
the number of braces needed to reduce shear lag as a function
of the structure's dimensions and total floors. They concluded
that the fewer the braced floors (bracing modules), the more
significant the reduction in shear lag. In other words, reducing
the bracing angle decreases shear lag[17]. Park and Yeo
(2016) analyzed second-order effects on wind-induced
responses in high-rise steel structures, showing how wind
loading significantly impacts drift ratios and base shears in
structures with geometric stiffness designed to accommodate
dynamic responses[6]. Additionally, Zu and Lam (2018)
explored vortex shedding patterns using particle image
velocimetry, highlighting its influence on across-wind forces
and lateral stability in a high-rise building[18].

Hafner et al. (2021) studied the shear lag effect in tube
structures, focusing on the uneven activation of vertical
elements under horizontal loads. Their findings suggest
specific design adjustments to mitigate shear lag, especially
in tube structures with closely spaced exterior columns[3].
Zhang and Far (2022) investigated the impact of soil-
structure interaction (SSI) on seismic performance in frame-
core tube structures. Their results underscore the need to
integrate SSI effects in design due to the amplified lateral
displacement and inter-story drifts observed under seismic
conditions[2]. Mohammadi et al. (2017) proposed a ribbed
bracing system (RBSyst) to reduce buckling in braced tube
systems, which enhanced stability and ductility under seismic
loading[19].

Liu et al. (2024) explored the use of replaceable steel
coupling beams in diagrid core-tube structures, which
significantly improved energy dissipation and structural
sustainability during seismic events[7].

3. GEOMETRY AND LOADING OF THE STUDIED
MODELS

To examine the performance of each bracing type on the
response of tall structures, 72-story buildings with various
bracing forms have been analyzed. The structural system of
the models includes tube-in-tube and braced tube-in-tube
configurations. Initially, a 72-story model with a tube-in-tube
system was developed, in which the moment frames used in
both the inner and outer tubes are of the special moment-
resisting frame type. Subsequently, six braced tube-in-tube
models, each with different bracing forms and modules, were
designed. Three types of bracing—X-bracing, chevron, and a
variant of an eccentric brace (referred to as EBF in this
study)—were employed. For each bracing form, two bracing
modules of 8 stories and 24 stories were used. The 24-story
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module implies that the outer tube has a modular bracing
configuration repeated every 24 stories along the building
height.

The building plan has dimensions of 30 m x 30 m, with equal
spans of 5 meters. The height of all floors is 3.4 meters,
resulting in a height-to-width ratio (H/B) of 8:16. The
building plan for the analyzed models is illustrated in Figure
(2). In this plan, the outer columns form the external tube,
while the inner columns form the internal tube. The
diaphragms defined for the floors are rigid, ensuring
connectivity and force transfer between the inner and outer
tubes.

To simplify the analysis of charts and tables, each model has
been assigned an identifier indicating the number of stories,
bracing forms, and bracing modules in each structure. For
instance, the designation T72T-X-8 represents a 72-story
braced tube-in-tube structure with X-bracing and an 8-story
bracing module in the outer tube. The designation T72T
refers to a 72-story tube-in-tube structure without bracing
(Tube 72 Tube). After creating the described models in
ETABS software, they were loaded according to the
provisions of Chapter 6 of the ASCE7-05 standard for lateral
loads and Chapter 6 of the National Building Code for gravity
loads. For gravity loading, the dead load was set to 650 kg/m?,
the live load to 200 kg/m?, and the load for perimeter walls to
1000 kg/m. Lateral loading was based on wind loads, and the
design of the structure’s lateral load-resisting system was
carried out under wind load conditions. Wind loading
provisions followed the analytical method presented in
Chapter 6 of the ASCE7-05 standard. The specifications for
wind loadings used in this study are presented in Table
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Figure-1: Models’ Plan
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Table-1: Wind Load Applied to the Structure in ETABS  increase of 1.15 times, while the lowest was observed in the
Software According to ASCE7-05 Standards chevron bracing with an 8-floor module, with a 1.116
increase. Except for the EBF bracing with a 24-floor module,
which raised the stability index by 15%, other modules, and

= wn
§ o E = E E = g bracing forms exhibited an approximate 12% increase in
5 é = E 2 g £ 2 stability index following applying the P-A effect. The stability
g 2 E = s = E index values for the tube-in-tube structure under second-order
e = S: &} analysis reveal that, although the tube-in-tube structure
= maintains an acceptable drift angle at higher floors, the
£ Wind Angle Relative to | Basic Wind 0;index exceeds the code’s permissible limit. However,
& Axis X: 90 degrees Speed: 110 employing all bracing configurations brought the index back
= Environmental Wind Load Case : within the allowable range. This indicates that if the drift
.% Conditions: Zone B Case 1 angle of a structure is within the permissible range. Still, the
_% Importance Factor: 1 Force and stability index is outside the allowed range, using bracing can
‘B0 Pressure be an effective solution to address this issue.
Si Coefficient on
© Building: 1.85 Table-2: Stability Index in a 72-story structure with modular
% Windward Pressure Topographic X-bracing, 8-floor module, considering second-order effects
5 Coefficient: 0.8 Factor K, : 1
= Leeward Pressure g
= Coefficient: 0.5 E 3 ) - } } } 3
o) Load Eccentricity in E z & 3 s = @ 2
=} . . 7 3 @
2 Direction 1: 0 =
& Load Eccentricity in
= Direction 2: 0 o a
Sl xSl egls ] o] o]l ow
4. CALCULATION OF STABILITY INDEX IN & & = 3 o & S S
STRUCTURES WITH AND WITHOUT THE P-A EFFECT & = 'T e '
After analyzing and designing the constructed models with
consideration of the P-A effect and extracting the necessary <
(oo
parameters to calculate the stability index for each floor, the N b =) x ) - _ -
relevant parameters are presented in Tables (2) to (5). This & & = 3 ; & S R
index is calculated every 8 floors. According to the code’s & = ' <
definition of the stability index P;, it represents the sum of the
axial force resulting from dead and live loads in all columns - -
of floor iii and above, with AW, denoting the relative N < E 3 = - o -
displacement of each floor compared to the floor below it & 8 Q = 2 & S R
(A; — A;_;). Table (2) shows the stability index calculation % = o = '
for the X-bracing form in the 8-floor module. The stability
index for other bracing configurations was calculated o w
similarly, with the final results provided in Table (3). N v ® 5 @ - ~ -
According to ASCE7-05, the allowable value for the stability & 8 § 5 Z X S s
index is limited to 0.25, which is also included in the last 7 &= '
column of all tables in Table (2).
The stability index values for structural models without - w
considering the P-A effect were also extracted in the same N = 2 Y 2 - « "
manner as previously described, and the results are presented & E S E =3 & S S
in Table (4). Reviewing the values in Tables (3) and (4) shows &% = I
that the stability index has a relatively uniform increase when
the P-A effect is considered compared to when it is not. This ~ w
increase is expressed in Table (5) as the ratio of the stability N > E a = o — v
index with the P-A effect to the stability index without the P- S| 8| S| & | &8 | 3|3
A effect. As expected, this ratio is higher in unbraced tube-in- 2 = '
tube structures than in braced structures, with an increase of
up to 1.2 times at the roof level. Generally, in braced < .
structures, the ratio of stability index increases per floor rises ~ < 3 % 5 o o v
with height. I T - I T T = =
The highest increase in stability index was observed in the & = '
EBF bracing with a 24-floor module, with an average

IJERTV13IS110085
(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org

International Journal of Engineering Research & Technology (IJERT)

| SSN: 2278-0181
Vol. 13 Issue 11, November 2024

Published by :
http://lwww.ijert.org
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2 % N “ =N z
Sl x|l el el 3 e 2| g ~ | 008 | 008 | 0.08 | 005|010 | 009 | 0.11
= ~ 0 =] -
©n [l ! (75}

o0
i N R ~ =t E
2 E E15 |55z s 0.06 | 006 | 0.06 | 0.07 | 0.08 | 0.07 | 0.08
= ~ — (= — wn
wn [l ]
S 2] g = | 2 % | 001 | 001 | 001 | 0.01 | 0.02 | 002 | 0.02
% [_'4 % g % Sr S m O . . . . . . .
= (li = o - o < < &
n [ ! w
TABLE UNIT: TON-CM 5. EXAMINATION OF STABILITY INDEX VARIATIONS

IN TALL BUILDINGS ALONG BUILDING HEIGHT

Table-3: Stability Index in 72-story structures with second- ) - Nk : et
To investigate the variations in the stability index along the

order effects

building height, we first review the results in Table (4). A

i - % \ ® e closer examination of the values in Table (4) reveals that
=) e :-; ; % E ) = qualitative changes in the stability index along the height of
2 = D - ; S| = E S Q the structure are more dependent on the bracing module than
% =~ Q E Q E Q = the bracing form. In other words, the increase or decrease in

= = = | F = | = the stability index for the 8-floor module is more similar

across different bracing types, such as X-bracing, Chevron,
N and EBF, than the stability index changes in the X-bracing
% 019 | 0.12 1 0.19 | 006 | 0.10 | 0.14 | 028 form between the 8-floor and 24-floor modules.
H
w2
Table-4: Stability Index in 72-story structures without
<
; second-order effects
& | 0.11 | 0.06 | 0.11 | 0.07 | 0.10 | 0.09 | 0.18
= el 2| 3] 22 |& |&
5] — S >'< Z Z o) o) o
AL ) = x| B Bl a
& = | BN <>
3 I E| R | |R | | |F
> Bl =l BE|E | = |
aoﬁ 0.12 | 0.07 | 0.12 | 0.12 | 0.12 | 0.11 | 0.18
2 S
>
- aod 0.16 | 0.11 | 0.17 | 0.05 | 0.08 | 0.12 | 0.23
®
=
% 0.12 | 0.10 | 0.12 | 0.10 | 0.13 | 0.10 | 0.17 2
= <
w2 O
>
- % 0.09 | 0.05 | 0.10 | 0.06 | 0.10 | 0.08 | 0.15
=
H
% 0.12 | 0.09 | 0.12 | 0.10 | 0.13 | 0.11 | 0.16 2
= e
n o)
~ % 0.10 | 0.06 | 0.10 | 0.10 | 0.10 | 0.09 | 0.15
on
=
% 0.11 | 0.08 | 0.11 | 0.12 | 0.13 | 0.12 | 0.14 i
2 %
>
- % 0.11 | 0.09 | 0.10 | 0.09 | 0.11 | 0.09 | 0.14
N
=
% 0.10 | 0.11 | 0.10 | 0.10 | 0.12 | 0.10 | 0.12 i
% S
>~
mod 0.10 | 0.08 | 0.10 | 0.08 | 0.11 | 0.10 | 0.13
I
w2

IJERTV13IS110085
(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org

International Journal of Engineering Research & Technology (IJERT)

| SSN: 2278-0181
Vol. 13 Issue 11, November 2024

Published by :
http://lwww.ijert.org

@
“ >
o | 1.14 | 1.14 | 1.14 | 1.16 | 1.16 | 1.17 | 1.17
& | 0.10 | 0.07 | 0.10 | 0.10 | 0.11 | 0.10 | 0.12 8
o )
H
w2
N
& >
o e | 1.13 | 1.15 | 1.13 | 1.16 | 1.15 | 1.16 | 1.16
& | 0.09 | 0.09 | 0.09 | 0.09 | 0.10 | 0.09 | 0.11 8
o n
=
n
O
© >
> e | 112 | 113 | 1.12 | 1.12 | 1.14 | 1.15 | 1.14
& | 0.07 | 0.07 | 0.07 | 0.06 | 0.09 | 0.08 | 0.09 8
o %)
H
w2
o0
o0 >
> £ | 11| 109 | 1.09 | 1.07 | 111 | LI | 111
% 0.06 | 0.05 | 0.06 | 0.05 | 0.07 | 0.06 | 0.07 &
%
— >
> % 1.00 | 0.99 | 099 | 098 | 1.03 | 1.04 | 1.05
Qo‘ 0.01 | 0.01 | 0.01 | 0.01 | 0.02 | 0.02 | 0.02 &
2
)
% N on o] \O N \O N
N (@] — N N < O
Table-5: Ratio of Stability Index with Second-Order 53) = = = = = = =
Analysis to Stability Index with First-Order Analysis :<>1:

a % X g S E = The values in Table (4) are plotted as two charts in Figure (3)
= » . z | & o |3 = for the 8-floor module with different bracing forms, and in
> = \ o T = =< o . . N .
= S 5 = 59 & B> Figure (4) for the 24-floor module with different bracing
) = L [N B Q N forms. Given the relatively uniform difference in stability
&= = = index between the cases with and without the P-A effect, the
o qualitative results of stability index changes along the height
o~ are similar for both analyses. Therefore, this section focuses
E 1151115 1 114 1 114 1 116 | 117 | 12 only on jche charts for the analysis.with the P-A effect. '
g We begin with the 8-floor bracing module. As shown in
©n Figure (3), the stability index values in the X-bracing and
< Chevron forms are very close and, in some cases, overlap.
O Since the stability index is directly related to relative lateral
E 115 1115 1114 1 115 1 100 | 1.16 | 12 displacement and axial force in the columns, the axial force
8 in the columns is also examined. The analysis shows that the
)

axial force in the columns for the X-bracing form is lower

than in the Chevron bracing form. This is because X-bracing,
due to its higher stiffness compared to Chevron bracing,
1151 114 1 114 1117 1116 | 117 1 12 absorbs more lateral forces, reducing the forces in the
columns. The relative displacement of floors in the X-bracing
form is also found to be greater than in the Chevron form,

STORY 56

which can be attributed to the section size of the Chevron
bracing in the 72-story structure. The lower stiffness of
1151 11511141116 116 | 1.17 | 1.19 Chevron bracing compared to X-bracing necessitates the use
of heavier sections in the Chevron form, resulting in smaller
average displacements in Chevron bracing compared to X-

STORY 48

bracing in the studied models.

In summary, in X-bracing, the axial forces in the columns are
115 1114 1 114 | 115 |1 116 | 1.17 | 1.18 lower than in Chevron bracing, and the relative floor
displacements are higher than in Chevron bracing. The
product of these two parameters for calculating the stability

STORY 40

index brings the stability index values closer for these two

| JERTV131S110085 bracing forms.
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The general behavior of the EBF bracing is similar to the X-
bracing and Chevron forms, with only a slight increase in the
stability index for EBF bracing compared to X-bracing and
Chevron.

In all three bracing forms, the stability index increases up to
the 48th floor (67% of the building height), then slightly
decreases or stabilizes up to 90% of the building height.
Beyond 90% of the height, the stability index increases again.
The increase in stability index from the base to 67% of the
height can be attributed to the increase in relative lateral
displacement up to this level. The drift angle curves for
moment-resisting frames indicate that the drift angle
predominantly increases in the lower 50% of the building
height. According to Equation (1), the stability index can be
seen as a coefficient of the drift angle in each floor, multiplied
by the P/V constant for the same floor. Therefore, the stability
index curves should closely resemble the drift angle curves
for each floor, as shown in Figures (3) and (4).

Stability Coefficient Variation in Height with P.A Effect

=8 T72T-X-8-P.DELTA

HEIGHT PERCENTAGE (HifH)
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Figure-3: Variations in the Stability Index along Building
Height Considering the P-A Effect in the Structure with an 8-
Story Module

Stability Coefficient Variation in Height with P.A Effect
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Figure-4: Variations in the Stability Index along Building
Height Considering the P-A Effect in the Structure with a 24-
Story Module

In the range from 67% to 90% of the height, the relative
displacement does not vary significantly, resulting in a stable
or slightly decreasing stability index in this range. In the final
10% of the building height, the main factor for the increase in
stability index in X-bracing and Chevron bracing is the sharp
reduction in floor shear. For EBF bracing, in addition to the
reduction in floor shear, there is also a considerable decrease
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in the axial force of columns due to the high stiffness of the
bracing, leading to minimal changes in the stability index.
Given the importance of lateral stiffness in calculating the
stability index, it is evident that the designed sections have a
significant impact on this index. To examine the stability
index in the 24-floor module, we analyze Figure (4). The data
for the 24-floor module in X-bracing from Tables (3) and (4)
indicate that the stability index follows a periodic ascending
trend, aligned with the bracing module. This means that in the
24-floor module, the stability index initially increases from
the first to the 24th floor, then decreases, and increases again
in the next 24 floors, from the 24th to the 48th floor. This
trend suggests the presence of discontinuities in stiffness, as
the structure experiences a reduction in stiffness at the start
and end of each bracing module. For instance, in the 72-story
structure with a 24-floor modular bracing, these stiffness
reductions occur on the 24th and 48th floors.

In the Chevron and EBF bracing forms, a similar, but less
regular, pattern is observed. In Chevron bracing, the increase
in stability index is visible up to the 32nd floor. It should be
noted that in the unbraced tube-in-tube structure, the stability
index increases with building height. Table (6) shows the
stability index ratio for each bracing configuration compared
to the baseline model.

Additionally, Table (7) presents the percentage reduction in
stability index for each bracing configuration compared to the
baseline model. It is observed that X-bracing achieved the
greatest reduction in stability index, with an average
reduction of 40.97%, while the EBF bracing with an 8-floor
module showed the smallest impact, with a reduction of
23.31%.

Table-6: Stability Index Ratio in Braced Structures

Compared to Tube-in-Tube System with Second-Order
Effects
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Braced Structures Compared to Tube-in-Tube System with >
Second-Order Effects <
a % > °§ > = B . I - .
= e > Z Z =) =) Figure (5) plots the stability index variations for cases with
g‘ E; 0 : : ps E o E s and without the P-A effect. As shown in Figure (5), second-
32 - E Q =~ N N order effects do not significantly alter the stability index in
= | F = = the first 10% of the building height from the base level. This
~ observation is independent of the bracing form.
o~
8 FIRST-ORDER AND SECOND-ORDER ANALYSIS
96}
In this section, using the stability index for each floor in the
<
; first-order analysis of the studied models, the coefficient ﬁ
QO‘ 38.78 | 66.67 | 37.85 | 61.81 | 40.92 | 49.99 is first calculated. Then, the final lateral displacement of the
& structure is calculated according to Equation (1). This

displacement is then compared with the final displacement of

© the structure, considering the P-A effect in the analysis. The
et ; 4 . .
S results for different bracing configurations are presented in
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Table-10: Comparison of Lateral Displacement in Tubular
Structure with 24-story Modular X-Bracing in Second-Order

Analysis and Applying the Coefficient 1—;9»
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Table-11: Comparison of Lateral Displacement in Tubular
Structure with 8-story Modular Chevron Bracing in Second-

Order Analysis and Applying the Coefficient 1_;9.
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Table-12: Comparison of Lateral Displacement in Tubular
Structure with 24-story Modular Chevron Bracing in Second-

Order Analysis and Applying the Coefficient
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Table-13: Comparison of Lateral Displacement in Tubular
Structure with 8-Story Modular EBF Bracing in Second-

Order Analysis and Applying the Coefficient
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Figure (6) shows the acceptable alignment of relative lateral
displacement of floors under the effect of P-A analysis and
using the displacement conversion coefficient in the 24-story
modular X-bracing configuration.
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Figure-6: Comparison of Relative Displacement of Floors
Between the Case Considering P-A Effects in Analysis and

Applying the Coefficient 1_;9 in First-Order Effects

7. CONCLUSION
The use of a modular braced tube-in-tube structural form to
address the weaknesses of the tube-in-tube system has only
been explored in a limited number of studies. To increase
lateral stiffness and reduce both inter-story and overall drift
angles, various modular bracing configurations (where the
bracing is repeated over several floors) have been proposed,
with most previous studies focusing on diagonal or X-bracing
forms. One critical aspect of tall buildings is their stability,
which is often defined by the floor stability index. This study
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aims to evaluate the effects of different mega-bracing
configurations (X-bracing, Chevron, and EBF) on the seismic
demands of tall buildings, as well as the impacts of secondary
moments on the stability index and the relative displacement
requirements. Additionally, the possibility of using first-order
elastic analysis results with a displacement amplification
factor, based on the floor stability index, is examined.

The main findings regarding the stability index in 72-story
structures are as follows:

1. Including P-A effects in the calculations leads to an increase
in the stability index. This increase is relatively uniform
across all bracing configurations and is approximately 12%.

2.Changes in the stability index along the building height are
more dependent on the bracing module than on the bracing
form. For example, structures with X-bracing, Chevron, and
EBF bracing in the 8-floor module exhibit similar behavior,
while the same bracing forms in the 24-floor module also
show similar behavior to each other.

3.In unbraced tube-in-tube structures, the stability index
increases along the building height.

4.In tube-in-tube structures considering P-A effects, the
stability index in the upper floors exceeds the permissible
range in the code, despite maintaining an acceptable drift
angle. However, using any bracing configuration restores the
stability index to within the permissible range. This suggests
that if the drift angle of a structure is within the acceptable
range, but the stability index is not, using bracing is an
effective solution to address this issue by increasing lateral
stiffness.

5. The variations in the stability index along the building height
resemble the variations in the drift angle of floors along the
building height.

6.In the 8-floor module, the stability index increases up to 67%
of the building height (H0-67%), which is influenced by the
increase in drift at this height. Between 67% and 90% of the
height (H67%-H90%), the stability index remains almost
constant or slightly decreases. Above 90% of the height, the
stability index rises again due to a reduction in floor shear
within this range.

7. In the initial 10% of the building height (H10%), the stability
index changes are almost independent of the bracing form and
even of the inclusion of P-A effects in the calculations.

8. In the 24-floor X-bracing module, the stability index follows
a periodic ascending trend corresponding to the bracing
module. This means that the stability index initially increases
from the first to the 24th floor, then decreases, and rises again
from the 24th to the 48th floor. This pattern indicates stiffness
discontinuities, as the structure experiences a reduction in
stiffness at the start and end of each bracing module. Similar,
though irregular, behavior is observed in Chevron and EBF
bracing configurations.

9. The final displacements of the structure were calculated using
the two methods discussed in Section 5. The results from
these two methods showed very good alignment, with greater
consistency for the 8-floor module than for the 24-floor
module.
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