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Today, many strategies have been proposed to improve the behavior of tall buildings
under seismic load. Drifts, torsion, and structure period are essential parameters
affecting high-rise building behavior. In addition, the stress concentration at
the end wing of shear walls is another critical subject in high-rise buildings, which
was resolved using end shear walls. The end shear wall connects the end of two
shear walls in high-rise buildings without opening. In this study, a new end shear
wall connects the end of shear walls in a high-rise building with regular openings
(ESWO). Therefore, two 30-story RC buildings with and without end shear walls
with opening were modeled by a nonlinear time history analysis under seismic load.
The drift was decreased by 49% in a 30-story building with a new end shear wall.
Moreover, the residual displacement of 30-story buildings with end shear walls
with opening was decreased by 67%. The time history nonlinear analysis investi-
gation indicated that the end shear walls with opening declined the maximum
displacement by 62% in tall buildings by OpenSEES software. The reduction of
the standard deviation of data increased the confinement in 30-story drifts in the
X and Y directions by end shear walls with opening. Based on the results, the
performance of the end shear walls with the opening was appropriate in the
seismic behavior of high-rise buildings.
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ABSTRACT

1. Introduction

The shear wall system in high-rise buildings
includes some advantages and disadvantages.
Increasing the stiffness of the building, preventing
collapse, reducing damage, providing serviceability
for high-rise buildings during earthquakes, and
carrying gravity loads after many cracks are
advantages. On the other hand, the disadvantages
are a shear failure, uplift force by incorrectly
estimating the number and improper placement
of walls, displacement, and deformation due to
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axial force. Studies have sought to improve the
performance of high-rise buildings, such as the end
shear wall without opening in the Kingdom Tower
structure [1].

Stafford Smith and Abergel [2] investigated
coupled and shear walls in high-rise buildings and
used an equivalent single coupled wall, which
resulted in some distribution in the coupled wall
and shear walls. Wyatt and Best [3] found
dynamic response in medium-high buildings under
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wind loads and indicated that the high response
levels were primarily a result of exposure to the
site. In addition, Roberts and Yeung [4] studied
the torsional properties of doubly symmetric core
shear walls and confirmed that sidewall distortion
could effectively reduce the torsional stiffness of
sections. Chen et al. [5] conducted a nonlinear
inelastic analysis in a structure with a thin wall
and showed that the mentioned inelastic analysis
is suitable for the inelastic behavior and ultimate
strength of core-braced frames. Mendis [6] focused
on the warping analysis of concrete cores and
presented a simple method for estimating the
longitudinal stresses on walls and header beam
forces, especially for torsional-loaded concrete
cores. Onu [7] evaluated the warping shear effect
in a thin-walled core and showed an average
warp-restrained torsion. A site effect was reported
by Wen et al. [8] for high-rise shear walls subjected
to near- and far-field excitations. Kim et al. [9]
presented an efficient three-dimensional seismic
analysis of shear walls in high-rise buildings and
proposed a method with high-accuracy results and
low computational time. Meftah et al. [10] examined
high-rise, thin-walled buildings and presented a
method for comparing them with the finite element
method. Smith and Willford [11] studied the
damped outrigger concept for high-rise buildings
and showed that the mentioned concept reduced
the section size of members.

Zhao and Astaneh-Asl [12] showed that the
behavior of composite shear walls in seismic con-
ditions led to an innovative system using smart
structures technology. Esmaili et al. [13] investigated
structural RC shear walls in high-rise buildings
and obtained an optimal tower design after exa-
mining ductility levels in shear walls. Mortezaei
and Kheyroddin [14] discussed the effect size in
RC flanged shear walls and reported that the
effect size is independent.

Moreover, Rahai and Hatami [15] evaluated the
behavior of composite shear walls subjected to
cyclic loading and showed that the middle beam
rigidity connections do not significantly affect the
behavior of the mentioned shear walls. Khatami
and Kheyroddin [16] studied the effect of flange
thickness on the nonlinear behavior of flanged
shear walls and showed that the global behavior

of flange under pressure is much more improved
than tension. Hoenderkamp [17] assessed the
influence of a single shear wall on a coupled
shear wall in high-rise buildings and proposed a
graphical method for the rapid evaluation of
structural behavior.

Bozdogan and Duygu Ozturk [18] examined
the vibration analysis of symmetric shear walls by
the transfer matrix method and showed reasonable
accuracy. Emsen and Aksogan [19] performed a
static analysis on shear walls using a continuous
connection method and proposed a practical
approach for pre-design. Moragaspitiya et al. [20]
developed a vibration method for bearing elements
in RC buildings and offered an approximate
method to add the effects of creep and shrinkage.
A simplified wide-column model was innovated
by other structural shear walls using the wall's
energy dissipation and inelastic behavior [21].
Bhunia et al. [22] presented a conceptual design
for shear walls and improved solutions to compare
performance-based strategies. Wei et al. [23]
studied mesh boundary motion by simulating wind
effects and presented a method to focus on
clustered boundary meshes for turbulent flow
simulation. Kheyroddin et al. [24] investigated
open and semi-open core wall systems in high-
rise buildings and found that a closed section core
in the last story leads to appropriate behavior of
the previous quarter of structure height due to the
analytical results in the last story. The thin RC
walls and related seismic behavior showed that
the ultimate displacement capacity and energy
dissipation ability decline when the wall thickness
is reduced by 25% [25]. Tang and Su [26]
evaluated the gravity-induced shear force in RC
walls on transfer structures and proposed remedial
measures, such as increasing the depth of the
transfer girders using late-cast slabs, segmented
upper shear walls, and higher-grade concrete for
critical regions. Beiraghi et al. [27] investigated
the energy dissipation of tall core-wall structures
with multi-plastic hinges under near- and far-fault
excitations and showed that inelastic energy
dissipation is significant at the base and above the
mid-height of the wall.

Liu et al. [28] examined the shear lag effect of
a T-shaped short-leg shear wall and found that
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the numerical calculation and theatrical analysis
are compatible. Welt et al. [29] studied the
boundary element in RC walls and realized
those boundary elements in axial compression are
more extensive than in unconfined concrete. A
formulation of the mixed beam and its warping
were investigated for dynamic analysis of thin-
walled structures, and the proposed model was
analyzed by time history and modal methods [30].
Wang et al. [31] innovated precast concrete shear
walls and used them in high-rise modular
buildings for designing a lateral load-resisting
system and reported suitable performance under
lateral loads. Satriani et al. [32] evaluated the
seismic performance of moment-resistant frames
by fragility curve with and without shear walls.
According to the results, the frame-shear wall
structure had better performance with a lower
damage probability than other structures. Ugalde
and Lopez-Garcia [33] investigated the behavior
of RC shear wall buildings under earthquake and
showed that elastic analysis has limitations in
reproducing the actual observed behavior without
damage state.

According to Mahmoud [34], the top of the
building structure is the most undesirable location
for the sky bridge due to the dynamic responses of
high-rise buildings connected horizontally at
different heights under earthquake loads. On the
other hand, Lacidogna et al. [35] evaluated
diagrid systems coupled with closed- and open-
section shear walls in high-rise buildings and
realized that the inclination of the external diagonals
significantly affected the relative stiffness. Jeong
et al. [36] studied the seismic performance in
high-rise buildings and showed that coupling
beams included high-rise buildings' most vulnerable
seismic loads. Afzali et al. [37] investigated seismic
performance in RC shear walls in high-rise
buildings with various frequencies and found that
earthquake frequency content changes were
suitable for two high-rise structures rather than
shorter structures. Khademian et al. [38] assessed
the structural damage detection of RC shear
walls under earthquake and observed cooperative
agreement in some curves, such as displacement
and base shear curves, due to experimental and
numerical programs. Badkoubeh and Massumi [39]

focused on the vibration period for the seismic
design of RC shear walls and realized that
mechanical wall properties and geometry sig-
nificantly affect the entire period of concrete SW
buildings. Akbarzadeh et al. [40] investigated
coupling beams considering seismic behavior in
RC frames with a coupled shear wall. RC coupling
shear walls with concrete and steel coupling
beams possess an identical drift distribution over
the height until the final displacement. Akhavan
Salmassi et al. [41] studied end shear walls in
tall buildings with torsional irregularity under wind
load. The end shear walls were investigated in
tall buildings using torsional irregularity under
seismic load and linear static analysis and indicated
the behavior improvement of structures subjected
to seismic load [42]. In addition, a comparative
study was conducted on tall buildings by outrigger,
braced, and RC wall core and presented that the
buildings with RC shear walls had lower residual
displacement than those with the braced core.
Others have examined the seismic behavior of
RC structures with shear walls subjected to
main-shock and post-shock seismic sequences.
These studies presented one of the determinative
parameters for structural behavior subjected to
seismic sequences by the post-shock to main-shock
PGA ratio [43].

Therefore, the end shear wall connects the end
of two shear walls in tall buildings without opening.
In this study, a new shear wall was connected to
the end of shear walls in high-rise buildings using
an end shear wall with regular openings (ESWO).
Two 30-story buildings were modeled by OpenSEES
with reinforced concrete frames with RC shear
walls and ESWO systems under seismic load and
analyzed using nonlinear time history analysis to
investigate ESWO. The ESWO caused proper
seismic performance in RC tall buildings by im-
proving roof displacement, con-finement, and
architecture.

2. Material and Methods
2.1. Mathematical Formulation

Torsion is one of the most critical parameters in
shear walls in high-rise buildings. The shear wall
systems are rigid at the core base and have
torsions at the top. In Figure (1a), these walls are
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symmetrical in the X and Y axes, assuming a
simple cross-section I under the torsion of the
eccentric ratio of 0.05, in which the warping effect
is observed (ASCE7-16 (2017)) [44]. Z-axis and
the wings rotate around the shear center, as well
as the X- and vertical axes, respectively, by applying
the torsion T above the Z-axis. In the moment
effect, the slab sections revolve around the X-axis
in different directions, and the plate sections are
exited or warped from the plate. Smith and
Coull [44] noted that the spin of the wings tol-
erates the torsion, which is equal to (see Figure (1)):

Figure (1b), 1 2 1, , ,x  x x  and 2x  are the area and
shear center (C and D points) as below:
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Vlasov theory investigated torsion (Figures (1c)
and (1d)), which is as follows:

( ) ( ) ( )v wT z T z T z= +                                         (3)

( )T z  and wT  represent torsion related to warping
and torsion of shear flow, respectively. In addition,
Figure (1c) shows shear related to flange moments
1 and 2 by Equations (4) and (5):

3

1 1 1 3( )  ( )dQ z EI x z
dz

θ
= −                                      (4)

3

2 2 2 3( )  ( )dQ z EI x z
dz

θ
= −                                    (5)

1 1 2 2( ) = ( ) ( )wT z Q z x Q z x+                                (6)

Figure 1. Simple cross-section, I [44].
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ωI  is geometric properties of section and nominated
warping constant, which equals to:

2 2
ω 1 1 2 2  +  I I x I x=                                              (8)

( )vT z  is tolerated by rotations in flanges as
below:

1( ) =  ( )v
dT z GI z
dz

θ
                                            (9)

1J  is the torsion constant of the section as
follows:
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1 G J  expresses the torsional rigidity of the core
by open section. The equation of torsion due to
warping is given in Equation (12):
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On the other hand, the second moment ( )B z
and vertical tension of the wall at distance c from
the neutral axis are equal to:

( ) ( )= LMB z z                                                (13)

σ = ( )( , )  
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M
                                            (14)

The warping theory of uniform core under
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torsion, Vlasov theory (Equations (3), (7), and (9)),
and their differential equations are presented as
follows:

L presents the vertical distance of two flanges.
( ) m z  or wide torsion along the wide axis is

equal to:

( ) 

T

z
z d

d
m =−                                                    (15)

α is the position of the shear center differential
equation for core warping torsion as shown in
Equation (17):
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Applying boundary conditions and solving the
torsion of the core under ( ) m z  is obtained in
Equation (17):
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Where two parameters of  Hα  and /z H are
dimensionless [43]. Warping tensions are men-
tioned as follows:

ω
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( ) B z  is the second moment, which specifies the
core height. ( )sω  is the principle of sectoral
coordinate in the section. The tension distribution
in height is shown below:

ω

( )( , ) = ( )  
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Equation (22) indicates that the ESWO performs
properly when some parameters are improved,
considering stress reduction by the device.

2.2 Specifications of Structures and Material

A total of two 30-story buildings were modeled
by ETABS software with and without ESWO to
investigate the ESWO behavior (Figure 2). In
addition, the seismic behavior was analyzed in
three dimensions, including the reinforced concrete
moment frame and shear wall. Dead and live
loads were assumed as 170 and 200 (kg/m2), res-
pectively based on ASCE-16. The floor was
reinforced concrete slab, and the connections of
columns and shear walls were rigid at the base.
The frames' spans and the floors' heights were 7
and 4 m, respectively.

Moreover, , ,c fυ  and yf  were 0.15, 50 (MPa),
and 400 (MPa), respectively. A nonlinear time
history analysis was performed using OpenSEES
after ETABS software determined the frame
sections.

Figure (2a) shows the shear walls on C, D, 3,
and 4 axes. In addition, the ESWO in A, F, 1, and
D axes in Figures (2b), (2c), and (2d) indicated
the typical frame elevation of the structure with
ESWO and its detail.

As shown in Table (1) (the specifications of
the concrete frames of the models), the 30-story
buildings represent high-rise structures.

Tables (2) and (3) represent the buildings and
section specifications.

These structures are subjected to seismic
analysis after modeling and then analyzed.

Table 1. Concrete frames models.
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Table 3. Section specifications.

Table 2. Building specifications.

2.3. Simulation of the Structures

The 30-Story structures were analyzed by
linear static analysis and determined the section
properties. The mentioned structure was simulated
by OpenSEES for more investigations and
nonlinear time history analyses. Three records
were required to apply the structures due to

Figure 2. 30-story models.

nonlinear time history analysis.
On the other hand, the multi-layer shell element

model was applied for shear walls using the
"ShellMITC4" command related to the multi-layer
shell element model. The mentioned command
subdivided the shear wall into a sufficient number
of layers. According to the dimensions and
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Table 4. Specifications of the records.

Figure 4. Distribution of rebar layer [45].

at the mid-surface (Figure 4) [45].
Table (4) lists the specifications of the records,

which are considered far-field by site class D. On
the other hand, acceleration time, response accele-
ration time, and the spectra response of records
are indicated in Figures (5) and (6), respectively.

Figure 3. Multi-layer shell element [45].

Figure 5. The Acceleration-time and Response acceleration- time graphs of records.

distribution of reinforcing bars, Figure (3) [45]
indicates the different material properties and
multi-layer shell elements. Given the physical
location and direction of the bars smeared into
some orthotropic layers, the layer thickness
stresses were assumed to be consistent with those
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Figure 5. Continue.
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Figure 6. The spectra response of records.

A nonlinear time analysis of structures requires
verification in the following.

2.3.1. Verification

In this study, the OpenSEES algorithms are
validated on a four-story RC flexural frame studied
by Parra et al. [46] in Figure (7a). In Figure (7b)
and Table (5), the maximum base shear/W (%) of
Parra et al. [46] and simulation ratios are 10.5%

Figure 7. The verification frame and results.

Table 5. TVerification results.

and 11.1%, respectively.
The verification deviation was 5%, and the

comparison of curves showed the appropriate
performance of the algorithm by OpenSEES.
     Validation for the frame with open shear wall
according to Mamdouh et al. [47] in Figures (8a)
and (8b) is as follows:
   Lateral displacement was measured using
linear variable differential transducers (LVDT),
and the relationship between the applied lateral
loads and the horizontal displacement at the top of
the specified tested shear walls before streng-
thening is shown in Figure (8a). It is evident from
the figures that the load-deflection curves of all
specimens follow the same pattern. Before the
ultimate load and the failure stage, the elastic
load-deflection curve held steady up until the
cracking load. Because of a loss of stiffness and
rigidity, the slope of the curve dropped at all three
of the places evaluated as the opening size grew
larger. The ability of the applied GFRP sheets to
regulate stress redistribution and fracture pro-
pagation resulted in an increase in curve slope and
lateral load capacity following the strengthening
process. It was found that the displacement capa-
city of the walls with the aperture was lower than
that of the reference wall without opening, but that
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this was mitigated by the use of GFRPs around
the opening, resulting in a considerably more for-
giving load-displacement response.

3. Result and Discussion

The two 30-story structures were modeled with
and without ESWO in three nonlinear time history
analysis records. The structure is modeled in three
dimensions The time history analysis is based on
FEMA-P695. Three components of the record
have been applied based on Table (3) and the
maximum values has been considered. The drift
ratio is one of the significant parameters in
seismic behavior in tall buildings. Based on
Figure (9), the drift ratios are calculated for this
purpose.

Figure 8. The detail of the verification specimen and OpenSEES
simulation.

Figure (9a) shows the inter-story drift ratios for
records based on the story of CMF1. As observed,
the orange, blue, and gray colors belonged to
Morgan hill, Northwest China, and Loma Prieta
records, respectively. The minimum inter-story
ratio occurred at 8.75E-04, 1.41E-04, and 1.07E-04
in Loma Prieta, Morgan hill, and Northwest
China records at the first level, respectively.

Figure 9. The drift ratios (%) based on the story in CMF1
and CMF2.
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The maximum drift ratios equal 3.35E-03, 1.26E-03,
and 9.72E-04 in Loma Prieta, Morgan hill, and
Northwest China records at six-, 25-, and 22-
stories, respectively, despite some fluctuation from
one to 13-stories.

The inter-story drift ratios of records are
shown in Figure (9b), which is based on the story
of CMF2. The minimum inter-story ratio was
observed at 4.09E-04, 1.14E-04, and 1.89E-04 in
Loma Prieta, Morgan hill, and Northwest China
records at the first level, respectively. There
were gradual fluctuations in the parameters
mentioned above from one to 13 stories in three
records. The maximum inter-story drift ratios were
obtained at 6.92E-04 and 8.03E-04 in Morgan
Hill and Northwest China records. Some initial
fluctuation resulted in 1.71E-03 in the Loma Prieta
record at ten levels.

The inter-story drift ratio based on the story of
CMF1 and CMF2 is presented in Figure (9c).
The mentioned inter-story drift ratio was obtained
from the maximum inter-story drift ratios of three
records in CMF1 and CMF2 in every story. In
CMF1 and CMF2, the minimum inter-story drift
ratios were 8.75E-04 and 4.63E-04 at first level,
respectively. In addition, the maximum parameters
mentioned above were 3.35E-03 and 1.71E-03 at
the six and eleven levels of CMF1 and CMF2 by
some fluctuations, respectively.

Moreover, Figure (10) indicates that the dis-
placement time history of the Loma Prieta records
in the CMF1 and CMF2 structures at the roof
level. The CMF1 graph showed an increasing
behavior from zero to 15.9588s by a maximum
displacement of -23.7981cm, which declined to
-6.6564cm, and the ESWO caused a rough uni-

form behavior. The maximum displacement was
presented at 8.8321 cm in 1211 s, and the residual
displacement of CMF2 was equal to -2.13275 cm.

The maximum inter-story drift was at eleven
levels of CMF2 under the Loma Prieta record. In
Figure (11), the drift graph under the Loma Prieta
record indicates a deeper exploration of ESWO's
effects by nonlinear time history analysis.

The drift ratios had more concentration in
CMF2 than in CMF1. Figure (11a) demonstrates
the drift in X- based on the Y-direction of CMF1 and
CMF2 under Loma Prieta. Therefore, SPSS soft-
ware was used to analyze data to provide more
accurate information about the Figure mentioned
above. There were significant differences in the
proportion of CMF1 and CMF2 at box plot outputs.
On the other hand, there are some data at the top
and bottom of the box plot in Figure (11b) for CMF1
to express the scattered data at the top of the box
plot in Figure (11c) for CMF2. In addition, the
CMf2 box plot indicated a lower domain as much
as -0.001 and 0.0015 than CMF1 by more domains
from -0.003 to 0.003. CMF2 had a greater con-
centration of data in the X-direction than CMF1.
Furthermore, Figures (11d) and Figure (11e)
show that CMF2 has a lower domain (-5.0 E-04 and
7.5 E-04) than CMF1 by more domains in -0.002 and
0.002 in the Y direction.

Thus, ESWO's suitable performance increased
the confinement of data in CMF2 by presenting
a greater concentration than that in CMF1.

Table (6) shows the drift outputs of X and Y
directions in CMF1 and CMF2 structures under
Loma Prieta by SPSS software. The standard
deviations were significantly lower in CMF2 to
CMF1 in two directions with a brief review.

Figure 10. The displacement Time history of roof under Loma Prieta record.
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Figure 11. The drifts and boxes plot of CMF1 and CMF2 in X and Y directions in Loma Prieta.

In addition, the number of standard deviations
of "Drift X-direction CMF1 Loma Prieta" and "Drift
X-direction CMF2 Loma Prieta" were presented
obviously by 0.00101 and 0.00042, respectively. In
addition, the standard deviations changed from
0.00079 to 0.00032 in "Drift Y direction CMF1
Loma Prieta" and "Drift Y direction CMF2

Loma Prieta" respectively.
The standard deviation values were expressed

with less dispersion of drift data in CMF2 in X and
Y directions under excitation than in CMF1.

According to the study, new end shear walls
improved the seismic behavior of tall buildings in
terms of structure and architecture.
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Table 6. The statistics of standard deviation.

4. Conclusion

Modeling of two 30-story buildings with and
without ESWO structures was performed by
OpenSEES to investigate the seismic behavior of
the new end shear wall (end shear wall with
regular openings or ESWO). In addition, the data
were analyzed by SPSS software, and the following
results were obtained:
- The mentioned structures were subjected to

Northwest China, Morgan Hill, and Loma Prieta
records due to nonlinear time history analysis
in 30-story structures. The inter-story drift ratio
was one of the significant parameters for
investigating tall building structures. The related
graph drew into three sections. The inter-story
drift ratio was based on 30 stories with and
without ESWO, and other maximum inter-story
drift ratios were compared to the two previous
graphs. The results indicated that the maximum
drift decreased as much as 49% in 30 stories
by ESWO, considering some fluctuation.

- Time history displacement graphs showed
nonlinear time-history analysis results for both
systems, which presented the roof displace-
ment based on time in the X-direction. Immediate
and substantial differences were observed in
time history displacement graphs of 30 stories
with end ESWO, and the maximum displacement
decreased by 62% in 30-story structures with
ESWO.

- As a result of performing efficient ESWO in
maximum displacement, residual displacement
of ESWO was demonstrated. In this regard,
the residual displacement of the roof was
presented in the X-direction under three
records. The ESWO improved the residual
displacement by as much as 67%, considering
the residual displacement values.

- The excellent structural efficiency and ESWO
increased the confinement in tall buildings by
box plots outputs. Based on the results, the
standard deviation of data declined by 58 and
59% in 30-story drift by ESWO in the X- and
Y-directions, respectively.

Notation and Symbols

The following symbols are used in this paper:
A: area of the plan

( ) :B z  second moment
E: young module
fc: concrete comprehensive strength
fy: yield strength of steel
GJ : torsional rigidity of the core
H: height of the structure
I: inertia moment
J1: torsion constant
L: vertical distance of two wings

( ) :M z  wide torsion along the wide axis
T : torsion

( ) :wT z  torsion associated with the warping

( ) :vT z  torsion associated with the shear currents
α: position of the shear center differential equation
for core warping
υ: poison coefficient
ρ: concrete reinforced ratio
σ(c, z): vertical tension of the wall at a distance c
from the neutral axis
σ(s, z): distribution of tension in height (z)
ω(s): principle sectoral coordinates
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