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Abstract: Today, architectural application and economic constraints require that vertical-irregular
structures be constructed in urban areas. Proposing methods to minimize damage to these structures
during earthquakes is therefore crucial. Strict regulations have been enforced for the design and
analysis of irregular structures given their higher vulnerability to damage compared to that of regular
structures. The present study aimed to evaluate eight regular and irregular 10-story and 15-story steel
structures with buckling-restrained braces frames (BRBFs) and concentric braced frames (CBFs) in
terms of their responses to twelve far-field earthquakes. According to the obtained results, the mean
value of maximum drift, top floor displacement and floor acceleration were higher in both regular
and irregular structures with BRBFs than in those with CBFs.

Keywords: buckling resistant braced frames (BRBFs); vertical irregularity; mass irregularity;
far-field earthquake

1. Introduction

Buckling restrained braces (BRBs) are seismic elements that comprise an axially yielding core and
an axially decoupled restraining mechanism, which suppress the overall buckling. BRBs generally
comprise of a mortar-filled steel section that encloses a yielding core wrapped in a thin debonding
layer or gap between the core and mortar or all-steel restrainer. As a low-friction interface, this layer
limits the axial load transferred to the restrainer in BRBs through accommodating the core lateral
expansion caused by the Poisson impact [1]. Given the significant energy dissipation capacity of BRBs
compared to that of other completely ductile systems, properly designed BRBs could serve as hysteretic
dampers with adequate fatigue capacity for safely withstanding earthquakes of different magnitudes
without suffering noticeable damage [1]. In 2017, Takeuchi and Wada proposed the main criteria for
the modern design of BRBs and discussed their applications in high-rise buildings [2].

Numerous seismic resistant members employed to decrease the probability of structural collapse
during earthquakes include concrete-filled steel tubes, shear walls, braces and structures confined
with high-strength concrete [3–9]. Given their significantly higher seismic performance compared to
that of conventional braced frames (CBFs), buckling-restrained braced frames (BRBFs) are growingly
used today as efficient seismic load resistant frames in regions with high seismic hazard levels.
The main difference between these two types of frames lies in the free bucking characteristic of
BRBFs [10,11]. Steel BRBFs were also found to significantly increase the energy dissipation capacity,
ductility, and hysteretic stability of structures [12].
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The seismic performance of buildings can be improved by increasing post-yield energy dissipation
and elastic stiffness using BRBFs in their design [13]. Many experimental, numerical, and analytical
studies have investigated the incorporation of BRBFs as dampers into the outrigger system [14–22].
Zhou et al. [21] recommended using BRBs as diagonal web members in steel outrigger trusses and
found this outrigger configuration to significantly dissipate energy in rare earthquakes.

Torsional and mass irregularity and weak story are among the factors that may result in inaccurate
prediction of seismic response of irregular structures. Heavier stories need larger and heavier structural
elements, which result in unavoidable stiffness and strength irregularity. Depending on the location
of irregularity, appropriate structural models and analytical methods should be used to examine its
effects [22]. According to the Iranian code of practice for seismic resistant design of buildings [23],
building irregularities involve both height and plan. Vertical irregularities caused by changes in the
dynamic properties of structures along their height, e.g., strength, stiffness, and mass, were referred in
literature as nongeometric irregularities [24]. A large body of literature is also devoted to the impact
of vertical irregularities on the seismic performance of structures [25–29]. Because of the existence of
aesthetic consideration and city regulation, irregular configurations, in plan and elevation of buildings,
are inevitable. However, these buildings may have to withstand large earthquakes in the future;
therefore, their behavior, when subjected to earthquakes, needs to be evaluated. It is believed that
vertical irregularities are one of the important causes of structure failures under seismic load. In the
past earthquakes, majority of the collapsed structures had irregular distribution of mass. Excess mass
might cause rapid increase in lateral inertia forces, ductility reduction in column, and increase of
collapse tendency because of P-delta effects [30].

It is worthwhile to note that large structures or high-rise buildings were more affected due to the
long duration and narrow band nature of far-field excitation [31]. Resonance phenomenon is the effect
occurred when the frequency of ground motion matches the natural frequency of a structure. It will
suffer the damage and large oscillations [31]. As a result, in assessment of seismic responses of tall
buildings, far-field ground motions should be taken into account.

1.1. Literature Review

Conventional steel braces were initially mounted in steel frames to increase the seismic capacity [32].
Shen et al. [33] reported a higher resistance to earthquake for BRBs compared to that of conventional
braces. Hsiao et al. [34], using a novel model, investigated the buckling response of conventional steel
braces. Analyzing BRBFs by employing different gaps between core and external sheath, Rafezi and
Hoveidae [35] reported the significant effect of bending stiffness of all-steel BRBFs on their global
buckling behavior. Mohebbi and Hosseinzadeh [36] found all-steel BRBFs to protect structures
under seismic loads within life safety levels by comparing their behavior for different gaps between
core and steel casing with that of regular convergent cross bracings. According to Zhu et al. [37],
the deformed BRB web can enhance resistance to out-of-plane buckling and raise buckling strength
against high quake loads. In contrast to regular steel braces, a novel all-steel BRBF introduced by
different researchers [38–41], was found to increase the formability and energy absorbability at a high
formability and maintain the performance of tall structures within their service life.

Previous researches suggest that employing the techniques commonly used for regular structures
cannot accurately obtain inelastic seismic response of irregular structures and its difference from that of
regular structures [42–44]. Furthermore, different analytical methods for irregular structures compared
to those applied to regular structures are provided by seismic codes [45]. The equivalent lateral force
method is not applicable to analyzing irregular structures, although modal response spectrum analysis,
linear response history analysis and nonlinear response history analysis are allowed owing to their use
of higher mode effects.

In 2015, Sadjadi and Davoodi [46] explored the effects of far-field earthquakes on the seismic
response of single degree of freedom systems considering soil-structure interactions. Numerous studies
have also examined the responses of buildings to far-field earthquakes [46–51]. Bento and Belejo [52]
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assessed the accuracy of the improved modal pushover analysis for asymmetric plan structures.
In addition, Balic et al. [53] modified the multimodal pushover method, and Li et al. [54] appraised
the precision of static nonlinear analysis using a tested reinforced concrete frame. Shahbazi et al. [55]
studied the seismic behavior of special moment frames (SMFs) with special ductility undergoing
near- and far-field earthquakes by considering different modes, including the effects of soil-structure
interaction, permanent displacement (Fling step), and forward directivity in near-field earthquake
records, as well as vertical component of near-field earthquakes. It was demonstrated that near-field
earthquakes impose more damage on the structure than far-field earthquakes [56–58].

Undoubtedly, the existence of vertical irregularities, opting for sort of braces, and the distance of
the structure from the active fault, are three important and decisive factors in analyzing the seismic
performance of the structures. Hence, in the present study, effects of the aforementioned factors have
been evaluated simultaneously.

1.2. Objective of the Study

The present study aims to illustrate a new study into the effect of far-field earthquake in selecting
appropriate braces in regular and irregular structures by comprehensively comparing regular and
irregular structures with concentric braces and buckling-restrained braces frames (BRBFs) in terms
of their seismic behavior. In other words, this study examined the effect of this type of brace on the
seismic responses of irregular and regular structures. Nonlinear analyses were performed on four
10-story and four 15-story structures, each group comprising two regular structures with concentric
braces and BRBs and two mass-irregular structures with concentric braces and BRBs. A nonlinear time
history analysis was conducted on all the structures to compare their seismic responses as well as drift,
floor displacement, floor acceleration and base shear. Twelve far-field earthquake records were used to
analyze the structures given that their majority were at least 10 km away from the closest active fault.

2. Buildings Studied

2.1. Design of the Buildings

In the HAZUS-MH MR5 guidelines [59], buildings with more than eight stories are referred to
as high-rise buildings. To assess and compare the seismic behavior of lateral systems, eight 10- and
15-story steel-frame buildings—four regular and four irregular—with CBF and BRBF were chosen
to be modeled. Three-dimensional models were designed in accordance with the ACI318-05 [60] in
ETABS software. The structures were designed in ETABS using ST37 steel with a yield stress (Fy) of
2400 kg/cm2 and an ultimate stress (Fu) of 3700 kg/cm2. The dead and live loads of these buildings
were 450 (kg/m2) and 200 (kg/m2), respectively. According to the design code [23], when the mass of a
building floor exceeds 1.5 times of the mass of the adjacent floors, the building has mass irregularity.
On the other hand, there is no agreement about the most effective and critical position of an irregular
floor [61]. In the present study, floors with mass irregularities were chosen to be the second and sixth
floors in the 10-story building and the second and 12th floors in the 15-story building. Figure 1 shows
the position of floors with mass irregularities.
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Figure 1. Mas irregularity positions in the simulated buildings. Figure 1. Mas irregularity positions in the simulated buildings.
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2.2. Simulated Frames in OpenSees

An exterior frame was selected as a representative of a three-dimensional structure in two-dimensional
analysis. Linear analysis was first performed on the frames to ensure the linear capacity of the structural
sections and then calculate the required sections for nonlinear dynamic analysis in OpenSees.

The period of the two-dimensional frames modeled in OpenSees was the same as the vibrational
period of the three-dimensional structures designed in ETABS. Tables 1 and 2 illustrate the cross sections
of structures frames. The schematic view of the reference frames is shown in Figure 2. In addition,
Table 3 presents the fundamental period values of the structures being assessed in the present study.

Table 1. Columns and beams cross sections—10-Story frames.

Regular Frames Mass Irregularity Frames

[R-BRBF 1/R-CBF 2] [MIR-BRBF 3/MIR-CBF 4]

Column Sections (width × thickness) (mm) Column Sections (width × thickness) (mm)

C1 C2 C3 C4 C5 C1 C2 C3 C4 C5
250 × 20 550 × 40 400 × 30 550 × 40 250 × 20 360 × 30 550 × 40 400 × 30 550 × 40 360 × 30

C6 C7 C8 C9 C10 C6 C7 C8 C9 C10
230 × 15 500 × 30 230 × 15 500 × 30 230 × 15 300 × 25 500 × 30 350 × 25 500 × 30 300 × 25

C11 C12 C13 C14 C15 C11 C12 C13 C14 C15
170 × 12 400 × 30 300 × 25 400 × 30 170 × 12 280 × 15 400 × 30 300 × 25 400 × 30 280 × 15

Beam Sections * (mm) Beam Sections * (mm)

B1 B2 B3 B1 B2 B3
IPE270 IPE240 IPE220 IPE300 IPE270 IPE220

* Beam sections were chosen from European
standard profiles.
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Figure 2. (a) Plan of structures and (b) topology and grouping details of frames.

Table 3. Fundamental periods of structures (sec).

Regular Buildings

10-Story BRBF 10-Story CBF 15-Story BRBF 15-Story CBF
1.15 1.057 1.58 1.654

Mass Irregularity Buildings

10-Story BRBF 10-Story CBF 15-Story BRBF 15-Story CBF
1.106 1.083 1.497 1.507

2.3. Nonlinear Analysis of the Frames

In OpenSees, material and element are required to be defined nonlinearly to model beam,
column, and bracing steel elements. The present study modeled the behavior of steel materials using
“Steel02” with a yield stress of 2400 kg/cm2, an initial modulus of elasticity of 200,000 MPa and a
strain-hardening ratio of 0.5% in beams and columns. Fiber sections were divided into smaller areas in
the beams and columns. The net behavior was obtained by adding together the stress-strain responses
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of the materials in these areas. The nonlinear effects of the members were also considered in modeling
the beams and columns using a “nonlinear beam-column element”, a widespread distribution of plasticity
and seven integration points along each element. Moreover, buckling-restrained braces were modeled
using the “CorotTruss element” with the same responses to compression and tension. In addition,
nonlinear geometric effects were incorporated into the frame model using the geometric transformation
of P-∆. P-∆ effects were considered by linking leaning columns with gravity loads to the frame using
rigid components.

To accurately determine the seismic behaviors of structures, nonlinear dynamic analyses were
performed by exposing structures to actual ground motions, which were represented as temporal
ground acceleration. Ground motions were recorded by determining this acceleration at small time
steps. The design demand was then determined as the maximum value of the time history obtained
by calculating the structural response at different moments. Moreover, the displacement and forces
were obtained by subjecting a mathematical model that directly incorporates the nonlinear features
of individual structural elements to earthquake shaking, which is represented as the time history of
ground motions. The numerical models could accurately estimate the internal forces and inelastic
responses that emerge during an earthquake by including the effect of material nonlinearity [62]. In this
study, direct time integration method was used to provide time history analysis. γ = 0.5, β = 0.25 as
Newmark parameters and 5% damping were considered for the Newmark method used for the time
integration scheme. In addition, Maxwell’s model has been used to apply nonlinear damping [63].
The present research evaluated the results of 96 nonlinear time history analyses.

3. Ground Motions

In the present research, 12 earthquake ground motions in far-field have been used to analyze the
frames. The magnitudes of far-field earthquakes as high as 6.4–7.5 on the Richter scale were recorded
at a distance of at least ten km from the fault in type 3 soil with a shear wave velocity of 175–375 m/s
as per [23]. Hence, in this study, the real ground motion records were selected from the PEER-NGA
database. The selected ground motions are generally characterized in Table 4.

Table 4. Ground Motion Records.

Record Earthquake Station PGA M Distance (km)

#EQ1 Big Bear-1992 Desert Hot Spr 0.22 6.4 39.5
#EQ2 Imperial valley-06-1979 Delta 0.35 6.5 33.7
#EQ3 Imperial Valley-1979 Calexico Fire Station 0.277 6.5 10.45
#EQ4 Kobe_Japan-1995 Shin Osaka 0.233 6.9 46
#EQ5 Kocaeli_Turkey-1999 Duzce 0.36 7.5 98.2
#EQ6 Landers-1992 North Palm Springs 0.075 7.2 36.15
#EQ7 Landers-1992 Yermo Fire Station 0.2445 7.3 86
#EQ8 Loma Prieta-1989 Gilroy Array #3 0.559 6.9 31.4
#EQ9 Loma Prieta-1989 Coyote Lake Dam (Downst) 0.18 7.1 20.8
#EQ10 Imperial valley-06-1979 El Centro Array #11 0.379 6.5 29.4

#EQ11 Superstition
Hills-02-1987 El Centro Imp. Co 0.357 6.5 35.8

#EQ12 Superstition Hills-1987 Poe Road 0.45 6.5 11.2

The average value of the square root of the sum of the squares of ground motions (SRSS) was set
to at least equal 1.4 times the standard design threshold for periods of 0.2–1.5 T s, in which T represents
the fundamental vibrational period [23]. The scaling process for the 10-story R-BRBF and the elastic
response spectrum for the selected far-field ground motions with a damping of 5% are illustrated in
Figure 3.
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Figure 3. Process of scaling for the 10-story (R-BRBF).

4. Seismic Performance

4.1. Drift

As a major step in the seismic design of structures, estimating and controlling of deformation
increase the overall stability of buildings during earthquakes. Limiting the lateral displacement of a
structure maintains its overall stability and prevents damage to its non-structural components such as
mechanical equipment and architectural components. In this study, the maximum mean drift was
observed in the irregular 10-and 15-story frames with mass irregularity BRBs under the effect of 12
far-field earthquakes. The minimum mean drift was recorded in the regular 10-and 15-story frames
with regular CBFs. Using BRBs respectively increased the mean drift by 48% and 77% in the four
irregular 10-story and four irregular 15-story frames compared to using CBFs, as shown in Figure 4.
The Iranian code of practice for seismic resistant design of buildings [23] requires that the seismic drift
be limited to 0.004 and 0.0057 in frames with BRBs and CBFs, respectively. Figure 4 compares the drift
of the floors with its permissible value for both BRBFs and CBFs systems.
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Figure 4. Average drift comparison of (a) 10-story frames and (b) 15-story frames.

Mass differences between two floors were found to insignificantly affect the average drift in the
regular and irregular frames with the same lateral resisting system; for instance, the insignificant
difference in the average drift between the regular (0.005) and irregular (0.006) 10-story frames with
BRB (Figure 4) can be explained by the high stiffness of this kind of bracing. Two floors with different
masses from their adjacent floors, one in the upper half and the other in the lower half of all the four
irregular frames, imposed higher levels of inter-story drift on the intermediate floors and caused the
damage to be concentrated in these floors, see Figure 5.



Appl. Sci. 2020, 10, 8314 8 of 15

Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 15 

In response to the #EQ5 (Duzce/Turkey Kocaeli) record, the maximum drift was observed in all 

the four types of the 10-story frames irrespective of their regularity or irregularity and type of 

bracing. This record was the highest in magnitude (7.5) among the 12 records selected in this study. 

According to Table 5, the maximum drift was equal to 0.022 in both the regular and irregular 10-story 

BRBFs and 0.011 in the regular and irregular 10-story CBF. In regular and irregular 10-story frames, 

the maximum drifts associated with BRBs were generally twice the maximum drift related to CBF. 

As in the 10-story frames, the maximum drift was observed in all the four types of 15-story frames 

under the effect of the #EQ5 (Duzce/Turkey Kocaeli) record. The maximum drift of the four types of 

the 15-story frames was higher in those with BRBs compared to in those with CBF irrespective of 

their regularity or irregularity (see Table 5).  

It should be noted that, the permissible drift stipulated in the Iranian code of practice for seismic 

resistant design of buildings should be applied to the design of structures based on the equivalent 

static analysis, in which the first-mode effects are mostly considered. In contrast, the effects of higher 

modes, which are significant on high-rise buildings, were considered in the non-linear time history 

analysis of the structures. The present study compared the drift values of the 10-story and 15-story 

frames with the permissible drift of the seismic resistant design of buildings to show that the drift 

obtained from a non-linear dynamic analysis of the frames designed as per the equivalent static 

analysis might exceed the threshold in the code. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CBF - Max

CBF - Ave

CBF – Mean + STD

Standard limitation [23] - CBF

CBF – Mean - STD

BRBF - Max

BRBF - Ave

BRBF – Mean + STD

Standard limitation [23] - BRBF

BRBF – Mean - STD

 

Figure 5. Inter-story drift of (a) 10-story regular frames, (b) 10-story mass irregularity frames, (c) 15-

story regular frames and (d) 15-story mass irregularity frames. 

0.0057

0.004

1

2

3

4

5

6

7

8

9

10

0 0.005 0.01 0.015 0.02 0.025

S
to

ry

Inter-Story drift

0.0057

0.004

1

2

3

4

5

6

7

8

9

10

0 0.005 0.01 0.015 0.02 0.025

S
to

ry

Inter-Story drift

0.0057

0.004

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

0 0.015 0.03

S
to

ry

Inter-Story drift

0.0057

0.004

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

0 0.015 0.03

S
to

ry

Inter-Story drift

(a) (b) 

(c) (d) 

Figure 5. Inter-story drift of (a) 10-story regular frames, (b) 10-story mass irregularity frames, (c) 15-story
regular frames and (d) 15-story mass irregularity frames.

In response to the #EQ5 (Duzce/Turkey Kocaeli) record, the maximum drift was observed in
all the four types of the 10-story frames irrespective of their regularity or irregularity and type of
bracing. This record was the highest in magnitude (7.5) among the 12 records selected in this study.
According to Table 5, the maximum drift was equal to 0.022 in both the regular and irregular 10-story
BRBFs and 0.011 in the regular and irregular 10-story CBF. In regular and irregular 10-story frames,
the maximum drifts associated with BRBs were generally twice the maximum drift related to CBF.
As in the 10-story frames, the maximum drift was observed in all the four types of 15-story frames
under the effect of the #EQ5 (Duzce/Turkey Kocaeli) record. The maximum drift of the four types of
the 15-story frames was higher in those with BRBs compared to in those with CBF irrespective of their
regularity or irregularity (see Table 5).
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Table 5. Maximum amount of seismic evaluation parameters.

Type of Frames Type of Response

Drift Displacement (m) Base Shear (kN) Acceleration (m/s2)

Frame Value Event story Frame Value Event story Frame Value Event Frame Value Event story

10-Story

R-CBF 0.011 Kocaeli 4 MIR-CBF 0.181 Kocaeli 10 R-CBF 26,096 Kocaeli R-CBF 7.665 Gilroy 10
MIR-CBF 0.011 Kocaeli 5 R-CBF 0.183 Kocaeli 10 MIR-CBF 26,752.2 Kocaeli MIR-CBF 7.579 Gilroy 10
R-BRB 0.022 Kocaeli 3 R-BRB 0.317 Kocaeli 10 R-BRB 28,709.1 Kocaeli R-BRB 7.506 Gilroy 10

MIR-BRB 0.022 Kocaeli 4 MIR-BRB 0.322 Kocaeli 10 MIR-BRB 29,331.2 Kocaeli MIR-BRB 7.877 Gilroy 10

15-Story

MIR-CBF 0.022 Kocaeli 7 R-CBF 0.445 Kocaeli 15 R-CBF 10,862.1 Shin-Osaka R-CBF 7.764 Gilroy 15
R-CBF 0.023 Kocaeli 7 MIR-CBF 0.469 Kocaeli 15 MIR-CBF 26,908.8 El centro Array MIR-CBF 8.458 Gilroy 15
R-BRB 0.026 Kocaeli 7 R-BRB 0.500 Kocaeli 15 R-BRB 32,406 Centro Imp. Co R-BRB 8.748 Gilroy 15

MIR-BRB 0.029 Kocaeli 7 MIR-BRB 0.523 Kocaeli 15 MIR-BRB 34,582.4 Centro Imp. Co MIR-BRB 9.141 Gilroy 15
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It should be noted that, the permissible drift stipulated in the Iranian code of practice for seismic
resistant design of buildings should be applied to the design of structures based on the equivalent static
analysis, in which the first-mode effects are mostly considered. In contrast, the effects of higher modes,
which are significant on high-rise buildings, were considered in the non-linear time history analysis of
the structures. The present study compared the drift values of the 10-story and 15-story frames with
the permissible drift of the seismic resistant design of buildings to show that the drift obtained from a
non-linear dynamic analysis of the frames designed as per the equivalent static analysis might exceed
the threshold in the code.

4.2. Displacement

The mean displacement of the top floor was maximized in the irregular 10-and 15-story frames
with mass irregularity BRBs and minimized in the regular frames with regular CBFs. In the irregular
10-and 15-story frames, using mass irregularity BRBs respectively increased the displacement by 30%
and 7% compared to using mass irregularity CBFs, as shown in Figures 6 and 7. Both the regular and
irregular frames with CBFs thus outperformed those with BRBs in terms of the top floor displacement.
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Figure 6. Average displacement comparison of (a) 10-story frames and (b) 15-story frames.
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Figure 7. Displacement of (a) 10-story regular frames, (b) 10-story mass irregularity frames, (c) 15-story
regular frames and (d) 15-story mass irregularity frames.

The displacement of the top floors was higher in the 10-story and 15-story BRBFs compared to in
those with CBFs. The maximum displacement observed in all the eight frames under the effect of the
#EQ5 (Duzce/Turkey Kocaeli) record was higher in the 15-story frames of the four types than in the
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10-story frames of the corresponding type. Moreover, the maximum displacement was higher in the
irregular than regular 15-story CBFs or BRBFs, see Table 5.

4.3. Base Shear

Structural engineers use the base shear as a key parameter in the design of structures. Investigating
the behavior of the 10-story frames showed that the mean base shear was the highest in the regular
frames with regular CBFs, the lowest in the irregular frames with mass irregularity BRBs and
approximately equal in the regular and irregular frames with the same type of brace. In other words,
the mean base shear was not significantly affected by the frame regularity. Investigating the 15-story
frames showed the highest observed base shear in the frames with mass irregularity BRBs (see Figure 8).
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Figure 8. Average base shear comparison of (a) 10-story frames and (b) 15-story frames.

The maximum base shear was reported under the effect of the #EQ5 (Duzce/Turkey Kocaeli) record in
the MIR-BRBF among the four 10-story frames. The maximum base shear was, however, reported under
the effect of #EQ11 (El Centro Imp. Co California/USA Superstition Hills) in the 15-story MIR-BRBF.
Table 5 shows the amount of maximum base shear related to each frame.

4.4. Acceleration

This study examined the floor acceleration as a fundamental parameter in designing non-structural
components, as shown in Figure 9. The maximum acceleration was recorded in the top floors of both
the 10-and 15-story frames under the effect of #EQ8 (Gilroy Array #3 California/USA Loma Prieta).
Comparing the mean values of the maximum acceleration of the 10-story frames showed negligible
differences among these values. Irrespective of the number of floors, the highest and lowest values
of the mean acceleration were respectively associated with the frames with mass irregularity BRBs
and regular CBFs. Reductions in the floor acceleration caused by CBFs were higher than those caused
by BRBFs.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 15 

words, the mean base shear was not significantly affected by the frame regularity. Investigating the 

15-story frames showed the highest observed base shear in the frames with mass irregularity BRBs 

(see Figure 8). 

The maximum base shear was reported under the effect of the #EQ5 (Duzce/Turkey Kocaeli) 

record in the MIR-BRBF among the four 10-story frames. The maximum base shear was, however, 

reported under the effect of #EQ11 (El Centro Imp. Co California/USA Superstition Hills) in the 15-

story MIR-BRBF. Table 5 shows the amount of maximum base shear related to each frame. 

 

Figure 8. Average base shear comparison of (a) 10-story frames and (b) 15-story frames. 

4.4. Acceleration 

This study examined the floor acceleration as a fundamental parameter in designing non-

structural components, as shown in Figure 9. The maximum acceleration was recorded in the top 

floors of both the 10-and 15-story frames under the effect of #EQ8 (Gilroy Array #3 California/USA 

Loma Prieta). Comparing the mean values of the maximum acceleration of the 10-story frames 

showed negligible differences among these values. Irrespective of the number of floors, the highest 

and lowest values of the mean acceleration were respectively associated with the frames with mass 

irregularity BRBs and regular CBFs. Reductions in the floor acceleration caused by CBFs were higher 

than those caused by BRBFs. 

With the highest PGA (0.55) among the 12 selected records, the Gilroy Array #3 record imposed 

the highest acceleration on the top floors of all the eight frames. Irrespective of the number of floors, 

the maximum acceleration was reported in the MIR-BRB. Amounts of maximum acceleration are 

illustrated in Table 5. 

 

Figure 9. Average acceleration comparison of (a) 10-story frames and (b) 15-story frames. 

5. Conclusions 

Architecture and application of a structure play a major role in its seismic behavior. Today, given 

the limited available land and its high price in densely populated cities, structural designers have no 

choice but to design structures with irregularities in the plan and height. An accurate engineering 

judgement of the complicated behavior of irregular buildings during earthquakes plays a key role in 

0

9000

18000

27000

MIR-BRB R-BRB MIR-CBF R-CBF

B
as

e 
S

h
ea

r 
(k

N
)

Simulated frames

0

1

2

3

4

5

6

R-CBF MIR-CBF R-BRB MIR-BRB

A
cc

el
er

at
io

n
 (

m
/s

2 )

Simulated frames

0

9000

18000

27000

R-CBF MIR-CBF R-BRB MIR-BRB

B
as

e 
S

h
ea

r 
(k

N
)

Simulated frames

0

1

2

3

4

5

6

R-CBF MIR-CBF R-BRB MIR-BRB

A
cc

el
er

at
io

n
 (

m
/s

2 )

Simulated frames

(a) (b) 

(a) (b) 

Figure 9. Average acceleration comparison of (a) 10-story frames and (b) 15-story frames.
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With the highest PGA (0.55) among the 12 selected records, the Gilroy Array #3 record imposed
the highest acceleration on the top floors of all the eight frames. Irrespective of the number of floors,
the maximum acceleration was reported in the MIR-BRB. Amounts of maximum acceleration are
illustrated in Table 5.

5. Conclusions

Architecture and application of a structure play a major role in its seismic behavior. Today, given the
limited available land and its high price in densely populated cities, structural designers have no
choice but to design structures with irregularities in the plan and height. An accurate engineering
judgement of the complicated behavior of irregular buildings during earthquakes plays a key role
in improving the design quality of these structures. This study evaluated the seismic responses of
eight regular and irregular 10- and 15-story CBF and BRB frames using the records of 12 far-field
earthquakes. According to classification of HAZUS-MH MR5 [59] regulation, 10- and 15-story buildings
are considered as high-rise buildings. The following results are obtained by undertaking nonlinear
time-history analysis for modeling the frames:

• Based on the results of the nonlinear time history analyses, regardless of the regularity status of
the frames, the mean drift is lower in the CBFs than BRBFs. In other words, the CBFs improve
the drift performance in comparison with the BRBFs. Compared to using CBFs, employing the
BRBFs increase the mean drift by 47% and 77% in the irregular 10-story and 15-story frames,
respectively. Furthermore, the maximum drift is higher in the frames with BRBs than in those
with CBFs irrespective of their number of floors and regularity. With the largest magnitude among
the 12 selected records, Duzce earthquake (Kocaeli, Turkey) also imposes the highest drift on all
the eight studied frames.

• In contrast to the 10-story frames, using the BRB increase the base shear as a design parameter in
both the regular and irregular 15-story frames. Moreover, the maximum base shear is observed in
the 10-and 15-story MIR-BRBF.

• Negligible differences are ultimately observed in the mean value of the maximum floor acceleration
between the four regular and irregular 10-story frames with either CBFs or BRBs. In contrast,
the mean value of the maximum acceleration is higher in the 15-story frames with BRBs than in
those with CBFs.

• An earthquake with the highest PGA among all the selected records imposes the highest
acceleration on the top floors of all the eight frames. The maximum acceleration is also reported
in the 10- and 15-story MIR-BRBFs.

• The maximum displacement of the top floor is higher in the frames with BRBs than in those
with CBFs.
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