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4Departamento de Ingenieŕıa Civil, Universidad Autónoma del Carmen, Cd. del Carmen 24180, Mexico
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.e control of vibrations and damage in traditional reinforced concrete (RC) buildings under earthquakes is a difficult task. It
requires the use of innovative devices to enhance the seismic behavior of concrete buildings. In this paper, we design RC buildings
with buckling restrained braces (BRBs) to achieve this objective. For this aim, three traditional RC framed structures with 3, 6, and
9 story levels are designed by using the well-known technique nondominated sorting genetic algorithm (NSGA-II) in order to
reduce the cost and maximize the seismic performance. .en, equivalent RC buildings are designed but including buckling
restrained braces. Both structural systems are subjected to several narrow-band ground motions recorded at soft soil sites of
Mexico City scaled at different levels of intensities in terms of the spectral acceleration at first mode of vibration of the structure
Sa(T1)..en, incremental dynamic analysis, seismic fragility, and structural reliability in terms of themaximum interstory drift are
computed for all the buildings. For the three selected structures and the equivalent models with BRBs, it is concluded that the
annual rate of exceedance is considerably reduced when BRBs are incorporated. For this reason, the structural reliability of the RC
buildings with BRBs has a better behavior in comparison with the traditional reinforced concrete buildings. .e use of BRBs is a
good option to improve strength and seismic behavior and hence the structural reliability of RC buildings subjected to strong
earthquake ground motions.

1. Introduction

In the past few years, an extensive amount of buildings has
suffered damage due to medium and large earthquakes.
Structural systems have evolved in order to reduce seismic
damage. Nowadays, one of the most used structural systems is
that based on reinforced concrete frames. Reinforced concrete
buildings have been frequently used; nevertheless, the main
disadvantage of them is the difficulty to be repaired after the
occurrence of an earthquake. Furthermore, RC structures lo-
cated on seismic zones usually are subjected to large peak
interstory drift displacements produced by the lateral loads.

Since the seismic design regulations recommend the control of
maximum interstory drift as the main engineering demand
parameter in order to achieve a good structural performance as
Krawinkler and Gupta suggest [1], it is necessary to reduce the
peak drift demands in RC buildings. .e displacement on
traditional concrete buildings can be reduced by means of
concentrically braces. .e objective of the braces in structural
frames is to increase the stiffness and to reduce the lateral
displacements due to earthquakes [2, 3]. In spite of the ad-
vantages of typical braced frames, several studies have high-
lighted that frequent damage has been observed on this type of
structural system in past earthquakes such as the 1985 Mexico
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earthquake, 1989 Loma Prieta earthquake, 1994 Northridge
earthquake, and 1995 Hyogo-ken Nanbu earthquake, among
others [4–9], as it was indicated by Sabelli et al. [10]. In
particular, the unsymmetrical properties in tension and
compression and the large strength deterioration in com-
pression reduce considerably the performance of the braces. In
order to have the same mechanical properties in tension and
compression of the braces, a new type of brace named buckling
restrained brace which consists of a ductility steel core that is
forced to have similar yield in tension and compression by
restrained the buckling has been suggested [11–17]. Several
experimental tests have demonstrated that the cyclic behavior
of the BRBs is stable and almost bilinear; in particular, Palazzo
et al. [18] concluded that it is feasible to design buckling re-
strained braces that are efficient, robust, virtually maintenance-
free, durable, reasonably cheap, easy to produce, and made of
basic and easily replaceable materials. For this reason, although
the seismic response of reinforced concrete frames with
buckling restrained braces has been studied, usually 2D systems
are considered for the dynamic analyses; moreover, the ad-
vantages of BRBs on RC buildings in terms of structural
fragility and reliability are not commonly assessed. Motivated
by the need to observe the advantages of BRBs in the seismic
performance in terms of structural fragility and reliability of 3D
reinforced concrete framed buildings, in the present study, the
seismic performance of 3DRC buildings and equivalent 3DRC
structures with BRBs is assessed. For the purpose of this work,
three structural RC buildings with 3, 6, and 9 stories are
designed according to the Mexico City Seismic Design Pro-
visions (MCSDP) [19]. In addition, three equivalent concrete
buildings with BRBs are designed. It is important to say that for
the seismic design of all the buildings, the NSGA-II approach
[20, 21] is used in order to reduce the cost and increase the
structural capacity in accordance with the MCSDP. .e 3D
framed buildings in both type of structural systems are sub-
jected to 30 groundmotion records obtained from soft soil sites
of Mexico City scaled at different spectral accelerations at first
mode of vibration of the structure..us, a total of 3,600 seismic
analyses have been performed. .e numerical results of the
analyses suggest that the seismic performance of reinforced
concrete buildings with buckling restrained braces is superior
to that of the structural behavior of traditional buildings in-
dicating the advantages of this structural system. For this
reason, BRBs can increase considerably the structural reliability
when they are incorporated in reinforced concrete frames.
Moreover, the damage in the buildings with BRBs is con-
centrated in the braces which can be replaced after the oc-
currence of an earthquake. It is important to say that although
soil structure interaction was not taken into account, notice
that similar conclusions are expected because this effect in-
creases the period of vibration of a building [22, 23].

2. Buckling Restrained Braces

.e innovative buckling restrained braces are devices used as
seismic energy absorption elements with the aim of reducing
the damage in a structure under strong earthquake events.
.ey consists of a steel section enclosed in a tubular or cy-
lindrical case filled with concrete or mortar. Figure 1 shows

the topology and components of this brace [11, 24], which
makes it possible to take advantage of the full capacity of steel
core and to obtain a symmetrical and highly stable cyclic
behavior in comparison with conventional braces. In addi-
tion, BRBs can be easily replaced in case of damage.

Different experimental studies on this type of devices
have been carried out. Terán-Gilmore and Virto-Cambray
[25] performed cyclic test at multiple BRBs using circular
tube or angle steel cores concluding that both developed
stable hysteretic behavior and similar resistance to both
compression and tension. Khampanit et al. [2] proposed an
energy-based design methodology by comparing experi-
mental studies between a reinforced concrete bare frame and
a reinforced concrete braced frame. Guerrero et al. [26]
carried out a comparative study between two 5-story steel
frames with and without BRB at 1/10 scale factor under
narrow-band seismic records obtained in Mexico City. .e
results demonstrated a considerable decrease in terms of
displacements, maximum interstory drift, and floor accel-
erations for braced frames, as well as an increase of stiffness
and damping of the system. Similarly, studies have been
carried out on newmethods to adequately model this type of
braces. Rahnavard et al. [27] compared hysteresis curves of
experimental studies with a simple numerical model in order
to avoid large computational time for the analyses. In ad-
dition, they have used this type of brace for retrofit or
strengthening of concrete buildings [28]. In this study, a
considerable difference is observed in lateral resistance,
cyclic behavior, and energy dissipation capacity. .e lateral
stiffness that a BRB brings to a floor can be obtained re-
gardless of the core area as shown in the following equation
[29]:

KL

(A/L)
�

E cos2 θ
c + η(1 − c)

�
E cos2 θ

LRF

, (1)

where L is the total length of the brace, E is the elastic
modulus, θ is the angle of inclination, Lc is the length of
element without connections, c is the relation between Lc
and L, η is the relation between average axial strains of
outside and inside the core, and LRF is a factor that considers
the region of higher axial stiffness at the ends of the brace.
Terán-Gilmore and Ruiz-Garćıa [30] determined that under
the consideration of Lc, it is equal to half value of L, and that
the average area outside the core is three times the area of
core; LRF is equal to 0.667. .erefore, the actual stiffness that
BRB brings to the system depends on the difference between
the core and connection areas. .rough this type of
mechanism, the reinforced concrete braced and unbraced
buildings were designed using the NSGA-II approach as
explained below. Finally, the seismic reliability when both
structural systems are subjected to narrow-band motions
recorded in Mexico City is compared.

3. Methodology

3.1. Seismic Design of the RC Models Using NSGA-II.
Currently, there are a large number of studies on the ap-
plication of optimization techniques for structural design,
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especially using genetic algorithms [31]. .e aim of this
approach is to generate a random population of solutions,
classifying them according to their goodness as a solution to
the problem using a fitness function. .e closest solutions
that satisfy the problem are used to obtain new solutions
through a crossover procedure, maintaining the best char-
acteristics of each solution. .is procedure is repeated up to
the desired cycles or generation number, and finally it is able
to find optimal results. A typical genetic algorithm is based
on the following parameters:

(1) Fitness function: it consists of creating one or more
functions that adequately evaluate the ability of each
solution to solve the problem. In addition, penalties
are included in order to eliminate those solutions
that do not comply simple requirements, in this case
some penalties can be adequate beam-columns
connections, excessive or inadequate height of sec-
tion, and excessive displacement, among others. It is
important to classify individuals using these values.

(2) Crossover: it is based on getting new solutions from
the best ones. To this aim, each one is represented by
a binary codification and the combination of two
different codes at any point generates new ones. .is
exchange is similar to that obtained in sexual
reproduction.

(3) Mutation: it consists of generating diversity by the
change of a single bit from binary code using a
desired probability that determines which solutions
mutate.

For seismic design purposes, it is necessary to use a
multiobjective optimization technique such as NSGA-II
[21]. .is method has been useful for the seismic design of
2D and 3D framed steel buildings compared with another
optimization technique [32], for multiobjective design of
green buildings [33]. Furthermore, it has recently been used
for the optimal design of structures equipped with semi-
active fluid viscous dampers [34].

In this study, three RC buildings with 3, 6, and 9 stories
named RC3, RC6, and RC9 and equivalent structural models

with BRBs (named RC3-BRB, RC6-BRB, and RC9-BRB)
were designed evaluating two fitness functions: the cost and
the maximum interstory drift. While the main character-
istics of the structural models are shown in Table 1, Figure 2
illustrates a 3D view of the braced building with 6 story
levels. Notice that all the buildings were designed under
seismic loads corresponding to soft soil sites of Mexico City.
It was proposed to use a different section of beam and
column for each 3 floors and one BRB section for all the
framed buildings.

.e full procedure used for the seismic design of the
three framed RC buildings is illustrated in Figure 3 (see
Leyva et al. [35] for more details about this approach). .e
same procedure was used for the seismic design of the RC
buildings with BRBs.

As it was indicated before, Figure 3 shows a flowchart of
the design procedure. In first place, a number of generation
and population are proposed; notice that the first generation
is randomly created. .en, we proceed to carry out the main
parameters of the genetic algorithm, especially, the fitness
functions (2) and (3), crossover, and mutation, in order to
obtain the individuals of the new generation. .is procedure
is repeated and better results are expected as the number of
generations increases. It is important to mention that the
fitness functions were calibrated based on numerous tests of
the algorithm.

F1 � IMIDC
5
slabC

3
dCconC

1/10
s , (2)

F2 � C
1/3

C
5
slabC

3
dCconC

1/10
s , (3)

where F1 and F2 are the fitness functions of maximum
interstory drift (MID) and cost, respectively. F1 has the
objective to find the lightest sections comparing MID with a
target drift (TD), as shown in the following equation:

IMID �
TD
MID

. (4)

With F2, it is intended to obtain the most economical
sections taking into account the materials and labor cost of
the building:

Unrestrained
non yielding

segment
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L
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Steel jacket

Concrete
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Figure 1: Buckling restrained brace parts and cross section components.
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Table 1: Main geometric characteristics of the designed structural models.

Model Number of floors Bay dir. X Bay dir. Y Interstory height (m) Bay length (m) Total height (m)
RC3, RC3-BRB 3 3 3 3.5 7 10.5
RC6, RC6-BRB 6 3 3 3.5 7 21
RC9, RC9-BRB 9 3 3 3 5 27

Figure 2: 3D view of the reinforced concrete building with BRBs (model RC-BRB6).
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Figure 3: Flowchart used for the seismic design of the three-dimensional RC buildings [35].
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C � Cr + Cc + Cl, (5)

where Cr, Cc, Cl, and C are reinforcement, concrete, labor,
and total costs, respectively.

.e other parameters are used as design constraints if the
individual does not satisfy the requirements of displacement
(Cd), strength (Cs), constructive feasibility of connections
(Ccon), and slab thickness (Cslab).

.is procedure was computed several times for each
model studied to define the well-known Pareto frontier [21].
Table 2 shows the final sections and the main properties of
the structural models obtained.

3.2. Earthquake Ground Motions. For the dynamic analyses
of the structural models, thirty narrow-band earthquake
ground motions recorded at soft soil sites of Mexico City are
used. .e soft soil ground motion records were selected
because they demand high energy on structures in com-
parison to firm soil accelerograms [36, 37]. .e ground
motions were recorded in sites where the soil period is about
two seconds and severe level of damage in structures was
observed during the 1985 Mexico City Earthquake. In Ta-
ble 3, some important characteristics of the records are il-
lustrated. Notice that PGA and PGV denote the peak ground
acceleration and velocity, and tD indicates the Trifunac and
Brady duration [38].

3.3. Structural Reliability Assessment. .e incremental dy-
namic analysis [39] is used to assess the seismic performance
of the RC buildings under narrow-band motions scaled at
different intensity levels in terms of spectral acceleration at
first mode of vibration of the structure. Next, the well-
known seismic performance-based assessment procedure
suggested by the Pacific Earthquake Engineering Center [40]
in the United States was employed in this study, which
indicates that the mean annual rate of exceeding (MARE) a
certain engineering demand parameter (EDP), such as peak
interstory drift, in this way exceeding a certain level edp can
be computed as follows:

λ(EDP > edp) � 
IM

P[EDP > edp |IM � im]

· dλIM(im)


,

(6)

where IM denotes the ground motion intensity measure (in
this study, the spectral acceleration at the first-mode period
of vibration was used as IM) and P[EDP> edp | IM� im]
represents the fragility curve which is the conditional
probability that a EDP exceeds a certain level of edp given
that the IM is evaluated at the ground motion intensity
measure level im. Furthermore, dλIM(im) refers to the
differential of the seismic hazard curve of the site of interest.
In this context, the conditional probability that EDP exceeds
a certain level of edp can be obtained using incremental

dynamic analyses and estimating probabilistic of the EDP of
interest. .e second term in equation (6) is represented by
the seismic hazard curve, which can be computed from
conventional probabilistic seismic hazard analysis, evaluated
at the ground motion intensity level im. It is important to
note that the ground motion intensity measure plays an
important role for assessment of the seismic performance,
which is the joint between seismology and earthquake en-
gineering. As stated, Sa(T1)was selected as IM andmaximum
interstory drift (MID) as EDP in such a way that equation (6)
can be expressed as follows:

λ(MID>mid) � 
Sa(T)1

P MID>mid|Sa(T)1 � sa 

· dλSa T1( ) sa( 


,

(7)

where dλSa(T1)(sa) � λSa(T1)(sa) − λSa(T1)(sa + dsa) is the
hazard curve differential expressed in terms of Sa(T1). .e
seismic reliability of the selected RC and RC-BRB structures
was evaluated using equation (7) in terms of the maximum
interstory drift demands. In the evaluation of the first term
in the integrand for the case of maximum interstory drift
demands, a lognormal cumulative probability distribution
was used [41]. For this reason, the term
P[MID>mid|Sa(T1) � sa] is analytically evaluated as
follows:

P MID>mid|Sa T1(  � sa( 

� 1 −Φ
lnmid − μln MID|Sa T1( )�sa

σlnMID|Sa T1( )�sa

⎛⎝ ⎞⎠,

(8)

where μln MI D|Sa(T1)�sa
and σ ln MID|Sa(T1)�sa

are the geometric
mean and standard deviation of the natural logarithm of the
MID, respectively, and Φ(·) is the standard normal cu-
mulative distribution function. It is important to say that
Bojórquez et al. [42] suggested the use of Sa(T1) as intensity
measure for records having similar values of Np [43].

4. Comparison of the Seismic Performance of
the RC and RC-BRB Structures:
Numerical Results

4.1. Incremental Dynamic Analysis. With the aim to assess
and compare the structural fragility and reliability of both
selected building models types, the first step is the devel-
opment of incremental dynamic analysis (IDA) curves. For
this aim, the peak interstory drift is computing at different
values of the intensity measure Sa(T1) for all the narrow-
band records under consideration. Note that the Ruaumoko
software has been used for the 3600 dynamic analyses.
Figure 4 compares the incremental dynamic analysis curves
for the structural models RC and RC-BRB. It is observed that
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the maximum interstory drift in general tends to increase for
all the building models as Sa(T1) also increases. In particular,
the maximum interstory drift for a specific value of Sa(T1) is
smaller in the case of the BRB buildings. For example, for the
structural frame with 6 story levels and a value of Sa(T1)
equal to 900 cm/s2, the peak drift for the traditional RC6
model could be larger than 0.2, while in the case of RC6-
BRB, it is smaller than 0.1. In other words, the uncertainty in
the structural response prediction also tends to increase for
larger values of Sa(T1), and this is especially true for the
unbraced RC buildings. Figure 5 compares the standard
deviation of the seismic response for the buildings with 3
stories at different performance levels in terms of the median
maximum interstory drift. As it was expected, the values of
the standard deviation are larger for the RC3 model in

comparison with the RC3-BRB building. Finally, Figure 6
shows the seismic performance in terms of damage con-
figuration of the BRBs for the model RC-BRB6 under record
number one. It is observed that the structural damage is
concentrated in the BRBs of the lower stories, as it is il-
lustrated in the hysteretic curves of the braced for two in-
tensity levels in terms of Sa(T1). It is important to say that for
the selected scaling levels of the ground motion records, the
BRBs have not reached their maximum capacity.

4.2. Structural Fragility. .e structural fragility curves for
the RC and RC-BRB buildings are computed in this section
via equation (8) in terms of maximum interstory drift. .e
Mexico City Building Code and Bojórquez et al. [42]

Table 2: Main properties of the six RC building models (dimensions in cm).

Model property RC3 RC3-BRB RC6 RC6-BRB RC9 RC9-BRB
Column1 55× 55 40× 40 65× 65 55× 55 55× 55 60× 60
Column2 65× 65 50× 50 55× 55 45× 45
Column3 45× 45 35× 35
Beam1 35× 65 30× 65 45×100 35× 75 40× 75 30× 55
Beam2 35× 75 35× 65 40× 70 30× 60
Beam3 30× 60 25× 50
BRB (area) 40 52 36
Period (s) 0.69 0.42 0.87 0.72 0.92 0.87

Table 3: Selected ground motion records.

Record Date Magnitude Station PGA (cm/s2) PGV (cm/s) tD (s)
1 19/09/1985 8.1 SCT 178.0 59.5 34.8
2 21/09/1985 7.6 Tlahuac deportivo 48.7 14.6 39.9
3 25/04/1989 6.9 Alameda 45.0 15.6 37.8
4 25/04/1989 6.9 Garibaldi 68.0 21.5 65.5
5 25/04/1989 6.9 SCT 44.9 12.8 65.8
6 25/04/1989 6.9 Sector popular 45.1 15.3 79.4
7 25/04/1989 6.9 Tlatelolco TL08 52.9 17.3 56.6
8 25/04/1989 6.9 Tlatelolco TL55 49.5 17.3 50.0
9 14/09/1995 7.3 Alameda 39.3 12.2 53.7
10 14/09/1995 7.3 Garibaldi 39.1 10.6 86.8
11 14/09/1995 7.3 Liconsa 30.1 9.62 60.0
12 14/09/1995 7.3 Plutarco Eĺıas Calles 33.5 9.37 77.8
13 14/09/1995 7.3 Sector popular 34.3 12.5 101.2
14 14/09/1995 7.3 Tlatelolco TL08 27.5 7.8 85.9
15 14/09/1995 7.3 Tlatelolco TL55 27.2 7.4 68.3
16 09/10/1995 7.5 Cibeles 14.4 4.6 85.5
17 09/10/1995 7.5 CU Juárez 15.8 5.1 97.6
18 09/10/1995 7.5 Centro urbano Presidente Juárez 15.7 4.8 82.6
19 09/10/1995 7.5 Córdoba 24.9 8.6 105.1
20 09/10/1995 7.5 Liverpool 17.6 6.3 104.5
21 09/10/1995 7.5 Plutarco Eĺıas Calles 19.2 7.9 137.5
22 09/10/1995 7.5 Sector popular 13.7 5.3 98.4
23 09/10/1995 7.5 Valle Gómez 17.9 7.18 62.3
24 11/01/1997 6.9 CU Juárez 16.2 5.9 61.1
25 11/01/1997 6.9 Centro urbano Presidente Juárez 16.3 5.5 85.7
26 11/01/1997 6.9 Garćıa Campillo 18.7 6.9 57.0
27 11/01/1997 6.9 Plutarco Eĺıas Calles 22.2 8.6 76.7
28 11/01/1997 6.9 Est. # 10 Roma A 21.0 7.76 74.1
29 11/01/1997 6.9 Est. # 11 Roma B 20.4 7.1 81.6
30 11/01/1997 6.9 Tlatelolco TL08 16.0 7.2 57.5
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indicated that the control of a maximum interstory drift of
0.02 guarantees a good seismic performance. Here, the
fragility curves are computed and compared for both se-
lected structural systems using the suggested 0.02 maxi-
mum interstory drift value. Figure 7 compares the seismic
fragility for the 3, 6, and 9 story levels of RC and RC-BRB
buildings. .e results suggest that the probability of ex-
ceeding the maximum interstory drift is larger for the
traditional reinforced concrete frames for all the consid-
ered scaling levels in terms of spectral acceleration. For

example, the probability to exceed a peak drift of 0.02 when
Sa(T1) is equal to 1000 cm/s2 is 0.8 for the RC3 building,
while in the case of the equivalent RC3-BRB structure is
about 0.45, indicating that the performance of RC3-BRB is
superior in comparison with RC3. .e same conclusion is
valid for the tallest buildings; in fact, as the level of stories of
the buildings increases, the BRBs tend to decrease the
probability of exceedance, in such a way that the effec-
tiveness of buckling restrained braces is larger for taller
buildings.
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Figure 4: Incremental dynamic analysis curves for the buildings: (a) RC3, (b) RC3-BRB, (c) RC6, (d) RC6-BRB, (e) RC9, and (f) RC9-BRB.
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4.3. Structural Reliability. .e structural reliability is
assessed by means of the fragility curves combined with the
seismic hazard curves to calculate the mean annual rate of
exceedance a maximum interstory drift threshold. For the
present study, the spectral acceleration hazard curves cor-
responding to the first-mode period of vibration of each
building and for the Secretaŕıa de Comunicaciones y
Transportes (SCT) site in Mexico City were developed fol-
lowing the procedure suggested by Alamilla [44]. .e
seismic hazard curves in terms of peak interstory drift for the
RC and the RC-BRB buildings are compared in Figure 8..e
figure suggests that the mean annual rate of exceeding a
specific value of maximum interstory drift is larger for the
traditional reinforced concrete buildings. For this reason,
the BRBs on reinforced concrete buildings increase con-
siderably the structural reliability, which is valid for all the

selected buildings. .is is especially valid as the number of
stories tend to increase as it was indicated in the case of the
seismic fragility. .e mean annual rate of exceedance a
threshold equals 0.02 in terms of MID for the RC and RC-
BRB is given in Table 4. Note that it corresponds to target
structural reliability levels of buildings designed according to
theMexican Building Code..us, theMARE values in terms
of peak drift for the BRB buildings are considerably reduced
in comparison to those of the RC structures provided by the
Mexico City Building Code. In other words, it is observed
that the values of themean annual rates of exceedance for the
RC-BRB systems are smaller than those of the traditional RC
buildings. Note that there are other structural systems to
improve the seismic reliability of buildings such as post-
tensioned connections [45]. .e results indicate that the use
of BRBs in buildings is a good solution in order to reduce
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Figure 5: Comparison of the standard deviation at different performance levels in terms of the median maximum interstory drift value for
the buildings RC3 and RC3-BRB.
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Figure 6: Damage configuration of the RC6-BRB and hysteretic curves of the braces for two intensity levels.
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Figure 7: Fragility curves for maximum interstory drift and all the studied buildings.
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Figure 8: Continued.
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peak drift demands of traditional structures located in high
seismic zones.

5. Conclusions

.e seismic performance of three traditional reinforced
concrete buildings and equivalent structures with BRBs is
assessed through incremental dynamic analysis, seismic
fragility, and structural reliability. For this aim, the maxi-
mum interstory drift was selected as engineering demand
parameter. .e buildings were subjected to several narrow-
band motions recorded at soft soil of Mexico City. .e
results indicate that the maximum interstory drift demand is
smaller in the case of the RC-BRB buildings in comparison
with the reinforced concrete structures. Moreover, the un-
certainty in the structural response prediction also tends to
decrease when the BRBs are used in the RC buildings. .is is
reflected in the fragility analysis where the probability of
exceeding the maximum interstory drift is larger for the
traditional reinforced concrete frames for all the considered
scaling levels in terms of Sa(T1). Finally, theMARE, a specific
value of maximum interstory drift, is larger for the tradi-
tional reinforced concrete buildings in comparison with the
BRB buildings. For this reason, the BRBs on RC buildings
increase the structural reliability for all the buildings under
consideration. .is is particularly valid for the tallest
buildings studied. In conclusion, the use of BRBs is a good
solution to obtain safer buildings or in order to reduce peak
drift demands of traditional structures under strong
earthquake ground motions.
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A. Reyes-Salazar, “Multi-objective optimization of structural
steel buildings under earthquake loads using NSGA-II and
PSO,” KSCE Journal of Civil Engineering, vol. 21, pp. 488–500,
2017.

[33] M.-D. Yang, M.-D. Lin, Y.-H. Lin, and K.-T. Tsai, “Multi-
objective optimization design of green building envelope
material using a non-dominated sorting genetic algorithm,”
Applied Jermal Engineering, vol. 111, pp. 1255–1264, 2017.

[34] S. Bakhshinezhad and M. Mohebbi, “Multi-objective optimal
design of semi-active fluid viscous dampers for nonlinear
structures using NSGA-II,” Structures, vol. 24, pp. 678–689,
2020.

[35] H. Leyva, E. Bojórquez, J. Bojórquez et al., “Earthquake design
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