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The 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. Then, 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). Then, incremental dynamic analysis, seismic fragility, and structural reliability in terms of the maximum 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. The 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. The displacement on
traditional concrete buildings can be reduced by means of
concentrically braces. The 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 3D RC buildings and equivalent 3D RC
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. The 3D
framed buildings in both type of structural systems are sub-
jected to 30 ground motion records obtained from soft soil sites
of Mexico City scaled at different spectral accelerations at first
mode of vibration of the structure. Thus, a total of 3,600 seismic
analyses have been performed. The 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

The 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.
They consists of a steel section enclosed in a tubular or cy-
lindrical case filled with concrete or mortar. Figure 1 shows
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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. Terdn-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. The
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 new methods 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. The 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]:

K, E cos® @ _E cos’ 0
(A/L)  y+n(1-y) Lyp

where L is the total length of the brace, E is the elastic
modulus, 6 is the angle of inclination, L. is the length of
element without connections, y is the relation between L.
and L, # is the relation between average axial strains of
outside and inside the core, and Lgpis a factor that considers
the region of higher axial stiffness at the ends of the brace.
Teran-Gilmore and Ruiz-Garcia [30] determined that under
the consideration of L,, it is equal to half value of L, and that
the average area outside the core is three times the area of
core; Ly is equal to 0.667. Therefore, the actual stiffness that
BRB brings to the system depends on the difference between
the core and connection areas. Through 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.

, (1)

3. Methodology

3.1. Seismic Design of the RC Models Using NSGA-IIL
Currently, there are a large number of studies on the ap-
plication of optimization techniques for structural design,
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FIGURE 1: Buckling restrained brace parts and cross section components.

especially using genetic algorithms [31]. The 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. The closest solutions
that satisfy the problem are used to obtain new solutions
through a crossover procedure, maintaining the best char-
acteristics of each solution. This 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. This
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]. This 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.

The 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). The
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. Then, 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. This 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.

Fl = IMIDC5 bCZCconCi/IO’ (2)

sla
1/3 ~5 3 1/10
F,=C CsladeCconCs > (3)

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

TD

I = — 4
MID MID ( )

With F,, it is intended to obtain the most economical
sections taking into account the materials and labor cost of
the building:
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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 5 27

FIGURE 2: 3D view of the reinforced concrete building with BRBs (model RC-BRB6).
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F1GURE 3: Flowchart used for the seismic design of the three-dimensional RC buildings [35].
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C=C,+C.+C;, (5)

where C,, C., C;, and C are reinforcement, concrete, labor,
and total costs, respectively.

The other parameters are used as design constraints if the
individual does not satisfy the requirements of displacement
(Ca), strength (C;), constructive feasibility of connections
(Ceon)s and slab thickness (Cyap).

This 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. The soft soil ground motion records were selected
because they demand high energy on structures in com-
parison to firm soil accelerograms [36, 37]. The 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 tp, indicates the Trifunac and
Brady duration [38].

3.3. Structural Reliability Assessment. The 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:

A(EDP >edp) sj PIEDP >edp |IM = im]
M (6)
A g i),

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, dA;,,(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. The 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, S,(T;) was selected as IM and maximum
interstory drift (MID) as EDP in such a way that equation (6)
can be expressed as follows:

P[MID >mid|S,(T), = s,]
Sa(T)l (7)

: |dAsa (1) (sa)

where dAg (7y(s,) = Ag (1,)(s,) = Ag, (r,)(sa +ds,) is the
hazard curve differential expressed in terms of S,(Ty). The
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|S,(T,) =s,] is analytically evaluated as
follows:

A(MID > mid) = J

>

P(MID > mid|S,(T,) = s,)

Inmid - @, = (8)
. _®< Hin MIDJS, (Tl)u>,

Ol MIDJs, (T,)=s,

where [y, vi1 pis, (1,)=s, a0d 01y Mips, (1,)=s, T€ the geometric
mean and standard deviation of the natural logarithm of the
MID, respectively, and ®(-) is the standard normal cu-
mulative distribution function. It is important to say that
Bojorquez et al. [42] suggested the use of S,(T;) as intensity
measure for records having similar values of N, [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 S,(T;) 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



6 Shock and Vibration
TABLE 2: Main properties of the six RC building models (dimensions in cm).
Model property RC3 RC3-BRB RC6 RC6-BRB RC9 RC9-BRB
Columnl1 55x55 40 x 40 65 % 65 55x 55 55%x 55 60 x 60
Column2 65 X 65 50 % 50 55x% 55 45 x 45
Column3 45x 45 35%x35
Beaml 35%65 30 x 65 45 x 100 35%x75 40 x 75 30x 55
Beam2 35x75 35%65 40 x 70 30 x 60
Beam3 30 x 60 25x% 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/s?) PGV (cm/s) tp (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 Elias Calles 335 9.37 77.8
13 14/09/1995 7.3 Sector popular 343 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 Juarez 15.8 5.1 97.6
18 09/10/1995 7.5 Centro urbano Presidente Juarez 15.7 4.8 82.6
19 09/10/1995 7.5 Cérdoba 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 Elias 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 Gémez 17.9 7.18 62.3
24 11/01/1997 6.9 CU Juarez 16.2 59 61.1
25 11/01/1997 6.9 Centro urbano Presidente Judrez 16.3 5.5 85.7
26 11/01/1997 6.9 Garcia Campillo 18.7 6.9 57.0
27 11/01/1997 6.9 Plutarco Elias 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

the maximum interstory drift in general tends to increase for
all the building models as S,(7T}) also increases. In particular,
the maximum interstory drift for a specific value of S,(T}) is
smaller in the case of the BRB buildings. For example, for the
structural frame with 6 story levels and a value of S,(T;)
equal to 900 cm/s®, 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 S,(T;), 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 S,(T}). 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. The structural fragility curves for
the RC and RC-BRB buildings are computed in this section
via equation (8) in terms of maximum interstory drift. The
Mexico City Building Code and Bojorquez et al. [42]
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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.

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. The 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(Ty) 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. The 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 6: Damage configuration of the RC6-BRB and hysteretic curves of the braces for two intensity levels.

4.3. Structural Reliability. The 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 Secretaria de Comunicaciones y
Transportes (SCT) site in Mexico City were developed fol-
lowing the procedure suggested by Alamilla [44]. The
seismic hazard curves in terms of peak interstory drift for the
RC and the RC-BRB buildings are compared in Figure 8. The
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. This is especially valid as the number of
stories tend to increase as it was indicated in the case of the
seismic fragility. The 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
the Mexican Building Code. Thus, the MARE 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 the mean 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]. The results indicate that the use
of BRBs in buildings is a good solution in order to reduce
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TaBLE 4: Comparison of the mean annual rate of exceedance (MARE) values for the RC and RC-BRB buildings for a MID value equal to 0.02.

RC buildings MARE for MID =0.02

RC-BRB buildings MARE for MID =0.02

RC3 0.00072 RC3-BRB 0.000084
RC6 0.00046 RC6-BRB 0.000024
RC9 0.00019 RC9-BRB 0.0000024
peak drift demands of traditional structures located in high Data Availabi]ity

seismic zones.

5. Conclusions

The 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. The buildings were subjected to several narrow-
band motions recorded at soft soil of Mexico City. The
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. This 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 S,(T). Finally, the MARE, 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. This 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.

The data used to support the findings of this study are
available from the corresponding author upon request.
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Seismic damage of spatial structures of rectangular plan with RC substructures was observed in several earthquakes, especially in
the RC substructures. In order to reduce the seismic damage potential, a new structural configuration of spatial structure of
rectangular plan is proposed, the substructures of which are composed of the steel substructure and the RC substructure. The latter
only bears the vertical load of roof by the arrangement of horizontal sliding bearings between the roof and the RC substructure.
The pushover analyses are performed on a steel braced frame and an RC frame with similar lateral stiffness, and the results show
that the lateral capacity of the steel structure is much larger than those of the RC structures. A spatial structure of rectangular plan
with two different substructures is designed according to Chinese structural designing codes. Seismic time history analyses are
carried out for the spatial structure under five ground motions. The results show that the damage mainly concentrates on the
substructures, and the seismic performance of the structure with steel and RC substructures is much better than that of the

structure with RC substructures.

1. Introduction

Spatial structures have been widely used in gymnasia, public
halls, auditorium, and stadiums. In most cases, a typical
spatial structure consists of two parts: upper roof and
substructure, and the roof is usually in the structural form of
steel spatial structures including flat spatial truss or latticed
shell, while the latter tends to be the reinforced concrete
(RC) structures. The seismic performance of roofs will be
greatly influenced by substructures [1-3]. Although it has
been proven by many earthquakes that the seismic damage
of spatial structures is relatively light compared with the
multistory structures, the damages are reported in several
earthquakes [4-9], especially in the structural part around
roof bearings and RC substructures.

In the Hanshin-Awaji Earthquake in 1995 in Japan, the
structural damage to spatial structures was mainly observed

in the RC substructures, while damage to steel roof struc-
tures was comparatively minor [4]. The damage of an RC
column in a school gymnasium with rectangular plan is
shown in Figure 1 [4].

In 2011, Tohoku earthquake with the magnitude of 9.0
hit Japan. Even more severe damages to spatial structures
than ever before were observed. Other than the roof
damage, the roof bearings and RC substructures sup-
porting steel roofs were extensively damaged according to
the Joint Editorial Committee for the Report on the Great
East Japan Earthquake Disaster [9], some of which are
shown in Figure 2. In the earthquake, the spherical latticed
domes including their substructures were seldom dam-
aged, and most of the damaged spatial structures were in
the form of rectangular plan, regardless of the roof type of
cylindrical latticed shells, flat spatial trusses, and chevron
moment frames.
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F1GURE 1: Damage of an RC column of a school gymnasium in Hanshin-Awaji earthquake. (a) Interior view of the high school gym. (b)

Damage of a column in the gym.

)

FIGURE 2: Damage of bearings and RC columns of spatial structures in Tohoku earthquake. (a) Bearing-1, (b) bearing-2, (c) bearing-3, (d)

column middle-1, (e) column bottom-2, and (f) column bottom-1.

Most of spatial structures tend to be used as shelters for
refugees in the event of earthquake, so their seismic per-
formance level should be enhanced compared with ordinary
structures, and it is expected to be immediately used without
any need of repair after earthquakes. As mentioned above,
most of the substructures of spatial structures are RC
structures due to the lesser cost of RC compared with steel,
but it is well known that the seismic performance of steel
structures is much better than that of RC structures. In order
to reduce the seismic damage potential, a new structural
configuration of spatial structures with rectangular plan is
proposed, the substructures of which are composed of two
parts: the steel substructure bearing the horizontal and
vertical loads of roof and the RC substructure only bearing
the vertical load of roof. The seismic performances are
studied by static pushover analyses and seismic time history
analyses under different ground motions.

2. Structural Configuration and FE Models

2.1. Basic Principle of Structural Configuration. Generally
speaking, the RC structure has a relatively high capacity on
compression but a low capacity on bending. The basic
principle of the structural configuration is to divide the
substructures into two separate parts, the steel substructure
and the RC substructure, in which the former bears the
horizontal and vertical loads of the roof, and the latter only
bears the vertical load of the roof by the arrangement of
horizontal sliding connections of the RC substructure and
the roof. Therefore, the horizontal seismic forces of the roof
can only be transferred to the steel substructure rather than
the RC substructure by this kind of configuration, so the
shear force and the bending moment of the RC substructure
can be significantly reduced. However, the steel substructure
should be strong enough to retain necessary strength and
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stiffness due to the horizontal seismic forces, so high-
strength steel cables are used as the diagonal braces. The
seismic performance of single-layer latticed domes with
separate substructures in accordance with this structural
configuration principle is proven to be excellent [10], but the
seismic performance of the spatial structure with the rect-
angular plan has not been studied. Furthermore, it is dif-
ferent and more complicated than the dome-shaped spatial
structure in terms of structural configuration.

2.2. FE Models. SAP2000 V19 is used for FE models. A
spatial structure with the rectangular plan of 64 m x48m
and the substructure height of 9 m is taken as the structural
model. As to the roof, a single-layer latticed shell with the
height of 9.6 m is selected as the structural form, and the
geometrical modeling procedure in sequence is shown in
Figure 3. In the first step shown in Figure 3(a), the plan is
meshed into 16 x 12 squares with the side length of 4 m, and
the coordinate origin, point O, is taken as the central point of
the plan, and points A ~ D are the middle points of each side,
respectively. Lines OA and OD are in the positive directions
of x-axis and y-axis, respectively. Then point T is determined
by elevating point O by 9.6 m along the positive direction of
z-axis, and the circular arcs ATB and CTD are drawn in the
second step. Seven arcs in vertical plans passing through the
14 points along the longer side of the plan and the arc AT are
depicted, as is shown in Figure 3(c). Vertical lines are drawn
from the square points till the intersections with the eight
arcs in the former step; thus all the intersections and the
corresponding points in the plan sides are connected to form
1/4 part of the latticed shell in the 5th step. Finally, the whole
latticed shell is created by mirroring the 1/4 part of the
latticed shell, as shown in Figure 3(e).

For the structure with steel and RC substructures, the RC
substructures are connected with the roof shell by horizontal
sliding bearings, so the horizontal boundary constraint
stiffness for the shell will only be provided by steel sub-
structure. In order to maintain the necessary horizontal
boundary constraint stiffness of the latticed shell, a boundary
beam structure in the plan ABCD shown in Figure 4 is
implemented in the structure.

Two kinds of substructures are considered: steel and RC
substructures shown in Figure 5 and RC substructures
shown in Figure 6, and the bird views and two side views of
the whole structure with steel and RC substructures are
depicted in Figure 7. All the column intervals are 8 m and
both steel and RC beams are in the height of 8 m for both
cases. For the case of steel and RC substructures, the same
steel substructures distribute in the four corners, comprising
steel columns with fixed bottoms, steel beams with flexible
connections with the columns, and tension-only concen-
trical braces, and all the steel column tops are pin-connected
with the roof members. All the RC column bottoms are fixed
on the ground. Equal constraints in SAP2000 shown in
Figure 8 are used for modeling the horizontal sliding
bearings: the vertical DOFs (degrees of freedom) of column
tops are constrained with corresponding roof joints in the
same locations, and the other five DOFs of the two joints

remain independent; thus, the horizontal sliding effects can
be simulated.

The masses and gravity of members are automatically
considered by SAP2000. Super dead load of 0.5 kN/m?* and
live load of 0.5 kN/m? for the latticed shell are considered in
the design to determine member sections, and the super
dead load is converted to nodal masses during the seismic
time history analyses. All the member sections are deter-
mined according to Chinese structural designing codes
[11-14]. The stress-strain relation of the tension-only steel
brace of high-strength cable is shown in Figure 9 [15], of
which Young’s modulus, yield stress, and ultimate stress are
1.9x10° MPa, 1764 MPa, and 1960 MPa, respectively [16].
All the other steel members are of the steel grade Q345 with
Young’s modulus of 2.05x10°MPa and yield stress of
345 MPa. As shown in Figure 10, all the roof members and
boundary beams are of rectangular pipe sections, of which
the weaker axes are the roof surface normals. The member
sections of the steel substructure are shown in Table 1. The
concrete grade for all the RC structures is the widely used
C40 in China, with the design value of axial compressive
strength being 19.1 MPa. The member sections and rein-
forcement configurations of the RC substructure are shown
in Figure 11, and the reinforcements of RC column and
corner column are listed in Table 2, where three levels of
reinforcements, RO, R1, and R2, are presented, all of which
can meet the designing requirements of Chinese structural
designing codes above, and p, the ratio of longitudinal re-
inforcement of R2 level for RC column, is a little larger than
the maximum limit, 5%, prescribed in the Chinese code for
design of concrete structures [11]. In the structural FE
models, the shorter side of each RC column is parallel to the
axial line of the RC beam connected.

2.3. Dominant Vibration Modes. SS-SRC and SS-RC are used
to label the structure with steel and RC substructures and the
structure with RC substructures below.

For both of the two structures with different substruc-
tures, as shown in Figure 12, the vibration shapes of the first
two modes are the horizontal vibration in y-direction and x-
direction, respectively, whose modal participating mass
ratios M,, M,, and M in the three directions are listed in
Table 3. It is obvious that the first two vibration modes are
the dominant modes for seismic responses, since the modal
participating mass ratios are relatively large, especially for
the structure with RC substructures. It is worth noting that
the RC substructures in the SS-SRC structure remain sta-
tionary in the first two vibration modes, as shown in
Figures 12(a) and 12(b), which results in less modal par-
ticipating mass ratios than those of SS-RC structure. The
periods of the first two modes are close for the two struc-
tures, which suggests that the lateral stiffnesses are almost
the same.

2.4. Static Pushover Analyses. To illustrate the comparison of
steel substructure and RC substructure, static pushover
analyses are performed on two structures shown in Fig-
ure 13. The steel structures are composed of steel column
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FIGURE 3: Geometrical modeling procedure of roof. (a) 1st step, (b) 2nd step, (c) 3rd step, (d) 4th step, (e) 5th step, and (e) 6th step.

A D

FIGURE 4: Boundary beam structure of the latticed shell.

N/

RC corner
column

FiGure 6: RC substructures.

with fixed bottoms, steel beam with flexible connections with
the columns, and tension-only concentrical brace, and all the
sections and materials are the same as shown in Table 1.

Similarly, the RC columns and beams in the pushover
models have the same sections and materials presented in
Figures 11(a) and 11(c) and Table 2, and the numbers of RC
columns and beams are determined according to the lateral
stiffness of the steel structure; that is, the lateral stiffnesses of
the steel structure and the RC structure are almost same.
According to the Chinese code for design of concrete
structures [11], the axial compression ratio of RC column,
R, is defined as

g (1)

“ fCAC)

where N and f. are the compression force and the design value
of axial compressive strength of the RC column. Three different
compression forces are calculated according to equation (1)
when R, is 0, 0.2, and 0.4, respectively, and then they are
applied on the column tops of the two kinds of structures.

The plasticity is usually considered by plastic hinges in
SAP2000. As shown in Figure 14, the force-deformation
behavior of a plastic hinge is defined by five points labeled A,
B, C, D, and E, which denote the origin, yielding, ultimate
capacity, residual strength, and total failure. Three additional
deformation measures at points IO (immediate occupancy),
LS (life safety), and CP (collapse prevention) are also pre-
sented in SAP2000 for different automatic hinges. Different
performance levels are represented by different colors in
postprocess, as shown in Figure 14. All the automatic hinge
properties of different sections and load conditions imple-
mented in SAP2000 V19 are described in ASCE 41-13 [17].
In the pushover analyses, the PMM hinge defined in ASCE
41-13 [17] is designated on the two ends of the steel columns
and RC columns, and M hinge defined in ASCE 41-13 [17] is
designated on the two ends of the RC beam. The hinge of
steel braces is also defined according to ASCE 41-13 [17]
based on the nonlinear relations in Figure 9.

The relations of lateral forces and lateral displacements
on the column tops are depicted in Figure 15. It can be seen
that the elastic capacity of the steel structure is much larger
than those of the RC structures, irrespective of the
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FicUre 7: Whole structure with steel and RC substructures. (a) Bird view, (b) side view-1, and (c) side view-2.
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FIGURE 9: Stress-strain relation of steel braces under tension.

reinforcements of the columns. The calculation results show
that the transfer points from elastic to plastic in the pushover
curves of steel structure correspond to the yielding point of
steel braces; that is, the high elastic capacity of steel structure
is mainly creditable to the high strength of steel braces. For
RC structures, more reinforcements in the columns will
increase the lateral force capacity, which basically decreases
with the increase of the vertical loads applied.

2.5. Seismic Analyses. Seismic time history analyses under
different ground motions are performed to compare the
seismic performances of the two kinds of structures. Because
the R1 reinforcement is the most commonly used rein-
forcement level in structural design practice, only the R1
reinforcement is used for the RC columns of both structures
in the comparison. Other than the hinges mentioned above,
the automatic PMM hinges are designated on the two ends
and middle points of the roof including the beam ring
members. By assuming damping ratio as 0.035 [14] due to
the structure including steel and RC, Rayleigh damping with
two coeficients calculated by the periods of the first two
vibration modes is used. The Hilber-Hughes-Taylor method
with alpha as zero is used in the analyses, in which P-delta
and large displacements effects are considered.

2.6. Ground Motions. As shown in Table 4, five ground
motions in three directions are selected as the input seismic
accelerations, in which the first one is one of the ground
motions in the Tohoku earthquake recorded in Fukushima,
the prefecture where many spatial structures with RC
substructures were damaged by seismic ground motions in
the earthquake according to the Joint Editorial Committee
for the Report on the Great East Japan Earthquake Disaster
[9]. All the accelerations in the three directions are not
scaled, and the maximum horizontal PGA (peak ground
acceleration) of the acceleration is 1069 gal, which is
inputted in y-direction shown in Figure 3(a). Zhai and Xie
[18] recommended the most unfavorable real seismic design
ground motions for rock, stiff soil, medium soil, and soft soil
site conditions in terms of three typical period ranges of
structures, and one of the five ground motions in each group
for the middle-period (0.5-1.5s) structures is selected as the
next four ground motions listed in Table 4, which are ex-
pected to result in severe damage for the structure with
dominant vibration modal periods from 0.5s to 1.5s on
rock, stiff soil, medium soil, and soft soil site conditions.
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FIGURE 10: Member sections of the latticed shell. (a) Roof members; (b) boundary beam structure.

TaBLE 1: Steel member sections and yield stresses.

Member Section (mm) Steel grade Yield stress (MPa)
Steel column 0400 x 400 x 16 Q345 345
Steel beam H400 x 200 x 8 x 13 Q345 345
Steel brace 250 1960 1764
L 400 L L 600 L 300
q A q q
a8
P~ o
S 8 g
94\
—N— —N— —

(a) (®) (c)

FIGURE 11: RC member sections and reinforcement configurations. (a) RC column, (b) RC corner column, and (c) RC beam.

TaBLE 2: Reinforcements of RC column and RC corner column.

Level Longitudinal reinforcement (mm) Transverse reinforcement (mm) p of RC column (%) Steel grade Yield stress (MPa)
RO D18 D8@100 1.7 HRB400 400
R1 25 ?D12@100 3.3 HRB400 400
R2 ?32 ?14@100 54 HRB400 400

*p=A,A, where A, and A, are the areas of longitudinal reinforcement and column section, respectively.

(d)

F1GURE 12: The first two vibration modes. (a) 1st mode of SS-SRC; (b) 2nd mode of SS-SRC; (c) 1st mode of SS-RC; (d) 2nd mode of SS-RC.
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TaBLE 3: The first two modal participating mass ratios.
Structure Mode Period (s) M, i M,
1 0.591 0 0.75 0
S5-SRC 2 0.572 0.77 0 0
1 0.612 0 0.96 0
SS-RC 2 0.585 0.98 0 0
- =
A TTTTTTT1
/ o
8000

|

8 x 8000 = 64000 |
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Ficure 13: Pushover models. (a) Steel structure; (b) RC structure.
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FIGURE 14: Force-deformation behavior of hinge.

Each group of accelerations of three directions is scaled in
the same ratio, and the larger PGA of the two horizontal
accelerations for each ground motion is scaled to 700 gal and
inputted in y-direction. The pseudoacceleration response
spectrums of all the scaled accelerations in y-direction are
shown in Figure 16. It can be seen that, from 0's to 0.6 s, the
period range of the spatial structures, Kobe’s ground motion
is the largest, so the structures are expected to be damaged
most severely under Kobe’s ground motion among all the
five ground motions.

3. Results

All the roof members including the boundary beam struc-
ture and all the steel braces remain elastic under all the
ground motions. The maximum axial stresses of the latticed
shell members and the maximum resultant displacements of
the latticed shells are illustrated in Figures 17 and 18. It can
be seen that both the maximum axial stresses of the latticed
shell members in SS-RC and SS-SRC structures are lower
than the yielding strength. The maximum resultant dis-
placements of the latticed shells in SS-RC and SS-SRC
structures are close, except in the case of Kobe earthquake,
where the displacement of SS-RC is much larger than that of
SS-SRC, and this large discrepancy will be explained below.

The final plastic hinges of different levels under all the
ground motions for substructures are shown in Figure 17. It is
clear that the damage of the SS-RC structures is much larger

than that of the SS-SRC structures. For the SS-RC structures,
hinges with the state after E occur under all the ground
motions except the Mammoth Lakes ground motion, while
the hinges remain in state B-IO under all the ground motions
except Kobe’s ground motion for the SS-SRC structures.
Therefore, except Kobe’s ground motion, the SS-SRC
structures can be used as refugee shelters without any repair,
while the SS-RC structures need to be retrofitted on many
members because the hinges beyond state IO occur under all
the ground motions. As mentioned before, the most severe
damage occurs under Kobe’s ground motion: other than
several hinges with the state after E, all the column bottoms of
the SS-RC structure reach the hinge state C-D, that is, beyond
the ultimate capacity, while for the SS-SRC structure, all the
hinges in the RC columns remain in state B-IO except two IO-
LS hinges, and two IO-LS hinges appear in the steel columns.

The maximum resultant lateral displacements of the RC
column tops in the two kinds of structures are depicted in
Figure 19, from which the lateral displacements of the RC
column tops in the RC structures are larger than those of the
SRC structures, the comparative relation of which is the
same as that of plastic hinge states shown in Figure 20. In the
SS-RC structures, all the horizontal seismic forces and
displacements due to the roof weight will be transferred to
the RC columns, while those forces and displacements will
only be transferred to the steel substructures in SS-SRC
structures, and the RC substructures only bear the horizontal
forces and displacements due to self-weight and parts of the
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F1GURE 20: Plastic hinges under different earthquakes (left: SS-RC; right: SS-SRC). (a) Tohoku, (b) Mammoth Lakes, (c) Chi-Chi, (d) El

Centro, and (e) Kobe.

vertical forces of roof, thus leading to the seismic responses
differences including plastic hinges and lateral displacements
of RC column tops. The most remarkable discrepancy in
lateral displacements of RC column tops is in the case of
Kobe’s ground motion, because all the column bottoms ex-
ceed the ultimate capacities and large plastic rotations occur
in the hinges of column bottoms, as is shown in Figure 20(e).

The time histories of maximum moments of RC
column bottoms of section 600 x 400 mm are depicted in
Figure 21. It is apparent that the column bottom mo-
ments in SS-RC structures are significantly larger than
those of SS-SRC structures, which also explains the
reason for the discrepancies in plastic hinges shown in
Figure 20.
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4. Conclusions

Seismic damage of spatial structures of rectangular plan with
RC substructures is observed in several earthquakes, espe-
cially in the RC substructures. In order to reduce the seismic
damage potential of this kind of structure, a new structural
configuration of spatial structures of rectangular plan is
proposed, the substructures of which are composed of two
parts: the steel substructure and the RC substructure. The
former bears the horizontal and vertical forces of roof under
earthquake and vertical loads, while the latter only bears the
vertical load of roof by the arrangement of horizontal sliding
bearings between the roof and the RC substructure.
Therefore, the horizontal seismic forces of the roof can only
be transferred to the steel substructure rather than the RC
substructure by this kind of configuration, so the shear force
and the bending moment of the RC substructure can be
significantly reduced.

The static pushover analyses are performed on two kinds
of simple structures with similar lateral stiffness: one is a
steel braced frame with high-strength cable as braces, and
the other is RC frame structures. The results show that the

lateral capacity of the steel structure is much larger than
those of the RC structures with different reinforcements
under several vertical loads.

A spatial structure of rectangular plan with typical
dimension is designed according to Chinese structural
designing codes. The structure is composed of three
parts: the single-layer latticed shell as roof, the boundary
beam structure, and the substructures. Two kinds of
substructures are considered: one is RC structure, and
the other is steel structure and RC structure. Seismic time
history analyses are carried out for the spatial structure
with two different substructures under five ground
motions. The results show that the damage mainly
concentrates on the substructures, and the seismic
performance of the structure with steel and RC sub-
structures is much better than that of the structure with
RC substructures.
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Tuned mass dampers are one of the most common devices for the passive control of structures subjected to earthquakes. The
structure of these dampers consists of three main parameters: mass, damping, and stiffness. Tuned mass dampers reduce the
amplitude of the responses affecting on a mode. In most cases, only a single TMD (tuned mass damper) or a few dampers at several
points above the building height are installed on the roof of the building, requiring considerable mass and space in some parts of
the structure as overhead. It is also more important to predict the elements that will meet the required mass. In this research, the
performance of multiple tuned mass dampers (MTMDs) is investigated in L- and U-shaped regular and irregular tall steel
buildings with 10 and 20 floors, under the near- and far-field records. Nonlinear time history analysis is also applied to evaluate the
multiple tuned mass dampers effects on the seismic responses of the structures. The SAP2000 APT and MATLAB genetic algorithm
are used to determine the optimal location of the MTMDs in the roof plans of the buildings. The results show the effects of multiple
tuned mass dampers in reducing the seismic response of acceleration, displacement, and base shear up to 50, 40, and 40% in
average, respectively. The results of determining the optimum location of MTMDs in the models indicate the importance of the

symmetry of the dampers relative to the centre of mass of the building.

1. Introduction

During an earthquake event, a significant amount of energy
is applied to the structure. If this energy is not absorbed or
dissipated, it causes destruction that will result in significant
financial and life damage. In conventional methods, the
building exhibits resistance by combining stiffness, ductility,
and energy dissipation as well as inertia against dynamic
forces (e.g., wind, earthquake, vibration of machines, sea
waves, etc.). The damping value in these structures is very
low and therefore the damped energy is negligible in the
elastic behavior range of the structure. These structures
experience a great deal of displacement under the influence
of strong dynamic forces such as earthquakes crossing the
elastic range. Inelastic displacements cause the plastic joints
to be positioned locally in some parts of the structure, which
in turn increases the ductility, and consequently a large
amount of earthquake energy is dissipated by local

degradation in the lateral resisting system. In recent years,
many efforts have been made to apply modern control
devices to the structures exposed to earthquakes. These
devices prevent the degradation of the structural elements
during earthquake by absorbing some of the energy input
into the structures [1]. Different vibration control methods
include passive, semi-active, active, and hybrid, and various
factors such as efficiency, weight, device and implementation
cost, maintenance, and safety influence the choice of a
specific type of vibration control device.

Tuned mass dampers (TMDs) are a type of passive
damping systems that attaches to the main structure as a
secondary mass and reduces the dynamic response of the
structure through damping and stiffness, which is widely
used in control engineering systems and other civil engi-
neering structures [2, 3]. The mass dampers have a mass of
about 1 to 5% of the total mass of the structure, which is
connected by a spring and dampers to the location of the
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structure which usually has the most displacement. Mass
dampers are usually tuned by the frequency of the main
mode of the structure. When this mode is stimulated, the
mass damper absorbs and dissipates the energy of the
earthquake by anti-phase movement toward structure. Ease
of installation and implementation is one of its benefits.
Multiple tuned mass dampers (MTMDs) consist of several
single mass dampers that can be designed and installed in
parallel or series in structures. They can be used in cen-
tralized or distributed structures. This research includes the
related literature review to the topic, the governing equa-
tions of multiple distributed mass dampers, introduction of
structural models used in the research, introduction of
records used in analysis, model and software verification, the
result evaluation of the 10- and 20-story buildings with
MTMDs in ninth and tenth stories, and the optimal location
of the mass dampers in the model plans using genetic al-
gorithm (GA).

2. Literature Review

In a TMD system, a specific mass is mounted at a specified
location of the structure and the vibration amplitude of the
structure in the first mode is controlled by a spring and a
damper with specified damping and stiffness coeflicients.
However, when external stimulation is such that the higher
modes’ contribution in the response of the structure is
greater than the first mode, the TMD system may have the
opposite effect and increase the amplitude of vibrations. The
basic idea of TMD was first proposed by Frahm [4] in 1909
and then studied by Ormondroyd and Den Hartog [5] in
1956. For seismic applications, some researchers like Chen
and Clark [6, 7] have shown that the individual TMD system
is not effective in reducing seismic responses. There are two
reasons for this: first, earthquake loads are a kind of shock
and quickly reach maximum values. Secondly, earthquake
shocks comprise a wide range of frequency components and
often contain distinct vibrations in both the basic mode and
the higher modes of tall building structures. The single-mass
dampers are tuned for basic frequencies and are not capable
of controlling higher vibrational modes. Reports have
suggested that single mass dampers can enhance higher
modal responses due to the coupling between basic and
higher modes. Due to the disadvantages of using single mass
dampers, many researchers have proposed the MTMDs
system, multiple tuned mass dampers, which tune and direct
different modes and are located in the different locations of
the structures. McNamara [8] in 1977 investigated the effect
of TMD vibration filtration under white noise and the ap-
plication of this method under vibration induced by wind in
building. Work on TMD was extended by Warburton and
Ayorinde [9] in 1980 to determine the optimum values of
TMD parameters attached to elastic structures, rectangular
plates, and cylindrical shells subjected to periodic loads.
Warburton calculated the optimal damper properties for a
series of stimuli and response parameters. In 1994, Villa-
verde and Koyama [10] tested three different structures
equipped with TMD, including a 2-dimensional 10-story
shear frame, a 3-story frame, and a three-dimensional bridge
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under 9 different earthquake types. Wirsching and Campbell
[11] in 1974 solved the problem of optimizing the TMD
parameters and the natural frequency and damping ratio
attached to the multi-story structure and analyzed the re-
sponse of the first main mode of the main structure equipped
with a TMD under the Earth lateral vibration of Gaussian
white noise. Abé and Igusa [12] and Jangid [13] investigated
the effect of multiple tuned mass dampers according to the
structural model of Figure 1 on the main structure. Using
asymptotic analysis for the apparent resistance of attached
devices, they concluded that several dampers with natural
frequencies close to each other which cover a wide frequency
range can be represented by an equivalent damping pro-
portional to the dampers’ mass.

Li [14] in 2002 investigated the impact of the broadband
vibrations of the Earth on different types of linear MTMDs
designs and utilized dynamic displacement magnification
factor as well as dynamic acceleration magnification factor as
the optimal design criterion and then they were compared
with 5 MTMDs models with different combinations of
stiffness, mass, damping coeflicient, and damping ratio. In
1995, Kareem and Kline [15] investigated the method of
control using MTMDs attached to a real-scale vibrating
structure. They validated previous results and studies and
showed that the efficiency of MTMDs in the natural fre-
quency range is more dependent on the number of mass
dampers than the damping ratio parameter. Abdullah et al.
[16] investigated the adjacent structures using STMD or
shared tuned mass damper system to reduce the vibration of
structures and the effects of pounding. Due to the con-
nection of STMD to both structures, the problem of tuning
the stiffness and damping will be solved. Their results show
that the STMD system performs better than TMD and is an
effective way to reduce the impact of pounding on adjacent
buildings and vibrations. Zahrai and Ghannadi [17] inves-
tigated the effect of tuned mass dampers on the control of
earthquake-prone buildings by studying the effect of TMD
vibration control on 5-, 8-, 10-, and 15-story special bending
frame buildings in both directions. Tuan and Shang [18]
investigated the effects of TMD on the dynamic response of
the Taipei 101 tower, explaining that the tower is subjected to
wind load and earthquake excitation. The simulated results
were compared with the wind tunnel test and the desired
records. The results showed the damper effect in reducing
the vibration of the wind, although it did not have much
effect in reducing the vibration of the earthquake force.
Hirde and Aher [19] investigated the seismic response of a
concrete building with irregular plan under earthquake force
with pushover analysis. Models were analyzed with irregular
and L-shaped plan and compared with irregular plan with 5,
10, and 15 floors. Soto and Adeli [20] used eight different sets
of equations to tune the parameters of a mass damper at-
tached to a 5-story building with irregular plan and height
and exposed a 15-story and 20-story building with irregular
planes to earthquake loading. Also, bi-directional mass
dampers with pendulum mass dampers with 3 different plan
and height irregularities from 5 to 20 stories and period from
0.55 to 4.25 seconds were exposed to Loma Prieta earthquake
and their performances were compared. They also
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FiGURE 1: Structural model of MTMDs [13].

investigated the vibration control of irregular high-rise
buildings using mass dampers and bi-directional mass
dampers. Wakchaure et al. [21] examined various irregu-
larities with analytical methods during earthquakes. Val-
mundson and Nau [22] investigated the range of mass,
strength, and stiffness for regular buildings by UBC regu-
lations. Selected structures are two-dimensional with 5, 10,
and 20 floors, and irregularity is created by changes in the
properties of the floors. Reddy et al. [23] concluded that
mass dampers with mass percentages of 5 are more effective
and the dimensions of the dampers should be proportional
to the frequency of the structure. Bagheri and Rahmani-
Dabbagh [24] used a viscous damper with mass damper to
control the vibration of structures and concluded that the
mass dampers significantly reduced the structural response
and suggested an optimum mass damper (combined mass
and viscose dampers) without the need for viscous damper
with appropriate performance to be used. Wang et al. [25]
applied mass dampers to control the bridge deck eddy vi-
brations and found that the mass dampers perform well in
reducing bridge deck oscillation response. Li and Peng [26]
proposed a new frequency-hopping-based design method
for nonlinear mass damper, based on which the mass
damper performs better than the linear design method. Lu
et al. [27] investigated 5- and 20-story models as nonlinear
benchmark structures for comparing optimum mass
dampers and particle dampers. Their results showed that
particle dampers offer better control effects than mass
dampers in the responses such as maximum rotation of the
plastic joints, energy absorption, and relative displacement
between the main structure and the dampers. Lin [28]
invented a type of mass dampers called TSMD that is for-
mulated using three-degree-of-freedom modal properties of
triple vibrational modes in a building with a two-way
asymmetric plan whose performance has been validated by
the frequency response function and seismic responses of a
single-story and 20-storey structure with asymmetric plan.
Lu et al. [29] pointed out that in recent years a great deal of

attention has been paid to the particle damper, which is very
similar to mass dampers, although they have different
damping mechanism. The results showed that vibration
control with particle dampers has partially better perfor-
mance than mass dampers on linear and nonlinear indices
such as maximum rotation of plastic joints, energy ab-
sorption, and similar items. Kamgar et al. [30] investigated
the optimum design of mass dampers considering the effects
of soil-structure interaction and high-rise structures. For this
purpose, a 40-story shear frame was selected and WOA
(Whale Optimization Algorithm) algorithm was applied to
optimize TMD parameters. Their results indicate that the
soil type and selected function influence the optimal design
of the mass damper system. Elias et al. [31] compared the
performance of a distributed multiple mass vibration ab-
sorber on a nonlinear structure with a single vibration
absorber. The results showed that the mass damper distri-
bution would have favorable effects on structures exposed to
earthquake excitation. Rahmani and Konke [32] investigated
the optimal location and parameters of mass dampers in
high-rise buildings using genetic algorithms. They used
multiple mass dampers distributed at building height and
found that, at higher modes, distributed dampers at building
height are more effective than mass dampers, and the op-
timal position of the dampers is highly dependent on the
frequency of earthquake excitation. Yucel et al. [33] de-
veloped an ANN (artificial neural network) model to esti-
mate the TMD parameters and the long numerical repetition
process used in optimization. The aim of the research is to
develop a method for mechanical systems including struc-
tures exposed to seismic loads. Keshtegar and Etedali [34]
suggested a method based on the dynamic parameters of the
structure for the optimal design of mass dampers, which
output more accurately than other algorithms. Nigdeli and
Bekdas [35] in their research examined several dampers on
the structural floors. They concluded that the application of
the damper at several points in the structure has a more
favorable effect than the placement of a damper on the roof
of a building. Shahi et al. [36] examined the effects of soil/
structure interaction on the seismic behavior of structures
and their performance. Etedali et al. [37] investigated the
performance of TMD and FTMD in seismic control of tall
buildings under near-field earthquakes, including soil and
structural interactions. In their study, they used a 40-story
structure and concluded that the FTMD performed better
than the TMD in terms of story placement, drift, and ac-
celeration parameters. Now, considering the research history
of researchers on mass dampers and their focus on the use of
single dampers on the roof or the distribution of dampers on
building floors, this study investigates the optimum location
of multiple distributed dampers in the roof plan especially in
buildings with plan irregularities, and changes in seismic
parameters have been investigated by changing the damper
position in the roof plan.

3. Governing Equations of TMD

To determine the MTMDs parameters, Sadek et al.’s [38]
(according to equations (1)-(4)) method which is provided



for multi-degree-of-freedom structures is utilized as an
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where f is optimal frequency, which is the ratio of the
damper frequency to the structure frequency, & is the op-
timum damping ratio, g is the mass ratio which is the ratio of
damper mass to the structural mass, f3 is the damping ratio of
the structure, ¢ is the mode shape at the location of the TMD
such that the coeflicient of the modal contribution is equal to
the unit, M,, is the effective mass of the first mode or any
mode that the damper is set to control, and
Mrvp» Kovps Cruvp are the mass, stiffness, and the damping
of the TMD, respectively.

4. Structural Models

4.1. Assumptions and Loading. The mechanical properties of
ST37 steel are as follows (Table 1).

All the structures have been modelled as 3D models
and analyzed with nonlinear dynamic analysis. The sample
structures are considered to be steel structures with special
ductility. The dead and live loads of the floors are 500 kgf/
m” and 200 kgf/m®, respectively, floors” height is 3.2 me-
ters, and the structure is made from 5 bays with 6-meter
length and regular plan. According to Soto and Adeli [20]
researches referred to in the literature review, the mass
ratio of 3 percent for the design of dampers and the
damping ratio of 2% for structures are considered based on
ASCE2010. The region with very high risk and the soil of
Type III are assumed for building design. The elements’
mass is ignored and the rigid diaphragm is applied to
floors. The axial length change of beam elements is also
ignored. The rigid-zone factor is assumed to be 0.5. The
effective variables in seismic coeflicient (e.g., C=ABI/R,)
are considered as in Table 2. The effective mass of the
structures is comprised of the dead load plus 20% of the
live load.

4.2. Structural Element Design. After spectral analysis, the
structural elements are designed in SAP2000.v.19.2 software.
AISC360-10 regulation is used to design members and
seismic criteria are applied to design members. The utilized
sections are HEB for beams and BOX for columns.
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5. Seismic Records Selection

To determine the impact of the control system, 7 records
from 7 different near-field earthquakes and 7 far-field
earthquakes have been selected. In order to investigate the
effects of damper in different models, earthquake records
have been applied in one direction to the structure of an-
alytical models. The properties of the selected records are
given in Tables 3 and 4. Different seismic records with
different PGA and fault distance are selected to consider the
impacts of different frequency contents of earthquakes.

5.1. Seismic Records Normalization. According to Code
2800, the accelerometer data used for structural analysis
must be normalized. To normalize them, after scaling them
to their maximum value (PGA), the accelerometer data
response spectrum is provided for a 5% damping. Then, the
obtained spectra of the accelerometer data are averaged and
compared over the time intervals of 0.2 T and 1.5 T, so that
according to the 2800 code the average spectrum should be
1.4 times larger than the standard code 2800 spectrum [39].
After the response spectrum of the earthquake records is
obtained, their averages are compared with the 2800 stan-
dard spectrum and scaled as follows (Figure 2).

6. Multiple Tuned Mass Damper
(MTMD) Properties

In this paper, according to Soto and Adeli [20] research,
which is based on thorough investigation of various re-
searcher expressions and design parameters of mass
dampers, the optimum mass ratio of the damper is selected
to be 3%. The mass damper frequency of the main structure
is also considered to be 1.25. Due to the study of the ap-
plication of dampers and their torsional effects on structural
models, the mass of dampers has been applied to the models
in two directions. The parameters related to the mass
damper are calculated and presented for the regular and
irregular 10-story model in Table 5.

7. Geometry and Placement of Dampers

The plan used in the models is a regular and irregular square
with 5 bays with 5-meter openings for regular models. Ir-
regular plans according to the definition of geometrical
irregularities mentioned in the irregular plans based on the
definition of plan geometrical irregularity in 4th edition
2800 code [39] have been developed and defined for analysis
in SAP2000 software. The utilized mass dampers in the
models are defined as in Figure 3.

In this research, dampers are used in three conditions: at
first, at one point on the roof, second, at two points on the
roof, and third, at four points on the roof. The placement of
the dampers is given in Figures 4-6.

8. Verification

In this study, for the purpose of verification, the effects of
multiple mass dampers on the seismic behavior of 3-story
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TaBLE 1: Mechanical properties of steel.

Expected ultimate (F,) stress Expected yield (F,.) stress

Poisson coefficient (v)

Ultimate (F,) stress Yield stress (Fy)

4070 kg/cm® 2640 kg/cm®

0.3 3700 kg/cm’ 2400 kg/cm®

TABLE 2: Seismic parameters of models.

Models R, T T. T, K B C
Regular 10-story 7.5 1.07 0.5 0.7 142 1.632 0.076
Regular 20-story 7.5 226 0.5 0.7 188 1134 0.053

structure have been investigated experimentally by Chen
and Wu [40]. The studied structure in Chen et al.’s research
with a 1/4 scale steel bending frame was examined at the
seismic table of Rolla University. Structural dimensions are
48 inches long, 24 inches wide, and 100 inches high, and the
structures are shown in Figure 7. OPENSEES software has
been used to validate the experimental studies of multiple
mass dampers in the paper. The reason for using is efficiency,
fast analysis and processing, high accuracy, and open source
nature of this software.

This structure is designed to test the control of a structure
with a hydraulic actuator placed on the first roof. The model is
restrained with steel braces in three floors and stimulated with
a hydraulic Jack. Structural restraint with steel braces has no
role in the structural behavior and is solely applied to evaluate
the performance of the mass dampers. Each mass damper
consists of a mass block, a set of continuous springs, and a
sliding shaft ball bearing. The mass block attaches to the base
wall of the damper via extension springs and can only move
along the dual shafts. The natural frequency of the damper can
be adjusted using different types of springs. Since no damping
element has been added to the damper system intentionally,
friction between the bearings and the shafts forms the main
damping part of the system [40].

8.1. Model Structural Properties. The concentrated masses on
the first, second, and roof are 445, 394, and 388 kg, respectively.
Forced excitation experiments were performed to identify the
structural parameters for all three modes. First, several sine
sweep experiments were performed to identify approximately
the natural frequencies of the structure. Then, a series of
concurrent tests with different excitation frequencies were
performed around the natural frequencies of the tested
structure. The modal properties of the test are shown in Table 6.

8.2. Dampers Properties. Six different types of continuous
springs were used consistently throughout the shake table
tests. Three specimens were selected randomly and with
determination of resilience constant. The properties of the
dampers are given in Table 7.

The damper free vibration pattern for the first mode is
shown in Figure 8.

8.3. Verification Results. The following results are obtained
and compared with the values of the paper by studying the
floor accelerations in the dampers with masses of 60 and

80 kg. It should be noted that this issue has been analyzed
simultaneously in the OPENSEES and MATLAB programs.
The comparison diagram of the controlled structure accel-
eration results with damper in software with the experi-
mental model results is shown in Figure 9, which is
confirmed by a slight difference. The response of the nor-
malized accelerations (£* norm) of the structure controlled
by the mass dampers on the roof floor is presented in
Figure 9. It can be seen in the figure that multiple mass
dampers can reduce the normalized acceleration response of
the stories by more than 20%.

9. Nonlinear Time History Analysis Results of
the Regular 10-Story Model

Mass dampers reduce the applied force to the structures by
structural mass increase approach and the change in the
stiffness and mass matrices of the structures, which results in
a change in the effective time period of the structure and
getting the structure away from the acceleration sensitive
boundary. When the dampers are in a position of the
structures, the control of seismic response of the structures is
not significant and has little effect on the response of the
structures with higher predominant modes. Thus, when the
damper is located at more than one point, it is possible to
control the seismic response of the structures by controlling
the impact of higher modes.

9.1. Roof Displacement Results with Dampers in the Tenth
Story. To evaluate the effect of tuned mass dampers on the
seismic response of regular and irregular structures in dif-
ferent damper position conditions, the maximum lateral
displacement of the roof is extracted for near- and far-field
records. In this study, dampers are mounted on the roof
floor in three conditions: one, two, and four dampers. The
records used in this study are 7 near-field and 7 far-field
records. In this section, the displacement value for each
record with damper and without damper conditions is
plotted. Figure 10 shows the maximum roof displacement in
the ten-story model.

According to the results of the maximum displacement
investigated for the 10-story structure without mass dampers
and with different conditions with different mass dampers, it
can be seen that utilizing tuned mass dampers in near-field
and far-field records significantly reduces the displacement
of the 10-story structure. It is observed that the change in the
number of dampers leads to a change in the responses. The
highest displacement reduction for near-field records in the
case of using a damper is 43%. This amount of reduced
displacement is investigated toward the case of without
damper. The highest amount of displacement reduction for
the cases of two and four dampers is 49% and 52%, re-
spectively. The results of the far-field records also show that,
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TaBLE 3: Near-field earthquake properties.
Record Station Year Dis (km) Mag PGA PGV (cm/s) T (sec) Duration (sec)
1 Alaska-Denali Pump 2002 2.74 7.9 0.32 1689 3.48 86
2 Bam Bam 2003 1.7 6.6 0.59 417 0.78 37.36
3 Chi-Chi Thy101 1999 9.94 7.62 0.44 261.38 0.9 26.48
4 Chi-Chi Tcu 68 1999 0.32 7.62 0.56 312 0.42 12.48
5 Imperial-Valley El Centro Array 1979 1.35 6.53 0.43 250.12 0.24 8.49
6 Kobe Takatori 1995 1.47 6.9 0.61 206 1.22 11.34
7 Borujerd Silakhor 1909 12 7.3 0.44 321 1.52 56.34
TaBLE 4: Far-field earthquake properties.
Record Station Year Dis (km) Mag PGA PGV (cm/s) T, (sec) Duration (sec)
1 Chi- Chi Chy 065 1999 83 7.62 0.6 130.79 0.62 28.515
2 Chi-Chi Tap95 1999 109 7.62 0.15 178.062 0.98 15.8
3 Imperial-Valley Oak-2 1979 18.87 5.01 0.24 148.23 0.32 12.515
4 Imperial-Valley Outers 1979 24.23 6.53 0.26 38.78 0.16 1.75
5 Kobe Hik 1995 95 6.9 0.14 110.64 0.6 17.04
6 Loma Prieta Halls Valley 1989 30.25 6.93 0.23 107.85 0.3 10.78
7 Manjil Qazvin 1990 49.97 7.37 0.13 83.79 0.16 25.71
Response spectrum in the case of one damper, the reduced mean displacement
> compared to the cases of without damper, two dampers, and
4 four dampers is 45%, 55%, and 60%, respectively, but on
CJ average using four dampers reduces displacement more than
_§ 3 using two dampers. In a number of earthquake records,
5 5 especially in near-field ones, due to the frequency content
E and earthquake parameters, using two dampers has better
< results than the four dampers.
0 : : : ‘ ‘ ‘
0 0.5 1 L5 2 2.5 3 3.5 4 9.2. Roof Acceleration Results with Dampers in the Tenth Story.
Period (sec) Tuned mass dampers have the greatest impact on the ac-
— Average celeration value of the structures and control the seismic
—— Code 2800 spectrum response of the structures by getting the structures away

FiGure 2: Comparison of response spectrum average of earthquake
records with 2800 standard spectrum.

TaBLE 5: Design parameters of mass damper in regular and ir-
regular 10-story models.

Model p my kg (ton/  C (ton/  C, (ton/
(kg) m) sec) sec)

Regular 10- 03 22779 49665 2123 2207

story

L-shaped 10- 03 16297 31193 14250 1483

story

Ushaped 10- 03 17531 2272 12622 13.12

story

J l

FIGURE 3: Mass application in the TMD model.

from the acceleration sensitive region. The maximum ac-
celeration of the roof in the ten-story model is shown in
Figure 11.

Since the acceleration of the floors of a structure is
influenced by the transmitted acceleration from the ground
and the dynamic characteristics of the structure, therefore
the mass of the structure increases with the use of mass
dampers and the acceleration of the floors reduces with
increasing the time period of the structure. This issue is
investigated for the 10-story structure in the case of using
mass dampers compared to without damper, which yields
interesting results. The floor acceleration of the 10-story
structure in a fixed mass is affected by the damper number
and position. This issue is also investigated for near- and far-
field records and the frequency content effects of near- and
far-field earthquake records. It is observed that the maxi-
mum acceleration reduction for near-field records when
using one, two, and four dampers is 28, 46, and 46%, re-
spectively. The results also show 36%, 46%, and 44% re-
duction for far-field earthquakes, respectively. The results
show the effect of the number of dampers on the acceleration
reduction of the structure affected by the near- and far-field
records. It is also observed that the change in the properties
of the record causes a change in the seismic responses such
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FIGURE 4: Damper at one point (right), dampers at two points (middle), and dampers at four points (left).
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FIGURE 5: Damper at one point (right), dampers at two points (middle), and dampers at four points (left).
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FIGURE 6: Damper at one point (right), dampers at two points (middle), and dampers at four points (left).

that the near-field records increase the acceleration values in
the cases of using 1, 2, and 4 dampers over the far-field
records due to the pulse in the velocity frequency content.

9.3. Base Shear Results with Dampers in the Tenth Story.
The base shear value reduces at a constant mass by changing
the applied acceleration to the structure. In this section, the
maximum base shear obtained from the time history analysis
is presented for the near- and far-field records. The effects of

the tuned mass dampers on the reflection of the earthquake
force to the structures are evaluated considering the base
shear, and the force dissipation is determined in different
conditions considered for the multiple mass dampers. The
maximum base shear in the ten-story model is given in
Figure 12.

The base shear of the structures is important because any
changing in the applied acceleration to the structures
changes the amount of base shear. The acceleration value of
the 10-story structure is investigated under the near- and far-
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FiGure 7: Studied structure on the shaking table [40].
TaBLE 6: Modal properties of structure [40].
Mode no., i 1 2 3
Frequency, f; (Hz) 2.743 9.45 18.84
0.0186 0.0352 —-0.0268
Normalized mode shape, ®; 0.0299 0.0123 0.0385
0.0356 -0.0316 -0.0158
Damping ratio, ¢; (%) 0.48 1.15 1.45
Participation factor, y; 33.904 8.293 -2.863
[ 1.0 0.001 0.013
. . . T 0.001 1.0 -0.039
Orthogonality with respect to mass matrix, @ M® 0.013 -0.039 10

TasLE 7: Utilized damper properties in the model [40].

Mass, M; (kg) Damping, C, (¥10?> N - sec/m) Stiffness, K, (*10° N/m)

445 0 0 7.770  —4.683 0.257 2.669 -2.118 0.452
0 394 0 -4.683 8.594  —4.224 -2.118 3.397  -1.645
0 0 388 0.257  —-4.224 4.057 0.452 -1.645 1.260
0.4 0.35 4
=]
S
® 02} g
= -
g 8
g 0 B
%‘; E 0.25 4
9
< 0.2 E
~0.4 L L L L g
0 2 4 6 8 10 3
Time (sec) Z 0.15
FIGure 8: First mode stimulation pattern [40]. 0 1 2 3
Floor
field records in the cases of with damper and without -~ MTMD:80kg art?de —— O0kgcode
-m- MTMD: 60kg article ~ —+— 80kg code

damper. The results show that, in the case of using tuned

mass damper, the reduction value of applied acceleration to
the structures is proportional to the reduction value of

F1GURe 9: Comparison diagram of controlled structure acceleration
results with damper in software analysis with obtained results of the
experimental model.



Shock and Vibration

Displacement (m)
Displacement (m)

B o, 2z s v ] =] = S = > > =
£ & g 2 £ £ £ = £ £ & F 5 £
I 4 4 0% % Z 5 & f 3 2
O g 5 & © S =% E 3
a, o = 5 )
- : 2 2
= = £ 2
m Without = 2TMD m Without = 2TMD
= 1 TMD = 4TMD = 1 TMD » 4TMD
(a) (b)

FIGURE 10: Maximum roof displacement under the near-field (right) and far-field (left) earthquakes in the regular 10-story model.
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FIGURE 11: Maximum roof acceleration under the near-field (right) and far-field (left) earthquakes in the regular 10-story model.
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FIGURE 12: Base shear under the near-field (right) and far-field (left) earthquakes in the regular 10-story model.
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FIGURE 13: Base shear with damper in the ninth story under the near-field (right) and far-field (left) earthquakes in the regular 10-story
model.
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FIGURE 14: Acceleration with damper in the ninth story under the near-field (right) and far-field (left) earthquakes in the regular 10-story
model.
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F1Gure 15: Displacement with damper in the ninth story under the near-field (right) and far-field (left) earthquakes in the regular 10-story model.
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structural base shear. This reduction is different for different
dampers. In the case of using one damper, the maximum
reduction for near- and far-field records is 40% and 36%,
respectively. The results for using two and four dampers in
near- and far-field records are 46%, 42%, 46%, and 44%,
respectively.

9.4. Base Shear Results with Dampers in the Ninth Story.
In this section, the maximum base shear obtained from the
time history analysis for near- and far-field records is
presented. The maximum base shear in the ninth floor of the
ten-story model is shown in Figure 13.

The numerical results of the seven near- and far-field
records for the case that the damper is placed on the ninth
floor of the 10-story structure show that using tuned mass
dampers on the penultimate floor of the structure also has a
significant effect on reducing the base shear value. On the
other hand, it can be seen that changing the number of
dampers changes the base shear value, and in some cases,
having more dampers leads to noticeable reduction in base
shear. The numerical analysis of base shear for near-field
records shows that, in the cases of using one, two, and four
dampers, the maximum reduction is 30, 53, and 48%, re-
spectively. For far-field records, these values are 24, 39, and
33%, respectively.

9.5. Acceleration Results with Dampers in the Ninth Story.
In this section, the maximum acceleration obtained from the
time history analysis for near- and far-field records is given.
The maximum acceleration in the ninth floor of the ten-story
model is given in Figure 14.

Studying the maximum acceleration of the roof for the
case where the dampers are placed on the ninth floor of the
10-story structure indicates that utilizing tuned mass
dampers on the penultimate floor can control the acceler-
ation of the structure. It is observed that the change in
damper position has a different effect on the acceleration
values of the roof. The change in the number of dampers in
the plan also causes a change in the maximum value of roof
acceleration. Numerical analysis of the roof acceleration
shows that the maximum acceleration reduction of the floor
for the cases with one, two, and four dampers under the
near-field records is 36, 44, and 45%, respectively. This value
for far-field records is 39, 43, and 47%, respectively.

9.6. Roof Displacement Results with Dampers in the Ninth
Story. In this section, the displacement obtained from the
time history analysis for near- and far-field records is given.
The maximum displacement in the ninth floor of the ten-
story model is given in Figure 15.

By studying the maximum lateral displacement of the
roof in the case the damper is located in the ninth-floor, it
can be seen that the change in the number of the dampers in
the ninth floor has a different effect on the lateral dis-
placement reduction of the roof. The maximum reduction in
the lateral displacement in the case of using TMDs with one,
two, and four dampers for near-field records is 52, 55, and

11

59%, respectively, and these values for far-field records are
51, 74, and 58%, respectively. The placement of the dampers
in the ninth floor rather than the tenth floor affects the
dynamic properties of the structure and changing the fre-
quency characteristics of the structure including the time
period of the structures alters the effects of the dampers in
the seismic response of the structure. In general, regarding
the location of the mass dampers in the tenth and ninth
floors of the regular ten-story model, it can be concluded
that using the mass dampers has significant effects on the
seismic responses of the structures up to 50% reduction in
average in the roof acceleration, displacement, and the base
shear. Using 2 or 4 dampers compared to one damper shows
a significant reduction up to 25% in the seismic response of
the structure. The response reduction variations in near-field
records are more noticeable than those in the far-field, due to
the frequency content and the details of earthquake pa-
rameters. The responses also show better adaptation of the
mass dampers to analytical models with near-field records.
The placement of the dampers in the tenth floor shows little
difference in the seismic response compared to the ninth
floor in the present analytical model. It is worth noting that
the application of dampers is also investigated in the ir-
regular structures and the maximum percentage reduction
in the regular and irregular structures is shown in
Tables 8-10.

The results of the tables show the significant impact of
the mass dampers on the reduction of seismic parameters
and responses. The percentage of reduction in the models
with multiple mass dampers is more than single dampers. In
the case of base shear response, increasing the number of
dampers from one to four increases the percentage reduction
in all models and the responses are mostly reduced in near-
field records and the desirable capabilities of the dampers are
noticeable in controlling the displacement and accelerations
of the structures in near-field records. In the case of roof
displacement, as the number of dampers increases, an in-
crease in the percentage of response reduction is observed,
and the response of roof displacement is further reduced in
tar-field records such that, in the special cases, using two
dampers under far-field earthquake shows a reduction by
approximately 80%. Increasing the number of dampers has
also remarkable effect in the reduction of acceleration
responses.

10. Number and Location
Optimization of MTMDs

In the optimization section, the effect of 2 and 4 dampers on
the last floor of the 10- and 20-story structures has been
investigated. For this purpose, a genetic algorithm has been
used to find the optimal position of these dampers, so that
the position of the structural nodes in the roof level (with N
number of variables equal to the number of dampers) is
considered as a variable and the optimal combination of
these variables has been obtained. The algorithm cost
function is formed using the SAP2000 API software. For
each chromosome in the population consisting of the fol-
lowing variables (for example, 5, 9, 12, and 32 for the
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TaBLE 8: Maximum displacement reduction percentage of roof in the regular and irregular 10-story models.

Roof displacement reduction % 1-damper 2-damper 4-damper

Record Near-field Far-field Near-field Far-field Near-field Far-field
Regular 10-story 43 45 49 70 52 52
L-shaped 10-story 40.85 51.75 48.02 80.5 50.44 56.16
U-shaped 10-story 49.45 51.75 56.35 80.5 50.44 59.8

TaBLE 9: Maximum acceleration reduction percentage in the regular and irregular 10-story models.

Roof acceleration reduction % 1-damper 2-damper 4-damper

Record Near-field Far-field Near-field Near-field Far-field Near-field
Regular 10-story 28 36 46 46 46 44
L-shaped 10-story 27.72 32.04 40.02 45.54 45.54 43.56
U-shaped 10-story 29.96 38.52 49.22 49.22 49.22 47.08

TaBLE 10: Maximum base shear reduction percentage in the regular and irregular 10-story models.

Base shear reduction % 1-damper 2-damper 4-damper

Record Near-field Far-field Near-field Far-field Near-field Far-field
Regular 10-story 40 36 46 42 46 44
L-shaped 10-story 44.8 38.52 51.52 36.54 51.52 49.28
U-shaped 10-story 41.6 32.04 40.94 43.68 47.84 45.76

TaBLE 11: Genetic algorithm parameters.

Mutation rate (%) Selection rate (%) Generation Population Algorithm type
P & yp
20 70 15 30 Continuous
Genetic algorithm convergence curve
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FiGure 16: Convergence diagram of the ten-story model with 4 dampers in genetic algorithm (right) and damper optimal positions (left).
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F1GURE 17: Convergence diagram of the ten-story model with 2 dampers in genetic algorithm (right) and damper optimal positions (left).
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FIGURE 18: Displacement of the ten-story regular model with 2 and 4 dampers.
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FIGURE 19: Convergence diagram of the ten-story model with 4 dampers in genetic algorithm (right) and damper optimal positions (left).
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FiGgure 20: Convergence diagram of the ten-story model with 4 dampers in genetic algorithm (right) and damper optimal position (left).
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FIGURE 21: Displacement of the ten-story irregular L-shaped model with 2 and 4 dampers.
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Figure 22: Convergence diagram of the ten-story U-shaped model with 4 dampers in genetic algorithm (right) and damper optimal
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FIGURE 23: Convergence diagram of the ten-story U-shaped model with 2 dampers in genetic algorithm (right) and damper optimal

positions (left).
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FIGURe 24: Displacement of the ten-story irregular U-shaped model with 2 and 4 dampers.

condition with four dampers, where these numbers are the
number of nodes at the roof level), the structure is pro-
grammed and analyzed by MATLAB using API functions
and the maximum displacement of the roof is considered as
the output of the cost function. All steps of creating, ana-
lyzing, and capturing the output are performed automati-
cally using the code written in MATLAB in the cost function
section, and finally the optimal position of the dampers for 1,

2, and 4 dampers is reported. The continuous version of
genetic algorithm is utilized in this paper (because the
continuous version converges earlier and requires fewer
generations, coding and decoding steps are not required, and
the execution time of the program is also short).

Thus, at the beginning of the algorithm, the number of N
positions (2, 1, or 4) is randomly selected as input variables
and in 30 different conditions (population numbers). These
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F1GURE 27: Displacement of the twenty-story regular model with 2
and 4 dampers.

variables are the corresponding node number at the roof
level of the model created in SAP2000 software, which is
defined as a set in MATLAB, and the algorithm uses this set
randomly to select variables. For example, to check the
optimal position of two dampers in the structure, 30 double
families from this collection are selected randomly and
entered to the algorithm as the initial population; then, with
the initial implementation of the algorithm, 30% of this

population (9 numbers) will be transferred directly to the
next generation, and the rest will be included in the
transplant and mutation operations and will be the results of
the new generation. As mentioned earlier, the cost of each
chromosome is calculated in the population generated by the
API of the SAP2000 program. In this way, using the API and
MATLAB, in each position in each population chromosome,
a TMD number with the relevant specifications is placed and
the structure is analyzed and the result is extracted as the
maximum displacement in the roof level. It should be noted
that, in this method, the model without damper in SAP2000
has already been created and the steps of adding damper and
analyzing and extracting the results are done by coding.
These steps have been repeated for 30 generations. Taking
into account the population number and selection rate in
each generation of the genetic algorithm, about 700 com-
binations of different positions of dampers in each model
have been investigated. The cost function in the analysis
genetic algorithm is considered to be the roof displacement.

In all models, after a maximum of 4 generations, the
response to the constant value has been converged, but in
order to ensure that the answer to the problem has con-
tinued for up to 8 generations, it means for each model about
240 different damper combinations have been examined and
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in 8 generations all cases have been checked. The stop
limitation was not to change the function of the target and
the roof movement.

10.1. Modelling and Analysis of Structures. Nonlinear time
history analysis under the El Centro earthquake is used to

analyze the structures. The analysis output used to compare
and evaluate the number and position of dampers is the
maximum displacements of the roof. Modelling, analysis,
and comparison of the outputs for different models are
performed using the SAP software APL

10.2. API Programming Interface in SAP2000. API pro-
gramming interface is a valuable tool for CSI software such as
SAP and ETABS that allow engineers to exploit them with
coding language such as Visual Basic under Excel (VBA), C#,
C++, MATLAB, Fortran, and Python. In other words, an
engineer using API is capable of coding all ETABS and SAP
software commands and tools and accomplishes tasks such as
modelling, loading, analyzing, and extracting a variety of results.
Engineers can build custom work tools using the API to control
CSI software. These tools are able to repeatedly perform time-
consuming tasks in a matter of seconds without human error.

10.3. Model Description and Optimization Method for Damper
Placement. In this section, the effects of 2 and 4 dampers on
the roof level for 10- and 20-story structures are investigated.
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For this purpose, the genetic algorithm is used to find the
optimal position of these dampers for each number of
dampers, so that the position of the structural nodes in the
roof level (N variables equal to the number of dampers) is
considered as the variable and the optimal combination of
these variables is obtained. The cost function of the algo-
rithm is compiled using the SAP software API, for each
chromosome in the population consisting of such variables

as 5, 9, 12, and 32 for the case of using 4 dampers, where
these numbers are the node numbers in roof level. The
structure is created and analyzed using API functions and
the maximum roof displacement is considered as the cost
function output. All the steps of creating, analyzing, and
getting output are done using the code written in MATLAB
in the Cost Function section. The algorithm parameters are
shown in Table 11.

10.4. Results of Optimal Location of Dampers in 10-Story
Regular and Irregular Structures. All models converged to a
constant value after a maximum of 4 generations, but it
continued for up to 8 generations to ensure the problem is
answered (approximately 240 different damper combina-
tions are examined for each model). The locations of the
dampers in the cases of using 4 and 2 dampers obtained from
genetic algorithm are shown for different structures in
Figures 16-24.

The results indicate the significant effects of the mass
dampers on the structures. Multiple dampers’ symmetrical
placement in the plan also plays an important role in the
results and responses and the changes in the positions of
dampers have insignificant effect in the response of the
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structure if their overall positional symmetry does not
disagree with the plan axes. In other words, proper and
symmetric mass distribution of the mass dampers in the plan
plays an important role in reducing the seismic responses of
the structures. It can also be noted that the mass dampers
with their mass and stiffness change the dynamic charac-
teristics of the structures and affect the seismic responses.
Therefore, if the placement of the mass dampers can bring
the centre of mass closer to the centre of rigidity, it can
reduce the amount of irregularities and its effects and op-
timize the seismic behavior of the structure. What is con-
sidered in determining the optimum position of the mass
dampers is their symmetrical positioning which improves
the seismic response of the structures. In irregular U-shaped
structures, the distribution of dampers is almost symmetric.
As it can be seen, the damper optimal positioning ap-
proaches the centres of mass and rigidity to each other and
reduces the eccentricity and, as a result, improves the re-
sponses in irregular L-shaped structures.

10.5. Optimal Position Results of Dampers in Regular and
Irregular Twenty-Story Structures. All models converged to a
constant value after a maximum of 4 generations, but it
continued for up to 8 generations to ensure the problem is
answered (approximately 240 different damper combina-
tions are examined for each model). The locations of the
dampers in the cases of using 4 and 2 dampers obtained from
genetic algorithm are shown for different structures in
Figures 25-33.

11. Conclusions

In this research, the effects of optimal number and position
of multiple mass dampers on 10 and 20 regular and ir-
regular steel buildings are investigated. The increasing use
of high-rise buildings for economic and technical reasons
has led to increased research into the control of such
structures against earthquake and wind forces and their
technical efficiency. Plan irregularity is also one of the
important issues that designers and earthquake specialists
face. In this research, a wide range of near- and far-field
records with different earthquake intensities and param-
eters are used, and the dampers are designed and installed
with respect to the dynamical relationships and the models
are analyzed by nonlinear time history analysis. The results
show a more desirable effect of using more dampers in
models than single mass dampers. Placing dampers at more
than one point further reduces the seismic response of the
structures and increases the reduction rate of each response
such as base shear, displacement, and acceleration of floors.
As the dampers are positioned at different points, the mass
distribution at the floor level is increased; thereby the
applied force by the accelerated mass and the responses are
reduced, but when the concentrated mass is positioned at
one point of the structure, the applied acceleration to the
point is increased and thereby less control is achieved over
the seismic response of the structure. The results show that,
in most far- and near-field records, when the dampers are
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positioned at four symmetrical points in the plan, the
internal effort of the resisting members in a story is si-
multaneously contributed against the increasing applied
forces by mass and thereby the responses of the structure
are reduced due to the reduction of applied acceleration to
the floors and the increase of the time period by controlling
the amount of torsion in the irregular structures and the
appropriate mass distribution between the lateral elements.
It is observed that the effect of mass dampers for different
earthquake records has considerable differences, because
the characteristics and frequency content of far- and near-
field records have differences such as maximum ground
acceleration (PGA), magnitude, distance from the fault, the
amount of energy released, and the durability, so adding a
mass damper changes the dynamic properties and affects
the effective frequency of the structure. In the same number
of dampers in the far-field records, there is a reduction in
the acceleration changes and in the near-field records, the
maximum acceleration is observed. In general, multiple
dampers in the near-field domain have a better perfor-
mance in reducing the acceleration of the models, which is
also true for floor displacements. The story base shear
reduction is observed in the near-field domain and in-
creasing number of dampers. The 45% reduction on av-
erage for displacement, base shear, and acceleration of the
model floors using multiple mass dampers clearly indicates
the appropriate performance of this device in improving
the performance of structures. The results show that there is
no significant change in the results of the seismic pa-
rameters due to changing the dampers position from the
tenth floor to the ninth floor. In the ninth floor, the increase
in the number of dampers also indicates the distribution of
the dampers mass and the contribution of the dampers in
controlling the response and the optimal performance of
the structure. In irregular L-shaped structures, the position
of the dampers in optimal mode brings the mass centre
closer to the centre of rigidity and reduces the rate of
eccentricity, and the results are significantly improved.
Therefore, if the placement of mass dampers can bring the
centre of mass closer to the centre of rigidity, it can reduce
the irregular value and its effects and optimally improve
seismic behavior. What has been considered in deter-
mining the optimal position of mass dampers is their
symmetrical placement, which has improved seismic re-
sponse in structures. In irregular U-shaped structures, the
distribution of dampers has been almost symmetrical. In
the case of optimum positioning using genetic algorithm,
the results show that the symmetry of the dampers position
in the plan plays an important role in the results and re-
sponses, and the positioning of multiple dampers sym-
metrically in the irregular structures plan plays an
important role in the results and responses and the position
changes of each damper are neglectable in the seismic
response of the structures if their overall position relative to
the plan axis is preserved. In other words, the appropriate
and symmetric mass distribution of the dampers in the plan
has an important role in reducing the seismic response of
the structures. In irregular L-shaped structures, the damper
optimal position approaches the centre of mass to the
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centre of rigidity, reduces the eccentricity, and improves
the results significantly.
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An approach combining U-shaped dampers (USDs) and rocking walls is proposed in this paper to improve the seismic per-
formance of traditional precast reinforced concrete (RC) frames with cladding panels (PRCFCPs): (1) the steel bar and USD
connection methods are adopted at the top and bottom of the cladding panels to use the relative deformation between the cladding
panels and the main structure and then dissipate the seismic energy and (2) rocking walls are added to the structure to control the
structural deformation profiles. The USD numerical model is calibrated using the test data, and a series of nonlinear pushover
analyses, dynamic time-history analyses, and incremental dynamic analyses are successively performed to compare the seismic
performance and collapse capacity of the PRCFCP, PRCFCP with USDs (PRCFCP-USD), and PRCFCP with USDs and rocking
walls (PRCFCP-USD-RW).The results show that the USDs in the PRCFCP-USD-RW undergo more uniform deformation along
the structural height and higher energy dissipation efficiency and the PRCFCP-USD-RW exhibits enhanced seismic performance

and collapse capacity, which verify the superiority of the proposed combined approach.

1. Introduction

Precast concrete cladding panels (PCCPs), fabricated at
manufacturing plants and assembled on a supporting main
structure at the project site, have been widely used as an
architectural external wall system during the past several
decades [1]. Losch et al. [2] described the art of precast/
prestressed concrete sandwich wall panels and noted that the
use of this kind of PCCP has become more widespread in the
United States. According to the current design specification
[3, 4], PCCPs are primarily designed as a nonstructural
member to bear their self-weight and out-of-plane loads,
including seismic and wind loads.

Belleri et al. [5] summarized the vulnerabilities of the
cladding panels following major earthquakes in the Italian
territory and noted that the interaction between the cladding
panels and the main structure was a noticeable vulnerability

of the structure. The connection details between the cladding
panels and the supporting structure significantly affect their
interaction, which might reduce the performance and safety
of both panels and main structure [6, 7]. To mitigate the
interaction and reduce the sensitivity of the PCCP to the
deformation of the main structure, the Precast Concrete
Institute (PCI) recommends that the force transmission path
from the cladding panel to the main structure should be
statically determinate, each cladding panel should not be
more than two gravity-bearing connections, and those
connections should be placed in the same horizontal posi-
tion [3]. Thus, the commonly used connection form is a
four-point flexible connection, including two gravity-bear-
ing connection points and two lateral force-bearing con-
nection points. At present, the steel bar and limiting device
connection methods are adopted at the top and bottom of
the cladding panels in China [4], as shown in Figure 1(a),
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where the steel bars are placed at the top of the cladding
panel and protrude into the floor cast-in-place layer; limiting
devices constructed by angle steel are connected with the
cladding panel and main structure by long bolts. The steel
bar and limiting device connection can resist out-of-plane
displacement of the cladding panel and prompt the cladding
panel sliding in-plane. The PCCPs with the aforementioned
connection forms will exhibit sliding or rocking deformation
under an earthquake. These deformation modes are rec-
ommended to coordinate the deformation of the main
structure and reduce the interaction between the cladding
panels and the main structure to enhance the structural
safety [8].

Accordingly, there is a relative deformation between the
cladding panels and the main structure, in which various
energy dissipaters were arranged by many scholars to im-
prove the seismic performance of the structures with PCCPs.
Tyler [9] used polytetrafluoroethylene sliding joints to
separate the cladding panels from the main structure of a
building and noted that their use enables the damping of
earthquake and wind motions. Cohen and Powell [10]
classified the energy-consuming connections around the
cladding panels and studied the design methods of these
connections. Pinelli et al. [11] connected the cladding panel
and the main structure by an elliptical soft steel energy
dissipater. The test and finite element analyses showed that
the performance of this energy-dissipating connection form
was stable. Ferrara et al. [12] experimentally evaluated the
behaviour of friction dampers to be used along the edges of
the cladding panels in precast reinforced concrete (RC)
buildings. Baird et al. [13] installed U-shaped flexural plates
at the lateral connection point of the four-point connected
cladding panel and found that the U-shaped flexural plates
can effectively dissipate seismic energy and reduce the de-
formation of the structure under earthquakes. Negro and
Lamperti Tornaghi [14] investigated PCCPs with friction-
based devices, and the reliability was confirmed by several
tests. Lago et al. [15, 16] proposed a steel w-shaped folded
plate dissipative connector and a multiple-slit device for the
PCCPs. The test results showed that the proposed devices
can be effectively used for precast RC structures with
cladding panels. Karadogan et al. [17] arranged steel
cushions that have excellent dissipation capacity between the
main structure and PCCPs. The test results showed that the
plastic deformations accumulated on the steel cushions, and
no damage was observed on the PCCPs; using bolts to
connect the steel cushions and PCCPs is a reliable con-
nection technique.

The soft-storey failure of RC frames has been mentioned
by some existing studies, and rocking systems have proven to
be an effective means to control the structural deformation
and damage distribution [18, 19]. In particular, the rocking
systems and the energy dissipaters have been frequently
combined to obtain enhanced seismic performance struc-
tures. Deierlein et al. [20] proposed an earthquake resilient
rocking steel frame system with energy-dissipating fuses and
confirmed that the system can sustain extreme earthquake
ground shaking without structural damage. Wada et al. [21]
retrofitted the G3 teaching building at Tokyo Industrial
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University with rocking walls and steel dampers. This
structure survived the 2011 Miyagi earthquake. Twigdenand
and Henry [22] experimentally investigated a posttensioned
rocking wall with energy-dissipating O-connectors attached
along the vertical. Zhang et al. [23] combined precast
rocking walls and friction dampers or buckling-restrained
braces to form an inertial force-limiting floor anchorage
system that is a low-damage seismic-resistant system. Feng
et al. [24] used rocking walls to mitigate the drift concen-
tration issue of buckling-restrained braced frames. Rahgozar
et al. [25] numerically investigated the effects of soil-
foundation modelling on the seismic performance of
rocking braced frames with butterfly-shaped fuses. These
studies indicated that the rocking systems might make the
energy dissipaters work more effectively.

In this paper, in order to retrofit the existing structure
of the precast RC frame with cladding panels (PRCFCPs),
U-shaped dampers (USDs) that were developed in 1972 by
Kelly et al. [26] and rocking walls are added into a PRCFCP
to form a damping and damage-controlling system. This
paper focuses on the effect of the USDs and rocking walls
on the seismic performance of the PRCFCP through nu-
merical investigations and comparative analyses. A series of
nonlinear pushover analyses, dynamic time-history ana-
lyses, and incremental dynamic analyses are performed to
compare the seismic performance and the seismic collapse
capacity of the PRCFCP, PRCFCP with the USDs
(PRCFCP-USD), and PRCFCP with the USDs and rocking
walls (PRCFCP-USD-RW).

2. Description of the Structural System

2.1. Connection Details. Figure 1(b) shows a connection
detail of the proposed damping cladding panels. A precast
concrete sandwich wall panel is used as the cladding panel
and connected to the main structure at each storey. The
cladding panel is connected to the upper and down floors
through a row of steel bars and USDs at the top and bottom
of the cladding panel, which are deemed the steel bar and
USD connection methods, respectively. The USDs are
connected to other members through high-strength bolts
[17, 27]. In this steel bar connection method, two layers of
steel bars are placed at the top of the cladding panel and
protrude into the floor cast-in-place layer, and then a fixed
constraint end is formed to resist out-of-plane loads. Thus,
the construction quality and earthquake safety are easily
guaranteed. For the entire cladding panel that spans a single
storey using these connection methods, the deformation
mode under a horizontal earthquake is dominated by
horizontal sliding deformation at the bottom of the cladding
panel. Thus, the USDs that are set in the places where USDs
undergo horizontal sliding deformations can dissipate en-
ergy through their own plastic deformations, as shown in
Figure 1(c).

2.2. Structural Systems. Figure 2 describes the schematic of
PRCFCP-USD-RW as a retrofitting structure of PRCFCP,
which consists of a precast RC frame with the proposed
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FIGURE 2: Schematic of a PRCFCP-USD-RW system.

cladding panels, as shown in Figure 1, and some rocking
walls are attached only to beams at the middle of the
structure in the Y direction. The cladding panels in the
PRCFCP-USD-RW are no longer a nonstructural element
but are a support member of the USDs. Together with the
USDs, a shock absorbing unit is formed to transmit the
interstorey drift generated by the earthquake to the USDs,
and the plastic deformation of the USDs is used to dissipate

the seismic energy to reduce the main structural damage.
The rocking walls can render the storey drift of the structure
uniform. When the storey drift is uniform, the USDs at each
storey can exert an energy dissipation capacity. The col-
laboration between the USDs and the rocking walls plays a
dual role in coordinating the interstorey drift and energy
dissipation to achieve a controllable damage degree and
distribution.



3. Contrast Models and Finite Element Models

3.1. Calibration of the USD Model. OpenSees [28] numerical
simulation software is used for the nonlinear analysis in this
paper. The definition of the USD parameters in the model is
based on the force-displacement curve obtained from a test
performed by the authors. Figure 3(a) shows the USD test
model and loading device. The length, width, height, and
thickness of the USD are 276 mm, 70 mm, 174 mm, and
12 mm, respectively. The material of the USD is Q235 steel
(GB50017-2003) [29]. Figure 3(b) shows the loading pro-
tocol in this test. The loading amplitude displacements of
each stage are 3mm, 7mm, 14 mm, 28 mm, 42 mm, and
60 mm, respectively. The front five stages are cycled three
times, and the last stage is cycled approximately 18 times.
The USD in OpenSees uses the Steel02 model and the zero-
length element for the simulation [30].The Steel02 model has
a yield force F,=11.97kN and initial elastic stiffness
E=3.99kN/mm. The parameters controlling the transition
from the elastic stage to the plastic stage are as follows:
Ry =20, CR;=0.925, and CR,=0.15. Additionally, the iso-
tropic hardening parameters are a; =0.25, a, =5, a;=0.25,
and a, =5. The definition of these parameters can be found
in [28]. Figure 3(c) shows the comparison of force-dis-
placement curves between the simulations and the experi-
ments. The simulated results are basically consistent with the
experimental results, indicating that the USD model pa-
rameters are set properly.

3.2. Contrast Models. Figure 4(a) shows an 8-storey RC
frame structure from [31]. The 8-storey RC frame was
designed based on existing Chinese code for the design of
concrete structures and seismic design of buildings. How-
ever, the soft-storey also occurred in this baseline building
under horizontal earthquake loads and can be prevented by
the addition of rocking walls, which is the reason to use this
8-storey RC frame herein as a benchmark model to construct
other contrast models. The structural plane is a rectangle of
24m by 50.4m, and the column spacing is 7.5m or 3.0 m.
The earthquake resisting system of the benchmark model
comprises five and four moment-resisting frames (MRFs) at
the transverse and longitudinal directions of the structure (X
and Y directions), respectively. The first and second storeys
have heights of 4.5 m and 4.0 m, respectively, and the upper
storeys have a height of 3.5m, resulting in a total height of
29.5 m. The benchmark model is designed for a seismic area
with Site Classification II and design ground Group 1,
classified as a zone of intensity 8, with a basic design peak
ground acceleration (PGA) of 0.2 g. Two concrete strength
grades were adopted, C40 for all beams and floors and C45
for all columns (i.e., the cubic compressive strengths of the
concrete are 40 MPa and 45MPa, resp.). HRB 400 rein-
forcement (i.e., hot rolled ribbed reinforcement with a yield
strength of 400 MPa) was adopted for the longitudinal mild
steel reinforcement of beams, floors, and columns. The
thickness of all floors was 100 mm, and the distribution steel
reinforcements bilaterally distributed were allp10@200 (910
means that the diameter of distribution steel reinforcements
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is 8 mm; @200 means that the spaces of distribution steel
reinforcement are 200 mm). All columns and beams used
rigid connections. More information regarding this frame
structure, such as the beam-column section size and rein-
forcement, and design dead and live loads, can be found in
[31].

To illustrate the performance advantages of the
proposed PRCFCP-USD-RW, three different contrast
models are developed based on the benchmark model.
Only the Y direction seismic action is considered; thus,
the comparison model considers only the addition of the
rocking walls and the cladding panels in the Y direction,
and the earthquake resisting system in the X direction is
the same as the benchmark model. The traditional and
damping cladding panels are added to the benchmark
model in the Y direction, and the PRCFCP and PRCFCP-
USD models are created, as shown in Figures 4(b) and
4(c), respectively. The traditional cladding panels at the
bottom are connected by two limiting devices that allow
the panel to slide freely under design displacement. In
the PRCFCP-USD model, four USDs are arranged at the
bottom of each cladding panel, and the size and material
of each USD are the same as those shown in Figure 3(a).
Furthermore, four rocking walls are added to the
PRCFCP-USD model in the Y direction, and the
PRCFCP-USD-RW model is formed, as shown in
Figure 4(d). The sectional dimension of the rocking walls
is the same as that in [31], which is 3600 mm x 150 mm.
The paper focuses on the seismic responses of three
comparison models, i.e., PRCFCP, PRCFCP-USD, and
PRCFCP-USD-RW.

3.3. Finite Element Models. Figure 5 schematically shows the
finite element model of the PRCFCP-USD-RW. The
benchmark, PRCFCP, and PRCFCP-USD finite element
models are modelled using the same techniques. In this
paper, the RC beams, columns, and rocking walls are
modelled via displacement-based beam-column (dis-
pBeamColumn) fibre elements, in which their concrete and
steel reinforcement materials use Concrete0l (because the
tensile strength is less than the compressive strength,
Concrete01 is used to build model) and Steel02 (the elastic
tangent of reinforcement is 200 GPa, and strain-hardening
ratio is 0.01), respectively. Some approaches have been
proposed to model the panels (or walls) such as the mul-
tilayer element [32] or rigid beam element [33] with the
bottom linked by a nonlinear zero-length element. The
cladding panels and floors are simulated by shell elements,
and the material adopts an elastic model. Notably, the shell
elements for cladding panels are not connected to the ad-
jacent columns, and the master nodes of rigid diaphragm at
each storey were set in the structural centroid. The limiting
devices in the PRCFCP and the USDs in the PRCFCP-USD
and PRCFCP-USD-RW are simulated by zero-length ele-
ments, which replaces the translational constraint in the
loading direction by a Steel02 material defining the force-
displacement relationship shown in Section 3.1. The finite
element models for the PRCFCP-USD and PRCFCP-USD-
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RW use one zero-length element to simulate two USDs;
therefore, the stiffness and yield force are twice the one USD
shown in Figure 3(c). The initial elastic stiffness in the
PRCFCP is deliberately set to infinity for the purpose of
simulating the free sliding of the cladding panels. The beam/
column and beam/rocking walls joints use rigid connections
and pinned connections, respectively.

The model mass is added to each storey node in the form
of a concentrated mass. The lateral load is an inverted tri-
angle mode in nonlinear pushover analyses, and the Rayleigh
damping with natural damping ratio is 0.05 in the nonlinear
dynamic time-history analyses. The seismic lateral loads act
on the structural Y direction. All nonlinear analyses consider
the P-delta effect of gravity. The fundamental periods (T;) of
the benchmark model and three contrast models are shown
in Table 1.

3.4. Ground Motions Selection. The dynamic time-history
analyses use 22 ground motions recommended in [26], as
reported in Table 2. Figure 6 shows the acceleration response
spectra for 22 ground motions-adjusted acceleration peaks
to 4m/s’ and the acceleration design spectrum corre-
sponding to the major earthquake specified by the Chinese
code (GB 50011-2010) [34]. The average and design spec-
trum accelerations (S,) are similar. This paper focuses on the
average value of the structural responses under 22 ground
motions. Since the three contrast models have a large re-
sponse under the 9th ground motion (GM9), this paper also
focuses on the performance differences of the comparison

models under the 9th ground motion, and its acceleration
time-history curves are shown in Figure 7.

4. Nonlinear Pushover Analyses

Figure 8 shows curves of the base shear force and the roof
displacement for the contrast models under inverted triangle
lateral load. The curve slope of the PRCFCP-USD is slightly
larger than that of the PRCFCP before the structures yield.
Therefore, the PRCFCP-USD exhibits a slightly larger lateral
stiffness than the PRCFCP, indicating that the addition of
the USD can improve the structural stiffness to a certain
extent. The lateral load-carrying capacity of the PRCFCP-
USD is also slightly larger than that of the PRCFCP, and
their base shear forces show a significant downward trend
after they reach the peak lateral load-carrying capacity.
Figure 8 also shows that the curve slopes of the PRCFCP-
USD and PRCFCP-USD-RW structures basically remain
consistent before the structures yield, which is mainly be-
cause the addition of rocking walls cannot change the lateral
stiffness of the structures. Notably, the lateral load-carrying
capacity of the PRCFCP-USD-RW is unchanged and is
significantly larger than that of the PRCFCP-USD as the
loading continues. This result indicates that the lateral load-
carrying capacity and ductility of the PRCFCP-USD are
enhanced by the participation of the rocking walls.
Figures 9(a)-9(c) show curves of the storey shear force
and the storey drift ratio of the frames in the contrast models
under the structural pushover. Notably, the interstorey shear
force is the sum of the shear forces of all frame columns.
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TaBLE 1: Periods of all models (the values in brackets are the modal mass participating ratios).

Models Reference [31] Benchmark model PRCFCP PRCFCP -USD PRCFCP -USD-RW
T; (s) 1.169 1.118 (0.825) 1.051 (0.840) 0.915 (0.861) 0.910 (0.951)
TaBLE 2: 22 ground motions recommended in [26].
Number Earthquake Year Component Magnitude (M) PGA (m/s?)
1 Friuli, Italy-01 1976 A-TMZ270 6.50 2.93
2 Imperial Val.-06 1979 H-DLT352 6.53 3.44
3 Imperial Val.-06 1979 H-PTS315 6.53 2.00
4 Superst. Hills-02 1987 B-IVW360 6.54 1.82
5 Loma Prieta 1989 G03090 6.93 3.60
6 Loma Prieta 1989 HDA165 6.93 2.07
7 Loma Prieta 1989 HSP000 6.93 3.63
8 Landers 1992 CLW - TR 7.28 3.04
9 Landers 1992 JOS090 7.28 2.78
10 Landers 1992 YER270 7.28 1.65
11 Northridge-01 1994 LOS270 6.69 4.72
12 Northridge-01 1994 ORRO090 6.69 5.57
13 Northridge-Ol 1994 STM090 6.69 7.38
14 Kobe, Japan 1995 KAK090 6.90 3.38
15 Kobe, Japan 1995 SHI000 6.90 2.38
16 Duzce, Turkey 1999 BOL090 7.14 8.06
17 Chichi, Taiwan-05 1999 TCU029-N 7.62 1.97
18 Chichi, Taiwan-05 1999 TCU070-E 7.62 2.50
19 Chichi, Taiwan-05 1999 TCU095-E 7.62 3.35
20 Wenchuan 2008 UA0097 8.00 4.59
21 Wenchuan 2008 UAO0103 8.00 2.79
22 Wenchuan 2008 UAO0196 8.00 3.23
20
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FIGURe 6: Comparison between the design spectrum and the
spectra of actual ground motions.

Figure 9(d) shows curves of interstorey drift ratio when the
structures arrived at the peak lateral load-carrying capacity.

A drift concentration factor (DCF) was defined by [35] as
(1) for the purpose of evaluating the structural lateral de-
formation mode and damage concentration degree. The
parameter 0., is the maximum interstorey drift ratio, #,0f

Time (s)

FIGURE 7: Acceleration time-history curve for GMO9.

is the structural roof displacement, and H is the structural
total height. If DCF=1, the structural interstorey drift at
each storey is identical. When structures arrive at the peak
lateral load-carrying capacity, the DCF values of three
contrast models are also listed in Figure 9(d), where DCF;-
DCEF; represent the DCF values of the PRCFCP, PRCFCP-
USD, and PRCFCP-USD-RW, respectively:

0
DCF = —m& 1
Uroof /H ( )

It can be observed in Figures 9(a) and 9(b) that when
structures arrive at the peak lateral load-carrying ca-
pacity, the interstorey drift ratios of 1F and 2F are higher
than those of 3F-8 F in the PRCFCP and PRCFCP-USD,
and the interstorey shear forces of 3F-8 F do not reach
their interstorey lateral load-carrying capacities,
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implying that these storeys basically maintain the elastic
status. The DCF values of the PRCFCP and PRCFCP-USD
are 2.40 and 2.43, respectively, which means that the
damage concentration exists. After the structures arrive
at the peak lateral load-carrying capacity, the interstorey
drift ratios of 2F in the PRCFCP and PRCFCP-USD are
continuously increased as the loading continues; how-
ever, the interstorey drift ratios and shear forces of other
storeys are slightly and considerably decreased, respec-
tively. These results indicate that the damage of the
PRCFCP and PRCFCP-USD is concentrated on the
second storey and that the capacities of other storeys
cannot be fully used.

Figure 9(c) shows that the interstorey drift ratios at each
storey of the PRCFCP-USD-RW are basically the same, and
the DCF value is only 1.09 when it arrives at the lateral load-
carrying capacity. The trends of the interstorey shear force
and the drift ratio curves are similar among the different
storeys during the whole loading process, and all storeys can
enter the plastic phase at the same time. The results indicate
that the capacities of all storeys can be fully used due to the
addition of rocking walls.

In conclusion, it is difficult to change the structural
deformation mode by the use of USDs; however, the ad-
dition of rocking wall is an effective way to control the
distribution of the interstorey shear force and drift.
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5. Nonlinear Dynamic Time-History Analyses

5.1. Peak Interstorey Drift Responses. Figure 10 compares the
distributions of the peak interstorey drift ratios for the
contrast models under major earthquakes. The peak inter-
storey drift ratios of the PRCFCP and PRCFCP-USD exhibit
an obvious increase at the second storey, indicating that the
structures show an interstorey damage concentration. The
average interstorey drift ratio of the PRCFCP is close to the
allowable limit (2%) [27]. A comparison of Figures 10(a) and
10(b) shows that the peak interstorey drift ratios of the
PRCFCP-USD are less than those of the PRCFCP, which
illustrates that USDs arranged in the structure can play a role
in energy dissipation to reduce the peak interstorey drift
response. Figure 10(c) shows that the peak interstorey drift
ratios of the PRCFCP-USD-RW are uniformly distributed
and do not exhibit obvious increase or reduction, and the
average value is far less than 2%. These results indicate that
the USDs and rocking walls of the PRCFCP-USD-RW can
work together to render peak interstorey drifts small and
uniform.

Figure 11 presents the corresponding DCF results of the
contrast models under major earthquakes. The DCF average
values for the PRCFCP, PRCFCP-USD, and PRCFCP-USD-
RW under various ground motions are 2.53, 2.50, and 1.19,
and their standard deviations are 0.89, 0.49, and 0.09, re-
spectively. These results indicate that the rocking walls can
control structural deformation and reduce the randomness
of the damage concentration. Compared with the PRCFCP,
the DCF values of the PRCFCP-USD are larger under some
ground motions. In other words, the DCF value may be
increased, and the unevenness of the interstorey drift dis-
tribution may be deepened when the USDs are arranged.
This conclusion that the USD cannot control the structural
deformation mode is consistent with Figures 9 and 10.

5.2. Hysteresis Responses of the USDs. For the PRCFCP-USD
and PRCFCP-USD-RW structures, the USDs at the same
position of each storey are selected to check the hysteresis
response. Figure 12 shows the USDs’ hysteretic curves of the
PRCFCP-USD and PRCFCP-USD-RW at each storey under
the 9th ground motion. As shown in Figure 12(a), the
hysteretic curves of the USDs arranged at 1 F and 2 F are full,
and the energy dissipations are overused, in which the USDs
may reach their energy limit and be destroyed. The USDs at
3F-6F cannot fully use the performance, and the USDs
arranged at 7 F and 8 F are in the elastic phase and basically
do not dissipate any seismic energy. These results indicate
that, compared to the PRCFCP-USD-RW, the PRCFCP-
USD is prone to the serious damage concentration in that
the USDs yield only at less storeys.

As shown in Figure 12(b), the USDs in the PRCFCP-
USD-RW show uniform energy dissipation along the
structural height. A comparison of Figures 12(a) and 12(b)
shows that the energy dissipation of the USDs at 1 F and 2 F
in PRCFCP-USD-RW is less than that of PRCFCP-USD, and
this situation is reversed at other storeys. In particular, the
USDs placed at 7F and 8 F in PRCFCP-USD-RW are still

able to dissipate energy, indicating that the addition of
rocking walls can enable all USDs at each storey to enter the
energy dissipation stage by coordinating each storey drift to
avoid the waste of the USD performance. The distributions
of the USDs’ displacement responses at each storey observed
from Figures 12(a) and 12(b) are consistent with
Figures 10(b) and 10(c), respectively, because the defor-
mation of the USDs is mainly determined by the interstorey
drift of the frame. Thus, the distribution of the USDs’ energy
dissipation at each storey is also consistent with the struc-
tural interstorey drifts.

5.3. Dispersion Coefficients. A dispersion coeflicient a; is
defined herein as (2) for the purpose of evaluating the level of
uneven energy dissipation of the USDs at each storey. The
parameter y; is the ductility coeflicient of the USD at the ith
storey, and ... is the average value of y;, which can be
calculated using (3). When ; is closer to 1, the difference in
the USDs’ energy dissipation at each storey is less:

a; = .ui/tuave (1 =1~ 8)’ (2)

Have = (th + 2 + .+ g)/8, (3)

Figure 13 shows the distribution of «; for the PRCFCP-
USD and PRCFCP-USD-RW under the 22 ground motions.
The «; of the PRCFCP-USD and PRCFCP-USD-RW falls in
the range of 0.5-2.5 and 0.8-1.3, respectively. In other
words, the difference in the energy dissipation of the USDs at
various storeys in the PRCFCP-USD-RW is less than that of
the PRCFCP-USD. Therefore, the addition of rocking walls
can control the USDs at various storeys to uniformly dis-
sipate the seismic energy.

5.4. Energy Dissipation. Figure 14 shows a comparison of the
total energy dissipation for contrast models under each
ground motion. Table 3 gives the average energy dissipation
of the frame and USDs in three models under 22 ground
motions. The total energy dissipation of the PRCFCP-USD
and the PRCFCP-USD-RW is similar. From the foregoing
analyses, although the dissipated energy of the USDs at 1 F
and 2F in the PRCFCP-USD-RW is less than that of the
PRCFCP-USD, the USDs at other storeys of the PRCFCP-
USD-RW can fully dissipate the energy, which further causes
the total energy dissipation of the USDs in the PRCFCP-
USD-RW to be greater than that of the PRCFCP-USD. The
seismic energy dissipation by the frame in the PRCFCP is
higher than that in the others, which means that the damage
to the frame in the PRCFCP is more serious than that in the
PRCFCP-USD and PRCFCP-USD-RW. In addition, the
seismic energy dissipation by the frame in the PRCFCP-
USD-RW is only 63% of that in the PRCFCP-USD. The
result indicates that the combination of USDs and rocking
walls can effectively reduce the damage to the main
structure.

Figure 15 shows the energy dissipation at each storey of
the three contrast models under the 9th ground motion. The
seismic energy in the PRCFCP and PRCFCP-USD is mainly
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Figure 11: Comparison of the DCFs under major earthquakes.

dissipated by the members at the 1-2 storeys, which is a
significantly uneven energy dissipation. The frame at storeys
1-2 in the PRCFCP and PRCFCP-USD exhibits severe
plastic deformation, while the frame at storeys 6-8 basically
maintains flexibility, which means that the PRCFCP-USD
exhibits damage concentration. In contrast, the frame and
USDs in the PRCFCP-USD-RW roughly consume the same
energy at each storey. The damage of the PRCFCP-USD-RW
is concentrated in the USDs, and each storey of the frame
evenly produces a slight plastic deformation. Compared with
the PRCFCP-USD, the PRCFCP-USD-RW exhibits en-
hanced seismic performance, and the proposed approach of
combining the USDs and the rocking walls can protect the
main frame to avoid severe destruction and damage
concentration.

5.5. Residual Displacement. Figure 16 shows the distribu-
tions of the residual interstorey drift ratios of the contrast
models under major earthquakes. The largest residual
interstorey drift ratio of the PRCFCP occurs at 2F, and the
average value is 0.29%, while the values of the PRCFCP-USD
and PRCFCP-USD-RW are only 0.075% and 0.031%, re-
spectively. Compared with the PRCFCP, the peak residual
interstorey drift ratios of the PRCFCP-USD and PRCFCP-
USD-RW are reduced by 74.1% and 89.3%, respectively.
These results mean that the residual displacement can be
reduced by the participation of USDs, and the rocking walls
can enhance the USDs’ capacity of reducing the residual
displacement. The residual displacement of the PRCFCP-
USD-RW is also uniformly distributed at various storeys
similar to the peak deformation.
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FiGURe 12: Hysteresis responses of the USDs at different storeys of PRCFCP-USD and PRCFCP-USD-RW under GM9. (a) PRCFCP-USD.

(b) PRCFCP-USD-RW.

6. Incremental Dynamic Analyses (IDAs)

6.1. IDA Curves. The seismic collapse capacities of the three
contrast models are analysed via the incremental dynamic
analysis (IDA) method [36] under the 22 ground motions
shown in Section 3.4. The limit interstorey drift ratio of 2.0%

specified by ASCE7-10 [37, 38] is used as the sign of the
collapse. The approach used to scale the 22 GMs was the
hunt&fill algorithm mentioned in [39]. The amplitude
modulation and the increment of the step are 0.2g and
0.05 g, respectively, and the S, (T}, 5%) (means the spectral
acceleration of the ground motions at the fundamental
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TaBLE 3: Average energy dissipation of the frame and USDs under 22 ground motions (unit: kN-m).
PRCFCP-USD PRCFCP -USD-RW PRCFCP -USD-RW/PRCFCP -USD (%)
Frame 766.85 483.92 63
USDs 1454.87 1538.09 106
Total 2221.72 2022.01 91

period of the structure corresponding to 5% damping ratio)
of the first analysis step is 0.005 g. The amplitude modulation
coefficient ();) and the inputting acceleration of 22 ground
motions used in the analyses (S,’) can be calculated using (4)
and (5), respectively:

Sa'=21.-§ (5)

where Sgr is the spectral acceleration for 22 ground mo-
tions-adjusted acceleration peaks to 4 m/s> corresponding to
the major earthquake specified by the Chinese code (GB

i a’

50011-2010) and S, is the actual acceleration of the 22
ground motions (the peak S, was modulated to 1 m/s* in this
paper).

Figure 17 shows the IDA curves of the three contrast
models corresponding to 16%, 50%, and 84% quantile
levels. The IDA curves of the PRCFCP corresponding to
three quantile levels are lower than those of the PRCFCP-
USD and PRCFCP-USD-RW, indicating that the addition
of USDs can improve the seismic collapse capacity. The
IDA curve of the PRCFCP-USD-RW is significantly higher
than that of the PRCFCP-USD, which reveals that the
rocking walls can further improve the structural seismic
collapse capacity.
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6.2. Evaluation of the Seismic Collapse Capacity. The collapse
margin ratio (CMR), an important index for measuring the
structural seismic collapse capacity [40], can be calculated by
(6), where S¢; is the spectral acceleration corresponding to
the median value of the estimated spectral accelerations at
collapse and Syt is the spectral acceleration at the funda-
mental period of the structure shown in Figure 6:

CMR = Scp/SMT. (6)

Figure 18 shows the comparison of the collapse prob-
ability curves for the contrast models. The collapse

probability of the PRCFCP-USD and PRCFCP-USD-RW is
significantly smaller than that of the PRCFCP under the
same intensity earthquake. Table 4 shows the CMR values of
the contrast models. The CMR value of the PRCFCP-USD is
increased by 31.3% compared to the PRCFCP, which means
that the seismic collapse capacity can be improved via the
addition of USDs. The CMR of the PRCFCP-USD-RW is
increased by 152.8%, which is approximately five times that
of 31.3%, which means that the participation of rocking walls
further improves the seismic collapse capacity of the
PRCFCP-USD.
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TABLE 4: CMR of all models.

Models SCT Smr (g) CMR Increase
PRCFCP 2410g 0.356 6.77 —
PRCFCP-USD 3.442¢g 0.387 8.89 31.3%
PRCFCP-USD-RW 6.627¢g 0.387 17.12 152.8%

7. Conclusions

The energy dissipation capacity of the USDs placed between
the cladding panels and the main structure and the con-
trolling deformation capacity of rocking walls are combined
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to improve the seismic performance of the traditional
PRCFCP. The following conclusions are obtained through
the comparative analyses of the structures with/without the
USDs or the rocking walls.

(1) The participation of the USDs can slightly enhance
the lateral load-carrying capacity of the structure and
slightly reduce the velocity of the carrying reduction
after structural yield under a pushover compared
with the PRCFCP. However, the combination of
rocking walls and USDs can significantly enhance
the lateral load-carrying capacity and ductility of the
structure.

(2) In PRCFCP-USD, the USDs can dissipate energy and
effectively reduce the deformation of the structure
under an earthquake, indicating that the cladding
panel with USDs can achieve the target of shock
absorption.

(3) The USDs at each storey of the PRCFCP-USD exhibit
a large difference in energy dissipation. In the po-
sition where the interstorey drift is sufficient, the
USDs dissipate energy in excess. In places with
smaller drifts, the USDs’ capacity cannot entirely
perform. Rocking walls can compel the USDs at each
storey to evenly dissipate energy.

(4) Compared with the PRCFCP, the DCF values of the
PRCFCP-USD are larger under some ground mo-
tions because the USDs at each storey unevenly
dissipate energy. In the PRCFCP-USD-RW, the peak
interstorey drift and residual displacement are small
and uniform, and the DCF average value is only 1.19.
According to conclusions (2)-(4), the use of USDs
can reduce the structural displacement response but
not control the structural deformation profile;
however, the two design goals can be simultaneously
achieved through the combination of rocking walls
and USDs.

(5) The seismic collapse capacity of the PRCFCP-USD
and PRCFCP-USD-RW is larger than that of the
PRCFCP. The CMR value of the PRCFCP-USD-RW
is approximately five times that of the PRCFCP-
USD, showing that the seismic collapse capacity can
be improved by the proposed cladding panels with
USDs and that the combination of rocking walls and
USDs further improves the seismic collapse capacity.
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