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ARTICLE INFO ABSTRACT

The use of TMDs is commonly discouraged for structures subjected to short-duration, pulse-like ground motions
such as near-field earthquake excitations. Friction tuned mass damper (FTMD) is an innovative device compound
of the traditional linear TMD with the idea of a friction damper which is still in the developmental stage for the
seismic applications. The present paper investigates the performance of TMD and FTMD for seismic control of
tall buildings under near-field earthquakes including soil-structure interaction (SSI) effects. A 40-story structure
with a height-to-width ratio of four, a uniform mass distribution and a linear stiffness distribution in its height is
considered in this study. Different conditions of the ground state are also considered for numerical studies. A
design process based on a multi-objective cuckoo search (MOCS) algorithm is utilized for the optimum design of
TMD and FTMD parameters. The simulation results indicate that ignoring the SSI effects may result in an in-
appropriate and unrealistic estimation of seismic responses and performance of TMD and FTMD in the high-rise
structure. In terms of maximum displacement, acceleration, and drift of floors, it is found that the FTMD is
capable of mitigating the structural responses better than the TMD. The efficiency of the FTMD is also compared
with the TMD from the energy point of view for dissipation of the seismic input energy. The results show the
superiority of the FTMD in the reduction of the maximum seismic input, kinetic and strain energies of the main
structure, which confirm the capability of the FTMD being more than the TMD for mitigation of the seismic
damages in the tall structure during near-field earthquakes. By increasing the soil softness, an increased trend is
often achieved in the maximum seismic input and damage energies, thus ignoring the SSI effects may give an
unrealistic result of the performance of TMD and FTMD in reducing the damage of seismic-excited tall buildings.
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1. Introduction propose some formulations for optimum tuning of TMD for an SDOF

system. However, these formulas are not advisable to use in the high-

TMD is one of the oldest passive control devices to enhance the
safety of the tall structures and to improve the performance of the
structures subjected to environmental dynamic loads. TMDs dissipate a
portion of the seismic input energy and only a part of this energy is
transferred to the main system. TMDs have been implemented in a
number of high-rise buildings, towers, and bridges. Citigroup Center in
New York City, Yokohama Landmark Tower in Yokohama, Burj Al Arab
in Dubai, Trump World Tower in New York City, Taipei 101 in Taipei
and The TV Tower in Berlin are some examples of the buildings
equipped with TMD [1]. A TMD system consists of a mass, a spring, and
a viscous damper. Optimal design of TMD parameters for a single de-
gree of freedom (SDOF) system subjected to certain loads such as ex-
ternal harmonic force, harmonic base acceleration and etc. has been
taken into account [2-7]. In these researches, it has been attempted to
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rise structures equipped with TMD because of the consideration of a
single vibration mode in the optimum design process of TMD para-
meters. Moreover, they may not be suitable and applicable for seismic-
excited structures. In addition, the only main purpose of the design of
TMD is the reduction of the maximum displacement of the main system
and the reduction of the maximum acceleration has not been con-
sidered in these methods. Hence, the evaluation of the performance of
TMDs for mitigation of the seismic responses of the multi-story struc-
tures is still an important topic of research [8-12]. In recent years, some
meta-heuristic based methods have been employed with the aim of
overcoming the above-mentioned design problems. The superiority of
meta-heuristic algorithms to the other methods in the literature has
been reported [8-11,13,14]. The performance of TMDs in seismic-ex-
cited structures is often studied based on the rigid base assumption
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without considering the SSI effects, whereas the SSI effects change the
characteristics of the main structures such as natural frequencies,
damping ratios, and shape modes [15]. Hence, some researchers at-
tempt to study the SSI effects on the performance and time responses of
the structures equipped with TMD. Jabari and Madabhushi [16] studied
the soil-structure interaction effects on the structures retrofitted with
TMDs. Farshidianfar and Soheili [13] employed an ant colony optimi-
zation algorithm for the optimum design of TMD in a 40-story structure
subjected to earthquake excitations including SSI effects. Using the
Lagrange method, Rahai et al. [17] proposed a mathematical model of a
structure with TMD and SSI effects. In order to investigate the effects of
TMDs on the responses of a multiple-story sway frame structure un-
dergoing dynamic SSI, a series of geotechnical centrifuge tests were
conducted [18]. Khatibinia et al. [14] utilized a multi-objective particle
swarm optimization algorithm for optimal tuning of TMD parameters
considering SSI effects. Employing two meta-heuristic algorithms,
namely harmony search and bat algorithms, Bekdas and Nigdeli [19]
proposed a meta-heuristic based optimization approach for the op-
timum design of TMDs considering SSI effects, too. The capability of
TMD for energy dissipation is often related to the features of the input
signal such as near/far fault, duration, and frequency content, whereas,
for wind and other stationary loads, the effectiveness is well acknowl-
edged and experienced [12]. TMDs may be effective against long-
duration, narrow-band ground motions, whereas their use is commonly
discouraged for short-duration, pulse-like ground motions such as near-
field earthquake excitations [20-23]. A short-duration impulsive mo-
tion induces a high input energy at the beginning of the record [24].
Hence, there is little time to transfer energy from the primary structure
into a TMD. On the other hand, they may result in large-amplitude,
long-period pulses in the velocity and displacement time histories,
which are especially a challenge for the safety of high-rise structures
[23,25].

For a wide range of earthquakes with varying intensity and fre-
quency content, the efficiency of passive TMDs can be improved using
active and semi-active TMD devices [26-33], but the complexity and
the high cost of the implementation of these devices for seismic-excited
structures have led the researchers to enhance the performance of the
existing passive TMD systems. A combined system of the traditional
linear TMD with the idea of a friction damper, namely FTMD, is pro-
posed to enhance the performance of the traditional TMDs. A portion of
the energy is dissipated in the system through the mechanism of fric-
tion. Although many attempts have been made to investigate the design
and application of the traditional linear TMDs, the study on the per-
formance of the nonlinear FTMD for mitigation of the responses of the
structures subjected to earthquake excitation is a topic that still inspires
the efforts of researchers. Gewei and Basu [34] employed a statistical
linearization method to analyze dynamic characteristics of a structure
with FTMD system. Considering a five-story building under earthquake
excitation, the efficiency of multiple friction tuned mass dampers is
compared with a single FTMD in [35].

A performance decline of the traditional linear TMDs is detected in
tall buildings subjected to near-field earthquakes. Hence, it is inter-
esting to compare the performance of FTMD with that TMD for tall
buildings during near-field earthquakes. The previous studies also in-
dicate significant SSI effects on the seismic behavior of the structures.
The SSI effects change the dynamic characteristics of the structures.
While considering the rigid base assumption for the structures, these
changes have been ignored in the design process of the FTMDs. On the
other hand, the slip force of the FTMD as a passive device is a constant
value. If the required slipping force is too high, FTMD will not slide and
waste the energy for weak or moderate earthquakes. For a small slip-
ping force, FTMD will not be able to adequately waste energy for strong
earthquakes. As a result, the optimum tuning of the slip force of FTMD
is a crucial and difficult issue in the design process. Moreover, the
practical mass ratio, frequency ratio and damping ratio of FTMD are the
other design parameters of the FTMD. Meta-heuristic algorithms are
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able to solve optimization problems without the need for a continuous
and differentiable function. Furthermore, they are able to handle
complex optimization problems and take into account the nonlinearities
of the problems. Passive friction devices may reduce the displacement
of floors at the cost of an increase in the acceleration of floors. A meta-
heuristic multi-objective optimization algorithm can be used to create
an optimal balance between the reductions of two important structural
responses. To the best knowledge of the authors, there is no study on
multi-objective optimization of the FTMD parameters for tall buildings
under near-field earthquakes including SSI effects. The present study
proposes a design process based on a MOCS algorithm for the optimum
design of FTMD parameters in seismic-excited structures including SSI
effects. A 40-story structure in three cases of the uncontrolled structure,
the structure equipped with TMD, and the structure equipped with
FTMD is adopted for numerical studies. The governing differential
equations of motion of the structures equipped with FTMD including
SSI effects are formulated for time history analyses subjected to
earthquake excitations. In addition to the fixed base case, three types of
soils including soft, medium, and dense are considered for investigation
the SSI effects on the seismic performance of TMD and FTMD. A MOCS
algorithm is utilized as a powerful tool for optimum tuning of the TMD
and FTMD parameters. In the end, the performances of TMD and FTMD
are compared with the structure subjected to four well-known earth-
quake excitations. Furthermore, the effectiveness of FTMD is compared
with TMD from the energy point of view.

The rest of the paper is organized as follows. A mathematical model
of a tall structure equipped with an FTMD including SSI effects is de-
veloped in Section 2. Section 3 gives a brief overview of the MOCS
algorithm. The optimum designs of the TMD and FTMD parameters for
a 40-story building subjected to earthquake excitations are carried out
in Section 4. The simulation results are given in Section 5. The con-
cluding remarks are summarized in Section 6.

2. The governing equation of motion for the structure equipped
with FTMD including SSI effects

An N story equipped with an FTMD, situated on the top floor, in-
cluding SSI effects, can be simulated as a shear building model. In this
case, N—-degree of freedom can be assigned to the main structure (See
Fig. 1). The FTMD parameters including mass, viscous damping and
stiffness are represented by Mrryp, Crrump, and Kerup, respectively. By
attaching an FTMD to the main structure, only the degree-of-freedom of
the main structure is added by one. On the other hand, two degree-of-
freedoms are also added to the structural model for displacement and
rotation of the foundation when SSI effects are considered. Hence, an N
+ 3 degree-of-freedom system, shown in Fig. 1, can be described as the
structural model equipped with FTMD considering SSI effects.

Using the Lagrangian method, the equations of motion of the N-
story structure including SSI effects, equipped with an FTMD located on
the roof of the building, can be outlined as follows [35,36]:
[ml{E O} + [clfx (O} + [klix (O} = —[m*]{1}i, + {BIE®) €))
where [m], [c], and [k] represent the mass, damping and stiffness ma-
trices of the structure, respectively. The vectors {X (¢)}, {x(¢)}, {x(¢)} are
the acceleration, velocity, and displacement vectors of the system, in
the order mentioned. Also, [m*] represents the matrix of acceleration
mass for earthquake and ii, shows the ground acceleration. Moreover,
{1} and {b} are the location vectors for the seismic excitation and friction
force of the FTMD. In addition, F(t) denotes the friction force gener-
ated by the FTMD. Using the Lagrange's equation, the mass matrix is
obtained by the following form:
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Fig. 1. A mathematical model of an N-story structure equipped with an FTMD including SSI effects.

Table 1

Structural parameters of the 40-story building [23].

No. of stories

Story height

Story mass (M;, i = 1,...,40)

Story mass moment of inertia (I;,i = 1
Story stiffness (Kj<K; <K )

Foundation mass (M)

30, 40)

Foundation mass moment of inertia (Ip)

40
4 m

9.8 x 10° kg

1.31 x 10°® kg m?

K;= 2.13 x 10° N/m, K4o= 9.98
x 10® N/m

1.96 x 10° kg

1.96 x 10° kg m?

[MInxn  {Obnsa
MFrrmp
[m] =
Sym.
in which
Table 2

Parameters of the soils and foundation [23].

{M }N X1
MFrryp

{MZ}NXI

MrrmpZn

Mo + 5 (M)+Mervp - 2521 (M;Z)+Memvp Zy

2
I + zjzl(f,- + Mij)

+ MprvpZ

(2)

M 00 0 0 M,
M, 0 0 0 M,
[M]nxn = - {0} {0} [{MInsa = {MZ} Ny
My, O My
| Sym. My My
M Z;
M7,
My_1Zn—
My Zy 3)

where M;, I; and Z; (j = 1, ...,N) refer to the mass, mass moment of
inertia, and the elevation of the j-th floor. Also, My and I, denote the
mass and mass moment of inertia of the foundation. Moreover, the
damping and stiffness matrices can be given by:

[Cluxn {O(N_I)XI} {O}nvxa {0}
—Crrvmp
[c] = Crrvp 0 0
c 0
Sym. G, 4

Soil type Poisson's ratio,  Soil density, ps ~ Shear-wave Shear modulus, G Swaying damping, Rocking damping, Swaying stiffness,  Rocking stiffness,
) (kg/m®) velocity, Vs (m/s)  (N/m?) Cs (N.s/m) Cr (N.s. m) K (N/m) K, (N. m)

Soft 0.49 1800 100 1.80 x 107 2.19 x 108 2.26 x 10'° 1.91 x 10° 7.53 x 10!

Medium  0.48 1900 300 1.71 x 108 6.90 x 10° 7.02 x 10'° 1.80 x 10*° 7.02 x 10'?

Dense 0.33 2400 500 6.00 x 10° 1.32 x 10° 1.15 x 10! 5.75 x 10 1.91 x 10%®
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Fig. 2. Time histories of the acceleration of Tabas, Bam, Kobe, and Chi -Chi earthquakes.

[KInxn {0(112—1»@} {O}nx1 {0}nsa
—IFTMD
[k] = Keram 0 0
K, 0
Sym. K, 5)
where
[c,+C, - C 0 0 0
C,+ C; : 0
[Clyxn = = Gy :
Cyo1+ Cy — Cy
| Sym. Cyn + Cermp 6)
(KK +K - K O 0 0
K+K - : 0
[Klnxn = — Ky :
Ky + Ky — Ky
| Sym. Ky + Krrmp @

in which, the swaying damping and rocking damping of the foun-
dation are denoted by C; and C,. Similarly, K, and K represent the
rocking and swaying stiffness of the foundation. Also, K; and C;
(j =1, ..,N) are the stiffness and damping of the j-th floor. The ac-
celeration mass matrix, [m*], can be obtained as follows:

[MInxn {0inxa {0} s {0}
. Mrrvp 0 0
] = My + Zj_(M)+Mprvp 0
Sym. Z?I:KMJ'ZJ')‘FMFTMDZN

(8)

In addition, the displacement vector {x(t)} includes the relative
displacement of floors, x;(t), (j =1, ..,N), the foundation displace-
ment, x,(t), and the foundation rotation, 6,(t), as well as the FTMD
displacement, xpryp(t), as follows:

39

x(t)
X (t)

xn ()
Xprvp ()

Xo(t)

Bo(t)

(0} =

)]

Also, the location vector of the friction force of the FTMD can be
given by:

0
0

{b} = 1
-1
0

0 (10)

The friction force of the FTMD, F, is given by the following equation

E = fsgnXermp — Xn) 1n
where Xpryp refers to the velocity of the FTMD and Xy represents the
velocity of the top floor. The limited frictional force or slip force, f;, can
be stated in a normalized form by a coefficient of friction:

R; = L

Mrrvp- & 12)
where Mgrvp, g, and Ry represent the mass of FTMD, gravitational ac-
celeration, and the coefficient of friction, respectively.

Additionally, the damper force can be also given by the following
equation [35]:
E=1Z 13)
where f; denotes the limiting friction force or slip force of the damper
and Z is the non-dimensional hysteretic component, which satisfies the
following first-order non-linear differential equation.
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Fig. 3. The Pareto-optimal front diagrams for optimum tuning of TMD and FTMD parameters of the building subjected to Tabas earthquake.

dz

; 5 5 ; - trol the shape of the loop. The values of the parameters are con-
= = AKevp — Xn) — BlXemvp — Xn1Z 1212 con
th Xrrp w) = B¥rno N sidered in such a way that it provides typical Coulomb-friction
— TXermp — Xn) 121" (14) damping. [37].

By elimination of the term {b}F;(t) from Eq. (1), one can extract the

where q is the yield displacement of the frictional force loop, and A4, S, governing equation of motion for the structure equipped with TMD

7, and n are non-dimensional parameters of the hysteretic loop, which

40
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Table 3
Optimum parameters of TMD and FTMD.
Earthquakes Soil type TMD FTMD
Crymp (MN. s/m) Krvp (MN/m) Crrmp (MN. s/m) Krrvmp (MN/m) fs (MN)
Tabas Soft 1.0336 3.4069 0.8739 2.7705 2.5015
Medium 0.0462 2.7271 0.7712 2.6811 3.5167
Dense 0.0455 2.6379 0.9227 2.7952 3.0995
Fixed base 0.0453 2.6194 0.6800 2.6741 2.0804
Bam Soft 1.1216 4.2943 0.8045 2.7908 1.3228
Medium 1.6578 9.0883 0.3868 3.4750 0.8133
Dense 0.0674 5.7996 0.9416 3.2864 0.8037
Fixed base 0.0486 10.3360 0.0653 5.4533 0.4807
Kobe Soft 0.1563 3.3290 1.1415 4.1553 0.7768
Medium 0.0638 5.1884 0.8019 4.9671 0.9402
Dense 0.0622 4.9324 1.2338 4.8541 1.6439
Fixed base 0.0601 4.6043 1.1205 4.4694 1.0940
Chi-Chi Soft 0.0508 3.2914 0.4948 1.6832 1.6709
Medium 0.0507 3.2850 0.6601 3.5566 1.0056
Dense 0.0499 3.1824 1.0451 1.0435 2.9034
Fixed base 0.0492 3.0878 0.8686 4.9455 3.0668
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Fig. 4. Time histories of the top floor displacement during Tabas earthquake.

3. A Multi-objective cuckoo search algorithm

CS algorithm was firstly introduced by Yang and Deb [38] to solve
optimization problems. Two important features in CS algorithm make it

41

superior to many other meta-heuristic algorithms. First, the CS algo-
rithm applies Lévy flights, which are far more efficient than the simple
random walks. The Lévy flight has an infinite mean and variance.
Therefore, it can explore the search space better than a standard
Gaussian process [39-41]. The CS also provides larger moves for a
global search; therefore, new moves can cover more extensive regions
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[41].

Some configurable parameters of the CS include population size n,
switching probability p,, step-size a, and Lévy flights exponent B. The
Lévy flights exponent and step-size can be set as constants without af-
fecting much the performance of the algorithm, whereas the population
size and switching probability are the main parameters of the CS.
Therefore, the CS has fewer algorithm-dependent parameters in com-
parison with other algorithms. For most problems, a and [} are con-
sidered as constant values 0.1 and 1.5, whereas p, and n are variable
and have great effects on the performance of the algorithm. Switching
probability provides balance between local and global optimization. By
increasing p,, the probability of global optimization is reduced and vice
versa [38,39]. Considering the advantages of the CS in terms of ease of
implementation, few parameters to tune, and fast convergence rate, it
provides a better performance in comparison with a number of existing
algorithms such as PSO and GA [39]. Civicioglu and Besdok [42] re-
ported that a higher degree of robustness is provided by the CS in
comparison with PSO and ABC algorithms. According to the principles
based on the single objective CS, Yang and Deb [41] developed a MOCS
for optimization problems with conflicting objectives. The performance
of the MOCS algorithm was compared with several well-known multi-
objective optimization algorithms such as NSGA-2. It was shown that
the convergence of MOCS was the highest and it led to better solutions
in a more efficient way [41]. Recently, MOCS has successfully been
used in the area of structural and earthquake engineering applications
[43-51].

42

In the MOCS, the following rules are used for a problem with K
objectives [41]:

- Each cuckoo lays K eggs at a time and dumps them in a randomly
chosen nest. This rule simulates a randomization process so that a
new solution can be randomly generated either by a random walk or
by a Lévy flight. It also performs a localized random permutation
and can be considered as a form of crossover. For each nest, there
can be K solutions, which are generated according to Eq. (15).

The best nests with a high quality of eggs (solutions) will carry over
to the next generations. The second rule corresponds with elitism.
Each nest will be abandoned with a probability p,€ [0,1] and a new
nest with K eggs will be built according to the similarities/differ-
ences of the eggs. In order to generate diversity, some random
mixing can be used. Hence, it can play the role of mutation.

Based on these three rules, the basic steps of the MOCS can be
summarized as follows.

t+1
1

Xt =xl+a @ Lévy(p) (15)

The product @ is entry-wise multiplications and f3 refers to the Lévy
flights exponent. Also, « is the step size and can be given by:
o=@ (x—x) (16)

in which x} and x} are two different randomly selected solutions. The
generation of step size is performed using Lévy flights. A simple scheme
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Table 4
Maximum structural responses for different conditions of the ground.
Earthquake Soil type  Unctrl. TMD FTMD TMD FTMD
Tabas Maximum floor Displacement Reduction (%)
(m)
Soft 4.23 3.06 2.29 27.66 45.86
Medium 2.67 1.50 1.19 43.82 55.43
Dense 2.26 1.28 1.03 43.36 54.42
Fixed base 2.02 1.18 1.01 41.58 50.00
Maximum floor Acceleration  Reduction (%)
(m/s%)
Soft 12.29 12.26 12.18 0.24 0.90
Medium 12.54 12.53 12.42 0.08 0.96
Dense 12.68 12.65 12,56 0.24 0.95
Fixed base 12.76 12.72 12.67 0.31 0.71
Maximum Reduction (%)
drift of
floors (cm)
Soft 11.69 8.44 6.43 27.80 45.00
Medium 8.25 5.38 4.47 34.79 45.82
Dense 7.36 4.89 4.39 33.56 40.35
Fixed base 6.79 4.59 4.21 32.40 38.00
Bam Maximum floor Displacement Reduction (%)
(m)
Soft 0.85 0.80 0.68 5.88 20.00
Medium 0.89 0.83 0.62 6.74 30.34
Dense 0.88 0.84 0.69 4.55 21.60
Fixed base 0.88 0.83 0.70 5.68 20.45
Maximum floor Acceleration  Reduction (%)
(m/s?)
Soft 9.37 9.18 9.13 2.03 2.56
Medium 9.64 9.59 9.42 0.52 2.28
Dense 10.17 10.19 10.08 -0.20 0.88
Fixed base 10.36 10.32 10.13 0.39 2.22
Maximum drift of floors (cm) Reduction (%)
Soft 4.76 4.52 4.11 5.04 13.66
Medium 4.49 4.23 3.76 5.79 16.26
Dense 4.40 4.22 3.86 4.09 12.27
Fixed base 4.34 4.11 3.94 5.30 9.22
Kobe Maximum floor Displacement Reduction (%)
(m)
Soft 0.55 0.50 0.40 9.09 27.27
Medium 0.71 0.58 0.37 18.31 47.89
Dense 0.70 0.58 0.41 17.14 41.43
Fixed base 0.69 0.58 0.39 15.94 43.48
Maximum floor Acceleration  Reduction (%)
(m/s%)
Soft 8.43 8.43 8.29 0.00 1.66
Medium 8.97 8.96 8.88 0.11 1.00
Dense 9.19 9.17 9.00 0.22 2.07
Fixed base 9.21 9.20 8.98 0.11 2.50
Maximum drift of floors (cm) Reduction (%)
Soft 2.92 2.81 2.53 3.77 13.36
Medium 3.22 2.83 2.46 12.11 23.60
Dense 3.17 2.82 2.37 11.04 25.24
Fixed base 3.12 2.80 2.30 10.26 26.28
Chi-Chi Maximum floor Displacement Reduction (%)
(m)
Soft 3.80 3.38 2.58 11.05 32.11
Medium 2.62 2.36 2.04 9.92 22.14
Dense 2.42 2.19 1.77 9.50 26.86
Fixed base 2.29 2.09 1.17 8.73 48.91
Maximum floor Acceleration  Reduction (%)
(m/s?)
Soft 6.09 6.07 6.07 0.33 0.33
Medium 8.38 7.62 7.11 9.07 15.16
Dense 9.76 8.74 7.97 10.45 18.34
Fixed base 10.55 9.44 9.22 10.52 12.61
Maximum drift of floors (cm) Reduction (%)
Soft 10.60 9.62 7.60 9.25 28.30
Medium 8.44 7.67 6.84 9.12 18.96
Dense 7.83 7.19 5.47 8.17 30.14
Fixed base 7.41 6.87 4.28 7.29 42.24
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Table 5
The average reduction values of maximum structural responses for all studied
earthquakes with respect to the corresponding uncontrolled cases.

The average reduction values in the term of the

Soil type maximum floor maximum floor maximum drift of floor
displacement acceleration
TMD FTMD TMD FTMD TMD FTMD
Soft 13.42%  31.31%  0.65% 1.36% 11.47% 25.08%
Medium 19.70%  38.95%  2.45%  4.85% 15.45% 26.16%
Dense 18.64%  36.08%  2.68% 5.56% 14.22% 27.00%
Fixed base 17.89% 40.71% 2.84% 4.51% 13.81% 28.94%

is summarized in Eq. (17):

0.01 () — xh—r
[v|B

s = oo ® (xj — xDOLEvy(f) =
a7)

Furthermore, u and v are given by the normal distributions as fol-
lows:

u~N(0,0%),v~N(0,52) (18)
where 0, and o, are as shown in the following equation:
G(1+B)sin(ng/2) )"*
=1 ., =1
G[(1+p)/2]p26-V/2 (19)

where G is the standard Gamma function. In essence, the second rule is
an elitism strategy and passes the best solutions onto the next genera-
tion. This strategy helps the algorithm to accelerate its converge speed.
Finally, the third rule is a mutation operator and discards the worst
solutions with a probability. Eq. (20) indicates how a new solution x{*!

is generated using a simple random walk.

K= x4+ 2 @ H(p, — 9B — x) (20)

in which H is the Heaviside function; «, represents the step size scaling
factor, and ¢ is a random number with uniform distribution [41].

4. Numerical studies

A 40-story structure, introduced in [13,14,19,52], is considered to
investigate the seismic behavior of tall buildings equipped with FTMD
including SSI effects. Breadth, depth, and height of the structure are 40,
40, and 160 m, respectively. Furthermore, it is assumed that the
foundation of the structures is located on three types of ground states:
soft, medium and dense. The case of the structure with a fixed-base is
also considered in the numerical studies. Each story is assumed to have
the same mass, height, and moment of inertia. The stiffness of the
structure linearly decreases when Z; distances increase (See Fig. 1).
Table 1 indicates the properties of the structures. The fundamental
frequency of the fixed-base building is calculated as 1.64 rad/s. The
fundamental frequencies of the structure for dense, medium, and soft
soil cases are 1.61 rad/s, 1.54 rad/s and 1.09 rad/s, respectively.

Classical Rayleigh damping is adapted to form the damping matrix
of the main structure. Based on Rayleigh damping, the damping matrix
of the main structure, [C]yxn, can be expressed as a linear combination
of the mass and stiffness matrices of the main structure as follows:

[Clyxn = a[M]yxn + BIK]nxn 21

in which a and § are the coefficients of the Rayleigh damping matrix
which are 0 and 0.02, respectively [13,14,52]. Table 2 shows the
parameters of the soil and foundation for the three types of soils.

In order to mitigate the structural damages of a high-rise structure,
the reduction of the large displacements of the floors is always at the
center of attention of the designers. On the other hand, to enhance the
comfort/serviceability and to mitigate the non-structural damages, the
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Fig. 6. Time histories of the seismic input energy during Tabas earthquake for different conditions of the ground.

reduction of maximum acceleration of stories, especially for tall
buildings, is an important issue for designers. Passive friction devices
may reduce the displacement of floors at the cost of an increase in the
acceleration of floors. An optimum design of TMD and FTMD systems
for the seismic control of the high-rise structures should be considered
as a multi-objective optimization problem. Optimization problems with
many local optimums (multi-modal problems) require heavier search,
and hence, more time may be required. To cope with such problems, an
efficient tool is a meta-heuristic algorithm with enough diversity of
solutions. On the other hand, multi-objective optimization algorithms
are able to create a suitable trade-off between the conflicting objectives
and generate a set of possible solutions for designers, which form the so-
called Pareto front. This advantage provides the possibility to choose
the best solution from among the presented ones. In other words, the
designer can select a possible solution that better agrees with the de-
signer's own decisions. In this paper, a MOCS algorithm is employed for
optimal tuning of TMD and FTMD parameters. Hence, two multi-ob-
jective optimization problems are defined for this purpose.

The first optimization problem is defined for optimum design of

TMD parameter, including optimum frequency ratio, f}’l{’jD, and op-
timum damping ratio, &%/, as follows:

{ Find: f2 and &%/

minimize: max( maxx;(t) Jand max( max||X; ()| )i=1, .., N

Subjected to: 0.6 < fr, < 1.4and 0.01 < &y < 0.2 (22)

where max||x;(t)|| and max |l X;(t) llrepresent the maximum dis-
placement and acceleration of the i-th floor, respectively. For a
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preselected mass ratio of TMD, y, the TMD mass, optimum damping,
and stiffness are calculated as:

Mryp = yM
— opt opt
Crmp = 2Mrvp 28 frvm ©s

Kryp = Mnp (f58 ) (23)

in which M, = ZilMi is the total mass of the structure and wy is the
fundamental frequency of the structure.

For optimum design of FTMD parameters, the second optimization
problem is defined as the following equation:

{Find: f,, &%, and RF'
minimize: max( maxx;(t) )and max( max||x; (¢)||)i=1, ..., N
Subjected to: 0.6 < frpyp < 1.4, 0.01 < &y < 0.2and 0.01 < Ry
< 0.5
(24)
The optimum damping, stiffness, and slip force of the FTMD for a
preselected mass ratio of FTMD, y, can be given by:

Mprvp = ¥M;

— opt opt
Crrvp = 2Mprvp &y nf

FTMD
opt 2
Kervp = Mrrvp (Fyp ©s)
opt
fi = pr Mgprvpg

Ws

(25)

in which g is the gravitational acceleration. From a practical standpoint
and carrying out a fair comparison of the seismic performance of TMD
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Fig. 7. Time histories of the kinetic energy during Tabas earthquake for different conditions of the ground.

and FTMD, the mass ratio y = 0.05 is preselected for both TMD and
FTMD.

Similar to other heuristic optimization techniques, it is important to
tune the algorithm parameters to achieve sensible results. Selecting a
small value of p, allows a wider range of search space and reduces the
risk of being trapped in local optimizations, although it increases
computational efforts. On the other hand, the population size n is se-
lected based on the optimization problem. Increasing the population
size increases the computational efforts and running time. A value of
the population size is capable of giving favorable results and selecting a
larger population size while increasing the computational time may
produce the same results that are obtained with a fewer population size.
Based on the experience of the authors, a different range of the effective
parameters of CS, including population size n and the discovery prob-
ability p,, is tested for the tackled problems. The best values of the
parameters are found asn = 25, p,= 0.25 for optimum tuning of TMD;
and n = 35, p,= 0.25 for optimum tuning of FTMD.

The simulation and time history analyses of the structure are carried
out using MATLAB/Simulink software [53]. Considering four earth-
quake accelerograms, including Tabas, Bam, Kobe, and Chi-Chi earth-
quakes, as shown in Fig. 2, the optimal parameters of TMD and FTMD
for a preselected mass ratio y = 0.05 are tuned using the MOCS for
three types of soil (soft, medium, and dense) and the fixed-base case.
Considering the building subjected to Tabas earthquake, the Pareto-
optimal front diagrams for optimum tuning of the TMD and FTMD
parameters are illustrated in Fig. 3. It can be seen the MOCS generates a
set of possible solutions for designers, which form the so-called Pareto
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front. Each member of the Pareto front can be represented by a vector
in the design space. The strategy used in this paper for finding the best
optimal tuning of TMD and FTMD from the Pareto-optimal front dia-
gram is based on selecting a design vector so that it gives the maximum
reduction in the maximum floor displacement without any increase in
the maximum floor acceleration of the structure in comparison with the
corresponding responses in the uncontrolled structure.

Table 3 shows the values of the optimum parameters of TMD and
FTMD obtained from the optimum design process based on MOCS.

5. Results and discussion

Considering the structure on the fixed base and three types of soil,
the time history analyses of the structure are carried out during four
earthquake excitations and the performances of the FTMD and TMD
tuned using the MOCS are discussed for different conditions of the
ground. Considering the Tabas earthquake as an example, the time
histories of the top floor displacement of the structure equipped with
TMD and FTMD are compared with different conditions of the ground
in Fig. 4. The time responses corresponding to the uncontrolled struc-
ture are also shown in the figure. The maximum drifts of floors during
the Tabas earthquake are shown in Fig. 5. It can be seen, the TMD and
FTMD are able to reduce the maximum floor displacement of the stu-
died building. During the Tabas earthquake, the maximum top floor
displacements of the uncontrolled structure are about 4.23, 2.67, 2.26,
and 2.02 m for soft, medium, dense, and the fixed base state, respec-
tively, whereas these responses are about 3.06, 1.50, 1.28, and 1.18 m
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Fig. 8. Time histories of the damping energy during Tabas earthquake for different conditions of the ground.

for the structure equipped with TMD and 2.29, 1.19, 1.03, and 1.01 m
for the structure equipped with FTMD, respectively. Hence, the TMD
results in a reduction of 28%, 44%, 43%, and 42%, while the FTMD
device provides a reduction of 46%, 55%, 54%, and 50% in comparison
with the uncontrolled structure, respectively. In addition, it is con-
cluded that the TMD and FTMD are more effective in the structure on
hard soils. Fig. 5 indicates that the TMD and FTMD give a proper per-
formance in the reduction of maximum drift of floors. The superiority of
the FTMD with respect to the TMD in the reduction of drift of floors is
also found.

Table 4 represents the maximum floor displacement, acceleration,
and drift of floors of the studied structure subjected to the Tabas, Bam,
Kobe, and Chi-Chi earthquakes. The results are given for the fixed-base
and three types of soils i.e. soft, medium and dense. The percentages of
reductions in comparison with the corresponding uncontrolled cases are
also inserted in the table. The results show that the time responses of
the structure are significantly affected by the soil type. In other words,
ignoring the SSI effects may result in an inappropriate and unrealistic
estimation of the seismic responses of high-rise structures. It can be
observed that the TMD mitigates the seismic responses in terms of peak
floor displacement and drift; however, it may not have a significant
effect in some earthquake excitations such as Bam and Chi-Chi earth-
quakes. In fact, since the parameters of a passive control device, such as
TMD devices, are constant values, they are unable to adequately cope
with variations in induced loads of earthquake or changes in structural
dynamic properties and thus their performance is limited. Alternatively
stated, the seismic performance and behavior of the structures equipped
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with TMD are affected by intensity and frequency content of the ex-
citation [54]. For example, for the Chi-Chi earthquake, the TMD results
in 11%, 10%, 10%, and 9% reduction in the peak floor displacement for
the cases of soft, medium, and dense soils and the fixed base case, re-
spectively, while the FTMD provides a better performance in reducing
the peak top floor displacement in most earthquakes for different
conditions of the ground. In the Chi-Chi earthquake, the FTMD gives a
reduction of 32%, 22%, 27%, and 49% in the terms of the peak floor
displacement, respectively. Similarly, the simulation results indicate
that the FTMD performs better than TMD in reduction of maximum
drift of floors, so that the TMD reduces the maximum drift of floors
during the Chi-Chi earthquake about 9%, 9%, 8%, and 7% in compar-
ison with the uncontrolled cases, while these reductions are obtained
about 28%, 19%, 30% and 42% for the FTMD in different conditions of
the ground. Therefore, it is concluded that the FTMDs are more ad-
vantageous devices than that the TMD for vibration mitigation of the
seismic-excited high-rise buildings. The results also show that the
FTMD has a better performance in reducing the maximum floor accel-
eration of the structure. The results reveal the importance of con-
sidering SSI effects in the design process of the TMD and FTMD para-
meters. It is found that the efficiency of the TMD and FTMD is often
decreased in soft soils. In other words, their performances are usually
impaired by increasing the soil softness. So, ignoring the SSI effects in
the modeling of the structure may result in incorrect and unrealistic
time responses and performances of TMD and FTMD in tall structures.

In order to achieve an overall conclusion, the average reduction
values of the maximum structural responses for all studied earthquakes
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Fig. 9. Time histories of the strain energy during Tabas earthquake for different conditions of the ground.

with respect to the corresponding uncontrolled cases are indicated in
Table 5. The results are represented in the cases of three types of soils
and fixed-base. It can be seen, FTMD significantly provides a better
performance in reducing the maximum floor displacement and drift of
the building in all condition of the ground. According to the overall
results, TMDs and FTMDs are more effective for the structures on hard
soils and their efficiency is degraded in soft soils.

It is interesting to evaluate the efficiency of TMD and FTMD systems
for vibration control of the tall buildings from the energy point of view.
Seismic control of a structure can be described as an energy transfer
process. Seismic input energy (E;) entering the main structure is con-
verted to both recoverable strain (Es) and relative kinetic (Ex) energies.
Also, some amount of the input energy is dissipated by the damping
energy (Ep). The sum of the relative kinetic and recoverable strain
energies is known as the total energy of the system or the damage en-
ergy. The time histories of the seismic input energy of the main struc-
ture during the Tabas earthquake for the cases of uncontrolled,
equipped with TMD, and equipped with FTMD are illustrated in Fig. 6.
Similarly, Figs. 7-9 depict the time histories of the relative kinetic,
damping and recoverable strain energies of the main structure for dif-
ferent conditions of the ground. Table 6 also summarizes the maximum
values of the various energy forms for different earthquake excitations
and soil types. Fig. 6 indicates that the maximum values of the seismic
input energy of the main structure equipped with the TMD and FTMD
are smaller than those given for the uncontrolled structure. This result
arises from the fact that a significant amount of the seismic input en-
ergy is dissipated by the TMD and FTMD and a small portion of the
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input energy is transferred to the main structure. As it can be seen from
Table 6, the TMD results in reduction of 29%, 24%, 20%, and 17% in
soft, medium, and dense soil and fixed-base cases, respectively. Simi-
larly, the FTMD provides a better performance than the TMD and leads
to reduction of 49%, 37%, 25%, and 24%, respectively. Figs. 7-9 also
show that the damping energies of the structures equipped with TMD
and FTMD are reduced, whereas the kinetic and strain energies of the
structures are effectively reduced in comparison with the uncontrolled
structure. This means that the seismic damage energy of the building
using TMD and FTMD is reduced in comparison with the uncontrolled
building.

The averages of reductions of the maximum values of the various
energy forms for all studied earthquakes for different soil types are
summarized in Table 7. The TMD results in reduction of 9%, 11%, 10%,
and 30% in comparison with the uncontrolled structure in term of the
maximum seismic input energy for soft, medium, and dense soil and
fixed-base conditions, while these reductions are respectively given
about 26%, 26%, 31%, and 53% for the FTMD. The damping energy is
increased slightly when the TMD or FTMD is used. However, the re-
duction of the kinetic and strain energies confirms that TMDs and
FTMDs are capable of mitigating the seismic damage in tall structures.
It can be seen that the reductions of kinetic energy are about 14%, 27%,
27% and 27% for soft, medium, and dense soil and the fixed-base
conditions when TMD is employed, while the FTMD performs better
than TMD in reducing the corresponding energies, and it provides a
reduction of 30%, 40%, 43%, and 65%. Considering the strain energies,
the reductions are given as much as 22%, 31%, 29%, and 28% for the
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Table 6
Maximum values of the various energy forms for different soils.
Maximum Energy (J) Reduction (%)
Earthgq. Soil type Energy Unctrl. TMD FTMD TMD FTMD
Tabas Soft Ex 7.66 e8 4.44 €8 3.66 e8 42.04 52.22
Ep 1.58 e9 6.51 e8 5.56 e8 58.70 64.81
Eg 3.71 e9 1.94 e9 1.10 e9 47.71 70.35
E; 2.43 e9 1.73 €9 1.24 €9 28.81 48.97
Medium Ex 1.37 €9 5.10 e8 3.78 8 62.77 71.75
Ep 1.20 e9 4.51 e8 4.40 e8 62.42 63.33
Eg 1.66 €9 5.70 e8 4.15 e8 65.66 75.00
E; 1.90 €9 1.44 €9 1.19e9 24.21 37.37
Dense Ex 1.08 e9 3.98 e8 3.50 e8 63.15 67.59
Ep 7.04 e8 4.22 e8 3.70 e8 40.06 47.44
Es 1.23 €9 4.22 €8 3.30 e8 65.69 73.17
E; 1.53 e9 1.23 e9 1.14 €9 19.61 25.49
Fixed base Ex 8.53 e8 3.57 e8 2.91 e8 58.15 65.89
Ep 5.48 e8 4.29 e8 3.69 e8 21.72 32.66
Es 1.01 e9 3.50 e8 3.22 €8 65.35 68.12
E; 1.33 €9 1.11 e9 1.01 9 16.54 24.06
Bam Soft Ex 4.44 e7 4.44 e7 3.35e7 0.00 24.55
Ep 9.17 e7 7.18 7 9.40 e7 21.70 -2.51
Es 5.43 e7 4.89 e7 4.04 e7 9.94 25.60
E; 1.02 e9 1.01 e9 7.83 e8 0.98 23.24
Medium Ex 8.79 7 8.62 e7 7.70 e7 1.93 12.40
Ep 1.08 e8 6.39 e7 1.08 e8 40.83 0.00
Eg 4.97 e7 4.39 e7 3.45 e7 11.67 30.58
E; 1.17 €9 1.16 e9 1.03 e9 0.85 11.97
Dense Ex 9.59 e7 9.51 e7 8.25 e7 0.83 13.97
Ep 1.03 e8 8.34 e7 8.11 e7 19.03 21.26
Eg 4.82 e7 4.43 e7 3.78 €7 8.09 21.57
E; 1.19 e9 1.18 e9 1.04 9 0.84 12.61
Fixed base Ex 1.00 e8 9.90 e7 7.34 7 1.00 26.6
Ep 9.94 e7 7.66 e7 1.10 e8 22.94 -10.66
Eg 4.71 7 4.27 €7 3.43 e7 9.34 27.18
E; 1.20 e9 1.22 e8 8.14 €8 89.83 32.16
Kobe Soft Ex 1.58 e8 1.57 e8 1.56 €8 0.63 1.27
Ep 1.52 €8 1.41 e8 1.36 e8 7.23 10.53
Es 8.04 e7 7.27 7 5.93 e7 9.58 26.24
E; 1.97 e8 1.93 e8 1.90 e8 2.03 3.55
Medium Ex 1.36 8 1.21 e8 9.58 e7 11.03 29.56
Ep 1.86 €8 1.70 e8 1.59 e8 8.60 14.52
Es 1.22 e8 8.88 e7 5.53 e7 27.21 54.67
E; 2.45 e8 2.25e8 1.70 e8 8.16 30.16
Dense Ex 1.43 €8 1.21 e8 1.05e8 15.38 26.57
Ep 1.98 e8 1.71 e8 1.60 e8 13.63 19.19
Eg 1.19 €8 8.94 7 4.82 e7 24.87 59.50
E; 2.54 e8 2.30 e8 1.53 e8 9.45 39.76
Fixed base Ex 1.38 e8 1.12 €8 8.56 e6 18.84 93.80
Ep 2.02 e8 1.75 e8 1.50 e7 13.37 92.57
Eg 1.15e8 8.85 e7 5.48 e6 23.04 95.23
E; 2.58 e8 2.42 e8 1.83 e7 6.20 92.91
Chi -Chi Soft Ex 5.42 e8 4.71 e8 3.15e8 13.10 41.88
Ep 7.55 e8 1.40 e9 6.70 e8 85.43- 11.26
Eg 3.04 e9 2.44 9 1.47 9 19.74 51.64
E; 1.58 el0 1.53 el0 1.11 el0 3.16 29.75
Medium Ex 1.42 €9 9.63 e8 7.45 e8 32.18 47.54
Ep 1.57 €9 7.87 €8 3.90 e8 49.87 75.16
Es 1.61 e9 1.31 e9 1.00 €9 18.63 37.89
E; 1.83 el0 1.66 el0 1.38 el0 9.29 24.59
Dense Ex 1.53 e9 1.07 €9 5.23 e8 30.07 65.82
Ep 1.30 e9 7.61 e8 7.38 8 41.46 43.23
Es 1.39 e9 1.15e9 6.90 e8 17.27 50.36
E; 1.79 el0 1.62 el0 9.64 9 9.50 46.15
Fixed base Ex 1.56 €9 1.12e9 4.06 e8 28.21 73.97
Ep 1.20 e9 7.12 €8 7.77 €8 40.67 35.25
Eg 1.25 €9 1.05 e9 3.22 e8 16.00 74.24
E; 1.73 el0 1.58 el0 6.73 €9 8.68 61.10

main structures equipped with TMD and 43%, 50%, 51%, and 66% for
the main structures equipped with FTMD. Furthermore, the overall
results show an increased trend in the amount of seismic input and
damage energies by increasing the soil softness. So, ignoring the SSI
effects may result in an incorrect and unrealistic estimation of the
performance of TMD and FTMD from the energy point of view.
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6. Conclusions

The effectiveness of TMD and FTMD for seismic control of a 40-story
building with a height-to-width ratio of 4, including SSI effects, was
investigated in the present study. Different conditions of the ground
including soft, medium, and dense soils and the fixed-base case were
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Table 7
The averages of reductions of the maximum energies for all studied earth-
quakes.

Soil type Energy Reduction of maximum energy (%)
TMD FTMD
Soft Ex 13.94 29.98
Ep 0.55 21.22
Es 21.74 43.46
E; 8.75 26.38
Medium Ex 26.98 40.31
Ep 40.43 38.25
Es 30.79 49.54
E; 10.63 26.02
Dense Ex 27.36 43.49
Ep 28.55 32.78
Es 28.98 51.15
E 9.85 31.00
Fixed base Ex 26.55 65.07
Ep 24.68 37.46
Es 28.43 66.19
E 30.31 52.56

considered for numerical studies. A MOCS algorithm was applied to
tune the optimum parameters of the TMD and FTMD. Results showed
that ignoring the SSI effects might result in an unrealistic estimation of
seismic responses and performance of the TMD and FTMD in the high-
rise structure subjected to near-field earthquakes. Moreover, it was
found that the FTMD gave a better performance in reducing the seismic
responses in terms of the maximum displacement, acceleration, and
drift. In addition, the performance of FTMD in comparison with TMD
during f earthquakes was investigated from the energy point of view.
The simulation results indicated that the FTMD performed better than
the TMD for mitigation of seismic input energy to the main structure.
Furthermore, the results demonstrated that the damping energy of the
main structure was reduced by employing the TMD or FTMD.
Nevertheless, a significant reduction resulted in the amounts of the
kinetic and strain energies of the main structure in comparison with
those given for the uncontrolled structure. The results showed the su-
periority of the FTMD in reducing the maximum kinetic and strain
energies of the main structure, which confirmed that the FTMD can
reduce the seismic damage energy entering to the tall buildings better
than the TMD during near-field earthquakes. The maximum seismic
input and damage energies of the main structures were often increased
by increasing the softness of the soil. Hence, ignoring the SSI effects
might give unrealistic results about the performances of TMD and
FTMD in mitigation of seismic damages during near-field earthquakes.

In the present study, four earthquake excitations were selected for
numerical studies. Although the optimum design of a TMD for seismic-
excited structures has received much attention from researchers,
finding the reliable and robust design strategies of TMD/FTMD sub-
jected to different earthquake excitations is an open problem.
Meanwhile, some studies have been addressed this challenging task to
TMDs which may be suitable strategies for the design of FTMD.
Considering the possible uncertainty in the earthquake load, a re-
liability-based design optimization (RBDO) scheme is able to give a
reliable and robust design of TMD parameters [55,56]. Additionally, a
random-based acceleration, modeled by a stationary filtered white
noise process, can be considered instead of different earthquake ex-
citations in the optimum design process of TMD parameters [28,29,36].
Recently, a continuous stationary critical excitation as the most severe
earthquake has been taken into account for the optimal design of TMD
[57]. Access to reliable and robust design strategies of FTMD for dif-
ferent seismic excitations is an important topic that still inspires the
efforts of researchers for further studies.
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