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Abstract

Several studies have been done on structural control over the last few decades, with the intent to
reduce the structural response of buildings under environmental loads. Generally, the purpose of
these works is to mitigate the accelerations and displacements that are generated and compromise
the safety of people and the stability of the structure itself. To achieve the desired controlled be-
havior of the structure, a control device can be used. Among the different existing control alterna-
tives, passive control devices have proven to be very effective and convenient for a structure
because they use their own mass to generate inertial forces that counteract the external forces
acting on the system. This paper explores the numerical design of a TMDI using a nature-like
metaheuristic to find the optimal parameters of the device to implement it in a high-rise building
under wind load. For this purpose, the grey wolf optimizer (GWO) is used to reduce the objective
functions related to peak displacement and root mean square (RMS) value of acceleration. The
results show an important improvement in the response of the building, meaning the displacements
and accelerations were mitigated, proving that the TMDI is a suitable device for structural con-
trol.
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1 INTRODUCTION

The effort to reduce vibrations caused by seismic or wind loads in buildings is especially im-
portant, as these loads can result in significant displacements and acceleration forces on the struc-
ture, compromising its stability and putting the safety of its inhabitants at risk. Therefore, the
implementation of control strategies to mitigate their effects is essential for ensuring the safety of
the building and its users [1].

Several methods have been investigated to reduce the structural response under dynamic loads
such as increasing the inertia of the structure by modifying its mass or stiffness. However, the use
of control devices has been gaining more popularity for their effectiveness in a wide range of ap-
plications and the variety of available devices [2]. Some control devices, known as active devices,
work by applying an external counterforce. Others, known as passive devices, use the properties
of the structure and the device to generate forces that counteract external loads.

Passive control devices have been widely studied to mitigate vibrations benefiting from the fact
that they do not need an external source of energy and they are able to generate great damping [3].
Passive devices such as Adding Damper and Stiffness (ADAS), Tuned Liquid Column Damper
(TLCD), and Viscoelastic Dampers have been shown to effectively improve the response of struc-
tures under environmental loads [4—6]. Another passive device, which has been studied in numer-
ous research is a tuned mass damper (TMD), a concept that was first proposed by Den Hartog [7]
and consists of a mass, a spring, and a damper tuned to the fundamental frequency of the structure.
It is typically placed on the top floor of a building, where it helps to mitigate the most severe
response to wind or seismic loads [8, 9]. This is achieved by redirecting the vibrations of the struc-

ture to the device, where they are then dissipated through the damping [10]. However, its ability to
reduce the response of buildings to wind and seismic loads is limited due to construction constraints
to place a device of a large mass on the top floor. Therefore, the mass of the device is selected with
a typical upper limit of 5% of the total mass of the structure being controlled [11].

As an improvement of a TMD, a tuned mass damper inerter (TMDI) was proposed by Marian
and Giaralis [12]. The TMDI consists of a traditional TMD with an attached inerter device. An
inerter is a mechanical device with two terminals that links the TMD with the previous level it is
located on. The most favorable feature of the inerter is amplifying its own small mass, a character-
istic that allows it to have a significant impact. Since the inerter was proposed by Smith [13] many
studies have been done, concluding that it is an effective mechanism to enhance passive devices to
mitigate the structural response of buildings [14-16].

Despite the similarities of both devices (TMD and TMDI), and the positive performance of the
first, a TMDI becomes a better option to reduce displacements and accelerations generated by en-
vironmental loads because nowadays, structures tend to grow vertically and slimmer. Therefore,
the mass needed by the device to work adequately in a high-rise building is greater than the one
needed for lower structures. Furthermore, these kinds of structures need to undergo an analysis of
the wind load effect which they are very susceptible to, due to their slenderness [17, 18]. Research
on buildings exposed to wind vibrations using a TMDI has yielded promising results [19, 20].

The optimal design of a TMDI depends on the structure it is intended for, as the parameters that
govern the device must be adjusted to match the fundamental frequency of the building [21]. To
find these parameters, metaheuristics optimization algorithms have proven to be a reliable method
to use while being simple and applicable to a wide range of problems [22, 23]. In a metaheuristic
approach, a set of possible solutions is randomly generated, and a function is used to evaluate the
quality of each solution. The best solutions are then used to generate new solutions through a
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process of exploration. This process is repeated until a satisfactory solution is found or a stopping
criterion is met.

In this work, the Grey Wolf Optimizer (GWO) will be used to obtain the parameters needed to
optimally design the TMDI. GWO is a nature-inspired, metaheuristic algorithm that is used to op-
timize solutions to a problem [24, 25]. The algorithm is inspired by the hunting behavior of a pack
of wolves and replicates the hierarchy and cooperation present in a wolf pack. GWO has been
shown to be an effective optimization technique while considering the constraints and limitations
of the problem.

This paper aims to develop a TMDI that can minimize the structural impact of wind on high-
rise buildings, specifically reducing maximum displacements and acceleration. The device will be
located on the top floor of a 37" -story building and the inerter will be attached one floor below it.
Finally, the GWO will be used and is expected to provide an efficient optimization process to find
the optimal parameters for the TMDI: the frequency and damping ratio. The use of a TMDI opti-
mized with the GWO optimization technique provides a reliable and efficient means to reduce the
dynamic response of a high-rise building, being able to reduce up to 37% of the displacements
suffered during a wind gust. Overall, the TMDI system provides a promising approach to address-
ing the challenges posed by dynamic wind loads and can help to enhance the resilience and relia-
bility of structures.

2 MATHEMATICAL MODEL OF A TUNED MASS DAMPER INERTER (TMDI) IN
A MULTI-DEGREE OF FREEDOM BUILDING

The mathematical model is presented for a plane frame with n-degrees of freedom, related to
the horizontal translation per level of the frame subjected to an external force.
2.1 The inerter

The inerter, as presented in Figure 1, is a small mechanical element with two terminals which
main characteristic is that the relative acceleration that the device experience at the terminals is
also proportional to the applied force on them, in this case, the dynamic load. The internal force
(Fp) resisting in each terminal can be written as shown in equation (1):

Fy = b(il, — 1) (1

Where ii, y ii, are the accelerations on terminals 1 and 2, respectively, and b is the inerter pro-
portionality constant that defines the device.

u u
F 1 2 F

Figure 1: Outline of an inerter device.

An inerter can enhance the performance of passive control devices such as a TMD. TMDs have
been successful in reducing building vibrations, however, their efficacy is restricted by the amount
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of mass that can be located on the top floor. This not only reduces the inertial force that the device
can produce but also restricts its impact to only one frequency since the mass of the device is fixed.
This becomes increasingly difficult as buildings become taller. The inerter, on the other hand, is
installed on the top floor and adds a minimal amount of mass while providing a resisting force of
up to 200 times the added mass [26].

2.2 Equation of motion for an n degree of freedom system equipped with a TMDI

The equation of motion developed herein considers a multi-degree of freedom 2D frame
equipped with a TMDI as shown in Figure 2. For each level of the frame, the properties such as
stiffness, damping, and mass are represented with the spring constant of stiffness k;, the viscous
damper with damping constant ¢; and a concentrated mass m;, respectively, where i stands for each
level of the frame.
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m ‘ k n Cn

—
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Figure 2: A n degrees of freedom system equipped with a TMDI.

Note the TMDI located in the upper level of the frame resembles a traditional TMD with an
added inerter connecting the TMD and level n-1. The properties that characterized the device are
almost the same as those for each level of the frame, therefore the mass is represented by mrup;
and the stiffness and damping of the device are kzvps and crmpi, respectively. The only new param-
eter implemented is the constant b which refers to the inertance of the TMDI, and it provides in-
formation about the device's ability to resist changes in its motion.

The motion for the frame of n+1/ degrees of freedom specified above is described by equation
(2) where X(t), x(t) and x(t) are the n+1/ acceleration, velocity, and displacement vectors respec-
tively and F,,, is the external force applied to the structure.

Mix(t) + Cx(t) + Kx(t) = Fex (1) )

4578



Daniela Vallejo-Paniagua, Mariana Castro-Osorio, Veronica Valencia-Valencia, Luis A. Lara-Valencia and John J.
Blandén-Valencia.

In equation (2), M, C, and K represent the structure’s mass, damping, and stiffness matrix, re-
spectively of order (n+1) x (n+1) considering the degrees of freedom of the structure itself and the
control device. They can be calculated as follows:

m; 0 0 0 0
0 my, 0 O 0
0 0 mg O 0
M = : (3)
m,,+b 0 -b
0 m, 0
0 0 b 0  meypr + bl
[c; +¢;, —C 0 0 0
—C; ¢yt C3 0 0
0 C3 3ty Cy 0
C = : : : . : (4)
—Cp-1 Cpo1 T 0y —Cn 0
: : 0 —Cn Cn+ Crmpr —Crmpi
0 0 o 0 0 —Crmpr Crmpr -
ko +k,  —k, 0 0 0
—ky  kyt ks —ks 0 0
0 —ky  ky+ky, —k, 0
K = : : : . cee . : (5)
—kn-1 kny +ky —ky 0
: : : 0 —ky kn +krypr  —Krmpr
0 0 0 0 —krmpi krmpr

3 TMDI OPTIMIZATION

In order to design a properly functioning TMDI device, it is necessary to optimize the parame-
ters that govern its performance. This optimization process involves finding the optimal values for
the frequency and damping ratio of the device, which will ensure that it is able to effectively reduce
the structural response of the building to wind.

3.1 Parameters that govern a TMDI

To design a TMDI it is necessary to define the parameters that are going to govern the device
and therefore need to be optimized to mitigate the displacements and accelerations experienced by
the structure. In equations (6) and (7) the critical damping ratio, é7pp; and frequency ratio, vryp;
are described where myyp;, crmpr, krmpr, and b are the properties of the TMDI defined in the
mathematical model and w, is the fundamental frequency of the structure.

/ krmpr
Wrypr _ \Mrup; + b (6)

Vrmpr = =
wq wq

CtMmbpI1
2(myryp; + b)wryp;

(7)

Srmpr =
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In addition to the natural frequency and critical damping ratio, there are two other parameters
that define the TMDI. They are not intended to be optimized but kept constant throughout the
process. They are the device mass ratio, g, and the inertance ratio, f, defined in equations (8) and
(9), respectively, where M's represents the total mass of the structure.

b
P = ®
_ Mrupi
K=" s ©)

As the optimization problem involves two parameters, it is considered a two-dimensional prob-
lem, and it is necessary to establish the limits within which the optimal values can be found. This
is done by defining the range of possible values for each of the parameters to be optimized that has
been further investigated [27-30].

0.00 < {pmpp < 0.50 (10)
0.50 <v < 2.00 (11)

To find the optimal parameters for the TMDI device, it is essential to define the objective func-
tions that the optimization algorithm will work on. These objective functions are used to evaluate
the performance of the device and determine how well it is able to reduce the structural response
of the building. The optimization algorithm then searches through different combinations of pa-
rameter values to find the combination that results in the best performance as defined by the objec-
tive functions.

In this particular case of study, the objective functions are defined as the minimization of the
maximum peak displacement (X; peqx) and minimizing the root mean square (RMS) value of ac-

celeration (RMS(X;)) of the structure as shown in equations (12) and (13), respectively.

J1 = min (max(|xl-peak|)) (12)

Jo = min(max(|[RMS(%;)])) (13)

3.2 Grey wolf optimizer (GWO) algorithm

The Grey Wolf Optimizer algorithm is a swarm intelligence method proposed by Mirjalili ef al.
[24] and was inspired by the hunting behavior of grey wolves. It is a nature-inspired metaheuristic
algorithm used to optimize solutions for a problem by mimicking the hierarchy and cooperation of
a pack of grey wolves when hunting for prey. GWO is a simple, fast, and efficient optimization
algorithm that has been applied to a wide range of optimization problems. It has been shown to be
a powerful tool for solving complex optimization problems. The wolf that has the most optimal
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solution is the alpha (a), and the one with the second and third best solution is the beta () and
delta (J), respectively. Other candidate solutions are omega (®). The advantage of the algorithm
over others is that omegas keep searching and updating its position depending on the best solution
found. The optimization process can be described as follows [24, 31] :

Define Generate an The grey wolves

initial initial population The Alpha, f\!!-'-l.‘:‘i!-' []1:'. are ranked (with
s ) .

parameters of grey wolves Beta and PO hione the highest The

" e the gre: - p .
(number of with different Delta wolves o performing stopping
a7 e s " wolves ¥ - £ — : k il

grey wolves, levels of social estimate the solution referred to criteria has

number of hierarchy {Alpha, Jocation of based on as Alpha, the been mel

£ : the location
iterations, Beta, Delta and the prey i second best as

3 T
etc) Omega) of the pre) Beta, and 50 on )

Figure 3: Grey wolf flowchart.

4 WIND LOAD

To analyze the dynamic wind load, the procedure proposed by Franco [32] will be applied. The
approach consists of transforming the power spectrum of wind into fluctuating pressures repre-
sented by a number of harmonic functions. The procedure proposed by Franco provides an efficient
and reliable method to generate the dynamic wind load, considering the different modes of vibra-
tion of the structure [33].

Important data such as the location and the topographic characteristics of where the structure of
interest is located, need to be considered to find the basic parameters of wind speed. For the case
of study in this paper, the Colombian earthquake-resistant design code, Normas Colombianas de
Disefio y Construccion Sismoresistente NSR-10 [34], will be applicable due to the location of the
building analyzed.

Figure 4 and Figure 5 demonstrate the results of the wind load analysis for the building. Figure
4 shows the fluctuating pressure of the wind over time, while Figure 5 illustrates the wind load
acting on the 37" level. These results were obtained by using the methodology described above to
simulate a dynamic wind load. These figures provide important information about the wind loads
that the building will be subjected to and will be used to evaluate the structural response of the
building and to determine the effectiveness of different control strategies.
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Figure 4: Fluctuating pressures of the wind.
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Figure 5: Wind load in the 37" level through time.

5 CASE OF STUDY

The mathematical model of a TMDI-controlled system is implemented in a real structure mod-
eled as a plane frame, to evaluate its performance when it is subjected to wind load. The structure
that was modeled and used in this case of study is Cantagirone Tre Piu, a residential building
located in Medellin, Colombia. This building has 37 levels, with a height of 3.9 m per level. The
total height is 144 m above ground level and the structure is 38 m wide where the modeled frame
is. The building has a structural system that consists of reinforce concrete resisting frames along-
side structural walls in the corners to improve the stiffness of the building. In Figure 6 the typical
plan view and elevation of the building are shown.

144 m
!

0

Figure 6: Elevation and plan view of Cantagirone Tre Piu building.

The analysis was made by reducing the plane frame to a single degree of freedom per level. To
achieve this, a rigid floor diaphragm was assumed to obtain one degree of freedom for all horizontal
translational nodes per level. Also, the columns were assumed axially infinitely rigid to eliminate
all vertical translational degrees of freedom. Lastly, the rotational degrees of freedom were ex-
pressed in terms of the remaining horizontal translational degrees using static condensation. After
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these assumptions the matrices of mass and stiffness of order 37 x 37 could be found. The damping
matrix was determined by applying the Rayleigh method, using a structural damping value of 5%
in the first and last modes of vibration. In Table 1, the result of the modal analysis performed in
the structure is presented for the first six modes.

Mode T [s] F [Hz] o [rad/s]
1 0.8705 0.1828 1.1488
2 0.2614 0.6088 3.8254
3 0.1317 1.2083 7.5917
4 0.0801 1.9869 12.4838
5 0.0535 2.9722 18.6752
6 0.0385 4.1385 26.0030

Table 1: Modal properties of the plane frame.

6 RESULTS

The results obtained from the controlled response are categorized into two groups: the response
of the controlled structure with the aim of reducing the highest peak displacement, represented by
objective function J;; and the controlled structural response with the objective of minimizing the
RMS value of acceleration, represented by objective function J,.

6.1 Algorithm Calibration

To calculate the controlled response, a calibration process was carried out in which the best
combination of search inputs was sought so that the algorithm would search for the optimal param-
eters for the TMDI. The final selections for the optimization process resulted in 100 wolves and 20
iterations for the first objective function J; and 25 wolves with 10 iterations for the second objective
function J,. In order to select the wolf and iteration combinations that resulted in the best outcome,
a trial-and-error process was carried out. Several combinations were tested to observe which one
resulted in the maximum reduction while still optimizing time and computational efficiency.
Through this process, an understanding of the problem was gained, which allowed decisions to be
made regarding the selection of the best wolves and iteration combinations. Additionally, values
were chosen to remain constant throughout the procedure, including the device mass ratio, z, and
the inertance ratio, £ both of which were fixed at 5% based on satisfactory results shown in previ-
ous research [16, 21].

6.2 Uncontrolled response

To have a better understanding of how the structure behaves under wind load, Table 2 summa-
rizes the behavior of some levels in the building. It can be observed that the maximum displacement
of each floor increases as the level increases, as does the acceleration. In both cases, the most
critical value is on the last floor, where the peak displacement is 0.416 m, and the peak acceleration
is 0.3047 m/s%. This behavior is also reflected in the RMS values of displacement and acceleration,
which are at their highest on the last floor reaching 0.1482 m and 0.1741 m/s* respectively. This
trend is expected and demonstrates the importance of effectively controlling the response of the
structure, especially at higher levels.
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Maximum uncon- RMS value of un- Maximum uncon- RMS value of un-

Level trolled displace- controlled dis- trolled controlled acceler-
ment [m] placement [m]  acceleration [m/s*] ation [m/s?]

1 0.0012 0.0004 0.0306 0.0005

5 0.0264 0.0092 0.0583 0.0103
10 0.1024 0.0361 0.0739 0.0414
15 0.1899 0.0675 0.1363 0.0782
20 0.2718 0.0972 0.1929 0.1131
25 0.3373 0.1211 0.2401 0.1412
30 0.3836 0.1380 0.2777 0.1616
35 0.4083 0.1470 0.3014 0.1727
37 0.4116 0.1482 0.3047 0.1741

Table 2: Uncontrolled response of the structure under wind load.

6.3 Controlled response

The response of the controlled structure can be viewed in Table 3, when the objective function
used during the optimization process was J;. For this scenario, the parameters that govern the device
were found to be 0.001 for the damping ratio and 0.995 for the frequency ratio.

Maximum con-

Maximum con- RMS value of con- trolled RMS value of con-
Level trolled displace- trolled displace- . trolled acceleration
Acceleration under )
ment under /; [m] ment under J; [m] J. [m/s?] under J, [m/s”]
1 0.0008 0.0003 0.0306 0.0002
5 0.0174 0.0056 0.0583 0.0030
10 0.0666 0.0215 0.0669 0.0120
15 0.1221 0.0393 0.0922 0.0228
20 0.1728 0.0557 0.1237 0.0317
25 0.2124 0.0687 0.1359 0.0384
30 0.2400 0.0780 0.1672 0.0448
35 0.2547 0.0831 0.1940 0.0495
37 0.2565 0.0839 0.2210 0.0502

Table 3: Controlled response of the structure under J;..

The displacement and acceleration of level 37™ are displayed in Figure 7.a and Figure 7.b re-
spectively. The RMS value of displacement and acceleration for each level is shown in Figure 7.c
and Figure 7.d respectively. It can be noted that peak displacement on the top level had a reduction
of 37.67% going from 0.4116 m to 0.2565 m after the device is implemented. In the case of accel-
eration, a reduction is also observed, with a decrease from 0.3047 m/s? to 0.2210 m/s?, resulting in
a reduction of 27.47%. In a similar manner to the behavior of peak displacement and acceleration,
the value of the RMS for both displacement and acceleration experiences a reduction of 43.40%
and 71.17%, respectively.
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Figure 7. Structural controlled response using J;. (a) Uncontrolled and controlled displacements on the 37" level. (b)
Uncontrolled and controlled accelerations on the 37" level. (c) Uncontrolled and controlled RMS value of displace-
ment. (d) Uncontrolled and controlled RMS value of acceleration.

In the optimization process, the second objective function tried was J,, aimed to decrease the
RMS value of acceleration. Satisfactory results were obtained and the controlled response at vari-
ous levels of the structure can be seen in Table 4. This response was achieved once the design
parameters of the device were found to be 0.01 for the damping ratio and 1.03 for the frequency

ratio.
Maximum con- RMS value of con- Maximum con- RMS value of con-
Level trolled displace- trolled displace- trol} ed trolled acceleration
Acceleration under )
ment under J, [m] ment under /, [m] 7, [m/s?] under J, [m/s”]
1 0.0008 0.0003 0.0306 0.0002
5 0.0167 0.0057 0.0583 0.0031
10 0.0641 0.0217 0.0669 0.0127
15 0.1199 0.0399 0.0921 0.0244
20 0.1732 0.0567 0.1232 0.0346
25 0.2171 0.0701 0.1476 0.0428
30 0.2498 0.0799 0.1682 0.0504
35 0.2687 0.0854 0.1950 0.0559
37 0.2718 0.0862 0.2209 0.0568

Table 4: Controlled response of the structure under J,.

Figure 8 displays the controlled response of the building when J, was used. Figure 8.a and Figure
8.b shows the controlled displacements and accelerations respectively alongside the uncontrolled
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response for comparison purposes. Similarly, Figure 8.c and Figure 8.d show the RMS value of
displacement and acceleration respectively. The displacement has reduced from 0.4116 m to
0.2718 m, exhibiting a reduction of 33.95%. For the case of the acceleration, the value decreased
from 0.3047 m/s? to 0.2209 m/s?, resulting in a reduction of 27.51%. Finally, the reductions expe-
rienced by the RMS value of displacement and acceleration were of 41.80% and 67.36%, respec-
tively.
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Figure 8. Structural controlled response using J,. (a) Uncontrolled and controlled displacements on the 37" level. (b)
Uncontrolled and controlled accelerations on the 37" level. (c) Uncontrolled and controlled RMS value of displace-
ment. (d) Uncontrolled and controlled RMS value of acceleration.

7 CONCLUSIONS

¢ The optimization process carried out in this study involved searching for the optimal variables
of the GWO that could identify the TMDI parameters resulting in the highest possible controlled
response reduction. To accomplish this, the process was tried multiple times with various input
variables to select the optimal combination. The selection criteria for identifying the best option
were not solely based on achieving the maximum reduction but also on ensuring efficient use
of computational resources. These findings highlight the importance of optimizing both compu-
tational resources and system performance in order to achieve the best results.

e Despite obtaining similar results with both objective functions, the response obtained was better
when the objective function used for optimization was to reduce peak displacement. This may
be because the response of a dynamic system subjected to wind load starts with calculating
displacements, so when these are the target to be manipulated, the process is more direct and
better results are obtained. In the case of the objective function that aimed to reduce the RMS
of the acceleration, it can be said that it works in a similar way, since reducing the RMS requires
decreasing some peaks and thereby achieving a more uniform response.
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The optimization resulting from the use of the objective function J, is governed by the follow-
ing parameters, 0.001 for the damping ratio, and 0.995 for the frequency ratio. It can be observed
that the value of the damping ratio is close to zero, indicating that the device requires a very
small damper since the most influential factor in reducing the response is the inertial force gen-
erated by the inerter. This finding can provide insight into how to optimize the system for better
performance, as a smaller damper can lead to reduced costs and greater efficiency.

For this case of study, the TMDI system works optimally when the damping ratio is small. This
finding is consistent with the understanding that the inerter provides a significant contribution
to the reduction of dynamic response, and that the damping plays a less critical role in this
process. However, it is important to note that the specific values for damping ratio that are con-
sidered small or optimal may depend on the specific characteristics of the structure and the loads
it is subjected to.
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