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ABSTRACT: This paper concerns the numerical performance evaluation of
multi-degree-of-freedom systems equipped with TunedMass Dampers-Inerter (TMDIs);
a passive control device used for the mitigation of mechanical vibrations induced by
dynamic loads. The inerter device is commonly used to increase the apparent mass of
classics tuned mass dampers (TMDs), improving its seismic performance. To evaluate
the TMDI action, three case studies are employed, determined from three real buildings
of Medellin city from low, medium to high rise (30 meters, 97 meters, and 144 meters,
respectively). Optimum design parameters are found using ametaheuristic optimization
based on the differential evolution method, first, for the minimization of the horizontal
peak displacements, and then, for the minimization of the root mean square (RMS)
response of displacements. Besides, the case studies are assessed using eight seismic
accelerations records representative of the literature. Finally, the seismic performance
is evaluated on each case study considering different levels of inertance induced by
the inerter device: 5%, 20%, and 50% with respect to the total mass of the building,
for which it is observed a better dynamic behavior when TMDIs with lower values of
inertance are implemented.

RESUMEN: Este trabajo está referido a la evaluación numérica del desempeño de
sistemas de múltiples grados de libertad equipados con amortiguadores de masa
sintonizada inerter (AMSI), el cual es un dispositivo de control pasivo empleado para
el control de vibraciones mecánicas inducidas por cargas dinámicas. El dispositivo
inerter, comúnmente es utilizado para incrementar la masa aparente de los clásicos
amortiguadores de masa sintonizada (AMS), mejorando su desempeño sísmico.
Para evaluar la acción de TMDI, se emplean tres casos de estudio, determinados
a partir de tres edificios de la ciudad de Medellín de baja, mediana y gran altura
(30 metros, 97 metros y 144 metros, respectivamente). Los parámetros de diseño
óptimos se determinan mediante una optimización metaheurística basada en el
método de evolución diferencial, primero, para la minimización de los desplazamientos
máximos horizontales, y luego, para la minimización de la media cuadrática de los
desplazamientos (valor eficaz). Además, los estudios de caso se evalúan utilizando
ocho registros de aceleraciones sísmicas representativos de la literatura. Finalmente,
el rendimiento sísmico se evalúa en cada caso de estudio considerando diferentes
valores de inertancia inducidos por el dispositivo inerter: 5%, 20% y 50% con respecto a
la masa total del edificio, observándose un mejor comportamiento dinámico cuando Se
implementan el AMSI con valores bajos de inertancia.

1. Introduction

Passive control of structures under seismic loads has
become a trend in the field of structural engineering
during recent years [1]. One of the most commonly
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used passive devices is the Tuned Mass Damper (TMD),
originally proposed by Frahm [2]. Thismechanism consists
of adding an extra mass to the main structure, which is
optimally tuned to one of the fundamental vibration
frequencies of the system, to improve its dynamic
response [3]. However, the TMD system can sometimes be
impractical because to achieve a considerable reduction
of the dynamic response, more than 5% of the total mass
of the structural system must be added [4].

In order to accomplish the tuning of the TMD to the
fundamental frequency of the structural system, the
optimal design parameters of the device must be
determined. Den Hartog [5] was the first to work on this
task based on the transfer function fixed-points theory,
idealizing a two-degree of freedom model (main structure
and TMD), and simulating dynamic action as a harmonic
excitation at the base of the system. Later, Warburton
[6, 7] proposed expressions for the same parameters
considering white noise excitations and no damping
associated with the main structure. Based on these
studies, Sadek et al. [8] estimated the optimal design
parameters for TMD based on the first two-mode shapes
vibration of the structural system. Thereafter, Rüdinger
[9] focused his work on the optimal design parameters
for TMDs, modeling the seismic action as a stochastic
simulation. Subsequently, Hoang et al. [10] determined
practical design formulas for bridges equipped with TMDs,
and the work of Lara-Valencia et al. [11] focused on
determining the number and the most efficient position
of TMDs using parameters obtained from Den Hartog and
Jangid expressions, for a metallic Gerber beam.

Other investigations have focused on seeking the optimal
design parameters for TMDs, considering systems with
viscous damping; this process requires numerical iterative
methods to carry on the optimization. Farshidianfar and
Soheili [12, 13] focused their research on the application
of the bio-inspired optimization algorithm Ant colony
(AC), and subsequently, several studies [14–17] applied
genetic algorithms for the same purpose. More recently,
Caicedo et al. [18] approached the optimal design of TMDs
using metaheuristic optimization for reducing the dynamic
response of structures subjected to earthquake loads, and
similarly, Lara-Valencia et al. [19] applied a bio-inspired
optimization algorithm for the design of TMDs under
earthquake excitations. Nevertheless, the scope of the
device has always been limited by the amount of attached
mass respect to the total mass of the structural system.
All these reasons lead to implement new passive control
systems or improving the performance of conventional
TMDs. Smith [20], proposed the inerter, a device that
induces an equivalent additional mass called inertance.
This inertance is not a real physical mass addition, but
is instead, an equivalence mass amplification effect

produced by the device, which has a 1/200 ratio between
the real device mass and the inertance [21]. The idea of
the inerter comes from an analogy made between the
electrical and mechanical systems. Therefore, the inerter
will induce to the system a directly proportional force to
the product of the inertance and the relative acceleration
perceived in the nodes to which the inerter is connected.

In this sense, the fundamental principle of the inerter
will be to include an additional inertial force on the main
system, induced by the inertance mass amplification. It
is for this reason that the inerter device can be used to
link the TMD and the floor immediately below the TMD
location, producing forces that are directly proportional to
the inertance, and the relative acceleration between its
terminals. This system is better known as the Tuned Mass
Damper Inerter (TMDI) proposed by Marian and Giaralis
[22]. Furthermore, the TMDI systems can also reduce
the large mass TMD ratio, improving the Structure-TMDI
system performance.

Similar to TMDs, an important part of the inclusion
of TMDIs on structures is based on finding the optimal
tuning parameters to achieve a better performance of
the system. Different investigations have focused on this
task, initially using parameters derived from the classic
TMD in structures with no damping [23], and then, in
parametric studies, referred to the accelerations and
displacements decrease on structural systems, in which
the TMDI was implemented [24–26], simulating for these
cases the seismic action through a white noise process,
based on the methodologies proposed by Kanai [27], and
Tajimi [28]. More recently, Caicedo et al. [29] studied
the seismic response of high-rise buildings through
metaheuristic-based optimization using tuned mass
dampers and tuned mass dampers inerter.

It is important to note that the present investigation is an
extension of the numerical results presented previously
in conference papers [30, 31] in order to highlight the
usage of metaheuristic techniques to determine the
best-fit design variables for linear passive controllers,
such as TMDs and TMDIs, with actual accelerograms
as input excitations to simulate a more realistic tuning
process. In this research, the TMDI action is evaluated on
actual structural building models, determined from three
buildings of Medellin city considered from low, medium to
high rise: 30 m, 97 m, and 144 m, respectively. Optimum
design parameters are found using a metaheuristic
optimization based on the differential evolution method
[32], first, to mitigate the horizontal peak displacements,
and then, for the reduction of the root mean square (RMS)
response of displacements. Besides, the case studies
are assessed using eight seismic accelerations records
representative of the literature. Finally, the analysis of the
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dynamic response for the structural systems is evaluated
using the optimal design parameters previously obtained
for different levels of Inertance: 5%, 20%, and 50%, with
respect to the total mass of the building.

2. Inerter-based control system

2.1 The inerter

The inerter [20] is a mechanical device with negligible
mass (See Figure 1) that links two nodes free to move
independently. The concept arises from an analogy
between electrical and mechanical systems, being that
there is a similarity between the behavior of the inerter
with an electric capacitor. Hence, the device produces a
force proportional to the relative acceleration perceived on
its terminals and the inertance induced by the inerter itself.
This internal force (Fb) can be calculated using Equation
(1):

Fb = b (ü2 − ü1) (1)

where u1 and u2 are the displacement coordinates

 

 

Figure 1 Inerter device idealization

perceived by the inerter on its terminals, and the dots
over these coordinates represent derivatives in the time
domain. In addition, b is the inertance that characterizes
the behavior of the inerter.

This inertance (measured in mass units) can be two
or more orders of magnitude greater than the real inerter
physical mass [21]. The inertance property depends
on the internal inerter configuration, being the most
typically used, the flywheel-based prototyped that used
a rack-and-pinion or ball-screw mechanism. Thus, the
ideal inerter induces an equivalent mass amplification,
which is exploited by the TMDI. More recently, fluid-based
inerters were built and experimentally verified [33].

2.2 Mathematical model and equations
of motion for TMDI-equipped MDOF
building structures

Figure 2 shows the structural configuration of a 2D frame
modeled as a shear beam building, with n degrees of
freedom referred to horizontal displacements at each
story, equipped with a TMDI attached to the last two levels,
and subjected to a base acceleration üg(t):

 

 

Figure 2 Base excited system with a TMID installed at the last
two-story levels

In Figure 3, mi, ki, and ci are the mass, lateral stiffness,
and damping of the ith floor (i=1, 2, ... n) and md, kd, cd,
and b are the TMDImass, stiffness, damping, and inertance
coefficients. Considering this, the n + 1 equations of
motion of the resulting MDOF system subject to a base
acceleration are written in matrix form as in Equation (2):

MÜ(t) + CU̇(t) +KU(t) = −M{1}üg(t) (2)

where M , C, and K are the mass, damping, and
stiffness matrices, modified by the addition of the TMDI, as
illustrated Equations (3)-(5):

M(n+1,n+1) =

m1 0 · · · 0 0 0
0 m2 · · · 0 0 0
...

...
. . .

...
...

...
0 0 · · · mn−1 + b 0 0
0 0 · · · 0 mn −b
0 0 · · · −b 0 md + b


(3)
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C(n+1,n+1) =

c1 + c2 −c2 · · · 0 0 0
−c2 c2 + c3 · · · 0 0 0
...

...
. . .

...
...

...
0 0 · · · cn−1 + cn −cn 0
0 0 · · · −cn cn + cd −cd
0 0 · · · 0 −cd cd


(4)

K(n+1,n+1) =

k1 + k2 −k2 · · · 0 0 0
−k2 k2 + k3 · · · 0 0 0
...

...
. . .

...
...

...
0 0 · · · kn−1 + kn −kn 0
0 0 · · · −kn kn + kd −kd
0 0 · · · 0 −kd kd


(5)

with ud as the displacement of the TMD, and the dots
on U represent the derivatives of the function in the time
domain.

It can be noticed in the matrix form described above
that the TMDI is a generalization of the classical TMD,
by considering b=0 in Equation (2) and Equation (3), the
matrix form leads to the TMD equations. Furthermore,
Equation (3) indicates that the total inertia of the TMDI is
equal to (md+ b). Therefore, Equations (6) – (9) define the
frequency ratio (v), damping ratio (ζd), inertance ratio (β),
and mass ratio (µ) that characterize the TMDI:

v =
ωd

ωs
=

√
kd

md + b
(6)

ζd =
cd

2 (md + b)ωd
(7)

β =
b

Ms
(8)

µ =
md

Ms
(9)

where ωs andMs are the natural frequency and total mass
of the structural system.

3. Metaheuristic optimization

3.1 Diferential evolution

Lots of recent works, like those reported in [18, 19, 29–31],
were based on the assumption that closed-form
expressions [5–8] are not valid for multi-degree of
freedom systems subjected to earthquake loads, which is
why numerical iterative techniques are required. Thus, in
order to find optimal design parameters of the TMDIs using
actual accelerograms as seismic input, a metaheuristic
algorithm based on the differential evolution method (DE)

is applied. This technique was introduced by Storn and
Price in [32] as part of evolutionary computing, oriented to
the optimization problem of real variables in continuous
fields. DE uses a reduced number of parameters compared
to othermetaheuristics, which facilitates its programming.
In addition, it has a balance between the convergence
speed and premature convergence, resulting in certain
optimization problems more efficient than metaheuristics
based on genetic or bio-inspired algorithms [34].

The application procedure for DE can be summarized
in four fundamental steps: initialization, mutation,
crossing, and selection. For initialization, a population
of solution vectors from 5 to 10 times the dimensions of
the function to be optimized are typically used. In the
mutation, a randomly chosen population vector will be
disturbed with the proportional difference of two randomly
chosen according to Equation (10):

Wi = V1 + Cm (V2 + V3) (10)

where wi is the mutated vector for each ith iteration; v1,
v2 and v3 are randomly chosen vectors of the previous
iteration; and Cm is the mutation constant that meets the
conditions Cm > 0, and Cm ∈ [0, 1].

Next, the crossing is applied, generating a zi vector
according to Equation (11) that comes from the
combination of the vi y wi vector positions subject to
a probability of crossing or recombination.

zi(j) =

{
Wi(j) rand ≤ Cr

Vi(j) otherwise
(11)

where rand represents a randomly chosen real number
between 0 and 1; and Cr the crossing or recombination
constant, that meets the conditions Cr > 0, and
Cr ∈ [0, 1].

Finally, the selection is given by the evaluation of the
zi vector in the cost function. If a better result is obtained,
the vector will go to the next generation, or the previous
vector will be retained. The process is repeated until the
convergence on the cost function is achieved.

3.2 Optimization approaches

Minimization of the horizontal peak displacements

Firstly, the optimization process focused on the reduction
of the maximum horizontal peak displacements at the nth

degree-of-freedom of the case study. Thus, Equation (12)
defines the objective function to optimize:

Fobj1 = max [abs (un)] (12)

In order to search for design parameters in accordance
with practical engineering, the search domain is
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demarcated in Equations (13) and (14):

0.50 ≤ v ≤ 2.00 (13)

0.00 ≤ ζd ≤ 0.50 (14)

These ranges are typical for conventional TMDs, and they
are a reasonable starting point for the TMDI parameters
selection process.

Minimization of The RMS displacements response

In the second optimization case, the methodology is
focused on the reduction of the RMS displacement
response at the nth degree-of-freedom of the structural
system. Then, Equation (15) describes the objective
function:

Fobj2 = RMS (un) (15)

Similar to the first optimization case, the domain of the
parameters is defined as in Equations (13) and (14).

3.3 Benchmark records

The seismic action is modeled in the optimization process
using eight acceleration records, labeled in Table 1
and described by the name of the event, peak ground
acceleration (PGA), and duration;

Table 1 Acceleration records used in the optimization process

Seismic Record Event name PGA [g] Duration [s]
1 Chile 0.3627 56.35
2 El Centro 0.3188 31.16
3 Italia 0.9280 40.00
4 Kobe 0.6791 29.99
5 Loma Prieta 0.4720 40.00
6 Mexico 0.1712 180.00
7 Northridge 0.8306 47.82
8 Virginia 0.4536 40.96

These acceleration records present very diverse frequency
content, which results in an ideal condition to achieve a
more realistic tuning process. The frequency content is
illustrated in Figure 3 using the frequency spectrum of
the earthquakes, calculated by applying the Fast Fourier
Transform (FFT).

4. Description of the structural
building models

4.1 Case study 1

Pilarica Flats is 30 m height residential building, built
in reinforced concrete, with a total of 12 story-levels;

 

 

Figure 3 Seismic records FFT

structural system of dual resistant moment frames and
structural walls; total mass for the 2D frame analysis
of 1084 Mg; circular frequency of 3.73 rad/s; and
fundamental period of 1.68 s. The resulting mass,
stiffness, and damping matrix are 12x12 size, considering
12 horizontal degrees of freedom (one for each level), and
applying a static condensation on the remaining vertical
displacements and rotations. The building is shown in
Figure 4.

 

 

Figure 4 Pilarica Flats Building

Moreover, Figure 5 below depicts the interaction of the
building with the seismic records used as benchmarks
in the optimization process, in terms of the first three
fundamental periods of the building with the acceleration
response spectrum of each accelerogram. It is worth
mentioning that the design response spectrum based
on the Reglamento Colombiano de Construcción Sismo
Resistente, NSR-10 [35] is also included, for a soil type D.
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Figure 5 Acceleration response spectrum – Building 1

4.2 Case study 2

Tierra Grata Bosque Santo is 97 m height structure for
residential use, built in reinforced concrete, with a total of
32-story levels; the structural system consists of resistant
moment frames with a total mass of 1997 Mg; the circular
frequency and fundamental period for the 2D frame are
1.62 rad/s and 3.86 s, respectively. The resulting mass,
stiffness, and damping matrix are 32x32 size, considering
32 horizontal degrees of freedom (one for each level), and
applying a static condensation on the remaining vertical
displacements and rotations. This building is still under
construction; Figure 6 shows an architectural 3D view of
the building.

 

 

Figure 6 Tierra Grata Bosque Santo Building

The interaction of the building with the seismic records
is illustrated in Figure 7. Besides, the design response
spectrum based on the NSR-10 [35] is also included, for
a soil type D.

4.3 Case study 3

Currently, the tallest housing tower in Medellin city
Cantagirone Tre Piu is a 144 m height building, built in
reinforced concrete, with a total of 37 story-levels (See

 

 

Figure 7 Acceleration response spectrum – Building 2

Figure 8); structural system of resistant moment frames
with walls located at the building corners for a bigger
contribution of stiffness; total mass for the 2D frame
analysis of 8054 Mg; circular frequency of 1.15 rad/s;
and fundamental period of 5.47 s. The resulting mass,
stiffness, and damping matrix are 37x37 size, considering
37 horizontal degrees of freedom (one for each level), and
applying a static condensation on the remaining vertical
displacements and rotations.

 

 

Figure 8 Cantagirone Tre Piu Building

Finally, Figure 9 shows the interaction of the building
with the seismic records used as benchmarks in
the optimization process, in terms of the first three
fundamental periods of the building with the acceleration
response spectrum of each accelerogram, and the
response spectrum based on the NSR-10 [35] for a soil
type D.

5. Results of the parameter
estimation

Tables 2 to 7 report the optimum desing values obtained
after applyingDE. A TMDIwith 2%attachedmass, was used
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Figure 9 Acceleration response spectrum – Building 3

on each structure, combined with inertance values of 5%,
20%, and 50%.

5.1 Minimization of the horizontal peak
displacements

5.2 Minimization of The RMS Displacements
Response

6. Results and discussion

The optimization values obtained for the three case
studies are illustrated below, first for the optimization
of the horizontal peak displacements in Figure 10, and
then for the RMS displacements optimization in Figure
11. Furthermore, the average value of each v and ζd
parameters found from each acceleration record was
computed, to appreciate the behavior of the optimum
parameters presented previously in Tables 2 to 7.

 

 

Figure 10 v and ζd average values – Fobj1 optimization
approach

It is clear that TMDI performance is closely related to the
frequency contained in the seismic acceleration record
and its effect on the structural system according to the
fundamental properties such as the circular frequency.
As an example, in the first optimization case, the larger
displacement was reached due to the Kobe acceleration
record for case studies 1 and 2. While in case study 3, the
larger displacement was reached using the Northridge
acceleration record. Both records are examples of near

 

 

Figure 11 v and ζd average values – Fobj2 optimization
approach

field ground motion, that are characterized by large
spectral velocity and displacement in the low-frequency
range [36].

Similar results can be seen in the RMS displacement
optimization, in which the biggest response was reached
using the Kobe acceleration record for case studies 1
and 2, and the Northridge acceleration record for the
case study 3. It is remarkable that the values of v and
ζd obtained by the RMS displacement optimization are
smaller than those obtained in the first optimization
case; therefore, the tuning values obtained from Fobj2

approach, represent the best-fit designed parameters,
from a practical point of view.

Furthermore, v and ζd values from Fobj2 approach
can also reduce the horizontal peak displacement as
well. To illustrate this reduction, an elastic time history
analysis is presented below, using optimally design TMDIs
conducted through both optimization cases. The case
study 1 is employed to develop this analysis, using the
Virginia acceleration record to simulate the seismic action.
The building is equipped with a b = 5% TMDI; besides, the
results are compared with a conventional 2% TMD.

 

 

Figure 12 Time History Analysis – Fobj1 optimization approach

The maximum displacement at the 12th story level
(uncontrolled case) caused by seismic excitation is 0.27
m. Now, in Figure 12, using the tuning values derived
from the first optimization approach, the maximum
displacement is 0.18 m using the TMDI, which represents
a 33% improvement in the dynamic response. Moreover,
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Table 2 Optimum values of v and ζd for case-study 1

β(%)
5 20 50 Seismic

v ζd 12thu[m] v ζd 12thu[m] v ζd 12thu[m] Record
1.0539 0.0556 0.1958 1.0147 0.0666 0.2111 1.0147 0.0666 0.2063 1
1.0723 0.1798 0.1552 1.0586 0.0991 0.1552 1.0539 0.0556 0.1545 2
1.0066 0.0100 0.3961 1.9986 0.4375 0.4009 1.9723 0.4953 0.3739 3
0.7765 0.0051 0.8568 0.7765 0.0051 0.9119 0.8415 0.0071 0.9065 4
1.1027 0.0127 0.2781 1.1027 0.1267 0.3024 1.1594 0.0127 0.2996 5
0.8389 0.0302 0.4323 0.8389 0.0302 0.4991 0.8389 0.0302 0.4914 6
1.0539 0.0043 0.4703 1.0502 0.0202 0.5303 1.0502 0.0202 0.5234 7
0.9451 0.0077 0.1778 0.9522 0.0109 0.2048 0.9522 0.0176 0.2042 8

Table 3 Optimum values of v and ζd for case-study 2

β(%)
5 20 50 Seismic

v ζd 32thu[m] v ζd 32thu[m] v ζd 32thu[m] Record
1.0254 0.0974 0.3673 0.9522 0.0109 0.3813 0.9745 0.0159 0.3814 1
1.3915 0.0113 0.4099 1.9932 0.4776 0.4147 1.9932 0.4776 0.4124 2
1.2074 0.0008 0.5387 1.9680 0.4970 0.5367 1.9680 0.4970 0.5299 3
1.9363 0.4824 1.5186 1.9837 0.4776 1.5254 1.9680 0.4970 1.5015 4
1.9965 0.2566 0.2191 1.9986 0.2584 0.2250 1.9982 0.3049 0.2220 5
0.9261 0.0008 0.5757 0.9261 0.0008 0.6344 0.9365 0.0084 0.6532 6
1.2074 0.0008 1.3265 1.2074 0.0008 1.3739 1.2074 0.0008 1.3831 7
0.6281 0.0106 0.5794 0.6244 0.0133 0.5926 0.6298 0.0113 0.5958 8

Table 4 Optimum values of v and ζd for case-study 2

β(%)
5 20 50 Seismic

v ζd 37thu[m] v ζd 37thu[m] v ζd 37thu[m] Record
1.2101 0.0077 0.4697 1.2101 0.0077 0.4797 1.9987 0.4978 0.4869 1
1.2474 0.0299 0.3187 1.0222 0.0030 0.3259 0.9883 0.0070 0.3312 2
1.9932 0.4776 0.3386 1.9932 0.4776 0.3428 1.9932 0.4776 0.3434 3
1.4076 0.0077 0.9913 1.4076 0.0077 1.0022 1.9992 0.0505 1.0044 4
0.6713 0.0146 0.2242 1.9637 0.4940 0.2262 1.9754 0.4995 0.2261 5
0.8415 0.0028 0.4760 0.7765 0.0051 0.5112 0.7765 0.0051 0.5204 6
1.6683 0.0032 1.1482 1.6683 0.0032 1.1507 1.8298 0.0051 1.1513 7
0.9261 0.0095 0.8652 0.9177 0.0027 0.9458 0.9177 0.0027 1.0107 8

Table 5 Optimum values of v and ζd for case-study 1

β(%)

5 20 50 Seismic
v ζd 12thuRMS[m] v ζd 12thuRMS[m] v ζd 12thuRMS[m] Record

1.0539 0.0556 0.0472 1.0539 0.0556 0.0499 1.0539 0.0556 0.0488 1
0.9450 0.0639 0.0495 0.9450 0.0639 0.0535 0.9450 0.0639 0.0538 2
0.9960 0.0529 0.0574 1.0147 0.0666 0.0615 1.0147 0.0666 0.0604 3
0.9710 0.1319 0.2245 1.0261 0.0957 0.2376 1.0245 0.0231 0.2323 4
1.0539 0.0556 0.0731 1.0539 0.0556 0.0767 1.0539 0.0556 0.0762 5
0.7789 0.0302 0.0795 0.7789 0.0302 0.0882 0.8326 0.0359 0.0862 6
0.9450 0.0639 0.1079 1.0261 0.0786 0.1154 1.0539 0.0556 0.1145 7
0.9450 0.0639 0.0549 0.9450 0.0639 0.0611 0.9450 0.0639 0.0615 8
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Table 6 Optimum values of v and ζd for case-study 2

β(%)

5 20 50 Seismic
v ζd 32thuRMS[m] v ζd 32thuRMS[m] v ζd 32thuRMS[m] Record

1.0539 0.0556 0.0472 1.0539 0.0556 0.0499 1.0539 0.0556 0.0488 1
0.9450 0.0639 0.0495 0.9450 0.0639 0.0535 0.9450 0.0639 0.0538 2
0.9960 0.0529 0.0574 1.0147 0.0666 0.0615 1.0147 0.0666 0.0604 3
0.9710 0.1319 0.2245 1.0261 0.0957 0.2376 1.0245 0.0231 0.2323 4
1.0539 0.0556 0.0731 1.0539 0.0556 0.0767 1.0539 0.0556 0.0762 5
0.7789 0.0302 0.0795 0.7789 0.0302 0.0882 0.8326 0.0359 0.0862 6
0.9450 0.0639 0.1079 1.0261 0.0786 0.1154 1.0539 0.0556 0.1145 7
0.9450 0.0639 0.0549 0.9450 0.0639 0.0611 0.9450 0.0639 0.0615 8

Table 7 Optimum values of v and ζd for case-study 3

β(%)

5 20 50 Seismic
v ζd 37thuRMS[m] v ζd 37thuRMS[m] v ζd 37thuRMS[m] Record

1.0539 0.0556 0.1523 1.0275 0.0102 0.1576 1.0539 0.0556 0.1638 1
0.8370 0.0101 0.1338 0.8104 0.0152 0.1463 0.8483 0.0166 0.1505 2
1.0539 0.0556 0.0932 1.0245 0.0231 0.0965 0.9522 0.0176 0.0989 3
1.0051 0.0105 0.2624 0.9522 0.0176 0.2730 0.9522 0.0176 0.2767 4
1.9986 0.4769 0.0706 1.9432 0.5000 0.0732 1.9945 0.4817 0.0739 5
1.0017 0.0107 0.0986 0.9668 0.0610 0.1021 0.9668 0.0673 0.1040 6
0.9450 0.0639 0.2437 0.9522 0.0042 0.2588 0.9522 0.0042 0.2692 7
0.9261 0.0003 0.3789 0.9261 0.0003 0.5032 0.9261 0.0108 0.5553 8

Table 8 PI values – case-study 1

1st Optimization approach 2nd Optimization approach
β % Seismic

5 20 50 5 20 50 Record
0.6724 0.7249 0.7084 0.7152 0.7561 0.7394 1
0.8661 0.8661 0.8622 0.7882 0.8519 0.8567 2
0.9039 0.9149 0.8533 0.7573 0.8113 0.7968 3
0.9325 0.9925 0.9866 0.8695 0.9202 0.8997 4
0.7472 0.8125 0.8049 0.7444 0.7811 0.7760 5
0.8236 0.9508 0.9362 0.8933 0.9910 0.9685 6
0.7139 0.8049 0.7945 0.7572 0.8098 0.8035 7
0.6707 0.7725 0.7703 0.7186 0.7997 0.8050 8

Table 9 PI values – case-study 2

1st Optimization approach 2nd Optimization approach
β % Seismic

5 20 50 5 20 50 Record
0.8013 0.8318 0.8320 0.7581 0.8913 0.9181 1
0.9077 0.9183 0.9132 0.9110 0.9435 0.9572 2
0.8963 0.8930 0.8817 0.8519 0.8973 0.9126 3
0.9474 0.9517 0.9367 0.9346 0.9568 0.9445 4
0.9375 0.9628 0.9499 0.9025 0.9178 0.8914 5
0.8430 0.9290 0.9565 0.8962 0.9023 0.9100 6
0.8885 0.9203 0.9265 0.8167 0.8677 0.8788 7
0.9867 1.0092 1.0146 0.9725 1.0054 1.0074 8
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Table 10 PI values – case-study 3

1st Optimization approach 2nd Optimization approach
β % Seismic

5 20 50 5 20 50 Record
0.8864 0.9053 0.9189 0.9186 0.9505 0.9879 1
0.9443 0.9656 0.9813 0.9416 1.0296 1.0591 2
0.9179 0.9292 0.9309 0.8792 0.9104 0.9330 3
0.9721 0.9827 0.9849 0.9490 0.9873 1.0007 4
0.9593 0.9679 0.9675 0.9051 0.9385 0.9474 5
0.9853 1.0582 1.0772 0.9390 0.9724 0.9905 6
0.9863 0.9884 0.9889 0.8608 0.9142 0.9509 7
0.8570 0.9368 1.0011 0.6978 0.9267 1.0227 8

 

 

Figure 13 Time History Analysis – Fobj2 optimization approach

the TMDI exhibit a significant enhancement against the
conventional TMD tested herein, for which a 0.21 m peak
displacement was obtained, improving just 22% of the
response.

Additionally, in Figure 13, using the tuning values derived
from the second optimization approach, a maximum peak
displacement of 0.20 m was obtained, which represents
a 24% decrease. It is worth noting that this reduction
is still better than the obtained using the conventional
TMD. Finally, it can be seen a more stable behavior in
the time history analysis beyond the 15 s of seismic
action; this result can be understood by analyzing the
RMS displacement values in both cases. As observed, the
RMS displacement response on the first optimization case
was reduced by 21%, in contrast to a 28% reduction in the
second optimization case.

Finally, Tables 8 to 10 compare the seismic response
of the buildings controlled through the TMDI for both
optimization approaches. The enhancement achieved
using the TMDI is assessed with the performance index
(PI) defined next in Equation (16):

PI =
TMDI controlled response
Uncontrolled response

(16)

The above tables reveal that independently from the case
study, the best reductions were found using the lowest

inertance value (b = 5%). Besides, the PI demonstrates
a better behavior in the case-study 1, showing reductions
up to 30% in the seismic response. Finally, only in a few
atypical cases, the computed value of PI was greater than
1 (PI>1), which means that the control device could not
improve the uncontrolled response.

7. Conclusions

The optimal design and performance of TMDIs applied
on a multi-degree of freedom system were numerically
analyzed on actual building models from the city of
Medellin. The computed results validate the performance
and support the usage of metaheuristic-based
optimization techniques to achieve a more realistic tuning
process for linear passive controllers, including novel
TMDIs, with actual accelerograms as input excitations. The
methodology used herein also allows confirming that the
dynamic response of controlled TMDI structures depends
on the frequency content of the seismic acceleration
records. For this reason, the maximum displacement and
RMS displacement response were reached by applying
near field ground motion accelerograms, which can affect
more flexible structural systems, as the studied examples
revealed.

Regarding the optimal design parameters that were
obtained after applying the metaheuristic optimization
based on DE, the tuning values derived from Fobj2

approach are smaller than those obtained in the first
optimization case; therefore, the optimization conducted
to minimize the RMS displacement response represent
the best-fit designed parameters, from a practical point
of view. Furthermore, these values can also reduce the
horizontal peak displacement.

Finally, in most of the cases studied herein, the best
fitness values obtained to mitigate the horizontal peak
displacement, and the RMS response of displacement
were found using a 5% of inertance added, which

75



D. Caicedo et al., Revista Facultad de Ingeniería, Universidad de Antioquia, No. 106, pp. 66-77, 2023

demonstrates a better behavior of TMDIs with lower
values of inertance. However, it is recommended to study
the complex configuration of TMDIs on multi-degree of
freedom systems, considering different values of inertance
than the studied in this investigation (5%, 20%, and 50%),
while not exceeding the actual mass attached by the TMD
itself.
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