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Abstract

Many regions in the world have experienced the presence of intensive geological events. Given this reality, the control of
vibrations caused by earthquakes on buildings is one of the great challenges in seismic regions, as they can cause struc-
tural, material, and personal damage, and must be considered with special attention when carrying out a structural
project. For this reason, it is necessary to minimize the deleterious effects caused by earthquakes on buildings. In this
sense, the present study seeks to evaluate, through the theory of mechanical vibrations, the use of springs of variable
stiffness in the control of accelerations induced by seismic action, because springs introduce restoring forces in the sys-
tem. The evaluation is done through numerical-computational simulation using the finite element method. The frame
structure of an idealized building is used in the modelling, where columns and beams are represented by linear elements
and the floors by shell elements. In the simulation, springs of variable stiffness are inserted into the joints to control the
vibrations produced by earthquakes. These devices are added to the structural system at different heights and directions,
aiming to keep the structure’s behaviour unchanged, neutralizing the effects of the earthquake. Based on the obtained
results, it is possible to verify the required stiffness and the position in which the springs must be inserted to obtain the
constancy of the structural frequency of vibration during the earthquake action.
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1. Introduction cause they are natural disasters, they are part of uncon-
trollable scenarios, and so the structures of the buildings
During the elaboration of structural projects of build-  must be prepared to resist these events, minimizing their
ings, an important parameter to consider is the effect of  effects. In this regard interpreted seismic data is an im-
vibrations from dynamic loads, such as winds (Wah?- portant aspect of the process (Garcia et al., 2018).
haftig and Silva, 2017; Davenport, 1961), seismic In this context, the study of vibration control has been
shocks and their effects (Jaya Syahbana et al., 2021; deepened by several engineers around the world, who
Van Loon et al. 2020), sound waves.(Rose et. al., 2096; seek to prepare the physical infrastructure of society to
Krylov, 1995), and blast waves (Yari et al., 2022; Smith support or live with the extreme events of nature. In this
et al. 1999? - The damage causeq by the energy .trans— sense, vibration attenuators have been used as a success-
'ferred'by this type of force can serlogsly compromise the ful control tool. However, seismic vibration attenuation
integrity of structures and foundations, in addition to  j.vices can be ¢ ostly and are poorly used in underdevel-
causing irreparable human damage. The effects of earth- oped countries. For this reason, the present study seeks
quakes, caused by the movement of tectonic plates, gen- 5 cyajyate the theoretical implementation of a simpler

grate lfarg?‘sca%t? da.mag}? to sgmety, such asftlﬁe dfefij[ruc(—l type of vibration control device, with variable stiffness,
tion of cities, aftecting the entire economy of the aftlicte which may become an economical alternative for eco-

p lacez. Inb?ddltm% this fpclllenﬁmenon }éashalso C?‘ése]g 4 nomically less favoured localities, but is also subject to
considerable number of deaths around the world. Be-  goiqmie actions, commonly referred to by earthquakes.

Corresponding author: Alexandre Wahrhaftig According to Bosse (2017), structures that present a
e-mail address: alixa@ufba.br good dynamic response to vibrations of any nature must
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have the necessary flexibility to cushion the displace-
ments of the imposed movements and, simultaneously,
the sufficient rigidity to withstand the remaining stresses
of the other loads that are part of their working condi-
tions. Also, according to that author, currently, most of
the constructions have a low resistance to the effects of
vibrations induced by various sources, mainly due to the
widespread use of inflexible materials and prefabricated
parts that have articulated bindings that favour gantry
bonds with insufficient stiffness. Thus, vibration control
gains space to reduce the risk of the collapse of build-
ings. In that context, Wu et al. (2021) affirm that the
stiffness of frame structures is an essential mechanism to
adjust the response of the structure under earthquake.

According to Campos et al. (2016), neotectonics
consist of the activity of moving tectonic plates in the
region capable of reactivating the geological structures
generated by the last recent large-scale tectonic event.
Contributing to this event is the existing stress on the
geomechanics surface (Moomivand et al., 2022). Par-
ticularly, in their study, Preve et al. (2017) state that the
tremors that happen in Brazil have occurred mainly due
to neotectonic failures. He conducted an overview of the
regional neotectonic characteristics of the Brazilian con-
tinental shelf and showed that Brazil has 48 faults, with
predominance in the Southeast and Northeast regions,
then in the North and Midwest regions, and in smaller
numbers in the South.

Tavares et al. (2013) mention the lack of dissemina-
tion of knowledge about seismic shocks in Brazil, an
aspect that causes a lack of awareness of society, result-
ing in unpreparedness in the face of the occurrence of
these events. According to Seeber and Armbruster
(1988), intraplate seismic shocks, if they have magni-
tude and depth equal to those of the plate edge, are the
most dangerous for structural engineering. Therefore,
studies aimed at the development of technologies capa-
ble of making structures resistant to seismic shocks are
extremely relevant (in Brazil) because it is essential to
prepare in cases of future geological disasters.

Thus, the relevance of the theoretical aspects present
in this work is evidenced, even if synthetically. There-
fore, seeking to mitigate the deleterious effects of seis-
mic actions on buildings, a numerical-computational
modelling elaborated through the finite element method
(FEM) is performed to evaluate the use of springs, or
analogous devices, of variable stiffness, to compensate
possible vibration caused by seismic shocks in build-
ings, keeping the initial building design condition un-
changed, or even, if not unchanged, leaving the current
condition as close to its original one as possible.

It is noteworthy that springs are already commercially
manufactured devices in a wide variety of stiffnesses
and that there are many types of mechanisms that meet
the described function, including those of a hydraulic
nature, which are also widely used in the industry and
construction, such as hydraulic jacks. Hydraulic jacks,

including those of variable stiffnesses, have already been
evaluated by Mirfakhraei et al. (2019) as an efficient
control device to mitigate building displacements under
seismic action.

2. Vibration Control Systems

In the field of buildings, Gémez (2007) reports that
the advancement of executive techniques has allowed
the construction of increasingly tall and slender struc-
tures, making them more subject to vibrations from
wind, earthquakes, heavy traffic, and other dynamic
loads present in the everyday life of society. Seeking to
mitigate the effects of these actions, vibration control
may be a viable option.

Studies on vibration control have been associated
with the use of mechanical devices capable of acting on
the dynamic properties of the system to be controlled.
These devices have their components represented by
springs and shock absorbers that make up the equation
of the movement of the system and whose solution can
be obtained by different pathways and methods. In the
work of Zhang et al. (2009), for example, numerical
and analytical methods were used to evaluate the reduc-
tion of force to be transmitted in the resonance range of
a simple mass-spring system. The efficacy of attenuation
in this study was made by comparing one system with
nonlinear springs to another with shock absorbers, also
nonlinear. The results indicated that the springs were not
able to withstand amplitude peaks with increasing vibra-
tion frequency but were effective in decreasing the in-
duced vibration frequencies.

In the work developed by Valencia et al. (2022), the
attenuation of seismic effects was studied from the nu-
merical-computational modelling of three flat-structure
buildings. The buildings were excited by four different
time functions representative of different seismic ac-
tions. The attenuation device used was based on fluid
dampers and was positioned on different floors of the
study buildings. The results were evaluated in terms of
displacements, accelerations, and forces, and proved
that the use of shock absorbers was positive in attenuat-
ing the responses of buildings. In a particular context,
Ikeda (2009) surveyed buildings in Japan, a country
known for its high seismic activity, and its different
methods of vibration control, focusing on practical ap-
plications. The processes analysed by Ikeda (2009)
were the mechanisms of tuned mass damping, whether
active, passive, or semi-active. It is worth mentioning
that passive systems are the most common and the sim-
plest due to the ease of execution and design. It is very
indicated when one knows or can predict the vibrations
to which the structure will be subjected since it works
in a certain vibration zone. Passive control mechanisms
are normally performed with the aid of external devices
capable of changing the stiffness and damping of the
structure.
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One of the best-known passive control systems is the
tuned mass damper (TMD). The TMD consists of a
mass-spring-damper system externally linked to the
structure (Bigdeli and Kim, 2016). According to Ben-
eveli (2002), the goal of a TMD is to decrease the energy
of the structure when it is under dynamic loads. By
transferring part of the energy from the structure to the
TMD, the effects of vibrations on the structural system
are attenuated. In his work Gémez (2007) states that a
TMD can reduce the impacts of vibrations on structures
at certain frequencies as it is a system that dispenses
with external energy sources becomes economical, re-
quiring little maintenance and not requiring high tech-
nology. According to Hadi and Arfiadi (1998), passive
control systems are widely used because of their practi-
cality in facilities and handling. On the other hand, a
semi-active control system that requires an amount of
external energy, although small, can be introduced into
the system so that the control can be performed. The ex-
ternal energy introduced helps to produce a high-intensi-
ty control force, which acts by dynamically altering the
structural damping coefficient. In turn, in an active vi-
bration control system, a force is applied to the mass of
the damper. The sensors and processors that exist in the
operation of the system work together to evaluate the
force needed to be employed in real-time, improving the
performance of the damper. However, these systems re-
quire the use of a lot of energy, besides requiring more
complex algorithms for their implementation, which
makes them less economically attractive, says Gomez
(2007).

Vibration attenuation studies in buildings have con-
sidered both passive and semi-active systems. In the
field of passive systems, studies conducted by Banerji
and Samanta (2011) demonstrated the effectiveness of
different configurations of a hybrid tuned liquid buffer,
where a tank with water is fixed to a secondary mass,
which in turn is tied — utilizing springs — to the structure
that undergoes seismic action at its base. The study used
a numerical model to obtain the dynamic response of a
mass connected to the hybrid damper, changing the stiff-
ness values of the springs and the ratio of the water mass
with the secondary mass. Later, Banerji and Samanta
(2011) extended Ikeda’s (2009) studies to buildings,
adding the cited equipment on each of the floors, using
different mounting configurations.

Within the scope of semi-active control systems,
Gomez (2007) states that these do not require much en-
ergy and can have their properties altered throughout the
control, working in regions of different frequencies.
They are, in fact, the combination of passive and active
systems. Despite the relative economic advantage, there
is the fact that these systems operate very frequently
with batteries, therefore presenting a great risk in the
case of seismic events, since the power source can be cut
off. Loh and Chao (1996) compared tuned, passive, and
active mass damper systems, passive and active base in-

sulation systems, and active isolation systems. In the
study, the acceleration and displacement of the base of
the building are compared according to each isolation
strategy. Currently, research has focused on variable
stiffness vibration control systems, as seen in Gupta
and Pradyumna (2022), Li et al. (2022) and Sharma
et al. (2022). In this field of study, Moutinho (2007)
developed a vibration control system based on the alter-
ation of stiffness in a building using variable stiffness
devices. In this case, diagonal devices were installed on
specific floors of the building, which consisted of hy-
draulic cylinders regulated by valves, which allowed to
instantly control the locking or unlocking of the bars,
mobilizing, or demobilizing their axial stiffness.

According to Liu et al. (2020), a variable stiffness
mechanism is one capable of achieving the necessary
stiffness according to the external load. According to the
authors, the mechanisms of variable stiffness can equal-
ly be passive or active. In the case of liabilities, the stiff-
ness of the spring varies according to the equilibrium
position and is reached according to the configuration of
the external forces. In assets, stiffness can vary without
dependence on an external load. However, these systems
require independent energy inputs to perform active
stiffness adjustment. Also, concerning variable stiffness
systems, recently, Dantas et al. (2021) elaborated a nu-
merical study using the concept of spring stiffness estab-
lished as a function of the force imposed on the system.
This study aimed to evaluate the feasibility of using
variable stiffness springs in the control of dynamically
requested mechanical systems. As a validation resource,
computational modelling was performed through the
MEF, in which a translational spring was connected to
the end of a simply supported beam (as seen in Linn,
2004) according to its longitudinal direction. The beam
was axially compressed by a normal force of different
intensities. The axial force was judged mathematically
capable of modifying the stiffness of the beam. The re-
sults, however, showed a good response of the variable
stiffness springs in the solution of the problem, so that
the natural frequency of the beam was not modified,
which allowed the initial operating conditions of the sys-
tem to be kept the same.

3. Computational Simulation

The computational modelling performed in this work
was based on FEM and elaborated through the program
SAP2000 (2017). It is a structure set of an idealized six-
story building, including the ground floor and roof. In
the model, columns and beams were represented by uni-
dimensional elements under Bernoulli-Euler theory
(Bauchau and Craig, 2009), and floors were associated
to bidimensional elements under shell theory (Ventsel et
al., 2002). The constructive aspects were established ac-
cording to ABNT NBR 15421 (2006), of the Brazilian
Association of Technical Standards (ABNT), which
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Figure 1: Building’s dimensions (in meter “m” where not indicated): (a) YZ plane, (b) XZ plane, (c) XY plane.
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Figure 2: Computational model via FEM: (a) YZ Plane, (b) XZ Plane, (c) XY Plane, (d) [sometric view and origin point.
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Table 1: Materials properties

. Type of Material
Properties
Steel - ASTM A36 Concrete — C25 | Steel - ASTM A955M (G75)
Density (kg/m®) 7.849 x 103 2.549 x 10° 7.849 x 103
Modulus of Elasticity (N/m?) 1.999 x 10" 2.000 x 10 1.999 x 10"
Poisson Coefficient 0.26 0.20 0.30
Assigned Structural Element Beams Columns Rebar

ASTM = American Society for Testing and Materials; C = Category; G = Grade; N = Newton; m = meter; kg =

kilogram.
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Figure 3: Sections: (a) reinforced concrete columns, (b) steel beams and diagonals (all dimensions in millimetres)

guides the design of structures subject to earthquakes,
including modelling criteria. The building’s dimensions
are shown in Figure 1. By adopting an X, Y, Z Cartesian
coordinate system, the building has YZ and XZ as its
vertical planes, and XY as the horizontal plane. The YZ
plane has 0 (A), 6 m (B), and 12 m (C) as abscissas on
the X axis; the XZ plane has 0 (1), 3 m (2), and 6 m (3)
as ordinates on the Y axis and the XY plane has 0, 3 m,
6 m, 9 m, 12 m, and 15 m as heights in the Z direction.
The construction presents relations between its dimen-
sions as follows: horizontally 2 times; vertically (aspect
ratio) 2.5 and 1.25 times. So, horizontally the building is
characterized as having one well-defined transversal di-
mension (Y) and another longitudinal (X). The numeri-
cal model is schematically represented in Figure 2, The
structure was fixed at the base at the foundation level,
and it is mainly formed by the association of vertical
planar frames and horizontal floors. To the planar frames,
diagonal-shaped locking was assigned to externally situ-
ated planes, connecting adjacent floors. These diagonals
have been used in building structures with the objective
of bracing the system against horizontal actions, adjust-
ing the structural stifthess for controlling vibrations and/
or reducing lateral displacements that might occur
(Palermo et al., 2015; Hwang et al., 2007; Sabelli, et
al., 2003).

The materials used in the various elements are listed
in Table 1, as well as their mechanical properties. The
dimensions of the cross-sections of beams and columns
are illustrated in Figure 3. Shell elements were admitted
as having a thickness of 0.1 meters and made of rein-
forced concrete. Reinforced concrete is a composite ma-
terial that essentially consists of an association of con-

crete (aggregates and hydraulic cement), and structural
steel called reinforcement. The basic design hypothesis
assumes a perfect adhesion between these materials after
hardening the concrete (Magalhies et al., 2022). Al-
though the creep effect due to the rheological behaviour
of the material exists for the hardened concrete as indi-
cated by Magalhaes et al. (2023) this is not being con-
sidered in analysis. The material’s density was included
in the computational analysis because it represents an
important aspect for the spatial mass distribution of the
system (Wahrhaftig et al., 2021). Similarly, the mate-
rial’s Poisson coefficient and the modulus of elasticity
are fundamental factors on structural vibrations analysis
(Xu and Deng, 2016; Laura et al., 1996; Duffin, 1969;
Pradhan et al., 1969).

In the first stage of analysis, the frequencies of the
two first natural modes of vibration of the structural sys-
tem (Modal Analysis) were obtained. In Modal Analysis,
it is of interest to record that the solution is algebraically
obtained by eigenvalues and eigenvectors from Eq. (1),
results in Hertz, which is based on the characteristic
equation composed of the generalized mass (M) and
stiffness (K) matrices of the system, The values for the
respective natural vibration frequencies and modes of
the analysed structure are shown in Figure 4.

femfa ()

2r\ M
In the second analysis stage, the time-dependent dis-
placements of nodes of the structure were observed un-
der the action of seismic accelerations before the appli-
cation of the springs of variable stiffness aiming to de-
fine the most unfavourable point, or points, of the system
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Mode 1 (Transversal mode) — Structural frequency equal to 3.68 Hz.
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Figure 4: Natural vibration frequencies and modes

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 23-52, DOI: 10.17794/rgn.2023.2.2



Wahrhaftig, A; Dantas, J; Menezes, C; Neduzha, L

30

4.0
3.0
2.0
1.0
0.0
-1.0
-2.0
-3.0
-4.0

2.02;3.13

Acceleration {m/s2)

0 5 10 15 20

25 30 35 40 45 50

Time (s)

Figure 5: Time history acceleration of “El Centro” earthquake - north-south component

=)

ji=a] th o

s —

' (b)

Figure 6: Representation of the unidirectional seismic activity on the building: (a) YZ plane - earthquake acting
in the Y direction), (b) XZ plane - earthquake acting in the X direction).

in terms of displacement and the corresponding time
step. These accelerations are related to the particularly
seismic action of the event designated as “El Centro”
and were imposed on the base of the structure. It is im-
portant to mention that this seismic event occurred in the
city of El Centro, California, United States of America,
and was recorded as having a magnitude of 6.9 on the
Richter scale (maximum 9). The peak acceleration cap-
tured by seismographs to the north-south component
was 3.13 m/s?, approximately 0.32 g, which occurred
2.02 seconds after the event to have been registered. The
accelerations in time domain for the aforementioned
earthquake component can be seen in Figure 5 (vibra-
tion data, 2022; Zhan et al., 2022; Singh et al., 2020).
In the mathematical-numerical-computational model,
the accelerations described in Figure 5 were inserted as
a time-history function given the nature of their varia-
tion. The solution to the problem, in this case, occurs by
solving the dynamic equilibrium equation, Eq. (2), by

the direct integration method,
kul)rcLu@mui=r) @

dt dt

where K, C and M are the matrices of stiffness, damping
and mass, respectively, and u and r are the displacement

and resulting force vectors, both time quantities. The
representation of the derivative, first and second, obeys
Leibniz’s notation.

The third stage of the analysis begins after the appli-
cation of the time series associated with the seismic
accelerations of the mentioned event to the structural
system, alternatively to Y and X directions, each one
in turn, as schematically represented in Figure 6. Ac-
celeration loads were determined by d’Alembert’s
principle, and are associated with the earthquake time
series. These loads are computed for each joint and
element, and are simply equal to the negative of the
joint translational masses in the joint local coordinate
system, representing this way inertia forces (SAP2000,
2017). The computational processing was conducted
under a linear hypothesis considering a 5% of damping
applied proportionally to stiffness and mass matrices
(Zhou and Li, 2022). The event duration was divided
into 0.02 seconds time intervals, totalizing 2500 steps.
The loading due to the self-weight was not considered
but the masses of the structural pieces themselves were
taken into account. Wind effects of any type are not
computed. Similarly, instability analysis was put out of
the present context either by using springs (Tanaka
et al., 2023) or not (Murawski, 2022 and 2021; Wahr-
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Table 2: Absolute displacements at the building section of maximum displacement

Y: Time step 0.58 seconds X: Time step 0.66 seconds

H (m) Joint Displacement (mm) H (m) Joint Displacement (mm)
15 53 4.235274 15 46 2.491800

12 44 3.237544 12 37 2.286832

9 35 2.114802 9 28 1.944135

6 26 1.079251 6 19 1.433066

3 17 0.339519 3 10 0.768747

0 8 0 0 1 0

H = height; m = meter; mm = milimeter

Undeformed

47 0 3
3

Deformed configuration
15

e (1) Joint 44 12
9 32 ( Joint 35 T 9
5
L6
; s (%) Joint 26 =
3
H - <1 ) Joint 17
] 0
/] .
11 ' \:5] \EQM Displacement (mm)
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(ﬁnt 46 & X 15 249 mm 926
C Joint 37 9 12
C Joint 28 0 _
£
5
C Joint 19 T
v
< Joint 10 »
A 3
2 Z
g Joint 1 . .
T 1J (] r Wil | Displacement (mm)

(b)

Figure 7: Building sections at the planes of maximum displacements: (a) YZ Plane - X = 6 m. Time step 0.58 seconds.
Earthquake acting in the Y direction; (b) XZ Plane - Y = 0. Time step 0.66 seconds. Earthquake acting in the X direction.

haftig, 2020). Then, springs were applied according to  ficients to these springs were studied in order to keep the
the earthquake action to the superior connection of strucutural frequencies as close to the initial values as
diagonals of planes around the building. Stiffness coef- possible.
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4. Results and Discussion
4.1. Displacements and frequencies analysis
4.1.1. Original system

The numerical simulation was performed as described
in the third stage of the analysis by initially examining
the structure before the application of springs, named as
the “Original System”. With this, it was possible to se-

5.00 0.58; 4.24

2.50

lect the most unfavourable joint in terms of displace-
ment, i.e. the extreme relative value presented by a joint,
or joints, considering the earthquake independently act-
ing in both horizontal directions, transversal (Y) and
longitudinal (X). Table 2 summarizes the obtained re-
sults for the previously mentioned directions.

Figure 7 shows the undeformed and deformed con-
figurations of the building sections that contain the joints
of maximum displacements, which are highlighted by a

0.00 4

-2.50

Displacement {mm)

-5.00
0 5 10

Time (s)

5.00

2,50

15 20 25

(2)

0.00

-2.50

Displacement {mm)

r 0.86; -0.63
-5.00

0 5 10

Time (s)

15 20 25

(b)

Figure 8: Time series of the joint 53 under earthquake acting in the Y direction. Response to (a) Y and (b) X directions
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Figure 9: Time series of the joint 46 under earthquake acting in the X direction. Response to (a) Y and (b) X direction
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Figure 10: Compared time series of the reference joints regarding the (a) primary and (b) secondary movements

circle, at the corresponding time step. The deformed
configuration given by the group of displacements along
the building height at these sections can be correlated to
the first and second modes of vibration, respectively, as
indicated in Figure 4. The angle obtained relating the
maximum displacement with the building height is 0.016
degrees for the Y direction, and 0.010 degrees, for the X
direction.

As can be seen in Table 2, the joints of number 53 and
46 presented the extreme displacements respectively for
the Y and X directions. For that reason, they were cho-
sen as the reference point for the evaluation of the group
of springs to be inserted (control system). Therefore, the
evaluation of the structural response after the application
of springs was based on the Fast Fourier Transform
(FFT) performed on the time series of displacements
presented by the reference points. As identified in the
analysis, the maximum displacement of 4.24 mm occurs
0.58 seconds after the seismic event reaches the build-
ing, regarding the Y direction, and of 2.49 mm occurring
0.66 seconds relatively to the X direction. These dis-
placements are related to the “primary” structural move-
ment, that one that is oriented according to the same di-
rection as the seismic action. The other one, which oc-
curs orthogonally to that is named as the “secondary”
movement. The complete time series of displacements
of the selected joints for the building transversal (Y) and
longitudinal (X) directions, for both primary and sec-
ondary movements, can be observed in Figure 8 and
Figure 9. So, it is possible to see that the secondary
movement of the structure is 16% and 33% of the pri-

mary ones. The time steps in which the largest displace-
ments occur are all different from each other, and from
the time step of the peak earthquake acceleration (see
Figure 5). For the two conditions of earthquake activity,
the vertical displacements (Z) are not too representative.
The peaks in the Z direction to the passage of the earth-
quakes respectively represent 10% and 11% of the max-
imum obtained values.

For comparative purposes, the displacements of both
reference joints with respect to the primary and second-
ary movements can be seen in Figure 10, letters (a) and
(b), respectively.

4.1.2.Modified system

It is important to have clear that the idealized control
system is composed of translational springs associated
with the connecting elements between floors, or diago-
nals, applied to peripheral YZ and XZ planar frames of
the building. The structure so formed is designed as the
“Modified system”. Different values of stiffness, or
spring coefficient, were assigned to the mentioned
springs through the partial release option, as indicated in
Figure 11, secking to keep the working conditions of the
structure as close as possible to the initial design param-
eters during the earthquake action. The effect of using
the partial release option is similar to applying a spring
to the chosen extremity of an element because this al-
lows the assigned extremity to work as a spring with the
stiffness coefficient value which was defined for it.

It is important to remember that in the present study,
springs were applied to the diagonals contained in the
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Figure 11: Building model with the application of springs in building peripheral planes (a) YZ, and (b) XZ
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Figure 12: Path taken to define the spring coefficients: (a) 1** mode (Y direction) and (b) 2™ mode (X direction).
Table 3: Structural frequencies (in Hz) for Modal Analysis and FFT.
Earthquake acting in the Y direction. Mostly associated with the first mode of vibration — Primary movement.
Spring stiffness (kN/m) After springs Original Differences between columns (%)
7950000 @) 2) 3) @)
Applied to diagonals in Modal FFT on Modal FFT on 1-2 1-3 2-3 2-4 3-4
peripherical YZ planes Analysis | joint Analysis | joint
1** mode (Transversal) 3.67 3.64 3.68 3.64 -0.82  10.27 1.09 0.00 -1.10
2" mode (Longitudinal) 4.54 3.64 4.53 3.64 -24.73 1-0.22 19.65 10.00 -24.45
Earthquake acting in the X direction. Mostly associated with the second mode of vibration — Primary movement.
Spring stiffness (kN/m) After springs Original Difterences between columns (%)
5470000 (@) 2 3) 4
Applied to diagonals in Modal FFT on Modal FFT on 1-2 1-3 2-3 2-4 3-4
peripherical XZ Planes Analysis | joint Analysis | joint
1** mode (Transversal) 3.68 3.64 3.68 3.64 -1.10  0.00 1.09 0.00 -1.10
2" mode (Longitudinal) 4.51 4.66 4.53 4.66 3.22 0.44 -2.87 10.00 2.79

Obs.: Main parameters of analysis in bold character.

YZ and XZ planes, each one in turn, according to the
earthquake acted in the Y and X directions, separately,
not both at the same time. The building’s central plans
were absent of diagonals. The possibility of achieving

the desired condition was proven by Wahrhaftig et al.
(2022) through tests in a physical laboratory using a de-
vice on a natural scale, a beam made of structural steel,
on which a hydraulic jack actuated according to the lon-
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Table 4: Absolute displacements in the building section after applying the springs

Y: Time step 0.58 seconds X: Time step 0.66 seconds

H (m) Joint Displacement (mm) |A (%) H (m) Joint Displacement (mm) | A (%)
15 53 4.234918 -0.01 15 46 2.491800 -2.56
12 44 3.246860 0.29 12 37 2.286832 -2.72
9 35 2.132708 0.84 9 28 1.944135 -2.91
6 26 1.099940 1.88 6 19 1.433066 -3.05
3 17 0.353065 3.84 3 10 0.768747 -3.09
0 8 0 0 0 1 0 0

A = Variation between the current value to the previously obtained (Table 2); H = height; m = meter; mm =

millimetre
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Figure 13: Time series of the joint 53. Earthquake acting in the Y direction.
Modified system. Structural response to the (a) Y and (b) X directions.

gitudinal direction of it, i.e. the axis of the structural ele-
ment, to take action as a control device. Mechanisms
such as this were evaluated numerically by Mahato et
al. (2019) as being an efficient control tool to mitigate
displacements of buildings under seismic action.

Different values of stiffness were applied to the
springs to form a control system. The path taken to de-
fine the spring coefficients is represented in the graphs of
Figure 12. There, it is possible to see “jumps” of fre-
quency that can reveal a nonlinear effect regarding the
vibration problem, such as a base excitation (Silva et al.,
2021). The response of the reference nodes, measured in
the frequency domain, for each defined stiffness value is
shown in Table 3. The frequencies were calculated for
both original and modified systems through the Modal
Analysis, Eq. (1), and FFT, Eq. (2).

By adopting a spring stiffness equal to 7950000
kN/m, applied to diagonals contained in the building’s
peripherical YZ planes, seismic action in the Y direction,
the response of the structure calculated on the reference
joint displacement is 1.09% different from the frequency
of'the first original natural vibration mode. When springs
of stiffness coefficient equal to 5470000 kN/m are ap-
plied to diagonals contained in the building’s peripheri-
cal XZ planes, the response of the reference node, in the
frequency domain, occurs for the frequency of 4.66 Hz.
This value is 2.87% above of the natural frequency of
the second mode of vibration when calculated by Modal
Analysis. Bigger values than these when adopted do not
favour any change in the structural response in terms of
frequency for the Y direction but do it for the X direction
(see Figure 12). On the other hand, smaller values take
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Figure 14: Time series of displacements of the joint 46. Earthquake acting in the X direction.
Modified system. Structural response to the (a) Y and (b) X directions.
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Figure 15: Time series of the reference joints regarding the (a) primary and (b) secondary movements

the structural frequencies down, and increase differenc-
es in relation to the original ones. However, larger coef-
ficients reduce the nodal displacements in comparison
with lower values. The indicated spring coefficients in

Table 3 represent 39.8 and 43.2 times the axial stiffness
of the respective diagonal given by the expression K =
EA/L, where E is the young modulus of the material
(199000 N/mm?), A is the cross-section area (4264.03
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Figure 16: Frequency domain of the joint 53 under earthquake acting in the Y direction.
Original system. Structural response to the (a) Y and (b) X directions.
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Figure 17: Frequency domain of the joint 46 under earthquake acting in the X direction.
Original system. Structural response to the (a) Y and (b) X directions.
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Figure 18: Frequency-domain of the joint 53. Earthquake acting in the Y direction.
Modified system. Structural response to the (a) Y and (b) X directions.

mm?), and L is the element length (4243 mm for YZ
plane, and 6708 mm for XZ plane).

To the original system, there are differences of 1.10%
and 2.79% when the frequency of the primary move-
ment is computed through the Modal Analysis and FFT.
This means that the earthquake mobilizes frequencies
sufficiently close to the natural structure frequencies as
to produce the resonance with the system. The largest
difference of the Modal Analysis is 0.44% comparing

results for the original and modified systems. Only when
the second mode of vibration is calculated through the
FFT on the secondary movements, differences around
24% are found. This aspect can be understood as the fact
that the earthquake is not able of strongly mobilizing the
orthogonal direction that it acts upon. Applying springs
to the diagonals of peripheral YZ planes elevates the
second modal frequency by 0.44%. However, this does
not affect the modal frequency of the first mode consid-
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Figure 19: Frequency-domain of the joint 46. Earthquake acting in the X direction.
Modified system. Structural response to the (a) Y and (b) X directions.
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Figure 21: Envelope of maximum/minimum stresses in the original system. Earthquake in the Y direction.
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Figure 22: Modified system by applying springs to diagonal in the YZ planes

ering the same earthquake action. Assigning springs to
the frame structure, the modal frequencies of the modi-
fied system are slightly reduced by 0.27% and 0.66%, 1*
and 2" modes, respectively. Therefore, the perceived
relative constancy in the natural frequencies of vibration
of the structure with differences of 1.09% and 2.87% in-
dicate that, in case of a seismic shock, the dynamic char-
acteristic of the springs could regulate the harmful ef-
fects that are transmitted to the structure and keep the
vibration frequencies under a certain control.

It is important, at the same time, to consider the damped
natural frequencies of the structure as references, calcu-
lated by the expression f, = f , where f is the undamped
natural frequency and is the damping ratio. So, the two
damped natural frequencies of the structure are 3.675 Hz
and 4.524 Hz, which are close to the undamped natural
frequencies because civil structures are usually weakly
damped (5% of damping ratio adopted). Frequencies of
the original system calculated by FFT under seismic ef-
fects are 1% and 3% distant from these last ones.
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Figure 24: Envelope of maximum/minimum stresses in the modified system.
Earthquake in the Y direction.
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Figure 25: Continued

The structure movements under earthquake condi-
tions after applying springs are compatible with those
presented in Figure 7 (values according Table 4). It can
be noted in Table 4 that the variation of displacements
increases from up to down along the building height.
Eventually, negative results indicate values superjacent
to the previously obtained and presented in Table 2. Ex-
treme values occur when an earthquake acts in the Y di-
rection instead of the X direction. Additionally to the
previous examination, Figure 13 and Figure 14 show
the time series of displacements of the reference joints
for the Y and X directions when the building is influ-
enced by the earthquake excitation. Judging by the pres-
ence of peaks, it is possible to presume the existence of
local resonant regimes when the earthquake mobilizes
the structure’s primary movements. Displacements of
the reference joints with respect to the primary and sec-
ondary movements are comparatively shown in Figure
15. Structural responses in frequency domain consider-

ing the original and modified systems are presented from
Figure 16 to Figure 19. For defining the dominant fre-
quency, the highest Normalized Amplitude of the FFT
was considered.

4.2. Forces and stress analysis

The analysis of forces includes the assessment of axi-
al forces, the torsion moment, shear forces, and bending
moments induced on the building sections given in Fig-
ure 7. The evaluation considers the original and modified
systems when submitted to earthquake acting unidirec-
tionally in the Y and X sense. It is important to mention
that the effect of an earthquake can produce reflexes in a
different direction than the one it acts upon. Because of
that motivation, forces to YZ and XZ planes containing
the same reference joint are assessed, and the most
stressed elements in any position of the structure are
verified.
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Figure 26: Envelope of maximum/minimum stresses in the original system. Earthquake acting in the X direction.
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Figure 27: Modified system by applying springs to diagonal contained in the XZ planes

4.2.1. Earthquake acting in Y direction

The forces acting on the buildings for an earthquake
acting in the Y direction are indicated next as the origi-
nal as the modified systems at the time step of maximum
displacements are presented next.

4.2.1.1.0riginal system

The maximum normal and shear stresses can be seen
in Figure 21.

4.2.1.2. Modified system

The first modified system taken in consideration con-
sists of springs applied to diagonals contained in the pe-
rimetry of the YZ planes, as shown in Figure 22.

The forces indicated in Figure 23 were obtained for
an earthquake acting in the Y direction considering the
modified system as described previously.

By observing the entire structure, it is possible to as-
sess the maximum stresses induced in a frame element
considering all the set of actuating forces, as shown in
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Figure 24, when the earthquake action is according to
the Y direction of the building.

4.2.2. Earthquake acting in X direction
4.2.2.1. Original system

The forces induced in the original system regard an
earthquake actuating in the X direction are indicated in
Figure 25.

The maximum normal and shear stresses are present-
ed in Figure 26.

4.2.2.2. Modified system

The second modified system consists of springs ap-
plied to diagonals contained in the perimetric YZ planes,
as shown in Figure 27.

The forces in the modified system with an earthquake
actuating in the X direction are presented in Figure 28.
The extreme normal and shear stresses can be seen in
Figure 29.

All the obtained results for the extreme stresses are
summarized in Table 5. By assessing the obtained re-
sults, it is possible to see that the most stressed elements
are concentrated near the ground, first and second floors,
although the top of the building presents the largest dis-
placements.

It is also important to register that due to the symme-
try of the problem, forces and stresses can be noted with
small numerical differences in other frame elements.
Considering the steel-yielding stress equal to 250 Mpa,
none of the maximum values found for the normal and
shear stresses can take the yielding of the material. Ap-
plying springs to the structure, there is no significant
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Figure 29: Envelope of maximum/minimum stresses in the modified system.
Earthquake acting in the X direction.

change in the induced stresses. As registered by Mele et
al (2019) an analysis based on strength is an adequate
criterium for building with an aspect ratio inferior to 4.

5. Conclusions

A computer simulation based on the finite element
method demonstrates the feasibility of using mechanical
control devices on the response of a building under seis-
mic action. In this sense, it could be observed that the
position of the structure that presented the highest dis-
placements during a simulated seismic event had its vi-
bration frequency relatively adjusted after the insertion
of a control system based on the concept of variable
stiffness springs.

These springs could have their coefficients calibrated
to approximate the vibration frequencies of the building
during a seismic action to that of its two first natural vi-
bration modes. Concerning the first mode, the adopted
spring led the system to have a frequency that differs by
only 1.09% from the original value. About the second
one, this difference was 2.87%. The first mode of vibra-
tion is associated with the building’s planes being more
flexible (transversal direction), while the second mode
belongs to the direction with the greatest stiffness (lon-
gitudinal direction). So, the maximum displacement ob-
served under the earthquake action for the longitudinal
direction represents 59% of the transversal direction,
when both are primary movements. Relating secondary

with primary movements of distinct seismic actions in
the building’s Y and X directions, the found percentages
are 15% and 33%. This means that the seismic activity
can’t produce a significant effect on the secondary move-
ments as the primary ones. In the field of stress analysis,
it is possible to assess that steel yielding does not occur.

Given the dynamic nature of the loading caused by
earthquakes, the use of springs can be an efficient tool in
modulating the amplitude of displacements and adjust-
ing the vibration frequencies induced by a seismic event.
However, the efficiency of a control system is condi-
tioned to the building geometry. High spring coefficient
values applied to flexible planes can’t produce the de-
sired effect because it is no longer possible to increase
the connection’s stiffness sufficiently, although being
possible to reduce it by diminishing the spring coeffi-
cient values. On the other hand, if the spring coefficient
assigned to a diagonal is reduced, the structural frequen-
cy decreases. If this is important for a specific analysis,
an eventual resonance with an earthquake excitation can
be avoided.

Thus, it is possible to conclude that the use of variable
stiffness springs as elements of vibration control and
mitigation of the effects of seismic concussions becomes
a viable strategy if the goal is to keep the natural fre-
quencies as close as possible to their original values dur-
ing seismic activity. Displacements can be controlled as
well. Eventually, studies on other vibration modes are
expected in future work as well as analyses of buildings
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with higher aspect ratios and with different structural ar-
rangements.
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SAZETAK

Opruge promjenjive krutosti u kontroli seizmickih djelovanja u zgradama

Mnoge regije u svijetu imaju iskustva s geohazardima i potresima. Kontrola vibracija uzrokovanih potresima na zgrada-
ma jedan je od velikih izazova u seizmickim regijama, budu¢i da mogu uzrokovati strukturnu, materijalnu i osobnu
Stetu, te se moraju uzeti u obzir s posebnom pozornos¢u prilikom projekata gradnje. 1z tog razloga potrebno je maksi-
malno umanjiti Stetne ucinke potresa na gradevine. Ova studija nastoji procijeniti, kroz teoriju mehanickih vibracija,
primjenu opruga promjenjive krutosti u kontroli ubrzanja izazvanih seizmic¢kim djelovanjem, bududi da ova vrsta opru-
ga uvodi restorativne sile u sustav. Evaluacija modela je provedena numeri¢kom simulacijom metodom kona¢nih eleme-
nata. U modeliranju je kori$tena okvirna konstrukcija idealizirane gradevine, gdje su stupovi i grede prikazani linijskim
elementima, a podovi povrsinskim elementima. U simulaciji, opruge promjenjive krutosti umetnute su u ¢vorove kako
bi se kontrolirale vibracije uzrokovane potresima. Ti su uredaji dodani strukturi gradevine na razli¢itim visinama i u ra-
zli¢itim smjerovima, s ciljem da se ponasanje strukture odrzi nepromijenjenim, neutralizirajuci u¢inke potresa. Na teme-
lju rezultata istraZivanja moguce je definirati optimalnu krutost i poloZaje u koji moraju biti postavljene opruge kako bi
se postigla stabilnost konstrukcije tijekom djelovanja potresa.
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