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Abstract

In this paper, a numerical study was carried out on the
effectiveness of the active earthquake control method in
improving the earthquake response of RC buildings. High
damping rubber bearing design was made according to the
criteria of the Uniform Building Code. Three different
types of isolators were obtained geometrically. Passive
earthquake control of the building was provided by placing
these isolators under the columns. For active earthquake
control of the building, controller design was realized by
integrating it into the FE transient analysis in ANSYS. The
active earthquake control design was studied using a force-
based and displacement-based controller with acceleration
and displacement feedback. The linear dynamic earthquake
analysis in the time history of all three states of the building
(un-controlled, passive, and active-controlled) was made
using the acceleration record of the Seferihisar (Izmir)
earthquake. When the results are examined, it is seen that
the active earthquake control method provides almost all of
the positive behavior expected from the passive earthquake
control method. In addition, it eliminates some of the
disadvantages of the passive earthquake control method.

Keywords: Reinforced concrete building, High damping
rubber bearing, Passive earthquake control, Active
earthquake control, Actuator type, Actuator location

1 Introduction

Earthquakes occur as due to compression, friction, and
sliding movements that occur along the boundary lines of the
plates that make up the Earth’s crust (Figure 1a). According
to the Global Earthquake Risk Map, it can be said that the
earthquakes occurring on the Earth are concentrated in a
specific region. Generally, earthquakes occur at the borders
of the plates that make up the Earth’s crust (Figure 1b). This
supports the Elastic Rebound Theory, which argues that the
energy accumulated in the Earth’s crust of the earthquake is
released by fault action. The regions where earthquakes are
observed intensely are gathered in three main belts on Earth;
Pacific Seismic Belt, Alpine-Himalayan Seismic Belt, and
Atlantic Seismic Belt.

Oz

Bu makalede, betonarme binalarin deprem davranigini
iyilestirmede pasif deprem kontrol yontemine bir alternatif
olarak aktif deprem kontrol yonteminin etkinligi {izerine
sayisal bir calisma gergeklestirilmistir. Binanin pasif
kontrolii i¢in gerekli olan yiiksek soniimli kauguk
izolatorlerin  tasarimi  Uniform Bina  Yonetmeligi
kriterlerine gore yapilmistir. Geometrik olarak ii¢ farkl tip
izolatdr elde edilmistir. Bu izolatdrler kolonlarin altina
yerlestirilerek binanin pasif deprem kontrolii saglanmustir.
Binanin aktif kontrolii i¢in kullanilan kontrolor tasarimu,
ANSYS'te sonlu eleman tabanli zaman tanim alaninda
analizlere entegre edilerek gergeklestirilmistir. Aktif
deprem kontrol tasarimi, ivme ve yer degistirme geri
beslemeli kuvvet tabanli ve yer degistirme tabanli bir
kontrolor kullanilarak incelenmistir. Yapmin her {ig
durumunun (kontrolsiiz, pasif kontrollii ve aktif kontrollii)
zaman tanim alaninda dogrusal deprem analizi, Seferihisar
(izmir) depreminin ivme kaydi kullamlarak yapilmistir.
Sonuglar incelendiginde aktif deprem kontrol yonteminin
pasif deprem kontrol yonteminden beklenen olumlu
davraniglarin tamamina yakinimni sagladigt ve bununla
birlikte pasif deprem kontrol ydnteminin bazi
dezavantajlarini da ortadan kaldirdigi gorilmektedir.

Anahtar Kelimeler: Betonarme bina, Yiiksek sontimlii
kauguk izolator, Pasif deprem Kontrolii, Aktif deprem
kontrolii, Akttator tipi, Aktiator konumu
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Figure 1. Plate tectonics map [1], Global earthquake risk
map [2]
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The seismotectonic structure of Turkey, located on the
Alpine-Himalayan seismic belt, one of the most active
seismic belts in the world, is formed mainly by the
movements of the African-Arabian plates. Due to the
spreading of the mid-Atlantic ridge toward both sides, the
African-Arabian plates are moving towards the north-
northeast. In addition, the northward movement of the
Arabian plate due to the seafloor spreading along the Red
Sea forces the Anatolian plate to subduct under the Eurasian
plate (Figure 2).
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Figure 2. Position and directions of motion of the
Anatolian plate [3]

Such a movement of the Anatolian plate creates
numerous faults and, as a result, earthquakes. As a result of
this migration, two major faults developed: the North
Anatolian Fault and the East Anatolian Fault. Compression
movement has occurred in these faults for millions of years,
Turkey's primary cause of earthquakes. In the Greece-
Aegean geography, the Earth's crust tries to stop the
Anatolian plate from moving westward. This obstacle forces
Western Anatolia to expand, resulting in depressions and
elevation zones known as graben and horst. The fault that
developed due to this migration is known as the West
Anatolian Fault.

Turkey’s lands, population, and industrial facilities are in
active earthquake zones. Since the establishment of the
Republic of Turkey, severe earthquakes have occurred in
these lands over the years, and as a result, many people have
lost their lives. In addition, many buildings have been
destroyed or severely damaged. As a result, it is of great
importance for Turkey, which is an earthquake country, to
take some precautions against earthquakes that cause the
death of hundreds of people and the destruction of thousands
of buildings on average every year.

Many studies have been carried out in earthquake
engineering and earthquake-resistant structure design to
minimize these adverse effects of earthquakes on all living
creatures for years. One of the most critical developments in
this field is the seismic isolation systems that protect the
buildings against the earthquake's devastating effects by
reducing the earthquake forces transferred to the building.
The load-bearing capacity, stiffness, ductility, stability, and
inelastic deformation of a building can be increased by
modifications to the structural system (conventional
methods). Developed as an alternative to these traditional
methods, seismic isolation systems are applied to minimize

the destructive effects of earthquakes by increasing the
energy consumption capacity and period of buildings [4,5].

The seismic isolation system, based on the idea of
separating the foundation and ground, is applied to the
structure with various types of isolators, extending the period
of the structure, reducing the incoming earthquake load, and
reducing the relative story drift. For this reason, the seismic
isolation system has been widely used for years worldwide,
both in designing new buildings against earthquakes and
increasing the earthquake performance of existing buildings
[6-44].

In addition to all these positive aspects of the seismic
isolation system, some disadvantages should be considered.
For example, (i) If the building is exposed to a more giant
earthquake than the design earthquake, there may be
permanent damage to the isolators and rupture. (ii) The costs
of seismic isolators are pretty high. In addition, the need for
an extra basement floor, deeper excavation of the foundation,
and the surrounding of the foundation with retaining walls so
that the structure can make displacement increase the cost of
insulated buildings. (iii) Since seismic isolation systems
prolong the periods of the structures, they are not suitable for
buildings resting on soft soils. The seismic isolation system
for buildings resting on soft ground will increase the
earthquake load on the structure. In addition, considering the
hammer effect that may occur during an earthquake in
adjacent structures, seismic isolation system can cause
significant damage to such buildings. (iv) Isolators cannot be
partially applied to a building. It is applied to the building as
an isolation system, such as an isolator group. Therefore,
implementation efficiently is complex and often requires
highly skilled laborers and engineers. (v) The seismic
isolation system causes large displacements in the building.
If the displacement values exceed the regulations' limits,
risky situations may occur for the building.

One of the most important aims of this study is to use an
alternative method that will both include the advantages of
the seismic isolation system and eliminate the disadvantages
mentioned above to enhance the seismic performance of RC
buildings. For this purpose, an active earthquake control
(AEC) system has been applied to the building.

Vibration control is one of the most effective methods for
damping vibrations caused by earthquakes to protect
people’s lives and ensure safety. ATMD achieves the AEC
by creating a vibration response in the opposite direction to
the movement of the building through the control force
created with the actuator to dampen seismic vibrations.
Many studies have been carried out on active and passive
vibration control in buildings to minimize seismic vibrations
caused by earthquakes. Umutlu et al. [45] designed a robust
adaptive controller to suppress the undesired vibrations from
an earthquake on multistory buildings. Soleymani et al. [46]
proposed a new robust control approach, a two-loop sliding
mode controller with a dynamic state predictor to suppress
the vibrations of a high-rise building. Collette and Chesné
[47] proposed a hybrid mass damper (HMD) design
consisting of passive and active elements. To reduce the
vibration amplitudes of a multi-degrees-of-freedom
structure, the power consumption and vibration reduction
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amounts are presented in comparison with the direct speed
feedback controller and the classical control method. Mamat
et al. [48] compared the effectiveness of sliding mode control
and fuzzy logic controller applied the structural vibration
control. Guclu and Yazici [49] designed the fuzzy logic and
PD controllers with an ATMD to reduce the effect of
earthquake vibrations in a multi-degree-of-freedom building.
Also, PID and sliding mode controller (SMC) are separately
improved to simulate the ground motion of the Marmara
earthquake for a multi-degree-of-freedom structural system.
Xu et al. [50] studied an ATMD-based vibration control that
considers the actuator saturation to reduce vibrations
generated against seismic excitations in adjacent buildings.
Heidari et al. [51] simulated seismically excited structures to
compare the performance of a hybrid active control method
consisting of PID and LQR control algorithms. Karami et al.
[52] designed a new semi-ATMD controller that combines
damage detection and semi-active control approach due to
structural frequency variations.

When all these studies are examined, it can be seen that
the AEC method with an actuator gives significant results in
damping earthquake vibrations in buildings. In addition to
the results from these studies, this study demonstrates that
AEC is a powerful alternative to passive earthquake control
(PEC) in improving the seismic performance of RC
buildings, with a case study on an actual RC building model.
Active vibration control studies in the literature are generally
based on frame systems. Studies on real 3D building models
are limited. In this study, a real 3D building model was used.
Besides, some problematic situations of PEC mentioned
above have been eliminated by AEC.

This study has been completed by completing the
following basic steps: i) Linear dynamic earthquake analyses
in the time history of the uncontrolled building were
performed using the acceleration record of the Seferihisar
(izmir) earthquake. ii) The design of the high-damping
rubber bearing (HDRB) was made by the Uniform Building
Code (UBC-97) [53] and Turkey Earthquake Building Code
(TEBC-2018) [54] criteria. iii) Linear dynamic earthquake
analyses in the time history of the passive earthquake-
controlled building were performed using the acceleration
record of the Seferihisar (Izmir) earthquake. iv) The active
force-based and displacement-based control designs were
proposed with acceleration and displacement feedback. The
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control design was adopted for the proportional-integral-
derivative (PID) control system for the building excited to
the earthquake. Linear dynamic earthquake analyses in the
time history of the active earthquake-controlled building
were performed using the acceleration record of the
Seferihisar (Izmir) earthquake. v) As a result of the analysis
made for all three cases, the maximum displacement,
velocity, and acceleration values along the height of the
building were obtained as the earthquake behavior
parameters of the structure. Besides, displacement, velocity,
and acceleration values read in time history from selected
nodes were taken. vi) By comparing the obtained results, it
has been revealed that AEC can be a powerful alternative to
PEC in improving the seismic performance of RC buildings.
It has also been shown that AEC can eliminate some of the
known disadvantages of PEC.

1.1 Model description

The studies in this paper were carried out on an RC
building. The skeleton system of the building consists of a
traditional frame system. The building, whose plan,
longitudinal section, and 3D views are given in Figure 3, has
three floors, each 3 m high, and has two spans of 5 m in the
x and y directions.

The vertical carrier system of the building consists of
only columns. Reinforced concrete shear walls were not
used. The dimensions of the columns are the same
throughout the height of the building, and the value is 40/40.
There are 36 beams in total in the building. The dimensions
of the beams are 25/50. Except for the attic beams, all have
brick walls 13 cm thick. The value of the constant load
transferred from the walls to the beams is 0.25 t/m?. The
building consists of 12 slabs in total. The thickness of the
slabs is 15 cm. There are dead and live loads on all slabs with
values of 0.15 t/m? and 0.2 t/m?, respectively. The same type
of material was used for all the structural elements;
C25/B420C. The effect of the rebar on the structural
behavior was neglected; only its weight was considered in
the analyses. C25 concrete class, whose characteristic
features are shown in Table 1, has been selected considering
the code criteria. Because according to TEBC-2018, there is
a condition that concrete cannot be used in a class lower than
C25 in the construction of RC buildings.

‘ )

Figure 3. Geometric characteristics of building
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Table 1. C25 concrete

Characteristic cylinder compressive strength (MPa) 25
Mean tensile strength (MPa) 1.75
Factor of safety 15
Elastic modulus (MPa) 30250
Shear modulus (MPa) 12604.167
Poisson's ratio 0.2
Density (N/mm?) 0.000025
Coefficient of linear thermal expansion 10°

Seferihisar district of izmir province was chosen as the
region where the building will be constructed. The reason for
choosing this region is that one of the last devastating
earthquakes in Turkey occurred in this region in 2020. As a
result, including a region with seismic activity in the analysis
produced more realistic results. In the section that follows,
specific details regarding the area’s seismic activity are
provided.

1.2 Seismicity of the region

Under the Western Anatolian Opening Regime, Izmir
province is positioned at the western end of the Gediz Graben
system. E-W trending normal faults are located near the west
end of the Gediz Graben, as seen in the active fault map of
Turkey created by the General Directorate of Mineral
Research and Exploration (MTA) in 2011. In contrast, NE-
SW and NW-SE faults are concentrated around Izmir (Figure
4). Also, the active faults of Gumudur, Yeni Foca,
Seferihisar, Guzelhisar, Gulbahce, Kiraz, Menemen, Tuzla,
Izmir, and Mordagan may be a source of earthquake activity
in the region.

o V'f;; 7‘ "?'”"
Figure 4. Distribution of active faults in the region [55]

Since 1900, 695 M>=4.0 earthquakes, the largest of
which is 6.8, have occurred in the region. In addition, there
are 332 historical earthquake records for the region before
1900 (Figure 5).

Cethae s

Figure 5. Historical and instrumental period earthquake
activity of the region [56].

According to the previous Turkey Regional Earthquake
Map, izmir is in the earthquake zone I category (Figure 6a).
The new map depicts peak ground acceleration values
depending on the distances to the faults rather than dividing
the country into earthquake zones with specific boundaries
(Figure 6b). It was published in March 2018 with more
detailed seismic hazard analysis, including next-generation
mathematical algorithms, instrumental and historical
earthquake catalogs, and the most recent earthquake source
parameters. In the Turkey Earthquake Hazard Map, the
maximum acceleration value of Izmir province PGA
475(year) varies between 0.3-0.5g. This parameter shows
that the region's earthquake risk is relatively high, and the
earthquake phenomenon must be considered in designing
new buildings to be built here.

Figure 6. Regional earthquake map (a) and Turkey's new
earthquake hazard map (b) [56]

2 Studies

Various numerical analyses were carried out in the
studies section of the paper following the previously
specified purpose and objectives. This section was split into
three main subheadings; i) studies on dynamic earthquake
analysis of RC buildings fixed to the ground (Un-controlled),
ii) studies on the dynamic earthquake analysis of RC
buildings with seismic isolation (passive earthquake control)
at foundation level, iii) studies on dynamic earthquake
analysis of reinforced concrete building under the influence
of active earthquake control method. All building analyses
considered in this study were carried out simultaneously
using SAP2000 [57] and ANSYSS [58] package programs.
The studies carried out under these sub-headings are
explained in detail in the following sections.

2.1 Dynamic earthquake analysis of un-controlled RC
building

The dynamic earthquake analysis of the building
considered in this section was made using ANSYS. The
building was modeled in three dimensions, adhering to the
geometric and material properties in the previous section and
the finite element method (FEM) criteria. Shell components
represented slabs in the FEM, while frame elements
represented beams and columns. The FEM had 372
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connection points, 300 shell elements, and 153 frame
elements. The model has 10 m, 10 m, and 9 m dimensions in
the X, Y, and Z axes, respectively (Figure 7).

Frame etement

(Three-dimensional solid model)

Figure 7. Three-dimensional solid and numerical models
of the un-controlled RC building

For the frame and shell elements on the numerical
analysis model, BEAM188 and SHELL181 element types
from the ANSYSS library were preferred, respectively. The
geometric properties of both elements are given in Figure 8.

BEAMISS

Figure 8. Geometric properties of BEAM188 and
SHELL181 elements, respectively [58]

BEAM188 is an element used to analyze particularly thin
and, in some cases, reasonably stubby/thick frame elements.
The numerical model for this element is based on the
Timoshenko beam theory, which considers shear-
deformation effects. It contains six degrees of freedom at
each node, including rotations around the x, y, and z axes and
translations in the x, y, and z directions—this element best
serves linear, large rotational, and nonlinear strain
applications [58].

SHELL181 is an element type that can study moderately
thick shell elements. It is a four-node element with six
degrees of freedom at each node, including rotations around
the X, y, and z axes and translations in the x, y, and z
directions. This element best serves linear, large rotational,
and nonlinear strain applications [58].

The seismic sensitivity evaluation of the building
considered in this study was evaluated under the influence of
the Seferihisar (Izmir) earthquake. It happened offshore in
the Aegean Sea on October 30, 2020, at 14:51 Turkish time,
between Samos Island's north and Doganbey-izmir. The
earthquake's moment magnitude was recorded at 6.6, and the
focal depth is around 15 km. The closest community,
Doanbey Payamli village in Izmir's Seferihisar district, is
23.38 kilometers from the earthquake's epicenter. The
precise duration of the quake was determined as 15.68
seconds. A large area encompassing the Aegean and
Marmara areas and the province and districts of izmir felt the
effects of the earthquake. According to the intensity map
produced using the Earthquake Preliminary Damage
Estimation System (AFAD-RED) [56], the earthquake's
intensity in the settlement closest to the earthquake's
epicenter, within Turkey's borders, was calculated as MMI
VII.

The characteristics of the Seferihisar (Izmir) earthquake
are given in Table 2. The graphs of the acceleration, velocity,
and displacement records for both horizontal components of
the earthquake are shown in Figures 9-11, respectively. The
earthquake records were taken from the Aydin (Kusadasi)
station (PGA: 18.279 cm/s2, PGV: 7.845 cm/s, PGD: 2.257
cm).

Table 2. The characteristics of the Seferihisar (Izmir)
earthquake [56].
PGA 179.31 (TK.0905
(cm/s?) NS, Repi:49.38 km)

PGV 22.53 (TK.3519
(cm/s) NS, Repi:73.08 km)

PGD 5.16 (TK.3518 UD,
(cm) Repi:72.48 km)
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Figure 9. Acceleration records of the Seferihisar (Izmir)
earthquake [56]
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Figure 10. Velocity records of the Seferihisar (izmir)
earthquake [56]
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Figure 11. Displacement records of the Seferihisar
(Izmir) earthquake [56]

Free vibration analysis was made to define the modal
manner of the building to be necessary before starting the
earthquake analysis in the time history of the building. The
adequate number of vibration modes to be considered in the
free vibration analysis should be established according to the
total of the effective modal masses of the base shear force
calculated for each mode in the (X) and () directions. This
value cannot be less than 95% of the building's overall mass.
[54]. As aresult of the analysis, this criterion was met for the
first ten modes. Total mass participation rates in the
building's X and Y directions were calculated to be 99% for
each (Figure 12). The first three mode shapes and dynamic
properties of the structure are also given, respectively, in
Figure 13 and Table 3.
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Table 3. Comparison of dynamic characteristics of the building according to different package programs.

Packaged Moc'ie | Mode 1 Mod_e 11

Software Frequency Period Angular Frequency Period Angular Frequency Period Angular
(Hz) (s) Freq. (rad/s) (Hz) (s) Freq. (rad/s) (Hz) (s) Freq. (rad/s)

ANSYS 2427 0.412 15.249 2.427 0.412 15.249 3.052 0.328 19.176

SAP2000 3.033 0.330 19.057 3.033 0.330 19.057 3.876 0.258 24.354

ideCAD 2.328 0.430 14.627 2.328 0.430 14.627 2.800 0.357 17.593

Dynamic characteristics give us essential information
about whether the numerical model of any structure is
correct. In this study, the dynamic characteristics of the
building were calculated numerically. No model validation
was performed with an experimental study such as
operational modal analysis. For this reason, free vibration
analysis of the building was performed using three different
software package programs. When the data given in Table 3
are examined, it is seen that the results are consistent and
very close to each other. This shows that the numerical
model of the building is correct.

=

e
|

Mass participation rate

Mass participation rate
=
|

L T A B B 0 I T 1 (|
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Figure 12. Total mass participation ratios in the X and Y
directions, respectively

Figure 13. The first three mod shapes of the building

It was observed that the structure's concrete and rebar
materials remained in the liner-elastic region as a result of
the preliminary dynamic analysis. In addition, the second-
order effects that occurred were also within the allowable
limit values. When the structural behavior parameters
obtained as a result of both linear and nonlinear analyzes
were examined, it was seen that there were no meaningful
differences between the results. In addition to all these
reasons, linear analysis was chosen as the dynamic
earthquake analysis method to save time and labor.

Linear dynamic earthquake analyses in the time history
of the building were performed using the Acc_E record of
the Seferihisar (Izmir) earthquake with the help of the
ANSYS program. The reason for using this earthquake
record is that the PGA value of this record is greater than one
of the Acc_N records (Figure 9). The five-second period
with the peak acceleration values was used to shorten the
analysis time. The earthquake effect was applied in the X-
direction, which is the dominant vibration mode direction of

the structure. As a result of the analysis, the maximum
displacement, velocity, and acceleration values along the
height of the structure were obtained as the earthquake
behavior parameters of the building. Besides, displacement,
velocity, and acceleration values read in time history from A,
B, and C nodes were taken. These results are shown in
Figures 14-17.
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Figure 14. Distribution of maximum displacement,
velocity and acceleration values along the height of the
building

Figure 14 indicates the maximum amplitudes of
displacement, velocity, and acceleration responses at each
node along the stories in the building. For uncontrolled
situations, maximum  displacement, velocity, and
acceleration values are approximately +1.5 cm, £20 cm/s,
and +400 cm/s2, respectively. As seen in Figure 14, vibration
amplitudes tend to increase almost linearly along the height
of the building. This situation causes the relative structural
behavior to be large and the internal forces to increase
accordingly.
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Figure 15. Time history displacements at nodes A, B, and
C, respectively
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Figure 16. Time history velocities at nodes A, B, and C,
respectively
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Figure 17. Time history acceleration at nodes A, B, and
C, respectively

Figures 15-17 represent the displacement, velocity, and
acceleration results at nodes A, B, and C, separately, for the
uncontrolled situation of the building. Maximum
displacement values were found as 0.357 cm, 0.861 cm and
1.221 cm while velocity values were calculated as 6.051
cm/s, 13.149 cm/s and 19.152 cm/s for node A, B and C,
respectively. Also, maximum acceleration values of 130.700
cm/s?, 273.167 cm/s? and 373.429 cm/s? at node A, B and C
were obtained. As can be seen from the figures, it is seen that
the maximum vibration oscillation occurs at the top floor,
and this oscillation is relatively lower on the first and second
floors.

2.2 Dynamic earthquake analysis of seismic-isolated
(passive earthquake controlled) RC building

In countries such as Turkey, where the majority of the
population is at risk of earthquakes, the most critical natural
event that should be considered in the design of almost all
structures is the earthquake phenomenon. Depending on the
gains obtained from years of experience, various studies
have been carried out in earthquake engineering to protect
structures against earthquake effects. One of the most
important results of these studies, the concept of seismic
isolation, also known as PEC, has emerged, and it has been
widely preferred as a carrier system type, especially in the
design of buildings. The seismic isolation system, based on
the idea of separating the foundation and ground, is applied
to the structure with different types of isolators, extending
the period of the structure, reducing the incoming earthquake
load, and reducing the relative story drift.

This study used HDRB to convert the existing building
to a seismic isolation system. HDRB has been produced by
the British institution "Malaysian Rubber Producer Research
Association” against the disadvantages of low-damped and
lead core isolators. The essential advantages of HDRB
compared to other isolators can be listed as providing the
necessary flexibility and damping without the need for
another element, easy design, and easy production.

The effective behavior of the seismic isolation system in
the event of an earthquake is highly dependent on the
mechanical properties of the selected isolators. For this
reason, it is essential to design a structure-specific isolator
system instead of the existing isolators in the market. In this
study, the design of building-specific HDRB was made by
the Uniform Building Code (UBC-97) [53] and Turkey
Earthquake Building Code (TEBC-2018) [54] criteria.

The steps followed in the design of high-damping rubber
bearings are given below, step by step and in detail. Before
starting the isolator design, it is necessary to collect some
preliminary information required for the design. This
information is used as input data in the isolator design. Data

are taken both from the structure and the relevant codes. The
data taken for the design of HDRB are given in Table 4.

Table 4. Input data for HDRB design

First vibration period of the building (T+)
Target (design) period (Tp)

Target maximum period (Tw)
Number of isolators

Total weight of the building (W)
Seismic zone factor (Z)

Ground profile type

Seismic source type

Near-source factors

Seismic coefficients

Damping coefficient

Structural system behavior coefficient

0.412s

1.236 s

15s

9 (total number of columns)
1972.608 kN

0.4 for 0.3-0.5g

Sp (Hard soil)

A

N\=1.6 / N,=1.2
CAM=0.634 / CVM=1-229
Bpm=1.2 (Bom=10%)
R=8.5/R.=2

There are nine columns in total in the building. An
isolator was placed under each column. The axial load on the
columns is the primary data in the isolator design.
Considering these data, it was seen that three different types
of isolators were needed for the building; i) Type_A for S01,
S03, S05, and SO7 columns, ii) Type_ B for S02, S04, S06,
and S08 columns, iii) Type_C for SO5 column (Figure 18).
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3243,331 kN 1138,464 kN
| Type_B | Type_A
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138 464 kN 243,331 kN 138,464 kN
j Type_A l Type_B ! Type_A
A ® ©

Figure 18. Axial loads on the columns and isolator types
depending on this load

Considering the equations and criteria in the relevant
codes, the mechanical properties defining the structural
behavior of the HDRB in the event of an earthquake, in other
words, the design outputs, were calculated and given in
Table 5.
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Table 5. Output data for HDRB design

Design displacement (Dp) 0.262 m

Maximum displacement (D) 0.382m

364.746 KN/m for Type_A,
Minimum horizontal stiffness (kp) ~ 640.990 kN/m for Type_B
1173.365 kN/m for Type_C

Isolator height (t;) 25cm

35cm for Type_A

45 cm for Type_B

60 cm for Type_C

384.845 kN/m for Type_A
636.173 kN/m for Type_B
1130.973 kN/m for Type_C

Isolator diameter (R)

Horizontal stiffness (Ky)

Effective vibration period (Tp) 1.231s

105656.843 KN/m for Type_A
265409.582 kN/m for Type_B
722553.191 kN/m for Type_C

Vertical stiffness (Ky)

Vertical design displacement (At) 0.0009 m

384.845 kN/m for Type_A

Plastic stiffness (K,) 636.173 kN/m for Type_B
1130.973 kN/m for Type_C
2309.070 kN/m for Type_A

Elastic stiffness (K;) 3817.038 kN/m for Type_B

6785.838 kN/m for Type_C
48.462 kN for Type_A
85.166 kN for Type_B
155.901 kN for Type_C
0.025 for Type_A

0.027 for Type_B

0.028 for Type_C

569.814 kN/m for Type_A
961.234 kN/m for Type_B
1726.015 kN/m for Type_C
57.727 kN for Type_A
103.060 kN for Type_B
190.003 kN for Type C

Isolator shear force (Q)

Yield displacement (D,)

Equivalent stiffness (Kef)

Yield strength (Fy)

ottom ¢

Figure 19. High damping rubber bearing (HDRB): (a)
dimensional properties; (b) analytical model; (c)
components; (d) three dimensional model

One of the crucial parameters describing the behavior of
an isolator under the influence of earthquakes is the force-
displacement curves. Force-displacement curves obtained
for Type_ A, Type_B, and Type_C isolators are shown in
Figure 20.

Force (kN)
A
F Type_A
w Type_B
252.561 ; Type C
190.003 :
148.935 :
103.060 :
STT21 oo
» Displac (m)

H
=
[
o\

]

Figure 20. Force-displacement curves of isolators

The suitable element type for HDRB in ANSYS is
COMBIN39. The non-linear behavior of the element
operates only in static and non-linear transient dynamic
analyses [58]. However, in this study, the linear dynamic
analysis type was preferred for the reasons explained in the
previous sections. The linear dynamic analysis for the whole
structure in the SAP2000 program does not affect the non-
linear behavior of the isolators. For this reason, the SAP2000
program was preferred in this section. According to the
TEBC-2018, only the isolation units can be modeled for non-
linear behavior in the building model, while the
superstructure and substructure can be modeled as linear
elastic [54].

Shell components represented slabs in the FEM, while
frame elements represented beams and columns. The FEM
had 381 connection points, 300 shell elements, and 153
frame elements. The model has dimensions of 10 m, 10 m,
and 9 minthe X, Y, and Z axes, respectively (Figure 21).

(Three-dimensional solid model)

Figure 21. Three-dimensional solid and numerical
models of the seismic-isolated RC building

Frame element

Shell element

ey Link element wesy b

(Numerical analysis model)

For the frame, shell, and link elements on the numerical
analysis model, FRAME, SHELL, and LINK objects from
the SAP2000 library were preferred, respectively. The
geometric properties of the elements are given in Figure 22.

4
FRAME SHELL LINK Sty

Jomt |

Figure 22. Geometric properties of FRAME, SHELL and
LINK objects, respectively [57]
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FRAME objects are straight lines connecting two nodes
that model beams, columns, and truss elements in two- and
three-dimensional systems. Torsion, axial deformation,
biaxial bending, and biaxial shear are considered in the
beam-column formulation characterizing the frame behavior
[57].

SHELL objects with three or four nodes simulate the
behavior of membranes and plates that bend. Shell objects
help model components inside structural members of
buildings, such as floors, walls, and 3D curved surfaces [57].

LINK objects connect two joints so that specialized
structural behavior may be modeled. The SAP2000 program
library has a special case of the LINK object defined for
highly damped rubber bearings; High-Damping Rubber
Isolator Link. This is a model for the high-damping rubber
bearing in rubber isolators that undergo uniaxial or biaxial
shear deformation. This model employs a time-independent
deformation-history integral type model. The model's shear
behavior is unaffected by axial deformation, while the axial
behavior is linearly elastic [57].

Some mechanical properties of the isolator must be
entered into the program to define HDRB in SAP2000. The
considered mechanical properties for Type_A, Type_B, and
Type_C are given in Table 6.

Before making dynamic earthquake analyses in the time
domain of the building, free vibration analysis of the
structure was carried out to determine whether the effective
vibration period (1.231 s) specified during the isolator's
design phase could be reached. As a result of the analysis
showed that the vibration period of the seismic-isolated RC
concrete building was 1.205 seconds, with an error rate of
approximately 2% (Figure 23). This indicates that the
isolator has been modeled correctly and exhibits the targeted
structural behavior.

Figure 23. The first three mod shapes of the seismic-
isolated RC building

Linear dynamic earthquake analyses in the time history
of the building were performed using the Acc_E record of
the Seferihisar (Izmir) earthquake with the help of the
SAP2000 program. The earthquake effect was applied in the
X-direction, which is the dominant vibration mode direction
of the structure. As a result of the analysis, the maximum
displacement, velocity, and acceleration values along the
height of the structure were obtained as the earthquake

Table 6. Mechanical properties of isolators.

behavior parameters of the building. Besides, displacement,
velocity, and acceleration values read in time history from A,
B, and C nodes were taken. These results are shown in
Figures 24-27.

©
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Maks. displacements (cm) Maks. velocity (em/s) Maks. acceleration (em/s

Figure 24. Distribution of maximum displacement,
velocity and acceleration values along the height of the
building

Figure 24 indicates the maximum amplitudes of
displacement, velocity, and acceleration responses at each
node along the stories in the building. For PEC, maximum
displacement, velocity, and acceleration values are
approximately =4 cm, +20 cm/s, and =300 cm/s?,
respectively. As seen in Figure 24, the vibration amplitudes
are distributed almost as a constant value along the height of
the building. Thus, the relative structural behavior remains at
low levels, and accordingly, there are significant decreases
in the values of the internal structural forces. This is expected
behavior from a seismically isolated system.
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Figure 25. Time history displacements at nodes A, B, and
C, respectively
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Figure 26. Time history velocities at nodes A, B, and C,
respectively
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Figure 27. Time history acceleration at nodes A, B, and
C, respectively

S

ta
IS

203
Time (s)

Isolator Vertical Stiffness [kN/m] Horizontal Stiffness [kN/m] Yield Strength [kN] Ka/K1

Type Linear Nonlinear Linear Nonlinear Linear Nonlinear Linear Nonlinear
Type_A 105656.843 - 569.814 2309.07 57.727 - 0.167
Type_B 265409.582 - 961.234 3817.038 103.060 - 0.167
Type C 722553.191 - 1726.015 6785.838 190.003 - 0.167
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Figures 25-27 represent the displacement, velocity, and
acceleration results at nodes A, B, and C, separately, for the
PEC situation of the building. Maximum displacement
values were found as 3.145 cm, 3.325 cmand 3.417 cm while
velocity values were calculated as 17.166 cm/s, 17.896 cm/s
and 18.730 cm/s for node A, B and C, respectively. Also,
maximum acceleration values of 226.120 cm/s?, 231.016
cm/s? and 231.557 cm/s? at node A, B and C were obtained.
As can be seen from the figures, it is seen that the maximum
vibration oscillation occurs on the top floor, but there is no
significant difference between floors in terms of these
values.

2.3 Analysis of active earthquake control

In this section, the active force-based and displacement-
based control designs were proposed with acceleration and
displacement feedback. The control design was adopted for
the proportional-integral-derivative (PID) control system
used for a three-story building excited to the earthquake.

The active control block diagram is shown in Figure 28.

Controller

K, +e(t)

Earthquake, a,{)

+

reft) + _eft KU L) 2
+ i :

‘ pz0)

Figure 28. Active control block diagram

. Threestory Building

In the block diagram, ref(t) is defined as the reference
signal, which is equal to zero to eliminate the vibrations from
earthquake excitation. e(t) is the error signal, while the
displacement and acceleration signals are denoted by z(t) and
Z(t), respectively. The force-based Fc and displacement-
based Uc actuators were chosen for AEC, while the
earthquake excitation ad(t) was the disturbance input.
Closed-loop control was realized in the FE solution in
ANSYS. Nodes of inputs and outputs in the FE model are
defined as shown in Figure 29.
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Figure 29. Defining nodes for AEC

Figure 29 indicates the determined nodes for the AEC.
Nodes A, B, and C numbers 67, 108, and 309 are the
displacement, acceleration, and velocity response nodes of
the first, second, and third floors, separately. Also, node C
was selected as the feedback node to reduce the vibrations
on the high floor of a three-story building. Earthquake
excitation was applied to the nodes (390, 377, 364, 429, 416,
403, 468, 455, and 442) at the basement of the building to
define the ground motion. The force-based and
displacement-based actuators were utilized with acceleration
and displacement feedback signals. The configuration of the
actuators and feedback signals shown in Table 7 is specified
to determine the best control performance for the optimum
actuator location and feedback types.

All fourteen configurations were determined according to
the actuator type and location using displacement and
acceleration feedback. For example, for Configuration-1
(C1), the actuator type was selected as the forced-based Fc
actuator in the z-direction, while all nodes in the basement
were used for the actuator location. The acceleration signal
at node C was used for feedback in AEC. Similarly, the
actuator type and location for C14 were defined as the
displacement-based Uc actuator in node 72. At the same
time, the feedback signal was the displacement signal at node
C. Generally, the acceleration or displacement vibration
responses in the z-direction at node C were denoted as
feedback for all configurations. To evaluate the effectiveness
of AEC for all configurations, the displacement, velocity,
and acceleration responses of nodes A, B, and C were
selected as response nodes.

Table 7. Configuration of the actuator type with the applied location and the selected feedback

Configuration-1 (C1)

Configuration-2 (C2)

Actuator type:
Fc (z-direction)
All nodes at Basement

Feedback:
Z (t) at node C

Actuator type:
Fc (z-direction)
All nodes at Basement

Feedback:
z(t) at node C

Configuration-3 (C3)

Configuration-4 (C4)

Actuator type:
Uc (z-direction)
All nodes at Basement

Actuator type:
Uc (z-direction)
All nodes at Basement
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Feedback: Feedback:
-4 (t) at node C z(t) at node C
B N
. e
BN
Configuration-5 (C5) Configuration-6 (C6)
Actuator type: Actuator type:

Fc (y-direction)
All nodes at Basement

Fc (y-direction)
All nodes at Basement

Feedback: i . z Feedback:
Z(t) at node C " £ ¥ 2(t) at node C
Configuration-7 (C7) Configuration-8 (C8)
Actuator type: Actuator type:

Fc (z-direction)
Nodes 67, 72, 97

Fc (z-direction)
Nodes 67, 72, 97

Feedback: ; Feedback:
Z(t)atnode C o z(t) at node C
Configuration-9 (C9) Configuration-10 (C10)
Actuator type: Actuator type:
Uc (z-direction) Uc (z-direction)
Nodes 67, 72, 97 Nodes 67, 72, 97
Feedback: Feedback:
y E(t) at node C z(t) at node C
£ &x
Configuration-11 (C11) Configuration-12 (C12)
Actuator type: Actuator type:
Fc (z-direction) Fc (z-direction)
Node 72 Node 72
Feedback: Feedback:
| Z(t)atnode C | z(t) at node C
Configuration-13 (C13) Configuration-14 (C14)
Actuator type: Actuator type:
Uc (z-direction) Uc (z-direction)
Node 72 Node 72
Feedback: Feedback:
Z(t) at node C z(t) at node C
& s

A macro code in the transient analysis was integrated into
the FE analysis in ANSYS for the AEC action. The
earthquake excitation was applied to the basement nodes at
each time step. Then, the active control loop began at time
t=dt in transient analysis after the feedback signal yf(t) is
read from the feedback node with the following macro code:
“*get,dz,node,309,u,z” for displacement feedback, and

“*get,az,node,309,a,z” for acceleration feedback. dt is the
time step. e(t) is calculated as e(t)=ref(t)-yf(t). In order to
obtain the actuator signal u(t), e(t) is multiplied by
proportional gain Kp, its integral is multiplied by integral
gain Ki, its derivative is multiplied by derivative gain Kd.
Then, u(t) is calculated by summing these signals. Kp, Ki,
and Kd are defined as the controller gains. For Fc and Uc,
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the actuator signal is found. According to the forced-based
and displacement-based actuators, Fc or Uc are applied to the
three-story buildings. Then, the closed-loop with “*do-
*enddo” command proceeds until the steady-state value of
the system is attained the number of samples through the
defined analysis time. The macro program for the active
control was developed with ANSYS Parametric Design
Language.

The AEC control with the acceleration and displacement
feedback was performed for the selected actuator locations
in different configurations using FE analysis. Closed-loop
control implementation was carried out with two different
actuator types force-based and displacement-based. Firstly,
controller gains were found by using the trial-and-error
method. Then, according to the feedback signal and vibration
responses at response nodes, controller gains were optimized
with minimum displacement and acceleration vibration
responses. When the active analysis results were compared
according to the actuator locations and the feedback signals,
the best vibration suppression results were found for C13,
obtained in the vibration results of the displacement-based
actuator used at node 72. With the AEC for C13, the
maximum displacement, velocity, and acceleration values
along the height of the structure with controller gains of
Kp=0.000015, Ki=0, and Kd=0.0000002 were obtained as
shown in Fig. 30. Also, the displacement, velocity, and
acceleration responses obtained from nodes A, B, and C for
the first, second, and third floors of the building are shown
in Figures 30-33.
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Figure 30. Distribution of maximum displacement,

velocity and acceleration values along the height of the
building

Figure 30 indicates the maximum amplitudes of
displacement, velocity, and acceleration responses at each
node along the stories in the building. For the AEC,
maximum displacement, velocity, and acceleration values
were approximately £5 cm, +12 cm/s, and +225 cm/s2,
respectively. As seen in Figure 30, the amplitudes of
vibrations are the highest for the top floor in the building,
while those are relatively lower for the first and second floors
according to the top point of the building.
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Figure 31. Time history displacements at nodes A, B, and
C, respectively
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Figure 32. Time history velocities at nodes A, B, and C,
respectively
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Figure 33. Time history acceleration at nodes A, B, and
C, respectively

Figures 31-33 separately represent the displacement,
velocity, and acceleration results at nodes A, B, and C for the
actuator location, and acceleration feedback obtained better
control performance. For the AEC of the building, maximum
displacement values were found as 0.045 cm, 0.044 cm, and
0.476 cm, while velocity values of 1.773 cm/s, 1.767 cm/s,
and 10.990 cm/s for nodes A, B, and C, respectively. Also,
maximum acceleration values 96.571 cm/s?, 80.919 cm/s?,
and 251.460 cm/s? at nodes A, B, and C were obtained. As
seen from the figures, it is clear that the maximum vibration
oscillation occurs at the top floor, and this oscillation on the
first and second floors is relatively weak.

To comparatively evaluate the performance of PEC and
AEC, the distribution of the maximum displacement,
velocity, and acceleration values that occurred at all nodes
along the height of the building is given in Figure 34.
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Figure 34. Comparative distribution of maximum
displacement, velocity and acceleration values along the
height of the building
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Figure 34 shows the comparative distribution of the
maximum displacement, velocity, and acceleration response
values for all three cases along the building height.

When the displacement behavior of the building is
examined, AEC reduces the displacement value at every
point along the height of the building. The displacement
distribution is approximately linearly parallel to the
uncontrolled state. In the case of PEC, on the contrary, the
displacement value increases at every point, and
displacement distribution proceeds at an approximately
constant value along the height of the building. This
distribution is expected behavior from seismic isolated
buildings. The critical issue here is that these displacements
are between the limit values determined by the regulations.
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In addition, the relative story drifts remain at minimal values
in both control conditions. This situation ensures that the
internal forces formed in the carrier system elements take
small values. Regarding displacement behavior, it can be
said that AEC provides better earthquake behavior than PEC.

When the velocity responses of the building are
examined, a similar situation is observed with the
displacement behavior. AEC significantly reduces the
velocity value at every point along the height of the building.
In the case of PEC, there is an increase in the speed value on
the first two floors of the building and a slight decrease in
this value on the top floor. As the height of the building
increases, there is a noticeable increase in the effectiveness
of the PEC. Regarding velocity behavior, it can be said that
AEC provides better earthquake behavior on lower floors
than PEC, which can be an essential alternative to PEC on
upper floors.

When the acceleration responses of the building are
examined, the AEC decreases the acceleration value at every
point along the height of the building. The same is true for
PEC on other floors except for the first floor. The maximum
acceleration values obtained for both AEC and PEC on the
top floor of the building are almost the same. As the height
of the building increases, there is a noticeable increase in the
effectiveness of the PEC. In the AEC, the same is true for all
floors. Regarding acceleration behavior, it can be said that
AEC provides better earthquake behavior on lower floors
than PEC, which can be an essential alternative to PEC on
upper floors. A vital issue to note here is that there is a critical
region slightly above the point where AEC is applied. From
this region, the rate of decrease in the acceleration value
decreases. The place where AEC is used significantly affects
the behavior of the building at the time of the earthquake. For
this reason, in this study, a parametric study was carried out
to determine the appropriate location for AEC, and the
results are given in full detail in the following sections.

When all three graphs are evaluated together, it can be
said that AEC is a very effective method for improving the
seismic behavior of an RC building.

For the comparative evaluation of PEC and AEC
performance, the displacement, velocity, and acceleration
values in the time history were read from the nodes A, B, and
C located on the first, second, and third floors of the building,
respectively, are given in Figures 35-37.
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Figure 35. Comparative time history displacements at
nodes A, B, and C, respectively
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Figure 36. Comparative time history velocities at nodes
A, B, and C, respectively
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Figure 37. Comparative time history acceleration at nodes
A, B, and C, respectively
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Figures 35-37 present the time-dependent displacement,
velocity, and acceleration changes at nodes A, B, and C,
respectively. Itis seen that AEC causes a significant decrease
in the structural response values occurring on all floors of the
building at each step within the considered time interval.
This situation reveals that AEC is a very effective method to
improve the structural behavior of an RC building during an
earthquake.

2.3.1 Results of case studies for AEC

Case studies for configurations given in Table 7 were
realized to determine the best vibration minimization
performance of the AEC. Vibration responses for different
actuator types and locations were obtained for different
feedback signals. The displacement, velocity, and
acceleration responses of the top floor of the building were
evaluated as performance criteria of the designed controller.
Controller gains were optimized until the best performance
was achieved for vibration responses. Case results for all
configurations were obtained. Firstly, for C1 with controller
gains of K,=1.25x10% K;=80, and K¢=10, displacement,
velocity, and acceleration results are shown in Figure 38.
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Figure 38. Time history dlsplacement, velocity and
acceleration responses for C1 at nodes A, B, and C,
respectively

Figure 38 shows the displacement, velocity, and
acceleration responses of the top floor in the building for C1.
From Fig. 38, maximum velocity and acceleration values are
reduced from 19.152 cm/s and 373.42 cm/s? to 9.169 cm/s
and 174.560 cm/s?, respectively, while this value of
displacement is increased from 1.221 cm to 3.724 cm. Even
though the maximum velocity and acceleration values are
reduced with AEC, the C1 configuration is unsuitable
because the maximum displacement values are increased,
and the vibration behavior of displacement responses is
unacceptable for earthquake vibration damping.

The vibration responses for another configuration, C3 are
shown in Figure 39 for the controller gains of K,=2x1073,
Ki=1x107 and Ky=1x10"5.
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Figure 39. Time history displacement, velocity and
acceleration responses for C3 at nodes A, B, and C,
respectively

For the C3 configuration, it is observed from Figure 39
that all maximum values are increased according to reference
values. Therefore, it can be seen that the C3 configuration is
not a suitable method for active earthquake control
depending on the actuator location and type and also the
feedback selected.

For C2, C4, C5-8, C10, C14, the vibration responses of
top floor are obtained and shown in Figures. 40-46.

4 ) 10 200

7 node C 2 \ node C]
224 £ 100
= ~ <
g ™/ 5 ln g
£ 0 VALV 2 o0 ] JLU \M‘M” ‘Ublﬂh ‘\ I ,4‘
£ o Il
= -2 FRUE 1
a 2 calue: 17
4 ——— Mi::{. value: 1.289| q < 200 T : ‘J‘la'( ‘i:\]\h. :-9.040
0o 1 2 3 4 s 1 : o 1 2 3 4 5
Time (5) Time (s) Time (s)

Figure 40. Time history displacement, velocity and
acceleration responses for C2 at nodes A, B, and C,
respectively, the controller gains of Kp=8x10%, Ki=5x103
and Kyg=3x10*
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Figure 41. Time history displacement, velocity and
acceleration responses for C5 at nodes A, B, and C,
respectively, the controller gains of K,=1x10% K;i=0 and
Kd=0
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Figure 42. Time history displacement, velocity and
acceleration responses for C6 at nodes A, B, and C,
respectively, the controller gains of K,=1x10%°, K;=0 and
Kq¢=0
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Figure 43. Time history displacement, velocity and
acceleration responses for C7 at nodes A, B, and C,
respectively, the controller gains of Kp=1x10% Ki=1x103
and Ky=2x10?
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Figure 44. Time history displacement, velocity and
acceleration responses for C8 at nodes A, B, and C,
respectively, the controller gains of K,=2x10", Ki=5x10°
and Kg=1x10°
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Figure 45. Time history displacement, velocity and
acceleration responses for C10 at nodes A, B, and C,
respectively, the controller gains of K,=2x10?, Ki=0 and
Kg¢=1x10"3
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Figure 46. Time history displacement, velocity and
acceleration responses for C14 at nodes A, B, and C,
respectively, the controller gains of K,=2x102, Ki=1x10?
and Kg=1x103

As seen from Figures 40-46, the controller gains are
different for all configurations. For example, for C2 with the
controller gains of Kp=8x10% Ki=5x10% and Kg=3x10%,
maximum values are changed from 1.221 cm, 19.152 cm/s,
373.42 cm/s? to 1.289 cm, 7.928 cm/s, 179.040 cm/s? for
displacement, velocity and acceleration responses,
separately. For C2, C5, and C6 configurations, despite the
decrease in acceleration and velocity values, it is clear that
the displacement values according to controlled reference
values of C13 are still not at the desired values. Also, for C10
and C14, maximum displacement and velocity values are
reduced depending on reference values while maximum
acceleration value is increased. For C7 and C8, maximum
velocity values are increased; however, the maximum
displacement value for C7 is increased according to
reference values while this value for C8 is decreased.

For C4, C9, C11-12, the displacement, velocity and
acceleration vibration responses of top floor are obtained
with different controller gains and shown in Figures 47-50.
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Figure 47. Time history displacement, velocity and
acceleration responses for C4 at nodes A, B, and C,
respectively, the controller gains of K,=5x107?, Ki=5x103
and K4=5x1073
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Figure 48. Time history displacement, velocity and

acceleration responses for C9 at nodes A, B, and C,

respectively, the controller gains of Ky,=1x10%, Ki=0 and

K¢=1x108
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Figure 49. Time history displacement, velocity and
acceleration responses for C11 at nodes A, B, and C,
respectively, the controller gains of Kp=3x10%, Ki=2x10°
and Kg4=1x10?
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Figure 50. Time history displacement, velocity and
acceleration responses for C12 at nodes A, B, and C,
respectively, the controller gains of Kp=5x107, Kj=1x10"
and Ky=6x10°

As seen from Figures 47-50, it can be seen that maximum
values of displacements, velocities, and accelerations for all
configurations are reduced with respect to the maximum
values of uncontrolled vibration responses in the building.
For example, for C12 configuration, maximum
displacement, velocity and acceleration values are reduced
from 1.221 cm, 19.152 cm/s, 373.42 cm/s? to 0.864 cm,
12.898 cm/s, 254.990 cm/s?> for responses, respectively.
Although maximum values for C4, C9, C11-12 are shown in
Figures 47-50 are reduced for displacement, velocity, and
acceleration responses, the effectiveness of control
performance is not sufficient when comparing maximum
values of C4, C9, C11-12 with C13.

3 Conclusions

In this paper, a numerical study was carried out on the
effectiveness of the active earthquake control method
(AEC), which is thought to be an alternative to the seismic
isolation (passive earthquake control) method (PEC), in
improving the earthquake response of RC buildings.

When the graphs that present the results comparatively
are examined, the following basic conclusions are reached;

e Maximum displacement values at node A on the first

floor of the building are read as 0.357 cm, 3.145 cm,
and 0.045 c¢cm for uncontrolled, passive earthquake-
controlled, and active earthquake-controlled

situations, respectively. PEC increased this value
approximately 8.81 times, while AEC decreased this
value by about 7.93 times.

e Maximum displacement values at node B on the
second floor of the building are read as 0.861 cm,
3.325 c¢cm, and 0.044 cm for uncontrolled, passive
earthquake-controlled, and active earthquake-
controlled situations, respectively. PEC increased this
value approximately 3.86 times, while AEC
decreased this value by about 19.57 times.

e Maximum displacement values at node C on the top
floor of the building are read as 1.221 cm, 3.417 cm,
and 0.476 cm for uncontrolled, passive earthquake-
controlled, and active earthquake-controlled
situations, respectively. PEC increased this value
approximately 2.80 times, while AEC decreased this
value by about 2.57 times.

When the displacement behavior of the building is
examined, active control significantly reduces the
displacement value on each floor. In the case of PEC, on the
contrary, the displacement value increases. Also, the relative
story drifts remain at minimum values in both control
conditions. This situation ensures that the internal forces
formed in the carrier system elements take small values.
Regarding displacement behavior, it can be said that AEC
provides better earthquake behavior than PEC

¢ Maximum velocity values at node A on the first floor
of the building are read as 6.051 cm/s, 17.166 cm/s,
and 1.773 cm/s for uncontrolled, passive earthquake-
controlled, and active earthquake-controlled
situations, respectively. PEC increased this value
approximately 2.84 times, while AEC decreased this
value by about 3.41 times.

e Maximum velocity values at node B on the second
floor of the building are read as 13.149 cm/s, 17.896
cm/s, and 1.767 cm/s for uncontrolled, passive
earthquake-controlled, and active earthquake-
controlled situations, respectively. PEC increased this
value approximately 1.36 times, while AEC
decreased this value by about 7.44 times.

e Maximum velocity values at node C on the top floor
of the building are read as 19.152 cm/s, 18.730 cm/s,
and 10.990 cm/s for uncontrolled, passive
earthquake-controlled, and active earthquake-
controlled situations, respectively. PEC decreased
this value approximately 1.02 times, while AEC
decreased this value by about 1.74 times.

When the velocity responses of the building are
examined, AEC significantly reduces the velocity value on
each floor. In the case of PEC, there is an increase in the
speed value on the first two floors of the building and a slight
decrease in this value on the top floor. As the height of the
building increases, there is a noticeable increase in the
effectiveness of the PEC. Regarding velocity behavior, it can
be said that AEC provides better earthquake behavior on
lower floors than PEC, which can be an essential alternative
to PEC on upper floors.

e Maximum acceleration values at node A on the first

floor of the building are read as 130.700 cm/s?,
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226.120 cm/s?, and 96.571 cm/s? for uncontrolled,
passive earthquake-controlled, and active
earthquake-controlled situations, respectively. PEC
increased this value approximately 1.73 times, while
AEC decreased this value by about 1.35 times.

e Maximum acceleration values at node B on the
second floor of the building are read as 273.167
cm/s?, 231.016 cm/s?, and 80.919 cm/s?> for
uncontrolled, passive earthquake-controlled, and
active earthquake-controlled situations, respectively.
PEC decreased this value approximately 1.18 times,
while AEC decreased this value by about 3.38 times.

e Maximum acceleration values at node C on the top
floor of the building are read as 373.429 cm/s?,
231.557 cm/s?, and 251.460 cm/s? for uncontrolled,
passive earthquake-controlled, and active
earthquake-controlled situations, respectively. PEC
decreased this value approximately 1.61 times, while
AEC decreased this value by about 1.49 times.

When the acceleration responses of the building are
examined, the AEC decreases the acceleration value on each
floor. The same is true for PEC on other floors except for the
first floor. The maximum acceleration values obtained for
both AEC and PEC on the top floor of the building are almost
the same. As the height of the building increases, there is a
noticeable increase in the effectiveness of the PEC. In AEC,
the same is true for all floors. Regarding acceleration
behavior, it can be said that AEC provides better earthquake
behavior on lower floors than PEC, which can be an essential
alternative to PEC on upper floors.

The AEC method provides almost all the positive
behaviors expected from the PEC method. In addition, it
eliminates some disadvantages of the PEC method. E.g., a
PEC system causes large displacements in the building. If the
displacement values exceed the limit values the regulations
allow, risky situations may arise for the building. The AEC
method significantly limits the displacements along the
height of the building. In this way, this dangerous situation
is wholly eliminated. Besides, isolators cannot be partially
applied to a building. It is applied to the building as an
isolation system, that is, as an isolator group. Therefore,
efficient implementation is complex and requires highly
skilled workers and engineers. In addition, this situation and
the costs of the insulators increase the total construction cost.
AEC with an actuator from a single point provides ease of
application and cost reduction.
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