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Optimal Damper Placement Using
Combined Fitness Function

Aleksandra Bogdanovic* and Zoran Rakicevic

Institute of Earthquake Engineering and Engineering Seismology, IZIIS, Skopje, Macedonia

Passive control of structures represents practical concept and qualitative change of
the design and construction of new seismically resistant structures and strengthening
of existing ones. The best distribution obtained by the minimization or maximization of
the defined structural responses is achieved by optimal placement of the different types
of control devices in structures. In this paper the procedure for optimal placement of
viscous damping devices (PDD-Prestressed Damping Device-PDD) (space distributed)
in structures for controlling their response due to seismic excitation, will be presented.
For the purpose of determination of the PDDs’ optimal location, 3D five story steel frame
structure has been designed following Eurocode 3 and Eurocode 8 requirements. Nine,
previously defined, initial configurations have been used as a starting point in the process
of optimization. The desired performance has been defined using the fitness function
derived from the inter-story drift and energy dissipated by the PDDs vs. input energy in
the structure in two directions x and y. The value of the fitness function has been used to
rank and quantify the optimum of the particular solution among all other solutions in the
optimization process. Numerous nonlinear analyses have been conducted and a lot of
analytical results have been collected in order to confirm the validity and the application
of the presented procedure including the fitness function in any steel structure.

Keywords: prestressed damper, fithness function, passive control, optimal placement, experimental testing

INTRODUCTION

For the last 20 years, intensive research in the field of structural control, carried out in highly
developed countries, has resulted in a large number of different technological solutions and many
of them have already been applied to numerous structures, high-rise buildings, large span bridges,
towers, etc. Development of new materials, computer science, and sensors enables fast development
of this scientific discipline, which philosophy is based on the requirement to provide systems’
stability at any time and under any dynamic excitation. The placement of dampers is a critical
design concern, as the distribution of damping may greatly affect a building’s dynamic response
and the necessary damping cost. Gluck et al. (1996), optimized performance cost function for
selection of the most suitable configuration of viscous elastic dampers. They used linear design
for determination of the constant coefficients for dampers for the first mode of the structure,
that is dominant for the high rise buildings. Wu et al. (1997) investigated the optimal damper
placement for torsional dependent structures in order to get minimal rotations and translations.
They used the transfer function method of matrix to obtain the target function and concluded
that a very large amount of damping does not always produce better results in the behavior of the
structure. Optimal damper placement in this case corresponded to the places where the maximal
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displacements appeared. Gurgoze and Muller (1992) presented
numerical method for optimal location and optimal damping
coefficient for viscous damper in multi degree of freedom
systems. Zhang and Soong (1992) proposed a procedure
for finding the optimal location of viscoelastic dampers in
symmetrical buildings assuming that the damper is optimally
positioned in a place where the relative displacement of the
structure is maximal. They determined that with optimal
damper placement, modification in the response of the structure
and depending seismic excitation, is achieved. Hahn and
Sathiavageeswaran (1992) made several studies on the effects
of the dampers’ distribution when the structures are exposed
to earthquake and found that buildings with uniform floors
stiffness should have dampers installed on the lower halves of the
lower floors. Takewaki (1997) presented an optimal placement
technique for dampers, with the objective of minimizing the sum
of the amplitudes of the transfer functions of the interstory drifts,
assessed at the structures undamped fundamental frequency.
Optimal location of dampers corresponds to the places with the

maximal interstory drifts. De Silva (1981) presented a sequential
algorithm for optimal damper design for flexible structures.
Inaudi and Kelly (1993) proposed procedure for obtaining the
optimal damping in order to obtain a minimal response in terms
of acceleration of base isolated structures under the action of
a random excitation. Tsuji and Nakamura (1996) proposed an
algorithm for finding the optimal distribution of floor stiffness
and the optimal location of the dampers in shear buildings under
the excitations of spectral compatible earthquakes. Singh and
Moreschi (2002) used a genetic algorithm to obtain the optimal
damper placement in linear systems. They used the classic viscous
dampers and viscous elastic dampers for energy dissipation. As
fitness function was used, root mean squares of interstory drifts
were restricted to minimize the difference between the sum
of damping coefficients of added dampers and the total value
of the damping distributed in the structure. Main and Krenk
(2005) developed approximative solution for complex eigenvalue
problem resulted from the free vibration of structures with
added damping. The approximative solution for frequencies is
obtained by interpolation between the results of two limiting real
problems of eigenvalue values. With these results best location
for dampers using mode shapes for undamped structure in
order to get the maximum relative displacement between the
two ends of the viscous dumper, was obtained. Fujita et al.
(2010) proposed a method for optimal damper placement and
supporting elements for the structures exposed to earthquake
excitation. As optimization parameter the sum of the mean root
squares of interstory drifts was used. Optimization technique
is based on the Lagrange’s method of multiplication, with
two limitation conditions aiming to minimize the maximum
response of the structure. Shukla and Datta (1999) determined
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FIGURE 2 | Tested structure with different positions of dampers-MODEL02-MODELOS5.
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the optimal location of the viscoelastic dampers using the control
index, defined as a measure of response of the structure under
earthquake excitation. The root mean square of interstory drifts
was used as a performance index. Yousefzadeh etal. (2011) used a
genetic algorithm to determine the features and optimal location
of TADAS dampers in structures. For determining the optimal
position of the dampers index of vulnerability for each element
and an average index of vulnerability for all elements in a frame,
are used.

Kokil and Shrikhande (2007) based on their research done
on the 10 story structure realized that added damping in
symmetric structures is more effective than in the structures
with irregularities—asymmetrical structure. Installed dampers
gives the best results when they are installed on the lower and
upper floors at symmetrical structures. While for asymmetrical
and flexible structures middle floors are places where the most
optimal location of the dampers is achieved. In Movaffaghi and
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FIGURE 6 | Prototype and analytical model of the damper device (PDD).

Friberg (2006) optimization process used the genetic algorithm
for 3D steel structure, obtaining optimal position of the dampers
as well as their number. The procedure included reduction in
fitness function defined as the maximum value of the vector sum
of the three translational acceleration in the second floor of the
structure. Singh and Moreschi (2002) used a genetic algorithm
to find the optimal size and location of the dissipation devices
that were considered as frequency-dependent and independent
viscous and viscous elastic dampers in the structure. They
proposed a procedure based on the base shear force to find
optimal damper distribution using the transfer functions. For
planar building frames Aydin et al. (2007), also proposed the
procedure based on the base shear force for optimal damper
distribution using transfer function. A generalized objective
function that combines displacements, accelerations and the base
shear transfer function is used for optimal damper placement
in the procedure proposed by Cimellaro (2007). For minimizing
the transfer function of the sum of interstory drifts, Fujita et al.
(2010) proposed the procedure for optimal damper placement
and their supporting members, while Wang et al. (2010) used
penalty function and first order theory in long suspension
bridges. A new objective function for finding optimal size and
location of the added viscous dampers was proposed based
on the elastic base moment in planar steel building frames
by Aydin (2013). A new dynamic procedure that requires
reasonably reduced computational effort, called the endurance
time (ET) method, was applied to the problem of optimal
damper placement in steel moment frames by Homayoon
and Mohammad (2011). Lavan and Levy, (2005; 2009), Levy
and Lavan (2006), studied optimal design problem of added
damping in frame structures. They defined the performance
functions for both linear and nonlinear cases and used the
added damping of pre-located dampers and mean squared inter-
story drifts as objective functions. A practical optimal design
method was formulated by Adachi et al. (2013) to minimize the
maximum interstory drift or maximum top story acceleration
under design earthquakes for non-linear oil dampers. Systematic
procedure for optimal placement and characteristics of different
linear velocity-dependent dampers according to modal damping
ratios was developed by Mousavi and Ghorbani-Tanha (2012).
Optimal location and sizes of the added dampers based on the
meta-heuristic algorithms was also developed and proposed by
group of researchers (Amini and Ghaderi, 2013; Sonmez et al,,
2013).

For finding the optimal damper placement, an optimization
technique must be employed using different structural responses.
A very complex research have been realized in the Institute
of earthquake engineering and engineering seismology in
Skopje, R. Macedonia. The first part involved experimental
testing of a 3D five story steel frame structure without and
with prestressed damping devices (PDD)-manufactured by
GERB Schwingungsisolierungen GmbH & Co. KG Company
(Germany). Rakicevic et al. (2010), Basu et al. (2014), and
Bogdanovic et al. (2014). The second part included a complex
analytical investigation for verification of the analytical model
of the structure and the damper, as a base for the last
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TABLE 1 | Initial configurations of dampers.

Configurations Positions of dampers per stories in X direction

Positions of dampers per stories in Y direction

Configuration 1 1,2,3 (the first and the end span)

L ~
Configuration 1

1,2,3 (the first and the end span)

L ~
Configuration 1

Configuration 2 1,3,5 (the first and the end span )

L~ -

Configuration 2

1,3,5 (the first and the end span)

Configuration 2

Configuration 3

1,4,5 (the first and the end span)

L ~
Configuration 3

1,4,5 (the first and the end span)

L ~
Confguration 3

Configuration 4

2,4,5 (the first and the end span)

|

Configuration 4

2,4,5 (the first and the end span)

e

Configuration 4

Configuration 5

3,4,5 (the first and the end span)

Configuration 5

3,4,5 (the first and the end span)

Configuration §

Configuration 6

|~
Configuration 6

1,2,3,4,5+2 (the middle span and the end span at the second story)

1,2,3,4,5+2 (the middle span and the end span at the second story)

-
Configuration 6

Configuration 8 1,2,4 (the first and the end span)

L ~
Configuration 8

1,2,4 (the first and the end span)

Configuration 8

Configuration 9 1,3,4 (the first and the end span)

L~ "
Configuration 9

1,3,4 (the first and the end span)

L~ ~

Configuration 9

phase of this research: definition and application of the
fitness function, proposed by the author, for optimal damper
placement.

Analyzing the procedures that have so far been carried out
regarding optimal position of dampers in structures, it has been
realized that most of these are for 2D frame structures including

one optimization parameter. Hence, the author was motivated
to find out the optimal position of space distributed dampers in
3D frame structures using combined fitness function with two
parameters. In this paper optimization procedure, development
of optimal solutions, and obtained results are presented and
explained in details.
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PERFORMED EXPERIMENTAL TESTING

The structure was tested on the shake table at IZIIS’ Dynamic
Testing Laboratory, by simulation of real earthquake time
histories with different intensities for two cases as follows:

e Model without PDD-MODELO1 (Figure 1)

e Model with PDDs having different position in the
frame structure: MODEL02, MODEL03, MODEL04, and
MODELOS5, as shown in Figure 2, respectively.

TABLE 2 | Configurations ranking—X and Y direction.

Configurations Pi(x) DriftX EcoefX Configurations Pi(y) DriftY EcoefY

ranking ranking

3 424 395 029 2 351 319 0.31
4 450 418 0.32 4 352 319 0.33
1 461 429 0.32 7 3568 326 0.32
5 488 456 0.32 9 3.64 332 0.33
2 5.07 475 0.31 3 3.65 3.33 0.32
8 522 490 0.32 8 3.67 337 0.30
7 550 518 0.32 1 3.69 336 0.33
9 563 531 0.32 5 3.76 3.47 0.30
6 588 557 0.32 6 3.87 356 0.31

TABLE 3 | Values for the fourth generation-chromosomes in X and Y direction.

The inherent viscous damping in first mode of vibration for
the MODEL 01-without PDDs is found to be within the range
of 0.65-0.85%. For the MODEL 02 to MODEL 05 the viscous
damping in the first mode was within the range of 4.5-6.5%.

For the needs of further stage of this research it was necessary
to have good analytical model for PDD. Comparisons for the
damper displacements obtained experimentally and analytically
were done (Figure 3). It can be seen that there is a good
correlation between the experimental and the analytical results,
which verifies the developed analytical model of the PDD as
suitable for further use in the process of optimization. Another
confirmation was obtained using the cross correlation coefficient
with the value within range of 0.83-0.9 (Figure 4).

It must be noted that the experimental testing of the structure
with and without PDDs was very important and gave valuable
results and confirmations in the process of verification and
definition of the analytical model for damper which was further
used in the process of optimization.

MODELING OF THE NEW REAL
STRUCTURE

A new real structure was designed according to Eurocode 3 and
Eurocode 8 requirements. The response spectrum for PGA =
0.28 gin X and Y direction for 2% of damping, type of soil B and
behavior factor g = 4 was used. The frame structure was modeled

TABLE 5 | Parents in X and Y direction.

Configurations Pi(x) Pi(x)-3.5 Configurations Pi(y) Pi(y)-3.5

ranking ranking First parent (X) Second parent(X) First parent (Y) Second parent(Y)
3 4.240 0.740 2 3.507 0.007 3 1 2 4
4 4.497 0.997 4 3.516 0.016 4 7 2 7
1 4.607 1.107 7 3.583 0.083 3 9 2 9
5 4.882 1.382 9 3.645 0.145 1 6 2 3
2 5.069 1.569 3 3.652 0.152 5 2 2 8
8 5.219 1.719 8 3.668 0.168 2 4 2 1
7 5.497 1.997 1 3.693 0.193 4 3 4 5
9 5.628 2.128 5 3.764 0.264 3 8 2 6
6 5.885 2.385 6 3.867 0.367 4 7 4 7

TABLE 4 | Parental choosing in X and Y direction.

Configurations Coefficient of Coefficient of

Configurations Coefficient of Coefficient of

rank X direction participation participation in % rank Y direction participation participation in %
3 0.21 20.51 2 0.57 57.48
4 0.15 15.22 4 0.25 25.15
1 0.14 13.71 7 0.05 4.85
5 0.11 10.98 9 0.03 2,77
2 0.10 9.67 3 0.03 2.65
8 0.09 8.83 8 0.02 2.40
7 0.08 7.60 1 0.02 2.08
9 0.07 713 5 0.02 1.52
6 0.06 6.36 6 0.01 1.10
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as 3D frame structure with 6 degrees of freedom at each node
using frame elements in ANSYS12.1 software (Figure 5).

The analytical modeling of PDDs has been done by using the
combinl4 element (Figure 6). The element works based on the

TABLE 6 | Third generation dampers in X and Y direction-third configuration.

Damper number X Y z
coordinate coordinate coordinate

CONFIGURATION 3

1804 1.2 0 9.9
1814 10.8 0 9.9
1849 1.2 18 9.9
1859 10.8 18 9.9
1801 1.2 0 0.9
1858 10.8 18 6.9
1856 10.8 18 0.9
1860 10.8 18 12.9
1805 1.2 0 12.9
1815 10.8 0 12.9
1850 1.2 18 12.9
1857 10.8 18 3.9
CONFIGURATION 1

1812 10.8 0 3.9
1857 10.8 18 3.9
1802 1.2 0 3.9
1860 10.8 18 12.9
1859 10.8 18 9.9
1801 1.2 0 0.9
1814 10.8 0 9.9
1846 1.2 18 0.9
1858 10.8 18 6.9
1853 5.2 18 6.9
1815 10.8 0 12.9
1809 6.8 0 9.9

TABLE 7 | New configuration 1 in X and Y direction (fourth generation solutions).

Kelvin Vought model and was defined by two nodes, a spring
constant (K) and damping coefficient Cv.

The damping force (F) is computed with the equation given
below:

Fx = CvdUx/dt (1)

Preload in the spring as a compression was specified through
an initial force in the combinl4 element. In the process
of optimization of the PDDs, the following characteristics
have been used: stiffness of the spring K = 5,000 kN/m,
Cv = 2,000 kNs/m and prestressing force F = 150 kN.
The PDD had a mass of 180kg, which was added using
the appropriate mass element mass21. Damper characteristics
were taken in accordance with the manufacturer and were

A
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FIGURE 7 | (A) Schematic presentation of the new configuration 1 in X
direction. (B) Schematic presentation of the new configuration 1 in Y direction.

Configuration 1X

Configuration 1X

Damper number X Y z Damper number X Y z
coordinate coordinate coordinate coordinate coordinate coordinate

1814 10.8 0 9.9 1872 0 1.6 3.8
1859 10.8 18 9.9 1917 12 1.6 3.8
1801 1.2 0 0.9 1919 12 1.6 9.8
1858 10.8 18 6.9 1915 12 10.4 12.8
1860 10.8 18 12.9 1869 0 7.6 9.8
1815 10.8 0 12.9 1863 0 16.4 6.8
1857 10.8 18 3.9 1918 12 1.6 6.8
1812 10.8 0 3.9 1913 12 10.4 6.8
1809 6.8 0 9.9 1864 0 16.4 9.8
1846 1.2 18 0.9 1861 0 16.4 0.8
1850 1.2 18 12.9 1873 0 1.6 6.8
1849 1.2 18 9.9 1914 12 7.6 9.8
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based on the previous analytical and experimental analysis
realized in IZIIS [Rakicevic et al. (2009) and Bogdanovic et al.
(2010)].
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FIGURE 8 | New Configuration 1 —the fourth generation solutions 3D ANSYS
model.

TABLE 8 | Configuration solutions for the fourth generation.

OPTIMIZATION PROCESS

The process of optimization starts with previously defined, nine
initial configurations of damper placement, in X and Y direction
on the external frames presented in Table 1.

Genetic algorithm was used only as a tool in the procedure,
using the fitness function proposed by the author as sum of two
quantities, namely, interstory drift and energy coeflicient for the
two directions (X and Y), respectively.

Pi (x) = driftx + Ecézif(";()@ (2)
) . Edam(y)

P =d —_— 3
i (y) rifty + Ey0) (3)

where,

Pi(x), Pi (y) are performance indexes in x and y direction,
respectively;

driftx, drifty are the maximum interstory drifts in the structure
in x and y direction, respectively;

Edam (x) = [ Fxdx, Edam (y) = [ Fydy is the total energy
dissipated by the damper in x and y direction, respectively.
Ex = [y mixsx % kdt, Ey = [} mi%Zy % jdt is the input
energy in x and y direction, respectively.

The value of driftx, drifty < 3.5cm is taken as a condition for

Configuration Pi(x) Pi(y) driftx drifty EkoefX EkoefY
limitation of the inter story drift, in accordance with the formula
1-1 440 350  4.09 3.20 0.44 0.43 from Eurocode 8, referring to an inter story height of h = 3 m.
2-2 420 354 388 3.23 0.45 0.45
3-3 359 373 328 3.42 0.44 0.44 drv <0.01h (4)
44 4.72 51 4.39 20 0.46 0.45 o . o .
8 8 The limitation of the interstory drift is considered to correspond
5-5 452 355  4.21 3.24 0.45 0.45 . . . .
to a structure in the linear range of behavior, whereat in the case
66 14 885 483 8.23 0.44 045 of occurrence of plastic hinges, they should occur first in the
I 600 869 270 887 043 0.45 beams, while the structure should remain functional.
o 489869 4ot 887 0.45 0.45 As far as the energy coefficient is concerned, the maximum
o9 448 843 417 s 044 045 dissipation energy of the dampers is taken to be 70% of the
- ° -
o e T —8—o
. —@— . —@—
—o—cs —O— oz 4 ——cus ++ 2
——— —— - ——c: —O— oo
—,—: —— o —.,—: —— o
oo —O—o ——cs —O—ocos
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FIGURE 9 | Acceleration in X and Y direction for all thirty optimal solutions compared with a structure without dampers (MO_0X; MO_QY).
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total input energy in the structure, where remaining 30% are
to be absorbed by the structure itself. From the analyses, it
has been defined that the value and the participation of this
coefficient in the entire fitness function is lower in respect to
the participation of the interstory drift, but has a considerable
effect upon definition of the value of the entire performance
index Pi (x) , Pi (y) and hence on the optimal position of the PDD
dampers in the structure.

From such established limitation conditions , the maximum
value of Pi (x), Pi (y) amounts to 4.2, i.e.,

Pi(x) =3.5+0.7 =42
Pi(y) =35+07 =42

)
(6)

which would be obtained in the case when the maximum
interstory drift reaches the value of 3.5 while the energy
coeflicient (EcoefX, EcoefY) has a value of 0.7.

The optimal solution is obtained when Pi(x), Pi(y) < 4.2, while
at the same time, driftx, drifty < 3.5.

GENERATION OF OPTIMAL SOLUTIONS

The tables below summarize the ranked position of parental
configurations of damper placement in both directions (for
the third generation solutions) according to the value of
the fitness function defined in terms of the ideal value
of 3.5 obtained when the energy ratio would have a zero

value. Configurations ranking is done according to the

fitness function Pi (x), Pi (y), driftx, drifty, and energy
ratio EcoefX, EcoefY for X and Y directions given in
Table 2

For both directions, the first place has the configuration which
has the smallest values from the remaining ones presented in
Table 2. Configuration 3 for x direction and configuration 2 for
y direction have values of the performance index (Pi) of 4.24 and
3.51, respectively and, compared with the other configurations
below, have the smallest value and the first position in the
table.

The fitness function deviation from the limitation value of
3.5 used to determine the presence of the parent in the next
generation is given in Table 3 for both directions.

The amount of multiplied reciprocal values of the parent
presence in the next generations for X and Y direction is given
below.

1 1 1 1
fe=2 (/ ) 0740 0997 T 1107 T 1382 T 1569
1 1

=6.59 7
+1719+1997+2128+2.385 @)
1 1 1 1
Sfy = - + +
=2 Q ) 0007 0016 " 0.083 " 0.145 " 0.152
1 1
= 248.52 8
+0.168 T 0193 T 0261 0367 ®)

In order to create a system where chromosomes with more
favorable values would be likely selected as a parents, the first
that must be done is to calculate the percentage of each selected
chromosome. One way is to choose the amount of suitable
multiplied reciprocal values (Equations 7, 8) and also to calculate
the participation percentage in the solution given in Table 4.

Namely, the third configuration would be present in 21%
of the new configurations, the fourth configuration-in 15 %
of the new configurations, configuration one in 13% of the
new configurations, fifth configuration in 10%, and so on. The
total sum is 100% and the same holds for the Y direction
(Table 4).

Using the procedure explained previously in the Table 5 are
given parents for X and Y direction.

Once all parental positions are filled, dampers that are
common to both configurations are transferred to the new
configuration and half of the remaining ones are taken from
the first parent and half from the second using “cross-over”
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FIGURE 13 | Reduction of the accelerations per story of the structure with the
optimal solutions from the ninth cycle compared with the structure without
dampers in Y direction.

method given in Table 6. Dampers that are common for both
configurations are marked with red color. Blue and green marked
dampers are different between two given configurations. As a
result of using the cross-over method, the new configuration 1
from the fourth generation solutions in x direction is obtained
and given in Table 7.

In the new configuration 1, dampers with red color are the
same for both configurations while the blue marked dampers
are half from configuration 3 and the green ones are half from
configuration 1. The same procedure is used to obtain the new
configuration 1 in y direction also given in Table 7.

Schematic presentation of a new configuration in X and Y
direction is given on on Figures 7A,B.

The final 3D model for the new configuration 1 from the
fourth generation solutions consisting from configuration 1 in
X direction and configuration 1 in Y direction is presented on
Figure 8.

Obtained in the same way are the remaining eight
configurations in the fourth generation of solutions that
become potential parents for generating the next fifth generation
of solutions.

Table 8 shows new nine configurations for the fourth
generation of solutions and for every configuration the two
limitation conditions explained before, are checked. Only for
configuration 3 Pi(x), Pi(y) and driftx, drifty are satisfied at
the same time and combination 3 is one of the solutions for
optimal damper placement called optimal solution. For this
configuration, the energy dissipated by the dampers is 44%.

It must be mentioned that this process has been
repeated for nine generations of solutions with nine
configurations obtained from 86493225 combinations
of possible damper placement where only thirty
configurations  satisfied  the  limitation  conditions
and they are called solutions for optimal damper
placement.

RESULTS

In this paper, a part of the obtained results and observed
structural behavior will be presented. Comparisons will be given
for all thirty optimal solutions in terms of story accelerations and
interstory drifts vs. structure without dampers—-moment resisting
frame (MRF).

Figure 9 shows the comparison of envelope values for
acceleration in X direction and Y direction along the height of
the structure. As it can be seen, the accelerations in X direction
and Y direction are smaller than the accelerations of the structure
without dampers—MRF.

Due to the large number of optimal solutions (thirty) and for
the purpose of simplification of the diagram, the reduction of the
structural response expressed in percentage has been divided into
a number of diagrams.

From the presented diagrams on Figures 10, 11, it is clear that,
under this level of excitation, there is a considerable reduction of
extreme values of accelerations per all the stories compared with
the structure without dampers M0_0. The maximum reduction
of accelerations in X direction is achieved for the optimal
solution C7_1 and it amounts to 38% for the fifth story, while
minimal reduction of 8% is achieved for the fourth story for
Ce_8.

The same as in X direction, there is a minimal percentage of
reduction in the case of the first story for the optimal solution
C7_6 amounting to 5%, while maximum reduction of 29%
is achieved at the third story for C8_5 for the Y direction
(Figures 12, 13, respectively).

The envelope values for the interstory drifts in X and Y
direction compared with the structure without dampers are
presented in Figure 14. In both directions, the inter-story
drifts for the structure with the optimal damper placement
are smaller compared with the inter-story drifts obtained for
the moment resisting frame and are also within the limits
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defined with EC8 as the previously mentioned limitation

factor. ::: g

The maximum drift reduction in X direction is obtained for - | moz
configuration C9_2 and it is 73% for the fifth story and 60% for %m L3
the same story in Y direction for configuration C9_4 presented E ) ! .Z:
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As to the interstory drifts shown in Figures 17, 18, the least SToRey

reduction is Ol?served at the first story for the optimal Sqlutlon FIGURE 16 | Reduction of the inter story drifts in the case of the structure with
C6_6 amounting to 20%, whereas the greatest reduction of the optimal solutions from the ninth cycle compared with the structure without
75% occurs in the case of the optimal solution C9_7 in X dampers in X direction.
direction.

Figures 17, 18 show the reduction of the inter story drifts in Y

direction in the case of all optimal solutions compared with the c . ) ) d . lerati d
structure without dampers M0_0. omparisons In time domain for accelerations an

The minimal reduction is achieved in the case of the optimal in.terstory drifts are given in Figurg 19 fOf. the struc.ture
solution C7_6 amounting to 28% for the fifth story, while the without dampers and stru(fture with  optimal . Solfltlons
greatest maximal reduction of 64% is achieved for the first story where can be seen that there is a very good reduction in the
in the case of the optimal solution C9_8. responses.

Frontiers in Built Environment | www.frontiersin.org 10 January 2019 | Volume 5 | Article 4


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Bogdanovic and Rakicevic

Optimal Damper Placement

60.00 uGs3

u6
ne 8
[ [
[ (]
ne3
w4
"s
6
uer 8
=X

5000

4000

3000

2000

DRIFT REDUCTION_Y (%)

1000

2
STOREY

structure without dampers in Y direction.

DRIFT REDUCTION_Y (%)

FIGURE 17 | Reduction of the inter story drifts in the case of the structure with the optimal solutions from the fifth, sixth and seventh cycle compared with the

70.00

nes1
nes2
nes3

60.00

50.00

84

4000

ness
L1513
nes7
nes8
LX)

30.00

20.00

10.00

000

3
STOREY

Structure with optimal dampers solutions will contribute
toward elimination and reduction of number of plastic elements
(hinges). Figure 20 shows plastic hinges for the structure without
dampers and structure with optimal solution. It can be seen that
for the structure with optimal solution very big number of plastic
hinges are eliminated.

Figure 21 shows the hysteretic diagrams for elements of
the structures where plastic hinges occur, i.e., already formed
plastic elements. The red color indicates hysteretic loops for
the structure without dampers where plastification of the given
element is completed. The blue color is used to indicate hysteretic
loops in the same element of the structure with the optimal
solution. The figure clearly shows that the placement of the
dampers in a configuration referring to the optimal solution
enables elimination of the plastic hinge whereat the element
remains to behave in the linear range.

CONCLUSIONS

In the process of designing the seismically resistant structures,
deformability of structural elements and structures as a whole,
should be provided so that, after exceeding the yielding point,
the structures should have sufficient ductility and capacity
for dissipation of the input seismic energy in order to avoid
their failure under strong earthquake effect. The installation of
viscous devices for energy dissipation in the structures enables
dissipation of considerable part of the energy and contributes
to keeping the structure functional. A better effect is achieved
if the devices are placed in an optimal position whereat their
number will be reduced and their efficiency increased. The
fitness function according to which the optimal position of the
dampers was defined represents a sum of the maximum inter
story drift and the relationship between the energies dissipated
by the damper and the total input energy in the structure in
both X and Y direction. The genetic algorithm was used as a
tool of the optimization process and thirty optimal solutions
were obtained. The procedure itself is quite complex and
requires a longer computational time for obtaining the desired
solutions.

Based on the performed, complex, experimental-analytical
investigations and the acquired corresponding knowledge, the
following conclusions can be drawn:
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FIGURE 18 | Reduction of the inter story drifts in the case of the structure with
the optimal solutions from the ninth cycle compared with the structure without
dampers in Y direction.

In accordance with the analyses, it has been obtained that
energy dissipation via dampers within the optimal solutions,
ranges within the limits of 41-46%.

The number of plastic hinges is reduced down to 80%
when the optimal solutions are applied compared with
the structure without dampers, ie., pure 3D frame
structure.

The maximum reduction of accelerations in X direction
amounts to 38% and refers to the fifth story, while minimal
reduction occurs at the first story of the structure, amounting
to 8%.

The maximum reduction of accelerations in Y direction
amounts to 29% and refers to the third story, while
the minimal reduction of 5% refers to the first
story.

Drift, which has been treated as a parameter in the process
of optimization is much more reduced (in percentage)
in respect to the accelerations. The maximum value of
reduction of the drift is achieved for the fifth story,
amounting to 75%, while minimal reduction is achieved at
the first story, amounting to 20%. These values refer to the
X direction.

In Y direction, maximum drift reduction is obtained for the
fifth story, amounting to 64%, while minimum reduction is
observed at the first story, 28%.

Based on the performed complex analysis and derivate
conclusions, substantial reduction and visible effects
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in acceleration and drifts have been considered,
leading to better performance of the structure from
one side and confirmation of the proposed fitness

functions for optimal damper placement from the other
side.
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