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Abstract. This paper investigates the optimized parameters of Tuned Mass Dampers (TMDs) for vibration
control of high-rise structures including Soil Structure Interaction (SSI). The Artificial Bee Colony (ABC)
method is employed for optimization. The TMD Mass, damping coefficient and spring stiffness are assumed
as the design variables of the controller; and the objective is set as the reduction of both the maximum
displacement and acceleration of the building. The time domain analysis based on Newmark method is
employed to obtain the displacement, velocity and acceleration of different stories and TMD in response to 6
types of far field earthquakes. The optimized mass, frequency and damping ratio are then formulated for
different soil types; and employed for the design of TMD for the 40 and 15 story buildings and 10 different
earthquakes, and well results are achieved. This study leads the researchers to the better understanding and
designing of TMDs as passive controllers for the mitigation of earthquake oscillations.

Keywords: Tuned Mass Damper (TMD); Soil-Structure Interaction (SSI); Artificial Bee Colony (ABC);
Curve Fitting.

1. Introduction

In the last decades, tall buildings are widely developed and employed in most countries. These
structures are generally flexible and possess low damping properties. They are usually subjected to
the earthquake vibrations. Therefore, the study of tall buildings for vibration mitigation using
various absorbers has attracted the interest of many researchers. Moreover, it is realized that the
soil characteristics and the interaction between soil and structure greatly influence the structural
responses.

A tuned mass damper (TMD) is a kind of vibration absorber consisting of mass, spring and
viscous damper attached to the vibrating system to mitigate oscillations. It passively dissipates
energy through the interaction of inertial force produced by mass movement and the damping
effects induced by dampers.

As Ormondroyd and Den Hartog (1928) mentioned, the application of TMD was firstly
proposed in 1909. Since then, many theoretical and experimental researches have been performed
to study the TMDs mechanism of vibration mitigation and their application to structures. The
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TMDs are usually installed on the top floor, and several researches have been conducted to study
their effectiveness for earthquake (Miyama 1992) and wind (Kawaguchi et al. 1992, Tsukagoshi et
al. 1993) excitations.

Gupta et al. (1969) investigated the effects of several TMDs with elastic-plastic properties on
the response of single degree of freedom structures subjected to the Kern County earthquake
(1952). To investigate the effect of TMDs on the fundamental mode response, Kaynia et al. (1981)
studied the optimum reduction of structures response subjected to 48 earthquake spectra. They
figured out that the TMDs are less effective in decreasing the response of structures than
previously thought. Sladek and Klingner (1983) investigated the best parameters of a TMD placed
on top floor of a 25 story building, based on the minimization of response to sinusoidal loadings.

An optimization method is employed by Wirsching and Campbell (1974) to calculate the TMD
parameters for 1-, 5- and 10-story buildings. According to their study, TMDs are effective devices
in reducing response. Ohno et al. (1977) presented optimized TMD parameters based on the
minimization of mean square acceleration response to earthquake excitations. Several studies on
the application of the TMD and its best values are performed by other researchers such as
Villaverde et al. (1994). Later, Sadek et al. (1997) presented some formulations for computing the
optimal parameters of TMD device based on equal damping for the first two modes of system.

Considering soil effects, the structure response differs from the fixed base model. The
oscillation energy is actually transferred to the soil through the foundation. Therefore, the soil and
structure influence each other, which is called the soil-structure interaction (SSI). Various
investigations are performed to study the SSI effects. For example, frequency domain analysis was
performed by Xu and Kwok (1992) to obtain the wind induced vibrations of soil-structure-damper
system. Moreover, frequency independent expressions were presented by Wolf (1994) to determine
the swaying and rocking dashpots, and the related springs of a rigid circular foundation. Recently,
Liu et al. (2008) developed a mathematical model for time domain analysis of wind induced
oscillations of a tall building with TMD considering the soil effects.

Multiple Tuned Mass Damper (MTMD) is another mechanism employed for reducing the
earthquake induced vibration of structures, which consists of different mass-spring systems with
tuned frequencies. The study of MTMD effect on the vibration control of torsionally coupled
structures with SSI effects by Wang and Lin (2005) shows that both the SSI and eccentricity
effects should be considered for determination of optimal MTMD parameters to avoid
overestimation of its effectiveness. Lin et al. (2010) investigated the influence of active control
system for an irregular building. They concluded that the SSI effect is significant for both squatty
and slender buildings, therefore; the soil structure interaction should be considered for the design
of active control devices especially for high-rise buildings.

Li et al. (2010) studied the effects of various parameters in the soil-asymmetric structure
interaction system on both the effectiveness and robustness of the active TMD and MTMD. Li
(2012) indicated that when an asymmetric structure is built on soft soil sites, the effectiveness and
robustness of the active MTMD for asymmetric structures is underestimated or overestimated if
the SSI effect is disregarded. According to Li and Han (2011), the dominant ground frequency and
soil characteristics have significant effects on the effectiveness, optimum parameters and stroke
displacement of the MTMD.

Although numerous works are performed concerning the SSI effects, few investigations were
carried out on the time response of high-rise buildings due to earthquake excitations. In fact, the
earthquake time response of tall buildings has usually been calculated employing fixed base
models. These analyses cannot reasonably predict the structural responses. Moreover, the optimal



ABC optimization of TMD parameters for tall buildings with soil structure interaction 341

parameters of 3 TMD are extremely related to the soil type. Therefore, the time domain analysis of
structures including the SSI effects is an advantageous process for better understanding of
earthquake oscillations and TMD devices. Furthermore, few works have considered and employed
heuristic algorithms, among which the Artificial Bee Colony (ABC) method can be effectively
employed for the optimized design of TMDs.

In this paper, a mathematical model is developed for calculating the earthquake response of a
high-rise building with TMDs as passive controller. The model is employed to obtain the time
response of 40 story buildings using TMDs. The heuristic methods are applied on the model to
obtain the best TMD parameters. Three different soil types, namely soft, medium and dense soils
together with the fixed base model are investigated. The results are then employed for the
modification of the previous relations to achieve the best TMD parameters considering the SSI
effects. The relations are then employed to calculate the 40 and 15 story structures with 10 new
earthquakes.

2. Modeling of tall buildings

Fig. 1 shows an N-story structure with a TMD and the SSI effects considered. Mass and
moment of inertia for each floor are indicated as M; and |; , and those of foundation are shown as
Mo and Iy , respectively. The stiffness and damping between floors are assumed as K; and C; ,
respectively. Mmyp , Kymp and Cryp are the related parameters for TMD. Damping of the swaying
and rocking dashpots are represented as C, and C, , and the stiffness of the corresponding springs
are indicated as K; and K. , respectively. The time histories of displacement and rotation of
foundation are respectively defined as X, and 6, and the displacement of each story is shown as X;.
The height of each floor is also assumed as Z;.

(000000)
7 VA 7

Fig. 1 Shear building configuration
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Using Lagrange’s equation, the equation of motion for the building shown in Fig. 1 can be
represented as follows (Thomson and Dahleh 1997)

[} + [CHXO}+IKKX(®)} = {m” 1iL}tig (1)
where [m], [c] and [k] denote the mass, damping and stiffness of the oscillating system. [m’]

indicates the acceleration mass matrix for earthquake and iy is the earthquake acceleration.

Considering the SSI effects, the N-story structure is a N + 3 degree-of-freedom oscillatory system.
For such a building, the mass, damping and stiffness matrices are obtained by employing
Lagrange’s equation in the following form (Thomson and Dahleh 1997, Liu et al. 2008)

[MInxn Ofnsa [MInsa [MZ]Nx1
M1mp "\\I/ITMD y MrmpZN 22)
_ a
[m]_ MO+Zj:1Mj+MTMD jleij+MTMDZN
N 2 2
symmetry |0+Zj:1(| +M;Z5) + MrupZi
[KInen {KtmpInsa {OFnsa {03nsa |
Kmip 0 0

k]= 2b
[k] K 0 (2b)

symmetry Ky ]

[Clnxn Crvpdnsa {Onsa {OFnsa |

Crvp 0 0

c]= 2c
[c] c 0 (2c)

symmetry Cr |

MInan Ofna {0na {Onsa |
0 Mo 0 0
* N
[m ]= O 0 MO +Zj:1Mj+MTMD 0 (2d)
0 0 ,.\l:leZj-l-MTMDZN 0

Ignoring the SSI effects, means that the rows and columns N + 2 and N + 3 are neglected; and
the mentioned matrices are reduced to (N + 1) x (N + 1) dimensional matrices.
Using the Rayleigh proportional damping, the damping matrix of N-story structure can be

represented as follows

[C]NxN = AD[m]NxN + Ai[k]NxN

in which Aq and A, are the Rayleigh damping coefficients.
The displacement vector {x(t)} including both the displacement and rotation of the floors and
foundation as well as the TMD motion can be represented as follows

©)



ABC optimization of TMD parameters for tall buildings with soil structure interaction 343

HKOF={X0 X0 - X O Xpp® Xo) 6O 4

The parameters C, , C, , K and K; can be obtained from the soil properties (i.e., poisson’s ratio
Vs , density ps , shear wave velocity Vs and shear modulus G) and radius of foundation Ry (Liu et
al. 2008).

In this paper, various earthquake acceleration spectra are applied to the structure, and the time
response of the TMD and building are calculated based on Newmark's integration method
(Newmark 1959).

3. Artificial Bee Colony (ABC) method

The natural behavior of bees and their collective activities in their hives have fascinated
researchers for centuries. Several algorithms have been proposed and developed based on the
foraging behavior of bees. Regarding combinatorial optimization, the works of Tereshko and
Leongarov (2005) are leading. They modeled robots as bees having limited intelligence
individually, but their cooperative behavior makes real robotic tasks possible. For optimization in
continuous domains, Yang developed a method called Virtual Bee Algorithm (VBA) which was
applied to optimizing benchmark functions with a maximum dimension of two (Yang 2005).
Acrtificial Bee Colony (ABC) algorithm, the method employed in this paper, was presented by
Karaboga (2005) to optimize numeric benchmark functions. It was then extended by Karaboga and
Basturk and showed to outperform other recognized heuristic methods such as GA (Basturk and
Karaboga 2006) and DE, PSO and EA (Basturk and Karaboga 2008).

Similar to other nature-based algorithms, ABC models honey bees but not necessarily precisely.
In this model, the honey bees are categorized as employed, onlooker and scout. An employed bee
is a forager associated with a certain food source which she is currently exploiting. She memorizes
the quality of the food source and then after returning to the hive, shares it with other bees waiting
there via a peculiar communication called waggle dance. An onlooker bee is an unemployed bee at
the hive which tries to find a new food source using the information provided by employed bees. A
scout, ignoring the other’s information, searches around the hive randomly. In nature, the
employment of unemployed bees happens in a nearly similar way. In addition, when the quality of
a food source is below a certain level, it will be abandoned to make the bees explore for new food
sources.

In ABC, the solution candidates are modeled as food sources and their corresponding objective
functions as the quality (nectar amount) of the food source. For the first step, the artificial
employed bees are randomly scattered in the search domain producing SN initial solutions. Here,
SN represents the number of employed or onlooker bees which are considered equal until the end
of algorithm. It is notable that any of these solutions x; (i =1, 2..., SN) is a D-dimensional vector
representing D design variables constructing the objective function. After this initialization, the
main loop of the algorithm described hereafter is repeated for a predetermined number of cycles or
until a termination criterion is satisfied.

Firstly, all employed bees attempt to find new solutions in the neighbor of the solution (food
source) they memorized at the previous cycle. If the quality (the amount of objective function) is
higher at this new solution, then she forgets the former and memorizes the new one. In ABC, a
particular mechanism is devised for this purpose; which only allows one of the dimensions of the
current solution being subject to modification
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Vij = X +¢.j (Xij - ij) 5)

where je{l2,---,D} and kefL2,---,SN} are randomly chosen indices, and v; represents the new

solution (new food source position). It should be noted thatk =i. The parameter ¢; is also a
random number in the domain [-1, 1].

After that, the onlooker bees should select the solution around which they explore for new food
sources. This is performed probabilistically i.e., a mechanism like roulette wheel is employed
using the fitness (the related objective function or a similar concept) of all current solutions. With
the help of a uniform random number generator, the solutions for further exploration can be easily
determined

i ©)

TSN
> fit,
n=1

Noticeably, some onlooker bees might be directed to search around identical solutions. When
the solutions are selected, producing new candidate solutions around them is done the same way
the employed bees perform using (5). Additionally, updating food sources is done with the same
greedy process by comparing the new solutions produced by onlookers and the corresponding
current solutions. It is notable that different approaches have been proposed for assigning fitness to
solutions especially when minimization is to be done with an originally maximizing algorithm
such as ABC or when negative values of objective function is engaged. Karaboga (2008) has
utilized a familiar form described below which is adopted in this paper as well

L f, >0
fit, =< 1+ f, (7)
1+|f|  f <O

where f; is the objective function of solution x; .

If a solution can not be improved by employed or onlooker bees after certain iterations called
limit, then the solution is abandoned and the bee becomes a scout. In that case, the scout bee
searches randomly for a new solution within the search space. It should be reminded that at each
cycle, only one artificial bee is allowed to become scout and perform the search as follows

X! = Xain + @(X3ax —Xmin) (8)
where ¢ is a random number in domain [0, 1]. Obviously, variables of all dimensions are replaced
with new randomly-generated values.

Since the problem is of multi-objective nature concerning minimization of both the maximum
displacement and acceleration of the building, an overall objective function including both
concepts should be employed. Here, as the acceleration results are nearly 10 times greater than the
values of displacement, the objective function is defined as follows

f, = U +10U,,, )
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where upa.x and Uy, denote the maximum displacement and acceleration values, respectively.
The flowchart of the ABC algorithm employed for TMD optimization is presented in Fig. 2.

Setting the No. of employed and onlooker bees, food sources,
abundance limit and N (No. of cycles)

n=1

Random selection of My . Kryp and Crap (X))
(Random scattering of employed bees)

Setting the soil parameters, Preparation of structure matrices,

-—
Applying earthquake data and calculating the time response
v
Calculation of #max , 7,  and f(objective function) for x,
v

Producing new values of Mpyp , Kryp and Crap (v) in the
neighbor of the current solution (food source) by employed bees
v
Setting the soil parameters, Preparation of structure matrices,
Applying earthquake data and calculating the time response

lAssigning employed|
bees to the best
positions based on
calculated fitness
| v | values

Calculation of #ax , and f'(objective function) for v,
v
| Applying the greedy selection process between x,and v, |
¥
Calculation of fitness values based on the
probability distribution for x,
v
Selecting values of My , Ky and Cragp (v,) in the neighbor of]|
the current solution (x,) by employed bees

Umax

Random selection
of Myup . Krap
and Cryp
(Using Scout bee)

Setting the soil parameters, Preparation of structure matrices,
Applying earthquake data and calculating the time response

| Calculation of #yax , iy, and f (objective function) |

| Applying the greedy selection process between x,and v, |

yes

Are the
new results better than the
Global Best Value?
(for n=1, the resulting values
are set as the Global Best
Value)

Assigning the new
results to the
Global Best Value

Any position
not improved
after
abundance
limit?

9 > n=n+1

no

Fig. 2 The flowchart of ABC algorithm for TMD optimization
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4. lllustrative example

The methodology outlined previously is employed to calculate the structural response of a
40-story building with a TMD. Table 1 shows the structure parameters (Liu et al. 2008). The
stiffness K; linearly decreases as Z; increases. The TMD is installed on the top of building for the
better damping effect of vibrations.

In this study, three types of ground properties, namely soft, medium and dense soil are
examined. A structure with a fixed base is also investigated. The soil and foundation properties are
presented in Table 2.

Table 3 represents the first 3 natural and damped frequencies of the structure, considering and
ignoring the SSI effects. The TMD design variables are set in such a way that all the first 3
frequencies of the structure are covered, and damping ratio (&) is always less than unity. In this
way, the maximum mass ratio is about 3.5% of the first modal mass, i.e., 50x10°<Myp<1000x10°
(kg), the TMD spring stiffness is set as 0.3x10°<Kyp<60x10° (N/m) and the TMD damping is
tuned to 0.1 x 10°< Cryp < 2000 x 10° (Ns/m).

As mentioned before, 5 types of far field earthquakes, namely Cape Mendocino, Coalinga,
Imperial Valley, Landers, and Loma Prieta earthquake data are employed to obtain the optimized
mass ratio (u), frequency ratio (f) and damping ratio (¢) for the TMD device, which are defined as
follows

M
Hopt = % (10)
S
fopt = % (11)
S
__ G 12
opt 2Mtvmp@rmp (42

where M; relates to the first modal mass of structure based on the unit modal participation factor,
and ws shows the first frequency of the fix based structure.

Table 1 Structure parameters (Liu et al. 2008)

No. of stories 40
Story height (Z;) 4m
Story mass (M) 9.8x10°kg
Story moment of inertia (I;) 1.31x10° kgm?
Ky=2.13x10° N/m
Story stiffness (K;) K40=9.98x10° N/m
Kao= Ki< Ky
Foundation radius (Ry) 20m
Foundation mass (M) 1.96x10°kg

Foundation moment of inertia (1) 1.96x10° kgm?




Table 2 Parameters of the soil and foundation (Liu et al. 2008)
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Soil Type

Swaying damping

Rocking damping

Swaying stiffness

Rocking stiffness

Cs (Ns/m) C, (Nsm) Ks (N/m) K, (N/m)
Soft Soil 2.19x10° 2.26x10" 1.91x10° 7.53x10"
Medium Soil 6.90x10° 7.02x10" 1.80x10% 7.02x10"
Dense Soil 1.32x10° 1.15x10" 5.75x10" 1.91x10"
Table 3 Natural and damped frequencies of the structure
Soil type w w; (rad/s) w, (rad/s) w3 (rad/s)
1 Soft With damping -0.02i £ 1.08 -0.24i £ 4.45 -0.62i £ 7.42
soil Without damping 1.09 4.44 7.40
5 Medium soil With damping -0.02i £ 1.54 -0.21i £ 457 -0.58i £ 7.55
Without damping 1.54 4.58 7.58
3 Dense With damping -0.02i £ 1.60 -0.21i £ 4.58 -0.58i £ 7.57
soil Without damping 1.61 4.59 7.59
] With damping -0.03i £ 1.64 -0.21i £ 4.59 -0.58i + 7.58
4 Fixed base Without damping 1.65 4.60 7.60
Table 4 The characteristics of earthquakes
Time Maximum
No. Earthquake Date Station ; acceleration magnitude
duration (s) 2
(m/s%)
p Superstition o)\, 1987 . Wildlife 45 2 6.3
hills liquefaction array
2 sanfernando  9Febig7n A~ Hollywood 28 2.05 6.6
stor lot
3 Northridge 17 Jan 1994 ~  Canogapark- 40 2.25 6.7
topanga canyon
4 Chi-Chi 20 Sep 1999 CHY101 90 3.45 7.6
5 El-Centro 18 May 1940 Imperial valley 40 35 7.1
6 Coyote lake 6 Aug 1979 Halls valley 40 0.5 5.7
7 Friuli 15 Sep 1976 Codroipo 33 0.3 5.7
8 N. F_’alm 8 July1986 Silent valley 24 1.35 6.0
springs
9 Santa barbara 13 Aug 1978  Cachuma dam toe 12 0.71 6.0
10 \Whittier 4 Oct 1987 Mt wilson 40 121 5.3
narrows
11 Cape 25 April 1992 Eureka 44 1.75 7.1
mendocino
12 Coalinga 2 May 1983 Parkfield 40 1.60 6.4
13 Imperial 15 Oct 1979 Delta 200 3.45 6.5
valley
14 Landers 28 June 1992 Yermo fire 44 2.40 7.3
station
15 Lomaprieta  180Oct19g9  Salnas-John& 40 1.10 6.9

Work
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The optimization program is performed on 2.8 GHz Core2Duo system with 4GB RAM. The
consumed time is about an hour using 100 cycles for each earthquake data and soil type, and well
convergence is achieved. However, the elapsed time is highly related to the amount of earthquake
data (earthquake time steps) used in the program. The characteristics of all the earthquakes used in
this paper are presented in Table 4.

5. Curve fitting

Using the ABC method, three sets of optimized parameters (« , f and &) for each soil type and
earthquake are obtained. For curve fitting, the following relation is considered for the mass ratio

My =280/ + a2 (13)
where

M fix based structure
py = Mo ) (142)

M (fix based structure)

M. (fix based structure
g = s ructure) (14b)

M g (structure with SSI)
M, =0 [M]D (14c)

in which, ® represents the normalized fundamental mode shape of the structure. In order to obtain
the coefficients a;, ny, a; and n,, the ABC method is utilized. In this case, the coefficients a;, n;, a,
and n, are considered as the design variables, which are setas 0 <a;, n;, a,, n; <5. The objective
is to minimize the Root Mean Square (RMS) of errors, which is defined in the following form

1/2

N R
) =| =" (sopt— fin)? (15)
N xR i1ja

where N and R represent the No. of earthquakes and soil types, respectively. The optimized values
using the ABC method are obtained as follows

a;=1.1618
n;= 1.3665
a,= 0.5555
n,= 0.3914

Fig. 3 represents the optimized and fitted values for the mass ratio. According to this figure, the
structure constructed on the soil with greater stiffness and damping needs the TMD with smaller
Mmvwp. Considering Table 3, the soil with higher stiffness and damping brings higher natural and
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damped frequency, therefore; it can be concluded that the structure with higher frequency
(constructed on the dense soil) requires a TMD with lower mass ratio.

The similar method is employed to obtain the frequency ratio including the SSI effects, which is
defined in the following form

fip=by ™ +by f"2 (16)

where
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I S PR L
f1_1+,u¢{1 B —1+”¢:l (17a)

(17h)

The parameters f; and ¢ shows the frequency ratio and the first modal participation factor for
the fix based structure, respectively; and g represents the damping of the structure (Sadek et al.
1997). In order to find the best values of by, my, b, and m,, these coefficients are assumed as the
design variables (0 <b,, my, b, , m, <5), while the objective is to minimize the RMS of errors for
frequency, which is calculated as follows

N

R 1/2
E(f)—[ﬁZZ(fopt fﬂt)z] (18)

i=1j=1
Using the ABC algorithm, the optimized values are achieved as follows
b,=2.1129
m;=0.7346
b,=3.7719
m,= 0.6684

The optimized and fitted values for the frequency ratio are presented in Fig. 4. The results show
that the structure constructed on the soil with greater stiffness and damping requires a TMD with
smaller stiffness and natural frequency. According to Table 3, it can be seen that the structure with
higher frequency (constructed on the dense soil) requires a TMD with lower natural frequency.

In order to reach the appropriate coefficients for the damping ratio considering the soil effects,
the similar method is applied to the best values of damping ratio obtained by ABC method. The
proposed relation for damping ratio is defined in the following form

Eopt =G & + &L (19)
in which
5 = ¢LA N /L} (20a)
+u 1+ u
CsCr
& = <K, (20D)

The parameter & shows the damping ratio for the fix based structure (Sadek et al. 1997). The
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ABC method is employed to obtain the coefficients c;, p;, ¢, and p,. Therefore, the mentioned
coefficients are defined as the design variables, which are considered as 0 <c;, p1, C2, P2 <5. The
objective function to be minimized is the RMS of errors, which is computed as follows

1/2

1 N R 5
B =| N or 2 2 Copt—Erit) (21)

i=1j=1
The optimized values for the design variables using the ABC method are obtained as follows
C,= 2.4426
p:= 2.6860
C,= 1.4953
p,= 0.4312

Fig. 5 shows the optimized and fitted values of damping ratio. The results show that there is a
close relationship between the soil and optimized parameters of the TMD. According to this figure,
the structure constructed on the soil with greater stiffness and damping needs a TMD with smaller
damping coefficient. Therefore, the proper TMD for the dense soil is the one with lower £,

According to Table 3, the soil with higher stiffness and damping brings higher natural and
damped frequency, therefore; it can be concluded that the structure with higher frequency requires
TMD with lower damping ratio. The consumed time in this case is less than a minute using 1000
cycles for each fitting.

6. Results and discussions

The methodology outlined previously and the obtained relations are employed to design the
TMD for the same structure with 10 different types of far field earthquakes, as presented in Table
4. By estimation of u; = 3%, the real values of x , f, £ and therefore Mywp, Krmp and Cryp are
calculated for each soil type. The designed TMD is then employed to control the displacement and
acceleration of the structure.

Figs. 6 and 7 show the displacement and acceleration reduction percentages for the mentioned
earthquakes, respectively. According to Fig. 6, the maximum displacement is effectively reduced
except for the structure on dense soil with Northridge oscillations. Fig. 7 illustrates that the
designed TMD reasonably reduces the maximum acceleration of the structure. As it can be seen
from these figures, the proposed relations result in acceptable reductions in most cases. However,
there are some exceptions because the main purpose of the TMD design is the reduction of both
acceleration and displacement in combined form, but not either of the two parameters separately.

The function reduction percentages for the mentioned earthquakes are presented in Fig. 8 for
three soil types. It can be seen that the proposed relations result in effective reductions for all
earthquakes and different soil types.

For further investigations, another 15 story structure is modeled and employed to design the
TMD with the structural response calculated. The structure parameters are presented in Table 5
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Table 5 Structure parameters (Guclu and Yazici 2008)

ljlsoft séil
[CImedium soil

Il dense soil

9 10

353

No. of stories
Story height (Z;)

Story mass (M;)
Story moment of inertia (I;)
Story stiffness (Kj)

Foundation radius (Ro)
Foundation mass (Mo)
Foundation moment of inertia (lo)

35m

M; = 3.456x10° kg
M; = 4.500x10° kg
0.146x10° kgm?
K; = 3.40 x 10° N/m
K;=18.05 x 10° N/m

11.5m

0.655 x 10%kg
0.220 x 10°kgm®

Table 6 Natural and damped frequencies of the structure.

Soil type W w; (rad/s) w, (rad/s) w3 (rad/s)

Soft With damping -0.004i + 1.58 -0.08i + 6.15 -0.08i + 13.05
soil Without damping 1.58 6.15 13.05

5 Medium soil With damping -0.002i + 1.64 -0.03i + 6.82 -0.08i + 13.05
Without damping 1.64 6.83 13.05

3 Dense soil With damping -0.002i + 1.65 -0.02i + 6.89 -0.08i + 13.05
Without damping 1.65 6.89 13.05

4 Fixed base With damping -0.002i + 1.66 -0.02i + 6.92 -0.08i + 13.05
Without damping 1.66 6.93 13.06

(Guclu and Yazici 2008). In this study, three types of ground properties, namely soft, medium and
dense soil are examined, using the new soil parameters. Table 6 represents the first 3 natural and
damped frequencies of the structure, considering and ignoring the SSI effects.

The previous methodology and the obtained relations are employed to design the TMD for
controlling the new structure with 3 types of earthquakes. Estimating that x; = 3%, the real values
of u, f, &and then Myyp, Krwp and Cryp are calculated for each soil type.

The displacement reduction percentage for the mentioned earthquakes is presented in Fig. 9.
This figure reveals that the designed TMD can effectively reduce the maximum displacement of
the structure. Further studies reveal that the maximum acceleration is reasonably reduced except in
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few cases, mainly due to the fact that the main purpose of TMD design is to reduce the
combination of acceleration and displacement, and not either the two parameters separately.
However, the proposed relations result in acceptable reductions in most cases.

The function reduction percentage for the mentioned earthquakes is presented in Fig. 10. It can
be seen that the proposed relations result in effective reductions for all earthquakes and different
soil types. As it can be seen from Figs. 6-10, the reduction percentage is higher for EI-Centro and
Friuli earthquakes in most cases. This is mainly because one of the principal frequencies of the
mentioned earthquakes are completely near the tuned frequency of TMD. However, further
structure samples and earthquakes are to be investigated for the better estimation of TMD
parameters.

7. Conclusions

In this paper, the ABC technique is utilized to modify the former relations for the optimized
TMD parameters considering the soil effects. A 40 story structure with three soil types is employed
to design the TMD in order to control both the displacement and acceleration for five types of far
field earthquakes. The results are then employed to obtain relations for the optimized TMD
parameters with SSI effects. The relations are employed to design TMD for the same structure
with another three types of far field oscillations, and reasonable results are achieved. For further
investigations, the obtained relations are utilized to design the TMD for a new structure, and the
reduction values are obtained for 10 new types of earthquakes, which show acceptable results.
This study improves the understanding of earthquake oscillations, and helps the designers achieve
the optimized TMD for controlling the vibrations of high-rise buildings.
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