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ABSTRACT

In this study, the energy distributions of actively or passively controlled multistory nonlinear shear
structures are investigated. Nonlinear differential equations of motion of the structure and the energy
equations are derived for an uncontrolled and a controlled structure. A computer program which takes
into account the nonlinearity of the material is developed and used for the dynamic analysis of the con-
trolled and the uncontrolled structure. As numerical examples, two different structures are examined
with six different control cases. These structures are a three-story and a twelve-story shear structure.
In the dynamic analysis, the Erzincan and El Centro earthquakes are used. Active and passive controls
are obtained by implementing base isolation and a mass damper into the structure. In addition, a hybrid
structural control case is examined by implementing base isolation with an active mass damper to the
structure. In total, six different passive and active control cases are investigated. An instantaneous
optimal control algorithm, which minimizes the performance index defined as a time-dependent qua-
dratic scalar functional instead of a quadratic integral functional and takes into account only the current
state, is used as an active control algorithm. The results are given as force-displacement, acceleration,
and energies in a comparative way for uncontrolled and controlled structures. The results show that
the responses of the structure are reduced and the structural behavior is improved by using structural
control.

Keywords: Active control, earthquake, energy, passive control, structural control.

1 INTRODUCTION

The idea of adapting structures to uncertain dynamic effects brought about the use of passive
and active devices in civil engineering structures. Active control of structures was first inves-
tigated in the pioneering work by Yao [1]. Since then researchers have investigated active
control for reducing the excessive vibration caused by strong winds and earthquakes. Besides
active control, passive control devices have also been used in protecting structures from
earthquake-induced vibrations. In actively controlled structures, control forces are generated
by an external energy supply available in the system. External energy supplies are not required
in passive systems. Passive control devices transform the input seismic energy into different
forms. Hybrid control systems incorporate both active and passive devices.

The history of structural design can be categorized as classical, modern, and postmodern [2].
Static effects were taken into account in classical times, while dynamic effects were considered
in the modern era. In recent years, feedback systems have been introduced to apply control
forces.

Structural control is used in earthquake resistant designs and in very flexible structures.
Recently, the strength of materials has not increased in proportion to their stiffness. Thus, the
resulting structures with these new materials have become very flexible. Drift of the top floor
of the World Trade Center, built with modern materials, was about 90 cm in severe winds,
while it was about 7 cm for the Empire State Building, built with classical materials. Conse-
quently, damage risk for windows and doors increases in flexible structures. Personal comfort
is also a problem for occupants of high-rise buildings.
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The aforementioned circumstances prompted researchers to investigate active control for
reducing the excessive vibration caused by strong winds and earthquakes [3, 4]. There have
been increasing developments to improve the performance of active controlled systems
[5-7]. Besides active control, passive control devices have also been used in protecting
structures from earthquake-induced vibrations [8—10]. The design of these systems takes
into account the energy input; however, energy based earthquake resistant design is still a
growing research area. In this type of design, the most important parameter is the amount of
seismic energy input. As the amount of seismic energy input to a structure is decreased or
diminished by control devices, the earthquake resistance of the structure increases. Some
researchers have presented an active control algorithm using the probability density func-
tion of the structural energy [11]. The efficiency of a proposed algorithm is assessed in [12]
by investigating control energies. State of the art techniques for energy dissipation in struc-
tures using active or passive devices is investigated in [13]. Some authors suggested that
further research is needed to study the application of energy density on multi degree of
freedom structures subjected to different earthquake ground motions in [14]. A method of
generating energy density spectra obtained from earthquake response in actively controlled
structural models is proposed for a practical application based on the definition of different
energy forms in [15]; in this study, the authors also mentioned that research related to energy
spectra is still limited and therefore more study should be carried out in order to gain a thor-
ough understanding of the variation of different energy forms under earthquake excitation.
A computational method is developed to characterize the energy in inelastic structures and
the transfer among various energy forms over the duration of an earthquake in [16]. The
investigation of the distribution of energies in an actively and passively controlled three-
story structure is given in [17]. Maximum control energy dissipation is used to define the
most effective optimal linear control law in [18]. Some energy-based active control algo-
rithms are proposed in [19]. In order to simultaneously consider the mechanical energy of
the structure, control and the seismic energies in the minimization procedure, a new perfor-
mance index was proposed in [20].

The distribution of energy and the dynamic behavior of a structure with different active or
passive control cases are studied in this paper. The material model is taken as bilinear
elasto-plastic. Since the structural material is assumed to be bilinear, the corresponding prob-
lem is nonlinear. Two shear structures are investigated as an example problem. These structures
are a three-story and a twelve-story structure. Five different cases of structural control are
analyzed and compared with each other and with an uncontrolled structure. These cases are a
structure with base isolation, a structure with a passive mass damper at the top of the building,
a structure with an active mass damper at the top the building, a structure with base isolation
and a passive mass damper at the base of the building, and a structure with base isolation and
an active mass damper at the top of the building. Through these control cases, examples of
passive, active and hybrid control systems in structures are investigated.

2 FORMULATION OF THE PROBLEM
The investigated shear building model is given for a structure with base isolation (Fig. 1a),
with a passive mass damper or an active mass damper (Fig. 1b), with base isolation and a
passive mass damper at the base of the building (Fig. 1c) and with base isolation and an active
mass damper at the top of the building (Fig. 1d). The first two structures are passively con-
trolled, the third structure (a structure with active mass damper) is an actively controlled
structure, while the last system can be classified as a hybrid control system.
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Figure 1: Structure with different control schemes.

For an inelastic shear building with n degrees of freedom under the influence of one dimen-
sional ground motion and control forces, the equation of the motion of the structure can be
written in matrix form as

MY (1) +F )+ F*(t) = -MV £ (t)+ LU(?) (1)

where Y(£) = (3, 7, .v..n. ,¥,)" is the n-dimensional relative acceleration vector denoting the
relative acceleration of each story unit; M is the (n x n)-dimensional constant mass matrix
with diagonal elements (m; = mass of ith story, i = 1,2,...,n); F4(t) and FX(t) are n-dimen-
sional damping and stiffness force vectors respectively; V = (1,...,1)T is the n-dimensional
vector; L is the (n x r)-dimensional location matrix of r controllers; U(¢) is the r-dimen-
sional active control force vector, and scalar function f (¢) is the one-dimensional earthquake
acceleration. For the uncontrolled and passively controlled cases, the second term on the
right-hand side of the equation becomes zero.

A wide variety of papers in the literature deals with relative acceleration responses. In this
study the absolute acceleration responses of the uncontrolled and controlled structures are
also investigated. The absolute acceleration response of a structure can be defined as:

Y(©),, = YO)+Vf(t) 2)

Introducing a 2n-dimensional state vector, Z(t), as follows:

Y( )]

Y(¢) ®

Z(t) = [

the second-order matrix equation of motion can also be rewritten as a first order matrix equa-
tion with dimension 2 in the following form:

Z(1) = AZ@)+BU@)+ Hf () 7(0)=Z, (4)
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In eqn (5), I is an (n x n)-dimensional identity matrix, K is the (n x n)-dimensional stiffness
matrix, and C is the (n x n)-dimensional viscous damping matrix. Material nonlinear behavior
is defined for this structure. The nonlinearity of the model has been defined by changing the
stiffness matrix K. If the structural strains exceed a limit value, the stiffness of the structure is
reduced by multiplying K by 0.1. The bilinear hysteresis model is given in (Fig. 2) [21].

To obtain the control force U(#) in eqn (4), a control algorithm must be chosen. After defin-
ing the control force, eqn (4) can be solved. In this study, the instantaneous optimal control
algorithm, which minimizes the performance index defined as a time-dependent quadratic
scalar function, is used instead of a quadratic integral function and takes into account only the
current state.

where

2.1 Instantaneous optimal control algorithm

Most studies in the literature are based on the classical linear optimal control algorithm
(linear-quadratic regulator or LQR). In LQR control, the nonlinear matrix Riccati equation is
obtained by ignoring the earthquake excitation term, so classical closed-loop control is
approximately optimal. Although classical open-loop and closed open-loop control are supe-
rior to classical closed-loop control, they require knowledge of the whole history of earthquake
excitations, and therefore, they cannot be applied to real structures. This closed loop algo-
rithm can compute control forces only for a given earthquake excitation. A real time
computation of the control forces under a real earthquake excitation with this algorithm is not
possible. To overcome this difficulty, the instantaneous control algorithm, which minimizes
the performance index defined as a time-dependent quadratic scalar function instead of as a
quadratic integral function and takes into account only the current state, was proposed by
Yang et al. [22]. In this control algorithm, the time-dependent performance measure, which
will be minimized, can be expressed as

J=Z")QZ1)+U " ()RU() — min (6)

force
(moment)

0.1xK

deformation
(curvature)

Figure 2: Bilinear hysteresis model.
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In eqn (6), Q is a (2n x 2n)-dimensional positive semi-definite symmetric weighting matrix,
and R is a (r x r)-dimensional positive-definite symmetric weighting matrix. The values of
Q and R matrices are assigned according to the relative importance of the state variables and
the control forces in the minimization procedure. If the elements of the matrix Q are chosen
larger than the elements of R, minimizing the response of the structure is more important than
the control forces; otherwise, minimization of the control forces is more important. The
resulting optimal control law and the state vector can be obtained as

A IpT
U*= —TtR‘ B QZ*() (7)

7% = [l+%BR"BTQ]" [TD(z —At)+%Hf(t)] (8)

The detailed derivation of eqns (7) and (8) can be found in Yang et al. [22].

3 ENERGY EQUATIONS
For an actively controlled structure, if eqn (1) is multiplied with the transpose of the velocity
vector Y' (¢) and integrated in the interval of (0—f), the energy equations will be obtained and
expressed as

YT @MY(@dr+ [ Y (@F (@t + [ Y (@F ()t

= [ Y @MV sdr+ [ Y ()LUd

The first term on the left hand side of eqn (9) is called kinetic energy (E,; ) and can be
written as

E, = j(’)YT(r)M Y (2)dr = j(’) %[YT(T)M Y(OJr= Y OMY(@)  (10)

E,;, is sum of the kinetic energy of all masses with respect to the ground. In eqn (9) the
second term on the left hand side is equal to the damping energy of the system, £, - which
can be expressed as

E gy = J.(;YT(T)F]‘ (t)dt (11)

The third term on the left hand side of eqn (9) is the strain energy £, , which can be written as

E,, = [\ Y (@F ()t (12)

If the system is linear elastic F¥ = KY, the third term in eqn (9) for the linear elastic case can
be expressed as
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¢ .
ES® = [ YT (OKY (2)dr = 5 YT (OKY (1) (13)
Equation (13) is valid if the system is totally elastic. If the strains of the system exceed the
elastic limit, strain energy can be divided to two types, one of which is recovered elastic
energy and the other of which is dissipated hysteretic energy. For this case, the total strain
energy can be expressed as the total of the two types of energy

E, =ES* +EI} (14)
The first term on the right hand side of eqn (9) is the earthquake energy of the structure £, .
and the last term is the control energy E_  ; these energies can be expressed as

Eeain = —I;YT(T)MVfc'odr i E,= J(;YT(T)LUdT (15)

If we move E_  in eqn (15) to the left hand side of eqn (9), it will have a negative sign in front
of it. Although it has a negative sign, it is positive because control forces generally depend
negatively on displacement and velocity response, so this makes the control energy positive.
After defining this, the energy equilibrium can be expressed as

Ekin +Edamp +E§ZI:’E +Eshtlrs +Ecan :Eeanh (16)
Equation (16) shows that applying control force can dissipate energy when the control force
is applied in the direction opposite to the displacement and velocity responses, as with other
forms of energy. This indicates that control elements are a kind of energy dissipating mecha-
nism like damping in the structures.

4 NUMERICAL EXAMPLES

As an example problem, a three-story (S1) [17] and a twelve-story (S2) shear building with
damping are considered under the effect of two different earthquake motions, which repre-
sent the El Centro and Erzincan earthquakes. These two earthquakes have been chosen to
give a more general conclusion for the behavior of the structure. The El Centro NS (1940)
earthquake excitation had a peak ground acceleration of 0.34 g and can be classified as a
moderate earthquake, where Erzincan NS (1995;95 Erzincan station) had a peak of 0.41 g and
can be classified as a strong earthquake (g is the gravitational acceleration). Acceleration time
histories of the El Centro and the Erzincan earthquakes are given in Fig. 3. The columns of
the building are assumed as massless, and the mass of the structure is concentrated at the floor
level as a lumped mass model. Each story has the same mass, stiffness, and damping param-
eters for the three-story building. As control elements, base isolation and mass damper are
chosen.

The dynamic behavior of these structures are investigated for six cases which are an uncon-
trolled case (C1), a structure with base isolation (C2), a structure with base isolation and a
passive mass damper (C3), a structure with base isolation and an active mass damper (C4), a
structure with a passive mass damper (C5), and a structure with an active mass damper (C6).
For both structures, the weighting matrix R (1 x 1) is chosen as 10, a scalar number, because
only a single active mass damper is in the system for the active control case (C4). The other
weighting matrix Q is chosen as (10 x 10) diagonal matrix of the diagonal elements which
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Figure 3: Earthquake time history.

consist of 1000 for the three-story structure, while a (28 x 28) diagonal matrix with 1000
diagonal elements is used for the twelve-story structure. For the active control case (C6),
R (1 x 1) is chosen as 107 for both structures. The Q matrix is chosen to be an (8 x 8) diag-
onal matrix with diagonal elements which consist of 10000 for the three-story structure; for
the twelve-story structure it is chosen to be a (26 x 26) diagonal matrix with diagonal ele-
ments equal to 10000.

The Q and R matrices must be positive-definite and positive semi-definite matrices, respec-
tively. The values of the elements of these matrices satisfy these conditions. Unfortunately,
there are no systematic approaches or exact rules in general on how to assign the values of the
weighting matrices. The tuning of the weighting matrices reflects the trade-off between the
desired performance and control energy consumption, and it provides the designer with sig-
nificant flexibility. However, within the framework of this study, these weighting matrices are
required to guarantee the stability of the controlled structure.

4.1 Three-story structure (S1)

The mass, stiffness, and damping parameters of the base isolation are m, = 100 tons, k, =
2527 x 103 kN/m and ¢, = 63 kNs/m, respectively. For the passive and active mass damper
the respective parameters are m, = 36.3 tons, k,= 1173 kN/m, and ¢, = 31 kNs/m. The mass,
stiffness, and damping matrices of the structure for the uncontrolled case are as follows:

100 0 0O 25132 —125.66 0
M=| 0 100 0 |ton,C=|-125.66 25132 —125.66|kNs/m
0 0 100 0 -125.66  125.66 (17)
31582.734 —15791.34 0
K=|-15791.34 31582.734 —15791.34 | kN/m
0 ~15791.34 1579134

The percentage of the maximum uncontrolled displacement reduction of the stories is
given in Table 1 for S1. The maximum displacements of the base isolation and mass damper
are given in Table 2. It can be seen from Table 1 that among all cases the largest reduction in
the story displacements has been obtained for the hybrid system, which consists of an active
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Table 1: Uncontrolled response reduction percentages (%).

Control cases

Earthquake Story No. Cc2 C3 C4 C5 Co6
El Centro 1 -26.3 11.6 17.6 19.0 15.8
2 70.4 73.1 73.6 40.4 439
3 83.7 85.5 83.7 70.7 72.8
Erzincan 1 3.6 =7.7 14.6 6.8 13.6
2 38.8 27.5 45.5 33.7 47.4
3 91.6 90.5 91.9 89.2 92.6

Table 2: Maximum responses of the control elements (m).

Control cases

Earthquake  Control elements Cc2 C3 C4 C5 C6

El Centro Mass damper - 0.0649  0.0516 0.1737  0.1221
Base isolation 0.2039  0.2144  0.1868 - -

Erzincan Mass damper - 0.1401  0.1491  0.5454  0.4528
Base isolation 0.3306  0.3649  0.341 - -

mass damper and base isolation (C4). An active mass damper has also reduced the displace-
ment of the base isolation. Implementing a passive mass damper to the structure with base
isolation has also reduced the story displacements for the El Centro earthquake. For the sin-
gle active mass damper case (C6), the displacement of the mass damper is significantly
smaller than in the single passive mass damper case (C5). In addition, the story displacements
are smaller for the single active mass damper case than for the single passive mass damper
case. Table 2 also indicates that for the single mass damper cases (C5, C6), the displacement
of the mass damper is larger than for hybrid cases (C3), (C4). Moreover, implementing base
isolation to the uncontrolled structure has reduced the displacements. Within the control
cases, the least effective one is the structure with a single passive mass damper (C5).

The hysteretic curves for the second story S1 under the El Centro earthquake are given
in Fig. 4 for all cases. In Fig. 4, (C1) to (C6) represent the control cases defined above.
Implementing base isolation to the system makes the structural behavior elastic for the El
Centro earthquake for the (C2), (C3) and (C4) cases, but for the single passive mass
damper (C5) and single active mass damper (C6) case the behavior is plastic. The behav-
ior of the structure is similar for cases (C2), (C3) and (C4). Among single mass damper
cases (C5, C6), the area covered by the hysteretic loops in the single active mass damper
case is smaller than in the uncontrolled and passive mass damper case. Under the Erzincan
earthquake, the hysteretic curves are given for the third story of the structure in Fig. 5. The
behavior is elastic only for the structure with base isolation and an active mass damper,
but for the single active controller case the behavior is very close to the totally elastic
behavior.
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Figure 4: Hysteretic curves for El Centro earthquake.

In addition to the displacement responses, the relative acceleration responses of the stories
are given in Table 3. Table 3 indicates that implementing passive and active control devices
to the structure significantly reduced the uncontrolled story relative accelerations except for
the structure under the Erzincan earthquake. Especially, the uncontrolled relative accelera-
tions of the second and third story are significantly reduced by implementing control devices
to the structure. For the El Centro earthquake, the relative accelerations are reduced to the
same extent for the three different control cases (C2, C3, and C4). For the single passive mass
damper case, the accelerations are similar to those in an uncontrolled structure. For the Erzin-
can earthquake, implementing structural control elements increased the relative acceleration

Figure 5: Hysteretic curves for Erzincan earthquake.

responses.

The absolute acceleration responses are given in Table 4. Implementing control elements
to the structure has also reduced the absolute acceleration responses of all stories except for

the first story under the Erzincan earthquake.
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Table 3: Maximum relative accelerations of the stories (m/s2).

Control cases

Earthquake  Story No. Cl1 C2 C3 C4 C5 Cco6

El Centro 1 3.56 3.39 3.69 3.64 4.14 3.60
2 5.33 3.67 3.58 3.48 5.00 4.81
3 5.05 3.70 3.66 3.63 5.02 4.96
Erzincan 1 5.66 6.29 6.16 6.32 5.64 5.02
2 5.84 5.76 5.60 6.03 5.44 5.68
3 5.39 5.90 5.79 5.68 5.39 5.78

Table 4: Maximum absolute accelerations of the stories (m/s2).

Control cases

Earthquake Story No. Cl1 Cc2 C3 C4 C5 C6

El Centro 1 2.12 1.52 1.41 1.55 2.10 1.77
2 2.09 1.44 1.32 1.49 2.14 1.68
3 2.99 1.72 1.54 1.32 2.89 2.73
Erzincan 1 3.00 3.65 3.49 3.36 3.66 2.73
2 3.27 3.23 3.12 3.33 2.59 2.52
3 3.34 3.26 3.28 2.90 3.38 3.04

It is known that the sum of the kinetic energy, the damping energy, the strain energy, and
the control energy is equal to the earthquake energy. For passive control cases, the control
energy is zero for the whole earthquake’s duration. In addition, the increase in the control
forces results in the increase in the control energy consumption.

For the uncontrolled, passive and active control cases, energy distributions are given in
Fig. 6 for the El Centro earthquake. For the El Centro earthquake, the largest reduction in the
strain energy has been obtained for the hybrid system, while the maximum control energy for
this system is 29.11 kNm. In Fig. 6 it can be seen that the strain energy oscillates between
70 kNm and 92 kNm. This is because of the elasto-plastic behavior of the structure under the
El Centro earthquake. The energy distributions for the Erzincan earthquake are given in
Fig. 7. Under the Erzincan earthquake for the active control case, the maximum control
energy is 38.15 kNm.

For two different earthquakes, implementing base isolation and mass damper to the struc-
ture has increased the total energy consumption of the structure.

4.2 Twelve-story structure (S2)

The dynamic behavior of a twelve-story structure is analyzed under the effect of the El Centro
and Erzincan earthquakes. The same control cases are investigated. For the twelve-story
structure, the structural parameters are given in Table 5.

The hysteretic curves for the first story of S2 under the El Centro earthquake are given in
Fig. 8. Implementing base isolation to the system reduced the force and displacement



24 A. Yanik, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 2, No. 1 (2014)

Totd Diarnping Total Damping
----- Fmetic — - — Stmn === Kintic — +— - Stmin
... 250 . 250
£ 200 £ 200
% 150 1 = 150 -
5 e
g 100 @100 ﬂ(’ka"vm"-"-'\‘wv
g 50 vt 50 7L <
- o MR sty A 0 ivite it
0 1020 30 0 10 20 30 0 10 20 30
Time (s) Time(s) Time(s)
(Cl) (C2) (C3)
Tolsl = ===———— Damping Totsl - = = = Dampirg Total = = = = Dampmg
----- Kinatic =+ == Stmin . =+ =« = Kiretic — e+ Straim
—c—Comgd 0 | === Kietle = —-— Stuin — + - — Contwl
250 250
E200 E200
=150 =150
8100 - B100
o o s 1 o . W o ammem=m- ol
50 1 JHEN ek 50 b s R
& 0 g G AT AL T & R ') T s A
0 10 20 30 0 1. 20 30 0 0. 20 30
Time(s) Time(s) Tirme(s)
(C4) (CS) (C6)

Figure 6: Seismic energy distributions for El Centro earthquake.
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Figure 7: Seismic energy distributions for Erzincan earthquake.

Table 5: Structural parameters S2.

Story number and

Stiffness (k) Damping Yielding

supplemental elements Mass (tons) (kN/m) (kNs/m) level (cm)
1-11 500 500000 4952 2.5
12 300 500000 4952 2.5
Base isolation 500 20000 605 2.5
Mass damper (at the base) 500 1940.5 197 200
Mass damper (at the top) 100 1577 394 200
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Figure 9: Hysteretic curves for Erzincan earthquake.

responses of the structure significantly. Under the effect of the Erzincan earthquake, the hys-
teretic curves for the first story of S2 are given in Fig. 9. Displacement of all of the stories is
investigated and the most critical story has been determined to be the first story. Implement-
ing base isolation to the structure makes the behavior elastic for the circumstances of the
Erzincan earthquake for cases (C2), (C3) and (C4). The behavior is plastic for the single
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passive (C5) and the single active mass damper case (C6). Cases (C2), (C3), and (C4) are
equally effective in reducing the uncontrolled structural responses.

For the uncontrolled, passive and active control cases, maximum energy responses of the
uncontrolled and controlled structures are given in Table 6. Table 6 indicates that the uncon-
trolled total, damping, kinetic, and strain energy have been reduced significantly for the
controlled cases except in the single active and passive mass damper case for both earth-
quakes. The energies are approximately 1/3 of the uncontrolled structure energies for the El
Centro earthquake. Table 6 also indicates that the maximum reduction for the uncontrolled
energies has been obtained for damping energy by implementing structural elements. On the
other hand, control energy consumption is very small in comparison with the other energy
types. Control energy is between 1% and 2% of the total energy for both earthquakes. For the
single passive and active mass damper case, the maximum values of the energies are approx-
imately the same as with the uncontrolled structure. Moreover, for these two cases the control
energies are higher than the structure with base isolation and active mass damper. In addition,
the total energy is the smallest for the fourth case, which is the base isolation with active mass
damper case for both earthquakes.

The increase in the strain energy causes multistructural damage. The structure can col-
lapse because of a dramatic increase in strain energy. Distribution of the strain energy to
the stories and supplemental elements has also been investigated in this study. If most of
the strain energy is absorbed by the control elements, then this has a positive effect for a
structure.

The distribution of the strain energy for the twelve-story structure during the Erzincan
earthquake is given in Fig. 10. In Fig. 10, TSE represents the total strain energy of the struc-
ture, BI represents the base isolation, MD the mass damper, and the numbers 1, 6, and 12
represent the corresponding stories. Figure 10 indicates that for the uncontrolled case (C1),
most of the strain energy is absorbed by the first floor, while the strain energy absorption
decreases for the upper stories. It can be seen from Fig. 10 that base isolation absorbs the

Table 6: Maximum energy responses (S2).

Energies (kN-m)

Control

Earthquakes cases Total Damping Kinetic Strain Control

El Centro Cl 2135.3 1846.4 1066.5 754.9 -
C2 945.3 210.9 843.5 269.2 -
C3 896.1 3414 781.0 213.2 -
C4 832.8 225.6 832.8 259.5 9.2
Cs 2023.6 1828.8 729.4 659.2 -
C6 21195 1725.9 866.1 694.6 83.8

Erzincan Cl 13171.3 3425.7 4484.1 10093.3 -
C2 5877.1 2155.5 5382.3 3003.3 -
C3 5925.4 2764.7 5182.1 2541.5 -
C4 5874.5 2192.3 5361.3 2948.0 74.3
(O] 13001.6 4057.9 4574.4 9690.5 -

C6 13162.0 3587.1 4559.4 9966.7 204.0
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Figure 10: Distribution of strain energy for Erzincan earthquake.

great majority of the strain energy for (C2), (C3) and (C4) cases. Implementing base isolation
to the structure decreases the total strain energy significantly as indicated from cases (C2),
(C3) and (C4). In the single passive or active mass damper cases (C5) and (C6), the total
strain energy of the uncontrolled structure was not decreased. Implementing base isolation to
the structure not only decreased the total strain energy consumption but also enabled the base
to absorb the great majority of the total strain energy of the structure.

5 CONCLUSION

In the area of earthquake resistant structural design, there is a basic methodology. This meth-
odology involves guaranteeing earthquake resistance by modifying structural form, for
example, by decreasing the column rigidities (flexible ground floor) and by using hinged
columns. The aim of this methodology is to diminish the seismic energy of a structure during
earthquakes by providing various structural elements like columns to absorb this energy. The
methodology investigated in this study involved achieving the decrease in seismic energy by
implementing supplemental elements to a structure. By the detailed analysis of energy distri-
butions of actively or passively controlled structures, it has been shown that applying control
to the structures significantly reduces the energies within the structure. The other conclusions
drawn from this study are given below.

« The earthquake characteristics mostly had effect on the energies of both controlled and
uncontrolled structures. The same structures under the Erzincan earthquake, which had
a higher peak acceleration than the El Centro earthquake, consumed dramatically more
energies than in the El Centro earthquake.

« Weighting matrix R had an important effect on control energy consumption. The assign-
ment of small values to this matrix resulted in small control energy consumption. The
control energy consumption was very much lower than other types of structural energies.

« With respect to the analysis of the strain energy distribution of the stories, it has been deter-
mined that the maximum strain energy is dissipated by the first story, and the dissipation
is reduced for the upper stories of the structure.
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All of the above conclusions show the effectiveness of the control systems from an energy
perspective. In addition, if the control elements are designed by increasing their energy dis-
sipation capacities, more effective control systems can be produced.
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