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Abstract. Multidirectional torsional hysteretic damper is a new type of damper that can be used to isolate and dissipate seismic
effects on a structure. It can be designed to have a controllable post-elastic stiffness and exhibit high levels of damping as well as
stable cyclic response. In this article, while offering a simplified numerical relationship for force-displacement response of the
damper, the structure that is fitted with this innovative type of damper is optimized using the harmony search optimization
procedure with discrete design variables. Numerical experiments show that the harmony search methodology can determine the
damper parameters with high computational efficiency and outperform genetic algorithm and simulated annealing procedure in
this regard.

Keywords: Harmony Search, Structural optimization, Multidirectional torsional hysteretic damper, seismic isolation, Genetic
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1. Introduction

Researchers have looked into a number of cutting-edge techniques for making resilient buildings in addressing the long-
standing concern about earthquake damages. There are several methods that are currently being researched to mitigate and better
explore the effects of earthquake, including structural frames with rocking columns as an energy dissipating mechanism [1], new
performance spectra-based methods [2] and application of self-centering damper with a shape memory alloy [3], to name a few.
Among various methods, utilizing seismic isolators is one of the methods that reduces the impact of earthquakes on structures by
increasing the period of the structure and bringing it into the low energy part of a design spectrum. However, the use of seismic
isolators without dampers, might lead to substantial earthquake-induced deformations. Dampers dissipate a part of energy
absorbed by the structure; in this way, the demand for displacement and ductility is reduced. At the same time, the addition of
dampers can increase the stiffness and decrease the period of the structure, which counteracts the first mechanism (increasing the
period owing to the use of isolators). Therefore, based on the behavior of a structure, it is necessary to use a suitable combination
of isolators and dampers in the design.

Although the research on the application of seismic isolation systems goes back about 150 years [4], in the past 50 years, there
has been a growing interest in using additional mechanisms, such as isolators and dampers, to control the structures’ behavior
during earthquake events, and numerous studies have been conducted on development and better understanding of the
performance of such systems. Investigating the effects of different metals in friction dampers [5], using winding rope viscous
dampers to reduce the effects of earthquakes on bridges [6], using new types of lead-viscoelastic coupling beam damper [7],
application of hysteretic metal dampers [8], liquid dampers [9, 10] and memory alloys [11] are examples of ongoing research in the
development of isolators and dampers.

The energy dissipation mechanism in metallic dampers is generally through entering the non-linear part of the material's
response in some elements, and transforming it to heat in alternating cycles of displacement [12] or hysteretic behavior. One of the
important considerations in the design of hysteretic dampers is the distribution of plastic strains. The uniformity of the strain,
especially in the plastic state, can reduce the fatigue of material and causes the stability of the hysteretic curve. The uniformity of
strain can also increase the deformation capacity of the member. When bending members are used in a hysteretic damper, the
energy dissipation is usually concentrated in an area called the plastic hinge, and the displacement (rotation) capacity is relatively
limited. On the other hand, in a cylinder under torsion, uniform stresses and strains are applied to all points that are at equal radial
distances along the height of the section. Such a state of stress and strain occurs in both elastic and plastic phases of material
response. This situation does not occur in non-cylindrical cross sections under torsion, in which some parts enter the plastic stage
earlier. Concentration of plastic strains in the corners of a non-cylindrical section, reduces the fatigue resistance of the section
under hysteretic loading [13].
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There have been studies on the use of metallic materials in torsion as hysteretic dampers, however displacement and energy
dissipation frequently happened in a particular direction in these studies [13, 14]. A relatively new type of damper, known as “multi-
directional torsional hysteretic damper” (MTHD) [15] is a mechanical device that is installed between two points of the structure
where isolation and damping is intended. It is basically designed for seismic isolation of bridges, although it can be used for other
structures. As a result of horizontal movements of the supporting points, energy-dissipating cylinders undergo various stages of
torsional yielding or hardening. MTHD can be designed to have a controllable post-elastic stiffness and to exhibit high levels of
damping as well as a stable hysteretic response. The kinematic function of MTHD is described in the next section in more details.
Despite the mentioned advantages, limited applications have been reported, partly due to the complex relationship between force
and displacement that exists in this type of damper.

On the other hand, to simplify the structural design procedures, numerous studies have employed optimization algorithms in
various forms. There are several meta-heuristic algorithms that have been created, which vary in terms of effectiveness,
computational cost, or the work needed to be adjusted for a particular calculation. [16]. These methods have been widely used for
optimizing the response of structures against earthquakes. The use of shape optimization to improve U-shaped dampers [17], use
of “simulated annealing algorithm” for optimization of “shear panel dampers” [18], use of “artificial bee colony algorithm” to
determine the optimal location of viscous dampers in a structure [19], using “chaotic optimization algorithm” for optimization of
“tuned mass damper” parameters [20], using “swarm intelligence” to simultaneous optimize viscous dampers and tuned mass
damper [21] and application of magneto-rheological dampers using fuzzy logic [22] are among extensive research that have been
done in this respect.

Harmony search is a meta-heuristic optimization algorithm that was proposed by Geem in 2000 [23], Harmony search imitates
the music player's improvisation in trying to find a more balanced harmony, which is analogous to solving engineering design
problems. It benefits from some of the features of the existing algorithm, such as using sets of design variables, but at the same
time it allows for different adaptation rates which is in line with more advanced algorithm such as simulated annealing. To decrease
the probability of trapping in local optima, harmony search works on a population of solutions simultaneously, which is similar to
genetic algorithm; however, in contrary to genetic algorithm which uses only two existing sets of design variables for improving
the solution, harmony search improves the solution using all feasible sets of design variables. Also, the efficiency of each solution
is obtained directly from the system analysis, so there is no need for additional variables, such as the derivative of the objective
function with respect to design variables (so-called sensitivity numbers). These properties make the methodology versatile,
especially in solving complex functions of design variables. More details about the structure of the algorithms will be presented in
section 3. In addition to its many applications in solving various engineering problems, the method has been used in many
researches for designing base isolators and dampers such as in [24-26].

In this paper, in addition to presenting a simplified force-displacement relationship for finite element modelling the MTHD
behavior, the harmony search methodology [27] is used to optimize its characteristics. In the following sections, the MTHD
kinematics will be described and a simplified force-displacement relationship will be presented, which is necessary for finite
element modelling and numerical time-history analyses. The details of harmony search algorithm will be presented and its
efficiency in determining the damper parameters will be demonstrated through a numerical example and compared with known
optimization algorithms.

2. Multidirectional Torsional Hysteretic Damper
2.1. Introduction

Figure 1 shows a general view and a section of the MTHD, which consists of two parts [28]. The upper part, (consisting the rails
and upper steel plate), is connected to the superstructure and the lower part is fixed on the foundation or pedestal. The connection
of the upper and lower parts is through a number of rails. The lower part includes a steel short-column at the center, which transfers
bending moments to the foundation. There are eight solid steel cylinders around the short-column, which dissipate energy through
yielding in torsion. The connection of the short-column to the bottom baseplate and the lower steel plate is fixed. But the eight
energy- dissipating cylinders are connected to eight arms at the top, which in turn are engaged with the upper part by the rails. The
arms are connected to the rails by sliding parts, which can rotate and move freely along the rail path and can be made with plastic
or metal. Note that the rails do not rotate under any condition and are always parallel to the initial position of the arms. If friction
is ignored, no axial force is developed in the arms with this type of connection. The connections are designed so as to allow the
damper to move horizontally in any direction [28, 29].

The rails are welded to the upper steel plate, which is attached to the superstructure. It can be seen that the upper and lower
parts of the damper are apart, which reduces the sensitivity of the device to vertical displacements. When the superstructure moves
horizontally under the effect of a lateral force, the arms engaged with the rails transform the displacement to torsion in the eight
energy dissipating cylinders as shown in Fig. 2. The torsion can cause the cylinders to enter a post-elastic phase. The short-column
prevents the formation of bending moment in the cylinders; therefore, the energy dissipating cylinders are subject to relatively
uniform yielding due to torsion [28, 29].

Fig. 1. General view and a section of MTHD. (1) Rail, (2) Base plate, (3) Short column, (4) Energy dissipating cylinders, (5) Upper steel plate, (6) Arm,
(7) Lower steel plate, (8) Sliding parts.
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Fig. 2. Kinematic of MTHD. Left: initial position. Right: displaced position.
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Fig. 3. Displacement-twist angle relationship in MTHD.

For time-history analysis and finite element modelling of a structure with MTHD, it is necessary to establish a displacement-
force relationship for the damper; but as mentioned, this relationship is complex [15]. Dimensionless diagrams have been proposed
by the device inventors [15], which present the displacement-force relationship based on a number of device characteristics. These
features can include the maximum force that can be carried by the device, the maximum lateral displacement due to the above
force and the yielding force. Alternatively, the maximum force that can be carried by the device, the maximum lateral displacement
due to the above force and the hardening ratio can be used for predicting the response of the device [15]. However, these
characteristics are dependent on the design parameters of the device a priori, such as the diameter and height of the energy
dissipating cylinders, the length of the connected arms, and the ratio of device developed maximum force to yielding force
(hardening ratio). For the finite element modelling and optimization of a building’s behavior under time-history dynamic analysis,
these characteristics may be defined as design variables; therefore, a numerical force-displacement relationship is required. The
purpose of the next section is to provide a simplified relationship for calculating the displacement-force response, so that they can
be used in an optimization-based analysis. The displacement-force relationship is obtained in 3 steps, as explained under sections
22to24.

2.2. Displacement-twist angle relationship

As mentioned, under the effect of movement of the upper part of the damper with respect to the lower part, the energy
dissipating cylinders are subjected to different degrees of torsion (elastic or plastic) as shown in Fig. 2. In addition, there is some
friction between moving parts, which in turn causes energy dissipation. The presence of friction makes the force-displacement
response in the multidirectional torsional hysteretic damper complicated, but experimental verification tests show that the effects
are negligible [15]; therefore, these effects are ignored to establish a simplified relationship here. Also, the presence of gaps between
device components (which is related to manufacturing tolerances) affects the force-displacement response to a small extent, which
is also ignored here. In the following, it is assumed that connecting arms are not aligned with the applied force.

Here, it is assumed that the movement takes place alongY direction (note that the results can be generalized to other situations).
Figure 3(a) shows a situation where the initial angle of the arm, connecting to the dissipater, is greater than zero 8 >0. As a result
of the displacement A, the point a, at the end of the arm, moves to a' and the arm rotates by the angle 6. Considering the fact
that the alignment of the rail does not change as a result of the movement, trigonometric relations give:

d'=Axcosp (1)
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Since it is assumed that the axial stresses (due to friction) are negligible, the length of the arm does not change, hence:

. d’
0=— 2
sin L (2)
From Eq. (1) and (2):
0 =sin"" [7A X EOS B (3)

It can be shown that Eq. (3) is valid for other initial positions of the arm, as shown in Fig. 3(b) for instance.

2.3. Twist angle-torsion relationship

One of the accepted theoretical relationships between stress and strain in mild steel is the Ramberg-Osgood model [30]. In this
model, elastic ¢, and plastic ¢, strains are calculated from separate relationships and then added together to calculate the total
strain. An exponential relationship is used for calculating the stress based on the plastic strain (the elastic strain is not included in
the equation):

B n
(T—H€p

The constants of the above equation are related to the characteristics of the steel and can be obtained from a logarithmic stress
versus strain curve fitting; n is the “strain hardening exponent”; in the case which the curve is replaced by two asymptotes with
equal logarithmic decay, n is the slope of the asymptote. The constant H is equal to the stress at unit plastic strain. n and H can be
measured for different steels. The total strain is also obtained from the following relationship:

1/n

5:5e+sp:%+[% (4)

The above relationship represents a continuous curve for stress and strain that does not have a definite yield point. However, it
is possible to define a yield stress assuming ¢, = 0.002; in other words [30]:

o, =Hx0.002" ©)

When a shaft is under torsion up to the yielding shear stress, the relationship between torsion, shear stress and shaft twist
angle is expressed by the following equations:

T=27 ©
1
e

T H @)

where, H, is the length of the shaft, r is the distance of the desired point for calculating the stress to the center of the shaft, and ]
is the polar moment of inertia of the shaft section. In a circular cylinder under torsion, all points are under pure shear stresses. If
the z axis aligns with the shaft axis, the only non-zero stress component is 7,,. In such a situation, the principal stresses and
strains are as follows:

0y =—0,=T, ;0,=0 )
’YX
6 ="6&= 2y &5=0 ©)

When an element of a section enters the plastic region, the total strain in the principal directions is the sum of the elastic and
plastic strains. For example, along the principal direction 1, it can be written:

€1 =Eq &y (10)
where

(1+v)
E

01 (11)

1
€e1 :E[Ul 7”((72 +(73)]:
The relationship between plastic strain and stress is expressed by a relationship similar to Hooke's law, with the difference

being that Poisson's ratio of 0.5 is used. This value of Poisson's ratio is equivalent to assuming that the material does not undergo
volumetric change during plastic strains. In such a case, it can be shown that the total strain in direction 1 is [30]:

—\/n
g
3

in which & is the effective stress at which the yielding occurs and can be calculated using von Mises yield criterion. By the Eq. (5)
and (9):

(1+v)
E

& = o, +-—o0,
25

(12)

1/n
T Ty
Ty =gt [H—y] (13)
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in which

H

H = smom (14)

It can be shown that with a Ramberg-Osgood material model, the relationship between the maximum shear stress and the
torsion for a cylinder is [30]:

0.25+§"+157+2"+2253+ 13ﬂf
T = 27Rr, n-+ n4 n+ (15)
(1+3,)

where 1, is the shear stress at a point of the cross section farthest away from the center, and:

g ="n
Ver
- 1/n
B
e [H7] (16)
Yo =
Ve = Ver T Vpr

2.4. Torsion-force relationship

The torsion-force relationship can be obtained by considering the geometry of the damper. Figure 4 shows two different
situations of the damper arm. The goal is to obtain an expression for the force F component along the Y direction, (Fy). As a result
of the rotation, the point (a) moves to the point (a'). Ignoring the friction, the resultant contact force between the sliding part and
the rail (F) is perpendicular to the rail. The force F is divided into two components F1 and Fz, perpendicular and parallel to the arm
respectively. Due to the fact that the rail does not rotate, the following equations are valid for both cases shown in Fig. 4:

F, =Fcosf (17)
LxE =T (18)
Tcosp
F, =Fcosf=
Y p Lcos?d (19)

Eqg. (19) indicates that as the arm rotates, the required force for rotating changes. This type of geometric hardening or softening
is one of the special features of MTHD and can be controlled by making geometric changes in the damper [10], in such a way that
the overall response of the structure is optimized.

2.5. Cyclic loading and unloading

One of the common attributes of steel and some other metals is that after the first yielding has occurred, yielding occurs again
when the stress difference reaches 2fy in the unloading path. The slope of the unloading path is similar to the loading segment.
Yielding in unloading occurs at a lower stress, which is also known as the Bauschinger effect. When the experimental data of
loading and unloading are available, the following rules can be used to generate a stress and strain curve (or force-displacement)
for cyclic loading [30]. Experimental verification tests also show the validity of these assumptions in prediction the MTHD behavior
(28, 29]:

Fig. 4. Force-twist angle relationship of MTHD.
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1: After the reversal of displacement direction, the slope of the force-displacement curve (between any two consecutive points
of the diagram in the loading path) is repeated, in order, in unloading and the rest of loading and unloading sequences;

2: In the first unloading and the rest of cyclic loading sequences, the length of each segment of the graph is twice its value in
the first loading;

3: An exception to the above rules is when a part of the loading segment is not used in unloading. In this case, this segment
shall be skipped. (This case might occur when the displacement in unloading does not reach the ultimate displacement in initial
loading and is asymmetric with respect to the origin).

2.6. Step-by-step procedure for obtaining force-displacement relationship

To summarize, the force-displacement relationship in the multidirectional torsional hysteretic damper can be obtained as
follows:

Step 1: Itis assumed that the height, diameter and length of the connecting arms of the energy dissipating cylinders are defined.
The maximum displacement of the device is also a prescribed value (alternatively, the ratio of the maximum force in damper to the
yielding force (HI) can be a defined value).

Step 2: Assume a value for displacement A.

Step 3: For each energy dissipating cylinder:

Step 3-1: Use Eq. (3) to obtain the rotation angle 6;

Step 3-2: Using Eq. (8) and (15), calculate the equivalent torsion developed in each energy dissipating cylinder;

Step 3-3: The force (along the direction of A), which is in equilibrium with the torsion of the previous step, is calculated using
Eqg. (19);

Step 4: Add the 8 energy dissipating cylinder forces obtained in step 3 together. This force along with the A in the step 2 will be
a point in the force-displacement diagram,;

Step 5: Increase the value of A and go to step 2;

Step 6: The diagram can be replaced with a bi-linear behavior. Note that in this case, the rate of hardening will affect the response
of the structure even at small post-elastic deformations of the damper. Also, the diagram can be generalized for cyclic loading, using
section 2.5.

The above steps can be programmed with a low computational cost.

2.7. Numerical example

In this example, the result of simplified procedure of section 2.6 has been compared with the results in reference [28]. It is
assumed that the force-displacement relation is desired for a multi-directional torsional hysteretic damper, in which eight energy
dissipating cylinders with angles of + 67.5° and + 22.5° are placed symmetrically with respect to the Y axis. The cylinders have a
radius of 50 mm, a height of 411 mm, and the length of the arms is 558 mm. The steel is of S355J2 type, with a yield stress of
fy=470MPa. Through the analysis of the stress and strain diagram of the used steel, the Ramberg-Osgood model parameters are
H=700MPa and n=0.047. The maximum force to the yielding force ratio of HI=2.2 is assumed for the damper. As an application of Eq.
(6), the yielding force of Fy=698kN is calculated.

Figure 5 compares and shows a good agreement between the results from the above simplified procedure and the results in
reference [28].

3. Harmony Search

Harmony search is a simple yet efficient, meta-heuristic algorithm that can be used to search for optimal values of either
continuous or discrete design variables [31]. After doing a system analysis, a stochastic search technique is used in an iterative
process, thus the objective function's derivatives with respect to the design variables are essentially unnecessary. To illustrate the
method, assume that the optimization objective is to maximize the function f(x), which x is a set of design variables (a design
variable can be size, thickness, stiffness, and similar properties of a structure). Harmony search uses a matrix called "harmony
memory" (HM). Each row of HM contains a set of design variables which defines a possible solution. The HM rows are sorted based
on the performance of each set on the optimality of the objective function. The total number of HM rows is called "Harmony Memory
Size" (HMS), and represents the number of solutions stored in HM. HMS is defined as an initial parameter empirically:

1 1 1
XX, X;
2 2 2
X; X; X
HM = , ; (20)
Xi{MS X?MS . x;—IMS
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Fig. 5. MTHD force-displacement comparison between [28] and the simplified procedure.
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At the beginning of the procedure, the elements of HM are selected from the entire possible range of design variables randomly.
For each later iteration, a new set of design variables is selected as described below, the system is analyzed and the performance of
selected design variables is measured. If the selected set has a better performance on improving the objective function, the new set
is replaced with the worst set in HM. The procedure continues until the maximum iteration number or time is reached or the
objective function cannot be improved [23].

New set of design variables can be selected randomly, either from the possible range or from the values already stored in HM.
This is implemented through three stochastic procedures called "memory considerations", "pitch adjustments" and
"randomization".

The "memory considerations" uses an empirical value called "harmony memory consideration rate" (HMCR), which is usually a
real number between 0 and 1, and is defined as an initial, usually constant, parameter of the algorithm. HMCR is the probability of
selecting the design variable from one of its previous values in HM. For this purpose, a random and real number (between 0 and 1)
is assigned to each design variable (randi) at the beginning of each iteration. If randi < HMCR, the next value of the design variable
will be randomly selected from one of its values in HM through the "pitch adjustments” procedure. Otherwise, the next design
variable is selected by the "randomization” procedure.

The "pitch adjustment" procedure uses another empirical parameter called the "pitch adjustment rate" (PAR). PAR is an initial
parameter of the algorithm and is determined by numerical experiments. In the basic form of harmony search, PAR is usually a
constant and real number between 0.3 and 0.4. It allows for permutation of the design variables when they are supposed to be
selected randomly from values in HM. When the algorithm is formulated with discrete design variables, PAR defines the probability
of changing a randomly selected design variable from a row of HM with an upper or lower row value.

If the random number assigned to a design variable, randi > HMRC, the next design variable is randomly selected from the entire
range of possible values, which is called "randomization" procedure in this context.

4. Methodology

4.1. Problem statement

For the design of a structure against dynamic loads, features such as relative floor drifts, speed, acceleration, absorbed energy,
etc. can be considered as the objective of optimization (objective function). The behavior of a structure equipped with a damper
depends on the physical characteristics of the damper. As mentioned in the previous sections, the response characteristics of a
multi-directional torsional hysteretic damper depend on attributes such as the height (Hi), diameter (D), the length of the arms
connected to the energy dissipating cylinders (L) and the degree of hardening of the damper (HI). If the objective is to limit the floor
drifts to a prescribed value under nonlinear time-history analysis, the optimization problem can be expressed in the following form:

Minimize : f (x) = i d, —d;
' (21)

Subject to: mii + cu + ku = —mii, (t)

where d, is the maximum drift of the floor i; n is the total number of floors in the structure, d; is the prescribed floor drift; m, c and
k, are mass, damping and stiffness matrices of the structure respectively; u is the time dependent displacement vector and U, is
the ground acceleration.

4.2, Algorithm

Based on the basic harmony search algorithm, a solution for determining the specifications of the multidirectional torsional
hysteretic damper in order to optimize the response of the structure can be defined in the following steps:

1. Determine the objective function and parameters of the harmony search algorithm such as HMS, HMCR, PAR;

2. Determine the acceptable range of quantities for damper specifications such as the diameter and height of energy dissipating
cylinders, arm length and hardening ratio (D, Hi, L and HI, respectively);

3. Considering D, H;, L and HI as design variables, HMS sets of design variables are randomly selected from the entire range. For
each set, MTHD force-displacement relationship is established, and the response of the system is calculated. The sets are sorted
according to their effect on the objective function and stored in HM;

4. With the help of three procedures of "memory considerations", "pitch adjustment" and "randomization" a new set of design
variables is selected;

5. The force-displacement curve and the system response are calculated;

6. If the response of the system is better than one of the sets stored in HM, the new set is replaced with the worst set;

7. Steps 4 to 6 are repeated until the objective function cannot be improved or the maximum number of iterations has been
reached.

5. Numerical Experiments and Discussion
5.1. Example 1

To verify the effectiveness of the described method, the objective of this example is to find the optimized damper specifications
for a structure with minimized drifts, so that the displacement of the damper does not exceed 80% of the device allowed value:

Minimize f(x)=>(d —d (22)
1
Subject to : ‘udampe, <0.8X Uy, (23)
and
mii + cu + ku = —mi, (t) (24)

in which Udamper represents the maximum displacement of the damper and umax is its maximum allowed. Other parameters have
been defined under Eq. (21).

Journal of Applied and Computational Mechanics, Vol. 10, No. 1, (2024), 80-91 N\



Optimizing multidirectional torsional hysteretic damper specifications using harmony search 87

For imposing the condition of Eq. (23), any randomly generated solution with |ugamper | > 0.8 x Umax may not be allowed in HM;

However, here Eq. (22) and (23) are combined together using a penalty scheme in the form of Eq. (25), to better explore the solution
near the limits in this example:
)P

Minimize : i(di - d;)z X (HlltdmpEr —0.8x1U,,
1

(25)
Subject to: mii + cu + ku = —mii, (t)

in which p is a penalty exponent, chosen experimentally (p = 2 for this example).

A 4-story framed structure has been subjected to a scaled Imperial Valley earthquake of October 15, 1979. The lumped masses
at story levels are 103.6 tons. The stiffnesses are 12000, 7500, 5000 and 2500 N/mm from the bottom story to the top, respectively.
The structure, including 4 dampers which are defined at the base, was modeled with 5 translational degrees of freedom. All stories
remain within elastic range except for the dampers which may demonstrate a non-linear behavior. The Rayleigh damping model is
considered with a damping ratio of 3 percent. The prescribed drifts are di’ = 0.002 for all stories in this example.

The problem has 4 design variables, including the diameter of the energy dissipating cylinders D, the length of the arms
connecting the cylinders L, the height of the cylinders Hi and the ratio of maximum tolerable force to yielding force HI. The design
variable D ranges from 15 mm to 70 mm in 23 different sizes, the parameter H; can be selected from 150 mm to 350 mm in 41 sizes,
the design variable L is from 220 mm to 700 mm in 77 different sizes, and the HI varies from 1.4 to 2.3 with 0.1 increments; therefore,
the total possible permutations of variables are 726110.

The size of the harmony memory matrix HM is HMS=5; in addition, HMCR=0.75 and PAR=0.3 are selected for this example.

Figure 6 shows the variations of the best answer, stored in HM throughout the optimization procedure. For the harmony search
method, the optimization time for 315 iterations is 1000 seconds in a core i7 CPU and it takes 300 iterations to arrive at the objective
function value of 0.1 as per Eq. (25). The obtained parameters are D=32mm, Hi=225mm, L=440mm and HI=1.9.

Figure 7 shows the dampers displacement time-history for the best answer obtained with harmony search. The maximum
displacement is 310mm which is approximately 80% of the maximum allowed (387mm). Figure 8 shows the time-history of stories’
drifts for the best answer.

Figure 6 also compares the results of a harmony search run with a generational genetic algorithm and simulated annealing
optimization procedures. For the genetic algorithm, a generalized method (offspring replace their parents) [32] has been used, in
which, a population size of 5, elitism factor of 0.5, mutation rate of 0.2 and mutation probability of 0.5 have been applied. For the

simulated annealing procedure [33] an exponential temperature update function together with Boltzmann annealing function have
been selected.
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Fig. 6. Variations of the best solution vs. time.
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Fig. 7. Time-history of damper displacement for the best solution.
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Fig. 8. Time-history of stories’ drifts for the best solution.

To better compare the computational efficiency of the applied harmony search algorithm with genetic algorithm and simulated
annealing optimization procedures, one-tailed tests have been performed. Each procedure was run 30 times for 1000 seconds and
the average and variance of the resulting objective function have been computed as shown in Table 1 and Table 2. As it can be seen,
the average value of the objective function is smaller for harmony search in both cases, for this minimization problem. The tables
also show the one-tailed test p values which are less than the significance level (0.1), rejecting the null hypothesis that the two
methods have similar performance in each case.

The computational efficiency of harmony search has been compared with that of genetic algorithm through a number of studies
[34-37]. The consensus is that harmony search outperforms, which is attributed to lesser dependence on the selection of algorithm
parameters [35].

5.2. Example 2

To illustrate the effect of MTHD in reducing the excitation of buildings, a 2D frame of 8-story building with total height of 32m
and 6x6m bays with a total width of 36m, has been used in this example. With the frame tributary width of 5m, the dead and live
loads of the building are 7 and 2 kN/m? on each story, and 6 and 2 kN/m? on the roof respectively. The preliminary sections selected
for the analysis are columns of HE400B for the stories 1 to 4, HE300A for the stories 5 and 6 and IPE300 for the stories 7 and 8. The
beam sections are IPE400 for the stories 1 to 4, IPE360 for the stories 5 and 6 and IPE300 for the stories 7 and 8. All profiles conform
with St-52 steel properties.

Table 1. Comparison between genetic algorithm and harmony search through one-tailed test for 1000sec runtime.

Genetic Algorithm  Harmony Search

Run numbers 30 30
Average value of
. 178.372 40.159
Equation (25)
Variance 157264.302 7278.066

One t-test p value 0.0336

Table 2. Comparison between simulated annealing algorithm and harmony search through one-tailed test for 1000sec runtime.

Simulated Annealing Harmony Search

Run numbers 30 30

Average value of

. 253.283
Equation (25)

40.159

590609.886
0.0708

Variance 7278.066

One t-test p value

Table 3. Selected records and optimized damper parameters.

NGA-West 2 database Optimized MTHD properties

Analysis No. Event Date/ Station/ Azimuth

RSN D(mm) H(mm) L(mm) HI
TH-1 4481 L'Aquila Italy 4/6/2009, L'Aquila - V. Aterno -Colle Grilli, N 30 215 275 2.3
TH-2 4482 L'Aquila Italy 4/6/2009, L'Aquila - V. Aterno -F. Aterno, N 34 150 220 1.9
TH-3 5618 Iwate 6/13/2008, IWT010, EW 24 225 305 1.9
TH-4 285 Irpinia Italy-01 11/23/1980, Bagnoli Irpinio, 270" 42 150 230 2
TH-5 4864 Chuetsu-oki 7/16/2007, Yoitamachi Yoita Nagaoka, EW 28 170 245 1.9
TH-6 4854 Chuetsu-oki 7/16/2007, Nadachiku Joetsu City, EW 26 155 290 1.9
TH-7 4858 Chuetsu-oki 7/16/2007, Tokamachi Chitosecho, EW 24 175 290 2.3
TH-8 5806 Iwate 6/13/2008, Yuzawa Town, NS 25 175 255 1.9
TH-9 2626 Chi-Chi Taiwan-03 9/20/1999, TCUO75, E 28 160 220 1.9
TH-10 2734 Chi-Chi Taiwan-04 9/20/1999, CHY074, N 38 155 290 1.9
TH-11 801 Loma Prieta 10/18/1989, San Jose - Santa Teresa Hills, 225° 25 230 235 1.9
TH-12 125 Friuli Italy-01 5/6/1976, Tolmezzo, N 38 280 250 1.9
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Table 4. Reduction in drifts and base shear as a result of using MTHD wrt fixed base structure (minus sign indicates an increase).

Story Drift (%)
0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8

Analysis No. Base Shear (%)

TH-1 12.2 383 354 281 221 249 260 334 77.4
TH-2 12.8 338 353 280 205 340 375 315 81.9
TH-3 9.2 321 302 266 319 40.8 416 343 80.2
TH-4 -121 162 07 8.1 16.6 19.6 326 30.4 75.9
TH-5 -309 6.3 154 177 225 296 27.2 423 72.5
TH-6 -52 213 234 220 199 177 181 358 77.9
TH-7 -126 122 152 213 213 278 449 512 78.8
TH-8 -280 7.0 172 249 290 363 383 393 75.0
TH-9 8.6 27.6 303 337 253 13.0 30.0 411 80.8
TH-10 5.2 235 247 167 201 257 222 223 80.9
TH-11 5.2 235 247 167 201 257 222 223 80.9
TH-12 69 216 221 184 129 295 386 379 79.1
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Fig. 9. Time-history of drift under TH-7 record in the 8th story.

The building locates in a site class C as per ASCE 7-10 definition, with spectral acceleration Ss=1.304 and one second spectral
acceleration S:=0.553. The response modification factor of 4.5 for an intermediate steel moment resisting frame and the occupancy
importance factor of I.=1.25 have been assigned for this building. Twelve acceleration-time series have been selected from NGA-
West 2 database with magnitude ranging 5.5 to 7.5 and epicentral distance of maximum 100 km, which are appropriate for the
building conditions. Table 3, presents the selected records information, which further scaled to match with the ASCE 7-10 design
spectrum.

The objective function of Eq. (25), has been used for this example with a prescribed drift of di'=0.002 for all stories. The harmony
search parameters are HMS=5, HMCR=0.75 and PAR=0.3. The design variables of dampers (one at each column base), such as the
diameter of the energy dissipating cylinders D, the length of the arms L, the height of the cylinders Hi and the ratio of maximum
tolerable force to yielding force HI have similar ranges to the previous example. For each earthquake record the harmony search
algorithm was run for 120 iterations, and the optimized MTHD parameters are evaluated as shown in Table 3.

The table shows that the MTHD optimal design parameters are very erratic in nonlinear time history analyses for different
earthquakes, which emphasizes the necessity of using an optimization algorithm for methodical parameter determination.

Based on the results of Table 3, the average design parameters of D=30mm, Hi=185mm, L=260mm and HI=2.0 have been selected
for the building. To compare the effects of using MTHD, the structure has been analyzed twice, once with assuming fixed supports
at the columns bases and once assuming MTHD (with the averaged parameters) at each column base. The effects of MTHD in the
base shear demand and drifts have been shown in Table 4. Figure 9 compares the drift at the top story under earthquake record TH-
7 as an example. As it can be seen the MTHD reduces the demand on the building significantly.

6. Conclusion

In this study, the harmony search optimization methodology was used to determine the optimum properties of a new type of
damper, namely, the multidirectional torsional hysteretic damper. A simplified force-displacement procedure has been presented
for the calculation of the response of this type of damper, which is useful for numerical time-history analysis of the structures
under earthquake loading and optimization of the structural performance. Numerical experiments show that the applied harmony
search optimization algorithm can determine the damper parameters with a high computational efficiency under non-linear time-
history analyses. The results show that the harmony search, that is tailored for discrete design variable optimization, outperforms
that of genetic algorithm and simulated annealing optimization methods in determining the damper properties.
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