Research Article

Improving the nonlinear seismic performance of steel
moment-resisting frames with minimizing the ductility damage index

Masoud Dadkhah' - Reza Kamgar'® - Heisam Heidarzadeh'

Received: 5 June 2020 / Accepted: 4 January 2021/ Published online: 11 January 2021
© The Author(s) 2021 OPEN

Abstract

In this paper, the parameters optimization of a tuned mass damper (TMD) is presented to enhance the seismic perfor-
mance of a six-story steel structure based on the ductility damage index. Herein, the six-story frame is modeled nonlin-
early in the OpenSees software by a concentrated plasticity model. Finally, the most suitable algorithm is selected among
several optimization algorithms based on the convergence rate and the objective function’s values. In this process, the
water cycle algorithm has shown the best results. Therefore, the optimal parameters of the TMD are calculated by this
algorithm in such a way that the ductility damage index is minimized in the six-story structure under earthquake loads.
For this purpose, the nonlinear dynamic analysis of the structure is performed under earthquakes loads using the Open-
Sees software. Also, the optimum parameters of the TMD are computed to minimize the ductility damage index under
the earthquake loads by linking the OpenSees and Matlab software. The results show that the optimum parameters of
the TMD system obtained by the water cycle algorithm could appropriately decrease the ductility damage index. It can
simultaneously increase the structure’s seismic performance to reduce the displacement, stories damage, and drift ratio.

Keywords Tuned mass damper - Drift ratio - Powell damage index - Meta-heuristic algorithms - Nonlinear dynamic
analysis

1 Introduction gravitational search algorithm (IGSA) have been utilized to
obtain the optimum parameters of the TMD system under

The control of structures vibrations under wind and earth- ~ earthquake loads [5].

quake loads has been considered by many researchers [1,
2]. The tuned mass damper (TMD) has been introduced
as one method for controlling the vibration of structures.
In recent years, several meta-heuristic algorithms have
been used by researchers to optimize their parameters
(i.e., stiffness, mass, and damping coefficient) to minimize
the values of roof displacement and drift in the stories.
For this purpose, researchers have optimized the param-
eters of TMDs using various optimization algorithms [3, 4].
Among the meta-heuristic algorithms, the charged system
search algorithm (CSS), genetic algorithm (GA), gray wolf
optimization (GWO) algorithm, harmony search (HS) algo-
rithm, whale optimization algorithm (WOA), and improved

The mean square displacement of the structure was
minimized using the particle swarm optimization (PSO)
algorithm. The maximum value of roof displacement was
minimized using the optimum parameters of the TMD
system subjected to the critical earthquakes [6]. Wong
[7] studied the seismic energy dissipation for a nonlinear
structure controlled with a TMD system. Wong showed
that the TMD system could help the structure to save little
energy during an earthquake. Also, the TMD system has
been shown an increase in the value of dissipated energy.
This helps reduce the formation of hysterical energy of the
structure, which decreases the damage value of the struc-
ture. Therefore, the TMD system can effectively protect the
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structures from collapse during an earthquake. Shayesteh
Bilondi et al. [8] enhanced the seismic performance of an
especially moment-resisting frame subjected to an artifi-
cial earthquake. They showed that if the cumulative hys-
teretic energy is selected as the objective function, the
best seismic response is observed during the earthquake.
Shu et al. [9] studied the optimal design of an equivalent
pendulum-type TMD system subjected to the seismic load.

Researchers have proposed some criteria to compute
structures damage [10, 11]. At present, the failure of the
structures under critical earthquake loads is one of the
essential and valuable issues in the scope of structural
and earthquake engineering. Also, various parameters
have been introduced to compute the damage of the
structure. These criteria introduce a number called the
damage index, which describes the concept of failure
using a suitable theory. The structural behavior is inves-
tigated with nonlinear analysis to detect the structural
vulnerability, and finally, the damage index is calculated
using the obtained results and analytical relationships. The
most straightforward damage index has been presented
by Powell and Allahabadi [12]. This criterion is known as
the ductility index. Williams and Sexsmith [13] gave a new
formula to compute the damage index in reinforced con-
crete structure based on the energy concept. Cosenza
et al. [14] combined the ductility and energy criteria to
compute the damage index. The maximum displacement
value was combined with the plastic energy dissipation
value to calculate the reinforced concrete structures’dam-
age index [15]. According to the theory presented by the
Park and Ang, the total dissipation energy of the structure
does not coincide with its final ductility. In other words,
when the energy of the structure is completely dissipated,
the ductility cannot be reached its ultimate level, and vice
versa. Recently, Diaz et al. [16] proposed the capacity-
based damage indices for steel structures. In each of the
papers, as mentioned earlier, an index has been presented
to determine the amount of damage to the structure by
considering an aspect of structural behavior. Colombo
and Negro [17] presented a general damage index based
on the deterioration of resistance capacity. Zhang et al.
[18] introduced an index to compute the amount of struc-
tural damage using the force analogy method. Gholiza-
deh and Fattahi [19] studied the damage parameter for
an optimally designed steel moment frame. Danesh et al.
[20] evaluated the seismic collapse capacity of a steel
moment frame optimized using performance-based
design optimization.

In this paper, the TMD parameter optimization has been
presented to decrease the Powell damage index. For this
purpose, a six-story steel frame that has been previously
studied by numerous researchers is selected and mod-
eled with the OpenSees software. The frame is modeled
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nonlinearly by a concentrated plasticity model using the
Ibarra-Medina-Krawinkler (IMK) model [21, 22], and the
results are verified with the previous studies. The most
suitable algorithm is selected among PSO, GWO, WCA, and
ICA based on convergence speed and optimal response
aspects. The results show that WCA is the most suitable
algorithm. Then, the optimum values for the parameters
of the TMD system are obtained subjected to the earth-
quake loads in such a way that the Powell damage index
is minimized. The results show that the optimum values for
the parameters of the TMD system obtained by the water
cycle algorithm could appropriately decrease the Powell
damage index. It can simultaneously increase the seismic
performance of the structure to reduce the displacement
and drift of the stories.

2 Ductility damage index (DDI)

The Powell damage index [12] (or the ductility damage
index) can be computed as follows:

ifd <d,thenD=0 m

: d-d,
|fdy§d§duthenD=<du_dy) 2)

where D, d, dy, and d, show the damage index, the
damage parameter, the limit, and the ultimate values for
damage parameter, respectively. These parameters can be
presented in the form of deformation, displacement, or
energy dissipation. The damage parameter can be formu-
lated based on the ductility criterion as follows:

d= <Xj—> 3)
y

where x,,,, and x, show the maximum and yield dis-
placements of the structure. The value of x,,,, can be
obtained from a nonlinear dynamic analysis, while the
pushover analysis may be used to compute the value of
x,. Besides, the value of d, is the ultimate ductility of the
structure and should be obtained from the pushover [12].

There is some published literature in determining the
accuracy and efficiency of dynamic analysis methods [23].

3 Optimal design of the TMD system

In recent decades, the devastating earthquakes have led to
an increase in human death due to the buildings’ collapse.
The destruction of high-rise structures makes it inevitable
to use control vibration devices. Therefore, research and
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development of seismic control techniques of structures
are significant to improve the response of buildings to lat-
eral forces [24]. Seismic response control is now a method
of designing structures that has been widely accepted by
civil engineers. The control methods include (1) active,
(2) semi-active, (3) passive, and (4) hybrid. In passive con-
trol systems, the characteristics of the control system do
not change. In contrast, in the active control systems, the
structure response is reduced by external energy. The per-
formance of the active control systems is more than pas-
sive control systems.

The tuned mass dampers (TMDs) fall into the category
of passive control systems. This system consists of mass,
spring, and damping. The structure’s responses reduce
when the damper frequency is set close to the funda-
mental frequency of the main structure. In this way, the
TMD is positioned in a phase opposite to the motion of
the structure. Therefore, the meaningful part of the input
energy is damped by the damper and reduces the dynamic
response of the structure. Figure 1 presents a single degree
of freedom (SDOF) system equipped with a TMD system.

Here, the optimization of TMD parameters (i.e., coef-
ficient damping C,, mass M, and stiffness K) is studied
to minimize the ductility damage index under the earth-
quake load. Thus, the optimization process can be formu-
lated as follows:

Find :
Minimize:

Mg Kg: Cq

D (Mg, Ky, Cy)
Subjected to : M < My < M7

K‘rjnin < Kd < K(rj'nax

C(rj’nin < Cd < C(rjnax

max (|ug(t) = Xpoor(H)] ) < Stra

In Eq. (4), the M('}“” parameter shows the lower bound

of the TMD mass, while M7® represents the upper bound
for this parameter. Also, K;““ and C;“‘” parameters repre-
sent the lower bounds of the TMD spring constant and

damping constant, respectively. Besides, the K and C '
show the upper bounds of the TMD spring constant and
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Fig. 1 An SDOF system equipped with the TMD system

damping constant, respectively. These values are selected
based on Ref. [8] and listed in Table 1.

The design constraint defined in Eq. (4) is considered as
the stroke capacity of the TMD system and is limited to a
user-defined value, st,,,. In this paper, the parameter st,,,,,
is selected to be 1000 (mm).

4 Meta-heuristic algorithms
4.1 Imperialist competitive algorithm (ICA)

The ICA starts with several randomly initial populations,
which each of them is called a country. Detailed informa-
tion can be found in [25].

4.2 Adaptive weight particle swarm optimization
(AWPSO)

The social behavior of animals has been used to create the
PSO algorithm. This algorithm consists of several randomly
selected particles in the search space. Each particle’s posi-
tion is searched in the search space based on the best
individual situation of each particle and moves toward the
best position of the particle in the set. Complete informa-
tion can be found at [26].

4.3 Gray wolf optimization (GWO)

The natural process of gray wolves hunting was utilized
to create the GWO algorithm. The gray wolves hunting is
consists of three main hunting steps (i.e., search, siege, and
attack). It should be noted that the process of gray wolves
hunting is done by four wolf gray named q, 8, 6, and w. In
this method, the first, second, and third solutions are a, 3,
and &, respectively. Finally, the other remaining candidates
will be considered as w. Detailed information can be found
in Ref. [27].

4.4 Water cycle algorithm (WCA)
The flow of streams toward the sea was utilized by
Eskandar et al. [28] to create the WCA. The flow of water

is like the root of a tree. In this regard, the small rivers are
liked by the small branches of this stream. A combination

Table 1 The selective bounds of the design variables

The parameters of the TMD Lower bound Upper bound
K,(N/mm) 0 40,000
C4(N.sec/mm) 0 2000
M(N.sec?/mm) 9000 180,000
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of these rivers forms the sea with the lowest elevation.
Detailed information can be found in Ref. [28].

5 Modeling of six-story steel
moment-resisting frame

This section presents a six-story steel moment-resisting
frame studied by several researchers, such as Shayesteh
Bilondi et al. [8] and Wong [7]. The effect of the column
web panel was not modeled in previous studies. There-
fore, in this paper, the column web panel is not modeled
to make the ability to validate the results of structural
modeling with the results of previous research. The struc-
ture is a six-story steel moment frame, which has been
known as a mid-rise structure. Since the moment-resisting
frame should be able to resist the lateral load induced by
the severe earthquake; therefore, here, the structure is
equipped with the TMD. The TMD system is selected since
it is easily installed on the roof of the structure, and no
need for external energy to work during the earthquake.
Therefore, it can be economical.

As shown in Fig. 2, the steel moment-resisting frame
has 3 bays. The OpenSees software was used by Mazzoni
et al. [29] to perform the nonlinear dynamic analysis of the
special moment-resisting frame. They used elastic beam-
column elements. At both ends of each element, a non-
linear spring with length equal to zero has been attached
to the element that provides the concentrated plasticity
model for the element (see Fig. 3). The modified Ibarra-
Medina-Krawinkler deterioration model is used to simulate
the bilinear hysteretic behavior of springs (hings) [30] (see
Fig. 4). A fictitious lean-on column has also been utilized
in the analytical model to consider interior simple gravity
frames' effect [31].

Because the frame elements are serially connected
to the rotational springs, the stiffness of these mem-
bers should be corrected so that the stiffness of the set
is equated with the stiffness of the actual member. The
value of n is considered to be equal to 10 (i.e., n=10).
This allows the damping to be assigned to the elastic ele-
ments. The stiffness of the elastic element should also be
equal to (n+ 1)/n greater than the stiffness of the actual
element of the frame until the equivalent stiffness of

Fig.2 A six-story steel W27x904 W27x94 W27x94
moment-resisting frame T
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Fig.3 A one-bay special moment-resisting frame that is controlled
with a TMD system with lumped plasticity model [8]

MC
M= LN — — — — — ]
| |
£ | |
£ | \ M=kM
§ _______ _ L |
| ) | ) AN
— B L PC N\
| | h
o, 6, 6,

Rotation

Fig.4 The moment-rotation curve for the modified IMK deteriora-
tion model [21, 22]

the element is equal to the real stiffness. The moment
of inertia is also considered to multiply (n+1)/n by the
moment of inertia in the actual elements. The stiffness
coefficient of the strain of the plastic joints should also
be corrected following Eq. (5) to uniformize the nonlin-
ear behavior considered in the spring with the actual
action of the frame, [32]

(04 = as,mem (5)
s,sprong 1+nx(1- as,mem)

where a; ., and a; ., sShow the strain hardening
factor of the actual element of the frame and the strain
hardening factor of the rotational spring, respectively.

Except for the fictitious lean-on columns that are pinned

at the base of the structure, the rest of the columns are
fixed at the bottom of the structure.

In this paper, the required parameters in definition,
the behavioral curve of the rotational springs, have been
calculated based on the proposed formulae by Lignos
etal. [22].

6 Verification
6.1 Pushover analysis

Pushover is a non-linear static analysis known as a
powerful tool for assessing the seismic performance of
a structure. Pushover is composed of a series of static
incremental analyses that result in constructing a struc-
tural curve and thus provide a good view of structural
behavior. In this curve, the base shear value is plotted
against the roof displacement of the structure, leading to
the calculation of the target displacement of the struc-
ture. The target displacement indicates the displacement
of the structure experiences in the design earthquake.
The results obtained from Laura’s study [29] (a two-story
frame structure with lumped plasticity model) are com-
pared with those obtained in the present study. Figure 5
shows that the analysis done with the codes written in
this study is identical to the results provided by Laura
Eads (see Fig. 5). The studied building is then analyzed
with Sap2000 and OpenSess software, and their result
is shown in Fig. 6. Based on this figure, the ultimate
and yield displacements are 760 (mm) and 210 (mm),
respectively.

Laura's study
—Present study

Base shear/weight
()
o

0 0.02 0.04 0.06 0.08 0.1
Normalized roof drift ratio

Fig.5 A comparison between the results of the pushover analy-
sis in the two-story frame provided by Laura Eads and the present
study
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Fig.6 A competition between the pushover curves obtained from
SAP 2000 and OpenSees software

Table2 A comparison between the first six natural frequencies of
the studied building

Mode num-  Natural periods of vibration (sec)
ber
Wong [7] Shayesteh Bilondi  Present study
etal. [8]

1 1.22 1.24 1.24

2 0.44 0.45 0.46

3 0.25 0.25 0.25

4 0.18 0.18 0.18

5 0.14 0.14 0.14

6 0.11 0.11 0.11

6.2 Dynamic analysis
Here, a steel moment-resisting frame is considered. The

structure has six stories. This frame has already been exam-
ined by Wong [7] and Shayesteh Bilondi et al. [8]. All beams

Table 3 Properties of the scaled earthquakes

are subjected to the uniform load with magnitude 21.89
(kN/m). Also, the mass of each story is considered to be
equal to 300,000 (kg), and the damping ratio is considered
to be 3%. The values of elasticity modulus and yield stress
of the materials are considered to be equal to 200,000
(MPa) and 248.2 (MPa), respectively. The natural frequen-
cies of the building are shown in Table 2.

7 Selection of the most suitable
optimization method among the studied
algorithms

In general, meta-heuristic algorithms have a better perfor-
mance rather than simple optimization algorithms. AlImost
all meta-heuristic algorithms are suitable for nonlinear
models and optimization problems [33]. However, because
of the wide range of the meta-heuristic algorithms pre-
sented in recent years, it is better to choose an algorithm
having a high convergence rate and accuracy in minimiz-
ing the objective function (minimizing the ductility dam-
age index). Thus, in this paper, four algorithms that have
been known as GWO, AWPSO, ICA, and WCA algorithms
are selected, and the best ones are chosen to minimize
the ductility damage index. For this purpose, the Near- and
Far-field ground motion records are selected from FEMA
P695 [34] (13 far-field and 17 near-field earthquakes).
Initially, all records are scaled to have PGA (peak ground
acceleration) equal to 9.81 (m/sec?). Then, the magnitude
of the ductility damage index (DDI) is calculated for the
studied frame without the TMD system subjected to all
scaled earthquakes. Finally, the earthquakes that caused
the highest DDI values are selected. Table 3 shows the
properties of the selected earthquakes.

To find the most suitable optimization method among
the studied algorithms, the Imperial Valley, North-
ridge, and Hector earthquakes are selected that make
different values of DDI in the uncontrolled six-story

Earthquake PGA (m/sec?) PGA/PGV Strong ground motion  Predominant Total time dura-  Arias Inten-
(g.sec/m) duration (sec) period (sec) tion (sec) sity (m/sec)
Northridge 9.81 0.591 7.23 0.70 19.9 9.83
Imperial Valley 9.81 1.275 22.82 0.12 35.98 20.236
Hector 9.81 1.020 11.67 0.22 453 11.784
Chi Chi 9.81 0.63 28.55 1.08 89.995 12.29
Near-Duzce 9.81 0.568 11.065 0.40 25.88 16.54
Loma Prieta 9.81 0.888 8.985 0.40 25 25.73
Far-Duzce 9.81 1.32 8.55 0.32 55.89 6.8114
San Fernando 9.81 1.035 13.15 0.24 79.44 13.40
Superstition Hills 9.81 0.7432 27.99 0.22 59.99 8.645
SN Applied Sciences
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Table 4 Optimum values

. . Algorithm The value of DDI The maximum Ky Cy My
achieved by the Imperial Valley required iteration
earthquake q (N/mm) (N.sec/mm) (N.sec?/mm)
GWO 0.5118 29 167.9 271.7 176.3
AWPSO 0.5163 30 230.6 263.4 139.5
ICA 0.5119 25 195.7 266.4 160
WCA 0.5112 13 161 2729 180
Tab!e 5 Optimum valugs Algorithm The value of DDI The maximum K,y Cy My
achieved by the Northridge required iteration N N ,
earthquake (N/mm)  (N.sec/mm)  (N.sec? /mm)
GWO 0.913960 26 405.6 327.1 180
AWPSO 0.916413 29 386.6 379 180
ICA 0.913957 29 405.4 328 180
WCA 0.913956 15 405.4 328.5 180
Tal;!e 6 OptirEum values Algorithm The value of DDI The maximum K,y Cy My
achieved by the Hector required iteration (N/mm) (N.sec /mm) N. sec?
earthquake . (N.sec” /mm)
GWO 0.7961 19 403.3 2000 180
AWPSO 0.7961 20 405.6 2000 180
ICA 0.7960 19 403.7 191 180
WCA 0.7955 14 405 1172.2 180
Table 7 The values of the s : :
Earthquake Ductility damage index Reduction percentage (%
ductility damage index based q y 9 P ge (%)
on different algorithms Without TMD  With TMD
GWO AWPSO ICA  WCA GWO AWPSO ICA  WCA
Imperial Valley 0.14 0.072  0.073 0.072 0.072 %48.6 %478 %486 %48.6
Northridge 1.116 1.0197 1.0225 1.0197 1.0197 %86 %837 %8.6 %8.6
Hector 0.65 0.5 0.5 0.5 %23 %23 %23 %23

moment-resisting frame. Also, these earthquakes have
different values of the PGA/PGV ratio based on Chandler’s
classification [6, 35]. The three different categories have
been used in this paper.

Finally, the structure is controlled using the optimally
designed TMD system. The optimization process results for
the 6-story steel frame using the GWO, AWPSO, ICA, and
WCA algorithms subjected to the Imperial Valley, North-
ridge, and Hector earthquakes are shown in Tables 4, 5,
6 and 7. As it is clear from Tables (4, 5 and 6 ), the WCA
algorithm has achieved the optimal values in much less
iteration. Also, using this algorithm, the value of the objec-
tive function becomes minimum.

As a result, it can be concluded that the WCA algo-
rithm has a higher convergence rate and optimal value

compared to the rest of the algorithms in reaching the
optimal values.

Therefore, the WCA algorithm is chosen as the most
suitable metaheuristic algorithm to determine the opti-
mal parameters of a TMD system to minimize the ductility
damage index.

8 Results

In this section, the 6-story steel frame is subjected to the
selected earthquakes (see Table 3), and the optimal values
for the TMD system are calculated using the WCA algo-
rithm. The optimal values for the TMD system are shown
in Table 8. Based on this table, the TMD system has been
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able to reduce the ductility damage index, and therefore it
enhances the seismic performance of the structure.

Also, the roof displacement time history and drift ratio
for the stories of the buildings controlled (with TMD) and
uncontrolled (without TMD) subjected to some of the
earthquakes are shown in Figs. 7, 8 and 9. Based on Table 8,
it can be found that the WCA algorithm has been able to
reduce the ductility damage index of the studied build-
ing under the Chi-Chi, Near-Duzce, and Loma Prieta earth-
quakes. Therefore, it could increase the structure’s seismic
performance while reducing the ductility damage index
values for the Far-Duzce, San Fernando, and Superstition
Hills earthquakes are not impressive. It should be noted

that for all of these analyses, the TMD system is located on
the roof of the structure.

According to Table 8, the ductility damage index for the
uncontrolled structure under the Far-Duzce earthquake
is equal to 0.159, which indicates a slight failure of the
structure. However, according to Fig. 7, the TMD system
decreased the roof displacement values and the drift
ratio of the structure. This has improved the seismic per-
formance of the structure, even for a minor earthquake.
According to Fig. 8, this is also repeated for the Near-Duzce
earthquake with a ductility damage index equal to 0.412.
Figure 9 shows the roof displacement and drift ratio for the
Chi-Chi earthquake with a ductility damage index equal to

Table 8 Optimum values for

. Earthquake Optimum achieved values Ductility damage index Reduction
the TMD system obtained by percentage
WCA K, Cy M, Without TMD  With TMD (%)

(N/mm) (N.sec/mm) (N.sec?/mm)
Loma Prieta 405.1 1496.4 180 0.47 0.24 49.1
Near-Duzce 405.1 2000 180 0.412 0.249 39.56
Chi Chi 405.0 2000 180 0.900 0.675 25.03
Superstition Hills  405.5 599.9 180 0.425 0.387 8.79
San Fernando 406.3 283.1 180 0.470 0.454 3.39
Far-Duzce 405.5 2446 180 0.159 0.155 3.12
Fig.7 A comparison between 6 200 :
the roof displacement and +\\x/?hTTI\I<l/I% 7&“11%%
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0.9.This figure indicates a reduction in the seismic param-
eters of the structure for a strong earthquake.

Based on Figs. 7, 8 and 9, it can be concluded that the
TMD system has been able to reduce the ductility damage
index, the roof displacement, and the drift ratio of stories.
The TMD system can also force the structure to vibrate
within its elastic range (e.g., see Figs. 8 and 9 in which the
drift ratio and maximum displacement of the stories have
been reduced). In fact, for some studied earthquakes (see
Figs. 8 and 9), the TMD system could force the structure to
oscillate about its initial equilibrium position. Therefore,
the TMD system can significantly enhance the seismic
behavior of the structure. Also, it can be concluded that
the values of the roof displacement and drift ratio have
simultaneously reduced for the Far-Duzce, Near-Duzce,
Chi-Chi, San Fernando, Superstition Hills, and Northridge
earthquakes. For the Loma Prieta earthquake, although the
value of the ductility damage index is significantly reduced
(49.1%), the amount of the drift ratio has increased at the

bottom of the controlled structure. This process has been
changed concerning Hector’s earthquake, and the value
of the drift ratio has increased for the above stories of
the controlled structure. However, for this earthquake,
DDI reduced by 23%. For the Imperial Valley earthquake,
although the value of the ductility damage index is signifi-
cantly reduced (48%), the amount of roof displacement
has no significant changes in the controlled structure.
As previously mentioned, the TMD system is located on
the roof of the structure. Therefore, for the Loma Prieta
and Hector earthquakes, the seismic performance of the
structure is studied by changing the position of the TMD
system. The maximum value of the drift ratio occurs in the
third story of the controlled structure when it is subjected
to the Loma Prieta earthquake. Therefore, the TMD sys-
tem is located on the third story. The optimal values of the
TMD system are determined so that the ductility damage
index of the structure is minimized. The results are shown
in Fig. 10 and Table 9.

Fig. 9 A comparison between 6 L e 800 ,
the roof displacement and : +¥i?h ™D ~WioTMD
drift ratio of the controlled and 5t 1 6007 ~With TMD
uncontrolled buildings under E 400t T
the Chi-Chi earthquake T4 £ I
5 £ 200¢ i
g [ it
g 3t g 0 1l
%} 3 |
)
Z200¢
2t =
400
1 . L * L * . T 600 ! ! ! ! ! ! ! !
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Fig. 10 A comparison between 6 200 w
~W/o TMD -
the roof displacement, third &Wi?h ™MD Wio TMD
; - - —With TMD
story displacement, and drift 5t 1 g
ratio of the controlled and < 0
uncontrolled buildings under % 4t §
the Loma Prieta earthquake < 3 200k
when the TMD system has g 3t 3
been located on the third story 4
! S -400r
&
1 > 600 . . . . .
0018 002 002 0024 0026 0028 003 0032 0 5 10 5 2 ’s 30
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Tal;!e 9 dOfpti_Irp,\;‘Jg.vaLuiSd Earthquake K, Cy My DDl for the DDl for the con- Reduction
achieved for installed on
2 uncontrolled trolled structure percentage
the third floor under the Loma (N/mm)  (N.sec/mm) (N.sec’ /mm) structure 5%) 9
Prieta and Hector earthquakes
Loma Prieta 404.94 2000 180 0.47 0.41 12.55
Hector 406 318.87 180 0.65 0.616 5.39
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Based on Tables 8 and 9 and Fig. 10, it can be concluded
that for the Loma Prieta earthquake, the percentage reduc-
tion in DDI decreases when the position of the TMD system
moves from the roof to the third story. Also, the maximum
values of the roof displacement increase by changing the
location of the TMD system. However, the maximum value
of the drift ratios decreases, and in general, the seismic
performance of the structure has not been improved by
changing the position of the TMD system.

Finally, to show the ability of the TMD system in improv-
ing the seismic performance of the structure, the story’s
damage to the controlled and uncontrolled structure is
shown in Figs. 11 and 12.

Based on these figures, the TMD system has effectively
reduced the story damage of the studied structure. Here,
an artificial earthquake is computed based on Refs. [36, 37]
to investigate the ability of a TMD system to reduce DDI:

4 2
a)g+(2><a)g><§g><w)

Stanai-Tajmi () = So[(co2 —@2)? + 2 X w0, X E X w)z]

0.03% ¢,

2
nxa;gx(4><§g+1)

So=

where S, is the intensity of the power spectral density
function (PSDF) [36, 38]. Also, w, shows the frequency of
the considered soil. The ég parameter represents the damp-
ing of soil. Here, the values of parameters W, and ég are
selected based on Ref. [39]. These parameters are equal
to 25.13 (rad/sec) and 0.8, respectively. These quantities
indicate that the soil is stiff. Figure 13 and Table 10 show
the acceleration time history and properties of the arti-
ficial earthquake. The total time duration of the artificial

6 T T T T T S
-+W/o TMD
sl ~With TMD i
! .
5
g 3| :
n
2 x
lf’/ I I I I

0 0.1 02 03 04 05 06 07
Story damage

Fig. 11 Story damage for the controlled and uncontrolled build-
ings under the Hector earthquake when the TMD system has been
located on the roof
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Fig. 12 Story damage for the controlled and uncontrolled build-
ings under the Loma Prieta earthquake when the TMD system has
been located on the roof

earthquake is 19.98 (sec), in which 18 (sec) of this time
has been dedicated to the strong ground motion. The pur-
pose of this section is to investigate the effect of the strong
ground motion duration in controlling the responses of
the structure subjected to an earthquake that has a long
duration for strong ground motion.

Therefore, the six-story steel frame is considered
excited by the artificial earthquake, and the optimal
parameters of the TMD system are calculated using
the WCA algorithm. The optimal values are shown in
Table 11. Also, the roof displacement time history and
the drift ratio for the buildings’ stories with TMD and
without TMD are shown in Fig. 14. Based on Table 11, it
can be found that the optimal values for the parameters
of the TMD system obtained with the WCA have been
able to reduce the ductility damage index of the studied
building under the artificial earthquake. Also, it can be
concluded that the value of the ductility damage index is

. a2
Acceleration (m/sec”)

(=] w

= T

'
o)

-10 I I I I I
0 2 4 6 8 10 12 14 16 18 20

Time (sec)

Fig. 13 Time history acceleration for the artificial earthquake
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Table 10 Characteristics of the artificial earthquake

Earthquake PGA (m/sec?) PGA/PGV (g.sec/m) Strong ground Predominant Total time duration  Arias Intensity (m/
motion duration period (sec) (sec) sec)
(sec)

Artificial earth- 9.81 0.2064 18 0.2 19.98 33.31

quake

Table 11 Optimum values for the TMD system obtained by WCA

Earthquake Optimum achieved values Ductility damage index Reduction percentage (%)
Ky c, M, Without TMD With TMD
(N/mm) (N.sec/mm) (N.sec?/mm)
Artificial Earthquake 405.2 2000 180 0.786 0.429 454
Fig. 14 A comparison between 6 T 200
the roof displacement and drift -~ W/o TMD
ratio of the studied buildings 5t W0 TMD 100f —With TMD
under the artificial earthquake <With TMD g .
L
: £-100f
9 o}
=3 &
5 2200t
@ A
r . 300f
1 L L L L L ) 400 L L L
0.016 0018 0.2 0022 0.024 002 0.028 0.03 0 5 10 15 20
Drift ratio Time (sec)
Table 12 Optimum valugs Location of the TMD  Optimum achieved values Ductility damage index Reduction
for the TMD system obtained percentage
by WCA under the artificial K,y My Without TMD  With TMD (%)
eart.h.quake for the different (N/mm) (N.sec/mm) (N.sec?/mm)
positions of the TMD system
Story 6th 405.2 2000 180 0.786 0.429 454
Story 5th 404.12 2000 180 0.786 0.491 37.54
Story 4th 404.99 2000 180 0.786 0.552 29.69
Story 3th 405.14 2000 180 0.786 0.656 16.49
Story 2th 405.15  389.67 180 0.786 0.724 7.84
Story 1th 40535 199.55 180 0.786 0.816 -3.87

significantly reduced (45.4%), and the amount of the roof
displacement and drift ratio have changed considerably
in the controlled structure.

It should be noted that in the examples mentioned
above, the TMD system has been placed on the roof
story. In this section, the WCA is used to compute the
optimum values for the parameters of the TMD system
when the position of the TMD system changes from the
bottom to the top story. Table 12 shows the optimum
values for the parameters of the TMD system and the

reduction percentage of DDI. Based on this table, the
roof story is the best candidate for the location of the
TMD system.

Also, a comparison between the drift ratio, maximum
story displacement, and story damage is depicted in
Fig. 15. Based on this figure, the roof is selected as the
best candidate for the placement of the TMD system
under the artificial earthquake since it has the minimum
story displacement and damage.
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Fig. 15 A comparison between 6
the maximum stories displace-
ment, stories damage, and 5k

drift ratio of the controlled and
uncontrolled buildings under
the artificial earthquake when
the TMD system has been
located at different stories
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9 Conclusion

Here, the optimum values for the parameters of a TMD sys-
tem are calculated to increase the seismic performance
of the structure using minimizing the ductility damage
index. A six-story frame is selected and modeled with the
OpenSees software. For this purpose, the frame is mod-
eled nonlinearly by a lumped plasticity model using the
IMK model. In the first part of the research, the most suit-
able algorithm is selected among different optimization
meta-heuristic algorithms based on the convergence
rate and the objective function. In this process, the water
cycle algorithm has shown the best results. In the second
part of the research, using the water cycle algorithm, the
optimal parameters of the TMD are calculated in such a
way that the ductility damage index is minimized in the
six-story structure under the earthquake loads. Therefore,
the OpenSees software is used to perform the nonlinear
dynamic analysis. Also, by linking the OpenSees and Mat-
lab software, the optimum values for the parameters of the
TMD system are computed to minimize the ductility dam-
age index. The results show that the optimum values for
the parameters of the TMD system obtained with the WCA
could appropriately decrease the ductility damage index.
Simultaneously, it can enhance the seismic performance
of the structure to reduce the displacement, story damage,
and drift ratio of the stories for the really happened earth-
quake and artificial earthquake with the long duration of
the strong ground motion. In the third part of the research,
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the TMD system is placed at each story from bottom to the
top. The optimum values for the parameters of the TMD
system are computed with WCA so that the ductility dam-
age index is minimized. The results show that the highest
floor is the best place to install the TMD system.

Besides, the TMD system can force the structure to
vibrate within its elastic range in which the drift ratio and
maximum displacement of the stories have been reduced.
Also, the TMD system could force the structure to oscil-
late about its initial equilibrium position. Besides, accord-
ing to design regulations, one of the most important and
necessary controls in steel structures is controlling drift
and displacement of the structure. Excessive drift and
displacement during an earthquake will cause additional
shear force, moment, and torsions in the structural ele-
ments. One of the common ways of designing steel struc-
tures to reduce drift and displacement is to increase the
dimensions of sections that resist the gravitational and
lateral loads. This will cause additional costs and occupy
useful spaces in the structures. However, in the method
presented in this study, not only the damage of the struc-
ture is reduced, but also the drift and displacement are
reduced.
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