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Abstract. It is a very known issue that tuned mass dampers (TMDs) on an effec-
tive system for structures subjected to earthquake excitations. TMDs can be also
used as a protective system for adjacent structures that may pound to each other.
With a suitable optimization methodology, it is possible to find an optimally
tuned TMD that is effective in reducing the responses of structure with an addi-
tional protective feature that reduces the amount of required seismic gap between
adjacent structures by using an objective function. This function considers the
displacement of structures with respect to each other. As the optimization meth-
odology, the flower pollination algorithm (FPA) is used in finding the optimum
parameters of TMDs of both structures. The method was evaluated on two 10-
story adjacent structures and the optimum results were compared with harmony
search (HS) based methodology.

Keywords: Adjacent Buildings, Optimization, Control, Tuned Mass Dampers,
Flower Pollination Algorithm.

1 Introduction

During the major strong earthquakes, one of the reasons for damage of structures is
the pounding of building blocks. These damages may lead to termination of the use
buildings by the occurred high damages that can be retrofitted or not. The worst-case
that are observed in the historical earthquakes is the collapse of the building with fatal-
ities. To avoid this danger, the regular way to protect the adjacent structures is to pro-
vide a seismic gap. Sometimes, this seismic gap cannot be provided in the required
amount, or the effect that occurred in structures during earthquakes may be bigger than
the expected amount.

According to Jeng and Tzeng [1], five major types of pounding existence as follows:

- Mid-column pounding
- Heavier adjacent building pounding
- Taller adjacent building pounding
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- Eccentric pounding
- End building pounding

Mid-column pounding is the most seen case in the collapse of the structures after
earthquakes. It is the pounding of the heavy story level of a building to the mid-point
of the columns of the other building. The damage of slender columns is dangerous for
the total collapse of the structures.

Heavier adjacent pounding is dangerous due to a heavy structure collide with a
lighter adjacent one. It is a majorly seen type since the behavior of heavy and light
structures can differ during earthquakes because of very different value of critical peri-
ods. The same behavior difference can be the same for one high-rise and low-rise adja-
cent building. This situation is called taller adjacent building pounding.

Due to torsional irregularity of structure, eccentric pounding may occur in a side of
the structure due to the increasing effect of displacement of the corner points.

In the end, building pounding, series of structure blocks act as a series of colliding
pendulums.

To prevent pounding several control methods have been proposed. These structural
control types are passive, active, and semi-active or hybrid systems. As a passive sys-
tem, nonlinear hysteric damper interconnecting adjacent structure [2], bumper-type col-
lision shear walls [3], viscoelastic dampers connecting the adjacent structures [4], rub-
ber shock absorbers [5], viscous damper with different retrofit schemes [6], passive
damper [7] mass dampers [9] were presented. As semi-active systems, Magnetorheo-
logical (MR) damper [10-11] and variable damping semi-active (VSDA) systems [12]
were used. Kim and Kang developed a hybrid system by controlling the damping force
of MR dampers [13]. The proposed active control system for the adjacent structures
includes hydraulics actuators using linear quadratic Gaussian (LQG) controllers by Xu
and Zhang [14] active control system using preference-based optimum design approach
[15].

As a recent development, Guenidi et al. [16] proposed shared TMDs that are using
passive or MR dampers as elements for connection to adjacent structures. Wu et al. [17]
investigated adjacent inelastic reinforced concrete frame structures connected with vis-
cous fluid dampers. Baili et al. [18] connected adjacent single degree of freedom
(SDOF) systems with spring-dashpot-inerter control systems. Azimi and Yeznabad
[19] investigated semi-active MR dampers for adjacent structures by proposing a
swarm-baed parallel control algorithm. Also, Lin et al [20] proposed a modified crow
search algorithm-based fuzzy control for adjacent structures using MR dampers.
Nigdeli and Bekdas employed a hybrid harmony search algorithm to optimize adjacent
structures using a vibration absorber system [21]. Wang et al. [22] proposed to link
adjacent structures via tuned liquid column damper-inerter (TLCDI).

The optimization of all control systems is needed for the effective performance of
the system. Especially, the systems for control of adjacent structure involves the con-
sideration of the behavior of all structure or a complex model of linked structures. In
that case, it will be a complex problem that can be solved via metaheuristic algorithms.
For that reason, the seismic gap between these structures can be reduced by the use of
optimum TMDs for both structures.
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In this study, the flower pollination algorithm developed by Yang [23] is proposed
for this control problem in the optimization of TMDs. In the optimization methodol-
ogy, time-domain solutions are evaluated to consider an objective function that is the
relative displacement of structure with respect to the other one. The methodology is
applied to 10-story adjacent structures that have different behavior. The results of the
method are compared with the harmony search-based methodology that is also applied
for the same models by using the same numerical analysis criteria.

2 The optimization methodology

For structures under seismic excitations, it is needed to develop numerical iterations
for the time-history analysis. Due to that, it is not possible to develop an equation of
the response of the structure. The only and detailed way is to solve sets of coupled
differential equations related to the motion of the structure that is also subjected to a
ground acceleration due to an earthquake. The content of this excitation also includes
different frequencies. Another factor is also related to the damping of the structure, and
it is a restriction in finding a simple equation. With the increase of the degree of struc-
tural system, it is harder to solve the coupled equations. Since it is not possible to derive
a simple equation, the case of finding the minimum of this equation for a set of design
variables is not possible.

In the case of the present paper, two adjacent buildings will be investigated to add
TMDs to the structure. By this passive control system, the objective is to reduce the
maximum displacement of the structure with respect to the other. Via this reduction,
the pounding of the structure blocks will be prevented, since the amount of the required
seismic gap reduces. The objective function (f(X)) that is depending on the analysis
results by considering the properties of TMDs as the design variables is shown in Eq.
1. From x; to xx (x1 to xn for structure 2), the displacements of the stories of structure
lare shown.

f(X)=max(|[x1 X2 ... xn]%[x1 x2... xn]7)) (D)

The set of design variables are shown as Eq. 2 for i individual of the population (p)
used in the optimization.

X, ={m,T,&m,T,E, | i=ltop 2)

The case study of adjacent structures with TMDs is shown in Fig.1. In table 1, the
design constraints and variables related to the problem are listed. It must be noted that
the italic symbols represent the response of the second structure.

Instead of stiffness (kq, k¢) and damping coefficient (cq, cq), the periods (T4, 74) and
damping ratios (&4, &) of TMDs are respectively defined as Eq. 3 and Eq. 4 are consid-
ered as the design variables of the problem.
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In the optimization process, after the definition of the design constants and range of
design variables, the initial solution matrix including sets of design variables is ran-
domly generated. Afterward, the analysis of adjacent structures is done using Matlab
with Simulink [24] to find the value of f(X) for all sets of variables for future compar-
ison with the updated design variables by using algorithm rules.

X, seismic gap X,

Fig 1. Adjacent structures with TMDs
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Table 1. The design constants and design variables ranges

Symbol  Type Definition

m; Constant ~ Mass of the i story for structure 1 (i=1 to N)

ci Constant  Stiffness of the i story for structure 1 (i=1 to N)

ki Constant  Damping coefficient of the i story for structure 1 (i=1 to N)
m; Constant ~ Mass of the i story for structure 2 (i=1 to N)

G Constant  Stiffness of the i story for structure 2 (i=1 to N)

ki Constant  Damping coefficient of the i" story for structure 2 (i=1 to N)
X, Constant  Ground acceleration (defined as data)

my Variable = Mass of TMD on the structure 1

Tq Variable  Periods of TMD on the structure 1

&a Variable  Damping ratio of TMD on the structure 1

mq Variable = Mass of TMD on the structure 2

T4 Variable  Periods of TMD on the structure 2

& Variable  Damping ratio of TMD on the structure 2

For the analysis, the equations of motion of N-story adjacent structures with TMDs
on the top are written as Eq. 5.

MX + Cx + Kx = -M{lf%,

M + Ci+ Kx = M {I})%, (0 )

M, C and K (M, C and K for structure 2) are respectively mass (Eq. 6), damping (Eq.
7) and stiffness (Eq. 8) matrices. The vector of structural displacements (Eq. 9) is shown
with x and x for structures 1 and 2, respectively. {1} represents a vector of ones.

M=diag[m; m; ... mnmqg] M=diag[m; m> ... my m4) (6)

(c;+¢y) —Cy
—C (cy+¢3) —c5

(c;+¢y) —C;

—C (c;+c3) —c;

—on (enteg) —¢g (7)
~Ca Ca

ey (ey+eg) —c¢y

—Cq Cq |
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[ +ky)  —ky 1
-k, (k, +k;) —k;
K=
—ky (ky+ky) —ky (8)
L —kq kq |
[k +ky)  —k; 1
-k, (k; +k;) —k;
K =
—ky (ky+ky) —ky
L _kd kd i
x=[x1 X2 ... Xn Xa]T x=[x1 x2 ... xn xa]" 9)

After the generation of an initial solution matrix, the iterative optimization process
starts. FPA is a nature-inspired metaheuristic algorithm that imitates the process of pol-
len transfer for flowering plants. FPA includes two optimization types that are global
and local optimization. These optimization phases are chosen according to a switch
probability (sp).

The main idea of the pollination process of flowers to be used as an optimization
algorithm is associated with flower constancy. It is the tendency of a specific pollinator
to a specific flower type. Each solution of design variables is associated as a flower.

As a type of optimization phase, global optimization or namely, global pollination
involves two types of pollination. These are biotic pollination and cross-pollination. In
biotic pollination, the carry process of pollens is done via pollinators that are living
organisms like bees, insects, etc. Cross-pollination is the pollination of different plants.
Since these two types involve different plants and the pollen transfer is done in long
distances, it is named global pollination. It is formulated as Eq. 10.

X" =X{+L(X{-¢g") (10)

In Eq. 10, a Levy distribution (L) shows the effect of the random flight of pollinators.
Also, the best existing solution (g") is used in the generation of a new solution (Xi**! for
i" individual and t+1% iteration) using the existing one (X').

In local optimization or namely local pollination, self-pollination and abiotic polli-
nation are imitated. In self-pollination, the reproduction is done for the same plant as
self-fertilization. In abiotic pollination, the carry of pollens is done by natural events
like winds, diffusion in water, etc. It is formulated as Eq. 11.

X" =X +e(X) - X)) (11)
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Since it is local pollination, two existing solutions (X' and X\') are used with a linear
distribution (¢) taken as a random number between 0 and 1.

The newly generated solution is checked for the objective function value, and the
new ones are selected instead of the existing ones if the value of f(X) is smaller than
the existing ones for the modified new solutions. This process continues for several
iterations.

3 The numerical example

As the numerical validation of the method, two adjacent structure with ten stories
were investigated. The properties of these structures are listed in Table 2. The first
structure has 1 s critical period, and it has the same properties for all stories. The second
structure has 2 s critical period, and it has different properties for all stories. The first
structure has heavier masses than the second one. Also, the first structure is more rigid
comparing to the second structure.

During the optimization, six different earthquake records shown in Table 3 are used.
The excitation with the maximum objective function value is considered. These records
were downloaded by Pacific Earthquake Engineering Research Center (PEER) [25] da-
tabase.

Table 2. Properties of adjacent structures

Structure 1 [26] Structure 2 [27]
Story m; ki Ci m; ki Ci
() (kN/m) (kNs/m) () (kN/m) (kNs/m)
10 98 34310 442.599
9 107 37430 482.847
8 116 40550 523.095
7 125 43670 563.343
6 134 46790 603.591
5 360 650000 6200 143 49910 643.839
4 152 53020 683.958
3 161 56140 724.206
2 170 52260 674.154
1 179 62470 805.863
Table 3. The ground motions
Earthquake Date Station Component  PGA (g) PGV (cm/s) PGD (cm)
Cape Mendocino 1992 Petrolia PET090 0.662 89.7 29.55
Kobe 1995 0 KIMA KIMO000 0.821 81.3 17.68
Erzincan 1992 95 Erzincan ERZ-NS 0.515 83.9 27.35
Northridge 1994 Rinaldi RRS228 0.838 166.1 28.78
Northridge 1994 24514 Sylmar  SYL360 0.843 129.6 32.68
Loma Prieta 1989 16 LGPC LGP000 0.563 94.8 41.18
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The optimum results are reported in Table 4 for HS and FPA, respectively. During
the optimization, sp (harmony memory considering rate in HS) is taken as 0.5, and the
optimization is done for a population number of 20. The ranges of Tq are selected be-
tween 0.8 and 1.2 times of the critical period of the uncontrolled structure. Also, the
range for &g is 0.01-0.20. The range of myq is equal to 1%-5% of the total mass of the
structures.

Table 4. The optimum results

FPA HS
my (f) 180 180
ma (t) 69.25 69.07
Ta (s) 0.90 0.92
T (s) 1.6175 1.87
& 0.01 0.02
& 0.01 0.04
f(X) (m) 11219 1.1366

The maximum objective function value for uncontrolled structures is 1.4361 m and
it occurs under the Rinaldi record of the 1994 Northridge earthquake. This value re-
duces to 1.2119 m and 1.1366 m for FPA and HS optimized TMDs, respectively. The
optimal design obtained by the FPA is similar to that by HS, but FPA is more effective
in reducing the displacement.

4 Conclusions

The optimum result for the reduction of the objective functions shows great differ-
ences for both algorithms. As known, the mass of TMD is maximum for the best design
of TMD, but it is limited for the axial force capacity of the structure. In that situation,
FPA is effective to find TMD with maximum allowed mass, while HS also finds the
maximum for the first structure and a near maximum one for the second structure.

In Fig.2, the objective function values for different excitations are given for all sto-
ries of the structure. Since the optimization is done for the maximum value, the value
of the 10" story is the considered one for the optimization. The best effect of the opti-
mum TMD system is seen for the critical excitation with the most effect on relative
displacements of the structure. For the Rinaldi record of the Northridge earthquake, the
objective function values reduce by 22% and 21% for FPA and HS, respectively.
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Without TMD FPA HS

f(X) (m)
f(X) (m)
f(X) (m)

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
story story

Loma Prieta

Cape Mendocino Kobe Erzincan Northridge-Rinaldi VAN Northridge-Sylmar
——

Fig 2. The f(X) values for all excitations

As seen from the findings, FPA is more effective than HS for finding a precise value.
It is also seen that TMD application reduces the value of the seismic gap required be-

tween the structures.
The performance of TMD is validated for all excitations that are used in this study,

but the best performance is seen for the most critical excitation. In that situation, it can
be said that TMDs for adjacent structures are most effective on the responses with the

maximum effect.
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