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ABSTRACT. This work proposes a methodology to optimize a reinforced 
concrete structure. For this, the Whale Optimization Algorithm (WOA) 
algorithm was used, an algorithm from the group of metaheuristic algorithms, 
which presents an easy computational implementation. As a study object, a 
frame structure adapted from a real reinforced concrete building was used, 
subjected to the dynamic action of artificially generated synoptic wind. The 
objective function is to reduce the volume of concrete of the structure. For 
that, the dimensions of the cross-sections were used as design variables, and 
the maximum displacement at the top imposed by the ASCE / SEI 7-10 
standard as a lateral constraint, as well as the maximum story drift between 
floors. In addition to this structural optimization, it was also proposed the use 
and optimization of Tuned Mass Dampers (TMD), in different quantities, 
positions and parameters, improving the dynamic response of the reinforced 
concrete building. The results show that for this situation it was possible to 
reduce the concrete volume of the structure by approximately 24%, respecting 
the maximum limit of displacement at the top required by the standard. 
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INTRODUCTION 
 

t is notable that buildings are getting thinner, mainly due to technological innovations in relation to constructive 
solutions and quality of new materials. Previously low and robust constructions now make room for increasingly taller 
and more flexible structures, because of reduction in cross-sections due to the gain in strength of the new materials. 

In relation to the structural design of tall buildings, the dynamic effects due to the wind are important, because if the proper 
care is not taken in the design, excessive vibrations may arise, causing discomfort to residents and/or users and consequent 
economic losses, and in an extreme case, the structure collapses, as has already happened in several cases around the world. 
Due to constant development and the search for efficiency and competitiveness in cost and weight reduction in structural 
projects, optimization methods are increasingly being applied in search of the best project, in which applications in the 
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aerospace areas, engineering projects are being increasingly applied, equipment, automotive, among other areas of 
engineering. 
One of the first articles on optimization in tall buildings was that by [1], in which the authors describe the evolution of a 
group of optimization algorithms created by them, with the objective of optimizing the areas of the structural model bars, 
submitted a design maximum lateral constraint. Venanzi and Materazzi [2] performed a multi-objective optimization process 
of a communication tower for mobile devices subjected to turbulent wind loading. 
Yang et al [3] analyzed the control of the dynamic response of a tall building using a tuned mass damper on the top of the 
structure. It is a Benchmark structure, an example used as a study reference by several authors. 
Many classical or conventional algorithms for structural optimization are deterministic and most of them use gradient 
information, that is, they use function values and their derivatives. They usually work extremely well for smooth unimodal 
functions, however, if there is any discontinuity in the objective function, they may not converge [4]. 
Due to these difficulties, Heuristic and Metaheuristic algorithms have been increasingly used, which are based on 
randomization and local search from candidate populations, and not from a single point as happens with classical methods 
[5]. 
These algorithms are classified into four categories: evolution-based, physics-based, swarm-based, and human-behavior-
based. Some examples of algorithms are the Genetic Algorithm (GA) [6], which is an evolution-based algorithm, the physics-
based Gravitational Search Algorithm (GSA) [7] and the Harmony Search (HS) [8] based on human behavior. 
Swarm-based optimization methods reproduce the social behavior of groups of living beings. Among the best-known 
algorithms for this method are Particle Swarm Optimization (PSO) [9] and Ant Colony Optimization [10]. In this paper will 
be used the Whale Optimization Algorithm (WOA) [11] developed by Mirjalili and Lewis. 
Optimization algorithms can be used to optimize parameters, positions and quantities of passive energy dissipation devices, 
with the objective of reducing the dynamic response of the structure, respecting normative limit values. This is used to 
reduce the amplitude of oscillations caused by dynamic excitation in different types of structures. These systems aim to 
reduce the dynamic stresses that can occur in buildings, avoiding problems such as fatigue and ensuring structural safety. 
The purpose of structural control in civil engineering structures is to reduce vibrations produced by external forces such as 
winds and earthquakes, by different techniques such as modification of stiffness, mass, damping and geometric shape [12]. 
Vibration control systems can be divided into two main groups, active and passive systems. Passive control systems are 
devices composed of a mass connected to a spring and a damper to the structure, so that this device absorbs part of the 
energy from dynamic loading, dissipating the energy in the members of the structure. This system has advantages because 
it does not have the need for energy or control external to the structure, working by the vibration of the building itself, thus 
being of low cost compared to the active system, as well as installation, maintenance and ease of control. It’s optimally tuned 
to protect the structure from dynamic load at a specified frequency. However, it’s not efficient for other cases and other 
types of dynamic loads. This is one of the negative points in relation to active systems [13]. 
Active systems adjust to different vibration frequencies through sensors requiring information on structural behavior and 
external energy. This system is operated by hydraulic or electromechanical actuators that provide control forces to the 
structure from monitoring with sensors that measure excitation and/or response due to dynamic load [14]. 
A classic device widely studied by structural engineering researchers is the Tuned Mass Damper (TMD). It’s an efficient 
mechanical device that features low cost and low maintenance. Furthermore, these devices can be installed, for example in 
a building, without interrupting the building's operational activities. Another advantage these attenuators have over other 
control devices is their versatility, as they can be designed in many different shapes and sizes, which facilitates adaptations 
to architectural aspects and space limitations [15]. 
Several researchers use this device, and prove the reduction of displacement peaks at the top of structures ([3],[16] and [17]). 
So, the main objective of the present work is to optimize the volume of a reinforced concrete structure according to 
maximum displacement restrictions established by international reference standards. For this, the optimization algorithm 
proposed by [11] is used. The cross-sections of the members are considered as design variables. After the optimization of 
the structure, TMD’s are installed and optimized, in different quantities, positions and parameters. 
 
 
APPLICATION OF TMDS IN THE STRUCTURE 
 

here are several TMD’s design methods in the literature, among which the [18] and [19] can be highlighted, which 
are used for the design of simple TMD installed on top of the buildings studied. From these methods, the optimal 
values of stiffness, damping and tuning frequencies of the device can be found. However, in this paper these values T 
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will be obtained from the optimization process performed by the algorithm used, both for simulations with a single TMD 
at the top and for TMDs. 
To analyze the response of the structure with a TMD on top, as shown in Fig. 1, it is necessary to make changes in the 
stiffness, mass and damping matrices, in order to take into account the Degree of Freedom (DOF) of TMD. In general, the 
matrices can be modified according to Eqns. 1, 2 and 3, taking into account that the building is of the shear building type 
and only the horizontal DOF is considered, therefore, the global mass matrix is of the type diagonal, where the mass of 
each floor and each TMD occupies a position on the main diagonal. 
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Figure 1: n-degree-of-freedom system (n-DOF) structure equipped with one TMD at the top floor 
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In many cases, the use of a single TMD can be enough to solve the problems of excessive vibration of structures. However, 
for some situations, the use of only one TMD may not be efficient, as in the case of structures subjected to wind and 
earthquake, when more than one mode is excited. Another difficulty would be with the mass of the TMD being too large, 
requiring a very large space for installation. 
In this sense, there is the possibility of using multiple TMD’s (MTMD), each tuned to a specific frequency of the structure, 
thus being more efficient than a single TMD. While a single TMD is usually installed on top, MTMD can be installed in 
different positions and configurations, in series, in parallel, on a single floor or multiple floors. 
In relation to the MTMD, they can be arranged horizontally, vertically, one per floor or several per floor, as shown in Fig. 
2. Thus, for TMD’s arranged horizontally and vertically in a building and in cases where the mass matrix is considered 
diagonal, the equation that indicates the modification of the matrix M is similar to the case of a single TMD, as already 
presented in Eqn. 1, and for the stiffness matrix, which is analogous to the damping matrix, we have Eqn. 4. 
Some examples of the use of TMD in buildings are Citicorp Center, opened in 1977, in New York, USA. This was the first 
application of a TMD for wind response control, with the metallic structure being 279 meters high. The attenuator was built 
in concrete, weighing 400 tons and installed on top of the building. 
The TMD mass is calculated from the mass ratio between the TMD and the structure. These values, according to 
researchers, can vary between 0.01 and 0.2, that is, up to about 20% of the structure's mass. It is known that the greater the 
mass ratio between the TMD and the structure, the greater the TMD mass value. However, the value of the mass of the 
TMD is not interesting because it is a very high value, as it will add additional load to the structure under analysis, making 
it unfeasible due to the cost and difficulty of implementation. 
Therefore, the optimization of the attenuator parameters becomes of fundamental importance, as well as their quantity and 
position. However, this problem is not so simple, requiring the use of optimization algorithms that are widespread in 
engineering problems. In this paper, the stiffness and damping parameters of each attenuator are obtained through structural 
optimization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: n-degree-of-freedom system (n-DOF) structure equipped with TMDs possibly located in all floors of the structure
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PROPOSED METHODOLOGY 
 
Analyzed Structure 

he structural model is a 42-story reinforced concrete buildong, ν = 0.2, p = 2500 kg/m³, and modulus of elasticity 
calculated in accordance with [20]. The total height of the structure is 105.38 meters, with 324 bars, modeled in 
Octave using the 2D frame element with 2 nodes and 3 degrees of freedom (DOFs) for each node. There are 185 

nodes and therefore 555 DOFs. The sections of the bars are rectangular, with dimensions as explained in Tab. 1. 
 

Bars Dimensions (cm) Areas (m²) Inertia Moment (m4) 

1 to 36 / 145 to 180 100x25 0.25 1.30e-4 

37 to 72 / 109 to 144 25x120 0.30 0.036 

73 to 108 40x157 0.628 0.129 

181 to 324 12x65 0.078 2.75e-3 

Table 1: Geometrical properties of the structure 
 
The structure is shown in Fig. 3. The dimensions are in meters (m). 
The Rayleigh Damping Matrix is used, where the critical damping ratio (ζ) was specified as 1% for the first two modes of 
vibration. The mass matrix of the structure is consistent where for each element, the mass and stiffness matrix in the local 
system, is represented by ML and KL 
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A code was developed to calculate the natural frequencies of the structure, and later it was compared with the commercial 
software Ansys Mechanical APDL. The results of the first 3 natural frequencies are shown in Tab. 2: 
 

Vibration Mode Octave Frequency (Hz) Ansys Frequency (Hz) Error (%) 

1 0.3989 0.3989 0 

2 1.2829 1.2829 0 

3 2.3999 2.3994 0.03 
 

Table 2: Comparison between natural frequencies 
 
Wind Excitation 
For the generation of the synoptic wind, the wind action is considered as a stochastic process, that is, defined through an 
unlimited sequence of random variables. The fluctuating component of the wind is given through atmospheric turbulence, 
considering only the effect of the kinetic energy of the gusts, disregarding the neighborhood effects. 
According to the [21], the component of the global wind force, called drag force, is calculated according to Eqn. 7: 
 

  20.613 a zF C A V           (7) 
 
where Ca is the drag coefficient of the structure, Az is the area of application of the dynamic wind pressure, in m² and V is 
the wind speed component. The drag coefficient is a function of the building geometry and the wind turbulence level, using 
the coefficients in Fig. 4 from [21] for low turbulence winds and Fig. 5 for high turbulence winds. 
The longitudinal direction is the only one that contains significant mean velocities, being considered the predominant 
direction. The characteristic wind velocity is given by the sum of the static and dynamic plots, can be written as Eqn. 8: 
 

     ( )x xV t V v t           (8) 
 

where V is the component of the mean velocity in the longitudinal direction of the wind, ( )xv t  is the floating portion of 
the velocity in longitudinal direction. Initially, the design speed is defined through Eqn. 9, which corresponds to the average 
speed in a 10-minute interval at a height of 10 meters from the ground: 
 

  0 1 2 30.69PV V S S S           (9) 
 

where 0V  is the basic reference wind speed where the structure is located, of a 3 s gust, exceeded on average once in 50 

years, at 10 m above ground, in flat open ground. 0V  must be adequate to the location of the construction, and can be 
obtained by the isopleths of the basic wind speed of the [21]. 
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 Figure 3: structure studied in this paper 
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The factor 1S  is the topographic factor that takes into account variations in terrain relief. It has a value of 1 for slightly 

rough terrain. 3S  is a statistical factor based on the type of use of the building, with a value of 1 for the case studied, 

residential building. The factor 2S  considers the combined effect of the terrain roughness, the variation in wind speed with 
the height above the terrain and the dimensions of the building or part of the building under consideration, being calculated 
according to Eqn. 10, with the help of Tab. 1 of [21]: 
 

2 ( 10) p
rS bF z           (10) 

 
The floating component of the wind can be calculated according to the procedures of chapter 9 of [21] (Dynamic effects 
due to atmospheric turbulence). However, there are other procedures that, despite being more complex, are more efficient 
and better suited to different structures. 
One of these procedures is the analysis using the spectral representation method. Considering the fluctuating wind speed as 
a normal random process with a mean of zero, it is possible to reach the fluctuating component of the wind from the 
superposition of harmonic waves [22] by Eqn. 11: 
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where ϕj is a random variable with a uniform probability distribution defined between 0 and 2π.  jf  is obtained by 

 1j jf f , that is, from the division of the frequency range of interest. 

The calculation of the power spectral density is given by the model proposed by Harris (Eqn. 12): 
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where V0 is the reference speed at a height of 10 meters where the structure is located, fsw is the frequency band used in the 
spectrum, u* is the wind flow cutoff speed and z0 is the roughness length, which is related to the height of the obstacles 
making up the roughness of the surface, it can be roughly estimated as one-twentieth of the average height of the obstacles. 
The roughness length is a parameter sensitive to changes in dimensions and density of obstacles; and, therefore, it is 
recommended to pay attention to the values obtained, and the use of small values favors security [23]. 
After calculating the velocities, the next step is calculating the correlation length. The length of vertical correlation between 
two points will be calculated according to the expression given by [24]. The studied structure will be inserted in the 
correlation plane, and the velocity for each node of the structure will be obtained through linear interpolation. The results 
are shown in Figs. 4 and 5. 
From the length of correlation, the fluctuating velocities at all nodes of the structure were obtained and then the vector of 
applied forces in time for each node of the structure was obtained. Once the force vector is calculated, the dynamic response 
itself is started (displacements, velocities and accelerations) through the Newmark Integration Method, using a time step dt 
= 0.1s and 999 integration points. From the analysis, an average maximum displacement at the top of approximately 0.38m 
was obtained, for situations where there is no energy dissipator. This value is considered high for design situations. 
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The Whale Optimization Algorithm (WOA) 
Optimization algorithms have been undergoing a constant evolution process, and this process includes metaheuristic 
algorithms. 
The Whale Optimization Algorithm (WOA) is a metaheuristic algorithm that is based on the hunting behavior of humpback 
whales. In general, humpback whales hunt prey through the formation of bubbles while directing them through spiral 
movements. 
As with other evolutionary algorithms, WOA starts its search process through the random generation of an initial population 
of candidates (whales) delimited by the design space defined by the user of the technique. The new population is formed 
from the previous population and new candidates generated from three operators. Once the population is created, the 
optimal solution is given as the best candidate of this population, generating a new population around the optimal value. 
This procedure is repeated until a defined stopping criterion, usually the number of repetitions of this procedure, which is 

Figure 4: Harris power spectrum

Figure 5: Floating longitudinal component in EPS wind
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defined by the programmer before the simulations. The pseudo-code of WOA is shown in Fig. 6 and according to [24] the 
following input parameters are necessary: Dim (number of design variables); fobj (objective function); Nsa (number of search 
agents, that is, the whale population); Ngen (maximum number of generations, that is, maximum iteration number); Lb (lower 
bound, where Lbn the lower bound of variable n, for example: Lb = [Lb1, Lb2,..., Lbn]); Ub (upper bound, where Ubn the upper 
bound of variable n, for example: Ub = [Ub1, Ub2,..., Ubn]). Fig. 7 shows the parameters which must be updated, where a is 
decreased from 2 to 0 in order to provide exploration and exploitation, respectively; A and C, are coefficients utilized to 
calculate the best current solution; l, is a random number in [-1,1]; and p, is a random number in [0,1] [25]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Formulation of the dynamic ptimization problem 
Faced with high displacement values, it is essential to resize the structure so that it respects the maximum displacement 
values according to appropriate codes and standards, whether national or international. In this work, we chose to use as a 
basis the American standard ASCE/SEI 7-10 [26], which according to its appendix C, comments that the maximum 
displacement value of a structure is calculated as dMáx = H/400, where H is the total height of the building. Therefore, for 
this problem, the maximum displacement constraint is approximately 0.26m. In addition to the maximum displacement at 
the top of the structure, there are also restrictions on relative displacements between floors (story drift). According to the 
American standard, the story drift of each floor cannot exceed 10mm (approximately 3/8 of an inch). 
The design variables are the heights of the cross-sections of the beams and columns (Fig. 7), keeping the base values fixed. 
In addition to member heights, the damping and stiffness values of each TMD are also inserted as design variables in the 
optimization problem. The lateral limits are in Tab. 3: 
 

Design variables Lower bound Upper bound 

x1/x3/x5/x7/x9 (cm) 80 120 

x2/x4/x6/x8/x10 (cm) 20 80 

x11 to x46 (cm) 12 100 

TMD’s stiffness (N/m) 0 1.955e4 

TMD’s damping 
(Ns/m) 0 391.08 

Table 3: Lateral limits of design variables 

Figure 6: Pseudo-code of the WOA [25].

Initialize the whales population Xi (i = 1, 2, ..., n) 
Calculate the fitness of each search agent 
X*=the best search agent 
while (j < maximum number of iterations) 

for each search agent 
Update a, A, C, l, and p 
if1 (p < 0.5) 

if2 (|A| < 1) 
Update the position of the current search agent 

else if2 (|A| ≥ 1) 
Select a random search agent (Xrand) 
Update the position of the current search agent 

end if2 
else if1 (p ≥ 0.5) 

Update the position of the current search 
end if1 

end for 
Check if any search agent goes beyond the search space and amend it 
Calculate the fitness of each search agent 
Update X* if there is a better solution 
j = j+1 

end while 
return X* 
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Figure 7: Design variables of the optimization problem. 
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The objective function consists in the minimization of the volume of the concrete of the structure, calculated as: 
 

 



1

barsn

structure i i
i

V L A           (15) 

 
where L and A are the lengths and area of each member, respectively. Therefore, the optimization problem is formulated 
as follows: 
 

Find:  i iX h  where  1, 2, , 46i  

Find:   ,i i iT k c  where  1, 2, , AMSi N  

Minimize 


 
1

barsn

structure i i
i

V L A   

Subject to  0.26Maxd m  e    1 10h i iv v mm  
 
Once the optimization problem was defined, 4 scenarios to control the structure were proposed, seeking the best 
performance of the structure with the smallest possible volume of concrete: 

Scenario 1: Optimization of the structure, without the presence of TMD; 
Scenario 2: Optimization with a TMD on top of the building; 
Scenario 3: Optimization with two TMDs on top of the building; and 
Scenario 4: Optimization with two TMD’s, one on top of the building and one on the next floor (penultimate floor). 

 
Model Concrete Volume (m³) Average Volume (m³) 

Original 260.72 260.72 

Otim. 1 226.14 

223.70 

Otim. 2 219.22 

Otim. 3 232.26 

Otim. 4 230.61 

Otim. 5 229.10 

Otim. 6 217.98 

Otim. 7 225.39 

Otim. 8 215.72 

Otim. 9 213.49 

Otim. 10 223.75 
 

Table 4: Comparison between concrete volume values from scenario 1 simulations. 
 
 
RESULTS AND DISCUSSIONS 
 
Scenario 1 

he first scenario consists of optimizing the structure from the height of the cross-sections of the bars, without the 
presence of TMD, under dynamic excitation due to the wind. For this, the WOA optimization algorithm is used. 
30 research agents and 900 iterations were used. Due to the probabilistic nature of the optimization algorithm, 10 

independent simulations were performed and the results averaged. The number of iterations needed was evaluated using 
the iteration curve versus concrete volume (Fig. 8), noting that from iteration 4 or 5, the convergence of the value already 
occurs. However, the 30 iterations are used to ensure that all simulations are at the optimal value. 
10 simulations were performed and the average of the results was calculated, where values are listed in Tab. 4. It is noticed 
that from the optimization process it was possible to reduce the volume of concrete in the original structure by 
approximately 14.33%. To verify whether the optimization algorithm was respecting the design maximum displacement 

T 



 

J. W. S. Brito et alii, Frattura ed Integrità Strutturale, 59 (2022) 326-343; DOI: 10.3221/IGF-ESIS.59.22                                                             
 

338 
 

constraints, the heights of the bars given by the algorithm in one of the simulations were used, and the dynamic analysis 
was performed again, comparing the optimized top displacement with the displacement in the top without optimization. 
The results are shown in Fig. 9. 
It is important to emphasize that in addition to having managed to bring the building to a maximum displacement value 
within the acceptable limit in the standard (it reduced from 0.38m to 0.24m), the concrete volume of the structure was also 
reduced. 

 

 
 

Figure 8: Convergence curve of Scenario 1. 
 

 
 

Figure 9: Displacement on top of optimized structure 
 
Scenario 2 
In this scenario, a TMD was inserted at the top of the structure, connected to node 183 of the structural model. This 
scenario presents the classic vibration control solution with TMD, by adding one more DOF to the structure. The definition 
of the location of the energy dissipator is due to the fact that the building's first vibration mode generates greater movements 
on higher floors. Different from scenario 1, scenario 2 has two more design variables, which are TMD stiffness and damping. 
All other considerations are identical to scenario 1. The TMD’s mass was adopted as 3% of the structure mass as 
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recommended in the bibliography, resulting in about 20 tons. The results are shown in Tab. 5. As in the previous case, the 
number of iterations was evaluated through the convergence of the optimal response to the problems, and it is clear that 
from the 12th iteration on, the result has already been stabilized. 
It is noticed that the simulation with TMD reached values approximately 11% smaller in concrete volume than the 
simulation of scenario 1, and approximately 23.59% smaller than the original volume of the structure, respecting the 
maximum values of displacement at the top and displacement relative between floors (story drift). 
This behavior is based on the existing literature, showing that the insertion of TMD at the top of buildings, with its 
appropriate optimized parameters, reduces the amplitude of displacements due to the dynamic excitation of the wind, and 
thus, the volume of structure without exceeding the normative displacement limit. 
The average TMD properties calculated by the algorithm are mentioned in Tab. 6. 
 

Model Concrete Volume (m³) Average Volume (m³) 

Original 260.72 260.72 

Otim. 1 187.88 

199.38 

Otim. 2 187.36 

Otim. 3 201.16 

Otim. 4 205.38 

Otim. 5 212.44 

Otim. 6 199.11 

Otim. 7 201.5 

Otim. 8 206.42 

Otim. 9 203.4 

Otim. 10 189.1 
 

Table 5: Comparison between concrete volume values from scenario 2 simulations. 
 

Parameters Average Value 

Stiffness (N/m) 8315.12 

Damping (Ns/m) 97.93 
 

Table 6: TMD parameters obtained by optimization 
 
Scenario 3 
In scenario 3, two TMDs were inserted into the structure, equivalent to scenario 2, on the top floor of the building, at nodes 
182 and 184. The optimal dissipator’s design is performed for the mass ratio defined in scenario 2, that is, a total mass of 
3% (1.5% for each of the 2 TMD). That is, the resulting value of approximately 20 tons is divided equally between each 
TMD considered in each current analysis. WOA parameters remained the same as in the previous scenario for all analyzes 
performed in this third scenario. As in the previous case, the number of iterations was evaluated through the convergence 
of the optimal answer to the problems, and it is possible to verify that convergence was reached in the 13th iteration, but it 
is important to perform all iterations. The concrete volume values obtained in the simulations are shown in Tab. 7. 
It can be seen from the results in the table that the average value of concrete volume of the optimization process is slightly 
higher than the average value of the previous scenario, with a single TMD at the top (approximately 4%). However, this 
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optimization allowed a reduction in the volume of concrete of 20.48% compared to the original structure, a good reduction 
in construction. The stiffness and damping values of the TMDs are in Tab. 8. 
There is a considerable difference between the characteristics of the two TMDs. Installing devices with different properties 
can be difficult or more costly compared to a solution that has the same specifications for each TMD, so for this simulation, 
the scenario with only one TMD on top becomes more efficient. 
 

Model Concrete Volume (m³) Average Volume (m³) 

Original 260.72 260.72 

Otim. 1 187.88 

207.32 

Otim. 2 187.36 

Otim. 3 201.16 

Otim. 4 205.38 

Otim. 5 212.44 

Otim. 6 199.11 

Otim. 7 201.5 

Otim. 8 206.42 

Otim. 9 203.4 

Otim. 10 189.1 
 

Table 7: Comparison between concrete volume values from scenario 3 simulations. 
 

Parameters Average Value 

Stiffness of TMD 1 (N/m) 13798.07 

Damping of TMD 1 (Ns/m) 210.92 

Stiffness of TMD 2 (N/m) 5418.04 

Damping of TMD 2 (Ns/m) 169.61 

 

Table 8: TMDs parameters obtained by optimization 
 
Scenario 4 
In the last scenario, two TMDs were inserted in the structure, one on the top floor and another on the penultimate one, 
located at nodes 183 and 178. Again, the optimal dissipator’s design is performed for the mass ratio defined in scenario 2, 
with a value of 3%, this mass being divided equally between the two TMDs. WOA parameters remained the same as in the 
previous scenario for all analyzes performed in this fourth scenario. As in the previous case, the number of iterations was 
evaluated through the convergence of the optimal answer to the problems, being possible to verify that the convergence 
was reached in the 25th iteration. The convergence curve was analyzed in all simulations carried out in this research in order 
to guarantee the optimal design for each situation. The concrete volume values obtained in the simulations are shown in 
Tab. 9. 
From the table, it can be seen that the concrete volume results are very similar to the results of scenario 3, which also uses 
2 TMD, with a difference of only 2% in the average volumes. Consequently, there was a reduction in concrete volume in 
relation to the original system of approximately 19.8%, an interesting value for the engineering practice. The stiffness and 
damping values of the TMD’s are in Tab. 10. 
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Model Concrete Volume (m³) Average Volume (m³) 

Original 260.72 260.72 

Otim. 1 214.63 

209.21 

Otim. 2 219.86 

Otim. 3 202.25 

Otim. 4 213.93 

Otim. 5 204.63 

Otim. 6 202.3 

Otim. 7 205.62 

Otim. 8 210.13 

Otim. 9 216.94 

Otim. 10 201.78 
 

Table 9: Comparison between concrete volume values from scenario 4 simulations. 
 

Parameters Average Value

Stiffness of TMD 1 (N/m) 10008.48 

Damping of TMD 1 (Ns/m) 191.52 

Stiffness of TMD 2 (N/m) 5052.47 

Damping of TMD 2 (Ns/m) 190.18 
 

Table 10: TMDs parameters obtained by optimization 
 
 

Simulation Without TMD 1 TMD 2 TMD’s (One Floor) 2 TMD’s (Two Floors) 

1 226.14 187.88 192.63 201.78 

2 219.22 187.36 214.17 214.63 

3 232.26 201.16 201.96 219.86 

4 230.61 205.38 199.67 202.25 

5 229.1 212.44 207.76 213.93 

6 217.98 199.11 216.62 204.63 

7 225.39 201.5 202.3 202.3 

8 215.72 206.42 214.37 205.62 

9 213.49 203.4 203.4 210.13 

10 223.75 189.1 205.6 216.94 

Average 223.37 199.38 205.85 209.21 

Initial Volume: 260.72    

Difference (%) 14.33 23.53 20.48 19.76 
 

Table 11: Overall results of optimization processes 
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Again, there is a considerable difference between the stiffness values of the two TMDs. However, the damping values are 
very close, an interesting point for installing the attenuators. It should be noted that, for all simulations performed with 
TMDs, all restrictions on displacement between floors (story drift) and maximum displacement at the top were respected. 
Among the 3 scenarios with the presence of TMD’s, this scenario was the one with the highest average volume value, and 
scenario 1 with the lowest concrete volume values. In a way, scenario 1 was expected to be the best scenario, since the 
solution with 1 TMD on top is a classic solution and widely used by researchers. A summary of all results is shown in Tab. 
11. 
 
 
CONCLUSIONS 
 

n this work, procedures for the optimization of a concrete building through a metaheuristic algorithm were presented, 
from a 2D frame structure of 42 floors, totaling approximately 105 meters high and 4 spans of beams, susceptible to 
vibrations caused by wind. Computational routines for dynamic analysis and simulation of wind force were created 

(comprising the action of atmospheric turbulence in the wind direction and without considering neighborhood effects), as 
well as a routine to obtain the dynamic response from the method of integration of Newmark. These routines were 
developed in Octave language and integrated with the WOA optimization algorithm. Several simulations were performed, 
and in all of them, smaller values of concrete volume were obtained in relation to the initial structure, which shows the 
effectiveness of the method proposed in this work. 
Given the simulations carried out in this work and the results obtained, it is clear that the procedure proposed in this paper 
to optimize concrete structures through metaheuristic algorithms is satisfactory, bringing good results in relation to the 
volume of concrete (reduction of up to 24% in relation to original structure), and also in relation to the maximum 
displacement required by the standard, respecting the limit value. That is, the original project, in addition to having a larger 
concrete volume, did not respect the maximum displacement requirements of standards, however, after the proposed 
optimizations, in all scenarios, the concrete volume was reduced and the structure began to respect the code limits. 
Regarding the insertion of TMDs, all insertion scenarios are positive and reduced the volume of concrete in a greater 
quantity than the optimization without TMD. The greater efficiency of scenario 2 is highlighted, which is the type of control 
most commonly found in the literature to reduce building displacement amplitude. Scenarios 3 and 4 are also efficient, 
despite the different parameters of each attenuator, which can make the TMD installation process more expensive. 
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