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Abstract. The importance of the wind action in structures, in a context in which the maximum possible and
acceptable slenderness is desired, increases directly and proportionally to the height of the buildings. Those tall
and slender buildings, respecting safety criteria, always aim at the minimum cost. This work is part of that scenario,
which aimed to apply structural optimization methods combined with the use of Magneto-rheological (MR)
dampers in tall buildings under dynamic wind load. The structure, idealized in concrete, was modeled using the
finite element method and, the dynamic wind load, through a stochastic process. The optimization of the structure’s
mass was performed using the Particle Swarm Optimization (PSO) algorithm. Finally, a set of MR dampers (RD-
1005-03, Lord Corporation), considering the modified Bouc-Wen rheological model with parameters obtained
experimentally was applied in the structure. The results showed that the structural optimization combined with the
control produced by the MR dampers was able to reduce the response, demonstrating that smart structures, which
combine optimization techniques and semi-active control in their design, are a promising alternative.

Keywords: Tall buildings, wind load, structural optimization, Magneto-rheological damper.

1 Introduction

The state of the art in structural engineering is not even close to be reached. There are several variables and
options representing a universe of possibilities that must be studied and developed. On one hand, we have slender
structures that need to be safe and at the lowest possible cost, and here appears the dynamic loads, as the wind
load, that must be supported, on another hand we have the tools to do that. In this paper we will travel through this
universe, passing by two areas: structural optimization and vibration control using MR dampers. Several studies
have emerged in the application and development of control strategies against dynamic forces, Dyke et al [1], Lee
et al [2], Zhu et al [3], Ni et al [4], Carneiro [5], Askari et al [6], Kim and Kang [7], Bitaraf and Hurlebaus [8],
César [9], Al-Fahdawi et al [10] and in the optimization area we can see recent publications about adjust,
comparison and application, like Basilio et al [11], Souza and Miguel [12], Resende et al [13] and Weber et al
[14]. In this work, these concepts will be addressed and applied.

2 Theoretical background

A building previously proposed and analyzed by Marcadella and Alberti [15] was taken as the object of this
study. The building, designed in reinforced concrete, is symmetrical and has dimensions in the plan of 15m x 15m,
35 floors, 99.75m high, 2.85m high between slabs and 12cm thick on each slab. One of the building's frames was
considered in this research, discretized into 144 nodes, 245 bars and 432 degrees of freedom. The 2D frame is
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fixed in the base and horizontally requested by the action of the wind which was applied to the external nodes
considering the areas of influence of the wind incidence of each one of them, as illustrated in Fig. 1.
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Figure 1. Analyzed structure. a) Perspective b) Theoretical 2D Frame c) Floor plan section considered d)
Columns cross sections (E; and E,) and beams cross section (E; and E,)

The problem was approached through the finite element method, according to the procedures of Clough and
Penzien [16], Soriano [17] and Hibbeler [18]. The mass matrix of the structure was obtained by a combination of
consistent and lumped mass matrices, considering the mass of the slabs. Once global mass and stiffness matrices,
M and K, respectively, were carried out, then the damping matrix C was determined from the Rayleigh method.

About the wind load, its average component was obtained through the procedures described by ABNT NBR
6123 [19], and its fluctuating component through a stochastic process, as indicated by Shinozuka and Jan [20],
Blessmann [21] and Miguel et al. [22], considering Davenport power spectra. The wind load on the top floor of
the building over the analysis time is shown in Fig. 2, in which Fj, is the Drag Force.

0 50 100 150 200 250 300
t(s)

Figure 2. Drag Force on the top floor

3  Optimization of structure mass

A certain amount of mass was made available and optimally distributed in the elements of the structure. Since
the dynamic wind excitation has a high spectral potential at low frequencies (less than 1Hz), the objective was to
maximize the structure's first natural frequency (f;). The formal assembly of the problem is approached, according
to Arora [23], through eq. (1):

1
Ay

Minimize: Subjectto: g(i) = 0. (1)
in which g(i) are the constraints imposed to the problem and i are the variables. For the studied problem, the
restrictions imposed have their origin in the architecture and in the minimum resistance that each element needs.
The loads and architecture considered for formulating the constraints were those elucidated by Marcadella and
Alberti [15]. Furthermore, the symmetry of the structure was kept. The columns were grouped into external and
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internal, E;and E, in Fig. 1, respectively. The beams were grouped into lateral and central, E; and E, in Fig. 1,
respectively. And then, the elements of the same group were again grouped every 5 floors. Finally, a restriction of
a constructive nature was imposed: Upper columns should have smaller dimensions than adjacent lower ones. The
dimensions of the i variables, with i = {1 to 42}, are shown in Fig. 1, in which the relation L; = L, and D; = D,
was kept. The problem was solved using the widely studied Particle Swarm Optimization (PSO) algorithm,
Kennedy and Eberhart [24], Shi and Eberhart [25], Engelbrecht [26]. Four parameters were provided to the
algorithm: S is the number of particles in the swarm (taken equal 84), w is the inertia weight that controls the
contribution of the previous velocity in the new velocity of the particle (taken equal 0.9), P; and P, are acceleration
coefficients, that express how much confidence a particle has in itself or in its neighbors, respectively, those were
taken variable (iteration 0 t01000: 1.8 and 1.8, iteration 1000 to 1500: 2 and 1.6, iteration 1500 to 2000: 1.6 and
2, respectively). The bounds, constrictions and the optimal values for each group are shown in Tab. 1:

Table 1. Optimization problem summary

Group Floor Variable Bounds (m) g(i) Optimal value (m)
G, Oto5 L, 0.60t0 1.20 L;—L; =0 1.20
G, Oto5 D, 0.4810 1.83 D,-D,=>0 1.18
Gs 51010 Ly 0.551t01.20 L;—Lg >0 1.15
Gy 5t0 10 D, 0.43t01.83 D,—Dg=0 1.13
Gs 10to 15 Ls 0.50t0 1.20 Le—L, =0 1.00
Gg 10to 15 Dg 0.33t01.83 Dg—Dg=0 1.08
G, 15t0 20 L, 0.45t0 1.20 L, —Ly=0 0.85
Gg 15t0 20 Dg 0.23t01.83 Dg—Dy;q=0 1.03
Go 20t0 25 Lqg 0.40t0 1.20 Lo—Ly; =0 0.55
G1o 20t0 25 D10 0.13t01.83 Dip—D;2 =0 0.73
Gy 2510 30 L1 0.30t0 1.20 Li;—Liz=0 0.45
Gy2 2510 30 Dy 0.03t01.83 D, — D, =0 0.58
Gy3 30to 35 Lis 0.20t0 1.20 - 0.25
Gyq 30to 35 D14 0.03t01.83 - 0.48
Gis Oto5 Bis,Hig 0.20 t0 0.30, 0.50 t0 0.70 - 0.30, 0.55
Gie Oto5 By;,Hig 0.20t0 0.30,0.50 t0 0.70 - 0.25,0.70
Gy7 51010 B1g,Hso 0.20t0 0.30,0.50 t0 0.70 - 0.30, 0.60
Gqg 5t0 10 B, Hy, 0.20t0 0.30, 0.50 t0 0.70 - 0.25,0.70
Gio 10t0 15  B,3,Hyy 0.20t0 0.30, 0.50 t0 0.70 - 0.30,0.70
Gy 10t0 15  B,s,Hyg 0.20t0 0.30, 0.50 to 0.70 - 0.25,0.70
Gy 15t020  B,,,Hyg 0.20t0 0.30,0.50 t0 0.70 - 0.30,0.70
Gys 15t020  B,q,Hjg 0.20t0 0.30,0.50 t0 0.70 - 0.25, 0.65
Gy 20t025  Bjq,Hj, 0.20t0 0.30,0.50 t0 0.70 - 0.25, 0.65
Gyy 20t025  Bj3,Hs, 0.20t0 0.30, 0.50 t0 0.70 - 0.30, 0.65
Gys 25t030  Bjs,Hsg 0.20t0 0.30, 0.50 to 0.70 - 0.20, 0.65
Gy 25t030  Bj,,Hsg 0.20t0 0.30, 0.50 to 0.70 - 0.25, 0.65
G, 30t035  Bsq,Hyg 0.20t0 0.30, 0.50 to 0.70 - 0.25, 0.50
Gog 30t035  B,,Hyy 0.20t0 0.30, 0.50 t0 0.70 - 0.20, 0.55

The final value of the inverse of the objective function was f; = 0.5 Hz. The evolution of the optimization
process is shown in Fig. 3:

500 750 1000 1250 1500 1750 2000
Iteration

Figure 3. Cost history
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4 Semi-active control using MR dampers

Semi-active dampers have mechanical properties or parameters that can be adjusted to improve their
performance like an active control system while maintaining the reliability of passive control systems, Spencer Jr.
et al [27]. These devices are basically composed of a magneto-rheological fluid that can change its properties in
nanoseconds due to the presence of a magnetic field caused by a controllable current. Many rheological models
were developed to numerically describe the hysteretic phenomenon inherent in these types of devices. In this study
the modified Bouc-Wen model was used as shown in Fig. 4:

¥ ¥

Boue-Wen

Figure 4. Modified Bouc-Wen model by Spencer Jr et al [27].

This model is described by eq. (2), eq. (3) and eq. (4), as follows:

Fyr = 1y + ki (x — x0) - &)
¥ = o laz + eoi ko= )] 3)
z ==yt = ylzlz|"w™ = B(x — y)z|" + Apy, (X = ) . #

in which F or Fyg(t), is the total force generated by the system, c, is the viscous damping observed at larger
velocities, k, is present to control the stiffness at large velocities, c,is a dashpot included in the model to produce
the roll-off observed at low velocities, k, is the accumulator stiffness, x and y are the damper displacements, z is
the evolutionary variable, x, is the initial displacement of spring k; associated with the nominal damper force due
to the accumulator. The dot above a variable indicates time derivative. a, 8, v, A,,, and n,,, are parameters that
describe the system hysteresis. Those parameters, shown in Tab. 2, were determined experimentally by César [9]
for the RD-1005-3 MR damper (Lord corporation), which was used in this study; being I the current supplied to
the equipment, whose maximum value is 0.5A.

Table 2. Modified Bouc-Wen model — Parameters of the RD-1005-3 MR damper, adapted from César [10]

Independent Apw[—] BImm~ | y[mm™] | ko[N/mm| | kyx—x¢)[N] | np,
parameters 10.013 3.044 0.103 1.121 40 2
Current dependent a() = —826.6713 + 905.141% + 412.521 + 38.24 [N]
parameters co(I) = —11.731* + 10.511% + 11.021 + 0.59 [N.s/mm]
c;(I) = —=54.4013 + 57.0312 + 64.571 + 4.73 [N.s/mm]

Since RD-1005-3 MR damper is a low-capacity equipment, to simulate robust equipment compatible with
the wind loads, 20 of these dampers acting in parallel were considered in each m controlled mass by a Fijz damper
force, with m = {1 to 34}. The Fjz damper forces were applied in the central frames of the structure, as shown
in Fig. 5:

35th floor -
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Foundation |

Figure 5. Dampers position
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After applying the dampers, the dynamic equilibrium equation becomes, as eq. (5):

M% + CX + K% = F — Fyp. (5)
in which ¥ is the acceleration vector,  is the velocity vector, % the displacement vector and F is the external force
vector with the Fp at the indicated degrees of freedom and Fyy is the damper force vector with the Fyg at the
indicated degrees of freedom. To solve eq. (5) a numerical integration method can be applied.

To take advantage of the semi-active nature of the dampers, a Linear Quadratic Regulator was used,
Meirovitch [28], Ogata [29], through the Clipped Optimal strategy (CO-LQR), Zhu et al [3], Ni et al [4], César
[9], Carneiro [5]. The complete deduction of the theory can be appreciated in Carneiro [5], briefly the optimal
control force at each instant of time can be determined by egs. (6-8):

fot) = —ZR7BTPE(t) . (6)
PA — lPBR—lBT +ATP+20=0. )
0 Id () X, (1) K Ommn
A= Omm mm | g = [ ] ¢ ] :[ ] R=10""Id 8
MK —-M-'C M~ I m) o = xn(t) ©=1ogm Ol mm (&)

in which g(t) is the optimal force vector at each instant of time, with m optimal forces f,, €(t) is the state vector
of the system which is composed by the n displacement x(t) and n velocities x(t), where n is the number of
degrees of freedom, B is the matrix that describes the control forces in the state space representation, I' is a matrix
describing the location of the m control forces. Q and R are called weighting matrices, high values for elements
of Q means prioritizing response reduction over control forces, high values for elements of R means the opposite,
in general those values are obtained by testing the best response, in this study were used those indicated by Carneiro
[5]. A is the state matrix of the system and Id is the identity matrix. Eq. (7) is the reduced Riccati equation, and P
is the Riccati matrix.

Once f;(t) has been determined, the selection of the current applied to the damper can be obtained through
the eq. (9):

I = InaxH[(fo — Fyr)Fur] - €

in which .., is the maximum current, associated with the magnetic field saturation and H( —) is the Heaviside
function. This way, the force of the damper is indirectly controlled, through the control of the current, that is, when
the damper is providing the optimum force, the applied current remains unchanged, if the magnitude of the force
produced by the damper is less than the magnitude of the optimal desired force and the two forces have the same
sign, the applied current is increased to the maximum level.

5 Results and Discussions

The analysis was based on observing the response to wind load over the time (300 s) in three configurations:
the original structure presented in chapter two (Original Uncontrolled, or S1), the optimal structure obtained in
chapter three (Optimal Uncontrolled, or S2) and the optimal structure with 34 MR dampers following the procedure
presented in chapter four (Optimal 34MR CO-LQR, or S3). The maximum response of the three configurations at
each floor is shown in Fig. 6, and the response over time on the top floor is shown in Fig. 7:
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Figure 6. Maximum response
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Figure 7. Response over time on the top floor

The maximum displacements on the top floor were 67.4 cm, 27.9 cm, 24.9 cm, from S1, S2 and S3
configurations, respectively. S2 and S3 showed a reduction of 58.6% and 63.1%, respectively, compared to S1,
and S3 showed a reduction of 10.75% compared to S2. The results also showed that the maximum story drift
between two consecutive floors were 2.4 cm, 1 cm, 0.9 cm, from S1, S2 and S3 configurations, respectively. It is
possible to observe that the displacements over time were controlled.

The maximum velocities on the top floor are 76.2 cm/s, 40.7 cm/s, 28.8 cm/s, from S1, S2 and S3
configurations, respectively. S2 and S3 showed a reduction of 46.5% and 62,2%, respectively, compared to S3,
and S3 showed a reduction of 29.3% compared to S2. It is possible to observe that the velocities over time were
controlled.

The maximum accelerations on the top floor are 176.3 cm/s2, 140.2 cm/s2, 162.3 cm/s?, from S1, S2 S3
configurations, respectively. S2 and S3 showed a reduction of 20.5% and 7.9%, respectively, compared to S1, and
S3 showed an increase of 15.8% compared to S2. Moreover, we can see an acceleration peak of 209 cm/s?, between
the 30" and 35" floors. In terms of percent gravity acceleration (g%), the maximum values were 189%, 14.3g%,
21.3g%, from S1, S2 and S3 configurations, respectively. It is possible to observe that the accelerations showed a
reduction most of the time, however smaller than displacements and velocities, and demonstrating some peaks
over the time.

6 Conclusions

The results showed a considerable reduction in the response of the structure. Most of the reduction was due
to the optimization of the mass demonstrated in chapter three, however a part of the reduction percentage was due
to the work of the MR dampers applied according to chapter four, which prove to be another tool in the control of
vibrations. It should be noted that there is a potential to be explored in the use of MR dampers, such as: position
optimization, maximum force optimization and calibration of LQR control parameters, that is, the contribution in
response control can be optimized. In this sense, advances in research are of great importance, and smart structures,
which combine optimization techniques and semi-active control in their design, are a promising alternative, which
must be studied and developed.
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