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Abstract

Controlling wind-induced vibrations as well as aerodynamic forces is an essential part of the
structural design of tall buildings in order to guarantee the serviceability limit state of the
structure. This paper presents a numerical investigation focused on finding the optimal design
parameters of a Tuned Inerter Damper (TID) based system for the control of wind-induced
vibration in tall buildings. The control system is based on the conventional TID, with the main
difference that its location is changed from the ground level to the last two story-levels of the
structural system. The TID tuning procedure is based on an evolutionary cultural algorithm
in which the optimum design variables defined as the frequency and damping ratios are
searched according to the optimization criteria of minimizing the root mean square (RMS)
response of displacements at the nth story of the structure. A Monte Carlo simulation is used
to represent the dynamic action of the wind in the time domain in which a time-series derived
from the Davenport spectrum using eleven harmonic functions with randomly chosen phase
angles was reproduced. The above-mentioned methodology is then applied on a case-study
derived from a 37-story prestressed concrete building with 144 m height, in which the wind
action overcomes the seismic action. The results showed that the optimally TID is effective to
reduce the RMS response of displacements up to 37.12% which demonstrates the feasibility of
the system for the control of wind-induced vibrations in tall buildings.
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1 INTRODUCTION

In recent years, the construction of high-rise buildings has increased, using lightweight and
high-strength materials. Those structures are typically more flexible and exhibit lower damp-
ing values, making them more vulnerable to vibration problems induced by wind loads [12].
Consequently, interest in the field of vibration control has increased, leading to the extensive
application of passive control for wind loads. According to Kwok and Samali [1], for several
decades, classic devices such as Tuned Mass Damper (TMD) have been implemented, which
are composed of a mass attached to the building with a system of springs and dashpots that
dissipates energy as a relative movement develops between the mass and structure. In that
sense, Lazar [5] proposed a novel passive control system which is called Tuned Inerter
Damper (TID), similar to the TMD but with the attached mass being replaced by the inerter
device. This inerter is a negligible mass device proposed by Smith [2] that induces an equiva-
lent mass amplification effect called inertance with a 1/200 ratio between the actual mass and
the inertances, as demonstrated in laboratory investigations carried out by Papageorgiou &
Smith [3].

It has been shown that the use of inerter devices in control systems provides considerable
improvements in controlling mechanical vibrations [7]. Different authors [14, 17, 18] have
adapted the inerter device in classic TMDs, obtaining significant enhancements in the dynam-
ic response of buildings under wind-induced vibrations. Subsequently, various authors have
achieved large reductions in the vibrations of a building by applying TID as well as TMDI
systems, overcoming the limitations of the large amounts of mass that have to be implement-
ed in conventional TMDs [15, 26, 27].

This paper presents a numerical investigation focused on finding the optimal design pa-
rameters of a Tuned Inerter Damper (TID) based system for the control of wind-induced vi-
bration in tall buildings. The control system is based on the conventional TID, with the main
difference that its location is changed from the ground level to the last two story-levels of the
structural system according to the recommendations provided in [15]. The TID tuning proce-
dure is based on an evolutionary cultural algorithm in which the optimum design variables
defined as the frequency and damping ratios were searched according to the optimization cri-
teria of minimizing the root mean square (RMS) response of displacements at the nth story of
the structure. A Monte Carlo simulation is used to represent the dynamic action of the wind in
the time domain in which a time series derived from the Davenport spectrum is reproduced
using eleven harmonic functions with randomly chosen phase angles. Effective results are ex-
pected with the implementation of optimized TID to reduce the RMS response of displace-
ments.

2 MATHEMATICAL MODELS OF A MDOF STRUCTURE EQUIPPED WITH
TID-BASED SYSTEM

The inerter is a two-terminal-one-port mechanical device proposed by Smith [2] with the
property that the equal and opposite force applied at the terminals is proportional to the rela-
tive acceleration between the terminals.
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Figure 1: The symbol of inerter.

The mathematical notation corresponding to Figure 1 is:

F = b(ii; —1iiy) (1)

Where ii, and ii, represents the relative acceleration between its nodes and the constant b
is called the inertance.

The main focus of this work is to apply the variant of the TID proposed by Caicedo in [15].
Figure 2 presents a 2D shear frame with n horizontal DOF at each level of the building and
wind loads applied at each level. It is observed that the TID is positioned in the last two levels
with M, K; and €: as the mass, lateral stiffness and damping coefficients of each story level
(=12, ...,m) Additionally, ka and €a are the stiffness and damping that define the behavior
of the TID. These two last variables can be rewritten as:

ky = wlf @)
Cqg = Zf!,rdwsb (3)

In equations (2) and (3), @s, f and ¢a are the fundamental circular frequency of the struc-
tural system, the frequency and damping ratios between the structure and the TID.

The design procedure to be carried out in this work consists of finding the optimal fre-
quency ratio and damping ratio to minimize the dynamic response of the structure.
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Figure 2: 2D frame equipped with a TID in the last two levels.

The following dynamic equilibrium equations describe the behavior of the n degrees of
freedom of each level of the structural system, and the additional degree of freedom (" + 1)
given the possibility of horizontal movement of the TID.

myiiy + (cy + )y — ety + (ky + kp)uy, — kyuy = Fi ()
Myily, — Cotty + (€5 + C3)1ly — Calls — Koty + (ky + k3)uy, — kauiz = Fo (1)
My 181 = Cuoq Uy + (Cog + € + €Uy — Cully, — Cqllpey — K2y s
+ (kg ke + kU — Ry, — kg, = F,_1 (D)
mnﬁn - Cnun—l + {Cn + Cd)un - Cnun - Cdun+1 - Ii'Icn.un.—l + {kn + kd)un - kdud = Fn{t)

bily = Cqlty_y — Cqlly + Cqllny g — Kglly g — Kglly + kglin, g = 200 bF,.1(t)
Where the constant 1/200 denotes the ratio between the physical mass of the TID and the in-

ertance (b). The ratio is assumed according to Papageorgiou and Smith [3] and Papageorgiou
et al. [26].

Therefore, the System of Equations can be written in matrix form, corresponding to the
general equation of motion:

MU(t) + CU(t) + KU(t) = F(t) )
0 0 0 0
m, 0 0 0
0 m,_;, 0 0 (10)
0o - 0 m, O
0 - 0 0 b
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Cl + Cz _Cz e 0 0 0
_Cz Cz + Ca e 0 0 0
c— ™ : : :
0 0 Cp_q +C, +Cg —C, —Cy
0 0 —C, c, tecg —Cg (11)
0 0 —C4 —Cq Ca
K= : : : : :
0 0 k,_,+k,+ky -k, -k, (12)
0 0 —k, k,+ky; —kg
0 0 —kg —kg kg
U={wy u; Up_y Up Upeq}T (13)
§={1 1 1 1 1/200)7 (14)

Where M, C and K are the mass, stiffness and damping matrices, and U is defined as the
structure displacement response.

3 TID DESIGN AND OPTIMIZACION PROCEDURE THROUGH CULTURAL
ALGORITHM

This work intends to implement a cultural algorithm for the optimal design of a TID. The
cultural algorithm was first presented by Reynolds in [9] as a complementary algorithm to the
evolutionary computation and natural selection algorithms. Cultural algorithms have been
used for the solution and optimization of multiple engineering problems, such as the vibration
control of vehicles or the design of stabilizers for power systems [10,11].

Figure 3, shows of the three components of the cultural algorithm. The first of the three
components are the population space, which includes the population to be developed and the
evaluation, reproduction, and modification mechanism. The second component is the belief
space, representing the direction in which the population has to seek solutions. Finally, the
third component of the cultural algorithm is made up of the communication protocol, through
which the population and beliefs interact [9]. The functions in Figure 3 are defined as follows:

e Acceptance function: transfers individual knowledge that satisfies the aptitude val-
ue to belief space.

e Update function: adjusts the knowledge of the belief space according to the indi-
vidual knowledge transferred.

e Influence function: adjusts the individual knowledge of the population space ac-
cording to the knowledge of the belief space.

e Fitness function: produces the individual knowledge of the next generation accord-
ing to certain rules.
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Figure 3: Framework of cultural algorithms.

The objective function defined in Eq. 15 will assess the performance of the control system
applied to the case-study structure. This will be determined by means of the dynamic root
mean square (RMS) response of displacements of the last floor of the structure.

RMS of the n*" DOF controlled response
" RMS ofthe nt* DOF uncontrolled response

(15)

obj

4 WIND EXCITATION MODEL AND FREQUENCY DOMAIN ANALYSIS FOR
THE TID-EQUIPPED SYSTEM

To model the dynamic wind action, a computational simulation based on the Monte Carlo
method is carried out, following the recommendations provided by Franco [21]. The proce-
dure is based on the wind power spectrum developed by Davenport [23] through which it is
possible to separate fluctuating pressure into m harmonic functions (at least 11), one of which
will be resonant. The Monte Carlo method and the Fourier transform are used to reproduce
the fluctuating pressures of the wind.

The building is used as case-study in this investigation. The building, which is the tallest
residential tower in Medellin, with 144 m in height, distributed over 37 floors. The location
and topographical characteristics of the building are used to obtain the basic parameters to be
used in the Synthetic Wind Method. These parameters were taken from the Colombian code,
Reglamento Colombiano de Construccion Sismo Resistente (NSR-10) [24]

S NUMERICAL RESULTS AND DISCUSSION

Following the procedure exposed previously and the mathematical formulation described
in [19-22], it is possible to obtain the fluctuating pressures as shown in Figure 4.
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Figure 4: Fluctuating Pressure.

Now, the fluctuating forces over 600 seconds are computed from the fluctuating pressures
[25]. It is worth noting that twenty simulations of fluctuating forces were performed to deter-
mine the highest displacements achieved at each simulation. Then, a unique fluctuating force
is selected to generate a maximum displacement with a 95% probability of occurrence, fol-
lowing a Gumbel extreme value distribution. Figure 5 shows the time histories of wind loads
on the 37th floor of the building.
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Figure 5: Time histories of wind loads on the 37" floor of the building.
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Table 1 reports the design parameters optimized with the Cultural Algorithm. The optimi-
zation was carried out considering fixed b values, which represent 2%, 5% and 20% of in-
ertance ratios.

b f Ca Fobj
2% 0.9882680 0.0000000 0.62616
5% 0.5000000 0.5000000 0.68861

20% 0.5000000 0.0219307 0.73547

Table 1: Optimal design parameter for the TID.

On the other hand, Table 2 reports the RMS values of the displacements for the uncon-
trolled and controlled structure. Furthermore, the percentage of reduction of the RMS is pre-
sented as well.

Uncontrolled Controlled

b Response [m] response [m] 7 Reduction
- E 2% 0.17363 0.10914 37.12%
§ E 5% 0.17363 0.11954 31.15%
[~ 20% 0.17363 0.12770 26,45%

Table 2: Maximum RMS response of displacements of 37th story

Figure 6 shows the variation of the RMS values of the displacements of each degree of
freedom considered. With these results, the efficiency of the TID is demonstrated.
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Figure 6: RMS displacement at each story level.
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The maximum uncontrolled RMS response of displacement at the 37th story level in Fig-
ure 6 is 0.173 m. The reductions achieved using the optimized TID decrease between 37.12%
and 26.45%, as inertance values increase. Using the »=2% TID, the maximum RMS dis-
placement value is 0.109 m (37.12% reduction); with 5=5%, the maximum RMS value dimin-
ish to 0.119 m (31.15% reduction); finally, with the »=20% TID, the RMS value of
displacement reduce hardly to 0.128 m (26.45% reduction). Thus, it is clear that the best re-
ductions in the dynamic response, under wind excitations, are attained using the TID with the
lowest inertance value (b=2%).
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Figure 7: Time histories of controlled displacement on the 37" floor of the building.

Finally, Figure 7 shows a comparison between the uncontrolled and controlled history of
displacements on the 37th floor of the structure. The peak displacement in Figure 7 was re-
duced from 0.463 m to 0.345 m using the b=2% TID, which represents a 25.48% overall re-
duction.

6 CONCLUSIONS

¢ A numerical investigation on the optimal design parameters of a Tuned Inerter Damper
(TID) based system for the control of wind-induced vibration in tall buildings was pre-
sented in this paper. The control system was inspired by the conventional TID, with the
main difference that its location was changed from ground level to the last two levels of
the structural system. To represent the dynamic action of the wind in the time domain, a
Monte Car-lo simulation was used in which a time series derived from the Davenport
spectrum was re-produced using eleven harmonic functions with randomly chosen phase
angles.

e The obtained results shows that TIDs with lower inertance values installed at the last
floors of the building are useful to reduce the dynamic response of the structure under
wind loads. Reductions up to 37.12% were achieved for RMS values of displacement us-
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ing b=2% TID. Moreover, the cultural algorithm proved to be an efficient and useful tool
for determining the optimal TID de-sign parameters, and the effectiveness of modified
TID systems on mitigating wind-induced vibrations in high-rise buildings was demon-
strated.
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