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Abstract

This study investigates the mitigating effects of a TMD on the structural dynamic responses of

Taipei 101 Tower, under the action of winds and remote (long-distance) seismic excitation. To begin

with, the optimal parameters of the TMD in Taipei 101 Tower are first determined. Then a finite

element model of this high-rise building, equipped with a TMD system, is established. A detailed

dynamic analysis is conducted accordingly, to evaluate the behavior of the structure-TMD system. The

simulation results obtained are compared with the wind tunnel test data and the recorded field

measurements. The accuracy of the established computational frameworks is then verified. Findings

of this study demonstrate that the use of the TMD in this building is materially effective in reducing the

wind-induced vibrations. However, it is not as effective in mitigating remote seismic vibrations

responses.
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1. Introduction

Advances in new materials, the progress in new
structural systems, as well as the developments in com-
putational software and design methods, have made pos-
sible the construction of extremely tall buildings in mo-
dern days. However, the ever-increasing height of the
high-rise structure poses considerable challenges for st-
ructural engineers and researchers in this field. Among
the many difficult technical problems involved in de-
sign, the effects of wind and earthquakes on these struc-
tures are definitely the most critical issues.

The most important task to be overcome is, both the
criteria of serviceability and safety (strength) must be
carefully considered and satisfied in the design. For mo-
dern buildings become taller, they also become more
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flexible and slender. Such structures are almost always
sensitive to wind excitations, and therefore serviceabil-
ity becomes a critical issue. Under most circumstances,
the inherent damping in a tall building itself is not suffi-
cient to satisfy the serviceability requirements. In addi-
tion, it has been shown [1,2] that remote earthquakes are
able to generate base shears up to a magnitude compara-
ble to that of the notional horizontal load, which is some-
times even greater than the wind loading. In particular,
high-rise buildings can be very sensitive to dynamic ex-
citations by remote(long-period) earthquakes [3]. There-
fore, in order to reduce the dynamic responses of high-
rise structures to meet the serviceability criterion [4],
many strategies are considered in terms of increasing the
structural damping to achieve the goal. Basically, these
methods can be roughly divided into two categories: pas-
sive control and active control strategies. As reported in
many successful implementations, the wind-induced st-
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ructural responses can be substantially reduced by using
passive control methods, such as the incorporation of
auxiliary damping systems: viscoelastic dampers, damp-
ing walls, and TMD (tuned mass damper) or TLD (tuned
liquid damper) [5], etc.

A tuned mass damper (TMD) is a large, massive
block, which is usually mounted on the top or near the
top of a tall building. The system consists of a mass,
springs and damping devices. Its frequency can be tuned
to match the predominant vibration frequency (usually
the first modal frequency) of the main structure. So that
the structural dynamic responses caused by environmen-
tal excitations, such as strong winds and earthquakes,
can be significantly reduced. The 508-m tall Taipei 101
Tower is a primary example, which has the world’s lar-
gest TMD (660 tons) system for the control of structural
vibrations.

TMD was first suggested by Frahm in 1909, to at-
tenuate undesirable vibrations in ships. The device con-
sists of a mass (m), springs (k) and damping devices (c).
While attached to the main system, the dynamic beha-
vior of that system can be altered. Up to now, TMDs
have been successfully installed in many civil engineer-
ing structures to control the structural vibrations due to
environmental disturbances. Especially in many sky-
scrapers and slender towers worldwide. Namely, the CN
Tower (535 m) in Canada, the John Hancock Building
(60 stories) in Boston, USA, Center-Point Tower (305 m)
in Sydney, Australia, and the once tallest building in the
world — Taipei 101 Tower (101 stories, 508 m), in Taipei.
Recently, many studies have been focused on finding the
optimum parameters for TMDs and on evaluating its ef-
ficiency under various type of dynamic excitations. For
minimize the displacement of a single-degree-of-free-
dom (SDOF) main structure, Den Hartog [6] derived
classic results for the optimum TMD parameters for har-
monic external forces. Using similar conditions, Chang
[7] obtained the optimum parameters for a TMD under
broadband white noise excitation. Sgobba and Marano
[8] examined the optimum design parameters for a TMD
for the seismic protection of inelastic structures. How-
ever, when the damping of the main structure is included,
the closed-form analytical expressions for the optimal
parameters of a TMD have not been derived. Leung [9,
10] used particle swarm optimization (PSO) to described

the optimal numerical parameters for a TMD for differ-
ent external excitations to the main structural system,
such as harmonic-based acceleration, white-noise-based
acceleration and non-stationary-based acceleration. Lee
et al. [11] extended the optimal design theory for a TMD
to a multiple-degrees-of-freedom (MDOF) structure, with
multiple TMDs (MTMDs) installed on different floors,
to address the environmental disturbances generated by
the power spectral density (PSD) function. Xu et al. [12]
and Gerges and Vickery [13] conducted wind tunnel tests
to study the structural dynamic behavior of super tall
buildings with TMD system. Rana and Soong [14] per-
formed a parametric study and produced a simplified de-
sign procedure for a TMD. It is shown in the study, com-
pared with realistic excitations, using harmonic excita-
tions in the TMD design can give reasonable results as
well. However, to the best knowledge of the authors,
there are no studies of the effectiveness of TMD’s in real
super tall buildings and neither of the performance of
controlled super tall buildings under the action of a ty-
phoon or an earthquake. Obviously, proper modeling of
the TMD-structure interaction is required in the design
of TMD-controlled structures. Nevertheless, this type of
study for super tall buildings is hardly found. Analytical
models for the structural analysis of high-rise buildings
rarely take into account the installed TMD apparatus.
Actually, these models usually consider the effect of a
TMD by only elevating damping ratio values, which is
insufficient to reflect the nature of the structure-control
interaction and the realistic dynamic behaviors of systems.

This paper uses an analogy between a SDOF system
and a MDOF system, both with a TMD, to produce an
optimal design for the TMD — structure system. By mini-
mizing the acceleration of the controlled main structure
and by considering the serviceability criteria, the optimal
parameters for the TMD system equipped in the Taipei
101 Tower are derived. The classic parameter optimism
theory is used. Then, in the computational framework, a
3D-FEM model of this super tall building is established
by ANSYS 12.0. With the emphasis on incorporate the
TMD into the main structural system and properly model
the structure-control device interaction. Utilized the
wind flow generated by computational fluids dynamics
(CFD) as the wind loads subjected on the structure, the
wind-induced vibration responses of this tall building
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structure, controlled by a TMD, are analyzed and com-
puted. Compared to the available wind tunnel test data
and the recorded field measurements, the computational
results encouragingly show that the wind-induced re-
sponses of this super tall building can be substantially re-
duced. The mitigating effect of the TMD system on re-
mote (long-period) seismic-induced vibrations in the
Taipei 101 Tower is also analyzed. The results show that
the mitigation effect due to the long-distance seismic ex-
citation is not as good as that due to the wind action. This
may be attributable to the different excitation mechanisms
for winds and earthquakes, which cause different effects on
tall building structure. The results of this comprehensive
study are believed to be very significant and useful for en-
gineers and researchers, who are practicing in design of
super tall buildings incorporated with TMD systems.

2. Methodology

2.1 The Parameter Optimization Theory for a TMD

Over the last several decades, the parameter optimi-
zation theory for TMD’s has been the subject of con-
siderable research interest. Intensive studies have been
conducted to determine the optimal parameters fora TMD
under various excitations, to calculate the responses of
the main structures, and to evaluate the efficiency of the
TMD contributions in terms of mitigating vibration in
the main structures. Warburton and his collaborators
[15-17] performed systematical studies to determine the
optimal parameters for a TMD. They derived the closed
form expressions for the optimal parameters of an ab-
sorber, as well as for system responses. The system con-
sidered in their studies consisted of an undamped SDOF
main system and an attached TMD, which was subjected
to steady-state harmonic excitations and random excita-
tions with white noise spectral density. They also ex-
tended the formulae to an elastic body without damping
and one with light damping. These studies demonstrated
that an elastic body can be replaced by an equivalent
SDOF system, for the purpose of determining the opti-
mal parameters of its attached TMD. Provided that the
frequencies of the elastic body are well separated, and
the dynamic response is majorly contributed by the fun-
damental mode. The results concluded that in order to
minimize the fundamental resonance of an elastic body, a

TMD with a small mass ratio between the absorber system
and the main system is preferable. As long as the natural
frequencies satisfy the condition, ®,/®, < 0.5 (where m, and
o, represent the first and second fundamental frequencies
of the elastic body, respectively), the equivalent system
yields the optimal parameters for the TMD. And the associ-
ated structural responses are minimized into an acceptable
range of accuracy. As for the damping of the main system,
it is suggested that limited damping of the main system
has very little effect on the TMD’s optimal parameters.
For real systems with light damping, if this frequency
condition is satisfied, it is reasonable to use the optimal
parameters of the TMD for the undamped equivalent sys-
tem to minimize the dynamic response of the system.

The equations for a TMD attached to an undamped
SDOF system, as shown in Figure 1, are:

M, i+K, x+c,x+kx—c,x,—k,x, = p(t) (1)
mX, +c,x, +k,x,—c,x—k,x=0 2)

where M,,, K,, and x are the mass, stiffness, and dis-
placement of the system, respectively; while m,, c,, k.,
and x, are the mass, damping, stiffness, and displace-
ment of the TMD, respectively. In the case of a har-
monic force acting on the system, p(¢) = pe'”, the dis-
placement, velocity and acceleration of the main sys-
tem are expressed as:

X =

(k, —m,0* +ioc,)pe

(K, +k,—M,o" +ioc,)(k, —m,0” +ioc,)—(k, +ioc,)

3)

m

Absorber mass

Main mass
—=X

Km

LTS LA LTSS

Figure 1. A SDOF-TMD system.
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(k, —m,0* +ioc,)iope™
(K, +k,—M, o +ioc,)(k, —m,0’ +ioc,)—(k, +ioc,)’

(4)

-0’ (k, —m,0* +ioc,)pe

(K, +k,—M,o* +ioc, )k, —m,0° +ioc,)-(k, +ioc,)’

©)

m

where the following parameters are introduced:

Mass ratio: L= m,/M,,

Tuning ratio: f= ©,/®,,

0 = ki My 0, = knl M,

Forced frequency ratio: » = o/®,,

Absorber damping ratio: y, = ¢,/2m,,,

the dimensionless forms of the main system’s displace-
ment, velocity and acceleration responses can be ex-
pressed as follows:

X =

(=1 +2iry,f)
W2 = 14 2ipry, )~ 4 2iry, )~ n(f* + 20y, i)’

(6)

pe

m

(f2 -+ 2iry, f)
(W7 =1 14 20wy S =17+ 2iry ) = u(f* + 2iry, /)

(™)

piro,e

(f2 -+ 2iry, f)
(W2 =1+ 14 20wy, ) =1+ 2iry, ) —u(f + 2iry, f)

2 ire,t

2
—pro,e

o ®)

m

The optimal parameters for the TMD are shown in
Table 1. The design parameters for the TMD are:

2 2
ka = mamm ﬁ(}/)l)

1/2
ca = 2y(1(<111!)m(1 (ka /ma)

)

For the MDOF system shown in Figure 2, the equations
of the combined system are expressed as:

MX +KX +¢, X'+k X' —c,Y —kY = Pe (10)
mY+eY+kY—cX —kX =0 (11)

where K and M are symmetric stiffness and mass matri-
ces, respectively, X is the displacement vector of the
main system and X' = (0,0, ..., X}, ..., 0, O)Trepresents
the displacement of M; of the main system where a
TMD is installed. Similarly, Y= (0, 0, ..., X, ..., 0, 0)”
represents the displacement of the TMD attached to the
main system. If the excitation is a vector of a harmonic
force, namely P(7) = Pe'”, is applied in the direction of
X, Zis the matrix of the orthogonal characteristic modes
of the system and z, is the vector of the r#h mode, Z, =

(ers ZZl‘s e Z (] ZI’H‘)T'

‘jre +

Table 1. The optimal parameters for a TMD attached to a
SDOF system

Minimizing 2 R
items /;opt) ya(opr)
1 3u

o 1+’ 8(1+p)
v 1+0.5p w(3 +3p +0.6251°

(1+p)? 42+ +p)’
X u

(1+p) 42+ p)(1+p)

M:

M:

M-

TTRIRIT R
i

T
Figure 2. A MDOF-TMD system.



Vibration Control in a 101-Storey Building Using a Tuned Mass Damper 145

therefore

Z'MZ =M, (12)
where M., is the rth modal mass,

Z'KZ =K =M, (13)

in which o, is the natural circular frequency of the rth
mode. Introducing the relationship, X = Z,n,, and re-
placing the displacement of the main system, X, with
the general coordinate, 1,, and pre-multiplying Z,” to
both sides of equations (10) and (11), gives:

Z'MZA, +2 KZX+c,Z ' X' +k2Z"X'

, . 14
-, Z'Y-k,Z'Y =27 Pe 14

mZ'V+e,2'V+k,2'V—c,z' X' ~k2Z'X' =0 (15)
These equations can be simplified as:

MW, +K X+, Z, X, +kZ,X, —¢c,Z,%, —kZ,x

a™ jrta

2 ior (16)
= Z;Z].,P,.e
J=

m,Z,5%,+c,Z, %, +kZ,x,~c,Z, X, ~kZ,X =0 (17)

a™ jrta a™ jrta a™ jrta

If the relationship, X, = Zernr, is used for Xj, these
r=1

equations are coupled. Since a TMD is used to mitigate
the resonant response of M;, associated with the rth
mode, it can be assumed that the response of M;, where
the TMD is attached, makes the major contribution to
the rth mode [17], so:

X, ~Z,n, (18)

Substituting equation (18) into equations (16) and (17)
and solving the resulting simultaneous equations gives:

n. =
. "
2 . ol
(k,—m,o" +ioc, )Z Z,Pe”

J=1

(K, - M, + szka + Z,‘_/zio)cﬂ )k, —m 0" +ioc,)— ZU2 (k, +ioc,)

(19)

If it is defined that M= M,/Z,7, K= K,/ Z,7, 50

7 s

2 Z,Pe
n,=—
r 2
z,
(k, —m,0* +ioc,)
(K - M0 +k, +ioc, )k, —m,o’ +ioc,)— (k, +ioc,)

(20)

The displacement, velocity and acceleration of the mass
M, are

i i iz‘/rl)jeml
Xs :ZZ.anr :Zzsr ]ZIT
s=1 s=1

Jr

(k, —m,0” +ioc,)

(K =M, 0" +k, +ioc, )k, —m,o0” +ioc,) - (k, +ioc,)’

21

e

n
iot
" 2Z,Pe

XS = Zn:ZS,,f], = ZZW FIT
i=1 s=1 Jr

io(k, —m,0° +ioc,)

2 . 2 . N 2
(K =M 40" +k, +ioc, )k, —m,0” +ioc,) - (k, +ioc,)

(22)

eff

0 0 iz,irP/eim
X, =>ZW5=>27|r——
s=1 s=1 zZ,
-0’ (k, —m,0* +ioc,)
(K — M ,0° +k, +ioc,)(k, —m,0’ +ioc,) - (k, +ioc,)’
(23)
For a MDOF system, similar parameters can be intro-
duced: p=m/Mp 0, = ky/ma, ©,° = ko My, f= 0,/ ®,, 7
= 0/, Vo = Ca/2m,®,.
The dimensionless forms of X, X, and X can be
expressed as:

(/2 =7 +2iry,f)
W= 1 2ipry /)~ +20ry, /)~ (S + 201 fi)
(24)




146 Alex Y. Tuan and G. Q. Shang

" i Z,Pe”
X, = Z:]: V4l HT

r

io(f* —r*+2iry, f)
(W2 =r? 14 2ipry, O =2 +2iry, f)—u(f + 20y, fr)?
(25)

. Zn: Z‘” PJ eia)l

r

-0 (f* =r* +2iry, f)
(W2 =r? + 14 2iury, I =% +2iry, ) —u(f* + 20y, fr)
(26)

The optimal parameters are obtained using these equa-
tions. As an analogy with a SDOF system, when the
equation, 1 = m,/M.z is used and the frequency of the
MDOF system is well separated. With ©,/®, < 0.5, the
optimal parameters of a TMD installed in a MDOF sys-
tem are obtained, as shown in Table 2. The design para-
meters necessary for the TMD to reduce the vibration of
the rth mode are expressed as:

2

2
ka = ma('or (opt)

27
Ca = 2Ya(0pl)ma(ka /ma)l/z ( )

3. An Introduction of the Taipei 101 Tower
and Its TMD System

Taipei 101 Tower, as shown in Figure 3, is located in

Table 2. The optimal parameters for a TMD attached to a

MDOF system
Minimizing 2 2
items f(Op’) Ya(vpf)
1 3u

g T+ 801+’

v 1+0.5u u(3+3u+0.625u°
(1+w)’ 42+ +p)’

.. 1 3

X —“

(+w) 42+wl+w

Note: U= m/ Mg, f= 040, Ya = Cal2mm,.

Hsinyi District in Taipei. This super tall structure is a
101-storey office building with five levels of basements,
from -19.4 m below ground level to 508 m above ground.
It was the tallest building in the world when it was built
eleven years (2002) ago. A 660 ton TMD is installed on
an upper floor of the building, as shown in Figure 4(a), to
reduce its dynamic responses to winds and earthquakes
and to meet the requirement for comfortable habitation.
Field measurements and numerical analysis of the dy-
namic behaviors of this building has been investigated
thoroughly by Li et al. [3].

As shown in Figure 4 (a), the major part of the TMD
system is a 6 m-diameter sphere that is made of steel and
weighs 660 tons. It is the largest of its kind in the world.
It is installed at the center of the 87" floor and suspended
from the 91* floor by cables. There are eight dampers
around the mass, to prevent it from moving excessively.
This TMD is essentially a pendulum that spans five
floors (88™~92™), whose primary function is to suppress
wind-induced vibrations in this building. It is also de-
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Figure 3. Photo of Taipei 101 Tower.
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signed to withstand the forces generated in a strong seis-
mic event, with a return period of 2500 years [18]. Tak-
ing into account the character of the vibration in a typical
high-rise building under the action of wind, the funda-
mental mode usually governs the structural dynamic re-
sponses, so the most effective way to reduce wind-in-
duced dynamic responses is to mitigate the fundamental
modal response of the structure. As Taipei 101 Tower is
symmetrical, there are two fundamental modals, in the X
and Y directions. Since the fundamental modal responses
can be mitigated in the two directions simultaneously by
the pendulum and the amplitude of the pendulum is rela-
tively small, the system is able to be simplified as two
horizontally orthogonal spring oscillators, as shown in
Figure 4 (b). Furthermore, the interaction between the
TMD and the structure can be assumed to be independ-
ent in the direction of X and Y, because of the nature of
modal orthogonality. The model shown in Figure 4(b)
can be further simplified as two independent TMDs. For
each TMD, the optimal parameter theory as previously
discussed, can be used to determine its optimal para-
meters in both the X and Y directions.

4. A Numerical Analysis of the Combined
System of the Taipei 101 Tower and the TMD

It is well known that high-rise structures will experi-
ence along-wind vibration and across-wind vibration, as
well as a torsional response. The former is due to the buf-
feting induced by fluctuations in the wind velocity and
the across-wind force, and the responses are mainly go-
verned by vortex shedding. For slender structures, the
across-wind vibration is usually more severe than the
along-wind vibration. Therefore, in most cases, it is the
major factor in wind-induced vibration in a high-rise
buildings such as the Taipei 101 Tower. However, the
displacement and acceleration near the peripheries of the
building may be increased due to the wind-induced tor-
sional vibrations. Unfortunately, the nature of the across-
wind and torsional vibrations are extremely complex that,
despite extensive studies, the mechanisms of such vibra-
tions have not been able to described sufficiently. There-
fore, no general analytical methods are available to accu-
rately calculate these responses. A more practical me-
thod for evaluating the efficiency of a TMD’s dissipation

(b)

e
Cy

Kv

[y M X
Cx

A

Figure 4. (a) The TMD installed in Taipei 101 Tower. (b)
Mechanical model of the TMD in Taipei 101 Tower.

of the dynamic responses is to use a simplified represen-
tation of the wind action as a harmonic load, assuming
that the most unfavorable value is in the vicinity of one
of the natural frequencies of the structure. In general, the
fundamental frequency is chosen [19]. Results of the
wind tunnel test for Taipei 101 Tower [20] predicted that
the across-wind response dominates the overall wind-
induced vibration. Therefore the simulation scheme for
the dynamic responses of the Taipei 101 Tower (with

TMD) can be summarized as follows:

Step 1: A modal analysis of the Taipei 101 Tower with-
out TMD system is first conducted, in order to
find the fundamental vibration modes to be miti-
gated.
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Step 2: The optimal parameter theory is then utilized to
find the optimal parameters for this TMD system.
The objective is to minimize the acceleration of
the upper floors of this super tall building.

Step 3: The wind tunnel test results and/or the CFD
simulation results are then used to determine the
wind loads subject on the building. For earth-
quake excitations, the records measured on the
building site are used as the inputs for seismic
analysis of this structure.

Step 4: Eventually, a dynamic analysis of the combined
system of the Taipei 101 Tower with the TMD is
conducted, to evaluate the effectiveness of the
TMD in reducing the vibrations of the building,
while it is subjected to wind loads or seismic
forces.

5. The 3D-FEM Model Incorporating the TMD

Based on the design drawings, a detailed 3D-FEM
model of Taipei 101 Tower is established by using
ANSYS 12.0. The FEM model uses beam elements, shell
elements, link elements and mass elements to model the
structural system of the Taipei 101 Tower and the TMD.
The amplitude-dependent damping character of the TMD
is considered as equivalent viscous damping. The TMD
system is modeled using two spring systems in both X
and Y directions, located at the centroid of the 88" floor.
Constrain equations are also used to combine the TMD
system with the Taipei 101 Tower. The wind loads on the
tall building are determined by a large eddy simulation
(LES) [21] and typical examples of the simulated wind
forces are shown in Figure 5. The earthquake record,
measured at the lowest floor of the basement in the Tai-
pei 101 Tower during the Wen Chuan earthquake [3], are
used to the 3D-FEM model incorporating with the TMD,
for dynamic analysis. The completed model is illustrated
in Figure 6 (a) and (b).

6. Results and Discussions

6.1 Modal Analysis

As an effective passive control device, the major
contribution of the TMD is to reduce the dynamic re-
sponses of the structure by altering the fundamental fre-

quency (first mode) of the structure, so that the accelera-
tion of the top residential floors can be controlled to sa-
tisfy the safety criterion as well as the serviceability cri-
terion for human comfort. In order to achieve this goal,
the optimal parameters of the TMD were derived, as
shown in Table 3. It is also listed in Table 4 the results
from equation (27) and the natural frequencies of the
building (with and without TMD).

The modal analysis results are shown in Figures 7—-8
and Table 4. Due to the symmetry feature of the building,
the first two frequencies are identical. As the TMD is in-
stalled, the first mode in the X and Y directions becomes
two modes. This situation is similar to the SDOF system.
Which is the expected way that the TMD is to perform.
The modification of the modes therefore suppresses the
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Figure 5. Time histories of the total force F, Fp, M.
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Figure 6. (a) FEM model
del of Taipei 101 Tower with the TMD.

Table 3. The optimal parameters for the TMD installed in
the Taipei 101 Tower

My (T) — my (T) B
39655 660 0.0166

k, (kN/m)
1118807

Ya
0.037
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dynamic responses of the high-rise structure accordingly.

7. Wind-Induced Vibration Effectively
Controlled by the TMD System

It is observed that, as in Table 5, Figures 9(a) and
10(a), while the TMD system is installed, the along-wind
and across-wind displacements on the uppermost occu-
pied floor (89" floor) are reduced significantly. The ben-
efit can also be expected on the improvement of the
long-term building performance. Since the durability of
those nonstructural components, such as the claddings,

DISPLACEMENT AN DISPLACEMENT AN
STEP=1 STEP=1

suB=1 suB=2

FREQ=.20893 FREQ=.209246

DMX=.195E-03 DMX=.189E-03
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FREQ= 264058 FREQ=.478356

DMX=.199E-03 DMX=.201E-03
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FREQ=.495055 FREQ=624994
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Figure 7. Several mode shapes of Taipei 101 Tower without

Note: k, = macolzf(gp,)z, Yo = Cal2m,m, TMD.
Table 4. The natural frequencies of the Taipei 101 Tower
The first
Modal The first mode The first mode  mode of the The se%cond The se%cond The second m ode
frequency . o . o . mode in the mode inthe of the rotational
in the X direction inthe Y direction rotational . R o
(Hz) o X direction Y direction direction
direction
Without TMD 0.2092 0.2089 0.264 0.478 0.496 0.625
With TMD 0.173 0222 0.173  0.222 0.264 0.479 0.497 0.625
Full-scale 0.146 -- 0.152 -- 0.242 0.435 0.428 --
measurement
Difference (%) 18.5 -- 13.8 -- 9.1 -- -- --

Note: difference = (calculated — measured)/measured.
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Table 5. The displacements on the uppermost residential
(a) ——Y-without-tmd ——Y-with-tmd

floor, when it is subjected to wind loads

Displacements at the

88th floor ( Il’l) UX max UY max Ue max
Without-TMD 0.50 1.04 0.0016
With-TMD 0.43 0.76 0.0016
Efficiency of the TMD 14% 27% --

will stay much longer because the building deflections
are effectively reduced.

According to the ISO wind code [22], the total ac-
celeration of the 89™ floor is determined using the fol-
lowing formulas:

Xmax = X + gGax
Y max = a)" + gcay (28)
Dpmax = 0 T 800

PSD-Y (m"2%S)

Frequency(f)

(b) ——Psd-without-TMD-Y  ——Psd-with-TMD-Y

Figure 10. (a) Time history of across-wind displacement at the
top residential floor. (b) Power spectral density of
across-wind displacement at the top residential floor.

respectively, dumax, @ymaxs @-0max are the along-wind ac-
celeration, the across-wind acceleration and the rota-
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tional acceleration of the uppermost residential floor.
The total acceleration of that floor can be expressed as
[22]

Ao = 0.7\/01)““8)(2 + aymax2 + A ax 29)

The computed accelerations on the uppermost occu-
pied floor, as shown in Table 6, and in Figures 12(a) and
13(a), are largely improved. The resonant response of the
first fundamental mode has been modified significantly.
As a very encouraging result, the installed TMD system
is very effective in mitigating almost all of the undesir-
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Figure 11. (a) Time history of the rotational displacement at
the top residential floor. (b) Power spectral density
of rotational displacement at the top residential floor.

able dynamic responses of the building. For example, the
across-wind acceleration, which is almost four times the
along-wind response, is reduced by 33.7%, and is in
good agreement with the 40% reduction recorded in the
full-scale measurement [18]. At the same time, the accel-
eration of the along-wind direction is decreased by 31.7%.
Since the TMD is placed at the centroid of the building,
no influence is observed in the torsional responses. Simi-
larly, the displacement of the across-wind direction is re-
duced by 27%, which is better than the 14% reduction in
the along-wind direction. Comparing these results with

04
§ 03 : :
£ =0 HHESEE i | i I SE===Swiis =
gs | ‘ . | ’
% £ [iIRRE L RlARE AMLAR MGG AR
R J' | { | i il 1 wt]'
2.9 -‘i\’l‘ I I [ L ||‘|“||
® Bo1 | y i & | f i
g 2 i i
T B02 |
8 “o3
o
E 04 == = SESEEE e —— e
0.5
0 50 100 150 200 250 300 350 400
Time(s)
(a) ——AX-without-tmd =~ —— AX-with-tmd
o
i
S~
o~
‘
&
7
a
d
B
108
0.001 001 01 1
Frequency(f)
(b) ——Psd-without-TMD-AX ~ ——Psd-with-TMD-AX

Figure 12. (a) Time history of the along-wind acceleration at
the top residential floor. (b) Power spectral density
of along-wind acceleration at the top residential floor.

Table 6. The accelerations on the uppermost residential floor, when it is subjected to wind loads

Accelerations of the 88™ floor (m?/s)

A X max Ay max Ao max A max
Without-TMD 0.39 1.59 0.004 1.15
With-TMD 0.26 1.05 0.004 0.76
Wind tunnel (Without-TMD) -- -- 0.98
Wind tunnel (With-TMD) -- -- -- 0.61
Efficiency 31.7% 33.7% 0 33.6% (FEM )

37.7% (wind tunnel)

Difference (without-TMD) -- -- -- 17.3%
Difference (with-TMD) -- -- -- 24.5%

Note: difference = (FEM — wind_tunnel)/wind_tunnel.
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the wind tunnel test data [20], Table 6 shows that without
TMD, the predicted result for the total acceleration is
consistent with the wind tunnel test data, with a differ-
ence of 17.3%. It is also shown in Table 6 that there is a
relatively large discrepancy, 24.5%, between the com-
puted acceleration and the wind tunnel test result for the
structure with TMD. This may be due to the fact that the
TMD counted in the wind tunnel test by merely increas-
ing the structural damping ratio from 1.5% to 5%, physi-
cally it is not incorporated into the testing model to eval-
uate its mitigating effect. This could cause different re-
sult in the wind tunnel test for the model with the TMD.
The frequency domain results presented in Figures 9(b),
10(b), 12(b) and 13(b) suggest that the values of the
along-wind responses or across-wind responses at the
fundamental modal frequency becomes two peaks while
the TMD is installed. The torsional responses (shown in
Figures 11 and 14) and the higher modal responses in the
along-wind and across-wind direction have not changed.
As for the total dynamic response of the building, the
fundamental modal responses have the major contribu-
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Figure 13. (a) Time history of across-wind acceleration at the
top residential floor. (b) Power spectral density of
across-wind acceleration at the top residential floor.

tion, which must be controlled (mitigated) to meet the
serviceability requirements for comfortable habitation.
Conclusively, the installation of the TMD system in this
high-rise building is proven to be an effective and eco-
nomic strategy. Nevertheless, the reduced displacements
at the uppermost residential floor also improved the buil-
ding’s long-term performance, the durability of non-st-
ructural components, such as the cladding and the verti-
cal shafts for elevators, will be largely improved as well.

8. Remote (Long-distance)
Earthquake-Induced Vibration Control Using
the TMD System

On May 12, 2008, a devastating tremor, the Wen-
chuan earthquake, occurred at 02:28 p.m. local time in
Sichuan Province of the People’s Republic of China,
about 1,900 km away from Taipei. The Chinese Earth-
quake Administration estimated the magnitude of the
event as Ms 8.0, with a focal depth of 14 km. A set of ac-
celeration responses from the Taipei 101 Tower during
the Wenchuan earthquake were recorded by the monitor-
ing system installed in the building [3], which provided

’ 6.00E-08 ——————————T———— e 1
i~ 5.00E-03 +———
r]
3 4.00E-03
€ 03 |
.9 3.00E-03
B m 200503 |
9 % 100603 1M
)
9 B 000E+00
a £
+ 7 100803 |
€ & -200e03 | {f
] -3.00E-03 +—
] -4.00E03 |
F 5.00E-03 1
2 5.00E-03
= 0 50 100 150 200 250 300 350 400
Time(s)
(a) ——ARotZ-without-tmd  ——ARotZ-with-tmd
+
—~
)
.
v
4
]
¢
B
=
-~
-
|
|
a
a
[
0.001 0.01 01 al
Frequency(f)
(b) Psd-without-TMD-ARotZ ——Psd-with-tmd-ARotZ

Figurel4. (a) Time history of torsional acceleration at the top
residential floor. (b) Power spectral density of the
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very useful and valuable information for the study of the
effect of a remote (long-distance) earthquake on the tall,
flexible structure.

The characteristics of this remote earthquake are
quite different from those of a typical local earthquake,
as demonstrated in the field recorded data in Figures 15
and 16. In particular, when the earthquake wave travels a
long distance, the high frequency part of its energy has
been filtered out and the energy is more concentrated in
the low frequency range.

The remote earthquake-induced responses of the 89"
floor of the Taipei 101 Tower are shown in Tables 7-8. It
is observed that the displacements are quite small, with
the maximum value being just 0.054 m (also shown in
Figure 17), which is trivial for the structural design of
such an extremely tall building. However, as presented
in Figure 19, the acceleration responses are relatively
large. This indicates that the slender structure amplifies
the acceleration responses while a remote earthquake is
subjected to the building. Also released in these tables
are that, with the TMD, the accelerations at the upper-
most occupied floor (89™ floor) are considerably reduced.
For example, the TMD system contributes a change in
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Figure 15.(a) Field measured accelerations at the deepest
basement in Taipei 101 Tower. (b) Power spectral
density of the field measured accelerations at the
deepest basement in Taipei 101 Tower.
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the acceleration responses in the X and Y directions of
-3% and 19%, respectively, while the total acceleration
is reduced by 13%. Figures 18 and 20 demonstrate that
the magnitudes of the spectra near the fundamental fre-
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Figure 16. (a) Field measured accelerations at the 89" floor in
Taipei 101 Tower. (b) Power spectral density of the
accelerations measured at the 89™ floor in Taipei
101 Tower.

Table 7. The displacements on the uppermost residential
floor, when it is subjected to remote earthquake

excitation
Displacements of the
8 8th floor ( m) UX max UY max Umax
Without-TMD 0.027 0.054 0.048
With-TMD 0.020 0.036 0.033
Efficiency 26% 33% 31%

Table 8. The accelerations on the uppermost residential
floor, when it is subjected to remote earthquake

excitation
Accelerations of the
88&1 ﬂOOI' (mZ/S) A X max Ay max Amax
Without-TMD 0.066 0.109 0.102
With-TMD 0.068 0.089 0089
Field monitored data 0.060 0.140 -
Efficiency -3% 19% 13%
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quency are also reduced. In the higher frequency range,
however, the spectral magnitudes have not changed sig-
nificantly. This situation exposed that, compared with
the wind loads, the higher vibration modes of the build-
ing are activated by seismic excitation. Since the TMD
system can only be tuned up to the first vibration modes
of the structure, rather than to the higher vibration mo-
des. Consequently, the mitigation of earthquake-excited
vibrations by the TMD is not as effective as its suppres-
sion of wind-induced responses.

9. Conclusions

In the analogy of a SDOF system for a MDOF sys-
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tem, both attached with a TMD system, the formulas that
used to determine the optimal parameters for a TMD for
a MDOF system are derived, to mitigate the dynamic re-
sponses of the main system. The developed formulas are
then used to evaluate the performance and effectiveness
of the 660-ton TMD in the Taipei 101 Tower in mitigat-
ing the dynamic vibrations induced by wind loads and a
remote earthquake. The objective of this study is to as-
sess the benefits of the TMD in the Taipei 101 Tower, to
suggest further development and applications in civil
engineering.

The simulation results are found to be in reasonably
good agreement with the wind tunnel test data and the
full-scale measurements, which verifies the accuracy of
the computational framework established in this paper. It
is found that after the installation of the TMD, the funda-
mental mode of the tower has two modes in each direc-
tion along the main axis of the building. The modifica-
tion of the fundamental modes suppresses the wind-in-
duced dynamic responses of the high-rise structure ac-
cordingly. The acceleration responses in the along-wind
and the across-wind directions are substantially reduced,
by 31.7% and 33.8%, respectively. For a remote earth-
quake event, the total acceleration is reduced by 13%.
This is attributed to the fact that as the higher vibration
modes of the building are activated by seismic excita-
tion, the effectiveness of the TMD system in decreasing
the long-distance earthquake provoked vibrations is not
as good as its suppression of wind-induced responses.
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