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ABSTRACT
Wind-induced vibrations are a serious structural design issue for today’s tall and slender buildings. Tuned mass
dampers (TMDs) are a very reliable solution to resolve this problem. However, TMDs are typically installed near the top
of tall buildings and consequently very valuable occupiable space is sacrificed to contain large TMDs. This paper studies
integrated damping systems for tall buildings utilizing existing building systems. An emphasis is placed on investigating
the potential of double skin façades (DSF) as an integrated damping mechanism with the conventional TMD system.
Compared with the conventional TMD system, the TMD/DSF integrated system requires a significantly reduced TMD
mass to achieve the same target damping ratio. However, severe vibrations of the DSF outer skin masses are a critical
design limitation, and more research is required for practical application of the TMD/DSF integrated damping system.
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INTRODUCTION
Tall buildings, which began from about 10-story tall office towers in the late 19th century, have become
dramatically taller, and today’s tallest building exceeds 160 stories. In addition, many of today’s tall buildings
are very slender. The height to width aspect ratio of some of recent tall buildings reached 15:1. It is expected
that even the slenderness ratio of 20:1 will be exceeded soon by a super-slender building currently under
construction.

As tall buildings become ever taller and more slender, wind-induced lateral vibrations are a serious structural
design issue. Especially, vortex-shedding induced across wind vibrations are generally the most critical
structural design condition for tall and slender buildings, and various design strategies are employed to resolve
this problem. Architectural forms of tall buildings are typically created not only to satisfy architectural
aesthetics but also to disturb organized alternating vortexes around the buildings. When it is expected that the
vibration problem is not resolved with building forms, installing auxiliary damping devices, such as tuned
mass dampers (TMD), is a very reliable solution.

The TMD system, which effectively reduces vibrations of tall buildings, is usually composed of one or two
large TMD masses located near the top for better performance. As a result, very valuable occupiable spaces
near the top of tall buildings are sacrificed to contain large TMDs. In order to resolve this issue, existing
building masses, such as helipads or water tanks located near the top of tall buildings, are sometimes used as
TMD masses. Alternatively, swimming pools can also be designed to perform as tuned liquid dampers. This
paper studies another alternative integrated design idea utilizing building facades.

The use of double skin facades (DSF) have continuously been increased for tall buildings. With two layers of
facades, the system is primarily employed as superior environmental mediators between the interior and the
exterior. Considering the fact that wind loads are initially applied to the facades and the DSF system has two
layers of facades with connectors between them, the connectors are designed to enhance damping mechanism
of the conventional TMD system. Low axial stiffness connectors are introduced between the two layers of the
DSF system for this purpose. In order to estimate the performance of the TMD/DSF integrated damping
system, performance of the conventional TMD system is briefly reviewed first. The conventional system
model is then modified to the TMD/DSF integrated system and its performance is comparatively studied.
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CONVENTIONAL TMDS

Figure 1. Conventional TMD system model
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Figure 1 shows a simplified conventional TMD system model. The system is composed of the primary mass
(M), which corresponds to the primary building structure, and the TMD (Md1). Sinusoidal load, which creates
a condition very close to that of vortex-shedding, is applied to the primary structure (M).

Performance of the conventional TMD system is primarily determined by its mass ratio (Hartog, 1956;
Connor, 2003). In Equations 1 and 2, H and Hd1 express the dynamic amplification factors of the primary
structure and the TMD mass, respectively. As the mass ratio is increased, the maximum H and Hd1 values of
the optimally tuned TMD system are decreased. Figure 2 shows H and Hd1 plots of the TMD system with a
TMD mass ratio of 0.001. An extremely low mass ratio than usual is used in this study to assess the impact of
the integratively designed DSF system. When the inherent damping ratio of the primary building structure is
assumed to be 1%, the maximum H value is about 50 without the TMD. With the installation of the TMD of
0.001 mass ratio, the maximum H value is reduced to about 25. The maximum Hd1 value is about 500 in this
case.

As comparisons, Figure 3 and Figure 4 show H and Hd1 plots of the TMD systems with TMD mass ratios of
0.01 and 0.02, respectively. As can be seen from the figures both H and Hd1values are decreased as the TMD
mass ratio is increased.  With the mass ratio of 0.01, the maximum H and Hd1 values are reduced to about 12
and 80 respectively. With the mass ratio of 0.02, the maximum H and Hd1 values are further reduced to about
9 and 45 respectively.

Figure 2. H and Hd1 plots of conventional TMD system with TMD mass ratio of 0.001

Figure 3. H and Hd1 plots of conventional TMD system with TMD mass ratio of 0.01
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Figure 4. H and Hd1 plots of conventional TMD system with TMD mass ratio of 0.02

TMD/DSF INTEGRATED SYSTEM
Figure 5 shows a simplified TMD/DSF integrated system model. The system is composed of the primary
structure (M) including the inner skin of the DSF system, TMD (Md1) and the DSF outer skin (Md2). The
connectors between the inner and outer skins of the DSF system are designed to have low axial stiffness with
a damping mechanism. This configuration will reduce the transmissibility of dynamic wind loads applied to
the primary structure through the connectors, and consequently help the TMD mitigate wind-induced
vibrations of the primary structure. Sinusoidal load, which represents simplified dynamic wind load of vortex-
shedding conditions, is applied to the DSF outer skin (Md2) in order to anticipate the system performance.

Figure 5. TMD/DSF integrated system model
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Below are the governing equations of the system shown in Figure 5.

(3)

(4)

(5)

It is convenient to work with the solution expressed in terms of complex quantities.  The force is expressed as
tiepp  ˆ

where is a real quantity.  The response is taken as

where the response amplitudes, , and , are considered to be complex quantities. Then, the solutions

due to a harmonic excitation can be expressed as

In these solutions, H, Hd1 and Hd2 express the dynamic amplification factors of the primary structure, TMD,
and DSF outer skin, respectively; and ’s are the phase angles between the response and the excitation.

Figure 6 shows H, Hd1 and Hd2 plots of the TMD/DSF integrated system with the TMD to primary structure
mass ratio, m1, of 0.001 and DSF outer skin to primary structure mass ratio, m2, of 0.01. The system is
optimally tuned for the vibration control of the primary structure. The TMD to primary structure frequency
ratio, f1, of 0.998 and DSF connector to primary structure frequency ratio, f2, of 0.5 are used for these plots.
The TMD and DSF connector damping ratios, dand dare 0.023 and 0.08, respectively. In the
conventional TMD system without the integrated DSF damping mechanism, the maximum H value was about
25 with the same TMD mass ratio of 0.001By combining the TMD system with the DSFsystem designed
with low axial stiffness connectors, the maximum H value is reduced to about 9. In the conventional TMD
system, this maximum H value can be obtained with a mass ratio of about 0.02 as can be seen in Figure 4.

The performance of the TMD system is significantly increased by combining the DSF damping mechanism.
However, as can be seen in Hd2 plot, the maximum dynamic amplification factor of the DSF outer skins is
extremely high. This issue can be resolved by increasing the DSF connector damping ratio. Figure 7 shows H,
Hd1 and Hd2 plots of the TMD/DSF integrated system with an increased DSF connector damping ratio from
0.08 in the previous case to 0.4. Hd2 is significantly reduced by increasing the connector damping ratio.
However, the maximum H value is increased to about 12 in this case. In the conventional TMD system, this
maximum H value can be obtained with a mass ratio of about 0.01 as can be seen in Figure 3. By increasing
the connector damping ratio, the system’s performance in mitigating the vibration of the primary structure is
substantially reduced. In addition, Hd1 is also substantially increased in this case.
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Figure6.H, and Hd1, and Hd2plots of TMD/DSF integrated system with m1=0.001, m2=0.01, f1=0.998, f2 =
0.5, d1d

Figure 7.H,Hd1, and Hd2plots of TMD/DSF integrated system with m1=0.001, m2=0.01, f1=0.998, f2 = 0.5,
d1d
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Performance of the TMD/DSF integrated system in terms of reducing the maximum H value can further be
increased by reducing the DSF connector to primary structure frequency ratio, f2. If f2 value is reduced from
0.5 to 0.25, the maximum H value can be significantly reduced from about 9 to 3. However, the maximum Hd2

value is further increased compared with the previous case with f2 value of 0.5. Therefore, tuning the
integrated TMD/DSF system should be performed very carefully with due consideration of various design
factors.

CONCLUSION
This paper presented integrated structural motion control systems for tall buildings. The performance of the
conventional TMD system can be significantly increased by integrating DSF system designed with low axial
stiffness connectors. However, excessive vibrations of the DSF outer skins are a serious design issue. Though
increasing the DSF connector damping ratio can substantially resolve this problem, it adversely affects the
system performance in terms of mitigating wind-induced responses of the primary structure. The TMD/DSF
integrated system should be tuned carefully to satisfy various design factors, and further research is required
for practical application of the theoretical studies presented in this paper. Considering abundant emergence of
supertall and super-slender buildings all over the world, the importance of studies related to safety and
comforts of tall buildings cannot be overemphasized.
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