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Abstract

Tall towers with very slender aspect ratios of height to width of the structural system are
becoming very common as today’s architectural idiom. Mitigation of wind-induced motions

is of paramount importance in the planning of these slender structures and early inclusion of
mitigation systems is necessary for the execution of a successful design. Among a variety of
auxiliary damping devices for wind applications, tuned sloshing dampers have proved to be the
most economical and effective to provide appropriate response reductions. This paper presents
the application of specially designed tuned sloshing dampers such as bi-directional and double
decker dampers to two very slender concrete towers currently under construction using unique
numerical and experimental techniques for innovative design and performance evaluation of
tuned sloshing dampers.

Robert McNamara Ahsan Kareem

Keywords: Tuned Sloshing Damper, Wind Loads, Dynamic Response, Human Comfort
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Introduction

Rapid urbanization has led to the increase in
the demand for tall buildings for residential,
office or combined use. These buildings may
experience excessive motion under wind
loads, which may impact their structural
integrity and in some cases the comfort of
occupants may become a critical design
issue. This has posed new challenges for
engineers and architects in designing
structural systems with adequate stiffness and
damping to ensure acceptable performance
in survivability, serviceability and habitability.

For wind applications, among all inertial
devices, tuned sloshing dampers (TSD)

have demonstrated both effectiveness in
controlling building/structural motions and
their simple configuration requiring minimal
maintenance (Kareem et al,, 1999). The
advantages of TSD systems include low cost,
easy tuning to the fundamental frequency of
a structure, and easy installation/maintenance
because no activation mechanism is required
unlike a TMD or a semi-active inertial damping
system. In addition, TSD systems are easily
mobilized at all levels of structural motions,
e.g., motion levels in tall buildings, and such
containers can be utilized for building water
supply, unlike a tuned mass damper (TMD)
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Figure 1. Two residential towers: (Left) 72-story located in Manila, Philippines; (Right) 42-story located in Dallas, TX, USA (Source: (Left) Century Properties Inc.; (Right) http://www.

museumtowerdallas.com/)

1. FAHELEE: (£) RTHFERIRUNTREEEES; (B) ATXEERFENMATA2EEEESE (WEH: () Century PropertiesA&; (&) http://

www. museumtowerdallas. com )

where the dead weight of the mass has no other functional use.
However, their effectiveness in the case of ground motion resulting
from near source earthquakes may need to be evaluated on case by
cases due to the inability of any passive system to respond quickly to
sudden initial pulse of an earthquake.

This paper presents the application of specially designed tuned
sloshing dampers such as bi-directional and double decker dampers to
two residential towers including damper designs, response predictions
and the performance evaluation of the towers throughout analytical/
numerical and experimental studies: one is 72-story located in Manila,
Philippines, and the other is 42-story located in Dallas, TX, USA (see
Figure 1). Based on preliminary design using web-based data-enabled
design module and later wind tunnel experiments, it was expected
that the acceleration levels of both towers were around or over the
human comfort threshold. In both towers, TSDs were chosen to be
most optimal solutions to reduce motions with minimum added
complications and to keep life-cycle-cost to the minimum. In addition,
unique numerical and experimental techniques such as Aqua Sloshing
Technologies (AST) and hardware-in-the-loop (HIL) simulation for
innovative design and performance evaluation of TSD are introduced.

Design Approach Of Tuned Sloshing Damper

The two towers were investigated for wind motion sensitivity during
preliminary design stage utilizing aerodynamic database-enabled
design module (DEDM) at http://vortex-winds.org and http://aerodata.
ce.nd.edu developed by the NatHaz Modeling Laboratory (NatHaz),
University of Notre Dame (Kwon et al., 2008). These preliminary studies
based on the building geometry, preliminary dynamic properties

and wind climate indicated potential wind sensitivity issues for

both towers. The towers were later tested in boundary layer wind
tunnels, one in the Australia and the other in the US, to investigate

the response predictions more accurately. These wind tunnel studies
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confirmed the predicted responses as being well above accepted
levels of human comforts. Consequently, a wind motion mitigation
system was required to reduce the response to a currently acceptable
serviceability level. Based on the discussion with the towers' owners/
designers, it was concluded that a tuned sloshing damper (TSD) would
be used for these projects after careful evaluation of advantages,
availability of space, convenience of adaptation in the current tower
configuration, required percentage control in response, and the
attendant operational issues.

The Aqua Sloshing Technologies (AST) (see Figure 2) developed

at NatHaz were utilized to configure the optimal tank size and the
attendant screens of a TSD necessary to dissipate energy in the waves.
Itis an advanced sloshing modeling software package that not only
provides the design parameters, in frequency and time domain, for
the sloshing damper, but also supplies response statistics regarding
the performance of building with or without the damper system
under prescribed wind load conditions, e.g., results from the wind
tunnel study. Extensive simulations using AST have been conducted to
arrive at the preliminary design of the tank and its tuning to achieve a
target of additional damping. Once arrived at the final decision of TSD
designs, additional simulation studies of the TSD using AST were also
proceeded to finalize the preliminary design configuration and confirm
the TSD performance to aid in bringing building response within
acceptable levels.

In the final design stage of the TSD, experimental studies using a
shaking table and scaled model were carried out to investigate TSD
performance under the level of building displacements/accelerations
with design conditions and the nature of sloshing and the adequacy of
screen designs determined by numerical analysis (e.g., using AST). Two
case studies of TSD applications for 72-story and 42-story residential
towers are described in the following sections.

72-Story Residential Tower In Manila, Philippines

This residential tower is aerodynamically sensitive due to its shape and
height, which is further influenced by the adjustments in the structural
system for optimization. The results of the wind tunnel experiment
indicated that the accelerations of the tower would exceed comfort
criteria at the expected level of structural damping of 1.0% of critical.
However, damping value of 1.5% of critical indicated that all of the
relevant occupant comfort criteria would be satisfied. Hence it was
recommended that provision be made to incorporate a TSD system
capable of providing an additional damping somewhere around 0.5

% to 1% to the tower structure. Typically, the intuitive approach is

to add large mass of water in the sloshing tank to garner maximum
benefits. However, the increase in mass does not linearly result in
added damping effects rather they increase slower than the increase in
mass. Thus, one needs to seek the most optimal range of mass to gain
maximum damping contribution. The final configuring of the damper
was designed using AST with a series of parametric studies for the tank
dimensions and sensitivity to changes in building natural frequency. A
comparison of root-mean-square (RMS) responses with target added
damping of 1% using AST for the level of excitation corresponding to
10-year winds is given in Table 1.

Like a TMD, the tank water sloshing component needs to be damped
for optimal performance. There are various means of incorporating
this component of damping that can dampen sloshing in the tank
that range from using of foam floating beads to use of slats/screens. In
this application, like most other liquid dampers in place in buildings,

Figure 2. Aqua Sloshing Technologies: design portal for a tuned sloshing damper
(Source: Deepak Kumar)

E2. AR A: FTHERARLTEEEL T84 (HE: Deepak Kumar)
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Radial direction £& 1§ Tangential direction ¥ &

Building RMS displacement (m) Building RMS displacement (m)

EHH A RS () RSB A RS @)

without damper | With damper | reduction | without damper | with damper | reduction
TR EWRE | RO EWESE HERE (RSP
0.038 0.029 2460% | 0.046 0.034 25.10%
Building RMS acceleration (milli-G) Building RMS acceleration (milli-G)

HYLH TR EE (nilli-G) R 77 R milli—6)

without damper | with damper | reduction | without damper | with damper | reduction
T R# FEERE | R bWt 3 XERE (RS
722 561 2230% | 6.88 54 21.50%

Table 1. Comparison of RMS response for target added damping of 1% using AST
(Source: Deepak Kumar)
1. EFIASTHE Aiv B AR FEL R 1% 34 77 AR (B A8 R &t (W B Deepak Kumar)
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Figure 3. Tuned sloshing damper model (scale 1:10) (Source: Ahsan Kareem and Deepak
Kumar)
E3. B AARGERAEER (Al

Kumar )

10) (H E: Ahsan Kareem##Deepak

slatted screens were used in the middle of the tank. Since the tank is
almost a square in plan and the building does experience motion in
the tangential direction along the long axis, slats were designed for
the other direction as well, i.e., bi-directional screens (see Figure 3), to
better manage sloshing and preclude any complex wave motions in
the tank. Accordingly a set of slats/screens were designed based on
the AST, which takes into account the wave kinematics and the drag
introduced by the slat profile.

In order to observe actual performance of sloshing at the level of
building accelerations, model scale experiments were conducted

to see the nature of sloshing and the adequacy of screen design. In
view of the capacity of the shaking table used in this experiment, the
TSD model was determined as the 1:10 scale for this study. This scale
provided sufficient water depth and the range of frequencies needed
to make necessary observations regarding the performance of the tank
under prescribed levels of motions. A picture of the tank is given in
Figure 3 for the overview of the TSD model that includes stainless steel
slats for managing/dissipating sloshing. The tank was mounted on a
shaking table and range of tank base motions was introduced to mimic
the building motion at the location of the TSD. The liquid motion in
these experiments was carefully monitored with and without the
screens to observe the wave action and the contributions of the slats
in the tank. A series of movies recorded of the sloshing action in the
tank were captured while the shaking table amplitude in model scale
corresponded to the level of motion building that would be expected
to experience for 10-year winds at site. The frequency of excitation of
the shaking table was close to the natural frequency of the building

to replicate building motion at design level winds for human comfort
consideration. In the presence of the screens, the performance of the
liquid sloshing damper was noted to be within the linear range which
validates the premise of the damper design methodologies (see Figure
43). The sloshing action tended to be more nonlinear without the
screens and water mass slammed on the tank walls periodically which
generated a wave surface topology leading to nonlinear performance
of the tank (see Figure 4b). Should nonlinear behavior of the wave
surface profile be observed, additional slat spacing would have been
necessary to dissipate more energy and dampen higher modes in
sloshing actions to tailor more effective performance of the damper.
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Figure 4. Sloshing of liquid in model tank with or without screen (captured from video):
(a) with screen; (b) without screen (Source: Ahsan Kareem and Deepak Kumar)
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TR (H E: Ahsan Kareem#iDeepak Kumar)
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42-Story Residential Tower In Dallas, TX, USA

Based on the analysis of this tower for 1% damping and wind tunnel
experiments, it was expected that response in one direction exceeded
the threshold levels of human comforts, thus it was recommended

to enhance the damping by using an auxiliary damping device like
aTSD. In view of available space and required percentage control in
response, the sloshing damper with multiple tanks in an innovative
double decker configuration were designed such that sloshing tanks
were installed in two levels (Lower and upper level) in the preliminary
design stage. This helps in having higher mass ratio of sloshing liquid,
which helps in achieving better control of structure responses. Based
on extensive simulations using AST software, the preliminary design
of the tank and its tuning was determined to achieve a target added
damping of somewhere around 1.5% with four tanks: two at lower
level and two at upper level with the same dimension at each level.
Having more tanks reduced the final contribution of added damping
but not by a significant amount. The final configuration of the damper
was also checked using AST software and decided that three screens,
where each consists of several slates, were used to dampen the water
sloshing component. The screen and its slates were also designed
based on AST, which takes into account the wave kinematics and
drag introduced by slates. A comparison of peak and RMS responses
of building with and without TSD using AST designed for the level of
excitation corresponding to 10 year winds is given in Table 2.

Upon completion of the computational design procedure that was
based on structural dynamics of the building and the dynamic sloshing
action, model scale experiments involving three stages in this project
were performed to validate the TSD performance. The first stage of the
experimental study followed a similar test methodology to the case

of 72-story tower earlier, using 1:10 scale model mounted on top of a
shaking table to carefully observe the effectiveness of the screens and
their blockage ratios as well as spacing and number of rows (see Figure
5). It was observed that the behaviors of the sloshing were satisfactory
and the trends with or without screens were similar to the shaking
table results in 72-story tower earlier, e.g., Figure 4.

In order to assess the forces induced on the screens by the sloshing
action of water, extensive computational studies with some
simplifications were conducted because the nonlinear wave action
was mathematically not easily tractable. Therefore, the second stage
of the experimental study was conducted to measure wave forces in
the screens mounting two small load cells in each end of a screen that
are connected to data acquisition system (see Figure 5). The measured
wave forces on the screens showed a good match with numerical
results, thus validating our design. Then, this information was used to
find loads on each slat based on an intermediate post to support the
screen and assuming wave load to be uniformly distributed on a beam
fixed at its ends.

The third stage of the experimental study was to validate TSD
performance involving the combined building-damper system
response and to assess the effectiveness of the damper in reducing the
tower motion in an advanced way. The current practice in this regard
has been to carry out simplified experiments, e.g., to simply represent
structural motions by a swing or a hanging slab frame system with
exciter/pre-tensioned drive springs to model external sinusoidal loads
(Fujino et al,, 1992; Tait et al,, 2004). While these tests may be useful to
investigate the performance of a TSD in a convenient way, they are
limited to specific loading pattern, i.e,, sinusoidal forces or vibrations
with constant amplitude as well as excited frequency, whereas

wind loadings acting on full-scale structures are indeed random in
nature. In addition, TSD has amplitude dependent characteristics,

Building RMS displacement (m) Building RMS displacement (m)

R I RALH () RGP 77 R AL ()

without damper | with damper | reduction | without damper | with damper | reduction
FHEBE FEREE | RS THEE# HHEREH B
0418 0.1 388% | 0.052 0.032 375%

Building RMS acceleration (milli-G

Building Peak acceleration (milli-G

SR B K (nilli-6) RAHH R AR (nil11-G)

without damper | with damper | reduction | without damper | with damper | reduction
FHRE HERE | RD FHEH HERH B
22.63 16.1 289% | 647 459 28.8%

Table 2. Comparison of peak and RMS responses of building with and without TSD us-
ing AST (Source: Deepak Kumar)
2. {# FIASTHY A TSDA TLTSD T~ 2 571 W (& fo 34 7 R AEAH R 4 H () B« Deepak

Kumar)
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MEM—LREAEGRR, IHFFEN:
Mx +Cx +Kx =F +F (1)

Figure 5. Experimental set up for screen force measurement on a shaking table (scale
1:10) (Source: Dae Kun Kwon)
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which are complicated by the nonlinear liquid sloshing/slamming

and wave breaking actions, which in general cannot be captured by
such experimental studies due to limited level of building motions
typically considered for these experiments. To overcome some of these
limitations, this study instead ushered into high-tech era utilizing an
advanced experimental system to establish the effectiveness of a TSD
system, hardware-in-the-loop (HIL) simulation (Isermann et al., 1999),
and this concept has been recently picked up by the earthquake
engineering group and they refer to it as a hybrid testing (NEES 2011).
In this approach, the combined system is based on a virtual linear
model of the structure (computational model) and a nonlinear TSD is
represented by a scale model of the tank (physical model) (see Figure
6). The tank is mounted on a shaking table with sensors such as a base
balance (load cell) between the tank and the shaking table to measure
net sloshing force of liquid in a TSD. The two systems communicate

in real-time and provide on-the-fly the performance evaluation of a
combined structure-damper system.

For the combined structure-damper system, the equation of motion
can be written as:

MX +Cx +Kx =F+F 0
where M, C and K_= generalized mass, damping and stiffness
matrices of a structure in fundamental mode, respectively; X, = modal
displacement of a structure; F, = external force acting on a structure
which is inputted as a time history in digital format (e.g, data file); F_ =
net sloshing force (reactive force) of a TSD(=F,_, - M, -X);F, . = total
base force of a TSD model measured by a base balance; M, = mass of
the empty tank and screens; X = acceleration of shaking table motions
measured by an accelerometer. The displacement of a structure (x)

is calculated in a computer by solving Eq. (1) which is converted to

a corresponding voltage to drive the shaking table. In this manner, a
real-time dynamic coupled structure-TSD analysis is conducted on-
the-fly without the use of a large-scale structure or heavy actuators to
excite the structure. In the HIL simulation, any type of the excitations
including random loadings, i.e., F, in Eq. (1), can be implemented under
the capacity of a shaking table. In view of the adequacy of water depth
and the capability of experimental facilities such as a base balance and
a shaking table, scale of 1:20 model describing one of four tanks in this
HIL simulation (see Figure 7). It is worth noting that the TSD designed
in this tower consists of four tanks, while the HIL experiments were
performed with only one of four tanks. To account for this discrepancy,
the reactive force (F ) in the equation of motion (Eq. 1) was increased
by four times to solve Eq. (1).

In order to validate the effectiveness of the tuned sloshing dampers,

a suite of wind loading scenarios such as sinusoidal and random were
used to assess the efficacy of HIL experiment as well as performance
of the TSD, however, a random loading case is shown here for brevity.
A random external force to describe modal wind loads was generated
from random white noise for 60 sec in duration, which are filtered at
3.0 Hz using 5th order of Butterworth filter numerically as shown in
Figure 8 (top plot). Note that amplitude level of the random force was
determined to yield as close as the maxima in structural displacement
of 0.2 m and acceleration of 22 milli-G in full-scale structure without
TSD system, which were based on the results of wind tunnel
experiments. It was observed that tuned sloshing damper showed very
good performance in mitigating both displacements and accelerations
as shown in Figure 8 (blue line = without damper; red line = with
damper), and the maximum and root-mean-square (RMS) of responses
were summarized in Table 3. The experimental study involving the
assessment of building equipped with the current sloshing damper
configuration in a “"Hardware-in-the-loop” confirms the findings

Figure 6. A schematic of a hardware-in-the-loop experiment for a TSD system (Source:
Dae Kun Kwon)
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Figure 7. Experimental setup for a combined structure-TSD system in the HIL simulation
(Source: Dae Kun Kwon)
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Figure 8. Results of HIL simulation (top: external force; middle: displacements; bottom:
acceleration; blue line = without damper, red line = with damper; model-scale values
are depicted) (Source: Dae Kun Kwon)
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of the computational model based on our design portal, AST. The
damper provides approximately 1.5% ~ 1.6% of additional damping.
This would bring the total system damping in the building to 2.5 ~

3.1 % assuming the basic structural damping is 1 ~ 1.5%. Although
the maximum reduction of acceleration in the experiment was 17.37
milli-G, the maximum acceleration without the damper was 28.72
milli-G which was larger than the tower acceleration at the top floor of
22 milli-G under 10-year recurrence interval winds. In view of reduction
percentage in the maximum acceleration, about 40 % shown in Table
3, though such control effects depend on amplitude of responses,

the sloshing damper designed for the DMT will help in reducing the
top floor acceleration level to 16 milli-G, a widely accepted level of
acceleration in the tall building design/development communities.

Concluding Remarks

Two very slender concrete towers currently under construction were
investigated for the sensitivity of wind-induced motions sensitivity and
tuned sloshing dampers were considered to mitigate the responses to
currently acceptable human comfort level. Based on careful evaluation
of advantages, availability of space, convenience of adaptation in the
current tower configurations, required percentage control in response,
and the attendant operational issues etc,, specially designed tuned
sloshing dampers such as bi-directional and double decker dampers
including screens to two towers were designed using an advanced TSD
design tool, Aqua Sloshing Technologies. The performance of the TSDs
were further evaluated based on a series of experiments using scaled
models with a shaking table, including an innovative experimental
technique, Hardware-In-the-Loop simulation, for better establishing
the effectiveness of TSD systems. It was observed that the sloshing
dampers designed for the towers would help in reducing the top floor
acceleration level to a widely accepted level of acceleration in the tall
building design/development communities.

Building RMS displacement (m) Building RMS displacement (m)

EAH RS @ AR (n)

Without Damper | With Reduction | Without Damper | With Reduction

FHEE Damper By FERE Damper Ry
HERE HERE

023 0.16 30.4% 0.11 0.06 455%

Building Peak Acceleration (Milli-G) Building Rms Acceleration (Milli-G)

S w3 B (Mi111-6) R RAn S E Mil1i-G)

Without Damper | With Reduction | Without Damper | With Reduction

R Damper A TR Damper By
HERH FHRH

2872 17.37 39.5% 1234 6.89 44.1%

Table 3. Summary of HIL simulation for peak and RMS responses (converted to full-scale
values) (Source: Dae Kun Kwon)
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